Food Science,
Health and
Nutrition

Logan Bowman



Food Science, Health and Nutrition






Food Science, Health and
Nutrition

Editor: Logan Bowman



Academic Pages,

5 Penn Plaza,

19th Floor,

New York, NY 10001, USA

© Academic Pages, 2017

This book contains information obtained from authentic and highly regarded sources. Copyright for all individual chapters
remain with the respective authors as indicated. All chapters are published with permission under the Creative Commons
Attribution License or equivalent. A wide variety of references are listed. Permission and sources are indicated; for
detailed attributions, please refer to the permissions page and list of contributors. Reasonable efforts have been made
to publish reliable data and information, but the authors, editors and publisher cannot assume any responsibility for the
validity of all materials or the consequences of their use.

ISBN: 978-1-9789-2491-8

The publisher’s policy is to use permanent paper from mills that operate a sustainable forestry policy. Furthermore,
the publisher ensures that the text paper and cover boards used have met acceptable environmental accreditation
standards.

Copyright of this ebook is with Academic Pages, rights acquired from the original print publisher, Callisto Reference.

Trademark Notice: Registered trademark of products or corporate names are used only for explanation and identification
without intent to infringe.

Cataloging-in-publication Data

Food science, health and nutrition / edited by Logan Bowman.
p. cm.
Includes bibliographical references and index.
ISBN 978-1-9789-2491-8
1. Food. 2. Nutrition. 3. Health. 4. Food animals. 5. Food preferences. |. Bowman, Logan.

TX357 .F66 2017
641.3--dc23



Table of Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Preface

Measuring Motivation for Appetitive Behaviour: Food-Restricted Broiler
Breeder Chickens Cross a Water Barrier to Forage in an Area of Wood
Shavings without Food

IX

Laura M. Dixon, Sarah Brocklehurst, Vicky Sandilands, Melissa Bateson,
Bert J. Tolkamp, Rick B. D’Eath

Impact of Chronic Neonicotinoid Exposure on Honeybee Colony
Performance and Queen Supersedure

Christoph Sandrock, Matteo Tanadini, Lorenzo G. Tanadini,
Aline Fauser-Misslin, Simon G. Potts, Peter Neumann

Associations between Rice, Noodle, and Bread intake and Sleep Quality in

Japanese Men and Women
Satoko Yoneyama, Masaru Sakurai, Koshi Nakamura, Yuko Morikawa,
Katsuyuki Miura, Motoko Nakashima, Katsushi Yoshita, Masao Ishizaki,
Teruhiko Kido, Yuchi Naruse, Kazuhiro Nogawa, Yasushi Suwazono,
Satoshi Sasaki, Hideaki Nakagawa

Honeybee Colony Disorder in Crop Areas: The Role of Pesticides and
Viruses

Noa Simon-Delso, Gilles San Martin, Etienne Bruneau, Laure-Anne Minsart,
Coralie Mouret, Louis Hautier

Dietary Sources of Methylated Arsenic Species in Urine of the United
States Population, NHANES 2003-2010

B. Rey deCastro, Kathleen L. Caldwell, Robert L. Jones, Benjamin C. Blount,
Yi Pan, Cynthia Ward, Mary E. Mortensen

Cross-Sectional Study of Malnutrition and Associated Factors among School
Aged Children in Rural and Urban Settings of Fogera and Libo Kemkem

Districts, Ethiopia
Zaida Herrador, Luis Sordo, Endalamaw Gadis, Javier Moreno, Javier Nieto,
Agustin Benito, Abraham Aseffa, Carmen Cafiavate, Estefania Custodio

Light Scattering Sensor for Direct Identification of Colonies of Escherichia
coli Serogroups 026, 045, 0103, 0111, 0121, 0145 and O157

Yanjie Tang, Huisung Kim, Atul K. Singh, Amornrat Aroonnual, Euiwon Bae,
Bartek Rajwa, Pina M. Fratamico, Arun K. Bhunia

Induction of Salivary Proteins Modifies Measures of both Orosensory and
Postingestive Feedback during Exposure to a Tannic Acid Diet

Ann-Marie Torregrossa, Larissa Nikonova, Michelle B. Bales,
Maria Villalobos Leal, James C. Smith, Robert J. Contreras, Lisa A. Eckel

WORLD TECHNOLOGIES

12

25

36

52

64

75

90




VI  Contents

Chapter 9

Chapter 10

Chapter 11

Chapter 12

Chapter 13

Chapter 14

Chapter 15

Chapter 16

Chapter 17

Chapter 18

Modeling Tuberculosis Dynamics, Detection and Control in Cattle Herds

Mohammed El Amine Bekara, Aurélie Courcoul, Jean-Jacques Bénet,
Benoit Durand

Macronutrient Optimization and Seasonal Diet Mixing in a Large Omnivore,

the Grizzly Bear: A Geometric Analysis
Sean C. P. Coogan, David Raubenheimer, Gordon B. Stenhouse,
Scott E. Nielsen

Fast Food Consumption and Gestational Diabetes Incidence in the SUN
Project

Ligia J. Dominguez, Miguel A. Martinez-Gonzalez, Francisco Javier
Basterra-Gortari, Alfredo Gea, Mario Barbagallo, Maira Bes-Rastrollo

Genetic and Phenotypic Correlations between Performance Traits with
Meat Quality and Carcass Characteristics in Commercial Crossbred Pigs

Younes Miar, Graham Plastow, Heather Bruce, Stephen Moore,
Ghader Manafiazar, Robert Kemp, Patrick Charagu, Abe Huisman,
Benny van Haandel, Chunyan Zhang, Robert McKay, Zhiquan Wang

Towards the Determination of Mytilus edulis Food Preferences using the
Dynamic Energy Budget (DEB) Theory

Coralie Picoche, Romain Le Gendre, Jonathan Flye-Sainte-Marie,
Sylvaine Francoise, Frank Maheux, Benjamin Simon, Aline Gangnery

Genome-Wide Association Studies using Haplotypes and Individual SNPs
in Simmental Cattle

Yang Wu, Huizhong Fan, Yanhui Wang, Lupei Zhang, Xue Gao, Yan Chen,
Junya Li, HongYan Ren, Huijiang Gao

Coexistence of Fish Species in a Large Lowland River: Food Niche
Partitioning between Small-Sized Percids, Cyprinids and Sticklebacks in
Submersed Macrophytes

Matgorzata Dukowska, Maria Grzybkowska

Attribution and Expression of Incentive Salience are Differentially Signaled
by Ultrasonic Vocalizations in Rats

Juan C. Brenes, Rainer K. W. Schwarting

High-Resolution Mapping of a Genetic Locus Regulating Preferential
Carbohydrate Intake, Total Kilocalories, and Food Volume on Mouse
Chromosome 17

Rodrigo Gularte-Mérida, Lisa M. DiCarlo, Ginger Robertson, Jacob Simon,
William D. Johnson, Claudia Kappen, Juan F. Medrano, Brenda K. Richards

Shifting the Circadian Rhythm of Feeding in Mice Induces Gastrointestinal,
Metabolic and Immune Alterations which are Influenced by Ghrelin and the
Core Clock Gene Bmall

Jorien Laermans, Charlotte Broers, Kelly Beckers, Laurien Vancleef,
Sandra Steensels, Theo Thijs, Jan Tack, Inge Depoortere

WORLD TECHNOLOGIES

104

121

128

135

147

160

171

182

196

212




Chapter 19

Chapter 20

The Growing Price Gap between More and Less Healthy Foods: Analysis of

Contents

a Novel Longitudinal UK Dataset
Nicholas R. V. Jones, Annalijn I. Conklin, Marc Suhrcke, Pablo Monsivais

Taste and Physiological Responses to Glucosinolates: Seed Predator versus

Seed Disperser
Michal Samuni-Blank, Ido Izhaki, Yoram Gerchman, M. Denise Dearing,
William H. Karasov, Beny Trabelcy, Thea M. Edwards, Zeev Arad

Permissions
List of Contributors

Index

WORLD TECHNOLOGIES

\ll

224

231




WORLD TECHNOLOGIES




Preface

Food science is the science dedicated to the study of food and its characteristics. Nutrition is the science
that exemplifies the interaction of nutrients and other substances in food. The aim of this book is to
present researches that have transformed this discipline and aided its advancement. This book highlights
the relationship between food science, health and nutrition with special emphasis on the importance
of nutrients in food and their impact on health. The text covers a broad spectrum of topics under food
science including its sub-disciplines such as food engineering, food chemistry, etc. For someone with
an interest and eye for detail, this book covers the most significant topics in the field of food science
and nutrition. With state-of-the-art inputs by acclaimed experts of this field, this book targets students
and professionals alike.

This book aims to highlight the current researches and provides a platform to further the scope of
innovations in this area. This book is a product of the combined efforts of many researchers and scientists
from different parts of the world. The objective of this book is to provide the readers with the latest
information in the field.

I would like to express my sincere thanks to the authors for their dedicated efforts in the completion
of this book. I acknowledge the efforts of the publisher for providing constant support. Lastly, I would
like to thank my family for their support in all academic endeavors.

Editor
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Measuring Motivation for Appetitive Behaviour: Food-
Restricted Broiler Breeder Chickens Cross a Water Barrier
to Forage in an Area of Wood Shavings without Food

Laura M. Dixon'*, Sarah Brocklehurst?, Vicky Sandilands’, Melissa Bateson?®, Bert J. Tolkamp’,

Rick B. D’Eath’

1 Animal and Veterinary Science, SRUC, Edinburgh, United Kingdom, 2 Biomathematics and Statistics Scotland, Edinburgh, United Kingdom, 3 Center for Behaviour and

Evolution, Institute of Neuroscience, Newcastle University, United Kingdom

Abstract

Broiler breeders (parents of meat chickens) are selected for fast growth and become obese if fed ad libitum. To avoid this
and maintain good health and reproductive ability, they are feed restricted to about 1/3 of what they would eat ad libitum.
As a result, they experience chronic hunger and exhibit abnormal behaviour patterns that may indicate stress and
frustration. One approach to measuring hunger is to observe how much birds will work, such as pecking a key, for access to
more or different types of food. However, the sight, smell, and feedback from consumption of the feed reward changes the
context and may artificially raise feeding motivation. To avoid this, we tested broiler breeders in an apparatus in which they
could work for access to a wooden platform covered in wood shavings by crossing a water runway which increased in
length and depth in 8 successive tests. In the wood shavings area, they could perform exploratory and foraging behaviour
(the appetitive phase of feeding) but were never rewarded with feed. Sixty birds were divided into three feed quantity
treatments: commercial restriction (R), and twice (2R) or three times (3R) this amount. Overall, birds fed R worked harder to
reach the wood shavings area (reached it in a larger number of tests) than 2R and 3R birds (P<<0.001). More restricted birds
took less time to reach the area (P<<0.001, R<2R<3R) and spent more time foraging while there (P<0.001, R>2R>3R). This
indicates that restricted-fed birds were hungry and willing to work for the opportunity to forage even though food was
never provided, suggesting that their motivation to perform the appetitive component of feeding behaviour (foraging/food
searching) was sufficient to sustain their response. Thus food restriction in broiler breeders is a welfare concern. However
these methods could be used to test alternative feeding regimes to attempt to find ways of alleviating hunger while still
maintaining healthy growth and reproduction in these birds.

Editor: Claudia Mettke-Hofmann, Liverpool John Moores University, United Kingdom

Funding: This study was funded by the UK Department for Environment, Food, and Rural Affairs (Defra) as part of a larger project (AW1141) investigating the
subjective state of food restricted broiler chickens using behavioural and neurochemical measures. The funders had no role in study design, data collection and

analysis, decision to publish, or preparation of the manuscript.
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Introduction

Ethical concerns over animal welfare arise because of the belief
that animals can experience and suffer from negative mental states
[1,2]. Although we cannot be sure whether animals consciously
experience emotions, we can nonetheless investigate the physical
and behavioural outward signs of emotion in animals [1,3-6].
Emotional states accompany situations that are rewarding (positive
emotions) or punishing (negative emotions), so investigation of
animal motivation is an important behavioural approach in
animal welfare science [1,7]. Typical methods to measure
motivation require animals to overcome a cost to gain access to
a resource: for example, the animal is asked to work by e.g.
repeatedly pressing a lever or pushing through a weighted door to
obtain an immediate reward (operant or consumer demand tests,
e.g. [1,8-12]). Animals that are willing to work hard to obtain a
resource are said to be motivated to access that resource.
Therefore, they would have improved welfare if provided with,
and decreased welfare if denied, that resource.

There are some difficulties involved in measuring motivation for
a resource (e.g. [13,14]). As most motivation tests provide the
resource either as part of the test or as the reward for completing
the task (e.g. [8,15,16]), sights and smells and feedback from the
resource may initially be artificially raising the animal’s motivation
for that resource while without these cues motivation may remain
low (e.g., out of sight is out of mind, [17]).

The present study focuses on motivation for food in broiler
breeders. Broiler breeders (the parents of broiler chickens) grow
rapidly, become overweight, and suffer from a number of health
problems associated with obesity resulting in high mortality if they
are fed to appetite [18]. To prevent this, they are ration-fed,
resulting in food restriction which can be as severe as 33% of what
they would eat ad libitum [19,20]. This gives rise to the welfare
concern that they may be suffering from chronic hunger (reviewed
by [21,22]). The ‘broiler breeder paradox’ [23] is that it is difficult
to feed them so that they are both ‘healthy’ and ‘have what they

WORLD TECHNOLOGIES



http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0102322&domain=pdf

want’, which Dawkins [24] has proposed as the key determinants
of good animal welfare.

Food restricted broiler breeders show increased general activity
and in particular foraging activity such as scratching and pecking.
This increased foraging activity can also be expressed in abnormal
ways, such as through spot pecking and polydipsia or water
spillage [25-29].

In addition to these observations, feeding motivation in broiler
breeders has also been tested by presenting extra food, for example
in a preference or operant conditioning task [30,31] or a relatively
short rate of eating task using familiar or novel food [29,32], or in
a longer-term compensatory feeding task which assesses the extent
of previous food restriction by measuring ad libitum food intake
over 22 days [33,34]. Taken together, this evidence indicates that
food restricted birds will be chronically hungry and experiencing
stress, which has a negative impact on bird welfare
[19,21,25,27,28]. The use of food in these feeding motivation
tests raises a number of difficulties (see [35] for a detailed critique).
The presentation of additional food in these tasks changes the
context for the animal from having to cope because it has no
access to food to being aware that additional food is available (even
if they must work to get it). Thus, (i) the potential to obtain the
resource 18 in itself likely to increase motivation and (ii) once the
resource has been used motivation may be increased as a result of
positive feedback [36], until at least a state of satiety is reached.
When birds on different feed treatments are compared, there are
additional difficulties of interpretation, and this raises the question
of whether the usual treatment food, or a single food type common
to all treatments should be used in the test situation.

In the present study, we propose to avoid the difficulties with
food-based tests by measuring motivation to access a location
where exploratory and food-searching (foraging) behaviour is
possible but in the absence of a food reward. Many behaviours,
including feeding, contain an appetitive phase which involves the
searching phase of a behaviour sequence (exploration, and
searching for food; foraging) and indicates the need or motivation
to achieve a certain goal. Consummatory behaviour (e.g. eating)
follows appetitive behaviour and is the achievement (‘consumma-
tion’) of the goal or behaviour needed to help satisfy the motivation
[37,38]. The appetitive phase of behaviour continues until the goal
is reached but unless the motivation is fulfilled, performance of the
appetitive behaviour should persist (unless it continues to a point
where other motivations become more important) [39,40]. Thus
feeding motivation could be estimated by measuring motivation to
perform the appetitive phase of feeding behaviour, i.e. foraging.

Another difficulty with tasks to measure feeding motivation
concerns the nature of the cost imposed. Animals may find it easier
to associate a task involving pecking with access to food, rather
than with another non-food resource [1,11]. Key pecking at
increasing schedules (i.e. more pecks per reward) were used by
Savory et al [41] and Savory & Lariviere [42] to show that food-
restricted broiler breeders were 3.6 times more motivated for food
than ad libitum fed birds which had been food deprived for 72 hrs.
This striking demonstration of the high feeding motivation
resulting from chronic food restriction is nonetheless open to the
criticism that hungry birds increase their pecking anyway, so is
increased pecking really a cost, or just an expression of this? More
‘natural’ costs such as squeezing through a narrow gap [43], or
pushing through a weighted door [9,10] or walking a long way
[44] overcome this difficulty and also have the advantage that they
require little or no learning [43]. In the present experiment we
chose to use the natural cost of walking through water, which hens
find aversive [45—47]. Water also has the advantage that the cost
can be varied by increasing the length and depth of the water.

Food Science, Health and Nutrition

In earlier experiments we had found that broiler breeders were
motivated to forage in areas to which they had intermittent access
[14]. In the present study we designed a task in which broiler
breeder female chickens were tested for their motivation to access
a platform covered in wood shavings which was only accessible
during the tests and never (at any stage of training or testing)
contained a food reward. We imposed a ‘natural’ cost on access to
the wood shavings area using a water runway which increased in
length and water depth with each test. Birds were allowed 10
minutes from the start of the test to reach the wood shavings area
and given a further 5 minutes in the apparatus if they did reach it.
Birds (n=20 per treatment) were given one of three feed
treatments that differed in food quantity: the industry recom-
mended restriction level (R), or two (2R) or three (3R) times this
amount. It was predicted that birds fed smaller food portions
would be more motivated to reach the wood shavings area, as
indicated by i) a higher proportion of birds crossing the water at
each cost. In the language of ‘animal economics’ which can be
applied to these types of experiment, this would result in a greater
‘maximum price paid’ (reservation price [9,10]) to reach the wood
shavings area. We also predicted that more food restricted birds
would show 1ii) a less rapid decline in birds crossing the water as it
gets longer and deeper; iii) a shorter average time taken to cross
the water and iv) a longer average time spent foraging once they
reach the wood shavings area.

Materials and Methods

Ethical Considerations

Birds never had their water intake restricted and were housed
on a bedding of wood shavings to provide comfort, insulation and
allow for dustbathing behaviour. Food restriction is likely to result
in hunger, but research into animal welfare problems often faces
the difficulty that the problem must be recreated in the laboratory
in order to study it. At any one time there are an estimated 7.5
million broiler breeder chickens in the UK alone [32,49] all of
which are restricted-fed (R) during rearing. The levels of food
restriction we imposed were similar to or less severe than that used
routinely in the poultry industry, with birds receiving at least the
industry recommended level (R) of food or some multiple of this
(2R or 3R). Ad libitum fed broiler breeders can suffer from health
problems and mortality [18], and the ration of 3R birds in our
study was close to ad libitum [50]. However, the experiment was
ended when birds were 11 weeks old, at which age they were still
active and healthy. All procedures in this experiment were carried
out under Home Office Licence and with the SRUC Animal
Experiment Committee’s approval; birds were checked on a
minimum of three times per day.

Animals and Housing

Sixty non-beak trimmed Ross308 broiler breeder female
chickens were received from Aviagen (Stratford, UK) as day old
chicks, and were reared according to the commercial recommen-
dations for housing, lighting, temperature and nutrition for this
genotype: the Ross308 parent stock guidelines [48]. They were
housed in floor pens (1.0x2.0 m) covered in wood shavings until 4
weeks of age. The lighting schedule for the first day was
23.51:0.5D hours light:dark, which was then gradually reduced
to 8L:16D over 10 days. Temperature decreased from around
30°C at bird level at one day old to around 20°C by four weeks of
age. Chicks were given ad libitum water from bell drinkers and
were fed chick starter crumbs for the first three weeks, chick starter
pellets for the following three weeks and then grower pellets (all
ABN, Cupar Mills, Fife) from the beginning of six weeks of age to
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the end of the trial. The feed was formulated in line with
commercial broiler breeder standards. Food was provided ad
libitum for the first 7 days and then in restricted amounts given at
9:00 am each day that were gradually increased from 26 to 44 g
per bird per day by the beginning of the 5th week, as per the
Ross308 parent stock guidelines [48].

At 4 weeks of age, all birds were weighed, wing tagged
(10 mmx10 mm padlock-style tags, Roxan Developments Ltd.,
UK) and housed in groups of three in twenty-one floor pens
(1.5x2.0 m) according to matched body weight. However for
three of the pens only two birds were used for the trial, giving a
total of twenty birds per feed treatment. Two birds of each group
were randomly selected to be the ‘marked’ birds (marked with
either blue or purple livestock spray before testing), while the other
was unmarked during testing. Each pen was bedded with wood
shavings and provided with water through cup drinkers. To
minimise food competition, food was presented in four small
(90 mm width x75 mm height x55 mm depth) semi-circular food
cups, two on the left side of the pen and two on the right. Starting
in the 5th week of age, birds began to receive the commercially
recommended food quantity (R), or two (2R) or three (3R) times
this amount, depending on their feed treatment (see below). All
birds were weighed approximately weekly from age 2 weeks to the
end of the trial (age 11 weeks) (Fig 1). Although it is difficult to
make an exact comparison because of differences in feed, genotype
and rearing method, the 3R treatment achieved food intake and
growth rate close to that of ad libitum fed birds [41]. However,
where an ad libitum fed bird would have constant access to feed,
the 3R birds generally finished their meals within the light periods
(8 hours). The R birds finished their rations in 15 minutes or less
and the 2R birds finished in 40 minutes or less.

Apparatus

Two identical sets of apparatus were used. Each apparatus was
6.0 m in length and was constructed with a wooden frame and
wire mesh walls (Fig 2). Within this frame, the floor and sides to a
depth of 130 mm of the apparatus were covered with a water
proof tarp to allow for water to be added to the apparatus. At each
test, birds began on a wooden start platform (0.5x0.5 m, height
0.14 m) at one end of the apparatus and they could progress to
another wooden platform at the other end which constituted the
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wood shavings area (0.75x0.5 m, height 0.14 m). A 2 cm layer of
wood shavings covered the wooden platform (retained at the front
edge by a 10 mm high wooden batten) during training and testing
but not habituation. The wood shavings area could be moved
along the apparatus, allowing the runway length to vary. Ramps
led from the start platform to the runway and from the runway to
the wood shavings area (0.4 m each). This prevented the birds
from having to jump into and out of the runway, in case they
slipped in the water. Ramps were fitted with three lateral wooden
battens 20 mmx20 mm in cross section and 0.15 m long, and
placed at 0.08 m intervals to improve grip for the birds’ feet. The
ramps were always placed with a 25 mm overhang on the
platforms to ensure ramp length stayed consistent throughout tests.
Taking the ramps into account, the length of the runway between
the two ramps that the birds needed to cross to reach the wood
shavings area could range from 0 to 4 m.

A removable mesh lid that lowered the ceiling for the birds to
just above head height was attached to the apparatus at the start
platform and extended over the runway area to prevent birds from
attempting to fly from the start platform to the wood shavings
area. (Birds need extra height to lift off for flight and the lid
prevented this). The lid was raised gradually from 0.15 to 0.25 m
above the height of the start platform and wood shavings area as
the birds grew so that they were always able to stand upright in the
apparatus.

Habituation

The chickens were housed in groups of three but were tested in
the apparatus singly. Therefore the birds had to be comfortable
enough on their own in the apparatus to perform the task. To help
to achieve this, at 5 weeks of age, groups of three birds were placed
in the apparatus (no water and no wood shavings) for 15 minutes
to explore. This was repeated two more times for a total of three
group habituation sessions to the apparatus. Next, each bird was
placed individually in the apparatus to explore for 15 minutes and
this training continued until the individual bird was walking
around the apparatus and not making alarm calls: this took about
three individual sessions.

a7 —— R

- — = 2R

-
600 - W ‘/y

3R

0 T T T
10 20 30 40

T T 1

50 60 70

Bird Age (d)

Figure 1. Bird weights for the 3 feed treatments (mean = SD) from 14 days of age to the end of the trial. Birds began different feed

treatments at 35 days of age and testing began at 50 days of age.
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Figure 2. Diagram of the water runway apparatus. Birds were placed on the start platform and could chose to walk down the ramp into the
water runway, up the second ramp and go onto the wood shavings area. The wood shavings area could be moved along the runway so that the
distance travelled through the water could be increased up to a maximum of 4 m. An adjustable mesh lid covered the apparatus to prevent birds

from flying from the start platform to the wood shavings area.

Training

Training began at 6 weeks of age. To begin, the apparatus did
not have any water and wood shavings were spread on the wooden
platform in the wood shavings area. There was no gap between the
start platform and the wood shavings area (ramps were removed).
Birds were left to explore the apparatus and to find the wood
shavings. Once the birds reached the wood shavings area, they
were allowed a further 5 minutes in the apparatus before the
training session ended. The birds were given 10 minutes to find the
wood shavings area. If they did not reach it in the 10 minutes
given, they were placed in the wood shavings area for 5 minutes.
Birds would not have progressed from this step until they reached
the wood shavings area without assistance. However, in practice
all birds were successful in their first training session with this
apparatus set up.

Next the wood shavings area was moved 0.95 m from the start
platform and the ramps were added, with a 20 cm gap between
the bottom of the ramps. No water was in the runway and again
birds were given 10 minutes to reach the wood shavings area and
were left for a further 5 minutes after they did. Birds all reached
the wood shavings on the first attempt, otherwise this training step
would have been repeated until they did. Finally, this step was
repeated but with enough water in the runway to just cover the
birds feet (about 20 mm), as pilot studies suggested that birds
found the initial appearance of the water aversive and began to
alarm call when first exposed to the water. After all birds were
successful in reaching the wood shavings area with 20 mm water
in the runway, testing began. For this apparatus set up, all but 3
birds were successful in reaching the wood shavings area and the
remaining 3 were given another training session the following day
in which they all succeeded in reaching the wood shavings area.

Testing

Testing began when the birds were 7 weeks of age and lasted 24
days. Each bird was tested on eight occasions in total, 3 days apart.
For the first test, the wood shavings area was moved 1.25 m from

the start platform, with 0.5 m between the bottom of the ramps
and water was added to the runway. The room was heated to a
constant 20-20°C, and the water was at ‘ambient temperature’ i.e.
it was not heated separately. The same source of mains water was
used to fill and refill the apparatuses. Because birds on the different
feed treatments grew at different rates over the test, the water
depth was proportional to mean leg length. To do this, the length
of the birds’ legs was measured from the ground to the top of the
hock before each test for R, 2R and 3R fed birds. Over subsequent
tests, the ‘cost’ of accessing the wood shavings area, in terms of
water depth and length was increased in a stepwise manner: water
was increased in increments relative to the average length of the
birds’ legs (Table 1). This resulted in water depth levels that
ranged from 8 mm to 110-112 mm by the end of the eight tests.
As the water depth increased with each test, the length of the
runway was also increased by 0.5 m each time up to a maximum
length of 4 m (measured from ramp end to ramp end; Table 1).
The environment for the apparatuses was the same for all tests
(between 20-22°C) and the water used to increase water depth
came from the same source throughout the trial.

Each test lasted up to 15 minutes. A bird was placed on the start
platform and given 10 minutes to get to the wood shavings area.
Once a bird had reached the wood shavings area, she was allowed
5 minutes before the test was ended. If she did not reach it in the
first 10 minutes, she was removed from the apparatus. These time
limits were set for practical reasons (to reduce the time taken to test
multiple birds) and to reduce the chances of extinction occurring.

Experimental Design

The three different feed treatments (R, 2R and 3R) were
allocated at the pen level in a randomized block design. The 21
home pens were divided into sets of three adjacent pens (7 spatial
blocks), to which the three treatments were randomly allocated.
Six of the blocks contained pens with 3 birds and the remaining
block contained pens with 2 experimental birds resulting in 7 pens
and 20 birds in each feed treatment. Three of the blocks of pens

WORLD TECHNOLOGIES




Measuring Motivation for Appetitive Behaviour: Food- Restricted Broiler Breeder Chickens Cross a Water... 5

Table 1. Cost increases (runway length between the two ramps and water depth) with increasing test number for the 3 feed treatments.

Test Number

4.0

35

3.0

15 2.0 25
67%

50%

1.0
33%

0.5

Runway Length (m)

117% 133%

100%

83%

17%

Water Depth (percentage of leg length)

Water depth is based on percentage of the mean length of the birds’ legs, from the ground to top of the hock, for each food treatment. The initial water depth was 1/6" of the average leg length and increments of 1/6™ were then

made at successive tests so that in the last two tests the water was deeper than the birds’ legs were long, meaning that her body was getting wet.

with 3 birds (selected at random) were tested on one set of
apparatus, while the other three blocks were tested with the other
set of apparatus. For the three pens with only two experimental
birds one bird in each pen was tested on each apparatus. Birds
within pens were allocated to one of two scheduling groups for
which tests were staggered by one day in such a way that each
scheduling group contained half of the birds. These two scheduling
groups and the use of the two sets of apparatus were balanced with
each other and as much as possible with spatial blocks and feed
treatments.

Measurements

For all tests, we recorded whether the bird reached the wood
shavings area (defined by the bird having both feet on the
platform) and the latency to reach the wood shavings area in cases
where the bird was successtul. For birds that reached the wood
shavings area, their behaviour in the wood shavings area was also
recorded to allow determination of whether the birds were using
the wood shavings area for foraging. In detail, total durations that
the birds spent in the wood shavings area standing and foraging
(scratching and/or pecking), sitting and foraging (scratching and/
or pecking), standing, sitting, walking or preening were measured
over the 5 minutes from when they first reached the wood shavings
area. Sitting was rare and so this was combined with standing for
analyses and the behaviours preening and walking occurred at
very low levels throughout all treatments so were not analysed
further. Additionally, in the 5 minutes from when birds first
reached the wood shavings area, birds were also able to leave the
area and their movement was recorded so that the total time spent
in the wood shavings area could be measured. Behaviours
performed in the wood shavings area were analysed as a
proportion of the total time spent there.

All birds were tested with all platform distances and water
depths, even if they gave up crossing the water in earlier tests. This
allowed statistical analyses of a full complement of longitudinal
data which is likely to be more powerful than analyses of summary
measures such as the maximum cost paid (distance/depth
overcome) to get to the wood shavings area.

Statistical Analysis

All measures were analysed by fitting Linear Mixed Models
(LMM:s) or Generalized Linear Mixed Models (GLMMs) using
Residual Maximum Likelihood (REML) in Genstat (14" edition
2011). Fixed effects included in all models were feed treatment (R,
2R, 3R), scheduling group (1,2) and apparatus (1,2), and for
longitudinal data, test number (1,...,8) and 2 way interactions
between test number and each of the other 3 factors. Random
effects included in all models were pen (1,...,21) (i.e. bird triplet or
pair), and bird (1,...,60) and, for longitudinal data, interactions of
these with test number (1,...,8). There was little or no variation
due to the 7 spatial blocks of 3 pens so this was not included in the
random effects. All effects were fitted as factors (i.e. categorical
classifications). As well as fitting models with feed treatment as a
single factor with 3 levels, alternative models were investigated
with a single contrast between each pair of feed treatments fitted
before the feed treatment factor, in order to test specifically for
differences between each pair of feed treatments.

The proportion of birds that reached the wood shavings area
was investigated by fitting a GLMM with logit link function and
binomially distributed errors [51,52] to the binary outcome of
whether the bird reached the wood shavings area or not. The
highest cost each bird paid was analysed by fitting LMMs to the
test number of the last test when a bird reached the wood shavings
area. It was not possible to analyse the latency to reach the wood
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shavings area for all tests due to the large proportion (60%) of
censored values. Latency to reach the wood shavings area for tests
for which the bird did reach the wood shavings area only was
analysed by fitting LMMs to natural log transformed data. The
proportion of time spent in the wood shavings area (of 300 seconds
opportunity to do so) for tests for which the bird did reach the
wood shavings area only was analysed by fitting LMMs. The
proportion of time spent foraging (scratching and pecking) while
standing or sitting of the time spent in the wood shavings area was
analysed by fitting LMMs to data transformed using the angular
transformation [51]. Apart from the highest cost each bird paid, all
of these analyses are of longitudinal data in which the effect of test
number is included.

Statistical tests, with significance at the 5% level, were based on
approximate [ tests when these were available, referencing
observed F statistics to the F distribution, but otherwise Wald
tests were used in which the Wald statistic was compared to the -
distribution. In approximate F tests, denominator degrees of
freedom are estimated and may not be whole numbers when fitted
factors are not perfectly balanced/and or when effects are
estimated from more than one level of the random hierarchy in
the model. Test results given are based on sequential tests and
factors are tested in different orders as appropriate to any
imbalances between them in order to ensure that the results given
are robust against test order, reporting results of each factor when
tested last. For example, when analysing measurements from
successful tests only, imbalances between feed treatment and test
number occur due to loss of more data from feed treatment 3R
and least from feed treatment R as test number increases.
Therefore, tests for feed treatment are reported adjusting for test
number, and for test number adjusting for feed treatment.

Estimated means and standard errors (SEs) from the LMMs and
GLMMs are reported for the interaction between feed treatment
and test number (averaged over the other fixed effects) and for
main effects of feed treatment and test number when significant. In
addition, in order to aid interpretation, back transformed means
are reported for LMMs when applied to transformed data and for
GLMNMs. The dataset can be acquired from the PlosOne website
as File SI.

Results

Reaching the wood shavings area

The highest cost each bird paid (‘Reservation price’ or
‘Maximum Price Paid’) was on average 2-3 times higher
(F9,17=11.28, P<0.001) for R birds (mean *= SE test num-
ber=6.30%£0.64) than for 2R (mean * SE test num-
ber =2.28%0.65) and 3R (mean = SE test number =2.96+0.65)
birds.

There was an effect of feed treatment, with a larger proportion
of birds fed R reaching the wood shavings area than birds fed 2R
and 3R (%% =20.25, P<0.001, Fig 3) and there was a decrease in
the proportion of birds from all feed treatments that reached the
wood shavings area as test number increased (x%; =25.45, P<
0.001, Fig 3). There was no statistically significant interaction
between test number and feed treatment.

For tests in which birds reached the wood shavings area only, on
average, birds fed R were quickest to reach the wood shavings
area, followed by birds fed 2R and then birds fed 3R
(Fo37=11.55, P<0.001, Fig 4) and tests of specific contrasts
suggested statistically significant differences in mean between all 3
feed treatments (R versus 2R F 33=28.70, P=0.006, R versus 3R
Fy37=23.05, P<0.001, 2R vs 3R F; 4, =5.02, P=0.031). Test
number was only marginally significant (/7 49 =2.53, P=10.027)
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and there was no statistically significant interaction between test
number and feed treatment (Fig 4).

Behaviour in the wood shavings area

For tests in which birds reached the wood shavings area, there
was no statistically significant effect of test number or feed
treatment on the mean time spent in the wood shavings area; birds
on average generally spent over 50% of the five minutes available
there, ranging from 14515 sec at the first test to 238+42 sec at
the last test (mean = SE estimated from LMM). However, when
birds were in the wood shavings area, birds fed R spent the most
time foraging whilst birds fed 3R spent the least time foraging
(F9,30=18.54, P<<0.001; Fig 5) and tests of specific contrasts
suggested statistically significant differences in proportions be-
tween all 3 feed treatments (R versus 2R F o6 =14.95, P<<0.001,
R versus 3R F,3,=37.04, P<<0.001, 2R vs 3R F,35=7.12,
P=0.011). Overall, the proportion of time spent foraging (of the
time spent in the wood shavings area) increased with test number
and peaked at 0.49 at test number 5 and then decreased again
(FF7.46=7.56, P<<0.001), with individual feed treatments peaking at
0.87 for R, 0.64 for 2R and 0.11 for 3R (back-transformed values;
Fig 5). There was no statistically significant interaction between
test number and feed treatment affecting the proportion of time
spent foraging.

Discussion

As expected, broiler breeders fed the commercially restricted
food allowances (R) accessed the wood shavings area more at all
levels of cost than the 2R and 3R birds, resulting in on average a
higher Maximum Price Paid (Reservation Price) for access to the
wood shavings area. Rate of decline in the proportion of birds
reaching the wood shavings area appeared to be less steep for R
birds but this effect was not statistically significant (no feed
treatment by test interaction). The rate of change of consumption
of a resource in response to increasing cost has been highlighted by
some authors as a key measure of motivation [1,53]. In this
experiment, variation between birds, and the large treatment
differences which already meant that a relatively low proportion of
2R and 3R birds visited the wood shavings area even at low cost
made it difficult to detect this interaction. Unexpectedly, there was
little difference between 2R and 3R birds in these measures, which
might suggest that the welfare benefits in terms of reduced hunger
of increasing rations from 2R to 3R are limited, in contrast to the
welfare benefits of reducing hunger in R birds. Of birds that
reached the wood shavings area, on average, restricted birds took
less time to reach it and spent a greater proportion of their time
there foraging; these behaviours were different between R and 2R,
but also between 2R and 3R birds, so were more discriminatory of
feeding level.

The low numbers of birds willing to cross the water in the 2R
and 3R treatments is a potential weakness for using this technique
in future studies when analysing measures that are only defined for
birds that reach the wood shavings area. However, the range of
treatments chosen here was large, and experimental diets designed
to improve satiety which will be of relevance to the poultry
industry are likely to be much closer to the R diet tested here.
Comparison with this initial validation study will enable any
improvements to be put into context.

All of these behavioural differences indicate that birds fed R
were highly motivated to reach the wood shavings area in order to
perform the food-searching (appetitive) component of foraging
behaviour (pecking and scratching) even though they were never
rewarded with food (allowed to progress to consummatory
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behaviour). Repeatedly failing to reward foraging behaviour in this
location with a food reward might have been expected to result in
extinction of the response [37]. In fact, R birds continued to access
the wood shavings area, and on average the performance of
foraging behaviour by R (and 2R) birds initially increased over
successive tests, before eventually declining. In our study, cost
increased over successive tests, so it is not possible to know whether
this eventual decline was a result of extinction learning (i.c. that
there was never any food), or because of the increasing cost of
access. Interpretation of the time spent foraging is made more
difficult by the fact that fewer birds reached the wood shavings
area in later tests. However, for R birds, there were consistently
~60-65% of them reaching the wood shavings area between tests
4 and 8, so the decline for these may indeed indicate extinction
(although it was not statistically significant). In future studies, fewer

tests could be used to reduce the possibility of extinction. There
are different methods that can be used to present costs for access to
a resource — we chose to progressively increase the cost over
successive tests. However, costs can be presented, for example, in
randomly determined orders or by progressively increasing then
decreasing the cost of access. Different methods have their own
advantages and disadvantages, for example, cost increases over
time may become confounded with fatigue or boredom but
random cost presentations may limit the Maximum Price that is
tested, i.e. animals may be willing to work harder than the ‘highest
cost’ given but additional ‘harder’ costs cannot be added to the
end of the test [54]; how costs are presented to the animals should
be carefully considered when designing a study to ensure questions
of interest will be answered.
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Our use of a non-food rewarded task adds to the evidence that
commercial restriction levels result in chronic hunger in broiler
breeders. Existing data that these birds have high feeding
motivation (e.g. [41]) is open to the criticism that offering extra
food changes the situation, and increases food motivation. High
levels of foraging motivation, even in the absence of food, suggest
that food is not ‘out of sight, out of mind’ for broiler breeders at
commercial levels of food restriction [17].

Broilers (offspring of broiler breeders) which are fed ad libitum
throughout their lives may have gait and movement problems due

to their fast growth rates [55,56]; however none of our broiler
breeders exhibited any difficulties walking. This is most likely
because all birds were reared on the recommended, restricted diets
until 5 weeks of age, allowing for a slow, healthy growth until this
point [21]. While birds fed 2R and 3R did grow faster than birds
fed R, they were still more active than typical broilers in their
home pens (L.M. Dixon, Pers. Obs.) throughout the trial which
may also have helped prevent some fast growth related issues [55].
Therefore, the slower latencies for 2R and 3R birds to reach the
wood shavings area cannot simply be due to difficulties walking in

WORLD TECHNOLOGIES




Measuring Motivation for Appetitive Behaviour: Food- Restricted Broiler Breeder Chickens Cross a Water... 9

80.0 -
= T
oS 700 -
S 32
52 600
S
:‘5&:’ 5 50.0 - _ -
S8 © 400 - ——R
T ® Qs /
€ &% s 300 / - B 2R
e Le
28 % 200 - T 3R
£z ! |
= 2 10.0 l J l
EXY |
e 0.0 : i l x 1
L g
2 4 6
100 9 8
Test Number
a)
1.0 -
[<Ts]
.ag 0.9 -
©® 0.8 -
o (7]
<& 07 -
c >
= 06 -
ow 05 -
g8 - —t— R
= g 0.4 -
%2 03 . - 2R
c s
2 c 02 - 3R
59
82 01 -
O.C
&2 00 x x ; \
0 2 4 6 8
Test Number
b)

Figure 5. Proportion of time spent foraging while in the wood shavings area for tests for which birds were successful across eight
tests with increasing water runway length and depth for the three food treatments for a) means (+SE) estimated from LMM on
angular scale and b) back transformed to the proportion of time spent foraging while in the wood shavings area.

heavier birds. It is well established that broiler breeders which are
restricted (R) are more active than those which are more
generously fed [25-29]. Anecdotally, R birds in our study
appeared more active in the apparatus, and it is possible that
this explains some aspects of the behavioural differences between
the treatments. However, the increased foraging behaviour, and

tolerance of deeper water in R birds suggests that as well as being
more active, they were also highly motivated to forage.

In future studies, we hope to apply the water runway method to
novel diets designed to improve satiety. It will be interesting to
compare this method to more conventional home pen behavioural
measures, such as time spent resting, foraging and performing
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abnormal or stereotypic behaviour patterns [27,29]. Additionally
comparing these results to tests in which food rewards are offered
[29,30,31,32] may help to quantify the changes in motivation that
occur due to feedback from the food and may help present a
complete picture of hunger in broiler breeders. Various physio-
logical measures of the welfare consequences of hunger have been
proposed (e.g. [33]), although the question of validation and
comparison between food types remain problematic (see discussion
in [35]). Recent work to develop measures that relate directly to
the neural circuits in the basal hypothalamus that control food
intake [57] shows promise.

In the present study, we validated a test using a natural, variable
cost to measure the motivation to perform appetitive behaviour by
comparing different feed treatments. There are a number of
practices in the broiler breeder industry that have been proposed
as ways of reducing the hunger experienced due to restricted
feeding. These include modifications of feeding methods; such as
adding fibre to the diet [29,32], scatter feeding to increase feeding
time and encourage foraging [58], feeding multiple small meals
[58] and skip-a-day feeding [59]; and genetic changes, for example
by using slow growing or dwarf strains [60,61], or by genetic
selection to change the shape of the growth curve [62]. The
foraging motivation test used here has potential to be applied
alongside other behavioural and physiological measures to
determine whether any of these practices result in reduced
foraging motivation and thus in reduced hunger and improved
welfare.
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Conclusions

In conclusion, broiler breeders fed commercially restricted food
allowances are more motivated to access an area of wood shavings
where they can forage than birds fed twice or three times that
amount. This indicates that these birds are hungry and as a result
have decreased welfare. In future, the methods described here can
be used to assess different broiler breeder practices and strains to
attempt to decrease hunger and improve welfare in the broiler
breeder industry.
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Abstract

Background: Honeybees provide economically and ecologically vital pollination services to crops and wild plants. During
the last decade elevated colony losses have been documented in Europe and North America. Despite growing consensus on
the involvement of multiple causal factors, the underlying interactions impacting on honeybee health and colony failure are
not fully resolved. Parasites and pathogens are among the main candidates, but sublethal exposure to widespread
agricultural pesticides may also affect bees.

Methodology/Principal Findings: To investigate effects of sublethal dietary neonicotinoid exposure on honeybee colony
performance, a fully crossed experimental design was implemented using 24 colonies, including sister-queens from two
different strains, and experimental in-hive pollen feeding with or without environmentally relevant concentrations of
thiamethoxam and clothianidin. Honeybee colonies chronically exposed to both neonicotinoids over two brood cycles
exhibited decreased performance in the short-term resulting in declining numbers of adult bees (—28%) and brood (—13%),
as well as a reduction in honey production (—29%) and pollen collections (—19%), but colonies recovered in the medium-
term and overwintered successfully. However, significantly decelerated growth of neonicotinoid-exposed colonies during
the following spring was associated with queen failure, revealing previously undocumented long-term impacts of
neonicotinoids: queen supersedure was observed for 60% of the neonicotinoid-exposed colonies within a one year period,
but not for control colonies. Linked to this, neonicotinoid exposure was significantly associated with a reduced propensity
to swarm during the next spring. Both short-term and long-term effects of neonicotinoids on colony performance were
significantly influenced by the honeybees’ genetic background.

Conclusions/Significance: Sublethal neonicotinoid exposure did not provoke increased winter losses. Yet, significant
detrimental short and long-term impacts on colony performance and queen fate suggest that neonicotinoids may
contribute to colony weakening in a complex manner. Further, we highlight the importance of the genetic basis of
neonicotinoid susceptibility in honeybees which can vary substantially.
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Introduction

Ecosystem services provided by pollinating insects are vital for
the maintenance of biodiversity [1,2] and food security through
agricultural productivity [3,4,5,6]. Recent evidence for globally
paralleling declines of various pollinators [7,8,9,10], however,
stands in contrast to prospects of continuously increasing demands
for pollination services [4,11,12].

The Western honeybee, Apis mellifera, is the predominant
managed pollinator worldwide [4,8]. Although global stocks of
domestic honeybees have increased during the last half century
(except in Europe [13] and in the USA [14]), present and
predicted agricultural demands for insect pollination far exceed
currently available capacities [15]. Repeated, massive declines of
managed honeybee colonies during the last decade in North

America, Europe and the middle East [8,16,17,18,19,20,21,22]
raised substantial concerns about safeguarding future honeybee
pollination services. Despite comprehensive recent research,
conclusive evidence for common causal drivers is lacking, which
points at multiple interacting factors [8,23,24]. The invasive
ectoparasitic mite Varroa destructor represents a severe problem
for honeybees almost worldwide [25,26,27], in particular due to its
vital role as a virus vector [28,29]. Some observations of elevated
colony losses were also influenced by the widespread gut parasites
Nosema ceranae [30,31,32]. Microbes and V. destructor-associated
viruses are prevalent almost globally and commonly co-occurring,
yet there is no uniform evidence so far that even the interactions
between some of these pathogenic stressors necessarily result in
colony failure [33,34,35,36]. Instead, it appears as if more
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complex interactions with additional environmental stressors and
at multiple levels are of key importance [8,24]. Likely candidates,
commonly encountered by honeybees, are routinely applied
agricultural pesticides [37,38]. For instance, the use of systemic
neonicotinoid insecticides has strongly increased on a global scale
during the last decade [39,40,41,42]. Mainly acting as specific
agonists of the insect acetylcholine receptors, neonicotinoids
disrupt neuromuscular signalling pathways and are thus efficiently
used for controlling insect pests [39,43]. Systemic compounds like
neonicotinoids can be particularly problematic for pollinating
insects through exposure to residues in nectar and pollen of treated
crops [41,44,45]. Although field-realistic neonicotinoid residue
levels in pollen and nectar are generally assumed to result in
sublethal dietary exposure [46], sublethal effects on honeybees
include various negative impacts, such as impairment of physiol-
ogy, cognitive abilities like memory and learning, and foraging and
homing behaviour [45,47,48,49,50,51,52,53,54,55,56,57,58,59].
In addition, combined exposure to multiple pesticides can have
additive or synergistic adverse effects in bees [60,61,62,63] with
eventually underestimated consequences [64]. Similarly, multifac-
torial impact arising through combined chronic exposure to
pathogens and pesticides may trigger detrimental feedbacks of
supposedly sublethal individual stressors at the colony level that
could explain otherwise enigmatic negative impacts [65]. In this
regard, an important but yet poorly understood aspect represents
the adverse influence of neonicotinoids on the honeybee’s immune
system [66,67]. There is growing evidence for detrimental
interactions and compromised immunity in honeybees upon
combined exposure to neonicotinoids and pathogens, including
the prevalent gut-parasite Nosema spp. [36,68,69,70,71] and near-
ubiquitous viruses, such as the typically V. destructor-associated
deformed wing virus [72] or the black queen cell virus [36]. To
date it remains unclear to what extent these findings can be
extrapolated to field settings where, for example, immunity-related
patterns in honeybees may be strongly influenced by many more
environmental factors, such as the overall nutritional status
[24,73,74,75,76]. While several unplanned field exposures resulted
in massive effects of neonicotinoids under certain circumstances
[41,77,78], there is no compelling evidence so far that field-
realistic neonicotinoid exposure resulting from standard agronom-
ic implementations of neonicotinoids pose a serious threat to whole
colonies [79,80,81,82,83]. Nevertheless, some regulatory bodies
reacted recently [84,85] in order to clarify whether the overall
contrasting results may have been influenced by: overestimating
individual predictors while dynamics at multiple levels were
neglected [65]; by the lack of statistical power for individual studies
[44]; or by the possibility that especially sensitive endpoints have
simply been missed. For instance, the long-term impacts of
neonicotinoids, which might only become evident during sensitive
phases like overwintering, have received little attention to date.
Moreover, information on how neonicotinoids could impact on
queens is virtually lacking [64]. It is unknown whether queens are
relatively protected from agricultural pesticides through receiving
processed food from hive bees only, or whether trophallactic
interactions with the usually most long-lived honeybee in a hive
could indeed represent a sink for trace residues of such systemic
compounds. Sublethal pesticide exposure could have important
consequences for colony fate through compromising the queen’s
cognitive abilities or immune system and thereby reducing her
performance. For instance, it is known that replacement of failing
queens by the worker bees, i.e. queen supersedure, can be
triggered by reduced oviposition of old or insufficiently mated
queens [86,87]. Colony fitness is another sensitive but largely
neglected aspect of honeybee colony performance. In bumblebees,

for example, it has repeatedly been shown that the negative impact
of chronic neonicotinoid exposure on individuals and colony
performance was less pronounced compared to queen production
[88,89,90]. Similarly alarming fitness effects upon chronic
sublethal neonicotinoid exposure are indicated in solitary bees
[91]. Reproductive success, however, is vital for inferring long-
term population level consequences. Compared to the assessment
of much more general traits of colony performance and
productivity in honeybees, the quantification of fitness in the true
sense 1s very difficult because of the complex socio-biology of
reproduction in honeybees. In managed honeybee colonies,
besides male mating success, swarming can be considered as a
tangible proxy of fitness [92], which is in practice primarily linked
to beekeeping management decisions though.

Here we experimentally assessed the effects of chronic dietary
neonicotinoid exposure on honeybee colony performance and
fitness on a temporal scale and in relation to the honeybees’
genetic background. In a fully crossed experimental design 24
freely flying honeybee colonies, including two groups of sister-
queens from different strains (14 and 10 colonies, respectively),
were placed at a single apiary and were either exposed to control
pollen or pollen that has been spiked with a combination of the
two neonicotinoids thiamethoxam and clothianidin (on average
5.31 pg/kg and 2.05 pg/kg, respectively) via in-hive feeding over
two brood cycles (see Figure S1). All colonies were then identically
maintained and controlled against V. destructor throughout a one
year monitoring period. During the study four detailed colony
assessments, including estimates of numbers of adult bees and the
amounts of brood and stores, were conducted to evaluate potential
effects on colony performance and productivity in the short- (1.5
months), medium- (3.5 months) and long-term (1 year). We used
this experimental design in order to contribute to better
understand three currently poorly resolved aspects. First, while
the majority of experiments at the colony level applied sublethal
chronic neonicotinoid exposure through sucrose solution, we
hypothesized that neonicotinoid-contaminated pollen provides
stronger exposure of larval stages and nurse bees that may express
sublethal effects when performing more complex tasks in later life
cycle stages [53,93], thereby potentially resulting in delayed effects
on colony performance. Second, contaminated pollen could result
in sublethal exposure of honeybee queens that may affect their
performance and subsequently cause failure. Therefore, we
assessed the fate of queens one year subsequent to experimental
feeding of neonicotinoid-spiked pollen, as well as the colonies’
propensity to swarm as an indicator for colony fitness. Third, we
addressed the question of whether neonicotinoid susceptibility at
the honeybee colony level has a genetic basis.

Materials and Methods

Experimental setup and colony maintenance

Twenty-four honeybee colonies were established using artificial
swarms (1.5 kg of bees) in summer 2010. Two groups of sister-
queens originating from different, locally adapted breeding
populations were introduced in order to control for the honeybees’
genetic background and maternal effects: one group of 14 queens
from a region in eastern Germany that is characterized by intense
agriculture, and one group of 10 queens from an alpine region in
central Switzerland. All queens were freely mated at apiaries in
corresponding geographic regions during early summer 2010 and
then individually tagged and clipped one forewing. The former
group of colonies represented A. m. carnica, whereas the latter
represented predominantly A. m. mellifera, and in the following
they are referred to as strain A and B, respectively.
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As permitted by the veterinary agency of the canton Zurich, we
established an apiary on the land of the research station Agroscope
Reckenholz-Tanniken in a rural area near the city of Zurich,
Switzerland (47°25"38N 8°31'11E). Two groups of each 12 hives
were placed in a single row, with all hive-entrances pointing in the
same direction. To meet a fully-crossed experimental design,
artificial swarms containing queens of the different strains were
randomly allocated to the two experimental groups (N=7 from
strain A and N =5 from strain B each). Hives containing queens of
the two different strains A and B were ordered identically in each
experimental group (see Figure S1 for details of the setup). Hives
within groups were separated by 1 m, and both groups of hives
were separated by approximately 20 m distance, including shrubs
as landmarks to minimise forager drift between groups [94]. All
colonies were equipped with brand new hive material, including
polystyrene hive bodies, wooden frames (200x350 mm in size)
and organically certified, pesticide-free wax foundations. Com-
mercial pollen traps (Wienold, Lauterbach, Germany), painted in
different colours, were installed at all hive entrances (identical
colour sequence in each group), but only activated during the
exposure phase (see below). All colonies were identically treated
against V. destructor using oxalic acid (40 ml sucrose solution
containing 3.5% w/w oxalic acid per colony) five days after
establishment of artificial swarms (in the absence of capped brood),
and fed with commercial sugar syrup (sugar beet based, 73% sugar
content, containing equal proportions of glucose, fructose and
sucrose; Hostettler’s, Zurich, Switzerland) during summer 2010 to
promote colony growth. Pollen was assumed to be available in
sufficient quantities. All colonies overwintered on eleven combs,
and oxalic acid treatment against V. destructor was repeated in
December 2010.

During spring and summer 2011 colonies were not fed but left
to freely collect nectar and pollen. All colonies were simultaneously
provided with a second and third hive body containing 11 frames
with wax-foundations for comb building in early April 2011 and in
mid-May 2011, respectively. The upper hive body provided last
was separated by a queen excluder to ensure honey storage only,
and on the same day it was provided the experimental treatment
was 1nitiated and lasted until end of June 2011 (see below). In mid-
July 2011 colonies were taken off their honey combs and
subsequently maintained on 22 combs. They received 12.5 kg of
sugar syrup during late July and late August 2011 (25 kg in total).
After each feeding phase, colonies were simultaneously treated
against V. destructor using 130 ml of formic acid (70% w/w)
evaporating from commercial dispensers (Andermatt Biocontrol
AG, Grossdietwil, Switzerland) for about one week each during
carly August and early September 2011. Colonies were then
overwintered and treated with oxalic acid in December 2011 (see
above). At no point during the study synthetic acaricides were used
for varroa mite management. Subsequent to overwintering
colonies were monitored until June 2012 without further
intervention. No honey supers were provided in 2012 in order
to increase the propensity for swarming, which served as a proxy
of fitness one year after the treatment (see below).

Treatment procedures and residue analyses

In mid-May 2011 pollen traps were activated to vastly prevent
pollen inflow, and in-hive pollen feeding was initiated. Pollen
patties consisted of 55% honeybee pollen (common stock of
commercial pollen with mixed floral content of at least 19 plants;
Sonnentracht Imkerei, Bremen, Germany), 5% brewer’s yeast and
approximately 40% sucrose (two thirds 73% sugar syrup and one
third powder sugar). Three times per week (each Monday,
Wednesday and Friday) all colonies were provided with two
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200 g pollen patties loosely packed in cellophane paper and placed
between the two lower hive bodies (i.e. within the brood nest).
Disturbance of the colonies was thus reduced to a minimum. The
bees easily corroded the cellophane paper to access the content.
Two pollen patties of 200 g were generally consumed completely
within 48 hours by each colony. Prior to feeding, pollen was
gamma ray irradiated (Leoni Studer Hard AG, Diniken,
Switzerland) to prevent putative pathogen spill over (e.g., see
[95]). One group of 12 colonies (see above) received plain pollen
while the other received patties containing environmentally
relevant residues of the two neonicotinoids thiamethoxam and
clothianidin (see below). Chronic neonicotinoid exposure through
in-hive pollen feeding was performed for 46 days (1.5 months) in
order to cover two brood cycles, thereby resulting in total
provisions of 8 kg of pollen patties per colony. Pollen traps were
then deactivated to no longer prevent colonies from storing pollen
collected outside.

For both neonicotinoids pure analytical standards (PESTANAL,
Fluka; with purities of 99.7 and 99.9% for thiamethoxam and
clothianidin, respectively) were purchased (Sigma-Aldrich, Seelze,
Germany), dissolved in distilled water (1 mg/L) and then stored at
room temperature and protected from light. Aliquots of a single
stock solution for each parent compound were added to the
sucrose solution, which was then thoroughly mixed into the pollen
and yeast. A commercial kneader was used to produce a
homogenous paste to be portioned in cellophane paper (200 g)
and kept frozen until usage. In total, 20 mixtures of plain and
neonicotinoid-spiked pollen were prepared and fed batch-wise
over time. A subsample of each of these batches of pollen patty
preparations was subjected to residue analyses performed by the
United States Department of Agriculture, Agricultural Marketing
Service, Science and Technology Laboratory Approval and
Testing Division of the National Science Laboratories in Gastonia,
North Carolina. All samples were extracted for analysis of
agrochemicals using a refined methodology for the determination
of pesticides using an approach of the official pesticide extraction
method (AOAC OMA 2007.01) using an acetonitrile:water
solution and analysed by liquid chromatography coupled with
tandem mass spectrometry detection (LC/MS-MS) utilising the
parent and confirmatory ions of thiamethoxam and clothianidin.
Samples were analysed using certified standard reference materials
for the presence of both compounds with a limit of detection of 4.0
ppb for thiamethoxam and 1.0 ppb for clothianidin. Our target
concentrations were 5.0 and 2.0 ppb for thiamethoxam and
clothianidin, respectively. Since clothianidin is the major metab-
olite of thiamethoxam [96,97], both bioactive compounds will co-
occur in the pollen and nectar of thiamethoxam-treated crops and
were therefore applied in combination. The concentrations used
here match field-realistic levels of both compounds previously
found in pollen of treated crops [41,42,46,80,82,98]. In order to
confirm the absence of unexpected additional exposure, we also
subjected six random samples of the sugar syrup used for late
season feeding (2010 and 2011), six samples of the original pollen
stock, as well as four pollen patty samples of the control group to
residue analyses. Moreover, pollen trap contents collected during
the experimental feeding were pooled across colonies of each
experimental group and samples from five collection dates
throughout the treatment were taken for residue analyses.
Additional matrix endpoints at the end of the experimental pollen
feeding phase for both treatment groups were forager bees (1
sample pooled across all colonies) and pupae close to adult
emergence (3 samples pooled across 4 colonies each). Further-
more, in both treatments we sampled wax (2 samples pooled across
6 colonies each) and bee bread (4 samples pooled across 3 colonies
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each) 3 weeks after the pollen treatment when honey supers were
removed, as well as one sample of honey from each colony of the
neconicotinoid-exposed group (pooled from at least 3 different
combs). All samples for residue analyses were stored frozen and
shipped on dry ice.

Population estimates and data collection

Estimates of colony strength were performed using the
‘Liebefelder Method’ [99,100]. Specifically, we visually estimated
the number of adult bees, the amount of capped brood (pupae)
and un-capped brood (eggs and larvae), and the amount of honey
and pollen stores in dm” Colony assessments were consistently
performed by the same person and alternated between treatment
groups during the day. During each colony assessment the
presence of the original queen was checked. Successful queen
replacement was counted as the presence of a non-tagged, egg-
laying queen which possessed two intact forewings, either in the
presence or absence of the originally tagged mother-queen. Based
on 1 dm® comb containing 400 cells on average, the estimated
proportion of comb area comprising of brood was converted into
numbers of individuals in order to treat corresponding response
variables as counts, whereas estimates of honey stores were
converted into total weight (based on an average weight of 2 kg for
fully filled honey combs of the used frame format).

In spring 2011 (mid-May) the first colony assessment was
performed and three days later the experimental treatment was
initiated. During the pollen feeding phase, contents of all pollen
traps were collected and weighed each time when new pollen
patties were provided, resulting in 20 pollen collection records per
colony in total. In summer 2011 (beginning of July), two days after
the last pollen patties were fed, the second colony assessment was
conducted to evaluate short-term effects on colony performance.
After the exposure phase the control and the neonicotinoid-treated
colonies were maintained identically and the third colony
assessment was performed 3.5 months after the exposure in
autumn 2011 (mid-October), to evaluate medium-term effects
colony performance before overwintering. Overwintering success
was assessed end of March 2012 and thereafter surviving colonies
were inspected on a weekly basis. Finally, the fourth colony
assessment for all colonies that survived winter was performed one
year after the treatment in spring 2012 (late April) to evaluate
long-term effects on colony growth. Afterwards colonies were
maintained until June 2012 and inspected for queen cells on a
weekly basis and for swarming events at least every second day.
Since original queens had one clipped forewing, swarms remained
nearby the hive and could thus be easily recognized.

Statistical analyses

To investigate the effects of exposure to thiamethoxam and
clothianidin on honeybee colony performance over time, we
analyzed a set of sensitive endpoints within the framework of
mixed models.

Model formulation and selection. The response variables
(endpoints) were numbers of adult honeybees, pupae and eggs and
larvae. These were modelled including the explanatory variables
(factors) treatment (control and neonicotinoids), honeybee strain (A
and B), and assessment date (spring 2011, summer 2011, autumn
2011 and spring 2012) as fixed effects, and colony as a random
effect. Residual analysis of all response variables indicated the
need for variance stabilization and variables were transformed
accordingly. The data for the endpoints number of adult
honeybees and pupae were square-root transformed. Residuals
for eggs and larvae displayed a more complex pattern of a bow-
shaped variance being largest for medium fitted values (~8000)

and decreasing for larger and smaller fitted values. This pattern
resembles that of a binomially distributed variable, which
conforms well to the upper bounded egg-laying rate of a honeybee
queen. In such cases effective counts of a given response variable
can be divided by the expected maximum number to obtain
binomially distributed variables. Based on Khoury et al. [101], we
set the limit to a daily egg-laying rate of 2000 and, according to the
honeybee life-cycle, 16000 eggs and larvae present at any time.
Ratios of actually present and maximum possible numbers of eggs
and larvae were arcsine square-root transformed to stabilize
variances for further analyses, as commonly performed for
binomially distributed variables.

Numbers of adult honeybees exhibited an increased variance at
the fourth assessment date in spring 2012, which prompted us to
use a weighted linear mixed model for this response variable.
Weights were set as the inverse of the residual variances of the two
groups (for the assessments between spring and autumn 2011 and
the assessment in spring 2012, respectively).

For each endpoint, complete models were fitted based on the
threefold interaction term of the explanatory variables (fixed
effects) plus the random effect. Model simplification was evaluated
by hierarchically removing interaction terms based on likelihood
ratio tests. The goodness of corresponding Chi-squared approx-
imations was confirmed by model based parametric bootstrapping.
During all steps of the model selection, model assumptions and
serial correlations of the residuals of colonies were inspected.

Hypotheses testing with contrasts. To test for effects of
neonicotinoid exposure on colony performance and the influence
of the honeybees’ genetic background on responses to the
neonicotinoid-treatment, one-sided contrasts and corresponding
P-values (adjusted for multiple testing) were computed for the
overall treatment effect at each individual assessment date and,
when the threefold interaction significantly contributed to model a
given response, also for treatment nested within honeybee strain.
Since seasonal effects were expected, contrasts including assess-
ment date were not performed.

Further statistical analyses. To investigate effects of
chronic exposure to thiamethoxam and clothianidin on honey
production, the difference of the log transformed total weights
before and after the experimental pollen feeding was analysed
using linear regression. The full model was fitted with neonico-
tinoid exposure and honeybee strain as fixed factors and the
interaction between them. In the same way we compared comb
arcas in dm? comprising of pollen stores (bee bread) in the hives
before and after the experimental pollen feeding in order to
evaluate pollen consumptions during the treatment.

The time series of twenty pollen collections per colony sampled
during the 1.5 months of experimental in-hive pollen feeding were
converted into respective Areas Under the Curve (AUC) for
further analysis. The AUC represents the overall colony-specific
pollen foraging activity, with higher AUC values corresponding to
higher collection performances. We analyzed AUC with a one-
sided Mann-Whitney test for a difference between neonicotinoid-
exposed and control colonies.

Supersedure of original queens (at any time) and swarming
events in spring 2012 yield a yes/no value for each colony. The
associations of these variables with neonicotinoid treatment were
mvestigated using Fisher’s exact tests for contingency tables of
small sample sizes.

All statistical analysis were performed using R [102]. Mixed
models were fitted using the lmer function of the lme4 package
[103], and contrasts were performed using the glht function of the
multcomp package [104].
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Results

Residue analyses

Original stocks of honeybee pollen and sugar syrup used to
prepare pollen patties in our experiment did not contain traceable
amounts of the two neonicotinoids thiamethoxam and clothiani-
din, even when the limit of detection was reduced to 0.1 ppb for
both compounds. Thus, thiamethoxam and clothianidin are
considered being absent in the pollen patties fed to the control
colonies. In contrast, in all samples from the pollen patties that
have been spiked with the two neonicotinoids both parent
compounds were detected in the range of the target concentra-
tions: The effective mean concentrations (= SD across different
pollen patty batches) used during the neonicotinoid treatment
were determined to be 5.31%0.75 ppb for thiamethoxam and
2.05%1.18 ppb for clothianidin. The residue analyses document
constant chronic exposure to thiamethoxam and clothianidin at
field-realistic levels in pollen over a period of two honeybee brood
cycles. There was no unexpected additional exposure to
thiamethoxam or clothianidin from the outside, as indicated by
the lack of traceable residues of both compounds in the pollen
collected from pollen traps of both treatment groups during the in-
hive pollen feeding phase. In none of the forager bee and pupae
samples collected directly after the treatment and in none of the
hive samples collected 3 weeks after the treatment (i.e. bee bread,
honey and wax) residues of either compound above respective
limits of detection could be found in both the control and
neonicotinoid treatment. The absence of residues in bees is not
surprising given the low concentrations used here, yet the absence
of in-hive residues 3 weeks after feeding contaminated pollen over
two brood cycles indicates that low level residues may quickly
disappear in the hive matrix (see also [80,82]) through consump-
tion, dilution or degradation.

Colony growth

In the control group and in the group exposed to thiamethoxam
and clothianidin each 1 colony of strain A lost their queen after the
pollen feeding phase during the formic acid treatment against
varroa mites in 2011. Moreover, in each experimental group 1
colony became queenless during winter (originating from strain B
and A in the control and in the neonicotinoid-exposed group,
respectively). Thus, mixed model analyses are based on 12 colonies
per experimental group for the first and the second colony
assessment (in both treatment groups 7 colonies originating from
strain A and 5 from strain B), while 11 colonies per group were
available for the third colony assessment (in both treatment groups
6 colonies originating from strain A and 5 from strain B), and 10
colonies were available for the fourth colony assessment (in the
control 6 and 4 from strain A and B, respectively, and for the
neonicotinoid treatment each 5 from strain A and B). Queenless
colonies were removed immediately after queen loss was
recognised.

The data for the three endpoints adult bees, pupae and eggs and
larvae across assessment dates are summarized in Fig. 1A-C.
Dynamics of colony strength and brood curves displayed the
expected general pattern of seasonal variation. However, we
detected strong effects of neonicotinoid exposure, as well as
interactions of the honeybees’ genetic background with neonico-
tinoid exposure. The number of adult bees and the number of eggs
and larvae were each best explained by the threefold interaction
term model, ie. neonicotinoid exposure, honeybee strain and
assessment date, while for the number of pupae the retained model
included the twofold interactions of assessment date with honeybee
strain and neonicotinoid exposure, respectively, but no threefold
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mteraction. Model-based estimates of contrasts and corresponding
significance levels are summarized in Table 1. After 1.5 months of
experimental pollen feeding, there was a significantly negative
influence of the exposure to thiamethoxam and clothianidin on the
number of adult bees for both honeybee strains, whereas this effect
was much stronger for honeybee strain B than for strain A
(Fig. 1A). Overall, average worker populations were 28% smaller
in the neonicotinoid treatment compared to the control. There
was also a significant overall decrease of the number of eggs and
larvae in the neonicotinoid treatment, yet, this effect was not
significant when tested within either honeybee strain A or B
(Fig. 1B). However, there was no significant effect of nenicotinoid
treatment or honeybee strain on the amount of pupae after the
experimental pollen feeding (Fig. 1C). Compared to the control,
the average amount of total brood had declined by 13% in the
colonies exposed to thiamethoxam and clothianidin. No effects of
the previous neonicotinoid exposure on the amount of adult
honeybees or honeybee brood were detected 3.5 months after the
experimental pollen feeding (Fig. 1A—C). Interestingly though, one
year after the experimental pollen feeding, the negative impact of
the previous neonicotinoid treatment on the number of adult bees
was even stronger than directly after exposure to thiamethoxam
and clothianidin (Fig. 1A). These effects were significant within
honeybee strains A and B, but again much more pronounced in
strain B. Similarly, when the overall significant decrease of the
amount of eggs and larvae one year after the neonicotinoid
treatment was tested within strains, a significant effect was only
detected for honeybee strain B (Fig. 1B). Moreover, contrasting to
the finding directly after exposure to thiamethoxam and
clothianidin, there was also a significantly detrimental effect of
the neonicotinoid treatment in the previous year on the amount of
pupae (independent of honeybee strain), see Fig. 1C and Table 1.

Honey production

At treatment initiation all colonies already harboured consid-
erable honey stores due to comparatively early spring flowering in
2011. Strain A and B, respectively, had on average 24.8+2.9 and
27.0%£2.9 kg in the control group, and 25.4%+2.8 and 23.6+0.7 kg
in the group subsequently exposed to thiamethoxam and
clothianidin. During the experimental pollen feeding, honey stores
in the control group increased by 7.7%4.4 kg per colony on
average (10.3%=3.6 and 4.1+2.2 kg for colonies of strain A and B,
respectively). During the same period honey stores in the
neonicotinoid-exposed group also slightly increased for colonies
of strain A (1.8%2.1 kg on average), but decreased for neonico-
tinoid-exposed colonies of strain B (—4.9%1.0 kg on average),
resulting in an overall decrease of —1.0=3.8 kg per colony on
average. Honey production during the treatment was significantly
influenced by both neonicotinoid exposure and honeybee strain:
While strain B was significantly less productive than strain A
independent of the treatment (F; o, = 40.40, P<<0.001), neonico-
tinoid exposure negatively affected honey production in both
strains (I} o1 =68.18, P<<0.001). The interaction between both
predictors was not significant (F) oo = 1.45, P =0.24) and was thus
removed prior to testing the main effects. Overall, the mean honey
production over the entire season (including honey production
during the pre-treatment phase) remained 29% lower in the
neonicotinoid-exposed colonies (23.7+2.5 kg) compared to the
control (33.4%5.1 kg).

Pollen consumption

At treatment initiation, pollen stores (bee bread) in the control
group comprised of 17.9210.7 dm® and those in the group
subsequently exposed to thiamethoam and clothianidin comprised
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Figure 1. Dynamics of honeybee colony performance. Data of all three endpoints number of adult bees (A), eggs and larvae (B) and pupae (C)
for the different pollen feeding treatments (black = control; red = neonicotinoids) and honeybee strains (circles = strain A; crosses = strain B). The
data were obtained at four successive colony assessment dates (X-axis subpanels within figures) performed before (Spring 2011) and directly after the
1.5 months of experimental pollen feeding (Summer 2011), 3.5 months after the treatment (Autumn 2011) and one year later (Spring 2012). Estimated
numbers on the Y-axes are truncated for adult bees and pupae for better overview.

of 20.8+3.8 dm®. After the experimental pollen feeding pollen
stores  within  hives comprised of 29.8+8.9 dm® and
24.9+11.7 dm?® in the control and neonicotinoid-exposed group,
respectively. There was no indication that pollen storing and
pollen consumption, respectively, during the experimental pollen
feeding was influenced by neonicotinoid exposure (Fy o =2.63,
P =0.12) or honeybee strain (F, o; =2.52, P =0.13). The interac-
tion between the two predictors was not significant (F, o1 =0.74,
P =0.40) and was thus removed prior to testing the main effects.

Pollen collections

Total mean pollen harvests (+SD) per colony, as inferred from
pollen trap contents, were 4.4+0.47 kg and 3.58+0.43 kg for the
control and neonicotinoid-exposed group, respectively. The
colonies exposed to thiamethoxam and clothianidin had 19%
lower total pollen collections on average. Pollen collections
measured as AUCs were found to be significantly lower in
neonicotinoid-exposed colonies (P<<0.001). While both treatment
groups collected similar amounts of pollen during the first 3 weeks
of the experimental pollen feeding, colonies exposed to thia-
methoxam and clothianidin consistently collected less pollen later
on, with mean pollen collections barely reaching more than 50%
of the control group during the last week of exposure (Fig. 2).

Supersedure of queens and tendency to swarm

We found a significant association of neonicotinoid exposure
and queen supersedure (in the absence of swarming) (P =0.01):
while all ten queens of the control group survived until the end of
the experiment (~2 years or swarmed, see below), 6 out of 10
queens of the colonies experimentally exposed to thiamethoxam
and clothianidin over 1.5 months were replaced within one year
after treatment. The result remained significant when overall
queen loss was assessed, i.e. also including the two colonies (one
per treatment group) that lost their queen during winter (P =0.02).
A negative association of neonicotinoid exposure and swarming
events during spring following experimental treatment was found
(P=0.005): in the control group 9 out of 10 colonies swarmed
until end of May 2012 (5 out of 6 colonies of strain A and all 4
colonies of strain B), while only 2 colonies (one of strain A and B
cach) of the group that was exposed to thiamethoxam and
clothianidin in the previous season swarmed.

Discussion

The major findings of this study using sublethal chronic
exposure of honeybee colonies to thiamethoxam and clothianidin
through feeding contaminated pollen were: (i) significant short-
term (1.5 months) impacts at the colony level resulting in
decreased colony performance and productivity; (i) no negative
influence in the medium-term (3.5 months) and on colony
overwintering; (i¢¢) significantly decelerated colony growth in the
long-term (1 year) that was associated with higher queen
supersedure rates and a reduced tendency to swarm; and (iv)
significant interactions of the honeybee genetics with the observed
effects of neonicotinoids on most parameters. In the following,
these findings are discussed in context.

Short-term impact

At the colony level, honeybee foraging efficiency was negatively
influenced during chronic exposure to pollen containing environ-
mentally relevant concentrations of the two neonicotinoids
thiamethoxam and clothianidin over two brood cycles (1.5
months). The detected decrease in pollen collection and honey
production upon sublethal neonicotinoid exposure are in line with
carlier findings of impaired honeybee foraging through impacts on
neurophysiological traits and cognitive abilities, including sucrose
responsiveness, foraging rates, waggle dancing and memory and
learning [47,48,49,50,51,52,53,54,55,56,57,58,59]. In addition,
increased forager losses resulting from decreased homing success
[48] through compromised navigation memory [58] may have
contributed to both reduced foraging efficiency and significantly
smaller worker populations of the colonies exposed to thia-
methoxam and clothianidin compared to controls (Fig. 1A,
Table 1). Indeed, there were no significant effects on the numbers
of pupae present at the end of the exposure phase (Fig. 1C,
Table 1), which points at higher forager losses rather than
decreased worker production of neonicotinoid-exposed colonies
during the treatment. As opposed to known effects of neonicoti-
noid ingestion of foragers through nectar-substitutes
[47,48,49,50,51,56,57,58], the overall reduced numbers of adult
bees through pollen exposure is intriguing. Pollen is generally not
stored extensively within hives but consumed quickly. There was
no evidence for differences in pollen storing between treatment
groups directly after the experimental feeding. Therefore, it can be
assumed that control pollen and pollen spiked with thiamethoxam
and clothianidin were similarly consumed within experimental
colonies. Contaminated pollen may affect various life stages of
honeybees [105], yet pollen is predominantly consumed by nurse
bees and larvae, but not foragers. In this regard, the recent finding
that sublethal neonicotinoid exposure of honeybee larvae impacts
post-emergence olfactory associative behaviour of adults [53] is
relevant, and might be one of the largely unresolved effects arising
from altered larval gene expression profiles upon sublethal
neonicotinoid exposure [93] that may help to explain the strong
impediment of colony growth documented here. Delayed sublethal
effects extending to later life-cycle stages could similarly apply to
larvae and nurse bees consuming contaminated pollen [64] and,
depending on colony exposure duration, be able to reinforce
decreased foraging efficiency. Our observed pattern of increasing
divergence of pollen collections between treatment groups after 2—
3 weeks, which roughly corresponds to the adult in-hive phase
after emergence [106], may be indicative of the recruitment of less
efficient foragers, which have encountered pollen contaminated
with thiamethoxam and clothianidin during their nursing phase.
The successively greater decline of pollen collections of neonico-
tinoid-exposed colonies after 5 weeks, in turn coincides with the
time frame during which foragers could be expected to be exposed
to contaminated pollen from the young larva stage onwards and
throughout their entire development. Further research is needed
to evaluate the potential for delayed impact on implementing
complex foraging tasks through altered metabolic networks caused
by sublethal dietary neonicotinoid exposure to honeybee brood
[53,93] and eventually also nurse bees [64], the developmental
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Table 1. Model-based estimates of contrasts and corresponding significance levels of the treatment effect (neonicotinoid versus control) and honeybee genetics

(strain A vs. strain B).

Pupae

Eggs and larvae

Adult bees

Spring
2012

Autumn
2011

Summer
2011

Spring
2012

Autumn
2011

Summer
2011

Spring
2012

Autumn
2011

Summer
2011

—15.31**

1.84
7.91

2.65

—4.36
5.31

—0.31* —0.01 —0.49%**

—82.96%**

—0.73

—60.56***

Neonicotinoids vs Control

Strain A vs strain B

—0.06

0.03

—0.10
—0.21-

—28.59%
—54.37%%

-1.33
0.59

~14.07*
—46.49%%*

Treatment within strain A

—0.42%%%

—0.05

Treatment within strain B

Results are shown in the transformed scale for the three response variables adult bees, eggs and larvae and pupae assessed directly after the 1.5 months of treatment (Summer 2011), 3.5 months later (Autumn 2011) and 1 year

later (Spring 2012). For adult bees and eggs and larvae (the models that included a significant threefold interaction between treatment, honeybee strain and assessment date) contrasts for treatment effects were also computed

within individual honeybee strains at each assessment date. P values are adjusted for multiple testing. ***P<<0.001; **P<<0.01; *P<<0.05;

- 0.05<P<0.1.

stages during which fundamental physiological processes required
for adult olfaction and learning performance are settled [107].

The observation of strongly reduced pollen collection of the
colonies exposed to thiamethoxam and clothianidin during the last
week of the treatment could also be interpreted as a response to
significantly reduced numbers of larvae (Fig. 1B, Table 1).
However, a general decrease in foraging efficiency is also indicated
by significantly reduced honey production. Because experimental
pollen was provided constantly in sufficient amounts, significantly
reduced investment in rearing larvae after 1.5 months of combined
exposure to thiamethoxam and clothianidin is best explained by
the declining numbers of workers: higher forager losses trigger
premature forager recruitment, which results in fewer nurse bees
available for brood rearing [101,108]. Although physiological
changes in nurse bees may have played an additional role
[54,55,93,109], reduced investment in brood rearing was probably
reinforced by the reallocation of worker resources at the colony
level towards the end of the exposure period rather than by
adverse effects on the larvae themselves. Although there is some
indication for negative effects of neonicotinoids and other
pesticides on honeybee larvae [62,93,110], there is so far no
evidence that field-realistic neonicotinoid exposure in the absence
of additional stressors results in increased larval mortality [36,64].
The latter would also be difficult to reconcile with the observation
that the numbers of pupae did not differ between treatments, even
after 1.5 months of neonicotinoid exposure. Interestingly, short-
term effects of the combined exposure to thiamethoxam and
clothianidin on the number of adult bees were influenced by the
honeybees’ genetic background. While effects on colonies of strain
A were only marginally significant, those on colonies of strain B
were highly significant (Fig. 1, Table 1).

Medium-term impact

The colony assessment during autumn 2011, 3.5 months after
the experimental pollen feeding, revealed that there were neither
effects of the combined exposure to thiamethoxam and clothia-
nidin nor of the honeybees’ genetic background on colony strength
and the amount of brood (Fig. 1A-C, Table 1). All colonies were
strong and well-fed, and thus overwintered successfully, except one
colony of each treatment which lost their queens during winter.
This reiterates the general view that a sustainable varroa mite
management is a major aspect of honeybee colony health, thereby
limiting colony losses [25,26]. Our comprehensive varroa mite
management, comprising of a combination of integrated actions
using organic acids [27] but avoiding potentially detrimental
synthetic acaricides [47,52,111,112], was apparently sufficient to
limit V. destructor-associated damage during the sensitive over-
wintering period, and throughout the entire study. A thorough
varroa mite control pre-supposed, the overcoming of the
previously observed short-term effects of neonicotinoids on colony
strength and brood rearing 4-5 brood cycles later shows that
chronic sublethal neonicotinoid-exposure alone does not trigger
elevated honeybee colony winter losses [17,20], although con-
trasting results have been found in other studies [113,114].

There were no obvious clinical symptoms of infections with
widespread honeybee pathogens such as the ectoparasitic mite V.
destructor, microsporidian gut parasites Nosema ssp., chalkbrood
(the fungal pathogen Ascophaera apis) or European and American
foulbrood (bacterial diseases caused by Melissococcus plutonius
and Paenibacillus larvae, respectively) at any time during the
study. Nevertheless, it cannot be excluded that some of the above
described short-term effects on colony performance may have
been influenced by detrimental neonicotinoid-pathogen interac-
tions at the level of individual bees [36,68,69,70,71,72]. Higher
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Figure 2. Pollen collections. Mean (=SD) fresh weights of pollen collections for control (black) and neonicotinoid-exposed (white) colonies over
the course of the treatment period (pollen-trap contents were weighed in 2-2-3 days intervals throughout the study).

forager losses associated with overall shifts in forager age structure
may also cause generally decreased immunological competence at
the colony level [115]. However, these differentiations between
individual drivers and their interactions are only of limited
practical importance because free-flying honeybees will almost
inevitably carry ubiquitous pathogens and thus
combined pressures. In fact, it is very likely that latent infections
with the most common V. destructor-associated honeybee viruses
and Nosema spp. have also been present in the experimental
apiary. The common garden approach to maintain all colonies at
the same isolated field site for almost one year prior to the
experiments actually aimed at ‘synchronizing’ viral and microbial
landscapes across colonies, thereby resulting in potential errors of
systematic conservative nature. If multiple pressures were indeed
present in our experiment, the observed recovery from decreased
performance of previously neonicotinoid-exposed colonies after
several brood cycles conforms to model predictions, showing that
even detrimental interactions presumably can be tolerated to some
extent and do not necessarily result in disrupting colony function

[65].

encounter

Long-term impact

Given that significantly negative short-term impacts of com-
bined exposure to thiamethoxam and clothianidin during summer
2011 had faded with respect to colony strength during autumn
(medium-term) and overwintering success, the patterns observed
during the subsequent spring were unexpected. Colonies that
received pollen spiked with thiamethoxam and clothianidin during
the previous spring exhibited significantly lower numbers of adult
bees compared to controls one year later, whereas the effects were

much stronger for strain B than for strain A (Fig. 1A, Table 1). In
addition, there were significantly negative overall effects of last
year’s neonicotinoid exposure on the amount of pupae (Fig. 1C,
Table 1) and eggs and larvae (Fig. 1B, Table 1). For the latter
endpoint, however, significant effects were only found for strain B
(Table 1). These patterns of decelerated colony growth are
intriguing, because all hive samples collected 3 weeks after the
experimental feeding of neonicotinoid-spiked pollen patties did not
contain traceable residues of thiamethoxam and clothianidin.
Although trace residues below corresponding limits of detection
could have still been present within hives one year after the
treatment, it is highly unlikely that this explains detrimental effects
that far exceeded those observed directly after the treatment
(Table 1). Instead, reduced performance of previously neonicoti-
noid-exposed queens appears to be a more plausible explanation
for long-term effects. While all original, individually tagged and
wing-clipped queens were recognized in autumn 2011, the
assessment in spring 2012 revealed that there were non-tagged
egg-laying queens with intact wings in some colonies previously
exposed to thiamethoxam and clothianidin. This clearly shows
queen supersedure during the previous autumn as a response to
poor queen performance [86,87], which could pose a risk for
successful overwintering. Yet, supersedure during autumn bears a
considerable risk for colony failure as well, because virgin queens
may not be sufficiently mated during their mating flights due to a
comparatively lower number of available drones. Queen replace-
ment in the neonicotinoid treatment group in the presence of
original queens, and without swarming, was also observed during
spring 2012. This indication of impaired performance of
previously neonicotinoid-exposed queens, together with a likely
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reduced mating success of replacement queens from the previous
autumn, is thus considered to be responsible for the overall
decelerated colony growth of the neonicotinoid treatment group
one year after exposure. The causal patterns of queen failure could
be manifold, including compromised immunity that has been
shown to result in increased pathogen loads in honeybee workers
[36,68,69,72]. Taking into account that honeybee colony fate
essentially depends on the queen, the long-term impact of
neonicotinoids on queens we observed, resulting in 60% superse-
dure within one vyear, represents a novel finding of major
importance that clearly deserves further research. Increased queen
supersedure rates were shown upon sublethal pyrethroid exposure
[116] and detrimental effects on queen development and
performance have also been reported from exposure to commonly
encountered in-hive acaricides [117,118,119,120], some of which
are known to have similarly negative influence like neonicotinoids
on worker bees [47,52,108,121]. General effects of neurotoxic
insecticides on queens may thus not be fundamentally surprising.
Queen failure has repeatedly been indicated to be an important
aspect shaping the present enigma of widespread colony losses
[22,25,122], which may also be influenced by neonicotinoids.
While direct contact exposure to agrochemicals can be generally
considered much more relaxed for queens compared to workers,
this might be different regarding oral exposure to systemic
compounds, such as neonicotinoids. Here, ingestion of contami-
nated food represents a principal risk for all developmental stages
and different castes of honeybees. Moreover, the queen’s life span
as well as her level of trophallactic interactions far exceed that of
workers [123], which may predestine her as a potential sink of
sublethal exposure to systemic insecticides through pollen-based
queen nutrition. Our results suggest that sublethal neonicotinoid
effects on queens can jeopardize colony fate in the long-term, and
should thus not be ignored.

Compared to the need for maintaining productive queens
within colonies, swarming is less relevant for practical beekeeping,
especially commercial operations. Nevertheless, apart from drone
mating success, colony splitting through swarming represents a
true fitness estimate in honeybees. According to overall reduced
colony strength, colonies that were exposed to thiamethoxam and
clothianidin in the previous season exhibited a significantly lower
swarming success.

The role of honeybee genetics

The detection of significant interactions of the honeybees’
genetic background with the effects of chronic neonicotinoid
exposure on both colony performance in the short-term and queen
performance in the long-term was a major insight of our study.
Honeybee strain B, A. m. mellifera sister queens originating from a
Swiss alpine region, was much more susceptible to the combina-
tion of thiamethoxam and clothianidin compared to strain A, A.
m. carnica sister queens originating from a German region
characterized by intense agriculture. For example, neonicotinoid-
exposed colonies of strain B had the lowest numbers of adult bees
directly after exposure (Fig. 1A), and none of their queens survived
throughout the one year post-exposure period. This indicates that
honeybee susceptibility to the here applied neonicotinoids may
also include a genetic or epigenetic component, as has been
previously suggested for neonicotinoids and other pesticides
[17,93,111,124,125,126]. It remains unresolved to what extent
the outcome of our study was influenced by the usage of different
honeybee ecotypes and/or by their distinct breeding histories
linked to different environments. It could be possible that A. m.
mellifera tends to be more susceptible to oral neonicotinoid
exposure than A. m. carnica bees, as similarly found in another

recent study [126]. Yet, compared to strain B, the particular
breeding regime of strain A prior to our study may have simply
included an unintended selection for higher neonicotinoid
tolerance as a non-lineage-specific trait. Further research is
required to explore the potential genetic basis underlying variable
responses to sublethal neonicotinoid exposure in honeybees.
Causal patterns could include detoxification genes and corre-
sponding expression profiles, e.g., cytochrome P450 monooxy-
genases [93], yet, compared to many other insects, honeybees are
equipped with a limited set of detoxification genes [127] and
specifically the pathways for nitroguanidine neonicotinoid metab-
olism in honeybees remain less resolved compared to other
insecticidal compounds [61,111,128,129,130,131].

Conclusions

In line with a recent meta-analysis [44], our results clearly
indicate that neonicotinoids negatively impact on honeybee colony
performance after chronic sublethal exposure throughout two
brood cycles. Virtually all tested contrasts (18 out of 21) produced
negative estimates for the effects of exposure to thiamethoxam and
clothianidin (Table 1). It is supposed that sublethal neonicotinoid
exposure through pollen has a stronger impact at the honeybee
colony level compared to nectar-substitute feeding (e.g., [132]).
Therefore more studies focussing on effects of sublethal exposure
of larvae or nurse bees extending to the performance of complex
tasks of adult forager honeybees are needed. Similarly, sublethal
effects of neonicotinoids on honeybee queens clearly deserve in
depth investigation.

It remains uncertain whether the observed colony level
responses were stronger influenced by either thiamethoxam or
clothianidin, or by the possibility for interactive effects of the
combination of these neonicotinoids, both being ranked as having
high risk potential to honeybees [64]. Yet, since clothianidin is the
major metabolite of thiamethoxam, both bioactive compounds will
be present in pollen and nectar of crops treated with
thiamethoxam [80,82,96,97,98]. Thus, the combined exposure
as well as the residue levels administered in pollen patties in this
study represent a biologically relevant exposure scenario.

Exposure to almost any sublethal dosage of these highly potent
insecticides could trigger adverse chronic effects in a time-
dependant context [133,134]. Our experimental exposure to
contaminated pollen over 1.5 months can be considered as a
worst-case scenario for agricultural settings, where honeybee
colonies may encounter neonicotinoid-treated crops repeatedly
throughout the season, but likely for shorter individual exposure
periods. In bumblebees, it has recently been shown, that
microcolonies can recover after short periods of sublethal exposure
[135] to imidacloprid, which may well be similar, or even more
pronounced in honeybee colonies. In a similar way, the supposedly
exclusive exposure to pollen contaminated with neonicotinoids in
our setup can be regarded as a worst case because in the field
honeybee colonies generally exploit multiple available pollen
resources at any time, some of which may only occasionally be
contaminated with agricultural pesticides [38]. Nonetheless, it
remains unclear whether repeated pulsed exposures over the entire
season, either through consecutively available neonicotinoid-
treated honeybee-attractive crops providing pollen and nectar
(e.g., oilseed rape, sunflowers and maize that may each flower for
2-3 weeks) or through the general accumulation of neonicotinoid
residues in the environment [38,41,42,82], could result in
detrimental effects as found here after 1.5 months of continuous
chronic exposure. Moreover, although distinguishing between
continuous and shorter but repeated periods of neonicotinoid
exposure could represent different risk potentials for the honeybee
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worker population succumbed to generally high turn-over rates
[101], the suspected buffering capacities at the colony level may
deplete in the long-term, if the queen was still affected through
pulsed exposures. Thus, a worst case scenario that applies realistic
exposure levels while settling at the upper possible range of overall
exposure duration deserves consideration. Currently there is no
evidence that field-realistic neonicotinoid exposure could be
directly involved in colony losses [79,80,81,82,83]. However,
available studies do not fully allow to address the question of
whether neonicotinoids are really contributing to colony weaken-
ing, because several aspects in corresponding experimental designs
remain unsettled, such as lacking sufficient statistical power [44],
the putative influence of honeybee genetics (see above), too small
distances between test fields and other factors that challenge the
prerequisite of adequate control fields, such as no pesticide
treatment at all [41,79,80,81,82], queen effects that remain elusive
[25] or queen rotation practices that impede uncovering potential
effects on queen performance [80]. Interestingly, this long-term
impact detected in our study, notably supersedure of failing
queens, compounds recent criticism that the presence of a given
predictor may not necessarily correlate with impaired colony
function [65] by showing that delayed effects can emerge also in
the absence of causal stressors, in this case the lack of traceable
amounts of the applied neonicotinoids within hives several weeks
after exposure. There is an urgent need for more thoroughly
designed studies to clarify the threats of neconicotinoids to
honeybees, and pollinators in general [42]. The growing body of
scientific awareness on sublethal side-effects of pesticides on non-
target pollinators, ranging from gene expression profiles of
individual developmental stages to entire life-time fitness perfor-
mances of different species of bees, represents a unique opportu-
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Abstract

Background: Previous studies have shown that a diet with a high-glycemic index is associated with good sleep quality.
Therefore, we investigated the association of sleep quality with the intake of 3 common starchy foods with different
glycemic indexes-rice, bread, and noodles-as well as the dietary glycemic index in a Japanese population.

Methods: The participants were 1,848 men and women between 20 and 60 years of age. Rice, bread, and noodle
consumption was evaluated using a self-administered diet history questionnaire. Sleep quality was evaluated by using the
Japanese version of the Pittsburgh Sleep Quality Index, and a global score >5.5 was considered to indicate poor sleep.

Results: Multivariate-adjusted odds ratios (95% confidence intervals) for poor sleep across the quintiles of rice consumption
were 1.00 (reference), 0.68 (0.49-0.93), 0.61 (0.43-0.85), 0.59 (0.42-0.85), and 0.54 (0.37-0.81) (p for trend =0.015); those for
the quintiles of noodle consumption were 1.00 (reference), 1.25 (0.90-1.74), 1.05 (0.75-1.47), 1.31 (0.94-1.82), and 1.82
(1.31-2.51) (p for trend =0.002). Bread intake was not associated with sleep quality. A higher dietary glycemic index was
significantly associated with a lower risk of poor sleep (p for trend =0.020).

Conclusion: A high dietary glycemic index and high rice consumption are significantly associated with good sleep in
Japanese men and women, whereas bread intake is not associated with sleep quality and noodle consumption is associated
with poor sleep. The different associations of these starchy foods with sleep quality might be attributable to the different
glycemic index of each food.
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after the consumption of a carbohydrate-rich evening meal with a
high-GI compared with an evening meal with a low-GI [10].
These data suggest that sleep quality is influenced by the
carbohydrate-based GI of the meals.

The dietary GI of the general Japanese population is
approximately 70 [11-13], this is considerably higher than the
dietary GI in predominantly Western populations (i.e., European,
Australian, and North American), which ranges from 48 to 60

Introduction

Sleep quality is known to be a function of sleep duration and
latency [1]. Epidemiological studies have shown that short sleep
duration is associated with increased mortality [2,3], poor mood
[2,4], chronic health conditions (e.g., obesity and metabolic
syndrome) [2,5], cardiovascular disease and diabetes [2,6],
hypertension [2,7], and poor self-related health and quality of

life [2,8]. Moreover, previous studies have shown that dietary
factors affect sleep quality. A cross-sectional study of children
younger than 2 years of age showed that the consumption of a
meal with a high-glycemic index (GI) in the evening was associated
with longer sleep duration [9]. In addition a clinical trial showed
that sleep onset latency is reduced by approximately 10 minutes

[14-16]. This difference may be due to disparities in the average
intakes of different foods that contribute to the GI. Rice is a
common starchy food in the Japanese diet, as approximately 70%
of the cereals consumed are rice [17], and rice accounts for 59% of
the dietary GI [11-13]. However, no studies have evaluated the
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associations of rice or other common staple foods such as bread
and noodles with sleep quality in a Japanese population.

This study investigated the associations between sleep quality
and intake of carbohydrate-based staple foods (i.e., rice, bread,
and noodles) as well as the dietary GI and glycemic load (GL) in a
Japanese population.

Methods

Participants

The study population comprised 7,306 employees of a factory
that produces zippers and aluminum sashes in Toyama Prefecture,
Japan. The Industrial Health and Safety Law in Japan requires
that employers offer annual health examinations to all of their
employees. The present study included data on 2,255 white-collar
daytime workers between 20 and 60 years of age. White-collar
workers were studied because many blue-collar workers are
involved in shift work, making it difficult to evaluate sleep quality.

A questionnaire about diet was completed by 1,977 (88%) of the
white-collar daytime workers in 2003, and a questionnaire about
sleep was completed by 2003 (94%) of the worker in 2004. In total,
1,858 (82%) of the workers provided complete data on both
questionnaires. Ten participants with extremely low or high
energy intake (i.e., <500 or >4,000 kcal/day) were excluded from
the study. Thus, data on 1,848 white-collar daytime workers
(1,164 men and 684 women) were included in the analysis.

Data collection

The annual health examination included a medical history,
physical examination, and anthropometric measurements. Body
mass index was calculated as weight divided by height squared
(kg/m?. A questionnaire was used to identify health-related
behaviors including smoking status (i.e., current, previous, or
never), and habitual exercise; habitual exercise was assessed as
hours per week spent on leisure time physical activities and was
expressed as metabolic equivalent hours per week (MET-h/week).

Dietary assessment and calculation of the dietary Gl and
GL

A self-administered diet history questionnaire (DHQ) was used
to assess dietary habits during the preceding month. [18,19]. The
DHQ was developed to estimate the respondents’ dietary intake of
macronutrients and micronutrients for use in epidemiological
studies in Japan. Detailed descriptions of the methods used to
calculate dietary intakes and the validity of the DHQ have been
reported previously [18,19]. Estimates of dietary intake for 147
food and beverage items, energy, protein, fat, total carbohydrate,
and alcohol in 2003 were calculated using an ad hoc computer
algorithm developed for the DHQ) that was based on the Standard
Tables of Food Composition in Japan [20]. The DHQ evaluates
the consumption of 19 staple foods (i.e., rice, noodles, and other
wheat foods). The intake frequency of each staple food for
breakfast, lunch, dinner, and snack/midnight snack in 1 week was
evaluated. For rice, the type of rice (i.e., white rice, white rice
mixed with barley, white rice with germ, 50% polished rice, 70%
polished rice, or brown rice) and serving size (i.e., number and
size; cups for children, women, and men, and small and large
bowls were defined as 110, 140, 170, 220, and 250 g, respectively)
were evaluated. Similarly, the types of bread and noodles were
evaluated. Bread was classified as white bread, buttered bread,
cake bread, bread containing cream and sweet bean paste, pizza,
okonomiyaki (Japanese “pizza,” which contains shredded cabbage
and dough cooked in a frying pan), or Japanese-style pancakes
(small pancakes containing flour, sugar, and egg, cooked in a
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frying pan). Noodles were classified as Japanese noodles (i.e.,
buckwheat and Japanese white noodles), instant noodles, Chinese
noodles, or pasta [12]. The DHQ) also includes the frequencies of
skipping breakfast, lunch, dinner per week. Of the 147 food and
beverage items included in the DHQ, 6 (4.1%) are alcoholic
beverages, 8 (5.4%) contain no available carbohydrates, and 63
(42.9%) contain less than 3.5 g available carbohydrate per serving.
Therefore, the dietary GI and GL were calculated on the basis of
the remaining 70 items [11,21]. The GI databases used were an
international table of GI [22], a report on the GI values of
Japanese foods [23], a report on GI values published after the
publication of the international GI tables [24], and an online
database provided by the Sydney University Glycemic Index
Research Service [25]. The GIs of all foods in the DHQ have been
published elsewhere [11]. Although there are concerns regarding
the utility of the GI for mixed meals (i.e., overall diet) [26,27],
many studies have shown that the GI of mixed meals can be
predicted on the basis of the GI value of each of the component
foods [28]. We calculated the dietary GI as the sum of the
percentage contribution of each food multiplied by their respective
GI values. Dietary GL was calculated by multiplying the dietary
GI by the total daily carbohydrate intake and dividing by 100. We
used energy-adjusted values calculated using the density method
(per 1,000 kcal) for GL [21]. The reproducibility and relative
validity of the dietary GI and GL assessed using the DHQ have
been reported elsewhere [21].

Sleep assessment

Sleep quality in the previous month was assessed by using the
Japanese version of the Pittsburgh Sleep Quality Index question-
naire (PSQI-J) [29], which was developed from the original
questionnaire, the PSQI [1]. In brief, the PSQI-] is a standardized
self-administered questionnaire for assessing sleep quality that
includes the following 7 components: subjective sleep quality, sleep
latency, sleep duration, habitual sleep efficiency, sleep disturbanc-
es, use of sleep medication, and daytime dysfunction. Each
component is weighted equally on a scale of 0 to 3, and the scores
for each component are then summed to yield a PSQI-J global
score ranging from 0 to 21, higher scores indicate poorer sleep
quality. Participants completed the PSQI-J at home in 5-
10 minutes, and the responses were then reviewed by a well-
trained nurse.

Statistical analysis

When the PSQI-J component scores of the male and female
participants were compared, sleep duration was significantly
shorter in men than in women (p=0.011); however, there were
no significant differences in the other component scores including
the PSQI-] global score between sexes. Therefore, all analyses
were performed in the whole population, (i.e., not stratified by
sex). In this study, we used energy density values for macronu-
trients and alcohol (% of energy [% energy]) and for food intakes
(weight per 1000 kcal [g/1000 keal]).

“Poor sleep,” was defined as a PSQI-J global score >5.5 [29].
In a previous study, using a cut-off of 5.5 for the PSQI-] global
score provided estimates with a sensitivity and specificity of 85.7%
and 86.6% for primary insomnia, 80.0% and 86.6% for major
depression, and 83.3% and 86.6% for schizophrenia, respectively
[29]. Rice, bread, and noodle intake as well as the GI and GL
were categorized into quintiles. Analysis of covariance was used to
evaluate the means of each PSQI-J component score adjusted for
age, sex and total energy intake. The prevalence of poor sleep in
each quintile was compared using the %? test. Odds ratios (ORs)
with 95% confidence intervals (95% ClIs) for poor sleep were
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Table 1. Cont.

p value®

Q5 (highest)

Qa

Q3 (middle)

Q2

Q1 (lowest)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.004

<0.001

450
24
6.4

6.7

=+

2465

331
25
6.6
6.8
52

*

2052

302.9
26
6.6
6.8
6.1

=+

1870

171

272
26
6.4

=+
6.5

1695
17.2
26.6

305
3.0

=+
7.1

1472
17.5

Total energy intake (kcal/day)

15.9

16.8

Protein intake (%kcal)

24.0
62.1
35

25.1

28.2 259

Fat intake (%kcal)

59.8
4.0

58.5
4.2

57.6
43

7.4
8.8

53.8
6.5

Carbohydrate intake (%kcal)

5.0

+

+l

+l

57

+l

+

Alcohol consumption (%kcal)
Rice intake (g/1,000 kcal)

716

208.9
259

* 650

203.4

*  66.5

197.1

+* 643

189.4
27.1

+ 644

154.3
30.7

25.2

=+

235
311

=+

244

+ 281

29.8

311

24.7

285

=+

Bread intake (g/1,000 kcal)

344

36.1

*

343

309

+ 309

36.3

+ 357

41.8

Noodle intake (g/1,000 kcal)

Gl: glycemic index, GL: glycemic load, METs/week: metabolic equivalent hours per week; Q: quintile.

The ;2 test was used to analyze categorical variables, and linear regression analysis was used to calculate p-values for trends for continuous variables.

calculated using multiple logistic regression analyses. ORs were
first adjusted for age (years; continuous) and sex (age- and sex-
adjusted model) and then for body mass index (kg/m?% continu-
ous), smoking status (i.e., current, previous, or never; dummy
variable), habitual exercise (MET-h/week; continuous), alcohol
consumption (percentage of energy; continuous), frequency of
breakfast consumption per week (i.e., 0-3, 4-6, or 7 days/week;
dummy variable), rice intake (for the multivariate analyses of bread
and noodle intake; continuous), bread intake (for the multivariate
analyses of rice and noodle intake; continuous), and noodle intake
(for the multivariate analyses of rice and bread intake; continuous).
The p-values for linear trends were calculated by using the median
value of each quintile. Furthermore, each food, dietary GI, and
dietary GL was included in the logistic regression analyses as
continuous variables, and the ORs for an increment of 1 standard
deviation in these variables were calculated. Statistical analyses
were performed with Statistical Analysis System version 9.3 (SAS
Institute Inc., Cary, NC, USA). The level of significance was set at
p<<0.05.

Ethical considerations

Written informed consent was not obtained from the partici-
pants. The design of the present study was approved by the
occupational safety and health committee of the subject company,
which consisted of employee representatives. Employees were
informed of the study design and of the right to refuse to
participate in the study in the study documents. Participants who
answered the questionnaire were regarded as having consented to
the survey. Linkable anonymized data were provided by the
company to ensure that individuals would not be identifiable by
the researchers. This study was approved by the Institutional
Review Committee of Kanazawa Medical University for Ethical
Issues.

Results

Table 1 shows the characteristics of the 1,848 study participants
stratified by rice, bread, and noodle consumption quintiles as well
as dietary GI and GL quintiles. Higher rice intake was significantly
associated with older age (p =0.001), higher carbohydrate intake
(p<<0.001), higher dietary GI (p<<0.001), higher GL (p<<0.001),
lower bread intake (p<<0.001), lower noodle intake (p<<0.001),
lower frequency of breakfast consumption ($p<<0.001), and a lower
probability of being a current smoker (p=0.026). Body mass
index, alcohol consumption, and habitual exercise were not
significantly associated with rice intake. Higher bread intake was
significantly associated with a higher frequency of breakfast
consumption (<<0.001), female sex (p<<0.001), younger age
(p=0.045), lower alcohol consumption (p<<0.001), lower rice
intake (p<<0.001), lower dietary GI ($<<0.001), and lower dietary
GL (p<<0.001). Habitual exercise and smoking status were not
significantly associated with bread intake. Higher noodle intake
was significantly associated with higher carbohydrate intake (h<<
0.001), higher bread intake (p =0.008), higher alcohol consump-
tion (p =0.012), lower rice intake ($p<<0.001), and lower dietary GI
(p<<0.001). Sex, smoking status, and frequency of breakfast
consumption were not significantly associated with noodle intake.
Increasing GI quintiles were significantly associated with older age
(p<<0.001), alcohol consumption (p<<0.001), higher carbohydrate
intake ($<<0.001), higher rice intake ($<<0.001), lower bread intake
(p<<0.001), lower noodle intake ($<<0.001), and lower frequency of
breakfast consumption ($<<0.001). Habitual exercise and smoking
status were not significantly associated with the dietary GI.
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Figure 1. PSQI-J global scores for quintiles of starchy food intake, dietary glycemic index, and glycemic load. Mean PSQI-J global
scores were adjusted for age, sex, and total energy intake (kcal/day, continuous), by using the analysis of covariance model. PSQI-J: Japanese version

of the Pittsburgh Quality Index; Q: quintile.

Figure 1 shows the mean PSQI-J global score according to rice,
bread, and noodle consumption quintile as well as dietary GI and
GL quintiles adjusted for age, sex and total energy intake. Higher
rice intake and higher GI were significantly associated with a lower
PSQI-J global score (p=0.001 and p = 0.037, respectively), and
higher noodle intake was significantly associated with a higher
PSQI-J global score (p<<0.001). Table 2 shows sleep duration and
PSQI-J component scores according to rice, bread, and noodle
consumption quintile as well as dietary GI and GL quintile.
Higher rice intake was significantly associated with lower scores for
poor sleep duration (p=0.003) but was not associated with any
other component of sleep quality. Higher noodle intake was
significantly associated with a higher frequency of sleep distur-
bance (p<<0.001), higher levels of daytime dysfunction (p = 0.005),
increased use of sleep medication (p =0.008), poorer subjective
sleep quality (p=0.021), and longer sleep latency (p =0.049). A
higher dietary GI was significantly associated with lower scores for
poor sleep duration (p=0.013) but not with other PSQI-J
components. These associations remained even after adjusting
for age, sex, and total energy intake (data not tabulated).

The multivariate-adjusted ORs (quintile, 95%CI) for the
prevalence of poor sleep across the quintiles of rice intake were
1.00 (reference), 0.68 (0.49-0.93), 0.61 (0.43-0.85), 0.59 (0.42—
0.85), and 0.54 (0.37-0.81), respectively, indicating that rice intake
had a significant positive association with better sleep (p for linear
trend =0.015) (Table 3). In contrast, the multivariate-adjusted
ORs across the quintiles of noodle intake were 1.00 (reference),
1.25 (0.90-1.74), 1.05 (0.75-1.47), 1.31 (0.94-1.82), and 1.82
(1.31-2.51), respectively, indicating that noodle consumption was
significantly associated with poor sleep (p for linear trend = 0.002)
(Table 3). These associations did not change even after further
adjusting for vegetable, meat, and fish intake (data not shown).
Dietary GI was also associated with good sleep (p for
trend = 0.020), whereas dietary GL was not (p for trend =0.092).

Discussion

This study evaluated the association between sleep quality and
the intake of common starchy foods (i.e., rice, bread, and noodles)
as well as the dietary GI and GL in a Japanese population. Rice
consumption was positively associated with sleep quality. In
contrast, noodle consumption had a significant inverse association

with sleep quality. Furthermore, a significant positive relationship
between dietary GI and sleep quality was observed. Because rice is
a major contributor to the dietary GI among Japanese people,
differences between the GI values of rice, bread, and noodles may
influence their sleep quality.

The present results show that higher consumption of rice, which
is the main contributor to the dietary GI in Japanese foods, and
the dietary GI itself are closely associated with a lower PSQI-J
global score, i.e., good sleep. In a previous cross-sectional study of
children younger than 2 years of age, the consumption of an
evening meal with a high-GI was associated with longer sleep
duration compared with the consumption of an evening meal with
alow-GI [9]. The present results are consistent with these previous
findings, because rice intake and the dietary GI were associated
with sleep duration but not sleep latency in the present study. In
contrast, in a clinical trial of 12 healthy young men, a
carbohydrate-based meal with a high-GI was significantly
associated with a shortening of sleep onset latency compared with
a meal with a low-GI and was most effective when consumed 4
hours before going to sleep [10]. We assessed daily rice
consumption and the dietary GI, but not rice consumption or
the GI of evening meals, which may have affected the present
results.

A high dietary GI may affect sleep quality via the effects of
tryptophan (TRP) and melatonin [30-36]. A previous study
showed that both carbohydrate intake and a meal with a high-GI
increase the ratio of TRP to other large neutral amino acids
(TRP/LNAA) after the meal, compared with a meal with a low-GI
[37]. LNAA and TRP are competitively transported across the
blood-brain barrier, and a higher TRP/LNAA ratio would result
in more TRP being transported into the brain. In the brain, TRP
is converted into serotonin and then to melatonin, which induces
sleep [30-36].

Similar to the dietary GI, rice consumption was significantly
associated with a low PSQI-J global score in the present study.
Rice, especially white rice, is a common starchy food eaten by
Japanese people; it accounts for approximately 28% of the daily
energy intake and 70% of cereal intake [17]. Furthermore, white
rice accounts for 59% of the dietary GI for in the Japanese diet
[11-13]. Therefore, rice intake would affect sleep quality via the
effect of the GI. In addition, rice contains high levels of melatonin
[38], which may also favor good sleep.
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In contrast, bread intake was not significantly associated with
sleep quality, whereas noodle intake was significantly associated
with poor sleep. The Gls of the breads and noodles used in the
analyses ranged from 51 to 74 and 46 to 47, respectively; these
values are lower than 77, which is the GI of Japanese white rice
[11]. In a previous study, the TRP/LNAA ratio increased by 17%
after a mixed-macronutrient meal with a high-GI (GI=70) and
was higher than that after a mixed-macronutrient meal with a low-
GI (GI of 50; 8% increase), even though the amount of
carbohydrates was the same in both meals (66.5% energy) [37].
Although noodles are major starchy foods, the GI of noodles is too
low to increase the postprandial TRP/LNAA ratio. Furthermore,
noodle intake was inversely associated with rice intake. In the
present study, higher noodle intake was associated with poor sleep
even after adjusting for rice intake. However, it is possible that the
adjustment using statistical models is insufficient; thus, the low
sleep quality of subjects with higher noodle intake may be due to a
lower rice intake. An interventional study is required to investigate
the differences in the associations of starchy foods with sleep
quality.

Shorter sleep duration is associated with a relative increase and
decrease in calories derived from fat and carbohydrates, respec-
tively [39]. In Japan, breakfast often consists of foods low in fat but
high in carbohydrates and fiber. Japanese people who eat
breakfast generally consume more rice [40]. People with good
sleep quality tend to eat breakfast, which may affect the association
between rice intake and sleep quality. However, in the present
study, lower rice intake was significantly associated with poor sleep
even after adjusting for the frequency of breakfast consumption.

In this study, diets with high rice intake and a high GI were
significantly associated with good sleep; however, such diets are
also reported to be associated with several health problems
including obesity, diabetes mellitus, cardiovascular disease, and
some cancers [11-16,41-43]. Furthermore, obesity induced by the
long-term consumption of a diet with a high-GI may cause sleep
apnea syndrome, which may also affect sleep quality. Accordingly,
the association between the long-term consumption of meals with
a high-GI and sleep quality should be analyzed in greater detail.

One of the strengths of the present study is that we examined
rice consumption in a large Japanese population. Japanese people
consume approximately 10 times more rice than European and
North American people [44]. Thus, it is important to evaluate the
association between rice and sleep in people with high rice
consumption. Further, this is the first study to investigate the
association between rice, bread, and noodle consumption and
sleep quality. In addition, the GI and GL were calculated by using
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Abstract

As in many other locations in the world, honeybee colony losses and disorders have increased in Belgium. Some of the
symptoms observed rest unspecific and their causes remain unknown. The present study aims to determine the role of both
pesticide exposure and virus load on the appraisal of unexplained honeybee colony disorders in field conditions. From July
2011 to May 2012, 330 colonies were monitored. Honeybees, wax, beebread and honey samples were collected. Morbidity
and mortality information provided by beekeepers, colony clinical visits and availability of analytical matrix were used to
form 2 groups: healthy colonies and colonies with disorders (n=29, n=25, respectively). Disorders included: (1) dead
colonies or colonies in which part of the colony appeared dead, or had disappeared; (2) weak colonies; (3) queen loss; (4)
problems linked to brood and not related to any known disease. Five common viruses and 99 pesticides (41 fungicides, 39
insecticides and synergist, 14 herbicides, 5 acaricides and metabolites) were quantified in the samples.The main symptoms
observed in the group with disorders are linked to brood and queens. The viruses most frequently found are Black Queen
Cell Virus, Sac Brood Virus, Deformed Wing Virus. No significant difference in virus load was observed between the two
groups. Three acaricides, 5 insecticides and 13 fungicides were detected in the analysed samples. A significant correlation
was found between the presence of fungicide residues and honeybee colony disorders. A significant positive link could also
be established between the observation of disorder and the abundance of crop surface around the beehive. According to
our results, the role of fungicides as a potential stressor for honeybee colonies should be further studied, either by their
direct and/or indirect impacts on bees and bee colonies.
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Introduction cases brood and food remains in the colony. Sometime a small

cluster of bees with the queen survives [17]. Some beeckeepers
described unspecific brood abnormalities not characteristic to any
known disease (Baudoin and Lequeux, pers. com.). Other studies
describe similar mortality trends [8,19,20] as well as unspecific
symptoms: increased colony mortality and/or weakening [21-23],
queen failure [21,23-25] or honey vyield reduction [21].

Multifarious factors have been proposed to provide a cause to
such a phenomenon. Climate change is proposed as one of them,
together with a decrease of genetic variability of the bee colonies,
electromagnetic radiation, pathogens and parasites or the impact
of intensive agricultural systems (nutritional lack, GM plants or
pesticides) [26]. Previous studies developed in the region discard
some of these factors as causes of bee losses, specifically Nosema
spp and American Foulbrood [27]. However, pesticide residues
and certain viruses were detected in bee colonies [28,27]. These
elements were the most relevant to us.

Countless studies have shown lethal and sub-lethal effects of
pesticides on bees [29-31]. Insecticides are often the most studied

The evolution of pollinator populations has been the subject of
an increasing number of studies, most of them showing worrying
negative trends [1—4]. Furthermore, beekeepers have long been
notifying enhanced bee winter losses and disorders [5-8]. Bees
contribute to ecosystem services and their decline thus threatens
pollination of both wild and cultured plants, endangering
biodiversity, food and fibre production [9,10]. This decline may
also have an impact on the production of other goods with
pharmacological uses (e.g. honey, propolis) [11,12], and scientific
and technological inspiration (e.g. development of visual guided
flight robotics) [13]. Bees are also part of our culture (e.g. culinary,
hobby occupation, etc.), contributing to the dynamism of rural and
urban areas [14] and providing a source of inspiration and well-
being for many [15].

Belgium shares the trends observed worldwide both in terms of
wild and reared pollinators [8,16], with enhanced winter mortality
observed from 1999 [8,17,18]. However, apart from colony

mortality, Walloon beckeepers have reported a number of
imprecise symptoms: colony weakness, mainly in spring; fast
renewal of young queens; rapid loss of individuals in the colony,
mainly foragers, or slow loss of individuals in the colony. In many

for obvious reasons. However other substances (fungicides,
herbicides) deserve analysis for their specific toxicity, individually
or in synergy with other substances [32,33] or pathogens [34-36],
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or their extensive exposure given their large scale and/or repeated
use. Indeed, residue analyses show that these types of substance are
found in the hives, even though the crops in which they were
applied would suggest no bee exposure [37-40].

Beside pesticides, bee viruses are often mentioned as a putative
cause of decline of the colonies, or at least to reside among the
presumed multi-factorial causes [41]. In Europe, at least 12 viruses
infecting bees have been compiled [21]. Many honeybee viruses
commonly occur in seemingly healthy populations that continue to
run well. Viruses may remain latent and confined within certain
cells or tissues with no active replication and no disruption of
cellular function. Likewise, they may be replicating at low level in
permissive cells but in non-vital sites or in honeybee life stages that
do not exhibit any symptoms or obvious pathology [21,42,43].
Nevertheless, two viruses, ABPV and DWV, are able of inducing
serious disorders to honeybees and have been shown to cause -in
association with V. destructor - winter losses in Germany [23].

In this paper, we first studied the relationship of in-hive viral
prevalence as well as the presence of pesticide residues on
honeybee colonies’ health. As a next step, we focused on the
relationship between the environment surrounding the monitored
apiaries and the health condition of their colonies.

Materials and Methods

Field work — colony follow up

A group of voluntary beekeepers were requested to participate
in the study. All of them shared the following criteria: (1) have a
minimum of 5 production colonies per apiary in June 2011; (2)
regularly follow up the health status and development of their
colonies; and (3) monitor the varroa infestation level and carry out
officially recommended varroa treatments (treatment in July-
August with veterinary medicaments based on thymol and winter
treatment with veterinary medicaments based on oxalic acid). A
total of 330 colonies distributed among 66 apiaries (5 colonies/
apiary) in Walloon and Brussels regions (Belgium) were followed.
In those apiaries composed of 5 or more colonies, the 5 well-
developed colonies at the beginning of the study were selected.

Colonies received three visits along the study, the first one from
mid-July to mid-August 2011, the second one from mid-
September to mid-October 2011 and the third one from March
to April 2012. State official beekeeping technicians specialised in
bee health were trained in the framework of the project in order to
minimise as far as possible the variability of the results due to
handling and observations. For each of the visits, beekeepers were
requested to fulfil a form asking information about the health
history of the apiary and of the followed-up colonies, as well as
about their beekeeping practices. Honeybee colony disorder
symptoms were reported in the questionnaire. These include the
following symptoms for which no causal agent could obviously be
identified:

(1) dead and disappeared colonies : (la) death of part or the
whole colony, where dead bees can be found close to the hive
or inside it. Beckeepers also describe the (1b) disappearance of
part or the whole colony, leaving behind food reserves and
brood, a phenomenon similar to the one described in North-
American apiaries (Colony Collapse Disorder (CCD) [24];

(2) weak colonies : weakening of the colony, showing in occasions
a slow development in spring under optimal conditions (e.g.
optimal weather, low varroa pressure, etc) with as conse-
quence the loss of the spring production, but in occasions
showing abnormally small colonies or colonies with low
activity;

(3) queen loss : replacement of young queens sometimes leading
to queen-less colonies or interruption of the egg-laying activity
of the queen [17];

(4) problems linked to brood and not related to any known
disease.

The form also included requests about other symptoms typically
linked to known diseases (e.g. diarrhoea, mummified larvae,
varroa presence, presence of deformed wing bees, etc). Each of the
questions requested further characterisation of the symptoms (e.g.
population size, population dynamics, bees behaviour, etc.).

In addition, a thorough clinical inspection was carried out for
each colony in the mentioned period. Special attention was given
to the strength of the colony in terms of bee numbers, brood
surface and reserves content, the presence of the queen and the
varroa infestation level. Finally, two different samples were
collected before and after the winter: (1) in-hive bees (minimum
of 100 bees); (2) a section of the frame containing beebread and
honey (about 100 cm?). Samples were collected in hermetic plastic
bags, cooled after collection and stored at —20°C.

Case choice - hierarchical sample clustering

Information available from bee colonies comprised field
observations, beekeeper answers to the questionnaire and results
from the analyses of the samples of beekeeping matrices (honey,
beebread, wax and bees). Colonies for which this information was
available were considered for our analyses. Colonies with well
identified problems (heavy varroa infestation, lack of food or
drone-laying queens) were discarded. After that, two groups were
made: a group with disorders and another with healthy colonies.
In order to constitute these groups and to limit variations due to
potential different bee management, a hierarchical classification
was made. The criteria used were the amount of food stores before
the winter, the year of colony creation, the subspecies and the age
of the queen. This classification was made by using Ward
aggregation method. This method allows to build group with the
lower variation within the group and the higher variation between

groups [44].

Virus analyses

The viruses under investigation were the Black Queen Cell
Virus (BQCV), the Chronic Bee Paralysis Virus (CBPV), the Acute
Bee Paralysis Virus (ABPV), the Deformed Wings Virus (DWV),
and the Sac Brood Virus (SBV). Viral analyses were conducted on
the honeybee workers collected before the winter, during the first
and second periods (July-August and September—October). The
samples were analysed with a quantitative RT-PCR by the
National Bee Unit laboratory, Food and Environment Research
Agency (Sand Hutton, York, United-Kingdom).

Total Nucleic acid (TNA) was extracted from 60 bees
homogenised for 12 minutes with 20 ml GITC Lysis Buffer
(5 M Guandine Thiocynate, 0.05 M Tris base, 0.02 M EDTA,
pH 8.0) in a 30 ml bottle containing 3, 7/16" ball bearings. GITC
Lysis buffer also contained 17.3 mM SDS buffer (173 mM
Sodium dodecyl sulphate (SDS) in 100 ml MGW). The SDS
buffer is added prior to use in warmed GITC Lysis Buffer. The
homogenate was then incubated at 65°C for 40 minutes and then
spun at 6189 g for 5 minutes. Polypropylene 96 -deep well plates
(DT850301 Elkay Laboratory Products Ltd) were prepared as
follows (1 well/extract); plate A: 800 pl extract, and 100 pl
MagneSil™ beads (MD1441, Promega); plate B: 1 ml of GITC
wash buffer (5 M Guandine Thiocynate, 0.05 M Tris base); plates
C, D, E: 1 ml 70%v/v ethanol (E/00665DF/17, Fisher Scientific);
plate F: 1 ml 5 M Betaine (B2629, Sigma), plate G, 300 ul 1 xTE

WORLD TECHNOLOGIES




38

Buffer (stock 100X TE (EC-862 National Diagnostics). Plates were
loaded onto the Kingfisher Flex and processed as follows: Plate A —
Bind 5 mins (fast dual mix), Plate B — Wash 3 mins (fast dual mix),
Plate C, D, E — Wash 2 mins (fast dual mix), collect beads at 1 min
intervals, Plate I — Wash 20 secs (medium), without releasing
beads, Plate G — Mix 1 min then incubate at 65°C for 5 mins with
mixing. All steps of the process are looped through twice. TNA
was collected from plate G of each reaction and stored at —80°C
prior to use in real-time PCR.

Reactions were set up in 96 well reaction plates using Absolute
Blue QPCR ROX mix (AB-4139, Thermo Scientific) following the
protocols supplied. 0.1 mM of 0.1 M Dithiothreitol (165680250,
Arcos Organics) and 0.33 unit of MMLV (EPO441: Fermentas)
were added to each reaction. The primers (Table 1) were all used
at 400 nM and probes at 200 nM final concentration. Total
nucleic acid (5 pl) was added to each reaction, giving a final
reaction volume of 20 pl. Plates were cycled for 48°C//30 min,
95°C/10 min and 40 cycles of 60°C/1 min, 95°C//15 sec within
the 7900 HT Sequence Detection System (Applied Biosystems),
using real time data collection. The results were recorded as the
cycle threshold (Ct) or cycle number after which a significant
accumulation of florescence over the baseline was observed; an
average (of duplicate wells) Gt value below 40 was regarded as a
positive result with a threshold ARn setting of 0.2. Given the
absence of internal standard, we assumed that the extraction
method had the same efficiency towards bee DNA/RNA and viral
RNA.

Virus primers and probes used for all pathogens tested have
been previously described in Chantawannakul et al., 2006 [45].
Additional APBV primers are described in Martin et al., 2012.
[46].

Pesticide analyses

Samples collected before the winter were sent to Eurofins
Chemiphar NV, Brugge, Belgium and analysed by SOFIA GmbH
Chemisches Labor fir Softwareentwicklung und Intelligente
Analytik, Berlin, Germany. Two multi-residues methods (SF146
and SF150) were used searching for 99, 93 and 96 pesticides
residues in wax (54 samples), beebread (108 samples) and honey
(107 samples — one sample did not contain enough matrix)
respectively (LOQ in Table 2).

For SF146 method, 10 ml of water was added to 10 g of
samples. Methanol was added and the preparation was mixed.
The mixture was filtered and centrifuged. Next, for analysis by gas
chromatography coupled with mass spectrometry (GC-MS), the
filtrate was mixed with sodium chloride and cthyl acetate solution
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1:1 (v/v). All was dried with sodium sulfate and filtrated. This
filtrate was then concentrated and analysed by GC-MS. For
analysis with liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS), 5 ml of sample were transferred in
ChemElut column and eluted with dichloromethane. After
concentration, 1 ml of water-methanol 1:1 (v/v) was added and
this solution was analysed by LC-MS/MS. For the wax, some
modifications were made. For GC-MS, sodium chloride was
replaced by hexane to dissolve wax and the mixture was frozen
until a precipitate appears. For LC-MS/MS, 0.2 g of sample were
extracted with 30 ml of mixture of naphtha:acetonitrile 1:2 (v/v).
10 ml of acetonitrile phase was isolated and concentrated before
the analysis by LC-MS/MS.

For SF150 method, 10 ml of water was added to 10 g of
samples as well as methanol and hydrochloric acid. All was mixed,
filtrated and centrifuged. A solution of sodium chloride (20%) was
added and 5 ml of sample were transferred in ChemElut column
and eluted with dichloromethane. After concentration, 1 ml of
water-methanol 1:1 (v/v) was added and this solution was analysed
by LC-MS/MS.

Descriptive analyses

A descriptive analysis of virus prevalence and pesticide residues
was first carried out. The relationship between disorder and these
stressing factors was then assessed. For each virus type, a linear
model (two way ANOVA) was used, with the cycle threshold value
as dependent variable and the visit (first or second), group (with
disorder or healthy) and their interaction as explanatory variables.
For the pesticides residues, we used a similar model with the total
number of residues as dependent variable and type (fungicide or
insecticide/acaricide), group (with disorder or healthy) and their
interaction as explanatory variable. Based on these models, we
constructed a contrast matrix to test explicit post-hoc hypotheses
(e.g. compare virus load between groups within each visit...). As
several dependent variables had a strongly asymmetric distribution
(i.e. non-normal), we computed all p-values by permutation
(n=1000). We applied a Bonferoni correction on the post-hoc tests
p-values to take into account the multiplicity of the tests.

Relationship between bee colony disorders and potential
stressors or surrounding environment of the apiary

We used two separate generalized linear mixed models with a
binomial distribution and logit link function. In both models, the
“group” (with disorder or healthy) was used as dependent binary
variable and the apiary was used as random effect (grouping

Table 1. List of primers used for virus analyses.
Target Primer Name Sequence (5'-3')
BQCV BQCV 9195F GGT GCG GGA GAT GAT ATG GA
BQCV 8265R GCC GTC TGA GAT GCA TGA ATA C
BQCV 8217T TTT CCA TCT TTA TCG GTA CGC CGC C
SBV SBV 311F AAG TTG GAG GCG CGy AAT TG
SBV 380R CAA ATG TCT TCT TAC dAG AGG yAA GGA TTG
SBV 331T (MGB) CGG AGT GGA AAG AT
CPV CPV 304F TCT GGC TCT GTC TTC GCA AA
CPV 371R GAT ACC GTC GTC ACC CTC ATG
CPV 325T TGC CCA CCA ATA GTT GGC AGT CTG C
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Table 2. Active ingredients or metabolite included in the multi-residue analyses by beekeeping matrix (A = Acaricide;
F =Fungicide; H =Herbicide; | =Insecticide; S = Synergist).

WORLD TECHNOLOGIES

Active ingredient or metabolite* Class LOQ (mg/kg)

Wax Beebread Honey
24-D H 0.1 = 0.01
Abamectin | 0.1 0.1 0.005
Acetamiprid | 0.1 0.1 0.005
Aldicarb | 0.1 0.1 0.005
Alpha-cypermethrin | 0.1 0.1 0.005
Amitraz A 0.1 0.1 0.01
Azoxystrobin F 0.1 0.1 0.005
Bentazone H 0.2 = 0.02
Benthiavalicarb F 0.1 0.1 0.005
Beta-cyfluthrin | 0.1 0.1 0.01
Bifenthrin | 0.1 0.1 0.005
Boscalid F 0.1 0.1 0.005
Captan F 0.1 0.1 0.01
Carbaryl | 0.1 0.1 0.005
Chlorpyriphos | 0.1 0.1 0.005
Chlorpyriphos-methyl | 0.1 0.1 0.005
Chlorothalonil F 0.1 0.1 0.005
Clothianidin | 0.1 0.1 0.01
Coumaphos A 0.1 0.1 0.05
Coumaphos oxon * A 0.1 0.1 -
Coumaphos phenolic* A 0.1 0.1 -
Cyazofamid F 0.2 0.2 0.02
Cyfluthrin | 0.1 0.1 0.01
Cymoxanil F 0.1 0.1 0.01
Cypermethrin | 0.1 0.1 0.005
Cyproconazole F 0.1 0.1 0.005
Cyprodinil F 0.1 0.1 0.01
DDT | 0.1 0.1 0.005
Deltamethrine | 0.1 0.1 0.005
Dichlorprop-P H 0.1 - 0.01
Difenoconazole F 0.1 0.1 0.005
Diflubenzuron | 0.2 0.2 0.02
Dimethenamid-P H 0.1 0.1 0.005
Dimethoate | 0.1 0.1 0.005
Dimethomorph F 0.1 0.1 0.01
Dimoxystrobin F 0.1 0.1 0.005
Epoxiconazole F 0.1 0.1 0.005
Esfenvalerate | 0.1 0.1 0.005
Ethofumesate H 0.5 0.5 0.05
Famoxadone F 0.1 0.1 0.01
Fenhexamid F 0.1 0.1 0.005
Fenoxycarb F 0.1 0.1 0.005
Fenpropidin F 0.1 0.1 0.01
Fenpropimorph F 0.1 0.1 0.005
Fipronil | 0.1 0.1 0.01
Flonicamid | 2 2 0.2
Fluazinam F 0.1 0.1 0.01
Flufenacet H 0.1 0.1 0.01
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Table 2. Cont.

Active ingredient or metabolite* Class LOQ (mg/kg)

Wax Beebread Honey
Fluopicolide F 0.1 0.1 0.01
Flusilazole F 0.1 0.1 0.005
Heptenophos | 0.1 0.1 0.01
Imidacloprid | 0.1 0.1 0.005
Indoxacarb | 0.1 0.1 0.005
Iprodione F 0.1 0.1 0.005
Kresoxim-methyl | 0.1 0.1 0.005
Lambda-cyhalothrin | 0.1 0.1 0.005
Lindane | 0.1 0.1 0.005
Linuron H 0.1 0.1 0.005
MCPA H 0.1 - 0.01
Mecoprop-P H 0.1 - 0.01
Metalaxyl-M F 0.1 0.1 0.005
Metamitron H 0.1 0.1 0.005
Metconazole F 0.2 0.2 0.02
Methiocarb | 0.1 0.1 0.005
Methoxyfenozide F 0.1 0.1 0.005
Metribuzin H 0.1 0.1 0.005
Penconazole F 0.1 0.1 0.005
Pendimethalin H 0.1 0.1 0.005
Permethrin | 0.2 0.2 0.02
Picoxystrobin F 0.1 0.1 0.005
Piperonyl butoxide S 0.1 0.1 0.01
Pirimicarb | 0.1 0.1 0.005
Prochloraz F 0.1 0.1 0.005
Propamocarb F 0.1 0.1 0.005
Propiconazole F 0.1 0.1 0.01
Propyzamide F 0.1 0.1 0.01
Pymetrozine | 0.1 0.1 0.005
Pyraclostrobin F 0.1 0.1 0.005
Pyrethrin | 0.2 0.2 0.02
Pyrimethanil F 0.1 0.1 0.005
Rotenone | 0.1 0.1 0.01
Spinosad | 0.1 0.1 -
Spirodiclofen | 0.1 0.1 0.01
Spirotetramat F 0.1 0.1 0.01
Spiroxamine B 0.1 0.1 0.005
Sulcotrione H 0.1 - 0.01
Tau-fluvalinate 1A 0.1 0.1 0.01
Tebuconazole F 0.1 0.1 0.005
Tebufenozide | 0.1 0.1 0.005
Tefluthrine | 0.1 0.1 0.005
Terbuthylazine H 0.1 0.1 0.01
Tetraconazole F 0.1 0.1 0.01
Thiabendazole F 0.1 0.1 0.005
Thiacloprid | 0.1 0.1 0.005
Thiamethoxam | 0.1 0.1 0.005
Thiophanate-methyl F 0.1 0.1 0.005
Trifloxystrobin F 0.1 0.1 0.01
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Table 2. Cont.

LOQ (mg/kg)

Active ingredient or metabolite* Class

Wax Beebread Honey
Zeta-cypermethrin | 0.1 0.1 0.005
Zoxamide F 0.1 0.1 0.01

factor) to take into account the non-independence between
colonies from the same apiary and allow the intercept to vary
between apiaries [47].

With the first model, we explored the relationship between the
probability of disorder in a colony and potential stress factors, i.e.
pesticides or viruses total load into the colonies. We used as
explanatory variables the total number of fungicides residues, the
total number of insecticides or acaricides (pooled together)
residues, the total number of viruses detected for both visits and
all first level interactions between these three explanatory
variables. The insecticides and acaricides were pooled together
because the most frequently found active ingredient, namely tau-
fluvalinate, is authorized in Belgium for both purposes.

With the second model, we investigated the relationship
between the probability of disorder in a colony and the structure
of the agricultural landscape around the beehive. The surfaces of
all different kinds of agricultural soil occupancy in a circle with a
radius of 1500 m around each apiary were calculated according to
the information provided by the farmers to the Walloon
administration (Land Parcel Identification System). The different
soil occupancy categories were pooled into two categories defined
according to the potential frequency of plant protection product
use: (1) grasslands (low pesticides use), (2) crops sensu lato
(potentially higher pesticides use), including major crops (mainly:
cereals, potatoes, beet, oilseed rape, maize, flax, ...) but also
surfaces dedicated to fruit or vegetables production, fodder
production (mainly legumes) and to horticulture. The surfaces of
these two land use options, grasslands and crops (sensu lato), were
used as explanatory variables in the model. The 1500 m radius
was chosen accordingly to the mean pollen and nectar collecting
distance for the honeybee [48,49]. As the agricultural soil
occupancy data was available only for Wallonia, we eliminated
from the analysis the apiaries whose buffer had less than 70% of
their surface within the administrative boundaries of Wallonia
n=2).

We used Likelihood Ratio (LR) Tests to evaluate the
significance of the explanatory variables [47,50]. We respected
the marginality rules, ie. all main effects were tested after
removing from the model the interactions in which they are
involved [51].

All analyses were performed with R (R Core Team 2013) and
the mixed models were fitted with the package Ime4 [52].

Results

Description of honeybee colony disorders

We gathered all sources of information, i.e. questionnaires,
analytical matrices and information from clinical visits, for 173
colonies. After the clustering, 54 colonies coming from 21 apiaries
(Figure 1) were considered for the study: 25 presenting bee
disorders and 29 not presenting them, defined as healthy group.
Their data and samples were collected by 8 beekeeping
technicians.

In the group presenting disorders, 6 colonies were dead or
unviable -with only a handful of bees remaining with the queen- at
the spring visit (Table 3). Pre-wintering weakness, winter worker
losses, late-season re-queening were reported in these cases. One
colony was dead due to queen failure without re-queening in
spring. Furthermore, a number of colonies were weak in spring.
They were characterised by a low number of individuals and a
slow development. In total, nine colonies lost their queens during
the study, five of them leading to queenless colonies. These were
considered as “disorder colonies” in the framework of the study.
Finally, brood abnormalities not linked to known disease were
observed in 10 colonies, most of them both before and after the
winter.

Symptoms of other diseases or bee parasite observation
remained low within the selected colonies. Wax moths were
observed in two cases, one in each group. Varroa destructor was
present in all colonies of the study. All of them were treated
according to official veterinary advice. Diarrhoea was observed in
one of the colonies showing brood abnormalities. Anatomical
modifications (i.e. deformed or undeveloped wings, small abdo-
mens) were observed in 6 colonies, half of them being healthy and
half of them showing disorders. No symptoms of any of the
foulbroods were observed.

Virus content

One bees sample from the ‘“disorder” group could not be
analysed due to a lack of sufficient matrix. The three most
abundantly found viruses were the Deformed Wings Virus (DWV),
the Black Queen Cell Virus (BQCV) and the Sac Brood Virus
(SBV) (Figure 2). The Acute Bee Paralysis Virus (ABPV) and the
Chronic Bee Paralysis Virus (CBPV) were found only in a very

A Selected apiaries

Figure 1. Spatial distribution of selected apiaries.
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Table 3. Symptoms observed in the group with disorders.

Symptoms of disorder Frequency
Mortality 2%
Weakening 3

Queen failure 5

Brood problems 9
Mortality+Weakening 2
Mortality+Weakening+Queen failure 2
Mortality+Queen failure 1

Queen failure+Brood problems 1

Total 25

* One of these colonies not considered in the model due to a lack of viral results.
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Figure 2. Virus content according to the Cycle Threshold (CT) for the groups “with disorder” and ‘“‘healthy’’. Boxplot of Cycle
Threshold for the first and second visits (visit 1 - mid-July to mid-august and visit 2 - mid-September to mid-October) and the group with disorders
(grey, n=24 colonies) and the healthy one (white, n =29 colonies). Deformed Wings Virus (DWV), Black Queen Cell Virus (BQCV), SacBrood Virus (SBV),
Acute Bee Paralysis Virus (ABPV), Chronic Bee Paralysis Virus (CBPV). In red, mean with confidence interval estimated by boostrap method. Note: CT
values below 40 were regarded as positive results and the lowest CT values correspond to the higher virus contents.
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Figure 3. Average number of different viruses per colony. Data
shown for the first and second visits (visit 1 - mid-July to mid-august
and visit 2 - mid-September to mid-October) and the group with
disorders (grey, n=24 colonies) and the healthy one (white, n=29
colonies). Whiskers show the standard error (SE).

limited number of samples and did not allowed particular
statistical analyses on these two viruses.

There was no significant difference in viral content between the
group with disorders or the healthy one, and independently of the
visit for any of the three most abundant viruses (2-way ANOVA
tested by permutations, DWV: p=0.731, BQCV: p=0.373, SBV:
p = 0.54). We observed a decrease of virus content from summer to
fall 2011, independently of the group, for BQCV (p<<0.001) and
SBV (p<<0.001) but not for DWV (p =0.271). For BQCV only, we
observed a significant (p =0.036) group xvisit interaction indicat-
ing that the decrease of the virus abundance from visit 1 to visit 2
was higher in the group “with disorder” than in the group
“healthy”. Overall, the number of virus changed between visit 1
and visit 2 and a significant decrease was observed in the group
with disorders (p<<0.001) (Figure 3).

Pesticide analysis

172 agrochemical residues of 23 different active ingredients
were detected in 94 out of 269 samples. Wax was the most
contaminated matrix: 109 residues of 15 different active ingredi-
ents; while 39 and 24 residues of 10 and 8 substances were
detected in beebread and honey, respectively (Figures 4 & 3).
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Figure 4. Proportion of samples containing residues of
acaricides/insecticides in the different beekeeping matrices
(honey, beebread and wax). Data shown for the group with
disorders (grey, n=25 colonies) and the healthy one (white, n=29
colonies).

Residue levels contained in wax and beebread were higher (0.21—
3.1 mg/kg) than those in honey (0.001-0.058 mg/kg).

For the subsequent statistical analysis, the results obtained for
msecticide and acaricides residues were pooled together because
the most frequently found active ingredient, tau-fluvalinate
(n=46), can be used in Belgium as an acaricide against varroa
mite and as an insecticide to control Meligethes aeneus in rape.
The second most frequently found residue was the coumaphos
(n=35), followed by two fungicides, boscalid (n=33), iprodione
(n=13) (Table 4). Some residues of neonicotinoid insecticides,
synergist and herbicide were also detected: thiacloprid (n=3),
piperonyl butoxide (n=6), terbuthylazine (n=1). The highest
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Figure 5. Proportion of samples containing residues of fungicides in the different beekeeping matrices (honey, beebread and wax).
Data shown for the group with disorders (grey, n=25 colonies) and the healthy one (white, n=29 colonies).

residue level concerned captan with 3.1 and 1.9 mg/kg in the wax
and bee bread of the same colony, respectively. Despite of being
the most frequently found in matrices, tau-fluvalinate and
coumaphos residues never exceeded 0.71 and 0.58 mg/kg,
respectively. Boscalid, the most commonly found fungicide, ranged
from 0.005 to 1.3 mg/kg.

There was a significant difference (p =0.01) in terms of number
of fungicide substances found between the “disorder” group
(mean = 2.0) and the “healthy” one (mean =0.7) as presented in
Figure 6. The total number of insecticides/acaricides residues was
slightly higher in the disorder group (mean=2.1) than in the
healthy group (mean = 1.64) but this difference is not statistically
significant (p=0.79). The most frequent fungicides in the group
with disorders were boscalid and iprodione, detected in the three
investigated matrices (Figure 5). However, for single active

substances, no significant difference of number of residues was
observed between the groups “with disorder” and ‘“healthy”.

Probability of disorders in relation to potential stressors

There is clearly a significant positive relationship between the
probability of a colony showing disorders and the total number of
fungicides (Figure 7, LR =7.128, df = 1, p=0.008). The estimated
probability for a colony to be in the “with disorder” group is 0.26
without fungicides residues, 0.60 with 2 fungicides residues and
0.88 with 4 fungicides residues when the insecticides-acaricides
residues number and virus load are fixed to their observed mean
value (Figure 7). None of the other variables (total number of
viruses, total number of insecticides-acaricides) and none of the
first level interactions seem to have any explanatory power on the
probability of disorders in a colony (Table 5). No direct link could
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Figure 6. Average number of residues per colony. Data shown
for the group with disorders (grey, n =25 colonies) and the healthy ones
(white, n=29 colonies). Whiskers show the standard error (SE).

be established between bee colony disorders and the amount (in
ug/kg) of residues found in the matrices.

Probability of disorders and crop/grassland surface

Our data clearly show a significant increase in disorder
probability with the increase of crop surfaces (sensu lato, i.c.
including fruit, vegetables, fodder production and horticulture) in
the surrounding of the apiary (Figure 8, LR=8.052, df=1,
p=0.0045). The predicted probability of disorders is close to 0.1
for a crop surface of 0 ha in the radius of 1500 m and increases up
to 0.8 for a surface of 500 ha of crops when fixing the grasslands
surface to its observed mean.

On the contrary, the probability of disorders strongly decreases
when the grassland surfaces increases (Figure 8, LR =14.527,
df=1, p=0.0001) after controlling for the crop surface. The
predicted probability of disorders is close to 1 for a grassland
surface of 0 ha in a radius of 1500 m and drops to ~0.1 for a
surface of 150 ha of grasslands when fixing the crops surface to its
observed mean.

Very similar results were found with a 3000 m buffer around
the apiary (results not shown).
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Figure 7. Probability of honeybee colony disorders depending
on the number of fungicide residues detected. Model based on
averaged coefficients and median value both for the number of
insecticides-acaricides residues and total number of virus detected for
both visits (n=53 colonies).

Discussion

The bee disorders observed after the winter in the Walloon
region happened despite of normal climatic conditions. The
autumn of 2011 was dry (140.4 mm rainfall water from October to
December, average being 219.9 mm), sunny and warm for Belgian
conditions (12.4°C on average, which is normally 10.9°C for this
period), followed by average winter and spring 2012 in terms of
temperature, rainfall, with the exception of a cold wave lasting
twelve days in February [53]. These conditions would not induce,
a priori, a risk for honeybee colonies. Furthermore, based on
studies carried out on the palynological diversity of the pollens
collected by these colonies before the winter (Table S1), the
hypothesis of nutritional lack is unlikely. All samples analysed
contained at least 8 different botanic sources of pollen, including
rich protein content as oilseed rape, ivy and Phacelia.

Viruses infections has often been mentioned as a source of stress
for honeybee colonies [7]. However no significant difference in
quantity or occurrence was observed between the healthy and the
“with disorder” groups. DWV is one of the most commonly
detected virus in A. mellifera. The prevalence of this virus is even
more important at colonies infested by Varroa destructor, a well-
established vector of this virus [7]. In accordance with the present
study, further studies run on Belgian apiaries show DWV, BQCV
and SBV as the most frequently found viruses [54]. Unlike DWV,
we observed that the amount of SBV and BQCYV has dropped
significantly between the first and second visits for each group. In
the case of BQCYV, this is of no surprise as the cycle of incidence of
this virus has been shown to increase in late winter, with a peak in
May or June followed by a rapid decline [55]. The observed
decrease of SBV has also been reported in other studies [42] in
which the authors suggested that bees could develop a molecular
defensive mechanism to reduce virus multiplication, or that the
change in bee susceptibility to the virus could result from
environmental conditions such as the quality of pollen.

We cannot prove any causal relationship between any of these
viruses analysed and bee disorders, nor does the interaction
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(totinsaca) and (3) virus detected for both visits (totvirus).
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Table 5. Analysis of deviance table for generalized linear binomial models describing the relationships between the colony
disorder probability and three variables: the total number of (1) fungicide residues (totfungicides), (2) insecticide-acaricide residues

LR df p(>Chisq)
totfungicides 7.13 1 0.008
totinsaca 0.005 1 0.943
totvirus 0.136 1 0.712
totfungicides:totvirus 2.222 1 0.136
totinsaca:totvirus 0.975 1 0.323
totfungicides:totinsaca 0.901 1 0.342

LR =likelihood ratio.

between these two factors. Cox-Foster et al., 2007 [41] found no
clear correlation between a variety of pathogens, including
Nosema spp., DWV, CBPV, ABPV, BQCV, Mellisococcus pluton
and Paenibacillus larvae ssp and CCD. No specific spore counts
were carried out in our study. However, no signs of nosemosis or
foulbrood could be linked to colonies presenting bee disorders. It is
noteworthy that a monitoring run at Belgian level found Nosema
spp spores in one out of four colonies [56]. Nevertheless, Cox-
Foster et al., 2007 [41], show a positive correlation between IAPV
and CCD, which a priori would not be relevant in our conditions
given the low prevalence of IAPV in this country [27,54]. A recent
publication [36] shows a positive correlation between the presence
of fungicides in pollen loads and the presence of spores of Nosema
ceranae. We do not exclude the potential involvement of Nosema
spp. in the case of bee disorders. However, in the framework of our
study, N. ceranae seems either to play a role in the development of
this weakening, while remaining asymptomatic, or not to play a
decisive role in it.

When considering pesticide residues, no direct link could be
established between bee colony disorders and the amount (in ug/
kg) of residues found in the matrices. Neither could we identify any
specific molecule as cause of bee disorders. Nevertheless, the study
of the residue load of pesticides, specifically fungicides, opens new
avenues for a better understanding of honeybee colony disorders.

Even if insecticides/acaricides were the most numerous residues
detected in hives mainly in wax, no significant difference in the
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number of accumulated residues was observed between colonies
with disorders and the healthy ones. Indeed the two most
abundant active ingredients, tau-fluvalinate and coumaphos, came
most probably from varroa control measures even if tau-fluvalinate
is used as an insecticide (Mavrik 2F) against Meligethes aeneus in
oilseed rape. These active ingredients seem to be a frequent
outcome of residue analyses studies [57,58,39,38,40,59]. Syner-
gistic effects have been shown between acaricides and other
molecules [33,60]. Nevertheless, our modelling did not suggest any
synergistic effects in the appearance of bee disorders occurring
between residues of fungicides and insecticides-acaricides. Resi-
dues of synergist, piperonyl butoxide, were also detected that
indicates a prior exposure to synthetic or natural pyrethroids even
though residues were not found in the analysed matrix, probably
due to a fast degradation of these active ingredients [61]. A non-
authorised active ingredient was also detected: carbaryl, forbidden
in Belgium since 2007, indicating an illegal agricultural or
gardening use.

The only neonicotinoid found, thiacloprid, was detected in
honey during the sampling period of July-August in two colonies.
However, the limits of detection achieved in our study do not allow
to determine the presence of neonicotinoids -with the exception of
acetamiprid- or fipronil at levels in the range of the acute toxicity
of these substances (3040 pg/Kg). Residues of these substances
could be present at lower levels and thus an exposure to these
substances cannot be excluded.
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Figure 8. Probability of honeybee colony disorders depending on the apiary’s environment. Consideration of crop surface vs. grassland
surface in a radius of 1500 m around the apiary. Crops include fruit, vegetables, fodder production and horticulture. For each graph, the value of the

variable not displayed is fixed to its observed mean (n=53 colonies).
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According to our results, the number of fungicide residues seems
to plays a role in the appearance of honeybee colony disorder.

Significantly, more fungicides residues were detected in colonies
with disorders than in the healthy ones. Mainly four active
ingredients, frequently used in plant protection, were detected:
boscalid, iprodione, pyrimethanil and cyprodinil. Fungicides are
often considered safe for honeybees based on their acute toxicity.
However some direct toxic effects on bees either by the mother
compounds or their metabolites have been reported in the past
[62]. For example, boscalid shows low acute toxicity to bees [63],
despite the fact that beekeepers in the USA have already reported
losses and adverse effects on bee brood development related to the
foliar application of this systemic active ingredient [64]. Incidents
were often linked to the use of a co-formulation boscalid —
pyraclostrobin. However, both molecules appeared above detec-
tion levels in only two colonies of our study and could not explain
the general trend. Interestingly, one metabolite of boscalid, the 2-
chloronicotinic acid, is similar to the 6-chloronicotinic acid, a
metabolite of imidacloprid. The latter has proved to be lethal to
bees at low concentrations (0.1 pg/L) following chronic exposure
[65]. Further research should be carried out in order to clarify the
mechanism of bee toxicity of boscalid. Indeed, boscalid has proved
toxic to other aquatic invertebrates, reducing daphnid fecundity
and Chironomid cmergence [64]. In addition, synergism with
other active ingredients like insecticides are possible and increase
the toxicity for honeybee [66,32,67]. Two other fungicides were
also detected at very high levels in wax and beebread: iprodione
and captan. The former is known for its synergistic effects in
collaboration with insecticidal compounds [33]. The latter has
been shown to induce effects on growth and development of larval
honeybees [68,69]. Chronic and larval toxicity studies would be
interesting at this stage in order to evaluate possible direct toxic
effects on bee individuals and their behaviour. Indeed, a recent
study showed increased larval mortality following chronic expo-
sure to tau-fluvalinate, coumaphos, chlorpyriphos and chlorotalo-
nyl or some of their combinations [70]. All these substances were
found in our study. Increased mortality rates in the fall may
compromise the size and age structure of the wintering cluster,
which could lead to winter losses.

The indirect effects of fungicides on bees or on bee colonies are
relatively little-known to date.

Fungicides may have an impact on the colony by modifying the
existing microflora present in the food stores or in the bee
intestinal tract [71]. Studies have already shown the possible
modification of microbial composition both at bechread level
[62,72] and at intestinal level [73]. This modification in the
composition of microbiota may lead to dysbiosis [74]. The impact
that such an unbalance in the bee gut microflora may have on bee
health has already been considered. The link between the
unspecific symptoms observed in our study and a possible
microbial alteration could be subject of further research.

In parallel, the potential impact of microbial modification on
digestibility and availability of nutrients should be a target for
further research. Indeed, the content of essential amino acids
might be altered when beebread is contaminated with fungicides
(DeGrandi-Hoffman, 2013, pers com.). Given the importance of
nutrition, especially pollen, in the good development of the colony
[75] alterations in composition or lack of essential nutrients would
put the homeostasis of the colony at stake. Some studies have
already shown the impact of nutritional lack on bee development
and health [76]. Provided that pollen is the unique source of
amino acids for honeybees, royal jelly production could also be
affected [77,78] with unexpected potential consequences for its
main consumers, larvae and the queen. A poor nutrition of the

queen, could have as a result an impact in its activity. Likewise, a
poor nutrition of the larvae has been shown to impact their
development [76]. As a result, the presence of fungicides on
beebread and honey may have both a direct effect on their health,
but also an indirect one on the colony development.

Fungicides are widely used in agriculture and are broadly
present in bee matrices, sometimes at high concentrations at levels
of mg/kg [79,80,38,59]. Boscalid, cyprodinil, iprodione are used
to control a broad range of fungal pathogens including Botrytis
spp., Alternaria spp. and Sclerotinia spp. on a wide range of crops
including fruits, vegetables and ornamentals. Pyrimethanil is more
specifically used to control grey mould on fruits, vegetables and
ornamentals, and leaf scab on apple trees [81]. These active
ingredients were already reported in bee matrices in Europe and in
the USA [23,39,62]. Their frequent presence in bee matrices
might be an indication of chemical plant protection intensity in all
agricultural landscapes. Fungicides could also be markers of
exposure to other active ingredients with higher toxicity to bees.
Mixes of products like fungicides — insecticides are often applied to
reduce the number of spray applications. As a result, other
pesticides often used in combination with the fungicides found or
applied in the same crops could have been at the origin of the
effects observed in this study. However, the sensibility of the
residue analyses used in our study might explain the lack of
detection of such components. Further intensive monitoring and a
thorough record of the agricultural practices on pesticide
application in tank mixes would help clarifying this alternative
explanation.

Factors different from fungicides are most likely involved in the
development of bee disorders. According to our model, the
disorder probability was not absent when fungicides residues were
not detected in presence of insecticide residues and virus. Non
identified pathogens, chemicals or factors of different nature could
be operating as silent stressors. Ravoet and colleagues (2013) [82]
reported the presence of new pathogens in Belgium that were not
taken into consideration in our analyses (i.e. Crithidia mellificae or
the Lake Sinai Virus (LSV)). Other stressing factors could be also
linked to the intensive agriculture. In fact, we observed an increase
of colony disorders in the area with high density of crops in
comparison with areas with grassland. Some studies and beekeeper
claims go in line with our outcome regarding the concentration of
bee problems in areas with intensive agriculture [83-86].
Furthermore, the same negative trends on pollinators and
biodiversity in areas with intensive agriculture have already been
described as the result of as increased pesticide use, decreased
landscape heterogeneity, loss and fragmentation of natural habitat
[87,88].

In conclusion, the five virus studied (ABPV, CBPV, QBCV,
SBV, DWV) do not seem determinant in the appearance of bee
disorders in our study. These disorders seem clearly linked to the
environment of the apiaries and were observed mainly in
agricultural crop areas. We observed also that the number of
fungicide residues appears as the main potential stress factor linked
to bee disorder. However other stressing factors could be acting or
interacting at the same time: insecticides exposure, a lack of amino
acids and oligo-clements, etc. Our results open new avenues for
future research in order to better understand the side effects of
fungicides on the bee colony and questions the sustainability of
intensive agriculture model and its impact on bees. Specific
toxicological studies on both adult bees and larvae would be
recommendable in order to better characterise the toxicity of
fungicides.
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Abstract

Background: Arsenic is an ubiquitous element linked to carcinogenicity, neurotoxicity, as well as adverse respiratory,
gastrointestinal, hepatic, and dermal health effects.

Objective: |dentify dietary sources of speciated arsenic: monomethylarsonic acid (MMA), and dimethylarsinic acid (DMA).

Methods: Age-stratified, sample-weighted regression of NHANES (National Health and Nutrition Examination Survey) 2003—
2010 data (~8,300 participants =6 years old) characterized the association between urinary arsenic species and the
additional mass consumed of USDA-standardized food groups (24-hour dietary recall data), controlling for potential
confounders.

Results: For all arsenic species, the rank-order of age strata for median urinary molar concentration was children 6-11 years
> adults 20-84 years > adolescents 12-19 years, and for all age strata, the rank-order was DMA > MMA. Median urinary
molar concentrations of methylated arsenic species ranged from 0.56 to 3.52 umol/mol creatinine. Statistically significant
increases in urinary arsenic species were associated with increased consumption of: fish (DMA); fruits (DMA, MMA); grain
products (DMA, MMA); legumes, nuts, seeds (DMA); meat, poultry (DMA); rice (DMA, MMA); rice cakes/crackers (DMA, MMA);
and sugars, sweets, beverages (MMA). And, for adults, rice beverage/milk (DMA, MMA). In addition, based on US (United
States) median and 90th percentile consumption rates of each food group, exposure from the following food groups was
highlighted: fish; fruits; grain products; legumes, nuts, seeds; meat, poultry; and sugars, sweets, beverages.

Conclusions: In a nationally representative sample of the US civilian, noninstitutionalized population, fish (adults), rice
(children), and rice cakes/crackers (adolescents) had the largest associations with urinary DMA. For MMA, rice beverage/milk
(adults) and rice cakes/crackers (children, adolescents) had the largest associations.
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Introduction methylation to monomethyarsinic acid (MMA) and dimethylarsi-
nic acid (DMA) [5,9]. Since most arsenic species absorbed from
the gastrointestinal tract is excreted in urine within 1-3 days [10-
] - X ! 15], urinary arsenic is well-suited as an exposure biomarker to
as part of organic compounds. Inorganic arsenic species of greatest correlate with NHANES 24-hour dietary recall data. Although
environmental health concern have oxidation states of +3 (As(III) inorganic species have been a focus of concern because of th;:ir
or a?semte) or +5 (As(V) or 'ftrsenate),.and are Clasmﬁe.d as human carcirlogenicity [16], certain methylated arsenic species may be
carcmogens [1’2,]' Peop %e w}th ch.ron.m exposure to high ICYCIS of carcinogenic [17,18]. Indeed, there is greater awareness that
1HOTEALIC AISCRC species 1n dr,mkmg water hdw mamfc?ted methylation of inorganic arsenic species may also affect suscep-
neurotoxicity, skin lesions, gastrointestinal and liver dysfunction, ibility to arsenic-induced disease and may vary among individuals
and cardiovascular disease [3—6]. In the United States, regulations depending on genetic polymorphism, dose, age, selenium intake
lllgnt z/tisen;cg 1 1}3}? blic \t«}/latle' rt ilysltelins .and H} b(g.tledthwlatte? [0 as well as folate and homocysteine status [5,17,19-27]. Exposure
M8 [7.8]- ¢ methylated arsenic SPCLICS HmeEthy arsime to DMA [28] and MMA [29-35] have produced tumors in animal
acid (DMA) and monomethylarsonic acid (MMA) have both been studies, resulting in concerns about human carcinogenicity
detected in soils, fresh and i t d fish and shellfish. ) o DR o o )
clocted SO, esi and Matiie warels, and Ash anc sacris Several studies have examined selected US (United States) foods

for total and inorganic arsenic species content [36-40], or have

Arsenic is an ubiquitous metalloid eclement present in the
environment as inorganic species with different oxidation states, or

Human metabolic biotransformation of inorganic arsenic
involves reduction from As(V) to As(III), followed by oxidative
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examined the relationship between consumption of selected foods
and total urinary arsenic [36,39] and speciated arsenic [41-43].
Using US FDA’s (Food and Drug Administration) Total Diet
Study 1991-1996, Tao and Bolger [44] reported that total arsenic
concentration in food was highest in seafood, followed by rice/rice
cereal, mushrooms, and poultry. We analyzed NHANES (Nation-
al Health and Nutrition Examination Survey) data from 2003—
2010 for associations between increased consumption of a
comprehensive set of food groups and urinary concentrations of
arsenic species that share human metabolic biotransformation
pathways [9]. This approach was successfully utilized for a similar
assessment of dietary exposure to perchlorate in NHANES 2001
2008 data [45].

Materials and Methods

Study Design

NHANES, conducted by the National Center for Health
Statistics (NCHS) of the Centers for Disease Control and
Prevention (CDC), collects serial cross-sectional data from a
complex, multistage probability sample representative of the
civilian, non-institutionalized population of the United States.
The data used in this study are publicly available for download at
http://www.cdc.gov/nchs/nhanes.htm. This website also pro-
vides details on the study design and recommended statistical
techniques for analyzing NHANES data. Food consumption
information was collected from participants using structured
questionnaires administered by trained interviewers. Urinary
arsenic species were measured in a single spot urine sample
obtained from a one-third subsample of participants 6 years and
older who provided spot urine specimens during physical
examinations in the NHANES 2003-2010 cycles. Urine was
collected and stored in arsenic-free containers and shipped on dry
ice to CDC’s National Center for Environmental Health
laboratory, where samples were stored at or below —20°C until
analyzed and typically analyzed within three weeks of collection
(total urinary arsenic concentrations are stable at approximately —
70°C for up to three years [46]). Arsenic species in urine were
separated by high performance liquid chromatography, then
directed to an ELAN DRC II ICP-MS (PerkinElmer SCIEX,
Concord, Ontario, Canada) [47]. The limits of detection (LOD)
were: As (III) 1.2 ug/L; As (V) 1.0 pg/L; DMA 1.7 ug/L; and
MMA 0.9 ug/L [47,48]. Measurements below the LOD were
substituted with the quotient of the LOD divided by the square-
root of two. Urine creatinine measurements in NHANES 2003
2006 were made using a CX3 Analyzer that employed the Jaffe
reaction [49]; in NHANES 2007-2010 these measurements were
made using a Roche/Hitachi Modular P Chemistry analyzer that
employed an enzymatic method using creatinase [50]. Serum
folate measurements in NHANES 2003-2006 were made using
the BioRad Quantaphase II Radioassay [51]; in NHANES 2007—
2010 these measurements were made using a microbiologic assay
[52,53]. Reported measurements met the accuracy and precision
specifications of the quality-control/quality-assurance program of
the CDC National Center for Environmental Health, Division of
Laboratory Sciences [54].

Statistical Analysis

NHANES is a complex survey where participants are recruited
through a multistage sampling design that involves stratification,
clustering, and oversampling of specific population subgroups. It is
therefore necessary to account for this complex design in order to
properly estimate variances of regression coefficients and to
produce unbiased, nationally representative statistics [55]. Robust

estimation may be accomplished through Taylor series lineariza-
tion and applying survey sample weights to each survey
participant. We used this estimation approach as it was
implemented in the DESCRIPT and REGRESS subroutines of
SUDAAN version 11.0.0 [56] called from the SAS version 9.3
statistical software application [57]. We fit a set of sample-
weighted, age-stratified linear regression models to publicly
available NHANES data from the 2003-2010 survey cycles [58]
where the dependent variable was the urinary molar concentration
of one of four arsenic species [nmol/L]: As(III) (arsenous acid),
As(V) (arsenic acid), DMA (dimethylarsinic acid), and MMA
(monomethylarsonic acid). Using molar units enables concentra-
tions to be directly compared between arsenic species. We refer to
As(IIT) and As(V) as “inorganic” arsenic species, and DMA and
MMA as “methylated” arsenic species. Since urinary concentra-
tions can be influenced by urine dilution, which can vary markedly
throughout the day within each individual [59], we accounted for
urinary dilution by normalizing urinary arsenic molar concentra-
tions to urinary molar creatinine (Cre) for the summary statistics in
Tables 1-3 [umol/mol Cre]. For the same reason, we accounted
for urinary dilution by including urinary creatinine [g/L] as a
model predictor in the regression models. In addition, because the
distribution of urinary arsenic measurements were highly right-
skewed, these data were transformed with the natural log for
evaluating the statistical significance of regression slopes and we
report the p-values from the In-transformed regression models. To
facilitate interpretability, however, we report slopes and their 95%
confidence intervals estimated from identical un-transformed
regression models. Statistical significance was set to p=0.05, and
marginal significance was set to 0.05<p=0.15.

Dietary Consumption by Food Group. Primary interest
was in the mass NHANES participants consumed within each
USDA (US Department of Agriculture) food group for the 24-
hour period (midnight to midnight) preceding the dietary recall
interview conducted in-person as part of the physical examination.
Data for the 24-hour recall period are contained in the publicly
available NHANES Individual Foods — First Day file, which
provides a record describing each food, water, or beverage
consumed by the participant, including the mass reported
consumed and eight-digit USDA food code. Standardized
hierarchical food groups can be identified from the USDA code,
where the first digit represents one of nine major food groups, and
each subsequent digit represents subgroups of increasing specificity
[60]. The mass consumed in each food group was summed so that
cach participant was represented by a single record describing
their dietary intake for the previous 24 hours. Each participant’s
dietary intake was first apportioned over nine food groups: milk
products; meat, poultry; eggs; legumes, nuts, seeds; grain products;
fruits; vegetables; fats, oils, salad dressings; and sugars, sweets,
beverages. In addition, we distinguished several food subgroups
known or suspected of concentrating arsenic from the environ-
ment: fish (comprising both shellfish and finfish); rice (equivalent to
the rice food subgroup defined by the USDA Food Surveys
Research Group); rice cakes and crackers; rice beverage and milk;
fruit juice and drink; and water (not bottled) consumed at home
(i.e., residential tap water). To avoid double counting, the mass
consumed in each subgroup was subtracted from the mass
consumed in their respective food group. The USDA food codes
and logic for apportioning dietary intake are detailed in Table S1.

Linear Regression Models. Additional predictors repre-
senting potential confounders were included in the regression
models: sex, race/ethnicity, serum folate [mg/L], body mass index
(BMI), poverty income ratio (PIR; ratio of self-reported family
income to the US Census poverty threshold), education, fasting
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used in the regression models displayed in Tables 3 and 4.
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Table 1. Sample-weighted statistics for creatinine-adjusted urinary arsenic species [umol/mol Cre] in NHANES 2003-2010 data

Median (25 percentile, 75 percentile)

Arsenic Species Adults

Adolescents Children

DMA
MMA

2.97 (1.97, 4.81)
0.66 (0.42, 1.07)

2.18 (1.55, 3.18)
0.56 (0.37, 0.85)

3.52 (2.54, 5.36)
0.78 (0.50, 1.23)

Cre: creatinine.

time (time elapsed since participant last ate or drank anything
other than water and the time of specimen collection), tobacco/
nicotine use in the five days prior to the physical examination, and
NHANES study cycle. Information for potential confounders was
self-reported, except for BMI (measured during the physical
examination), urinary creatinine, and serum folate. Serum
selenium and plasma homocysteine were not included because
data were available for limited age groups and NHANES study
cycles. Educational attainment for 20-84 year-olds was based on
self-report, but for 6-19 year-olds educational attainment was
based on the highest degree attained among the household
reference person and their spouse. The models were stratified by
age: children (6-11 years), adolescents (12-19 years), and adults
(20-84 years). There were no age predictors in the children and
adolescent models, but because the adult models encompassed a
relatively broad age range, an age predictor was included with the
categories 20-39 years, 40-59 years, and 60-84 years. No
predictor for tobacco/nicotine use was included in the 6-11 years

models because NHANES does not collect this information for this
age group.

Regression models require complete information on all depen-
dent and predictor data for each subject, which were available for
about 8,268 of 10,868 participants in NHANES 2003-2010
depending on arsenic species. Missing data may introduce bias to
model estimates depending on the degree of non-randomness in
the pattern of missingness. To ameliorate this, the original
NHANES survey sample weights were adjusted using the
WTADJUST subroutine of SUDAAN version 11.0.0, which treats
those participants with complete information as a random
subsample of the entire sample. The probability of a sampled
participant being in this subsample was assumed to be a logistic
function of covariates, which was estimated implicitly by
WTADJUST in computing the adjusted analysis weights. Because
all models reported here used analysis weights adjusted in this
manner, results may be considered statistically representative of
the NHANES study population [61].

Table 2. Sample-weighted 25™, 50™, and 75" percentiles for creatinine-adjusted urinary DMA [umol/mol Cre] for NHANES 2003-
2010 data used in the regression models displayed in Tables 3 and 4.

DMA

Adults

Adolescents Children

Percent = LOD Used in Analysis 84.2

Sample Size 75%ile)

Median (25%ile,

87.4 86.0

Median (25%ile,
75%ile)

Median (25%ile,

Sample Size Sample Size 75%ile)

Age at Screening [years]

6-11

12-19

20-39 1,906 2.65 (1.76, 4.32)
40-59 1,758 3.07 (2.05, 5.07)
60-84 1,851 3.30 (2.24, 5.20)
Race/Ethnicity

Mexican American 1,016 3.35 (2.23, 4.99)
Non-Hispanic Black 1,091 2.35(1.58, 3.92)
Non-Hispanic White 2,819 2.84 (1.94, 4.61)
Other Hispanic 381 4.39 (2.89, 6.90)
Other/Multiracial 208 5.18 (3.27, 9.50)
Sex

Female 2,798 3.28 (2.17, 5.26)
Male 2,717 2.65 (1.77, 4.28)

1,044 3.52 (2.54, 5.36)
1,709 2.18 (1.55, 3.18)
498 2.57 (1.86, 3.67) 326 4.28 (3.08, 5.73)
536 1.87 (1.28, 2.80) 288 3.08 (2.24, 4.51)
499 2.05 (1.53, 2.95) 280 3.36 (2.46, 5.03)
101 3.08 (1.86, 4.49) 81 3.85 (2.80, 5.82)
75 3.20 (1.85, 6.67) 69 4.72 (3.15, 8.39)
822 2.29 (1.59, 3.25) 524 3.51 (249, 5.34)
887 2.08 (1.52, 3.07) 520 3.53 (2.62, 5.37)

Cre: creatinine.
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Table 3. Sample-weighted 25™, 50", and 75" percentiles for creatinine-adjusted urinary MMA [umol/mol Cre] for NHANES 2003-
2010 data used in the regression models displayed in Tables 3 and 4.

MMA

Adults

Adolescents Children

Percent = LOD Used in Analysis 32.9

Sample Size 75%ile)

Median (25%ile,

42.4 29.2

Median (25%ile,
75%ile)

Median (25%ile,

Sample Size Sample Size 75%ile)

Age at Screening [years]

6-11

12-19

20-39 1,906 0.60 (0.39, 0.96)
40-59 1,757 0.66 (0.42, 1.14)
60-84 1,851 0.74 (0.49, 1.20)
Race/Ethnicity

Mexican American 1,016 0.66 (0.40, 1.03)
Non-Hispanic Black 1,091 0.44 (0.32, 0.66)
Non-Hispanic White 2,818 0.69 (0.45, 1.11)
Other Hispanic 381 0.73 (0.47, 1.14)
Other/Multiracial 208 0.89 (0.53, 1.35)
Sex

Female 2,798 0.75 (0.47, 1.29)
Male 2,716 0.59 (0.38, 0.90)

1,044 0.78 (0.50, 1.23)
1,709 0.56 (0.37, 0.85)
498 0.58 (0.38, 0.85) 326 0.78 (0.54, 1.36)
536 0.45 (0.29, 0.62) 288 0.64 (0.41, 1.03)
499 0.58 (0.37, 0.87) 280 0.80 (0.50, 1.28)
101 0.58 (0.43, 0.86) 81 0.92 (0.58, 1.32)
75 0.73 (0.49, 1.24) 69 0.83 (0.54, 1.18)
822 0.58 (0.36, 0.91) 524 0.78 (0.49, 1.32)
887 0.55 (0.37, 0.80) 520 0.78 (0.51, 1.18)

Cre: creatinine.

Median & 90" Percentile Diets. The sample-weighted
percentile mass consumed in each food group adjusted for body
weight [kg consumed/kg body weight] was computed by age
stratum from NHANES 2003-2010 data to create a nationally
representative percentile dietary consumption profile. Then, for
cach food group, multiplying the percentile mass by the slope for
urinary arsenic species estimated from the regression models
[nmol/L per kg consumed] produced arsenic species exposure via
the percentile diet for the United States [nmol/L per kg body
weight]. For this analysis, food group consumption was estimated
for the 50" and 90™ percentile diets.

Ethics Statement

The NCHS Research Ethics Review Board (ERB) protected the
rights and welfare of NHANES participants. In accordance with
Federal regulations, the NCHS ERB reviewed and approved
NHANES protocols and any changes made to them: Protocols
#98-12, #2005-06, #2011-17, and their respective continuations.
Signed informed consent was obtained from each participant or
their parent/guardian prior to collecting any data.

Results

Summary Statistics and Demographic Differences

There were 10,868 participants ages 6 years and older in
NHANES 2003-2010. The proportion of participants with
measurements greater than the LOD differed by age stratum
and arsenic species: As(IlI) (2.8-5.3 percent depending on age
stratum); As(V) (3.0-4.9 percent); DMA (84.2-87.4 percent); and
MMA (29.2-42.4 percent). Since the inorganic species data had
such low detection frequency, substantial bias could be introduced
to statistical analysis [62,63]. Therefore, no further results on

inorganic species are reported here, although results from
statistical analyses analogous to those reported for methylated
species are available from the corresponding author upon request.

Table 1 displays the sample-weighted 25", 50%, and 75™
percentiles for creatinine-adjusted urinary molar concentration
[umol/mol Cre] for each arsenic species by age stratum. Across all
age strata, the rank-order for urinary molar concentration was
DMA > MMA, and across all arsenic species concentrations, the
rank-order for age was children > adults > adolescents. The
median molar concentration was highest for DMA in children at
3.52 umol/mol Cre and lowest for MMA in adolescents at
0.56 pmol/mol Cre. For each methylated arsenic species, the
difference in the geometric mean creatinine-adjusted molar
concentration was statistically significant between adults vs.
adolescents and adults vs. children.

Tables 2-3 display the sample-weighted 25™, 50, and 75th
percentiles for creatinine-adjusted molar concentrations of urinary
arsenic species by age stratum, race/ethnicity, and sex for the
same data used in the regression models reported in Tables 4-5.
The statistical significance of differences in urinary arsenic species
between levels of each demographic characteristic were evaluated
in regression models and controlled for all other variables in the
models. For p-values, refer to Tables S2—S3. Urinary DMA was
significantly higher in Mexican Americans and Other/Multiracial
participants in all age strata compared to non-Hispanic Whites,
and significantly elevated among adult and adolescent Other
Hispanics. Among adults, males had significantly lower urinary
DMA than females. Adults 40-59 years and 60-84 years had
significantly elevated urinary DMA compared to 20-39 years
participants. Urinary MMA among adults, adolescents, and
children was significantly lower in non-Hispanic Blacks compared
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to non-Hispanic Whites, and significantly elevated among Other
Hispanic and Other/Multiracial adults.

Slope
65.59
222
11.10
3.14
—0.40

| Food Groups Associated with Urinary Methylated Arsenic

The creatinine-adjusted associations between food group
consumed and urinary arsenic species were estimated with
sample-weighted regression model slopes, which are displayed in
Tables 4-5 (complete tabulation of slopes are in Tables S2-S3),
controlling for potential confounders. To facilitate interpretation,
Tables 4-5 display only the food groups for slopes with p-values =
0.15, ordered by magnitude. The creatinine-adjusted food group
slopes represent the change in urinary molar arsenic concentration
attributable to one additional kilogram consumed of a food group
[nmol/L per kg consumed]. The displayed p-values are from
identical models except that the dependent variable was In-
transformed. No parameter estimates are available for adolescents
and children consuming rice beverage/milk because no NHANES
2003-2010 participants in these age strata reported consuming
this food group.

Several continuous potential confounders were influential
predictors in the regression models (Tables S2-S3; categorical
potential confounders were discussed in the summary statistics
section). Urinary creatinine was a positive and statistically
significant predictor across all age strata and arsenic species.
Serum folate was a significant positive predictor for DMA and
MMA among adolescents. BMI was a statistically significant
negative predictor for DMA among adults and for MMA among
all age strata. Fasting time was a statistically significant negative
predictor for DMA among adolescents and a positive predictor for
[ DMA and MMA among adults.

The largest significant increase in urinary molar concentration
of methylated arsenic species was for DMA (872.55 nmol/L per
kg) attributable to rice cakes/crackers consumed by adolescents
(Table 4). The next largest molar increase among methylated
species was associated with fish consumption among adults:
181.16 nmol DMA/L per kg. The third largest molar increase
was for rice consumption among children at 115.38 nmol DMA/L
per kg, followed by 105.58 nmol DMA/L per kg rice consumed by
adults. At the fifth rank, MMA appears for the first time with
103.04 nmol MMA/L per kg rice cake/crackers consumed by
adolescents (Table 5). The magnitude of association for the
remaining food groups associated with significant increases in
methylated arsenic ranged from 0.14 nmol MMA/L to
101.05 nmol DMA/L per kg for fish; fruits; grain products;
legumes, nuts, seeds; meat, poultry; rice; rice cakes/crackers; rice
beverage/milk (adults only); and sugars, sweets, beverages.

Only one food group was associated with a significant decrease
in methylated arsenic: —0.69 nmol MMA/L per kg milk products
consumed by adults.

Children

Food Group

Rice cakes/crackers

Grain Products

Sugars, Sweets, Beverages

Rice
Eggs

Slope
103.04
11.71
0.47
0.31

Adolescents
Food Group

Rice cakes/crackers
Milk Products

Fruit juice/drink

Rice

Slope
6.45
5.75
1.24
0.14
—0.69

*

Food Group

Rice beverage/milk
Sugars, Sweets, Beverages
Milk Products

MMA
Adults

Rice
Fruits

Arsenic Exposure for the Median & 90" Percentile Diets

Arsenic species exposure [nmol/L per kg body weight (bw)] are
tabulated for the median (Table 6) and 90" percentile (Table 7)
United States diets, where asterisks indicate food groups signifi-
cantly associated with creatinine-adjusted changes in urinary
arsenic species, as shown by the regression model slopes
(Tables 4-5). The net total dietary urinary arsenic species for
each age stratum is also shown.

Median Diet. The net effect of all food groups on urinary
arsenic can be appreciated by combining the regression slopes
quantifying the contribution of each food group to urinary arsenic
with information on the amount of each food group consumed.
For the methylated arsenic species, children (1.28E-2 nmol
MMA/L per kg bw), adolescents (9.32E-3 nmol DMA/L and

WORLD TECHNOLOGIES

Marginally Significant
Marginally Significant

Significant
Significant

p-Value

Table 5. Summary of food groups with MMA regression slope p-values =0.15 (results identical to those in Table S3).

*: Data on rice beverage/milk consumption available for adults only during NHANES 2003-2010.

Complete tabulation of model slopes is in Table S2-S3.

Regression Slope

Sign

Positive

Negative

Significant: p-Value <0.05.

Marginally Significant: 0.05 < p-Value =<0.15.
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Table 6. Sample-weighted change in urinary methylated arsenic species [nmol/L per kg body weight] attributable to consuming

each food group at the median amount estimated from NHANES 2003-2010 data.

DMA MMA
Food Group 2055 2 =i 2054 2l (=]
Milk Products —3.70E-3 —8.21E-3 —7.77E-2 —1.09E-3" 1.37E-3 —4.30E-3
Meat, Poultry 4.17€-3" 1.58E-2" 2.34E-2 —9.46E-4 —4.64E-5 1.16E-3
Eggs — — — — — —
Legumes, Nuts, Seeds =" = — — — —
Grain Products 5.30E-3" 1.06E-2 7.27E-2 —1.28E-3 2.69E-4 1.73€-2"
Fruits — — — — — —
Vegetables —2.05E-3 —2.24E-5 —2.20E-2 4.54E-4 —9.62E-4 1.63E-4
Fats, Oils, Salad Dressings — — — — — —
Sugars, Sweets, Beverages 5.07E-3 —8.85E-3 —3.66E-2 2.45E-3" —2.94E-4 —4.49E-3
Fish - - - — — —
Rice - - - - - —
Rice cakes/crackers — — — — — —
Rice beverage/milk - NA NA - NA NA
Fruit juice/drink — — 4.84E-3 — — 2.93E-3
Water (Not Bottled) At Home — — — — — —
NET TOTAL 8.78E-3 9.32E-3 —3.54E-2 —4.14E-4 3.35E-4 1.28E-2

*: food group significantly associated with urinary arsenic species in regression models reported in Tables 3a and 3b.

—: food group data insufficient to estimate sample-weighted percentile consumption.

NA: rice beverage/milk was only evaluated in adults 20-84 years because no NHANES participants <20 years reported consuming this food group.

Table 7. Sample-weighted change in urinary methylated arsenic species [nmol/L per kg body weight] attributable to consuming
each food group at the 90" percentile amount estimated from NHANES 2003-2010 data.

DMA MMA
Food Group 20-84 12-19 6-11 20-84 12-19 6-11
Milk Products —1.74E-2 —3.45E-2 —2.17E-1 —5.13E-3 5.75E-3 —1.20E-2
Meat, Poultry 1.326-2" 5.38E-2" 7.57E-2 —2.99E-3 —1.58E-4 3.74E-3
Eggs —7.47E-4 2.57E-3 —3.31E-2 —1.69E-3 —3.17E-3 6.61E-3
Legumes, Nuts, Seeds 6.27E-3" 1.95€-2" 2.98E-2 —1.50E-3 1.84E-3 —1.43E-3
Grain Products 1.52E-2" 2.92E-2 1.79E-1 —3.68E-3 7.39E-4 4.26E-2"
Fruits 471E-2" 131E-3 2.41E-1" 4.29E-3" —2.67E-4 5.83E-3
Vegetables —7.39E-3 —1.01E-4 —1.02E-1 1.64E-3 —4.33E-3 7.59E-4
Fats, Oils, Salad Dressings —1.11E-2 —1.90E-3 3.52E-2 —2.12E-3 —1.81E-3 1.31E-2
Sugars, Sweets, Beverages 1.26E-2 —2.53E-2 —1.00E-1 6.10E-3" —8.42E-4 —1.23E-2
Fish 7.26E-2" - — 3.72E-4 — —

Rice . . . . - -

Rice cakes/crackers — = = — = ="

Rice beverage/milk - NA NA - NA NA

Fruit juice/drink —9.83E-4 2.85E-2 1.72E-2 3.13E-3 4,30E-3 1.04E-2
Water (Not Bottled) At Home —4.59E-3 6.79E-3 —2.29E-2 1.07E-3 —2.10E-3 9.65E-3
NET TOTAL 1.25E-1 7.99E-2 1.02E-1 —5.09E-4 —5.92E-5 6.69E-2

*: food group significantly associated with urinary arsenic species in regression models reported in Tables 3a and 3b.

—: food group data insufficient to estimate sample-weighted percentile consumption.

NA: rice beverage/milk was only evaluated in adults 20-84 years because no NHANES participants <20 years reported consuming this food group.
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3.35E-4 nmol MMA/L per kg bw), and adults (8.78E-3 nmol
DMA/L per kg bw) had a net increase in urinary arsenic from the
median diet (Table 6).

Molar contributions from the median diet to net urinary
methylated arsenic species was greatest among children eating
grain products (7.27E-2 nmol DMA/L per kg bw, followed by
1.73E-2 nmol MMA/L per kg bw), followed by DMA in
adolescents eating meat, poultry (1.58E-2 nmol DMA/L per kg
bw). The regression slopes, however, were significant only for
children who ate grain products (DMA slope p-value =0.0333)
and adolescents who ate meat, poultry (DMA slope p-value
=0.0024).

90™ Percentile Diet. Several food groups with positive and
statistically significant regression slopes — fish; fruits; legumes,
nuts, seeds; rice; rice beverage/milk; rice cakes/crackers; and
sugar, sweets, beverages — were not represented or were not
estimable in the median dietary consumption profile, most likely
due to sparse numbers of NHANES participants who reported
consuming these foods. In order to evaluate the influence of high
dietary consumption, we examined the 90" percentile dietary
consumption profile for the United States (Table 7). Fish; fruits;
legumes, nuts, seeds; and sugar, sweets, beverages now appear in
the profile, but rice; rice beverage/milk; and rice cakes/crackers
were still absent across all arsenic species and age strata.

Reviewing the net changes in urinary arsenic species for the 90"
percentile United States diet, methylated arsenic species (Table 7)
increased for adults (1.25E-1 nmol DMA/L per kg bw), adoles-
cents (7.99E-2 nmol DMA/L per kg bw), and children (1.02E-
1 nmol DMA/L per kg bw and 6.69E-2 nmol MMA/L per kg
bw).

Increases in urinary methylated arsenic species for the 90™
percentile diet comprised several food groups with positive and
statistically significant regression slopes. The greatest molar
increase among methylated species was associated with increased
fruit consumption among children (2.41E-1 nmol DMA/L per kg
bw), followed by fish eaten by adults (7.26E-2 nmol DMA/L per
kg bw), meat, poultry eaten by adolescents (5.38E-2 nmol DMA/L
per kg bw), fruits eaten by adults (4.71E-2 nmol DMA/L per kg
bw), grain products eaten by children (4.26E-2 nmol MMA/L per
kg bw), and legumes, nuts, seeds eaten by adolescents (1.95E-
2 nmol DMA/L per kg bw). The next largest increase was
associated with grain products consumed by adults (1.52E-2 nmol
DMA/L per kg bw), followed by meat, poultry (1.32E-2 nmol
DMA/L per kg bw), legumes, nuts, seeds (6.27E-3 nmol DMA/L
per kg bw), sugars, sweets, beverages (6.10E-3 nmol MMA/L per
kg bw), and fruits (4.29E-3 nmol MMA/L per kg bw).

Discussion

This analysis provides the most comprehensive model of
NHANES data characterizing the association of food consumption
with methylated urinary arsenic, while accounting for numerous
potential confounders (urinary creatinine, serum folate, sex, race,
BMI, poverty income ratio, education, fasting time, recent
tobacco/nicotine use, and NHANES study cycle). Our analysis
details which food groups contribute to each urinary arsenic
species and how these dietary contributions vary among age
groups in the US population. Similar to previous studies
examining populations without high arsenic exposure from
drinking water, we found that increased rice and fish consumption
were associated with increased urinary methylated arsenic [36,41—
44.64]. We also found that consuming either home tap water or
fruit juice/drink was not significantly associated with any of the
two urinary arsenic species (Tables S2-S3). The absence of a

significant association with home tap water consumption reflects
the comparatively low concentration of arsenic in United States
drinking water, which averages 2 pug/L [9]. In addition, we
assessed urinary arsenic excretion attributable to dietary sources
based on 50th and 90th percentile rates of food consumption for
the US population in combination with the rates of dietary arsenic
exposure estimated in the regression models.

The methylated arsenic species selected for analysis are
associated with public health concerns for potential carcinogenic-
ity and other adverse health effects [1,2,65]. Of the two
methylated species, DMA was observed at the highest concentra-
tions and detected among the most participants. Rice, rice cakes/
crackers, and fish were the most prominent sources of urinary
DMA (Table 4). Other food groups that contributed significantly
to urinary DMA, but to a lesser degree, were fruits (adults,
children); meat, poultry (adults, adolescents); and legumes, nuts,
seeds (adults, adolescents). For urinary MMA, the most prominent
contributions came from rice cakes/crackers eaten by adolescents
and children, followed by adults consuming rice beverage/milk
and rice (Table 5). Other food groups that contributed signifi-
cantly to urinary MMA were fruits (adults) and sugars, sweets,
beverages (adults).

The food groups and the magnitudes of their contributions to
urinary arsenic species vary markedly with age. For example,
increased fish consumption was associated with the greatest
change in urinary DMA among adults (181.16 nmol DMA/L
per kg), but diminished to 85.14 nmol DMA/L per kg among
adolescents, then to 46.99 nmol DMA/L per kg among children.
The greatest increase in urinary DMA associated with increased
consumption of rice cakes/crackers was among adolescents
(872.55 nmol DMA/L per kg), but diminished sharply to
82.20 nmol DMA/L per kg among children.

Age-dependent variations like these may be due to variation in
the types and amounts of food consumed, and although the USDA
food classification scheme standardizes references to the diverse
cornucopia of food consumed throughout the United States, the
composition of food in each category, which in some cases is
broad, could vary considerably in arsenic content. Consider, for
example, that arsenic in soil varies spatially in relation to
underlying geology, or through anthropogenic deposition associ-
ated with such activities as pesticide application, mining, discharge
of metal processing waste, and fossil fuel combustion [66,67]. The
same type of food harvested in one area may therefore have a
different arsenic species concentration profile than another area.
Rice, for example, varies markedly in arsenic species content
depending on where it is obtained [68], or whether it is brown or
white (polished) rice [69,70]. In the south central United States,
arsenic is present in soil where arsenical pesticides were applied to
cotton crops for decades since the 1930s [71-73]. This acreage has
been given over to rice varieties that provide favorable yields in
arsenical-pesticide-treated soils [74,75], and the relatively high
arsenic content of rice grown in this region may be attributable to
historical arsenical pesticide use [40,76]. Such compositional
variations in dietary exposure may vary sufficiently with age to
affect the statistical association of aggregate food groups with
urinary arsenic species.

Indeed, the potential for exploring exposure to arsenic species
from the numerous USDA food groups represented in NHANES
data has not been exhausted by this analysis. Yet, while examining
narrower food group designations would yield greater specificity,
this would be counterbalanced by diminishing mass attributable to
the food group.

The geographic and age-dependent variation just discussed also
introduces a degree of exposure misclassification that reduces the
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overall statistical power of the study, and this reduction may be
accentuated for food groups that comprise a relatively small
proportion of the diet or a small population subgroup. Similarly,
recall data is less precise than objectively measuring, say, the
amount of arsenic species consumed via each food group [77].

The proportion of analyzed data with urinary concentrations
exceeding the LOD ranged from 29.2 percent for MMA in
children to 87.4 percent for DMA in adolescents (Tables 2-3).
Diminished detection frequency potentially admits statistical bias,
especially since measurements below the LOD were substituted
with a fixed value (the quotient of the LOD divided by the square-
root of 2) [62,63]. In a similar vein, the data are limited to the
extent that NHANES participants consumed sufficient quantities
of each food group to detect a significant change in urinary arsenic
species. Since food groups are consumed disproportionately, it is
possible that underrepresented food groups that were found in the
regression models to not have significant influence on urinary
arsenic species may nevertheless be important dietary sources of
arsenic exposure. The clearest example of this was for rice
beverage/milk, which was not reported consumed by adolescents
and children in the NHANES 2003-2010 cycles and so its
contribution to arsenic exposure could not be evaluated.

Another consideration is that food groups found to have
significant influence on urinary arsenic species may not be
consumed in quantities sufficient to appreciably affect population
exposure. Conversely, food groups with relatively low rates of
association with urinary arsenic may be consumed in great enough
quantities to affect population exposure. We also found that
increased consumption of some food groups was associated with
reductions in urinary arsenic species, so the net effect on urinary
arsenic would be expected to depend on the mix of food groups in
a population’s diet. Alternatively, it is possible the reductions
apparent in the regression model results could have arisen from
bias associated with substituting measurements below LOD with
the quotient of the LOD divided by the square-root of two.

To evaluate the influence of population food consumption
patterns on arsenic exposure, we combined urinary arsenic
regression slopes for food consumption with statistical estimates
of US population consumption of each food group. This approach
highlighted a different set of food groups. For people who eat food
groups at typical rates, as represented by the median diet
(Table 6), increases in urinary arsenic species among adults were
significantly attributable to meat, poultry (DMA); grain products
(DMA); and sugars, sweets, beverages (MMA). Among adoles-
cents, increases in urinary arsenic species were significantly
attributable to meat, poultry (DMA). Among children, increases
in urinary arsenic species were significantly attributable to grain
products (MMA). For people who eat certain food groups at high
rates, as represented by the 90™ percentile dict (Table 7), increases
in urinary arsenic species among adults were significantly
attributable to fish (DMA); fruits (DMA, MMA); grain products
(DMA); legumes, nuts, seeds (DMA); meat, poultry (DMA); and
sugars, sweets, beverages (MMA). Among adolescents, increases in
urinary arsenic species were significantly attributable to legumes,
nuts, seeds (DMA) and meat, poultry (DMA), and among children
to fruits (DMA) and grain products (MMA).

Figure 1 displays inorganic and methylated arsenic species on a
diagram depicting two biotransformation pathways adapted from
Figures 3—7 and 3-8 of ATSDR’s Toxicological Profile for Arsenic
[9], which in turn were adapted from Aposhian et al. [78]
(Pathway I), as well as Hayakawa et al. [79] and Thomas et al. [80]
(Pathway 1II). Although determination of the exact metabolic
pathway(s) for the methylation of inorganic arsenic is still the
subject of study [81], simple attribution of speciated arsenic
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exposure to particular food groups is clouded by the metabolic
interrelationship depicted in Figure 1. The concentration of each
species may increase either directly by exposure to exogenous
dietary or non-dietary sources, or — for As(III), DMA, and MMA
— indirectly by endogenous biotransformation from precursors.
Alternatively, arsenic species may decrease by endogenous
biotransformation to subsequent metabolites. It is therefore
impossible to identify with NHANES data whether the source of
measured arsenic species is exogenous or endogenous. For
example, since methylated arsenic species are end products of
the biotransformation pathways, it would have been desirable if
their concentration — expressed perhaps as DMA or DMA +
MMA — could be interpreted as a measure of cumulative
exposure to inorganic arsenic species, which have usually been of
greatest human health concern. Yet, because methylated species
may arise either from endogenous biotransformation of inorganic
species or from environmental exposure, it cannot be said that
methylated species concentration is a simple proportional measure
of risk from inorganic species. Conversely, the low detection
frequency of inorganic arsenic species among NHANES 2003—
2010 participants does not necessarily indicate an absence of
exposure to these species from diet. While this difficulty in
discriminating endogenous from exogenous sources may admit-
tedly be irrelevant to the ultimate risk posed by all arsenic
exposure, it nevertheless complicates attribution of arsenic species
to specific dietary sources.

Rice is prominent in certain ethnic cuisines, most notably in
Spanish and Asian cooking, while fish is a staple of Asian cooking.
Racial/ethnic patterns in molar concentrations of urinary arsenic
species were compared to non-Hispanic Whites in the linear
regression models, controlling for all other predictors in the models
(Tables S2-S3). Mexican Americans across all age strata had
significantly elevated urinary DMA molar concentrations com-
pared to non-Hispanic Whites. Other Hispanic adults and
adolescents had significantly elevated urinary DMA molar
concentrations, while Other Hispanic adults had significantly
elevated urinary MMA. Also, although comprising a relatively
small number of participants, Other/Multi-Racial participants
(which include those of Asian ethnicity) across all age strata had
significantly elevated urinary DMA, while Other/Multi-Racial
adults had significantly elevated urinary MMA molar concentra-
tions. These racial/ethnic elevations may be attributable to ethnic
dietary patterns favoring arsenic-rich food groups like rice and fish
(although diet would have been accounted for to a fair degree by
the food group predictors included in the regression models),
racial/ethnic differences in biotransformation of arsenic species, or
a combination. Further research is needed to elucidate the causes
for these racial/ethnic differences.

We evaluated the relative impact of different demographic and
dietary factors on urinary arsenic species. Including urinary
creatinine concentration as a predictor variable in all regression
models accounted for varying rates of fluid consumption and
excretion, as well as varying duration of when the urine specimen
accumulated before micturition [62,82]. Additionally, fasting time
and serum folate were included in the regression models and found
to be statistically significant predictors in several models. Serum
folate’s statistical significance was consistent with its demonstrated
role in metabolic methylation of arsenic [21]. Other contemporary
analyses of NHANES data examining dietary exposure to arsenic
have omitted fasting time and serum folate [42,43,83,84]. In
addition, although availability of NHANES data on selenium and
serum homocysteine was too restrictive for the scope of our
analysis, future research should consider including these measure-
ments because of their role in arsenic metabolism [17,19,21,22].
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ENDOGENOUS BIOTRANSFORMATION

Pathway I

As(V) As(lll)

Pathway I1

(AS(III)

As(V)

—> MMA —> DMA

MMA

DMA

DMA

lMMA

EXOGENOUS EXPOSURE

Figure 1. Biotransformation pathways for arsenic species As(lll), As(V), DMA, and MMA.

The large size of the NHANES sample used for this study —
approximately 8,300 participants— not only permitted control for
several potential confounders in the statistical analysis, but also
allowed age-stratified analyses, which revealed different excretion
patterns among age strata. The data used in this report also
comprise the largest number of NHANES cycles used for
examining dietary exposure to arsenic compared to other
contemporary analyses [42,43,83,84].

Conclusions

In a comprehensive evaluation of dietary sources of arsenic
exposure in a representative sample of the United States civilian,
non-institutionalized population observed 2003-2010, certain food
groups were found to have been significantly associated with
increases in urinary methylated arsenic species concentration: fish
(DMA); fruits (DMA, MMA); grain products (DMA, MMA);
legumes, nuts, seeds (DMA); meat, poultry (DMA); rice (DMA,
MMA); rice cakes/crackers (As(I1I), DMA, MMA); sugars, sweets,
beverages (MMA). Rice beverage/milk (DMA, MMA) contributed
significantly among adults, but this food group could not be
evaluated for the other age strata because child and adolescent
NHANES participants during the 2003-2010 study cycles did not
report consuming this food group. Different food groups in each
age stratum contributed to each arsenic species with differing
magnitudes. Fruit juice/drinks and home tap water were not
significantly associated with changes in urinary arsenic.

This study also examined how dietary exposure to arsenic
species depends on the amount consumed of each food group, as
represented by typical (median) and high (90" percentile) dietary
intake patterns in the United States. This perspective focused
attention on a subset of food groups. At typical (median) dietary
intakes, statistically significant sources of arsenic species were:
grain products; meat, poultry; and sugars, sweets, beverages. At
high (90" percentile) dietary intakes, statistically significant sources
of arsenic species were: fish; fruits; grain products; legumes, nuts,
seeds; meat, poultry; and sugars, sweets, beverages. Dietary intakes
of these food groups were also found to vary between age strata.

Supporting Information

Table S1 USDA Food Codes and Logic for Apportioning
Dietary Intake. To prepare the data for analysis, we summed
the mass consumed in each food group so that each participant
was represented by a single record describing their dietary intake
for the previous 24 hours. Each participant’s dietary intake was
first apportioned over nine food groups: milk products; meat,
poultry; eggs; legumes, nuts, seeds; grain products; fruits;
vegetables; fats, oils, salad dressings; and sugars, sweets, beverages.
In addition, we distinguished several food subgroups known or
suspected of concentrating arsenic from the environment: fish
(USDA food codes 261, 262, and 263, comprising both shellfish
and finfish); rice (comprising multiple food codes equivalent to the
rice food subgroup defined by the USDA Food Surveys Research
Group); rice cakes and crackers (comprising multiple food codes);
rice beverage and milk (USDA food code 92205000); and fruit
juice and drink (comprising multiple food codes). Each of these
subgroups is a constituent of a broader food group in the USDA
food code hierarchy, so to avoid double counting the mass
consumed in these subgroups was subtracted from the mass
consumed in their respective food group. The food codes and logic
for apportioning dietary intake are detailed in Table S1. We
distinguished one more food subgroup of special interest as a route
of arsenic exposure: water (not bottled) consumed at home (i.e.,
residential tap water) as an additional food subgroup. This
subgroup was identified when the food code equaled 940 and
the subject answered “yes” to whether water (not bottled) was
consumed at home. Water (not bottled) is a constituent of the
sugars, sweets, and beverages group (USDA food code 9), so for
each participant, the mass consumed at home of water (not
bottled) was subtracted from the mass consumed of the sugars,
sweets, and beverages group to avoid double counting.

Table $2 Change in urinary DMA [nmol/L per kg]
attributable to mass consumed estimated from sample-
weighted, multiple regression models of NHANES 2003-
2010 data. Estimates adjusted for urine volume by including
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urinary creatinine as a predictor in the models. Slopes are in units
of nmol arsenic species/L per kg food consumed. CI: confidence
interval HS: high school. NA: rice beverage/milk was only
evaluated in adults 20-84 years old because no NHANES
participants <20 years old reported consuming this food group.
YO: years-old. a: p-Values estimated from identical models where
the dependent variable was In-transformed urinary arsenic species.
Hypothesis tests represent comparisons with a slope equal to zero.

Table S3 Change in urinary MMA [nmol/L per kg]
attributable to mass consumed estimated from sample-
weighted, multiple regression models of NHANES 2003-
2010 data. Estimates adjusted for urine volume by including
urinary creatinine as a predictor in the models. Slopes are in units
of nmol arsenic species/L per kg food consumed. CI: confidence
interval. HS: high school. NA: rice beverage/milk was only
evaluated in adults 20-84 years old because no NHANES
participants <20 years old reported consuming this food group.
YO: years-old. a: p-Values estimated from identical models where
the dependent variable was In-transformed urinary arsenic species.
Hypothesis tests represent comparisons with a slope equal to zero.
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Abstract

Introduction: Little information is available on malnutrition-related factors among school-aged children =5 years in
Ethiopia. This study describes the prevalence of stunting and thinness and their related factors in Libo Kemkem and Fogera,
Amhara Regional State and assesses differences between urban and rural areas.

Methods: In this cross-sectional study, anthropometrics and individual and household characteristics data were collected
from 886 children. Height-for-age z-score for stunting and body-mass-index-for-age z-score for thinness were computed.
Dietary data were collected through a 24-hour recall. Bivariate and backward stepwise multivariable statistical methods
were employed to assess malnutrition-associated factors in rural and urban communities.

Results: The prevalence of stunting among school-aged children was 42.7% in rural areas and 29.2% in urban areas, while
the corresponding figures for thinness were 21.6% and 20.8%. Age differences were significant in both strata. In the rural
setting, fever in the previous 2 weeks (OR: 1.62; 95% Cl: 1.23-2.32), consumption of food from animal sources (OR: 0.51; 95%
Cl: 0.29-0.91) and consumption of the family’s own cattle products (OR: 0.50; 95% Cl: 0.27-0.93), among others factors were
significantly associated with stunting, while in the urban setting, only age (OR: 4.62; 95% Cl: 2.09-10.21) and years of
schooling of the person in charge of food preparation were significant (OR: 0.88; 95% Cl: 0.79-0.97). Thinness was
statistically associated with number of children living in the house (OR: 1.28; 95% Cl: 1.03-1.60) and family rice cultivation
(OR: 0.64; 95% Cl: 0.41-0.99) in the rural setting, and with consumption of food from animal sources (OR: 0.26; 95% Cl: 0.10-
0.67) and literacy of head of household (OR: 0.24; 95% Cl: 0.09-0.65) in the urban setting.

Conclusion: The prevalence of stunting was significantly higher in rural areas, whereas no significant differences were
observed for thinness. Various factors were associated with one or both types of malnutrition, and varied by type of setting.
To effectively tackle malnutrition, nutritional programs should be oriented to local needs.
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Introduction The two main anthropometric indicators used to define
malnutrition— stunting, and wasting or thinness— represent

Adequate nutrition is essential during childhood to ensure different histories of nutritional insult to the child. Linear growth

healthy growth, proper organ formation and function, a strong
immune system, and neurological and cognitive development [1].
Nutritional status has a major impact on children’s survival mainly
due to the synergistic relationships between malnutrition and
diseases [2,3]. In Eastern and Southern Africa, malnutrition is a
major underlying cause of the persistently high child mortality,
contributing to more than a third of all deaths among children

retardation (chronic malnutrition or stunting) is frequently
associated with repeated exposure to adverse economic conditions,
poor sanitation, and the interactive effects of poor nutrient intakes
and infection. Low weight-for-height or low body mass index
(BMI) for age (acute malnutrition, wasting or thinness) is generally
associated with recent illness and/or food deprivation [5].

The causes of childhood malnutrition are diverse, multidimen-
under age 5 [4]. sional, and interrelated. An analytical framework suggested by the
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United Nations Children’s Fund (UNICEF) categorizes the causes
into (a) immediate causes: inadequate dictary intake and illness, (b)
underlying causes: insufficient access to food in a household;
inadequate health services and unhealthy environment; and
inadequate care for children and women at the household level,
and (c) basic causes: insufficient current and potential resources at
societal level [6]. In Sub-Saharan Africa, various indicators of
social economic status have been associated with children’s
nutritional status, such as maternal and paternal educational
level, parental income, and family assets [7-9]. In addition, child
nutrition outcomes in developing countries have been character-
ized by large rural-urban disparities over the last few decades [10].

In Ethiopia, child malnutrition continues to be a major public
health problem. According to the Ethiopian National Demo-
graphic Health Survey (2011), the prevalence of both wasting and
stunting in children under 5 years is very high (10% and 44%
respectively) [11], while the situation in older children is not so
well known [12,13]. Furthermore, rural-urban disparities in child
nutrition, as well as growing urbanization that results in increasing
inequalities in urban areas, underlines the need to improve our
knowledge of the main drivers of urban-rural differences [14].

The Amhara Region is one of the four primary agricultural
regions in Ethiopia [15], and most households rely upon livestock
and crop sales to generate cash income. This region, and especially
the Tana Zuria Zone, has a moderate population density, fertile
soils and good rainfall. For this reason, it is amongst the most food
self-sufficient regions in the country [16]. Despite this good
regional profile, other factors may be determining the high
prevalence of infant malnutrition in this area [17]. According to
the Food and Agriculture Organization of the United Nations
(FAO), the four pillars of food security are food availability,
stability of the food supply, food access and the utilization of food
by the body [18]. In our context, availability is strongly affected by
seasonality; many households are only able to produce sufficient
food to meet their food requirements for less than six months of
the year [19]. Food access may be affected by market conditions,
but also by cultural and religious practices. For example, the high
number of fasting days commemorated by the Ethiopian
Orthodox Church, the main religion in the country, may have
repercussions on the nutritional status of the community,
particularly in rural Ethiopia [20].

Even if people get enough to eat, good nutrition requires access
to a sufficient, supply of varied, safe and nutritious food to meet
daily nutritional requirements [21]. Although diet diversity
questionnaires are extensively used in Ethiopia to investigate
relationships between food intake and nutritional status, there is
limited knowledge of nutrition outcomes, dietary practices and
socioeconomic factors among school-aged children in this specific
context [17].

The present study aimed to [22] describe the prevalence of
stunting and thinness, and their related factors, including dietary
habits, and [23] document the differences in nutritional status
across urban and rural areas accounting for household and
individual characteristics in school-aged children in Libo Kemkem
and Fogera, Amhara regional State, Ethiopia.

Material and Methods

Study area and population

The study was carried out during May—June 2009 in the
districts (woredas) of Libo Kemkem and Fogera (Amhara regional
state, Ethiopia). Libo Kemkem and Fogera woredas are located in
the Tana Zuria Livelihood Zone, within the Amhara Regional
State, northwestern Ethiopia at an altitude of 2,000 m above sea

level. According to the 2009 census, the population was 198,374
and 226,595 for Libo Kemkem and Fogera, respectively.

These two districts are located in a black cotton clay soil flat
plain. Temperatures are relatively high, but rainfall is unusually
abundant, with a mean of 1173 mm per annum. Agricultural
activities are dependent on a single rainy season (from June to
September). Maize, barley and millet are the main food crops,
while rice, vetch and chickpea are the main cash crops. Livestock
holdings in sheep and cattle are relatively modest, but livestock
and butter sales make a substantial complement to the predom-
inant crop sales. The major hazards to crop production and
livestock are pests, occasional flooding, and zoonosis such as
anthrax, trypanosomiasis, pasteurellosis and black leg [16].

Study design

This cross-sectional survey was part of a UBS Optimus
Foundation funded project called Visceral Leishmaniasis (VL)
and Malnutrition in Amhara State, Ethiopia. Among its specific
objectives, the project aimed to characterize nutritional, immu-
nological, and parasitological factors in school-aged children in the
districts of Fogera and Libo Kemkem. Other methodological
aspects have previously been published [24—26].

Sampling was carried out by multistage cluster survey. A total of
886 children aged 4 to 15 years were recruited. Primary sampling
units were sub-districts (kebeles) with a high incidence of VL
according to the 2008 register of the Addis Zemen VL Treatment
Centre: one urban (Addis Zemen) and the rest rural: Bura, Yifag
Akababi and Agita from Libo Kemkem, and Sifatra and Rib
Gebriel from Fogera. Secondary sampling units were randomly
selected villages (gotts) in each of the selected sub-districts. Third-
stage sampling units were randomly selected households in each of
the villages. All children with reported age between 4 and 15 years
living in the household at the time of the survey were recruited.
Sample size was calculated according to previous estimates of
malnutrition for children under age 5 in the area and taking into
account a design effect of 2, corresponding to the complex design.

Data collection

All children were measured and weighed according to standard
WHO procedures [27]. Weight was measured to the nearest
0.1 kg on a battery-powered digital scale (SECA 881©). Standing
height was measured to the nearest 0.1 cm using a portable adult/
infant measuring unit (PE-AIM-1010©).

A pre-tested questionnaire translated into Ambharic, the local
language, was administered to the caretaker/head of household
(HH) of each child in the study by trained medical personnel
(nurses and health officers).

We asked about individual demographic characteristics, health
status and behavior determinants. The following household
variables were also recorded: household socio-demographic
characteristics, person in charge of food preparation (PCFP),
house construction material and assets (land and cultivation,
domestic animal assets) and community variables. Dietary data
was collected through a 24-hour diet recall.

Statistical analysis

Stunting and thinness were the main outcomes of interest,
defined as height-for-age z-score (HAZ) <—2 and BMI-for-age z-
score (BAZ) <—2 respectively. The z-scores were calculated using
the WHO 2007 reference (for children =5 years) and the WHO
Growth Standards (for children <5 years old), both computed by
WHO Anthro Plus software.

The dietary data collected through the 24-hour diet recall were
computed into 9 food groups (1. Basic staples, 2. Vitamin A rich
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fruits and vegetables, 3. Other fruits, 4. Other vegetables, 5.
Legumes and pulses, 6. Meat or Fish, 7. Oil, 8. Dairy and 9. Eggs)
based on the FAO/FANTA Household Dietary Diversity Ques-
tionnaire and Guidelines [21].

Frequencies and percentages were used to summarize data and
to explore the differences between rural and urban communities.
These differences were assessed by Student’s t-test and 2 tests for
continuous and categorical variables, respectively.

Bivariate analyses for thinness and stunting and their related
factors were performed, with stratification by setting. Age and sex,
considered biologically relevant, and all variables associated with
cach of the outcomes at the p<<0.10 level were included in the
multivariable analysis. Logistic regression models stratified by
setting for stunting and thinness were obtained by using a manual
backward stepwise procedure. P-values less than or equal to 0.05
were considered statistically significant.

Data analysis was performed using Anthro Plus v1.02 (WHO,
Geneva, Switzerland) and SPSS version 18.0 (SPSS Inc., Chicago,
[llinois, USA).

Ethical considerations

The study was approved by the ethical review boards of the
Instituto de Salud Carlos III (ISCIII), the Armauer Hansen
Research Institute, and the Ethiopian National Ethical Review
Committee. Support letters were obtained from the Ambhara
Regional State and the woreda health bureaus. Parents/guardians
gave written informed consent before enrollment of their children
in the study.

Results

Description of the sample

The study included a total of 886 children aged 4 to 15 years, of
which 462 (52.0%) were males. Around 80% lived in the rural
setting and 50.6% presented malnutrition. The prevalence of
malnutrition was significantly higher in rural than in urban
communities (53% and 42.1% respectively; p = 0.006).

The mean HAZ and BAZ for the overall study population were
below the WHO references [28], —1.62 (SD =1.34, range —6.12—
5.74, p=0.05) and —1.28 (SD = 1.00, range —4.95-3.82, p=0.05),
respectively.

Individual characteristics, including demographic data, nutri-
tional status and diet habits are summarized in Table 1,
disaggregated by rural and urban strata.

There were several differences between children living in rural
and urban settings regarding child health status, behavior and
dietary habits. Children living in rural areas slept under a bed net
less frequently than urban children (41.1% vs. 67.4% respectively,
p<<0.001). On the day before the survey, 18.1% of children in the
rural setting had consumed food from animal sources vs. 64% of
those in the urban setting.. The proportion of children who had
consumed food from four or more food groups was 16.3% vs.
39.9%, respectively (p<<0.001 for each comparison).

Household characteristics are summarized in Table 2. The
proportion of rural households that owned land was 97.6% vs.
10.1% in urban households, while the corresponding figures for
ownership of domestic animals or chickens were 96.3% vs. 36.5%,
respectively (p<<0.001 for each). The distribution of the rest of the
socio-demographic and household variables but one (years of
education of the HH) also differed significantly between urban and
rural areas.

Food Science, Health and Nutrition

Chronic malnutrition

The prevalence of stunting was 42.7% in the rural setting and
29.2% in the urban setting (p =0.001).

Chronic malnutrition in rural communities. In the
bivariate analysis (T'able S1), the prevalence of chronic malnutri-
tion was similar in males and females, however it was significantly
higher inchildren age 10 and over than in those under 10 years of
age (OR: 2.28; 95% CI: 1.66-3.11) in the rural group. Stunting
was significantly more frequent in children with a previous history
of splenomegaly (OR: 2.26; 95% CI: 1.11-4.59) or fever (OR:
1.59; 95% CI: 1.15-2.18), and less common in those who slept
under a bed net (OR: 0.68; 95% CI: 0.50-0.92) or herded the
cattle (OR: 0.70; 95% CI: 0.52-0.95). Regarding dietary habits in
rural communities, the consumption of vitamin A rich fruits and
vegetables and the consumption of any meat or fish the day before
the survey were associated with a lower prevalence of chronic
malnutrition (OR: 0.34 (95% CI: 0.13-0.93) and OR: 0.59 (95%
CI: 0.36-0.97), respectively).

Results from the multivariable logistic analysis are presented in
Table 3. The difference between the two age groups remained
significant in the final model (OR: 3.12; 95% CI: 2.15-4.51),
showing that the prevalence of chronic malnutrition was higher in
children age 10 and over. Children with fever in the two weeks
prior to the survey were 1.62 times more likely to be stunted (95%
CI: 1.23-2.32). Herding cattle (OR: 0.43; 95% CI: 0.30-0.63) and
the consumption of any food from animal sources (OR: 0.51; 95%
CI: 0.29-0.91) showed a significant negative association with
stunting. With regard to household socio demographic character-
istics, children from rural areas were 2.97 times more likely to have
chronic malnutrition if the HH was female (95%CI: 1.47-5.98).
The number of people living in the house was positively associated
with the prevalence of stunting (p = 0.042), while millet production
(OR: 0.50; 95% CI: 0.27-0.93) and consumption of products from
the family’s own cattle (OR: 0.67; 95% CI: 0.46-0.96) were
negatively associated.

Chronic malnutrition in urban communities. In the
urban setting, the significant age differences (OR: 3.73; 95% CI:
1.89-7.39) found in the bivariate analysis occurred in the same
direction as in the rural area (Table S1). Furthermore, the
prevalence of stunting was significantly higher among children
living in a house where the HH (OR: 1.58; 95% CI: 1.00-2.53) or
the PCFP (OR: 1.60; 95% CI: 0.99-2.66) had not attended school.

Table 3 summarizes the results adjusted by logistic regression.
Older children were more prone to stunting than younger children
(OR: 4.62; 95% CI: 2.09-10.21). Years of school attendance of the
PCFP was negatively associated with chronic malnutrition among
children living in urban communities (OR: 0.88; 95% CI: 0.79
0.97).

Acute malnutrition

The prevalence of thinness was 21.6% in the rural setting and
20.8% in the urban setting (p>0.05).

Acute malnutrition in rural communities. In the bivariate
analysis (Table S2), the prevalence of acute malnutrition was
higher in children age 10 and over (OR: 4.74; 95% CI: 3.24-6.94)
and among boys (OR: 1.58; 95% CI: 1.18-2.12). Children from
rural communities who herded the cattle were 2.43 times more
likely to be thin (95%CI: 1.63-3.61) than those who did not. The
number of children living in the house (p=0.007) and teff
cultivation (OR: 1.53; 95% CI: 1.02-2.30) were positively
associated with higher prevalence of thinness, while living with a
HH under 40 years old and rice farming showed an inverse
association with thinness (OR: 0.75; 95% CI: 0.56-0.99 and 0.63;
95% CI: 0.42-0.95, respectively).
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Table 1. Individual characteristics, behavioral determinants and dietary habits of school-aged children in rural and urban areas of
at Libokemkem and Fogera districts, Ethiopia, May-June 2009.
CHARACTERISTICS RURAL (n=711) URBAN (n=178) p value
No. (%) No. (%)
Sex (female) 339 47,68 88 49,44 0,676
Age group (=10 years) 259 36,43 58 32,58 0,193
Stunting 302 42,66 52 29,21 0,001
Wasting 153 21,61 37 20,79 0,450
Splenomegaly 34 4,79 1 0,56 0,004
Fever in the last 15 days 223 31,41 37 20,79 0,003
Sleeps under a bed net 292 41,13 120 67,42 <0.001
Herds the cattle 413 58,17 7 3,93 <0.001
Consumption on day before survey of:
Food of animal source 129 18,14 114 64,04 <0.001
Basic staples 708 99,58 178 100 0,511
VitA rich fruits and vegetables 24 3,38 1 6,18 0,071
Other fruits 0 0 3 1,69 0,008
Other vegetables 53 7,45 22 12,36 0,029
Legumes and pulses 643 90,44 106 59,55 <0.001
Meat/fish 79 11,11 103 57,87 <0.001
Qil 644 90,58 166 93,26 0,164
Dairy 53 7,45 15 843 0,381
Eggs 5 0,7 5 2,81 0,032
5 or more food groups 28 3,94 16 8,99 0,007
4 or more food groups 116 16,32 71 39,89 <0.001
Mean s.d. Mean s.d. p value
Sum of food groups 3,12 0,60 342 0,77 <0.001

After adjusting for socio demographic and household charac-
teristics in the model, sex differences lost significance, and the
relationship between thinness and age was slightly weakened (OR:
4.11; 95% CI: 2.74-6.16) (Table 4). Children from rural
communities were significantly less likely to be thin if the HH
was female (OR: 0.40; 95% CI: 0.16-0.70). The number of
children living in the house showed a positive relationship with
thinness in this setting (p = 0.027), while children from households
that cultivate rice were less likely to be thin (OR: 0.64; 95% CI:
0.41-0.99).

Acute malnutrition in urban communities. In the bivar-
iate analysis (Table S2), no significant associations with thinness
were found apart from age group (OR: 2.76; 95% CI: 1.13-5.80).

After adjusting the analysis, age group remained significantly
related to thinness (OR: 3.67; 95% CI: 1.63-8.30). Food
consumption from animal sources on the day before the survey
was inversely associated with acute malnutrition (OR: 0.26; 95%
CIL: 0.10-0.67) and thinness prevalence was lower among in
households headed by literate persons (OR: 0.24; 95% CI: 0.09—
0.65) (Table 4).

Discussion

Our study shows that there is a high prevalence of stunting
(39.8%) and thinness (21.4%) among school-aged children in Libo
Kemkem and Fogera regions of Ethiopia. The prevalence of
stunting was significantly higher in rural areas (42.7% vs. 29.2%),

but no significant differences were observed for thinness. These
results are similar to those observed in other developing countries
[29]. Various intermediate and distal factors like age, consumption
of food from animal sources and family size were associated with
both types of malnutrition in one or both settings. Other
determinants such as years of school attendance of the PCFP
and consumption of the family’s own cattle products were related
to only one kind of malnutrition. Although malnutrition among
pre-school children has been well documented in Ethiopia
[5,30,31], to our knowledge this is the first research to assess
factors related to acute and chronic malnutrition stratified by
setting in school aged children. These results may assist
stakeholders in planning and undertaking contextual and evi-
dence-based policy initiatives.

We found that the probability of a child being malnourished
increases with age. Age-group differences were significant in both
strata for stunting and thinness. No sex differences were found in
either strata. As children mature, household socioeconomic
characteristics may emerge in conjunction with behavioral and
biological variables as important risk factors [32].

Chronic malnutrition

The prevalence of stunting in rural areas in our study was
higher (42.7%) than that found in a study conducted in the same
age group in rural settings of Fogera in 2012 (30.7%) [33]. Our
study was carried out in 2009, which may partially explain this
difference due to possible improvements in local conditions;
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districts, Ethiopia, May-June 2009.
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Table 2. Parental and household characteristics of school-aged children in rural and urban areas of Libo Kemkem and Fogera

RURAL (n=711)

URBAN (n=178)

CHARACTERISTICS p value
No. (%) No. (%)
Sex head of household (HH)
Female 52 7.31 75 4213 <0.001
Age HH
=40 years 351 49.72 65 36.93 0.008
HH literacy (read and write)
Yes 282 39.83 97 54.49 <0.001
Person in charge of food preparation (PCFP)
Wife or HH(she) 690 97.05 144 80.9 <0.001
Other 21 295 34 19.1
Years of HH education Mean s.d. Mean s.d. p value
2.70 12.6 4.27 4.92 0.106
Years of education of the PCFP
0.22 1 3.30 4.53 <0.001
Number of people living in the house
6.41 1.71 5.24 1.58 <0.001
Number children in the house
2.85 1.13 217 0.89 <0.001
Does the household own land? No. (%) No. (%) p value
Yes 694 97.61 18 10.11 <0.001
Have domestic animals or chickens?
Yes 685 96.34 65 36.52 <0.001
Does the household....
cultivate teff?
Yes 481 67.65 4 225 <0.001
cultivate rice?
Yes 231 3249 2 1.12 <0.001
cultivate millet?
Yes 70 9.85 5 2.81 <0.001
cultivate beans?
Yes 22 3.09 1 0.56 0.038
consume products from their own cattle?
Do not consume own cattle products 224 31.68 0
Consume own cattle products 419 59.26 1 6.29 <0.001
Do not have cattle 64 9.05 164 93.71
consume products from their own goats?
Do not consume own goat products 35 4.96 0
Consume own goat products 34 4.82 7 3.93 0.008
Do not have goats 637 90.23 171 96.07
consume products from their own sheep?
Do not consume own sheep products 62 8.81 2 1.12
Consume own sheep products 90 12.78 6 337 <0.001
Do not have sheep 552 7841 170 95.51
consume products from their own chickens?
Do not consume own chicken products 80 11.28 2 1.12
Consume own chicken products 343 48.38 47 26.40 <0.001
Do not have chickens 286 40.34 129 7247
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Table 3. Cont.

178)

URBAN (N

711)

RURAL (N

VARIABLES

p value

n (%) AOR 95% CI

p value

95% CI

AOR

n (%)

1

52 (30.41)

277 (43.69)

Do not consume own products

Does the family consume

products from their own goats?

N.A.
N.A.

0

0.090
0.833

(0.12-1.16)

037
0.92

16 (45.71)
8 (23.53)

Consume own products

(0.43-1.96)

Do not have goats

*day before the survey.
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another reason may be that children in the Fogera study had to be
enrolled in school in order to participate, which could result in
selection bias. In addition, our sampling was done in sub-districts
with a high incidence of VL, a characteristic that may be
associated with fewer resources and worse health status in
children. The prevalence of chronic malnutrition in the urban
area (29.2%) could not be compared to previous data due to the
lack of research targeting this particular age group in this setting.

In rural communities, the setting with the highest stunting
prevalence, we found several factors associated with chronic
malnutrition: age group, fever in the previous 15 days, herding the
cattle, consumption of any food from animal sources, sex of the
HH, family size, cultivation of millet and consumption of the
family’s own cattle products. These factors should be considered
when targeting chronic malnutrition in this region.

Children who had fever in the previous 15 days were 62% more
likely to be stunted than those who did not. Infection and
malnutrition are intricately linked through extensive, synergistic,
antagonistic, and cyclical interactions [34,35]. Although our study
area is known to be a low endemic area for malaria and
leishmaniasis [25,36], other specific infections associated with
malnutrition (such as chronic parasitic infestations) are highly
prevalent [37,38]. Infectious diseases manifested in the form of
fever affect both dietary intake and utilization, which may affect
child growth. Not having empirical data on specific infections is a
limitation, but we considered fever in the previous 15 days could
act as a proxy for non-specific infection. On the other hand,
stunted growth and related immunosuppression may lead to
intermittent fever [39].

In our research, children who herd the cattle were less likely to
be stunted. This could be explained by better activity levels in non-
stunted children, given that stunted children show behavioral
differences in early childhood including apathy and reduced
activity, play and exploration [40].

Finally, children from households with millet farming and from
families who consume their own cattle products were less likely to
be stunted in rural communities. Although most rural families own
land and animals (97.6% and 96.3% respectively), we observed
that they do not consume their own products as often. Only 11.1%
of the children had eaten any meat or fish over the last 24 hours,
while 99.6% and 90.4%, respectively, had consumed basic staples
and legumes and/or pulses respectively. In Ethiopia, child diet is
based mainly based on plant foods like the traditional Ethiopian
staple food called “injera”, a yeast-risen flatbread made of a blend
of cereals, usually served with legumes or pulses. This may not
provide all the nutritional requirements of children [41]. We are
aware that market access in this livelihood zone is poor; moreover
what little trade interaction exists is restricted to cash crops that
are attractive for their high price (i.e. rice and teff), while other
essential crops cultivated mainly for personal consumption face
disincentives [16,42].

In urban communities, age group and years of school of the
PCFP were significantly associated with chronic malnutrition in
children. This educational factor may operate indirectly to affect
children’s nutritional status by determining the quality of the
child’s diet, care and physical environment [30]. The level of
education of the PCFP may have a positive impact on his/her
knowledge on food facilities, controlling contamination, time and
temperature parameters for controlling pathogens, and advice on
good dietary habits [43].

Acute malnutrition
The prevalence of acute malnutrition in the rural settings of
Fogera and Libo Kemkem was 21.6%. The prevalence of
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underweight found in the study conducted in Fogera was 37.2%
[33]. These results cannot be directly compared as different
anthropometric indices were used. And again, we did not find any
data on thinness to compare with our results in the urban
population.

In rural settings, age group, sex of the HH, number of children
in the house and rice cultivation were factors associated with
thinness. The number of children in a household and the
prevalence of thinness were positively associated. Larger family
size may put children at higher risk for acute malnutrition, which
could be due to the imbalance between family size and resources
[44].

Those whose families cultivate rice were less likely to be thin in
rural communities. In this zone, rice production might be acting as
a proxy for better socioeconomic status, as rice consumption is
relatively recent but is one of the main cash crops in the area [16].
The low consumption of animal source foods and its association
with acute malnutrition has been previously identified as a major
contributing factor to delayed growth in children [45] and
suboptimal dietary practices among adolescents in Ethiopia [17].

In urban areas, children with a literate HH were 4 times less
likely to be thin than those living in houses headed by illiterate
adults. Some studies have shown that parental education is
associated with more efficient management of limited household
resources, improved utilization of available health care services,
and better health-promoting behaviors, all of which are associated
with better child nutrition [46,47]. This result is similar to what we
previously observed for stunting and PCFP years of education in
the urban setting. A possible explanation could be the existence of
an educational gap in urban but not in rural areas.

Stunting versus thinness: associated factors

Clear differences among risk factors for stunting (Table 3) and
thinness (Table 4) emerged from this study. The literature on the
causes of stunting is vast, and conventional thinking is summarized
in the Lancet series on maternal and child under-nutrition [48].
Recognized causal factors include prenatal and postnatal periods.
Stunting is seen as closely tied to poverty and access to services.
Less knowledge is available on risk factors for thinness [1]. In our
research, risk factors for chronic malnutrition encompass a wide
range of variables.. The relatively consistent pattern of related
factors for stunting suggests that continued exposure to adverse
conditions retards children’s linear growth. Conversely, the greater
diversity observed in the factors associated with thinness is
consistent with the fact that a relatively short period of risk
exposure can precipitate its onset in children [32].

In rural communities, children from male-headed households
were more likely to be thin than children from female-headed
households (p=0.043), while stunting was significantly more
frequent in female-headed households (p =0.002). The disparate
sample size in rural and urban areas may have influenced these
results. However, the result in the rural area is consistent with the
study conducted in North Ethiopia by Haidar et al. [49]. This
study found a significantly higher proportion of stunted and
underweight pre-school children in female headed-households,
whereas the prevalence of thinness was similar [48-50]. Women
who are single HH may be removed from their support structures
and may face constraints in accessing services, including food, as a
result of insecurity, cultural discrimination and limited mobility
[48,50]. This situation may have a long-term impact in child
nutrition.

Food Science, Health and Nutrition

Rural versus urban: associated factors

Ethiopia remains one of the least urbanized countries in the
world [42]. Globally, malnutrition is less common in urban areas
[2,31]. We found that malnutrition in rural communities was
associated with food habits and the lack of material resources
whereas in the urban area, it was better predicted by socio
demographic factors. Inequalities in child health outcomes are
known to vary between rural and urban areas, and are often due
to unequal allocation of resources [51].

Significant urban-rural differences remained in the multivari-
able model. This shows that even in the presence of important
individual factors and socioeconomic variables, area of residence is
still a predictor of children’s nutritional status. Our results
highlight the need to stratify data when rural and urban
communities are targeted in nutritional research in this kind of
context.

Limitations

The present study was conducted in two single districts in
Ethiopia, thus, the findings may not be generalizable to a larger
population. Additionally, the cross-sectional nature of this data
does not allow us to examine causality in the relationship between
malnutrition and diverse risk factors. Seasonality should be given
special attention; the season of the year has a significant effect not
only on food security and nutritional status, but also on patterns
and trends of infectious disease incidence. Therefore, consecutive
measurements are desirable..

This research is part of a project which aimed to characterize
nutritional, immunological, and parasitological aspects in school-
aged children from urban and rural villages with a high incidence
of VL in 2005-07. However, the VL prevalence found in the study
was very low [25], and no association was found between
nutritional status and asymptomatic infection [24]. Therefore,
we are confident that this limitation does not alter our general
conclusions.

Conclusions

Our findings suggest that improving food availability is a
necessary but not sufficient condition to improve the nutritional
status of school-aged children in this region. Especially in rural
areas, the challenge will be for health and development extension
workers to build on this knowledge through educational
campaigns when advising households about balanced diet, food
production and consumption, and hygienic behavior. It is also
important to emphasize that nutritional programs should not be
biased towards rural areas at the cost of excluding the urban poor.

To effectively tackle malnutrition, nutritional programs should
be oriented to the local needs. Our findings can be used to help
policy makers plan and undertake regional initiatives to streamline
recommendations.

Supporting Information

Table S1 Factors related to stunting in school-aged children by
setting in Libokemkem and Fogera districts, Ethiopia, May—June
2009. Bivariate analysis.

Table 82 IFactors related to thinness in school-aged children by
setting in Libokemkem and Fogera districts, Ethiopia, May—June
2009. Bivariate analysis.
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Abstract

Background: Shiga-toxin producing Escherichia coli (STEC) have emerged as important foodborne pathogens, among which
seven serogroups (026, 045, 0103, 0111, 0121, 0145, O157) are most frequently implicated in human infection. The aim
was to determine if a light scattering sensor can be used to rapidly identify the colonies of STEC serogroups on selective
agar plates.

Methodology/Principal Findings: Initially, a total of 37 STEC strains representing seven serovars were grown on four
different selective agar media, including sorbitol MacConkey (SMAC), Rainbow Agar O157, BBL CHROMagarO157, and R&F E.
coli 0157:H7, as well as nonselective Brain Heart Infusion agar. The colonies were scanned by an automated light scattering
sensor, known as BARDOT (BActerial Rapid Detection using Optical scattering Technology), to acquire scatter patterns of
STEC serogroups, and the scatter patterns were analyzed using an image classifier. Among all of the selective media tested,
both SMAC and Rainbow provided the best differentiation results allowing multi-class classification of all serovars with an
average accuracy of more than 90% after 10-12 h of growth, even though the colony appearance was indistinguishable at
that early stage of growth. SMAC was chosen for exhaustive scatter image library development, and 36 additional strains of
0157:H7 and 11 non-O157 serovars were examined, with each serogroup producing unique differential scatter patterns.
Colony scatter images were also tested with samples derived from pure and mixed cultures, as well as experimentally
inoculated food samples. BARDOT accurately detected 0157 and 026 serovars from a mixed culture and also from
inoculated lettuce and ground beef (10-h broth enrichment +12-h on-plate incubation) in the presence of natural
background microbiota in less than 24 h.

Conclusions: BARDOT could potentially be used as a screening tool during isolation of the most important STEC serovars on
selective agar plates from food samples in less than 24 h.
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Introduction implicated in cases of foodborne human diseases [1-4]. The
o ) proportion of illnesses linked to non-O157 STEC (% = number of

Shiga-toxin producing Escherichia coli (STEC) strains are non-0O157/total STEC infections) is estimated to be 10-80%, but
recognized as serious foodborne pathogens and comprise of a the percentages differ greatly based on geographical areas, which
diverse group of organisms, related to their O-group designations range from 30-80% in European countries [5-8] and 50-63% in
and virulence gene profiles. Although STEC O157 is the most North America [9,10]. The most common non-O157 STEC

widely recognized, other serogroups have been increasingly serogroups identified as causes of human infections include O26,
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045, 0103, O111, O121 and O145 [11,12]. Foods from which
non-O157 STEC have been isolated include sausage, ice cream,
milk, lettuce, and cucumber [13-17]. In 2011, the US Department
of Agriculture Food Safety and Inspection Service (USDA-FSIS)
declared the presence of these serogroups in beef trimmings to be
adulterants, and testing for these serogroups became effective in
June 2012 [18,19]. These ongoing events serve as a constant
reminder for the need of reliable, user-friendly, and low cost
screening tools for major STEC strains to prevent outbreaks.

Use of traditional cultural methods utilizing selective and
chromogenic differential media is still considered a “gold
standard” for isolation and detection of STEC, regardless of
whether or not other immunological or/and molecular typing
methods are employed in the testing protocol. Sorbitol MacCon-
key (SMAC) agar supplemented with or without cefixime-tellurite
(CT) was formulated to exploit the fermentative features of E. coli
serotypes that result in chromogenic differentiation of most O157
from non-O157 serovars [20,21]. While most O157 colonies are
sorbitol negative and appear colorless, non-O157 serotypes appear
as bright pink to mauve, making it difficult to distinguish non-
O157 STEC from non-pathogenic E. coli based on color alone.
Furthermore, sorbitol fermenting O157 variants also exist [22],
and thus this property cannot be used as a firm diagnostic trait. A
similar differential medium, R&F E. coli O157:H7 (R&F
Laboratories, West Chicago, IL, USA), was designed to increase
the specific isolation of both sorbitol-positive and negative O157
by introducing more fermentable carbohydrate sources [23].
However, differentiation of non-O157 STEC still remains a
challenge. Other chromogenic media have been introduced,
allowing color-based differentiation of non-O157 STEC sero-
groups, such as CHROMagar O157, Rainbow Agar and many
other media developed by various academic laboratories [24—27].
Although these chromogenic media provide optimum recovery,
improved selectivity, sensitivity, and overall accuracy for pre-
sumptive identification of most serogroups, some remain undis-
tinguishable, for example, O157 and O111 both appear gray on
Rainbow agar. Moreover, bacteria may need to be grown for 18—
24 h or longer before the colony pigments are fully developed for
differentiation.

Various analytical methods have been combined with selective
and differential plating media for accurate detection and
identification of the major serovars of STEC. Multiplex polymer-
ase chain reaction (mPCR) methods have been widely used that
target the wzx and other genes that are involved in encoding for
O-antigen gene cluster-related proteins [28]. Recently, a DNA
microarray [29] and Luminex microbead-based suspension array
[30] were used to detect O-antigen gene clusters of E. coli
serogroups (026, O45, 091, 0103, O104, O111, O113, O121,
0128, O145, and O157) or an antibody microarray [31] was used
to detect the organisms. These methods are laborious and costly
when large amounts of samples are to be tested thus may have
limitations for rapid high throughput screening applications. More
recently, research suggested that microscopic variations in surface
antigens can result in macroscopic differences in comprehensive
colony morphology [32-34]. Therefore, it would be highly valued
if colony morphology could be captured as a differentiator for
various E. coli O-antigenic groups. Recently, a hyperspectral
imaging method has been described for differentiation of STEC
on agar plates that requires pure cultures of each test organism in
separate plates. This method captures the spectral reflectance
using visible-near infrared of all the collective colonies in the entire
plate containing pure cultures and is used for differentiation of
non-0O157 STEC serovars [35]. This method is not suitable for
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detecting individual colonies present in a mixture on the same
plate as is performed by classical microbiological testing.

Our group has designed and built a novel laser-based light
scattering device (Fig 1) that detects/identifies a single target
colony in the presence of a mixture of colonies formed by other
bacterial species and can be easily integrated with traditional
culture-based methods [36]. By shining a laser (635 nm) on the
center of a colony, this instrument generates scatter patterns in a 2-
dimensional plane, which is mathematically expressed as Fourier
transform of the input aperture field that is dependent on the
macromolecular composition/structure such as shape, chromo-
gen, and colony composition (O-antigen, peptidoglycan or
metabolic by-products) to produce species or serovar-specific
scatter signatures [37-39]. This method is label-free and does not
require any specialized reagents or antibodies, but requires a
scatter image library for detection or identification of an unknown
organism. Thus, this system has the potential for high throughput
screening of multiple microorganisms if grown on the same plate.
Furthermore, since laser scatter patterns are used as an
identification fingerprint, minute structural changes in the single
cell is amplified in the colony morphotype, allowing for automated
classification of serovars differentiated by metabolic activities and
surface carbohydrate profiles.

Our previous research demonstrated that the light-scattering
system is able to differentiate colonies of E. coli O157:H7 from
bacteria belonging to other genera such as Listeria, Salmonella,
Vibrio, Staphylococcus, etc. [38]. In addition, BARDOT was able
to detect and identify different species within a genus or different
serovars within a species. For example, BARDOT was used for
detection of different species of Listeria [37,38], Vibrio [40], and
the top 20 Salmonella serovars [41]. The objective of this study
was to evaluate the application of the BARDOT for real-time
detection and differentiation of colonies of the top seven STEC
serogroups (026, 045, 0103, O111, O121, O145 and O157) on
selective and differential chromogenic media based on optical
scatter patterns.

Results

Selection of appropriate media for differentiation of STEC
serovars using the light scattering sensor, BARDOT
BARDOT (Fig 1) uses a laser to generate scatter patterns of
bacterial colonies of about 1 mm diameter on agar plates for
detection and identification of bacteria at the genus, species, and
even at the serovar levels [38]. In this study, our initial goal was to
identify a solid agar medium that would yield suitable colony
scatter patterns to differentiate seven serovars of STEC (026,
045, 0103, O111, O121, O145 and O157) with high accuracy
(Table 1). We examined commercial chromogenic differential
agar media including CHROMagar O157, R&F E. coli O157:H7,
Rainbow Agar O157 and sorbitol MacConkey (SMAC), as well as
BHI agar that is nonselective. The colony morphology and scatter
patterns of a representative strain from each serovar were
compared on different media and each serovar produced scatter
patterns that were visually distinct (Fig 2). With further image
analysis using the accompanied software, the accuracy of
discrimination among the seven serovars was represented by
positive precision values (PPV) ranging from 0.91-1.0 for SMAC
and 0.89-0.98 for BHI (Table 2). The colony scatter patterns on
Rainbow and R&F media were similar; however, the signal
intensity was relatively lower on R&F, owing to the accumulation
of a black precipitate in the center of the colony. The PPV for
Rainbow was 0.89-0.97 and for R&F 0.81-0.97 (Table 2).
Colonies on CHROMagar formed relatively smaller diameter
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Figure 1. (A) The complete setup of the light scattering device, BARDOT (BActerial Rapid Detection using Optical scattering Technology). (B) Major

components of the BARDOT system.

scatter patterns with less distinctive concentric ring structures and
the PPV ranged from 0.86 to 0.94. The major drawback was that
CHROMagar did not support the growth of serovar O103. This is
not surprising since this medium was primarily formulated for
isolation of serovar O157. Likewise, R&F E. coli O157:H7 was
also formulated for O157:H7, thus some non-O157 serovars or
strains may grow poorly or not grow at all. To further evaluate its
utility for BARDOT-based detection, we excluded the antibiotic
supplement to allow growth of all test serovars. Even though
growth on R&F agar resulted in reasonably good discrimination
(PPV =0.81-0.97) among the seven serogroups, this agar was not
examined further. Lack of the antibiotic supplement in R&F
medium may obscure STEC detection due to overgrowth of
background natural microbiota when tested with real-world
samples. Likewise, BHI was not selected for obvious reasons since
this non-selective medium will not be able to prevent overgrowth
of background microbiota during real-world food sample testing.
After taking all factors into consideration, it was determined that
the performance of the selective media for BARDOT-based
detection was SMAC>Rainbow>CHROMagar>R&F. We
chose SMAC for future studies, though other media could be
used in parallel to increase confidence in STEC identification.
SMAC has been widely used for selective isolation of STEC from
food and has been recommended by the FDA Bacteriological
Analytical Manual [42], and thus, it could be used with the
BARDOT system without altering established methodology in a
testing laboratory.

Effect of growth media on the rate of colony growth and
scatter patterns of serovars

Next, we examined colony growth and the changes in scatter
patterns over time using the different selective media (Fig 3).
Previous research suggested that bacterial growth kinetics
(expressed as colony diameter) and resultant scatter patterns
varied depending on media and strains tested [40,43]. To
determine the correlation between colony growth on SMAC,
Rainbow, CHROMagar, and R&F, the corresponding colony
scatter patterns of all serovars were examined by BARDOT every

30 min from 9 h to 14 h of incubation at 37°C (Fig 3, Fig S1-
$4). By close examination of two strains of serogroups, O157 and
026 (Fig 3), it was determined that the growth kinetics were
generally similar on each growth medium (colony sizes reached
1.0£0.3 mm at 10-12 h of plate incubation); however, a slightly
higher growth rate was achieved on SMAC. The optimum colony
size selected for scatter experiments with SMAC (Fig S1),
Rainbow (Fig S82), and CHROMagar (Fig S3) media were
1.1£0.1 mm, while colonies with smaller sizes (0.80.1 mm) were
used with R&F medium (Fig S4). The smaller colony size for R&F
was chosen because of the time-dependent accumulation of black
pigment which blocked the interrogating laser in larger colonies (>
12 h). In general, the colonies which differed significantly from the
optimum size were not selected for BARDOT analysis. The
smaller colonies typically produced bright and less distinguishable
patterns, while larger colonies generated images with more
differential features but of low intensity.

While all representative strains exhibited consistently similar
growth morphology on SMAC and Rainbow agar, a higher
variability in growth rate among serogroups was observed on
CHROMagar and R&IF media. Therefore, we established an
experimental protocol that employed size-normalized scatter
patterns instead of growth-time normalized patterns. The desir-
able size of the colonies for most serogroups was achieved within
10-12 h of incubation at 37°C, which provided results quickly.

When the same bacterial cultures were allowed to continue to
grow on the chromogenic media, the colony sizes increased, and
color was produced after 18-24 h, aiding in presumptive visual
identification (Fig 4). The O157 colonies on SMAC agar
appeared as dome shaped and colorless, while non-O157 strains
produced rose to pink colonies (Fig 4, Fig S5). On R&F agar,
O157 colonies appeared dome shaped with a black precipitate,
while non-O157 strains appeared green; however, the color
difference between O157 and non-O157 colonies could not be
easily distinguished when viewed against a white background
(Fig 4, Fig 85). On Rainbow and CHROMagar, O157 and
O111 strains produced grey to black colonies while 026, O45,
0103, O121 and O145 produced pink-magenta-purple colonies
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Figure 2. Representative images of colony coloration, microscopic colony morphology and scattering patterns of E. coli strains
grown on each of the following medium: (A) BHI agar, (B) Sorbitol MacConkey agar (SMAC), (C) Rainbow, (D) CHROMagar 0157, (E)
R&F medium. All colony scatter images were captured at 10-12 h of incubation when colonies reached optimum size. “NG: no growth of 0103
strains on CHROMagar.
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after 18 h of incubation. On CHROMagar, O157:H7 colonies
(mauve-colored) could be distinguished from non-O157 STEC
colonies (O111: grey-green; O26, O121 and O145: aqua);
however, the colors among non-O157 STEC strains may be too
close to be differentiated from each other when multiple strains are
present on the same plate. Moreover, colonies on CHROMagar
appeared flat with swarming properties. Thus, for all future
experiments, SMAC agar was used as the best medium to acquire
scatter images of STEC colonies (diameter 1.1+0.1 mm) after 10
12 h of incubation at 37°C.

Table 1. Shiga toxin-producing Escherichia coli strains used in this study.
Serogroup Serotype Strain Source® Virulence Genes
stx; stx; eaeA
0157 0157:H7 EDL933 Our collection + + +
O157:H7 SEA 13A53 Our collection + + +
0157:H7 SEA 13A72 Our collection - + +
0O157:H7 01 Our collection + + +
0157:H7 G5244 Our collection + + +
026 026:H11 90.0105 Our collection + - +
026:H11 SJ3 P. Fratamico - + +
026:H11 00971 P. Fratamico + - +
026:H11 05-6544 P. Fratamico + - +
026:H11 93-3118 P. Fratamico + - -
026:H11 94-0962 P. Fratamico NT? NT NT
045 045:H2 SJ9 P. Fratamico + + +
045:H2 05-6545 P. Fratamico + - +
045:H2 SJ7 P. Fratamico + - +
045:H2 SJ8 P. Fratamico + - +
045:H2 96-3285 P. Fratamico + - 4
0103 0103:H2 87.1368 Our collection + - -
0103:H6 04162 P. Fratamico + - 4
0O103:H S)12 P. Fratamico + - +
0103:H11 04-3973 P. Fratamico + - 4
0103:H2 90-3128 P. Fratamico + - +
o111 O111:H8 HSC27 Our collection 4 o e
O111:NM S)13 P. Fratamico + + +
O111:H8 01387 P. Fratamico + = +
O111:NM 00-4748 P. Fratamico + + +
O111:NM 98-8338 P. Fratamico 4 = 4
O111:NM 94-0961 P. Fratamico - + +
O111:NM 96-3166 P. Fratamico + + +
0121 0O121:H19 08023 P. Fratamico - + +
0121:H19 SJ18 P. Fratamico 4 4 +
0121:H19 03-2832 P. Fratamico - + +
0121:H19 97-3068 P. Fratamico = + e
0145 0145:NM SJ23 P. Fratamico + + +
0145:H28 07865 P. Fratamico - + +
0145:NM 03-4699 P. Fratamico - +
0145:NM 94-0941 P. Fratamico + + +
0145:NM 83-75 P. Fratamico - +
#Source is as follows: P. Fratamico, Eastern Regional Research Center, Agricultural Research Center, Agriculture Research Service, U.S. Department of Agriculture,
Wyndmoor, Pennsylvania; °NT: not tested

Scatter image library

As indicated above, SMAC produced the best differential
scatter signatures among the seven serogroups tested. Analysis of
37 strains representing all seven serogroups (4-7 strains/
serogroup) generated highly reproducible scatter patterns for
strains within a serogroup (Fig 5). Additionally, scatter patterns of
36 O157:H7 (Fig S6) and 11 non-O157 strains (Fig 87) were also
generated on SMAC. Scatter images of other bacteria including
Acinetobacter baumannii, Citrobacter freundii, Klebsiella pnewmo-
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Table 2. Analysis of positive predictive value (PPV) for each serovar grown on different selective media®.

E. coli serovars SMAC CHROMagar R&F Rainbow BHI
0103 0.91 NG 0.81 0.92 0.96
o111 0.93 0.88 0.97 0.93 0.98
0121 0.97 0.94 0.91 0.93 0.94
0145 0.91 0.86 0.93 0.89 0.93
0157 1 0.95 0.84 0.98 0.94
026 0.95 0.92 0.91 0.94 0.89
045 0.91 0.87 0.9 0.97 0.92

serovars tested; in particular SMAC showed 100% of classification for O157.

niae, Pseudomonas aeruginosa and Shigella flexneri that grew on
SMAC were analyzed (Fig S7). Scatter patterns of seven
serogroups of STEC strains appeared significantly different from
those of the non- E. coli colonies on SMAC. (Fig S87). The scatter
image library consisted of about 83 strains representing all seven
serogroups yielding about 3600-7000 scatter images. These
images were stored in image library for use during food sample
testing or mixed culture analysis. In addition, scatter image
libraries for all seven serovars were also developed after growth on
BHI (Fig $8), CHROMagar (Fig S9), Rainbow (Fig S10), and
R&F (Fig S11) to aid in comparative analysis of any ambiguous
serovars.

Mixed culture testing

To further investigate the ability of the light-scattering sensor to
detect select E. coli serovars from a mixed culture on SMAC agar,
two representative serovars (0157 and O26) were co-inoculated
on the test medium and the resultant colonies at optimum sizes
were analyzed by the light-scattering sensor and confirmed by
multiplex PCR (mPCR) [28,44]. As expected, O157 and O26
generated unambiguous characteristic scatter patterns on SMAC
when used singly or in a mixture (Fig 6). A typical O157 scatter
pattern consisted of radial spokes extending from center to the
edge, while the O26 scatter pattern consisted of two outer rings
with radial spokes originating from the inner ring. These images
were also verified by the image library database. The colony
identity of respective serovars was also confirmed by serovar-
specific mPCR  (Fig 6B), where O157 and O26 produced
amplified bands of 894 and 155 bp, respectively.

Food sample testing

Twenty-five grams of each lettuce and ground beef sample were
inoculated with mixed cultures of O157 and 026 (50-100 CFU/
25 g), enriched in modified tryptic soy broth (mTSB) with
novobiocin [42] at 42°C for 10 h, plated on SMAC (at 37°C for
10.5 h), and the colonies were analyzed by BARDOT. The food
inoculation experiment was repeated three times with different
batches of food. Both O157 and O26 colonies on SMAC were
visually indistinguishable after 10.5 h of growth; however, they
produced typical scatter patterns when analyzed by BARDOT
and were detected unequivocally from inoculated lettuce and
ground beef samples (Fig 7). Representative colonies of each
serovar were also picked from the plates and verified by mPCR,
and the identification accuracy was estimated to be 96.6-100%
(Fig 7, Table 3). The identification accuracy was defined as the

?Obtained by calculating the cross-validation matrix and reporting the positive predictive value [55,56]. Rainbow and SMAC agar showed the best average PPV for seven

ratio of the number of colonies positively identified with
BARDOT and mPCR to the total number of colonies tested.

With lettuce testing, there were no non-O157/non-O26
background colonies on SMAC, but several background colonies
were obtained from ground beef (Fig 7B). These background
colonies also did not amplify either O157 or O26-specific genes.
These data clearly show that BARDOT is capable of detecting two
STEC serovars in a mixture in the presence of background
microbiota in less than 24 h. Of note, none of the uninoculated
food samples tested in this study contained any of the seven STEC
serovars when used as controls.

Discussion

This paper is the first demonstration of the application of
BARDOT to detect and differentiate colonies of seven STEC
serogroups on agar plates based on colony scatter signatures.
Initially four selective chromogenic media (SMAC, Rainbow,
CHROMagar and R&F) were evaluated and based on the scatter
pattern classification accuracy, SMAC provided the best results for
STEC detection. Rainbow agar also provided high accuracy in
differentiation of serogroups and may also be used for STEC
detection using BARDOT. CHROMagar O157, and R&F E. coli
O157:H7 are designed primarily for isolation of O157:H7 and
may not support good growth of non-O157 STEC serovars.
Moreover, scatter pattern classification accuracy values for
CHROMagar O157, and R&F E. coli O157:H7 were slightly
lower than SMAC and Rainbow, and thus they may not be
suitable for BARDOT-based detection. Even though nonselective
BHI agar had a very high accuracy in discriminating the seven
STEC serogroups, it may not be suitable for testing of real-world
food samples because of potential interference from background
natural microbiota; however, BHI agar may be useful for
differentiation or verification of pure cultures of STEC serovars.
Recently, several new commercial selective and differential
chromogenic media (ChromID O157:H7, bioMerieux; Harlequin
SMAC-BCIG, Lab M; HardyCHROM E. coli O157; CHRO-
Magar STEC, CHROMagar Microbiology [45]) have been
marketed by many vendors, which could be tried with BARDOT.
However, it is important to ascertain that there is no interference
of the agar medium with laser propagation, since the BARDOT
system generates forward scatter patterns of colonies.

We have indicated earlier that classification accuracy of colonies
of different species from the same genera [37,40] or serovars from
a single species [41] varies depending on the growth medium used,
and this suggests that bacterial colony morphology and compo-
sition can be leveraged for accurate classification. This is possible
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Figure 3. Effect of growth time on light-scatter images of representative 0157 and non-O157 STEC strains. Colony sizes (um) were
measured within 5 min before respective scatter patterns were captured by BARDOT. *NT: not tested because no distinct scatter image could be

obtained due to oversized colony (>1.2 mm).

due to the photon-cell interaction, which results in unique and
reproducible scatter patterns [37,39]. The colony scatter pattern is
a phenomenon that occurs due to the accumulation of the
interactions of incoming photons across the depth of the colony.
Their physical (color, size, shape, roughness, and thickness) or
chemical (metabolic by-product composition) characteristics mod-
ify the optical amplitude and phase, which scatters into an imaging
plane to create a scatterogram [43,46,47].

In addition to colony size, the height of colonies is another
important physical determinant for differential scatter patterns
[37,43]. We observed that elevated colonies on SMAC and

Rainbow agar formed more diffused patterns, while colonies on
CHROMagar appeared flat, and thus produced relatively more
concentrated patterns with less distinctive ring structures (Fig 2),
yielding a lower classification accuracy.

Chromogenic selective or differential media are integral
components of classical microbiological methods for presumptive
isolation of pathogens from test samples. The chromogens are
produced as a result of bacterial fermentative and enzymatic
activities [48,49], and thus it is speculated that differences in
scatter patterns observed for different serovars are affected by the
accumulation of bacterial metabolic by-products or chromogenic
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Figure 4. Chromogenic pigment production and scatter patterns of colonies of representative 0157 and 026 STEC strains. Plate
images and scatter patterns were captured at 10-12 h of incubation when colonies reached approximately 1 mm in diameter. Colony appearance

after 18-20 h of growth was also recorded.

components [38,39]. Furthermore, the O-antigen in lipopolysac-
charides (LPS) has been suggested as a possible contributing factor
for colony morphology that can be interrogated by the light-
scattering technology [32-34] and possibly an important discrim-
inant for differential scatter patterns. LPS is a major component of
the outer membrane of Gram-negative bacteria, and it is
composed of lipid A, core oligosaccharides, and O-polysaccharides
(or O-antigen). The O-(somatic) antigen is attached to the
outermost domain of core oligosaccharide, while lipid A anchors
to the inner core. While lipid A and core oligosaccharide are
highly conserved or have limited variations, the compositional

structure of O-antigens varies considerably among serogroups of
pathogenic E. coli [50-52] and even the seven serovars of STEC
[28,53] studied here. Although the size of the O-antigen is quite
small (outer membrane is ~40 nm) compared to the interrogating
laser wavelength used here (635 nm), the collective appearance
and characteristics of the O-antigen at the surface of bacterium in
a colony can provide differential scatter patterns. The H (flagellar)
antigen did not appear to play any role, since scatter patterns of
nonflagellated/non motile O111:NM or O145:NM strains were
very similar to flagellated strains of O111:H8 or O145:H18 strains
(Fig 5).
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Figure 5. Microscopic colony appearance and scatter images of colonies of STEC serogroups on sorbitol MacConkey (SMAC) agar
after 10-12 h of incubation at 37°C. Three representative images for the same strains from three separate experiments are presented. *Rep 3

represents scatter images of colonies presented in this figure.

BARDOT was successful in detecting and differentiating
colonies of serogroups O157 and O26 from mixed cultures and
even from inoculated food systems in the presence of background
microbiota. BARDOT detected these two pathogens in less than
24h (10 h of enrichment in mTSB plus 10.5 h of on-plate
incubation) in lettuce and ground beef inoculated with low levels
(50-100 CFU/25¢) of O157 and O26,suggesting its potential for
screening of food samples for STEC. BARDOT-positive colonies
were further confirmed by PCR. Since BARDOT is a noninvasive
and non-destructive technique, colonies can be used for further
molecular or pathophysiological characterization, if necessary.

In this study, we tested seven major STEC serovars (about 73
strains) and 10 additional miscellaneous serovars. BARDOT
showed high accuracy in differentiation among the seven major
STEC serovars. Continued testing of additional serovars needs to
be done in order to determine any overlapping patterns among
common serovars and to create a robust E. coli library on SMAC,
which is currently in progress. The growth rate of serovars also
varies depending on the strain and the medium used, which makes
it difficult to identify the optimal, fit-for-all detection time for
BARDOT-based detection. A fully automated system equipped
with an incubator, plate handling robot, and the laser scanner
would be useful. Such an automated system is currently under
development by Advanced Bioimaging Systems (advancedbioim-
gaingsystems.com), which may be used to overcome this technical
obstacle.

I
C15

B N & o
C13 C14

Conclusion

Our results demonstrate that BARDOT can detect and
discriminate the colonies of seven major STEC serovars with
high accuracy. Among the media tested, SMAC and Rainbow
provided the best results allowing serogroup differentiation with
over 90% accuracy at an early stage of colony growth when colony
morphology and color are indistinguishable. BARDOT-based
detection can be completed in less than 24 h, which includes
sample enrichment in mTSB for 10 h followed by growth on
SMAC for 10-12 h, allowing users to have access to the isolated
colonies for further characterization. BARDOT could potentially
be used as a real-time screening tool for on-plate differentiation of
the most important STEC serogroups as they grow on selective
agar plates.

Materials and Methods

Bacterial strains and culture conditions

A total of thirty-seven E. coli isolates belonging to serogroups
0157, 026, O45, 0103, O111, O121, and O145 were tested in
this study (Table 1). In addition, 36 strains of O157:H7 (Fig S6),
11 miscellaneous E. coli strains and five other bacterial cultures
including Acinetobacter baumannic NRRL B41237, Citrobacter
freundii NRRL B2643, Klebsiella pneumoniae NRRL B41958,
Pseudomonas aeruginosa ATCC 10145 and Shigella flexneri PRI
387 that grew on SMAC(Fig S7) were used for scatter image

(B)

Single culture  Mixed culture

DNA ladder
0157+ 026

— N M T WD ©
OO0 00 OO0

026
C12
C13
C14
C15

Cc1

0157
(894 bp)

(155 bp)

Figure 6. Light-scattering analysis and PCR confirmation of colonies of serogroup O157:H7 (EDL933) and 026:H11 (90-0105) on
SMAC agar. (A) Scatter images of colonies of 026, 0157 and the mixture of 026 and 0157 grown on SMAC at 37°C for about 11 h. Representative
colonies that were analyzed by multiplex PCR (mPCR) are labeled as C1-C15. (B). Agarose gels showing PCR amplified bands for each colony tested.
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Figure 7. Application of light-scattering sensor for detection and identification of STEC 026 and O157 from inoculated (A) lettuce
and (B) ground beef samples. Colonies (c1, c2...) on SMAC are first scanned with BARDOT and then analyzed by mPCR for confirmation. BARDOT
accurately detected two serogroups from both food samples and confirmed by PCR. Only ground beef sample contained background non-STEC
bacteria whose patterns are different from the STEC serogroups. Moreover, these colonies did not give any amplified products with serovar specific
primers but amplified 16S rRNA gene.

Table 3. Differentiation of mixed cultures of E. coli serovars from food samples on SMAC agar based on scatter pattern.

No. of colony No. of positive colony with  No. of positive colony with

Bacterial/Food sample® analyzed BARDOT Library” serovars-specific PCR® Identification accuracy (%)%
026 0157 026 0157

E. coli 026 & 0157 tested 30 15/30 15/30 15/30 14/30°¢ 96.6

as mixed culture

Lettuce with E. coli 026 6 6/6 0/6 6/6 0/6 100.0

Lettuce with E. coli 0157 6 0/6 6/6 0/6 6/6 100.0

Lettuce with E. coli 026 & 0157 12 6/12 6/12 5/12 7/12 96.6

Ground beef with E. coli 026 & 0157 14 714 7/14 7/14 7/14 100.0

3Lettuce and ground beef samples were inoculated with 102CFU/25g of each E. coli 026 and E. coli 0157 cells

PE. coli colonies grown on SMAC agar for 10-11 h were matched with BARDOT library containing multiple standard strains of 0157 STEC and non-O157 STEC.

“E. coli serovar (026 and O157) specific primers were used in multiplex PCR (mPCR). Prior to food sample analysis primers were validated for specificity with three
standard strains of each E. coli 0157:H7 and 026:H11. Primer sequences were adapted from reference [28].

9| dentification accuracy measures the ratio of number of colonies correctly identified with BARDOT as well as PCR and total number of colonies analyzed. Identification
of colonies with BARDOT and mPCR were performed as a blind study.

€One colony (#R1-3/C1) analyzed with mPCR did not produce any amplified products, however, it was identified as O157 serovar after analysis with BARDOT library.
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library development. Working cultures were prepared by inocu-
lating a loop full of frozen bacterial stocks (—80°C) into 3 ml BHI
broth and incubating at 37°C for 12-15 h. Cultures were serially
(10-fold) diluted in phosphate buffered saline (PBS; 1.38g/L of
sodium phosphate monobasic, 2.68g/L of sodium phosphate
dibasic, 8.5g/L of 0.85% sodium chloride) prior to plating
appropriate dilutions on chromogenic media to obtain a colony
population of 30-100 colonies per plate.

Media and phase contrast microscopy

Four types of differential chromogenic media were used to grow
bacterial cultures for light-scattering experiments. The media
included: BHI agar, Sorbitol MacConkey (SMAC; Becton
Dickinson) agar, Rainbow Agar O157 (Biolog, Hayward, CA),
BBL CHROMagar O157 (Becton Dickinson), and R&F E. coli
0O157:H7 medium (R&F Products, Downers Grove, IL). Agar
plates were prepared as instructed by the manufacturer, tempered
to 45°C, dispensed 20 mL/plate, cooled at room temperature for
10-20 min, and stored in a sealed plastic bag until use (used within
7-30 days) [54]. After plating appropriate dilutions of bacterial
cultures, the plates were incubated at 37°C for 10-12 h or until
the colony size reached 1.1=0.1 mm in diameter. The colony size
and morphology of bacterial cultures were examined under a 10X
PH1 objective of a Leica DMLB microscope (Leica Microsystems
USA, Bannockburn, IL) equipped with a SPOT RT color camera
(Diagnostic Instruments, Inc). Images were captured using SPOT
Advanced software 4.6.4.2 (Diagnostic Instruments, Inc).

Light-scattering instrumentation and image acquisition

A prototype light scattering sensor known as the BARDOT
system (Advanced Bioimaging Systems, West Lafayette, IN)
consisting of two main functionalities was used. Figure 1 shows
instrumentation setup and diagrammatic representation of the
operating principle. In brief, the standard Petri dish with the
grown bacterial colony is imaged to obtain a map showing location
of each colony, where the centroid locations of each colony are
automatically identified. The cut-off value for absorption and
circularity was set to filter the non-bacterial or doublet colonies
while the colony center locations were transferred to perform the
forward scattering measurement automatically. BARDOT moves
the Petri dish to the respective center of the colony such that it
aligns with the incoming 635 nm laser which generates the
forward scattering patterns. Detailed hardware and software
development and specifications were published earlier [38,39].
To build scatter image libraries, colony scatter patterns of 50-100
colonies per strain of each serogroup were collected.

Image analysis

The process of scatter-pattern analysis has been described in
detail in our previous reports [55,56]. Briefly, for each individual
scatter pattern characterizing a single E. coli colony, a total of 78
features are extracted. The quantitative pattern characteristics
include 65 pseudo-Zernike orthogonal moments and 13 Haralick
texture features. The features were concatenated, forming feature
vectors for each colony. We used either the entire feature set (for
the 7-serovar library), or the most informative features selected by
a random-forest technique [57,58]. The extracted features were
used to find the best combination of parameters for a Gaussian
kernel-based support vector machine (SVM) classifier. All the
tested classifiers were trained and their performance was evaluated
using 10-times cross-validation. In every round of cross-validation,
the data set was partitioned randomly into training and testing
subsets. The classifiers were retrained independently on every
training subset, and then the remaining testing subset was
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classified. The results of all the cross-validation rounds were
summarized in a confusion matrix, which was subsequently used
to compute sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV) [59]. The sensitivity describes
the probability that our classifier will produce a true result when
used on a population of colonies also containing colonies
representing a serotype of interest. The specificity illustrated the
probability that the test will produce a true negative result when
used on colonies formed by organisms other than the serotype of
interest. The PPV gives the probability that a colony truly belongs
to a serotype of interest when a BARDO'T system claims so. The
NPV is the probability that a colony does not represent a serotype
of interest when a negative result is returned.

Mixed culture testing

One representative STEC strain belonging to serogroups 026
and O157 (E. coli O26:H11 90-0105 and E. coli O157:H7 EDL
933) were selected to prepare two-strain cocktails. Each bacterial
culture was grown individually in 3 ml of BHI broth for overnight,
and then equal amounts (1 ml) of each were mixed. The mixed
cultures of O157 and O26 were serially diluted to the appropriate
dilutions and surface-plated onto SMAC agar plates and
incubated at 37°C until the colony grew to optimum sizes as
described earlier. The scatter images of individual colonies were
captured by the BARDOT system, and five colonies were selected
for PCR confirmation after matching with the E. coli serovar
library generated on SMAC medium.

Food sample testing

Romaine lettuce (triple washed) and ground beef samples were
purchased from local grocery stores (West Lafayette, IN) on the
day of the experiment. A strain of serovar O26 and O157
(O26:H11 90-0105, and O157:H7 EDL933) was used for artificial
inoculation of food samples. Overnight grown cultures were
diluted to obtain 5x10%*-1x10* CFU/mL. The cell number in the
inoculum was determined by colony counts after making serial
dilutions, plating onto SMAC, and incubation at 37°C for 18 h. A
100 pl-aliquot of the diluted cultures was inoculated onto a lettuce
sample (25 g) to obtain inoculum levels of 50-100 CFU/25g.
Inoculated samples were air-dried in a class II biosafety cabinet
with a constant laminar flow at 22%+2°C for 15 min to allow
attachment of bacteria to leaf surfaces. After air-drying, lettuce
samples were aseptically transferred into Seward filter stomacher
bags (Model 400 Bags, Seward Ltd, West Sussex, UK) containing
225 ml of modified T'SB (mTSB) plus 8 mg/L of novobiocin (N-
1628, Sigma) [42,60]. The resulting samples were incubated at
42°C for 10 h with continuous shaking at 130 rpm. As negative
controls, uninoculated samples were treated in a similar manner
but using sterile PBS in place of the inoculum. The enriched
samples were serially diluted and surface plated onto SMAC agar.
All colonies on plates were examined by BARDOT after
incubation at 37°C for 10-12 h when colonies reached appropri-
ate sizes. Five randomly picked colonies from each plate were
subjected to a multiplex polymerase chain reaction (mPCR) assay
for verification of E. coli serovars (O157 and O26) used in the
experiment.

Multiplex PCR

The identity of representative E. coli colonies scanned by
BARDOT was further confirmed for O-antigen specific genes
(Table S1) using an mPCR assay as described previously [28,44].
DNA samples from E. coli serovars were extracted using the FDA-
BAM protocol for DNA template preparation for real-time PCR
screening [42]. Proper positive (DNA from standard E. coli strains)
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and negative (deionized water) controls were used for each PCR
reaction during validation and testing of PCR primers and
colonies from mixed cultures and from food sample enrichments.
As a control, amplification of the 16S rRNA gene (Table S1) was
used to confirm background colonies obtained from ground beef
samples.

Supporting Information

Figure S1 Forward-scatter images of colonies of repre-
sentative strains from STEC serogroups 0157, 026,
045, 0103, O111, 0121, and O145 grown on SMAC agar.
Colony sizes are measured by light microscopy immediately before
light-scatter screening, and the diameter (Um) of each colony is
indicated below respective scatter images.

Figure $2 Forward-scatter images of colonies of repre-
sentative strains from STEC serogroups 0157, 026,
045, 0103, O111, O121, and O145 grown on Rainbow
agar. Colony sizes were measured by light microscopy immedi-
ately before light-scatter screening, and the diameter (um) of each
colony is indicated below respective scatter images.

Figure 83 Forward-scatter images of colonies of repre-
sentative strains from STEC serogroups 0157, 026,
045, 0103, 0111, O121, and O145 grown on CHROMa-
gar. Colony sizes were measured by light microscopy immediately
before light-scatter screening, and the diameter (um) of each
colony is indicated below respective scatter images. NG, No
growth, N'T, Not tested

Figure S4 Forward-scatter images of colonies of repre-
sentative strains from STEC serogroups 0157, 026,
045, 0103, O111, O121, and O145 grown on R&F
medium agar. Colony sizes were measured by light microscopy
immediately before light-scatter screening, and the diameter (Um)
of each colony is indicated below respective scatter images.

Figure S5 Coloration and scatter patterns of colonies of
representative STEC strains from each serogroup.
Scatter patterns were generated at 10-12 h of incubation when
colonies reached approximately 1 mm in diameter, while plate
images were captured at both 10-12 h and 18-20 h of incubation
to demonstrate color change over time. * NG: no growth of O103
strains on CHROMagar. *N/A: images were not captured

Figure S6 Scatter images of E. coli O157:H7 strains on
SMAC agar after 10-12 h of growth.

Figure 87 Scatter images of (A) E. coli non-0157 strains
and (B) other bacterial cultures including Acinetobacter
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Induction of Salivary Proteins Modifies Measures of Both
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Abstract

There are hundreds of proteins in saliva. Although it has long been hypothesized that these proteins modulate taste by
interacting with taste receptors or taste stimuli, the functional impact of these proteins on feeding remains relatively
unexplored. We have developed a new technique for saliva collection that does not interfere with daily behavioral testing
and allows us to explore the relationship between feeding behavior and salivary protein expression. First, we monitored the
alterations in salivary protein expression while simultaneously monitoring the animals’ feeding behavior and meal patterns
on a custom control diet or on the same diet mixed with 3% tannic acid. We demonstrated that six protein bands increased
in density with dietary tannic acid exposure. Several of these bands were significantly correlated with behaviors thought to
represent both orosensory and postingestive signaling. In a follow-up experiment, unconditioned licking to 0.01-3% tannic
acid solutions was measured during a brief-access taste test before and after exposure to the tannic acid diet. In this
experiment, rats with salivary proteins upregulated found the tannin solution less aversive (i.e., licked more) than those in
the control condition. These data suggest a role for salivary proteins in mediating changes in both orosensory and

postingestive feedback.
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Introduction

Variation in taste preferences in general, and bitter taste
perception in particular, may play a key role in dietary choice,
which has an uncontestable effect on human health. Bitter
compounds are often thought of as aversive stimuli to be avoided
[1] but are also common constituents of the omnivore diet [2]. A
large number of nutritionally significant food sources contain bitter
phytochemicals (e.g., broccoli [3], spinach [4]), many of which
have beneficial value [3,5]. Understanding the complexity of bitter
taste acceptance has been of interest to the research community
for decades [6-8] and is part and parcel to the development of
strategies to influence dietary choices in the service of promoting
human health. Studies on bitter taste have focused mainly on the
molecular identification of bitter taste receptors and their ligand-
binding properties [9,10] as well as the genetic variation in such
receptors [7,8,11]. In comparison, very little work has been done
to investigate how salivary proteins interact with taste stimuli and
alter taste sensitivity despite the fact that, under normal feeding
and drinking conditions, taste compounds must inescapably mix
with saliva before reaching their receptor targets. This sets the
stage for potential modulation of the taste signal at its most
fundamental level.

Proteomics suggest that over 1,000 different proteins are present
in the saliva of healthy adults [12]. The protein content of saliva is

altered under a variety of circumstances including diet composi-
tion [13,14], disease [15,16], exposure to compounds like
capsaicin [17] or bitter taste stimuli [18-21]. Likewise, there is
evidence that some of these proteins modulate bitter taste
acceptance. For example, Kock et al. [22] introduced von Ebner’s
gland protein, a protein found in rat saliva, to mice that do not
normally express the protein. The presence of von Ebner’s gland
protein altered the acceptability of the bitter stimulus denatonium
benzoate. Dsamou et al. [23] determined that another salivary
protein, cystatin SN, was related to variation in human sensitivity
to the bitter taste of caffeine.

Most studies examining the role of salivary proteins on food
intake have focused on the relationship between a class of proteins
referred to as proline-rich proteins (PRPs) and a class of plant
secondary compounds referred to as tannins. Tannins are
polyphenolic compounds commonly consumed by both humans
and non-human mammals. In the human diet, tannins are present
in foods such as sorgum, tea, red wine, beans and unripe fruits.
Tannins are not only associated with a sense of astringency [4,24],
but several polyphenolic compounds classified as tannins activate
various human bitter taste receptors, TAS2Rs [25]. In addition to
their astringency and bitter taste, tannins are considered “anti-
nutritional” because they can reduce non-heme iron absorption,
cause loss of endogenous nitrogen, reduce digestibility and damage
the kidney, liver, gastrointestinal mucosa and gastrointestinal
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Table 1. Composition of the control and 3% tannic acid diets used in Experiments 1 and 2. (These diets were based on Skopec
et al. [28]).

Ingredients Control Diet (g/kg) 3% Tannic acid diet (g/kg)
Casein 200 200

DL-Methionine 3 3

Sucrose 500 500

Corn starch 150 150

Corn oil 50 50

Cellulose 50 20

Tannic acid 0 30

Mineral Mix, AIN-76 Teklad 35 35

Vitamin Mix, AIN-76 10 10

Choline bitartrate 2 2

epithelium (see [21]). Although avoidance of tannins is well
documented (see [26]), no studies have addressed whether it is the
taste or the postingestive effects of tannins that alter food intake.
One study suggested that avoidance of high tannin diets is the
result of both conditioned and unconditioned avoidance [27],
however, this study could not decouple the oral and gastrointes-
tinal effects of tannin, so the relative roles of these two sources of
negative feedback remain unclear.

Salivary PRPs are considered the first line of defense against the
negative consequences of ingested tannins [26]. PRPs avidly bind
tannins into a complex that is stable even under the conditions of
the stomach and intestine [28,29], and this complex allows the
consumer to pass the tannin complex as fecal material. PRPs are
not constitutively produced in rodents, as they appear to be in
humans (see [30]), but can be induced by exposure to tannin
containing diets or via injections of the B-agonist isoproterenol
[31]. It has been demonstrated that several species of rodents
decrease food intake and lose body mass when fed tannin
containing diets in the absence of PRPs. In rats, food intake is
reduced for several days before they resume their normal intake,
presumably due to increases in PRPs [32]. In support of this
hypothesis, it has been demonstrated that hamsters, which do not
upregulate PRP production in response to tannin-containing diets,
reduce intake on tannin diets indefinitely and lose a life-
threatening amount of body mass while on the diet [32].

Although it is generally accepted that PRPs allow animals to
consume tannin-containing diets, it is unclear whether the increase
in diet acceptability is due to a change in the perception of the
tannins in the mouth [30,33,34] or due to an ability to protect the
gut from negative postingestive effects [35]. Glendinning [33]
demonstrated that mice injected with isoproterenol, to increase
PRP production, show an increased preference for, and intake of,
tannin solutions compared to control mice via increases in both
the size and number of drinking bouts (i.e. the amount of time an
animal licked on the sipper tube before taking a break). These data
imply a modification in the orosensory perception of the tannin
solutions.

In order to better understand the role of salivary proteins on
tannic acid acceptance, we conducted two experiments. In our first
experiment, we monitored the alterations in salivary protein
expression, while simultaneously monitoring feeding behavior, in
animals consuming a control or tannic acid containing diet. In the
second experiment, unconditioned licking of tannic acid solutions
was measured during a series of brief-access (30-s) tests conducted

before and after exposure to a tannic acid containing diet. This
allowed us to isolate the contribution of orosensory signals to
ongoing fluid intake and thus provided a direct measure of tannin
palatability.

Methods

Experiment 1

Animals and housing. Animals (male Long-Evans rats,
Charles River Breeding Laboratory, Raleigh, NC; weighing
200-240 g at study onset) were assigned to either an experimental
or control group. The experimental group (n = 8) was individually
housed in custom-designed Plexiglas shoebox cages. Food
compartments attached to the front of each cage were equipped
with infrared light emitting diodes and photo detectors. Feeding
events were detected when the rat’s head entered the food
compartment and broke the photo beam. The time and duration
of each beam break, recorded on a computer, was used to estimate
meal size and rate of feeding. Rats were allowed ad lib access to
food and tap water. The control group (n = 4) was housed in cages
similar to the test cages but without with photo beams. The colony
room was maintained at a 20+2°Cl with a 12:12 h light/dark
cycle. All animal procedures were approved by Florida State
University Animal Care and Use Committee (ACUC).

Analysis of Feeding Behavior. The start of a meal was
defined as a minimum of 3 s of activity in the food cup and
individual meals were considered terminated when there was no
feeding activity for >5 min. Daily food intake was measured
gravimetrically. Average daily meal size was defined as the total
(24 h) food intake (g) divided by the number of meals consumed
cach day. Average daily rate of feeding was defined as the total
(24 h) food intake (g) divided by the total amount of feeding
activity (min).

Saliva collection. Saliva was collected from awake, trained
animals. During training, each rat received 2 ml of 30 mM citric
acid in 1 M sucrose. This solution, which served as an
unconditioned stimulus (US), was pipetted into the mouth daily
in 200 pl increments. Animals were held against the experiment-
er’s chest with the palm of the hand while the head and mouth
were stabilized by the first two fingers and the thumb. The pipette
tip, which served as a conditioned stimulus (CS), was inserted into
the side of the mouth and was moved over and under the tongue
during CS/US pairings. The animals received 25 pairings of the
US and CS across an approximately 20-min period, every day for
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12 days. In this way, animals were conditioned to salivate by
merely inserting the pipette into the mouth. Following training, we
began collecting salivary secretions on alternate days. Saliva was
gently aspirated from below and around the tongue using a 200 pl
pipette fitted with a wide orifice tip. We stimulated the animals
with the US several times during the saliva collection. After
stimulation we allowed the rat to rest for ~60 s to minimize
contamination of the saliva with the solution. We used this
procedure to collect all of the saliva in Experiment 1. We now
know that this intermittent stimulation is unnecessary and in
Experiment 2 we were able to collect saliva from animals without
the presence of the US on collection days. Both of these methods
allowed us to collect uncontaminated saliva from sublingual,
submandibular and parotid secretions, as all are stimulated by
sweet and sour mixtures [36].

Saliva samples, ranging from 50-100 ul were immediately
placed on ice in 10 pl of 10x Halt protease/phosphatase inhibitor
cocktail (Thermo Scientific). All samples were then frozen at —
20°C for later analysis. Saliva was collected from half of the rats on
odd test days while the other half received only the citric acid/
sucrose mixture and the reverse was conducted on even days.
Thus, saliva was collected representing each day of the trial.

Diets. All rats were maintained on Purina 5001 and tap water
ad lib until study onset at which point all rats were given a purified
control diet ad lib (diet modeled after [28], Table 1). The control
group was maintained on the control diet during the entire course
of the experiment. The experimental group was fed the control
diet for 12 days followed by the tannic acid diet for 15 days. The
tannic acid diet contained 3% tannic acid (Sigma Aldrich, lot
number SZBC0460V) by weight and 3% less cellulose but was
otherwise identical to the control diet. The first saliva samples
were collected after the animals were maintained on the control
diet for 4 days.

High Performance Liquid Chromatography (HPLC)
analysis of tannic acid. HPLC analysis was performed in the
Florida State University Department of Biology Analytical
Laboratory. A sample of the tannic acid that was used in the
diet (Sigma Aldrich, lot number SZBC0460V) was dissolved in
20% acetonitrile/0.1% TFA at a concentration of 5 mg/ml. Two
ul of this solution was loaded onto a C18 reversed phase column
(Agilent Zorbaz 300SB-C18, 4.6 X250 mm, 5 micron) equilibrated
in 20% acetonitrile/0.1% TFA. Tannins were eluted with a
10 min linear gradient to 40% acetonitrile/0.1% TFA, at a flow
rate of 1 ml/min and detection at 280 nm. Pentagalloyl glucose
(PGG, Sigma Aldrich, lot number 063M4713V PCode 71813) was
dissolved in 20% acetonitrile/0.1% TFA at a concentration of
5 mg/ml, and 0.25 pl of this solution was analyzed by reversed
phase. In addition, a tannic acid sample spiked with PGG standard
was analyzed to confirm the identification of PGG in the tannic
acid mixture. All HPLC analyses were preformed on a Beckman
System Gold HPLC equipped with a 168 diode array detector,
126-solvent delivery system, and 32 Karat software for data
analysis.

Salivary protein processing. Saliva samples were defrosted
and mixed with equal volumes of ice-cold 20 mM Hepes buffer,
pH 7.4, supplemented with 2x Halt protease/phosphatase inhib-
itor cocktail (Thermo Scientific) and 2 mM phenylmethylsulfonyl
fluoride on the day of processing. Samples were centrifuged at
2000xg for 6 min at 4°C to remove cells and debris. The
supernatant was aspirated and was thereafter referred to as whole
saliva. Total protein concentration was determined by the
bicinchoninic acid (BCA) protein assay method (Pierce Protein
Biology Products).
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Gel electrophoresis and Western blotting. Equal volumes
of saliva sample were mixed with 1/4™ volume of 4x Invitrogen
sample buffer with reducing agent, heated at 70°C for 10 min and
resolved on a 12% SDS-PAGE (Invitrogen) with MOPS buffer.
Molecular mass markers (Invitrogen, Ref LC5800, or BioRad, Ref
161-0374) were run simultaneously with the samples in each gel to
calibrate molecular masses of each protein band. Gels were fixed
in 40% methanol in 10% acetic acid for 30 min followed by
staining with Coomassie Brilliant Blue R250 (0.1% stain in 25%
methanol and 10% acetic acid) for 1 h. These gels were distained
i 10% acetic acid according to previously published protocols
[37,38]. Although it is usual to rinse gels with methanol/ethanol in
the destaining solution, omitting these chemicals distinguishes
PRPs, which stain pink-violet, from other proteins, which stain
blue [37,38]. These data were used to determine which bands
contained PRPs. Bands were captured using Kodak Imaging
Station 440 CF (Kodak, Rochester, New York). Densitometric
analysis was performed using Kodak 10 Imaging Analysis software
(Kodak).

Secretory immunoglobulin A (IgA) was used as a protein
loading control. Preliminary experiments demonstrated that IgA
expression, in samples loaded at the same protein level, was
unchanged by our treatment. Salivary IgA levels were estimated
by immunoblotting using goat polyclonal antibody to rat
immunoglobulin A. We used 1/10 volume of each saliva sample
used for Commasie staining but without the reducing agent.
Following electrophoresis, proteins were transferred to Hybond-P
Western blotting membranes (VWR Scientific Product). The blots
were blocked for 1-h at room temperature with 5% BSA in Tris-
buffered saline containing 0.1% Tween 20 (TBST). The mem-
branes were then incubated for 1-h at room temperature with goat
anti-IgA antibody (I: 80 000) conjugated with horseradish
peroxidase, (Abcam Inc. # ab97185). The immunoblotted
proteins were detected using Super Signal West Dura Extended
Duration Substrate (Thermo Scientific, #34076) and CL-XPosure
Film (Pierce Protein Biology Products). Following development of
chemiluminescence film, images of bands were captured using a
Kodak Imaging Station 440 CF (Kodak, Rochester, New York).
Densitometric analysis was performed using Kodak 10 Imaging
Analysis software (Kodak) that measures the optical density of the
immunosignal.

To quantify protein level, each gel contained several control
saliva samples from untreated animals. Band intensity was
normalized using the corresponding IgA protein signal and
expressed as relative amount to average intensity of the control
sample, which was assigned a value of 1.

Detection of glycosylated proteins. Because glycosylated
PRPs are less effective at binding tannins than basic PRPs [39], we
used the Pro-Q) Emerald 300 Glycoprotein Gel and Blot stain Kit
(Molecular Probes # P21857) to determine if the proteins were
glycosylated. The kit detects as little as 0.5 ng of glycoprotein per
band. Saliva samples from animals in our experimental group
were tested to demonstrate the likelihood of glycosylation of each
protein band. Samples (6 pg) were loaded in duplicate on a single
12% SDS/PAGE gel. After resolving the gel, it was cut in two.
Each half contained several concentrations of protein collected on
several days of the study from a single animal and Candy-Cane
glycoprotein molecular weight standards, which include glycosy-
lated and non-glycosylated proteins. One half was stained using
Pro-Q Emerald 300 glycoprotein detection kit, which detects only
glycosylated proteins. The other half was stained with Coomasie
stain to detect total protein.

Protein identification. Amino-acid sequencing was per-
formed at the Florida State University Translation Science
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Laboratory. Following electrophoresis, the gels were fixed and
Coomassie-stained. Protein bands of interest were excised followed
by distaining, reduction, alkylation, dehydration and in-gel tryptic
digestion. Tryptic digestion was conducted using the Calbiochem
ProteoExtract All-in-One Trypsin Digestion Kit (Merck, Darm-
stadt, Germany) according to the manufacturer’s instructions and
using LC-MS grade solvents (Avantor Performance Materials,
Center Valley, PA, USA). The digestion supernatant was stored at
—80°C prior to analysis. Nanospray LC/MS" was done using a
Synapt G2 HD Mass Spectrometer equipped with an integrated
nanoAcquity UPLC for on-line chromatographic separation of
tryptic peptides prior to MS analysis (Waters Corp., Milford, MA,
USA). Samples were adjusted to 3% acetonitrile (ACN) in LC-MS
grade water with 0.1% formic acid (FA) and 25 fmol/ul rabbit
Phosphorylase B (PhosB, Waters Corp.) as an internal standard.
Glufibrinopeptide (785.8426 m/z, Waters Corp.) was used as the
lock mass (external calibrant). Instrument data acquisition
parameters are provided in Table S1. Raw data were generated
using MassLynx version 4.1 software (Waters Corp.) and data
were processed in ProteinLynx Global SERVER version 3.0. After
analysis of the protein sequences of the 14 kDa band, it was
identified using the PLGS Identity search algorithm, which
queried a Rattus norvegicus protein databank containing sequenc-
es from the Uniprot Protein Knowledgebase (www.uniprot.org)
and the rabbit PhosB sequence. Results were validated by manual
review of the raw data and results.

Statistical Anmalysis. I'eceding data were analyzed using
repeated-measures ANOVAs. To evaluate group differences in
protein expression, protein levels from experimental and control
animals were compared using ANOVA with diet as a between-
subjects factor and time as a within-subjects factor. Significant
ANOVA effects were further evaluated using Bonferoni corrected
paired t-tests. Because saliva was collected from half of the rats
each day, odd and even days were combined for each sampling
period so that all animals were represented in the same repeated
measures analysis. A linear mixed model analysis was used to
explore the associations between feeding behavior and the protein
measures while accounting for the correlations associated with the
repeated-measures factor. We limited this analysis to the feeding
behavior recorded and salivary samples collected during the first
four days of tannic acid diet exposure. This time frame represents
the dynamic phase when salivary proteins were upregulated and
changes in feeding behavior were most pronounced. ANOVAs
and post-hoc tests were conducted in Systat 12. Linear mixed
models were run in SPSS 19.

Experiment 2

Animals and housing. Male Long Evans rats (n=12) were
individually housed in custom designed Plexiglas shoebox cages,
equipped with a feeding niche that provided access to a spill-
resistant food cup. The colony room conditions were identical to
that described above. Rats were allowed ad lib access to diets
(control or 3% tannic acid, lot number SZBA 3060V, Sigma) and
tap water, except where otherwise noted.

Analysis of Licking Behavior. To determine whether
induction of PRPs affects the rats’ taste responses to tannic acid,
we recorded the unconditioned licking responses to varying
concentrations of tannic acid in a test chamber designed to
measure solution licking (Davis MS80 Rig; Dilog Instruments and
Systems, Tallahassee, FL). This apparatus consisted of a Plexiglas
cage with a wire mesh floor. An opening at the front of the cage
allowed access to one of ten spill-proof glass drinking tubes that
reside on a sliding platform. A mechanical shutter opened and
closed to allow the rat access to one of the ten tubes for a user-
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Table 2. Summary of ANOVAs comparing normalized densitometry units of protein bands at each of the listed masses (kDa).

interaction effects

within subjects

between subjects

df

df

df

kDa

0.065

2.1

6,60
6,54
6,60
6,54
6,60
6,60
6,60
6,60

0.143
0.016*

1.675
29
1.79
4.1

6,60
6,54
6,60
6,54
6,60
6,60
6,60
6,60

0.111

3.047
10.86
0.54

1,10
1,9

1,10
1,9

1,10
1,10
1,10
1,10

37
35
25
23

0.01*

3.17
1.92

4.6

0.009*
0.49

0.084

0.116

0.001*

0.002*

0.003*
0.006*
0.082

16.27
12.35
37
125

0.006*
0.034*
0.049*
0.001*

34
24
2.26

4.2

0.0088*
0.091

3.26
1.9

19

185
18
14

0.383

2.264
35

0.005*
0.002*

0.005*

17.13

Analyses were conducted with experimental group (control or tannic acid diet) as the between-subjects comparison and time (days) as the within-subjects comparison. *ps<0.05.
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Figure 1. Data are densitometry units normalized to average control diet protein expressions (set to 1) as well as IgA expression.
White bars represent protein expression measured while the experimental animals were consuming the control diet (average of the final 5 days;
depicted by white bars labelled “C"”), and grey bars represent expression of the same protein while the experimental animals were consuming the 3%
tannic acid diet. The line graphs represent the same protein densitometry measures for animals that were maintained on the control diet for the
entire course of the study. *Significant within-subject difference between protein expression on the control and experimental diets (p<<0.05,

bonferoni corrected for multiple comparisons).

specified length of time. A computer controlled the movement of
the platform, order of tube presentation, opening and closing of
the shutter, duration of tube access and interval between tube
presentations. Each individual lick was detected by a contact
lickometer and recorded on a computer via DavisPro collection
software (Dilog Instruments and Systems).

Rats were adapted to the test chamber and trained to drink
from the sipper tubes for 4 days. On the first day of training, rats
were 20-h water-deprived. The rat was presented with a single
stationary bottle of 0.25 M sucrose for 30 min. On the second day,
a single tube containing 0.25 M sucrose was presented again,
however, the rat had to lick the tube 50 times in order for the
training program to begin. At the start of the program, the shutter
closed for 10 s before a new tube, containing 0.25 M sucrose, was
presented. The rat was given 180 s to initiate licking and once

6'5? R
®

2, 5,

‘0 @‘ &
& N e‘f’ R
N O G

2, 5, 9, pg of protein

licking was recorded the rat was given 30-s access to the tube. At
the conclusion of either the 30-s access or the 180-s limit, the
shutter was closed again for 10 s. Each of the 10 tubes, all
containing 0.25 M sucrose, was presented 3 times. The entire
training program took an average of 15 min.

During testing rats were 20-h water deprived. Rats were given
varying concentrations of tannic acid (0.0, 0.011, 0.02, 0.046, 0.09,
0.187, 0.375, 0.73, 1.5, and 3%). Each bottle was presented three
times per session and sessions were organized in randomized
blocks. Identical to training; the rat was given 180 s to initiate
licking, 30-s access once a lick was recorded and a 10-s delay
between stimulus presentations.

All rats were tested in the brief-access taste test while maintained
on the control diet. After initial testing, rats were assigned to either
a control group (n = 6), which received only the control diet prior

o\é\(\
>
&

kDa @

260

150
100
75

50
37

25
20

15

10

13, 13, pg of protein

Figure 2. Representative samples of the glycosylation determination. The gel contains saliva samples from a single rat after 4 or 12 days
exposure to the tannic acid diet. The samples were loaded in duplicate on the same12% SDS/PAGE. The quantity of protein loaded in each lane was
varied to allow for maximal visibility of the protein band. After resolving the gel, it was cut into two pieces. Gel A was stained using Pro-Q Emerald
300 glycoprotein detection kit, which detects only glycosylated proteins. Gel B was stained with Coomassie R250 stain, which detects total proteins.
Both gels contain both Candy-Cane glycoprotein molecular weight standards and Bio-Rad molecular weight standards.
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Figure 3. The sequence of rat protein cystatin S (Uniprot accession P19313). Bold regions indicate where tryptic peptides detected in

proteomic analysis overlay the protein sequence.

to the second brief-access taste test, or an experimental group
(n =6), which was maintained on the 3% tannic acid diet prior to
the second brief-access taste test.

Saliva collection. As described above, animals were condi-
tioned to salivate when a pipette was inserted into their mouth.
During training, animals received 5 ml of 30 mM citric acid in

30
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10

meal number

days on tannic acid diet

1 M sucrose pipetted into the mouth daily for 14 days in 200 ul
increments. Following training, conditioning was maintained by
pipetting the solution into the animals’ mouths once a week until
the conclusion of the experiment. We found that we had no
difficulty maintaining the conditioning across these time scales.
Because this testing paradigm required the animals to be water
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Figure 4. A-D: White bars represent feeding behaviors measured while animals were consuming the control diet; grey bars represent the same
behaviors measured while animals were on the 3% tannic acid diet. The white bar labeled ‘C’ represents a 5-day average of behavioral measures on
the control diet prior to exposure to the tannic acid diet. Food intake (A) and meal size (B) were decreased on the first 3 days of exposure to the
tannic acid diet but returned to control levels by day 4. Meal number (C) was increased during the first 2 days of exposure to the tannic acid diet but
returned to control-levels by day 3. Rate of feeding (D) was decreased throughout the entire exposure to the tannic acid diet buy this effect was most

pronounced during the first 3 days.
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Table 3. Summary of linear mixed model analyses.

rate of feeding

number of meals

meal size

df

df

df

kDa

0.1

3.03
4.6

1,15.8
1,15.6
1,16
1,111
1,16

033
0.8

1.01
0.06
29

3.21

1,16
1,16
1,16
1,16
1,16
1,16

0.04*
0.09

5.07
333
55

1,16
1,16

35
23

0.05*
0.2

1.85
5.5

0.2

0.11

0.03*

1,15.6
1,16
1,16

1,16

19

0.04*
0.65
0.12

0.09
0.58
0.12

0.01*

3.04
1.26
74

18.5
18
14

0.318
2.6

0.278

2.8

1,122

0.02*

We looked for the predictive value of each of the normalized densitometry units of protein bands at each of the listed masses (kDa) on feeding behaviors. Analyses were restricted to the first four days of exposure to the tannin diet

as this represented the dynamic phase over which changes in feeding behavior and salivary protein expression were observed. *ps<0.05.

deprived when saliva was collected, all saliva collection was
conducted in the absence of the citric acid mixture; the
conditioning alone was sufficient for the procedure. Saliva was
collected the day before the brief-access test while animals were
water replete and the day of the brief-access test while animals
were 20-h water deprived.

Salivary protein processing. Salivary samples were pro-
cessed as described above with one exception. In Experiment 1, we
used IgA to confirm our total protein measures, but it was not
possible to do this in the water-deprived condition. Previous
studies have shown that expression of IgA is altered by water
deprivation [40] as is protein concentration of saliva [41]. Because
we cannot be sure that deprivation alters the expression of all
proteins equally, we used a more conservative approach of
analyzing the salivary protein data by t-test comparing differences
in protein expression between the two test sessions (i.e. test 1
protein expression - test 2 protein expression) by treatment (control
fed vs. tannin fed). Because these data do not allow an impression
of relative abundance, we also present the data as corrected to the
water replete expression of the same protein. We do not compare
these data statistically but provide them merely to illustrate the
relative abundance of the proteins.

Statistical Analysis. The behavioral data presented repre-
sent the mean number of licks to each concentration and the
curves fitted to the mean number of licks to each concentration.
Clurves were fit to the lick data (excluding the water licking) of each
individual animal using a 3-parameter logistic

function;f (x) = m in which a= asymptotic lick re-

sponse, excluding water; b = slope; and ¢ = log( concentration at
one-half of the asymptote (i.e., ECsp). Licking behavior was
compared by repeated-measures ANOVA and Bonferoni correct-
ed paired t-tests. The curve parameters were compared using
Bonferoni corrected paired t-tests. Curves were fit to the data and
ANOVAs were conducted in Systat 12.

Results

Experiment 1

HPLC analysis of tannic acid. The area under the curve
was calculated based on the chromatograms from the HPLC
analysis. These data revealed that the ~67% of the area under the
curve was identical to, or to the right of, the peak caused by our
additional PGG marker. Larger tannin compounds are known to
better interact with PRPs compared to smaller compounds [42],
because PGG is a large tannin compound known to interact with
PRPs, we have used PGG as a marker for size in this study. These
data suggest that 67% of compounds in the tannic acid, are the
same size or larger than PGG (Figure Sl1), therefore, we believe
that the tannic acid supplied by Sigma contains large tannin
compounds, which are capable of interacting with salivary
proteins.

Induction of salivary proteins. In the experimental group,
we saw a trend toward increased protein concentration with
exposure to the tannic acid diet, but it failed to reach significance
(Fo,63=2.0, p=0.06). In the control group there was no difference
in the total protein concentration across time (Fs5o0=1.9,
p=0.13). Our method separated out 12-15 bands from each
sample of saliva (Figure S2). We quantified the protein level of all
the major bands identified as PRPs (37 kDa, 35 kDa, 23 kDa,
18.5 kDa and 19 kDa) and three non-PRP bands (25 kDa, 18 kDa
and 14 kDa) that appeared to be altered by the tannin diet.
Quantification confirmed that the density of 6 of the 8 bands was
increased by tannic acid exposure. ANOVAs revealed a significant
interaction between group (tannin or control treated) and time for
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Figure 5. Data depicted in the larger graphs are densitometry units normalized to average control (water replete) protein
expressions (which are set to 1). The first bar (stippled) represents the average water replete expression of protein concentration, while all rats
were fed the control diet. The data in the remainder of the bars were collected in the water-deprived condition. The white bar represents the average
protein expression of all rats on the day of their first exposure to the brief-access taste test. The white bar with hash marks represents the saliva
samples collected the day of the second exposure to the brief-access test by rats that were maintained on the control diet. The gray bar with hash
marks represents the saliva samples collected the day of the second exposure to the brief-access test by rats that were maintained on the tannic acid
diet between exposures. Statistical analyses were not preformed on these data. Total protein concentration was significantly altered by water
deprivation making comparisons between samples unreliable. We have presented them only to illustrate the relative abundance of proteins across
treatments. The inset graphs represent the change in densitometry units between the two test sessions (i.e. test 1 protein expression- test 2 protein
expression) for the control group (white bar with hash marks) and experimental group (gray bar with hash marks). *Experimental group greater than

the control group, P<<0.05.

the PRPs at 35 kDa, 23 kDa, 18.5 kDa,19 kDa, and the non-
PRPs at 18 kDa and 14 kDa, Table 2, Figure 1). Two proteins on
the gel were identified as glycosylated (23 and 130 kDa), only one
of these, the 23 kDa band, was significantly modified by the diet
treatment (Figure 2).

Several bands seemed to be composed, to varying degrees of
both PRP and non-PRP proteins as the upper portion of the band
was stained pink, while the lower portion of the band was stained
blue or vice versa (e.g., 23 and 18 kDa). In these cases, we could
not segregate the colors during density counts. It is unsurprising to
find several proteins in a single band, for example Mirels et al. [43]
previously described an 18.5 kDa band isolated from rat
submandibular and sublingual saliva consisting of several proteins.
We were unable to determine protein sequences from the bands

that were identified as proline-rich or appeared to contain some
PRPs, due to the heterogeneity of sample.

We were however, able to identify the dominant protein in the
14 kDa band. This band steadily increased across days of dietary
exposure and was maximally expressed by the 4™ day of dietary
exposure. Proteomic analysis of the 14 kDa band identified rat
cystatin S (Uniprot accession P19313) as the dominant protein
present. Cystatin S was identified with >95% confidence and high
confidence tryptic peptides combined together provided 34%
coverage of the cystatin S sequence (Figure 3), indicating that the
dominant protein in the band was a cysteine protease inhibitor
present in the saliva of rats and humans [44-46].

Behavioral data. For all the feeding behavior measures, we
used the average of the final five days on the control diet as our
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Figure 6. The closed circles represent the average licking of the two test groups during their first exposure to the brief-access test
(unconditioned licking does not differ between the groups at this time point p>0.05). The open circles represent the average licking
during the second exposure to the brief-access test by rats that were maintained on the control diet. The open triangles represent the average licking
during the second exposure to the brief-access test by rats that were maintained on the tannic acid diet between exposures. Lines represent curves
fit to the average licking behavior. Rats with an increase in the salivary protein at 19/18.5 and 18 kDa bands show a right-ward shift in the licking
response curve demonstrating that they found the tannic acid less aversive in the second exposure than the first exposure, while rats maintained on
the control diet did not alter their licking behavior on the second exposure.
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baseline because there were no differences in 24-h food intake
(F=493=1.2, p=0.34), meal size (F=493=0.89, p=0.48), meal
number (F=493=1.38, p=0.27), or rate of feeding
(F =428~ 023, P= 092>

Total intake. In comparison to baseline, rats reduced total
intake when fed a diet containing tannic acid (F = 14 70 = 12.52, p<
0.001, Figure 4a). The largest reduction (~50% reduction) was
seen during the first 3 days of the diet. Total food intake recovered
to baseline by the fourth day.

Meal size. The reduction in total intake of the tannic acid
diet was due primarily to a reduction in meal size
(F=1070=13.23, p<0.001, Figure 4b). The reduction in meal
size was limited to the first three days of tannic acid diet exposure,
averaging 75% less than control on the first day. During the
following days the meal size returned to baseline levels. The
alterations in meal size were significantly related to the expression
of the 35, 19, 18.5 kDa bands and cystatin S (see Table 3), but not
to the expression the 23 or 18 kDa bands (Table 3).

Meal number. Rats increased the number of meals con-
sumed during the first 2 days of the tannic acid diet by 70%
(F=1070=13.3, p<<0.001, Figure 4c) but returned quickly to
baseline levels. The increase in meal number was likely acting to
increase total intake in the face of the sharp decrease in meal size.
These changes were uncorrelated with the increase in any of the
proteins measured (Table 3).

Rate of feeding. Rats displayed a decrease in the rate of
feeding while on the tannic acid diet (FF= (0= 35.84, p<<0.001,
Figure 4d). This decrease was greatest during the first 3 days and
then stabilized by day 7 at a level that was significantly lower than
baseline. Alterations in rate of feeding were significantly related to
the expression of the 23 and 18.5 kDa bands (Table 3), but not to
the expression of the other measured protein bands (Table 3).

Body Mass. Rats lost a significant amount of body mass after
the first night on the tannic acid diet (356.9%£8.9 to 345.8%7.1 g,
t;=4.9, p=10.002), Animals did not continue to lose significant
amounts of body mass, but did decrease the rate in which they
gained weight while being fed the tannic acid diet. Weight gain
during the last 3 days of the control diet was 12.9 g (£1.8),
however, weight gain dropped to 1.3 g (2.0, t; =4.2, p=0.004)
on the first 3 days of the tannic acid diet. The effect on body mass
was, however, transient and animals had regained sufficient weight
by the fourth day of the tannin treatment that they no longer
differed from the last day of the control diet (t; = 1.6, p=10.14).

Experiment 2

Induction of salivary proteins. As expected, salivary
protein concentration was significantly increased by water
deprivation (Fs13=6.09, p=0.005) making comparisons between
water replete and deprived samples unreliable. In this experiment,
band densities were such that we were unable to distinguish
between the 19 and 18.5 kDa bands, therefore we calculated these
proteins as a single band. Since most of the proteins of interest
seem to be upregulated by water deprivation alone (Figure 5), we
therefore compared only the water deprived samples as described
in the methods. The 19/18.5 kDa band density was significantly
increased by the diet treatment compared to the control group
(Figure 5, tgo= —3.28 p=0.01) as was the non-PRP 18 kDa band
(tso=—3.32 p=0.01). There was a non-significant trend for
cystatin S to increase (tgo= —2.13 p=0.065) and no other
proteins were upregulated by the diet treatment (all p-values >
0.3).

Analysis of licking behavior. The two groups of animals did
not differ in their initial licking behavior under control conditions
(F1,10=0.5, p=0.49). The rats that continued on the control diet
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did not alter the number of licks upon second exposure to the test
paradigm (Figure 6, I} 10=0.2, p=0.67). In contrast, rats exposed
to the tannic acid diet displayed a strong tendency to increase the
number of licks/10 sec (F 10 =4.5, p=0.055). To address how the
dietary treatment and subsequent salivary changes may have
altered the animals’ experience with the tannic acid solutions, we
compared the ECs, of the groups between the first and second
Davis Rig exposure. The ECs, represents lateral shifts in the
curve. While the ECsy in the control group did not change
between the first and second exposure (t5=1.4, p=10.23), there
was a rightward shift of the curve in the experimental group
(t; = —2.8, p=0.04) indicating that the tannin was perceived as
less aversive in the second licking test conducted following
upregulation of salivary proteins.

Discussion

We demonstrated that the expression of six salivary proteins
increased in rats exposed to a tannic acid diet and that the
expression of five of these proteins, four PRPs and a non-PRP
identified as cystatin S, was significantly correlated with changes in
the pattern of food consumption. We also demonstrated that rats
increased unconditioned licking to (and thus acceptance of) tannic
acid solutions after an upsurge in salivary proteins. Taken
together, our findings suggest an important role for these salivary
proteins in the control of feeding behavior that is related to their
ability to modulate the postingestive and orosensory feedback
associated with the consumption of a tannin-rich diet.

Orosensory Function

Glendinning [33] demonstrated that injection of isoproterenol,
and the resulting upregulation of salivary PRPs, increased the
acceptability of tannic acid solutions in mice. Glendinning
suggested that the PRPs modified the orosensory signal elicited
by the tannic acid since mice with upregulated salivary PRPs
licked the tannic acid solutions for a longer duration before
pausing (ie., they displayed longer drinking bouts) [33]. Our
methods differed from those used by Glendinning as we measured
the induction of salivary proteins while the animals consumed the
tannin-rich diet in a drug-free state. This allowed us to elucidate
the time-course of diet-driven production of salivary proteins. To
our knowledge, our study is the first to demonstrate a relationship
between salivary PRPs and tannic acid consumption in a normal
feeding situation in rodents. Our work provides support for the
hypothesis that salivary proteins influence the animals’ orosensory
response to tannic acid. This was first reflected by a change in the
rate of feeding (Experiment 1), a measure indicative of palatability
[47,48]. Protein expression of PRPs of 23 and 18.5 kDa were
significantly correlated with an increased rate of feeding while on
the tannic acid diet; these data suggest that PRPs played a role in
enhancing the diet’s palatability. In the brief-access taste test
(Experiment 2), the stimulus concentration-lick rate response
function to tannic acid solutions was shifted to the right in rats fed
the tannic acid diet (Figure 6). This demonstrates that rats found
tannic acid less aversive during the second exposure period
compared to the first. Conversely, rats fed the control diet
throughout the experiment did not alter their unconditioned
licking responses during the second licking test. Thus, exposure to
the tannic acid diet, not a repetition of the brief-access taste test,
was responsible for the shift in licking behavior. Saliva was also
collected from water-deprived rats fed the tannic acid and control
diets and compared between the two dietary exposure periods for
the brief-access taste tests. This analysis revealed that salivary
levels of the 19 kDa and the 18/18.5 kDa mixed-protein band
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increased between the first and second dietary exposure period
only in rats fed the tannic acid diet. Because any postingestive
effects of the tannic acid solutions were minimized by the brief (30-
s) access licking test, this finding suggests a role for these PRPs in
the alteration of tannic acid acceptance driven primarily through
orosensory control.

While it seems clear from both experiments that the salivary
protein band measured at 18.5 kDa (or as 19/18.5 in Experiment
2) 1s correlated with orosensory acceptance, it is surprising that the
23 kDa band that was significantly predictive of orosenory
acceptance in Experiment 1 did not appear to be upregulated in
Experiment 2. It should be noted, however, that saliva samples
were collected from water deprived animals in the second
experiment and not the first, and the lot of tannic acid differed
between the two experiments, perhaps these differences may offer
potential explanations. Salivary levels of several proteins may be
elevated by water deprivation alone (which is necessary to
motivate the animals to lick potentially aversive stimuli during
brief-access tests) and thus cannot be elevated further by dietary
treatment. Unfortunately, due to the wide spread changes in
salivary protein expression after water deprivation [41], levels of
protein were not directly comparable between water deprived and
replete conditions, so this supposition remains speculative.
Furthermore, tannic acid is a variable stimulus, one cannot rule
out differences in the composition of the stimulus may have altered
the patterns of protein upregulation.

Taken together, the data from Experiment 1 on feeding behavior
and Experiment 2 on brief-access licking provide evidence that
PRPs were related to measures of orosensory signaling. It has been
shown that PRPs bind directly to tannins (see [49]). One possibility
is that once bound to a PRP, tannic acid is less able to interact with
bitter taste receptor proteins and initiate the signaling cascades
associated with bitter taste signaling. In this case, PRPs would exert
the greatest effect and compromise orosensory signaling the most
when tannic acid concentrations are relatively weak in the
intermediate concentration range. Indeed, this was the case in
Experiment 2 where the largest shift in licking behavior occurred at
intermediate tannic acid concentrations. In this experiment, rats
responded to the weakest tannic acid concentrations as similar to
water and consequently salivary proteins were without effect. At the
upper end of the stimulus concentration range, the tannic acid
concentration may have been sufficiently strong and salivary protein
levels may have been insufficient to prevent access to orosensory
receptors. However, at intermediate tannic acid concentrations,
PRP levels were sufficient to counteract the bitter taste of tannic acid
and alter licking responses.

Postingestive feedback

Meal size is considered a measure of postingestive feedback, and
it has been suggested that animals consuming a bitter compound
should halt food intake before surpassing a critical threshold of the
possibly toxic compound [50]. Our feeding study demonstrated
that, in the presence of tannic acid, rats decreased food intake via a
selective decrease in meal size. Over time, rats recovered to
baseline intake by a recovery in meal size. This increase in meal
size was significantly correlated with the increase in expression of
several PRPs (35, 19 and 18.5 kDa) and cystatin S. Although the
role of PRPs is unknown in the gut, there is evidence in the
literature to suggest that PRPs may be active in the gut. Cai and
colleagues [51,52] have shown that PRPs decrease the absorption
of tannins across intestinal cells demonstrating that PRPs modulate
interactions between tannic acid and the intestinal environment.

Our current findings suggest that additional research is needed
to investigate the potential roles of PRPs and cystatin S in

modulating postingestive signals arising from the consumption of
bitter compounds. In this regard, previous studies have shown that
activation of intestinal T2Rs, receptors that are molecularly similar
to the bitter taste receptor proteins of the oral cavity, result in the
release of cholecystokinin [53-55], a well described regulator of
meal size [56,57]. It has been demonstrated that representative
hydrolysable and condensed tannins activate specific bitter taste
receptors [25], which have been shown to be present in the gut
[58], perhaps the mechanism of PRP alteration of gut signaling is
similar to the mechanism proposed to modify orosensory signaling.
Spectfically, the PRPs may bind to the tannic acid and
subsequently disrupt its ability to interact with intestinal T2Rs.

The degree to which cystatin S may facilitate this process is an
open question. There is some evidence that cystatins are related to
bitter taste perception, however, there is no obvious mechanism for
this relationship. Cystatin SN, a closely related protein to cystatin S,
has been linked to the sensitivity to the bitter taste of caffeine in
humans [23]. It has also been demonstrated that oral capsaicin [17]
and quinine [18] stimulate the production of salivary cystatin S-like
proteins suggesting that this class of proteins is generally responsive
to aversive oral stimuli, but to our knowledge, this is the first
suggestion that this protein is related to meal size.

Conclusions

The current findings provide the first evidence that dietary-
induced expression of salivary proteins correlates with feeding
behavior. Because tannic acid containing diets are not consumed
by animals incapable of upregulating PRPs [32,33], we believe
that the correlational relationship observed here is likely causal in
nature. Our findings support and extend the work done by
Glendinning [33] and Dsamou et al. [23] suggesting that salivary
proteins can alter taste-guided ingestive responses. Taken together,
our findings demonstrate that salivary proteins are involved in
modulating both the orosensory and the postingestive feedback
associated with chronic exposure to tannic acid diets. Under-
standing how the differential expression of these and other salivary
proteins can modulate taste perception and the processing of
postingestive signals represents a novel approach toward identify-
ing individual differences in bitter taste acceptance.

Supporting Information

Figure S1 Depicts the HPLC chromatogram. The solid
line represents compounds detected in the tannic acid sample
(2 pl, 5 mg/ml), the dotted line represents compounds detected in
the PGG sample (0.25 pl, 5 mg/ml). Analysis of area under the
curve confirms that 67% of the compounds in the tannic acid are
the equivalent to PGG or larger in size, i.e. has a peak that is
recorded later in minutes.

Figure S2 Represents example gels of saliva samples
fixed in Coomassie Brilliant Blue. Equal volumes of saliva
were resolved on 12% SDS-PAGE gels. Molecular mass markers
(M) are on the left hand side of each gel. Under each gel is the
Western blot of secretory immunoglobulin A (IgA) for each
animal. Panel A represents samples collected from a single animal
in the experimental group. Five control samples were collected
during control diet (C) exposure on alternating days. Six samples
were collected during tannic acid (T) exposure on alternating days.
Panel B represents samples collected from a single animal in the
control group. Seven control samples were collected during
control (C) diet exposure on alternating days.
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Table S1 Liquid chromatography (LC) and mass spectrometry
(MS) parameters used during protein sequencing.
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Abstract

Epidemiological models are key tools for designing and evaluating detection and control strategies against animal
infectious diseases. In France, after decades of decrease of bovine tuberculosis (bTB) incidence, the disease keeps
circulating. Increasing prevalence levels are observed in several areas, where the detection and control strategy could be
adapted. The objective of this work was to design and calibrate a model of the within-herd transmission of bTB. The
proposed model is a stochastic model operating in discrete-time. Three health states were distinguished: susceptible, latent
and infected. Dairy and beef herd dynamics and bTB detection and control programs were explicitly represented.
Approximate Bayesian computation was used to estimate three model parameters from field data: the transmission
parameter when animals are inside (Binsiqge) and outside (Boussige) buildings, and the duration of the latent phase. An
independent dataset was used for model validation. The estimated median was 0.43 [0.16-0.84] month ™' for Binsige and 0.08
[0.01-0.32] month™" for Boytsice- The median duration of the latent period was estimated 3.5 [2-8] months. The sensitivity
analysis showed only minor influences of fixed parameter values on these posterior estimates. Validation based on an
independent dataset showed that in more than 80% of herds, the observed proportion of animals with detected lesions was
between the 2.5% and 97.5% percentiles of the simulated distribution. In the absence of control program and once bTB has
become enzootic within a herd, the median effective reproductive ratio was estimated to be 2.2 in beef herds and 1.7 in
dairy herds. These low estimates are consistent with field observations of a low prevalence level in French bTB-infected

herds.
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Introduction

Bovine tuberculosis (bTB) is a chronic animal disease most often
caused by Mycobacterium bovis, that mainly affects the respiratory
system [1]. The main route of transmission of the infection
between cattle is the respiratory route [2]. In France, a control
program for bTB became mandatory in 1965. Detection of
infected herds was based on an annual screening of animals using
skin tests, and on routine inspection of carcasses at slaughter for
bTB-like lesions (with subsequent isolation of M. bovis at the
laboratory). Since 1990, the control program was reinforced by the
compulsory screening (using skin tests) of animals introduced in
bTB-free herds, these animals always originating from other b'TB-
free herds. In 1999, herd prevalence fell below 0.1% and the
slaughter of all cattle in infected herds (termed below ‘total
slaughter”) was introduced in the control program. In 2001,
France was declared officially free of bTB by the European Union.
However, in recent years, an increase in bTB incidence has been
observed in some departments. Similar trends have been observed
in other European countries. In Great Britain and Ireland, the
control programs became mandatory in 1950 and 1957, respec-
tively. They were also based on an annual screening by skin test,

the slaughter of positive animals and the inspection of carcasses at
the slaughterhouse [3]. bTB incidence decreased in both countries,
but the epidemiological situation began to deteriorate gradually
from the 1980s, partly because of the existence of a wildlife
reservoir in badger populations [4]. In France, such a wildlife
reservoir has not been identified, although wild boars, red deer
and badgers with M. bovis lesions have been found in several
departments. Unlike France, Great Britain or Ireland, there are
countries where “test and slaughter” control programs were
successful in eradicating bTB: Sweden was considered bTB-free in
1958, after 40 years of this type of control program [5] (sporadic
cases have been reported afterwards, the last one in 1978 [6]).

In France, data collected over 35 years, between 1965 and
2000, have shown parallel evolutions of herd management
practices (with a disappearance of family farms and a profession-
alization of breeders) and of herd structures (with changes in herd
types with a switch from dairy to beef and increasing herd sizes).
Besides the effectiveness of control programs, the decrease of bTB
incidence between 1965 and 2000 could be partly attributable to
these changes in herd management practices and in herd
structures [7].
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Table 1. Description of the four datasets.
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Number of herds Period

Id Data type (animals) (geographic origin) Control program
Dairy Beef

A Aggregated 5 (134) 1981-1983 (Nord) Annual screening by SITT, slaughter of all cattle if>40% of SITT-positive animals,
otherwise slaughter of SITT-positive only

B Individual 1 (60) 12 (625) 2004-2006 (Dordogne) Biennial screening by SITT confirmed by SICCT, slaughter of SICCT-positive animals,
slaughter of all cattle in case of lesions and M. bovis isolation

Aggregated 9 (684) 16 (1,011)

C Individual 3 (142) 11 (596) 2007-2010 (Dordogne) Annual screening by SITT with second control by yIFN' and confirmation by SICCT,
slaughter of SICCT-positive, slaughter of all cattle in case of lesions and M. bovis
isolation

Aggregated 7 (530) 22 (1,344)
D Aggregated 29 (6,317) 2005-2009 (Céte d'Or) Biennial screening by SICCT, slaughter of SICCT-positive animals, slaughter of all

cattle in case of lesions and M. bovis isolation

Neither ante-mortem tests [8] nor post-mortem tests [6,9] used
in bTB control programs have perfect sensitivity and specificity.
With the decrease of infection prevalence and because of the
increase of herd sizes (multiplied on average by 3.5 between 1965
and 2000 in France [7]), ante-mortem false-positive reactions
became a major problem for the surveillance and control program
and its acceptability by breeders. This led to an increasing
complexity of testing procedures over the past fifteen years, with
combinations of several tests: single intradermal tuberculin test
(SITT), single intradermal comparative cervical tuberculin test
(SICCT) and gamma interferon test (YIFN). Additionally, total
slaughter has been replaced in some areas by the slaughter of
reactive animals only. All these adaptations allowed reducing the
number of animals slaughtered due to false-positive tests, the
counterpart being the burdensomeness of control programs due to
prolonged restriction of cattle movements.

The failure of the eradication of bTB in France and other
European countries seems therefore the result of a complex
interaction between the evolution of herd management practices
and herd structures, the evolution of control programs, and the
implication of wildlife as a reservoir for infection in cattle.

Mathematical modelling is used for the study of complex
phenomena such as the dynamics of infectious agents [10].
Diseases with a long incubation period, such as bTB, are difficult
to study experimentally or in the field because of prolonged
waiting times for obtaining results and the high costs of conducting
experimental studies [2]. Mathematical simulation models offer
the possibility to test a range of control programs in a short time
and to identify the most effective one [2].

A number of mathematical models have been developed to
represent the spread of bTB and assess the effectiveness of control
measures, especially for wildlife (badgers, opossums and white-
tailed deer) [11]. Several models have been built to simulate the
dynamics of bTB within cattle herds, to quantify the importance of
within-farm bTB transmission by estimating the within-herd
transmission coefficient of infection [2,12-14] or to evaluate
detection and control strategies against bTB [2,13,15,16].

Each of these models incorporates three processes that shape the
within-herd bTB infection dynamics: (i) the natural history of the
disease, (ii) husbandry practices and (iii) the surveillance and
control program [15]. Because points (ii) and (iii) are specific to a

To improve the specificity of the control program C, the yIFN assay used in this control program is a combination of two tests: the PPD yIFN and the ESAT-6 vIFN. The
modified yIFN test can be positive (both tests are positive), negative (both tests are negative) or divergent (the results of the two tests are discordant).

particular context (geographical area and time period), the models
mentioned above are difficult to extrapolate to other countries.
The aim of this study was to design, calibrate and validate a
model of spread of M. bovis within a cattle herd. Parameter
definition was designed to allow simulating various herd manage-
ment practices as well as control programs of arbitrary complexity.

Materials and Methods

Ethical statement

bTB is a notifiable disease for which there are control and
surveillance campaigns in France. Official methods for diagnosis of
this disease are culture, PCR and histopathology. Therefore, all
the datasets included in this study are issued from animals
analyzed within an official context. No purpose killing of animals
was performed for this study. All datasets were in complete
agreement with national and European regulations. No ethical
approval was necessary.

Data

Four datasets denoted A, B, C and D were used, which had
been collected at different periods (between 1980 and 2010) in 3
French departments (Nord, Dordogne, and Cote d’Or). At that
time and in these departments, four specific control programs were
applied, also denoted A, B, C and D (Table 1).

The total number of herds in the four datasets was 115. All were
submitted to a total slaughter. Out of all these 115 farms, detailed
data for each animal (individual data) were available for 27 herds,
namely the year of birth, the screening tests used, the date and
results of these tests, the date of slaughter and the result of carcass
inspection at the slaughterhouse (presence or absence of lesions).
For the 88 remaining farms, we obtained a single data point
aggregated at the herd level: the within-herd proportion of animals
with detected lesions at total slaughter (Table 1). Dataset A was
obtained from a case study conducted by Carnon [17]. The
median percentage of animals with lesions per herd was 34.6%
(min: 20.8%, max: 86.4%). Dataset B and C were obtained from
the official veterinary services of Dordogne department. In dataset
B, the median percentage of animals with lesions per herd was
6.4% (min: 0.1%, max 52%). In dataset C, it was 3.1% (min:
0.6%, max 43%). Data set D was obtained from the Alfort
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National Veterinary School. The median percentage of animals
with lesions per herd was 1% (min: 0.3%, max: 5%).

Model

The within-herd spread of bTB was modelled using a
compartmental stochastic model operating in discrete time
(Figure 1). The time step was one month. Hereafter, ¢ represents
the current time step and m the current month. Each cattle was
represented by its age in years i€A = {0,...,A_max} and its health
state jeH = {S,E,I}, with: § (susceptible): the animal is not infected,
E (latent): the animal is infected but does not have lesions and does
not excrete bacteria, and I (infectious): the animal is infected, has
lesions and excretes bacteria. Animals were assumed to be grouped
into batches according to their age class. To each age class i (i€A)
was assigned a batch denoted L) (with L(I)CA). A given batch
thus contained animals of one or several age classes. In practice,
these batches are often placed by farmers on distant pastures and
sometimes in separate buildings, animals from distinct batches
having little contact with each other.

The control program was represented by a succession of steps
numbered from 1 to D,,q,. During each of these steps, biological
tests were performed on the entire or part of the herd; the results of
these tests determined the following step. For example, in the
control program B which was applied between 2004 and 2006 in
the department of Dordogne (Figure 2), the first step is the yearly
screening of all animals by SITT. If one animal is positive, the
second step of control program is performed two months later:
positive animals of step 1 are tested by SICCT, as well as a group
of randomly selected negative animals. If one animal is positive in
step 2, step 3 is performed 3 months later: positive animals of step
2 are slaughtered and, when lesions are observed, bacterial
cultures are performed. If one animal is positive to the bacterial
culture, the total slaughter (step 4) is performed 1 month later. The
status of each animal with respect to the step of the control
program was represented by an integer keD = {0,...,.D_max},
with: k=0 if the animal has never been tested or always had
negative test results, and k>0 if the animal had positive results to
tests performed in step & of the control program, and negative tests
thereafter.

The state of a herd at time step ¢ was represented by a
triplet{X,y;,z,), where y, is the number of the current step of the
control program (1= y, =D,,), 7z is the date on which the
biological tests associated with this step must be performed (z,=t),
and X is a state variable structured on age class, health status and
step of the control program, which represents the state of the
animals at time step ¢: X, (1,],k) represents the number of animals in
age class ¢ (i€A), health state j (jeH), which have the status k (keD)
with respect to the control program.

The dynamic of infection in the herd resulted from the
implementation of three sequential processes (Figure 1): the
demographic process (ageing and renewal of animals), the
infectious process (transmission of infection and evolution of
infected animals) and the process of detection and control. A full
description of the model is given in Appendix S1.

The size of the herd was assumed constant over time and the
herd was assumed closed. Slaughtered animals (routine slaughter
or implementation of the control program) being replaced by
susceptible young animals (0—1 years old) born in the same herd.
The culling rate keD was assumed to vary according to the month
and to the age class.

We made the simplifying assumption that transmission can
occur only between animals of the same batch. However, because
of the ageing of animals, the composition of the batch changes
every year. Animal transfers between batches then allowed the
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between-batch infection spread. The within-herd transmission of
bTB was modelled by a frequency-dependent function. Because
M. bouis transmission intensity was assumed to vary according to
whether the animals are housed inside a stable (where the intensity
of within-batch transmission is assumed to be high) or allowed to
graze (where the intensity of within-batch transmission is assumed
to be low), the transmission parameter (f3,,) was assumed to vary
according to the month. The transition from the latent (E) to the
infectious (/) state was based on the transition rate o, where 1/a is
the duration of the latency period in months.

A step of the control program represented the implementation
of one or more biological tests, some of which potentially requiring
the slaughter of the animal (for detecting lesions). Tests
implemented in the context of a control program could be
performed on the entire or part of the herd; the sample of tested
animals depending on the results of previous steps of the control
program. A step k of the control program was then represented by
the quadruplet(Sey, Spr, My, Qy), where:

— Se; and Spy, are the joint sensitivity and specificity of tests
(assumed independent of age and identical for animals in
health states £ and /)

— my, equals 1 if the tests require the slaughter of the animal and 0
otherwise

— Oy is a parameter structured according to age class and to the
status of animals with respect to the step of the control
program, which defines the sampling plan for testing animals:
Oy, (1,k) is the probability that an animal is tested if it has age ¢
and status k for the control program. This parameter verifies:

Z((i,k)eA xD) Qs (ik)=1.

The step k=1 of the control program corresponded to a
screening in a bTB-free herd. The steps k>1 corresponded to
detection and control measures conducted in a herd known or
suspected to be infected.

At each time step, it was further assumed that slaughterhouse
surveillance allowed the detection of lesions in culled animals. This
slaughterhouse surveillance combined the visual inspection of
carcasses with the isolation of M. bouvis from lesions (Figures 2 and

3).

Parameterisation

Fixed parameters. Consistent estimates of the sensitivity and
specificity of diagnostic tests are found in the literature, and herd
management practices were assumed homogeneous in a given
region. The values of the corresponding parameters were thus
fixed according to literature or based on expert opinion.

Three batches were distinguished in beef herds: young heifers
(1-2 years), heifers of reproductive age (2-3 years), and cows (after
the first calving at 4 years) with calves and heifers fed by their
mothers (<lyear). In dairy herds, animals were also separated into
three batches: young heifers (<1 year), heifers of reproductive age
(1-2 years), and cows (after the first calving, at 3 years).

For both types of herds, the stabling period was between
November and March. Renewal and routine cull of animals was
assumed to occur between January and March, animals being
culled from the age of 3 years in dairy herds and from the age of 4
years in beef herds. The maximum age of the cattle (Aj,,.,) was set
to 15 years. Other fixed parameters (culling rate, sensitivity and
specificity of screening and diagnostic tests) are given in Table 2.

Month-specific transmission parameters allowed representing
the difference between the stabling and grazing period, with
B = Binsiae during the stabling period (between November and
March) and f,, = Bousiae for the remainder of the year. Because of
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Figure 1. Schematic representation of the model of within-herd transmission of bTB by three processes: the demographic process
(renewal of cattle, reform and change of batches), the infectious process (transitions between health states S: susceptible, E: latent,
I: infectious) and the process of detection and control. a: age class in years; Batch: group of animals; m: month; p,,, (a): culling rate for month m
and age class a; Bm: month-specific transmission coefficient; Se,: test sensitivity of step k of programmed surveillance (control program); Spy,: test
specificity of step k of programmed surveillance (control program); FP: false positive; TP: true positive; See,: sensitivity of passive surveillance at the

slaughterhouse.

the close contact between dairy cows that occurs twice per day in
the milking parlour, S5z, was used throughout the year in dairy
herds for the cows’ batch.

Initial conditions assumed the presence of a single infected
animal in the state £. To represent the introduction of infection
through contact during grazing, this animal was randomly selected
among animals that had access to pasture (all batches for beef
herds and the first two batches in dairy herds). Simulations were
stopped when there were no more infected animals (thanks to
routine cull and/or to the control program), the current step of the
control program being 1 (i.e. screening in a bTB-free herd).

Parameter estimation. As estimates available in the litera-
ture are divergent or uncertain, and because many aspects of bTB
pathogenesis are yet to be elucidated, three parameters were
estimated from field data: o (transition rate between the health
states E and 1), finsiq. (transmission parameter when animals are
inside the stable) and f,sige (transmission parameter when
animals are grazing). Individual-level data from datasets B and

3- Calculate the summary statistics for the observed data S(j0)
and simulated data S(y*).

4- Compare the simulated data, S(x*), and the observed data,
S(x0), using the distance function, d, and the tolerance ¢&; if d
(S(o)s S(x¥) = &, the value of 6% is accepted. When ¢=0, the
posterior distribution is exactly m(08/S (x0)), whereas when e—+
o, the posterior distribution is equal to the prior distribution
[19].

Other algorithms have been proposed for the ABC method (e.g.
Markov Chain Monte Carlo or Sequential Monte Carlo). We used
the rejection algorithm followed by a step of local linear regression
as proposed by Beaumont et al. [19]. This step aims at reducing
the variance of the posterior estimation in order to try to correct
errors that are due to a non-zero value of the tolerance e. A total of
100,000 simulations were performed for parameter estimation.

Prior distributions were uniform distributions UJ[0.027—
0.50]month™" for o and U [0-2]month ™" for iz and Bousside-

For «, these values correspond to a period of latency between 2
and 36 months. The lower bound (2 months) is the rounded value
of the lower bound (87 days) of the estimation obtained by Neill
et al. in an experimental study [20], while the upper bound (36
months) is a rounded value of the upper bound (34 months) of the
estimated duration of latency in Perez et al. [2]. For 4. and
Bowssidzes the upper bound of the prior distribution was chosen
arbitrarily after having verified by simulation that, using this value,
the median simulated percentage of animals with lesions at total
slaughter (22% and 17% for dairy and beef farms, respectively)
was significantly higher than the observed value in dataset B
(6.4%).

The choice of summary statistics is a crucial step in the ABC
method. This choice involves a compromise between information
loss and size of the statistic [21]. Using a poorly chosen set of
summary statistics can often lead to an overestimation of credible

C were used, corresponding to 27 herds and 1423 animals
(Table 1). Control programs B (Figure 2) and C (Figure 3) were
modelled according to memos of the French Ministry of
Agriculture, Food and Forestry.

The ABC (Approximate Bayesian Computation) method was
used to estimate the parameters (o, Pisize and Pousize). This
method aims at estimating the posterior distributions of the
parameters where the calculation of the likelihood is difficult or
burdensome [18].

The generic form of the ABC method’s “rejection algorithm™ is
[18]:

1- Sample parameter values 8% from the prior distribution ().

2- Simulate a dataset (* using parameter values 0%

nPos=0

At =24 months

y
k=2

k = 1 (start control) Se,, = Se.les * Se.bac k=3 k=4
Se., = Se.les * Se.bac Se = Se.SICCT See, = Se.les * Se.bac Total slaughter
Se=Se.SITT nP=>0 | sp=sp.siccT nPes> 0 Se = Se.les * Se.bac nPes> 0 Se = Se.les
Sp = Sp.SITT At =2 months | m=0 At=3 months | SP=1 At=1month | P71
m=0 viQ(i,1) =1 m=1 m.=k1 -
Vi, k QG k) =1 Vi 0(i,0) = 0.1 viQ@,2) =1 Vi, k Q. k) =

Figure 2. Control program B applied in the Dordogne department between 2004 and 2006. Step 1: biennial bTB screening using
SITT (the herd being considered disease-free). All animals are tested (Vi,kQ(i,k)=1). Sensitivity (Se) and specificity (Sp): those of SITT.
Transition to step 2 if an animal is positive (n°°*>0), two months later (At= 2 months. Step 2: confirmation of SITT positive results using SICCT. All the
positive animals of step 1 are tested (i i Q(i,1) =1), as well as 10% of the negative animals (1 i Q(i,1) = 1). Sensitivity (Se) and specificity (Sp): those of
SICCT. Transition to step 3 if an animal is positive, three months later. Step 3: slaughter of SICCT-positive animals and isolation of M. bovis from
lesions. All the positive animals of step 2 (i i Q(i,2) = 1) are slaughtered (m = 1) and bacterial culture is performed from observed lesions. Sensitivity
(Se): sequential combination of a visual inspection at the slaughterhouse and of a bacterial culture. Transition to step 4 if an animal is positive, 1
month later. Step 4: total slaughter. All the animals (Vi,kQ(i,k) =1) are slaughtered (m = 1). Routine detection of lesions at slaughterhouse. Sensitivity
(Seey): sequential combination of a visual inspection at the slaughterhouse and of a bacterial culture. If a positive animal is thus detected, regardless
of the current stage of control program, transition to step 4. See table 2 for the definition of the other parameters.
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nPos=0
l At =12 months
k = 1 (start control) K=2
Se., = Se.les * Se.bac Se,, = Se.les * Se.bac
| se=sesiTT nees> 0 _| Se =1-(1-Se.¥IFN,)(1- Se.¥IFN,)
Sp =Sp.SITT At =0 month Sp=Sp.¥IFN,*Sp.¥IFN,
m=0 m=0
Vi, kQ(i,k) =1 viQ(i,1) =1
nPos>0 | At =0 month
K=3
Se,, = Se.les * Se.bac
Se = Se.¥IFN,* Se.¥IFN, /[1-(1-Se.¥IFN,)(1- Se.¥IFN,) ]
Sp=[ Sp.¥IFN,*(1- Sp.¥IFN,) + (1-Sp.¥IFN;)*Sp.¥IFN,] /[1-Sp.¥IFN, *Sp.¥IFN,] [ nPes>0
m=0 At =2months l
ViQ(@i,2)=1 K=5
Se,, = Se.les * Se.bac
nP*=0 | At=2 months Se = Se.SICCT
v nPos> 0 =
nPos=Q | At =12 months — Sp_ Sp.SICCT
= At=2 months | M=0
Se,, = Se.les * Se.bac Vi@l 1) =1
Se = 1-(1-Se.¥IFN,)(1- Se.¥IFN,) ;s _
Sp=Sp.vIFN,*Sp.vIFN, WL 0) =10
m=0 nPes> 0 [
viQ@i,1)=1
Q@1 * At =3 months
K=6 K=7
Se,, = Se.les * Se.bac Total slaughter
Se = Se.les * Se.bac nPs> 0 _| Se=Se.les
Sp=1 At =1 month Sp=1
m=1 m=1
viQ(i,5) =1 Vi, k Q@i k) =1

Figure 3. Control program C applied in the Dordogne department between 2007 and 2010. Step 1: yearly bTB screening using SITT (the
herd being considered disease-free). All animals are tested (u i,k Q(i,k) = 1). Sensitivity (Se) and specificity (Sp): those of SITT. Immediate transition to
step 2 if an animal is positive (n°°*>0). Step 2: confirmation of SITT positive results using PDD yIFN (yIFN1) and ESAT-6 yIFN (yIFN2). All the positive
animals of step 1 are tested (u i Q(i,1)=1. Sensitivity (Se) and specificity (Sp): parallel combination of both tests (positivity to any of both tests).
Immediate transition to step 3 if an animal is positive; otherwise: transition to step 1. Step 3: interpretation of the positive results of step 2 as
convergent (both yIFN tests are positive) or not (only one of both tests is positive). All the positive animals of step 2 (u i Q(i,2)=1) are concerned.
Sensitivity (Se) and Specificity (Sp): sequential combination of both tests in positive animals of step 2. Transition to step 5 if an animal is positive, and
to step 4 otherwise, two months later. Step 4: second confirmation of SITT positive results using PDD yIFN (yIFN1) and ESAT-6 yIFN (yIFN2). All the
positive animals of step 1 are tested (1 i Q(i,1)=1). Sensitivity (Se) and specificity (Sp): same as for step 2. Transition to step 5 if an animal is positive,
two months later; otherwise: transition to step 1, 12 months later. Step 5: confirmation of SITT positive results using SICCT. All the positive animals of
step 1 are tested (i i Q(i,1) =1), as well as 10% of the negative animals (i Q(i,0) =0.1). Sensitivity (Se) and specificity (Sp): those of SICCT. Transition to
step 6 if an animal is positive, three months later. Step 6: slaughter of SICCT-positive animals and isolation of M. bovis from lesions. All the positive
animals of step 5 (u i Q(i,5)=1) are slaughtered (m=1) and bacterial culture is performed from observed lesions. Sensitivity (Se): sequential
combination of a visual inspection at the slaughterhouse and of a bacterial culture. Transition to step 7 if an animal is positive, 1 month later (At=1
month). Step 7: total slaughter. All the animals (1 i,k Q(i,k) =1) are slaughtered (m = 1). Routine detection of lesions at slaughterhouse. Sensitivity
(Seey): sequential combination of a visual inspection at the slaughterhouse and of a bacterial culture. If a positive animal is thus detected, regardless
of the current stage of control program, transition to step 7. See table 2 for the definition of the other parameters.

intervals due to the loss of information [22]. One way to capture
most of the information present in the data would be to use many
statistics, but the accuracy and stability of the ABC method
decrease rapidly with an increasing number of summary statistics
[22,23]. In order to choose the best combination of summary
statistics, eight combinations (Table 3) were tested on simulated
data obtained using arbitrarily fixed parameter values. The tested
summary statistics combined two types of variables, the time
between the last negative control and the detection of infection
and the percentage of animals with detected lesions, taking into
account or not the batch, the type of herd and the year. The
procedure used to select the best summary statistics among the
eight tested combinations is described in Appendix S2. Briefly,
parameter values were set to arbitrarily chosen values and used to
generate 100 simulated datasets. In a first step, one of these

datasets was chosen and considered a pseudo-observation. Each
set of summary statistics was then successively used to estimate the
posterior distribution of the parameters, and we kept for further
analysis the set of summary statistics for which the arbitrarily
chosen parameter values were inside the corresponding 95%
credibility interval. In a second step, the preceding procedure was
successively applied to the 100 simulated datasets and we selected
the set of summary statistics that maximized the proportion of
cases for which the arbitrarily chosen parameter values were inside
the 95% credibility interval of the posterior distribution of
parameters.

The tolerance threshold & was determined by choosing the
proportion of retained simulations p.. A leave-one-out procedure
was applied to a set of 100 datasets simulated using parameters (o,
Binsides Powssiae) sampled from the prior distributions, to evaluate the
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Table 2. Definitions and values of fixed parameters in the model.
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Parameters Description Value Range’ Reference
U () Culling rate (Prof. Coureau, Alfort National Veterinary
School, pers. Comm.)
Dairy herd, 2000’s 0.35 0.25; 0.45
Beef herd, 2000's 0.25 0.15; 0.35
All herds, 1980's 0.25
Se.SITT Sensitivity of single intradermal tuberculin test 0.635; 1 [8]
1980’s 0.72
2000's 0.839
Sp.SITT Specificity of single intradermal tuberculin test 0.755; 0.99 [8]
1980's 0.988
2000's 0.968
Se.SICCT Sensitivity of single intra dermal comparative 0.80 0.52; 1 [8]
cervical tuberculin test
Sp.SICCT Specificity of single intra dermal comparative 0.995 0.788; 1 [8]
cervical tuberculin test
Se.PPD yIFN Sensitivity of gamma interferon test (PPD) 0.876 0.73; 1 [8]
Sp.PPD yIFN Specificity of gamma interferon test (PPD) 0.966 0.850; 0.996 [8]
Se.ESAT-6 yIFN Sensitivity of gamma interferon test (ESAT-6) 0.763 0.690; 0.836 [51]
Sp.ESAT-6 YIFN Specificity of gamma interferon test (ESAT-6) 0.992 0.976; 1 [51]
gsSICCT Proportion of animals non-reactors to SITT tested 0.10 0.05; 0.15 (French Ministry of agriculture, Food and
six weeks later by SICCT Forestry)
Se.bac Sensitivity of bacterial culture 0.78 0.729; 0.828 [52]
Se.les Sensitivity of visual inspection of carcass 0.50 0.255; 0.755 [6]

'Values used in the sensitivity analysis.

Table 3. Selection of the set of summary statistics based on simulated datasets generated using arbitrarily fixed parameter values:
o =0.083 months, Binsige =0.5, and PBinsige =0.1.

Median [95% credible interval] 1

Id Summary statistics Dimension p
a Binside ﬁoutside
A Average percentage of animals with detected lesions? 1 0.72 0.79 0.61 -
[0.60-0.78] [0.44-1.27] [0,03-1,92]
B Average percentage of animals with detected lesions in each batch 3 0.42 033 0.29 73%
[0.00-2.43] [0.28-0.70] [0.00-3.9]
C Percentage of animals with detected lesions in each batch (n=3) 81 0.13 0.35 0.44 49%
of each herd (n=27) [0.06-0.67] [0.02-1.97] [0.01-2.21]
D Same as C+percentage of herds submitted to total slaughter 82 0.97 0.05 0.03 -
[0.48-2.04] [0.01-0.15] [0.00-0.12]
E Same as C+time between the last negative test and the detection 108 0.29 0.35 0.07 32%
of infection for each herd [0.07-0.69] [0.00-0.77] [0.00-0.84]
F Same as E+percentage of herds submitted to total slaughter 109 033 0.29 0.08 -
[0.12-0.65] [0.08-0.57] [0.00-0.79]
G Average percentage of animals with detected lesion for each batch, 16 0.26 0.27 0.07 71%
period® and herd type?; average time between the last negative [0.07-0.74] [0.04-0.75] [0.00-0.52]
test and the detection of infection for each period and herd type
H Same as G+percentage of herds submitted to total slaughter 20 0.073 0.48 0.12 88%
for each period and herd type [0.05-0.54] [0.03-0.76] [0.00-0.59]
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'Proportion of cases for which each of the three arbitrarily fixed parameter values were inside the 95% credible interval of the posterior distributions (100 repetitions).
2For herds submitted to a total slaughter.

3Before 2007 (control program B) and after 2007 (control program C).
“Dairy of beef.
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robustness of the estimates to the tolerance rate. Each of the 100
simulated datasets was successively considered a pseudo-observa-
tion and parameter values were estimated using the above
procedure. A prediction error coefficient was calculated for each
estimated parameter, for values of p. ranging from 0.1% to 5%
[24]. The smallest value of pg for which the prediction error
coeflicient was stable for the three parameters (o, Binsides Poutside)
was thus selected.

We used the “abc” package of software R [25]. The function
cvdabe was used to select the value for the proportion of retained
simulations pe.

A sensitivity analysis was performed to evaluate the effect of
changing the fixed parameter values (Table 2) on the estimated
values of the transition rate («) and of the transmission parameters
(Binsidze and Poyssiae).- Two different values were selected for each
fixed parameter (Table 2) according to literature (SI'TT, SICCT,
YIFN and bacterial culture) or using fixed deviations (£10% or
*5%). Only first-order effects were analyzed and, for each
scenario, o, Pinside and Poussiae were estimated by the ABC method,
as described above. This operation was repeated 24 times (12 fixed
parameters and 2 points per parameter) resulting in 24 posterior
distributions for o, fusize and Pousize- These were analysed using
three generalised linear model (GLMs) (one per estimated
parameter). The explanatory variables were the fixed parameters
values (their deviation from their default values).

The GLMs were used to predict the effect of an increase of 5%
of each fixed parameter on the average values of o, Biysq and
Poutsize- To identify the most influential fixed parameters, we
compared the coefficient of variation of the posterior distributions
(obtained using the default values of fixed parameters) with the
relative error induced by a 5% change of fixed parameters, as
predicted by the GLMs.

Validation

An internal validation was first performed using a leave-one-out
cross-validation procedure. One hundred triples of parameter
values (o, Pinsice and Poussiae) were randomly chosen among the
100,000 used for parameter estimation. Each was successively used
to generate a dataset considered a pseudo-observation, and
posterior distributions were estimated using the above procedure
(without using the pseudo-observation). The reliability of the
estimation procedure was quantified by the proportion of cases for
which the triple (o, Binsize and Pousiae) used to generate the dataset
was within the 95% credible interval.

An external validation was performed to test the ability of the
model to reproduce the observational data of bTB in France
between 1980 and 2010, using the data that were not used for
parameter estimation: dataset A, aggregated data from datasets B
and C, and dataset D (Table 1). Each herd of these datasets was
successively used to parameterize the model (herd size and type,
control program - Figures 2, 3, S1 and S2), and the posterior
distributions of parameters (o, Binside and Poysside) were sampled to
perform 1000 simulations. Those ending by a total slaughter were
kept to compute the distribution of the proportion of animals with
detected lesions. For each herd of the above datasets, the observed
proportion was compared with the simulated distribution thus
obtained. Furthermore, for dataset A, the predicted proportion of
simulations ending by a total slaughter was compared with the
percentage observed in the corresponding department in the
1980s: 5%.

Model exploitation
The basic reproduction ratio (RO) is used to measure the
transmission potential of a disease. It is the number of secondary

111

infections produced by an infectious animal in a fully susceptible
population that is totally susceptible. This indictor is of great
importance in infectious disease modelling as, when RO<1, the
disease tends to vanish, whereas when R0>1, the disease tends to
spread and a large epidemic may occur [26]. However, in real
situations, the population is rarely entirely susceptible, mainly
because of the spread of infection (and the corresponding decrease
in the number of susceptible individuals). We computed the
effective reproductive ratio R(t): the average number of cases
secondary to an infectious case in a population consisting of
susceptible and infected individuals. Two average herds, respec-
tively representative of a Irench dairy herd (81 cattle) and a
French beef herd (70 cattle) in the 2000s, were considered. Disease
dynamics was simulated in these herds without a control program,
and the distribution of the effective reproductive ratio R(t) was
calculated each month after the introduction of M. bovis, during
360 months (twice the maximal age of cows in the model: 15
years). Details of R(t) calculation are given in Appendix S3.

Results

Parameter estimation

The procedure used to choose the set of summary statistics first
led to select B, C, E, G and H, for which, when using one
simulated dataset as a pseudo-observation, the arbitrarily chosen
parameter values were all inside the 95% credible interval of
posterior distributions of parameters (Table 3). Their dimensions
varied between 3 for B and 109 for F (Table 3). Among these five
sets of summary statistics, H maximized the proportion of cases
(88%) where the arbitrarily fixed parameters (o, Binsize and Bousside)
were all within the credible interval of 95% of posterior
distributions when using the 100 simulated datasets as pseudo-
observations (Table 3). This set of summary statistics was thus
chosen: a combination of statistics describing the percentage of
animals with detected lesions per batch and the percentage of
herds with total slaughter per herd type (dairy/beef) and per
period (periods where control program B and C were applied).
The evolution of the values of the prediction error coefficient
according to the proportion of retained simulations led to select
Pe = 2%.

The median of the posterior distribution of a was 0.28 (95%
credible interval [CI]: [0.13-0.56]), which corresponds to a
median latency period for bTB of 3.5 months (95% CI: [2-8]
months) (Figure 4). The median value of bTB transmission
coefficients were 0.43 month™' (95% CI [0.16-0.84] month™")
inside the stable (B;,54.) and 0.08 month™! (95% CI [0.01-0.32]
month 1) outside the stable (B,usiqe) (Figure 4). The median of the
ratio Pinside! Bousside was 5 (95% CI [0.8-100]). It was>1 in 95.6%
of cases (Figure 4). Negative values of Spearman’s rank correlation
coeflicient were observed between o and fisiqe (—0.47, p<
0.0001), between o and Byusize (—0.31, p<0.0001), and between
Binside and Poyssiae (—0.35, p<0.0001). These negative correlations
were expected, as the summary statistics (such as the proportion of
animals showing lesions) may remain approximately the same if a
higher value of o (i.e. a shorter latency period) is compensated by
smaller values of fsize and Bouside, or if a higher value of g 1s
compensated by a lower value of By The results of the
sensitivity analysis of parameter estimates to variations of fixed
parameter values are summarised in a tornado chart (Figure 5). A
5% increase in the values of the fixed parameters had limited
effects on the estimation of o and Byysiae (Figure 5). For Biysize, the
relative difference of the average posterior estimate greater than
the coeflicient of variation computed from the posterior distribu-
tion of for a single parameter: the specificity of the ESAT-6 yIFN

WORLD TECHNOLOGIES




112
o
o
0 = .
el '
.
.
> [
[5) '
{=
0] 0 !
3 N o
o .
o .
[V .
.
.
.
o - — . 4
[ T T T 1
0.0 0.2 0.4 0.6 0.8
month™
Binside
o
S
n '
> .
[5) '
c []
° H
o
g & :
[ [
.
.
.
& .
[ | T T 1
0.0 0.5 1.0 15 2.0
month™"
Binside/Boutside
o
S —
~

Frequency
350
1

0.14 1 27 20.1 148 1097 8103

Food Science, Health and Nutrition

Latency period

700
|

Frequency
350
!

[=- —
[ T T T 1
0 10 20 30 40
month
Boutside
o
w0
©

Frequency
325

1.0 1:5 2.0

month ™'

Figure 4. Posterior distribution of parameters ¢, f,siqe and f,ssiqe- Red dots: median value of parameter estimates; black dotted lines: lower
and higher bounds of parameter prior distributions; red dotted lines: 95% credible intervals of the parameter posterior distributions. Histogram
Binside/ Boutside represents the value of log ratio Binsige/ Poutside DUt the x-axis values are not expressed in log.

test. A 5% increase of the specificity of the ESAT-6 yIFN test led
to a 48.5% decrease of the average posterior estimate of Siygide-

Predicted bTB dynamics

Figure 6 and Table 4 represents the predicted bTB dynamics in
two herds representing dairy farms (average size in 2000:81
animals) and beef herds (average size in 2000:70 animals) in
France, with and without a control program (control program B,
Table 1 and Figure 2). When the control program was simulated,
after its introduction in a susceptible herd, bTB was predicted to
disappear in 22% of cases in beef herds and in 17% of cases in
dairy farms, thanks to routine cull: the median time from disease

introduction and disease extinction was less than 10 months, in
both types of herds, with or without a control program (Table 4).
In most cases, M. bovis did not disappear from the simulated herds
and the disease was predicted to be detected through passive
surveillance (at slaughterhouse) (13% for beef herds and 21% for
dairy farms) or through active surveillance (screening using skin
tests) (65% for beef herds and 62% for dairy farms). In both cases,
the median time period between the introduction of infection and
total slaughter was less than 3 years in the two types of herds
(Table 4). In the absence of a control program (Figure 6a and 6b),
the median proportion of infected animals was predicted to
increase until reaching a plateau at 61 months in beef herds and
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Figure 5. Impact of changes of fixed parameter values on the estimates of &, f,sige and S sice- (3): relative error for o; (b): relative error for
Binsides (C): relative error for Boysides black line: value of the coefficient of variation of the posterior distributions obtained when we using the default
values of fixed parameters; if the relative error value is within the two black lines, the effect of fixed parameters values on parameter estimates in the
model is considered limited; qSICCT: percentage of SITT-negative animals tested 6 weeks after by SICCT; see table 2 for the definition of the other

parameters.

40 months in dairy herds (Figure 6a and 6b). The corresponding
level of infection prevalence was predicted to be higher in beef
herds (Figure 6a) than in dairy herds (Figure 6b): once reached the
enzootic infection level the median prevalence of infected animals
was 93% in beef farms and 53% in dairy herds. As expected, when
a control program was used, the maximum percentage of infected
animals was predicted to be lower in both types of herds (Figure 6¢
and 7d).

Validation
Internal validation showed that, for 83 of the 100 randomly
selected simulations, the fixed values of the three parameters o,

Pinside and Bousside; were inside the 95% credible interval of the
posterior distributions.

Using dataset A, external validation showed that, in four of five
herds (farms 1, 2, 3 and 4), the observed percentage of cattle with
lesions was between the 2.5% and 97.5% percentiles of the
simulated proportion of animals with lesions at total slaughter
(Figure 7). In the fifth herd, the observed percentage of animals
with lesions was very high (86.6%) and was above the 97.5%
percentile of the simulated distribution (Figure 7). The proportion
of simulations ending with a total slaughter varied between 3%
and 7%, depending on the herd. These values are close to the
proportion of 5% reported by the French Ministry of Agriculture,
Food and Forestry for that department at that time.
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Figure 6. Monthly evolution of the simulated proportion of infected animals (animals in E or | health state; solid line: median,
dashed: 2.5% and 97.5% percentiles) in standard French beef (a and ¢, 70 animals) and dairy (b and d, 81 animals) herds without (a
and b) or with (c and d) implementation of control program B (1,000 simulations per scenario).

The observed percentage of animals with lesions was located
between the 2.5% and 97.5% percentiles of the simulated
proportion of animals with lesions in 92% (23 herds out of 25)
and 83% (24 herds out of 29) of herds of datasets B and C,
respectively. This percentage was 100% (29 herds out of 29) for
dataset D.

Effective reproductive ratio

Figures 8a and 8b show the evolution of R(t) values over time.
In both types of herds, the shape of the curve was similar, with an
increase in the values of R(t) that reached a plateau 72 months
after disease introduction in dairy herds and at 96 months after
disease introduction in beef herds. After 30 simulated years, which
corresponds to a situation of enzootic circulation of M. bovis

within the herd, the value of R(t) was slightly higher for beef herds
than for dairy herds. The median value and the percentiles [2.5%—
97.5%] of the predicted distribution of R(t) were 2.2 [1.8-2.8] for
beef herds and 1.7 [1.5-2.2] for dairy herds (Figure 8a and
Figure 8b). It was higher than 1 for each of the 1,000 simulations
and higher than 2 for 11% of simulations in dairy herds and 79%
in beef herds (Figure 8c and Figure 8d).

Discussion

In this work, we have built a stochastic discrete-time model to
simulate bTB dynamics and control in cattle herds. The model
accounts for interactions among the three processes that influence
the within-herd evolution of bTB: (i) the natural history of the
disease (infectious process), (ii) husbandry practices (demographic
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Table 4. Predicted median and percentiles [2.5%-97.5%)] of the distribution of outbreak duration (in months) in standard French
beef herds (70 animals) and dairy herds (81 animals) without or with control programs (1,000 simulations per scenario).

by slaughterhouse surveillance

Beef herds Dairy herds
Time to natural extinction of infection Without a simulated control program 7 [3-30] 8 [4-32]
With a simulated control program
No detection of infection 6 [3-11] 7 [4-16]
Infection suspected but not confirmed’ 8 [3-25] 8 [3-23]
Time to total slaughter of the herd after infection detection 24 [9-50] 23 [9-48]
by routine skin testing
Time to total slaughter of the herd after infection detection 24 [8-50] 30 [9-47]

"No isolation of M. bovis, total slaughter is thus not applied.

process) and (ii1) control programs (detection and control process).
The model has been designed to allow simulating control
programs of arbitrary degree of complexity. Parameterization
allows representing various herd types and farming practices (in
particular the differences between dairy herd and beef herd
management). Epidemiological parameters of the within-herd
transmission of bTB (duration of the latent state, transmission
parameters) were estimated using a first set and the model was
validated using a second set of field data collected between 1980
and 2010. Herd management practices and bTB control programs
have evolved during this period and the model could be
successfully adapted by changing parameter values, suggesting a
good level of genericity and an ability to simulate various herd
management systems and bTB detection and control programs of
arbitrary complexity. The simulated effective reproductive ratio
R(t) may allow assessing the effectiveness (i.e. whether R(t)<<1) of
different bTB control strategies or the effect of changes in herd
management practices on the bTB within-herd dynamic.

Internal validation showed a good reliability of the estimation
procedure of model parameters by the ABC method. External
validation showed that the model was able to reproduce field data
regarding bTB collected between 1980 and 2010 in several French
departments. This suggests that the transmission coeflicients
(Binsidze and Pousiae) and the duration of the latent period (1/¢)
have remained roughly constant between the 1980s and today,
despite changes in parameters related to herd management
practices such as the culling rate, the age at culling and the herd
size.

Health states used in the proposed model (susceptible, latent and
infectious) are consistent with the pathology of infection. However,
published models often divide the latent state into two sub-states
(latent, non-skin test-responsive and latent, skin test-responsive
[13-15]) and use shorter time steps (day or week). Latent non-skin
test-responsive animals spend an average of four weeks in this state
before developing a positive skin test reaction [13,14,27]. Conlan
et al. 28] estimated the median period of the latent non-skin test-
responsive state at 28 days. As we used a monthly time step, it was
thus not necessary to represent this health state. Infectious state /
was defined by the presence of detectable lesions at slaughter. The
type (open or stabilised) and the location of the lesions were not
taken into account. This may induce an underestimation of within-
herd transmission: an animal with so-called “open tuberculosis
lesions” may infect the rest of the herd in a short period of time.
However, much is unclear about open tuberculosis lesions,
including the probability of developing this type of lesion, its
duration and its infectivity [15]. Therefore we did not incorporate

the type of lesion in our model. This choice is in line with other
epidemiological models of bTB [13-15].

Most of the models previously developed in the literature that
simulated the within-herd spread of bTB used a single transmis-
sion parameter. In our model, we used two transmission
parameters to distinguish transmission inside buildings and in
pastures. Both transmission coefficients are related to herd
practices, allowing to use the model for representing various
farming systems by changing the grazing periods and the
composition of batches. The within-herd transmission of bTB is
considered higher in dairy herds than in beef herds [12]. This is
attributed to a combination of several factors that contribute to the
spread of infections in dairy herds such as the high contact rate,
especially in the milking parlour [13], the high animal density and
stress factors related to intense animal management [12,29-32].
The estimated value of 4, was greater than that of Byusia. In
96% of cases, suggesting that the definition of two transmission
coeflicients allowed capturing the difference between dairy herds
and beef herds in terms of within-herd transmission of bTB.
Indeed, although the 95% credible intervals of the two within-herd
transmission coeflicients of bTB (Biysize and Poussiae) overlapped,
the median within-herd transmission coefficient inside the stable
was 5 time as high as in the pasture: 0.43 month ™' [0,16-0.84]
and 0.08 month™! [0.01-0.32] for Binsiae and Poussides Tespectively.
These estimated medians were consistent with the estimates of
within-herd transmission of bTB in Spain proposed by Alvarez
et al. [12], with higher transmission coefficients in dairy herds
(median 0.39 month™") than in beef herds (0.19 month™"). The
estimated values of the transmission coefficients are also in the
same range as values obtained by other studies: 0.22 month™ " in
the study of Barlow et al. [13] and 0.18 months ™' in the study of
Perez et al. in Argentina [2].

The only transmission route taken into account in our work is
the direct transmission between animals of the same batch.
Indirect transmission, the potential role of wildlife, contacts with
cattle from other herds at pastures and contacts between cattle of
different batches are not taken into account. In particular,
between-batch disease transmission was not taken into account
because we assumed that the probability of contact between
animals of different batches was low: different batches of the same
herd are often placed by the breeder on different and distant
pastures and even sometimes in separate buildings. It should be
noted that the transmission between batches does nevertheless
occur in the model: as bTB is a chronic, slowly evolving disease,
between-batch transmission occurs when animals are moved from
one batch to another. However, the closed herd assumption would
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Figure 7. Observed and simulated proportions of animals with detected lesions when total slaughter is performed, for the 5 herds
of dataset A. Black point: observed proportion of animals with bTB-like lesions in each herd; red point: simulated median proportion of animals with
bTB-like lesions in each herd; dotted lines: 2.5% and 97.5% percentiles of the simulated distributions.

likely underestimate the persistence of M. bovis infection in herds,
if wildlife or introduced animals can reintroduce infection [33].

The median duration of the estimated latency period (state E)
was 3.5 months [2-8] months. This range of values is consistent
with the chronic nature of bTB. However, our estimate of the
latency duration was lower than the mean estimated duration of
24 months (95% confidence interval: 15-34 months) that was
obtained by a simulation model of the within-herd transmission of
bTB in Argentina [2]. This difference may be explained by
differences among animals in the two countries, as the incubation
period depends on the susceptibility of the host [34].

Model predictions for 2000 showed that the infected herds
(dairy or beef) were in 15 to 20% of cases detected by
slaughterhouse surveillance. This result was expected because
the frequency of intradermal skin test applied in control program
B was biennial. The percentage of spontanecous extinction of the
disease (thanks to routine cull) was almost identical between dairy
and beef herds.

When no control program was applied, simulated within-herd
prevalence reached>50% in both types of farms. This simulated
prevalence is high compared to the values observed in some parts
of Africa and Asia (between 6% and 15%), where no control
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Figure 8. Monthly evolution of the simulated effective reproductive ratio R(t) (a and b), and distribution of this R(t) (c and d) when
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herds. Solid line: median; dashed: 2.5% and 97.5% percentiles.

program is applied [35,36]. In Africa and in Asia, most cattle are
zebu (B. indicus) [37]. Ameni et al. [38] report that, under
identical field husbandry conditions, a higher susceptibility to bTB
was observed in Holstein cows than in zebus: (odds ratio: 2.32). In
France dairy cattle are kept most of the time indoors, while beef
cattle have stabling periods of approximately five months each
year. Oppositely, in Africa and in Asia, cattle are most of the time
kept outdoors, where contacts between animals are less intense
than indoors, hence the lower observed within-herd prevalence in
these regions.

The low predicted values of the effective reproductive ratio R(t)
over time are consistent with field observations of a low bTB
prevalence in French infected herds in the 2000s, and support the
results of transmission trials indicating that cattle do not readily
infect other cattle [39,40]. According to our estimation, when no
control program is applied and once bTB has become enzootic
within the herd, the median number of animals infected by an
infectious animal is 2.2 in beef herds and 1.7 in dairy herds. This
difference is due to a lower age at culling for dairy cows than for
beef cows.
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Several models have been proposed in the literature to simulate
the dynamic of within-herd transmission of bTB: stochastic Reed-
Frost model in discrete time [2,12], Reed-Frost model in
continuous time [14], stochastic individual based model [15],
compartmental stochastic model in continuous time [28] and
compartmental stochastic model in discrete time [13,33,41]. We
used a compartmental stochastic model operating in discrete time.
Bovine T'B health states are best represented using discrete health
states (S-E-I), we thus chose to use a compartmental model. The
scarcity and the discrete nature of the main simulated event which
is the infection of animals (in a national survey in France between
2005 and 2007 in infected herds, the median of animals with lesion
was 2), led us to use a stochastic approach rather than a
deterministic approach. ABC methods are computationally
cumbersome. Discrete time simulation was chosen as it appeared
less computationally demanding than continuous time simulation.
The duration of the time step (one month) was chosen because in
literature the estimated duration of the latent state (in models with
a single latent state [2] or with two states of latency [28]) was
greater than one month. In addition, for the modeled screening,
control and demographic processes, a one month time step also
appeared satisfactory (frequency of tuberculin test, stabling
period).

While this type of model is relatively easy to simulate, it is
analytically difficult to manage when the number of states is high.
In this case, numerical resolution by simulation is the only way to
estimate the parameters [42]. The likelihood is difficult to calculate
in our model, because the infection process is only partially
observed (only a fraction of infectious animals is detected at the
slaughterhouse, depending on the sensitivity of the visual
inspection of carcasses). We thus chose to use the ABC method
for the estimation of model parameters because this method does
not require the calculation of the likelihood [43]. The choice of
summary statistics and of the tolerance threshold are two sources
of error in the ABC method [44]. To reduce errors linked to the
choice of summary statistics, a preliminary step was performed in
which several summary statistics were tested and compared using
simulated data. Other methods have been proposed in the
literature such as the algorithm developed by Barnes et al. [45]
to choose a set of summary statistics from all possible summary
statistics. This algorithm uses the mutual information as a selection
tool [45]. Choosing a non-zero value for tolerance, ¢, can bias the
posterior estimation of the parameters [44]. To reduce errors due
to non-zero values of ¢, the local linear regression algorithm of the
ABC method was used in our work for estimating the model
parameters [19]. ABC-SMC (Sequential Monte Carlo) algorithm
allows using specific methods to select the tolerance threshold
[46,47]. But, according to Filippi et al. [48], more work needs to
be done on the choice of tolerance threshold in the ABC-SMC
algorithm. Besides, the use of the local linear regression algorithm
is however not without problems, as the relationship between
summary statistics and parameters is highly non-linear in most
cases, which may bias the estimation of parameters [19].

The sensitivity analysis of a model is of great interest [42]
because it helps to determine the most influential parameters. The
sensitivity analysis performed here was used to independently
assess the effect of fixed parameters values on the posterior
parameter estimates. For practical reasons (of computation time
required to perform this sensitivity analysis), the sensitivity analysis
did not assess the effect of interactions among fixed parameters.
Nevertheless, according to the literature, this method is the first
step in exploring global associations (between the estimated and
non-estimated parameters in the model), excluding interactions
[49]. The results of the sensitivity analysis showed that fixed
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parameters have only limited effects on the posterior parameter
estimates, except for the effect of the specificity of ESAT-6 yIFN
test on finsiq.- The specificity of ESAT-6 yIFN test is used in
control program C (Figure 3), which includes a 2-steps confirma-
tion of positive SITT using YIFN test (steps 2 and 3 in Figure 3).
When the specificity of ESAT-6 yIFN is increased to 100% (see
Table 2), the overall specificity of the 3 step of control program
C also reaches 100% (see Figure 3). Because the overall sensitivity
of both YIFN-based confirmation steps is low, the time required to
detect bTB increases, which induces a decrease of f3;,4, estimate.

We assumed that the sensitivity and the specificity of the
screening tests were independent of cattle age. Proafio-Perez et al.
[50] reported a negative correlation between the age of cattle and
the response to avian tuberculin. This result suggests that young
animals are more likely to show false positive reactions to SITT
than adult animals. The impact on our results is however likely to
be limited, as the sensitivity analysis showed that the specificity of
screening test had a little effect on the estimated values of the
epidemiological model parameters (o, Bingide a0d Poutside)-

In conclusion, the model proposed here has been designed to be
generic enough to allow simulating various herd management
systems and bTB detection and control programs. Its parameters
have been estimated using field data and it has been validated
using an independent dataset. In the future, this model will be used
to analyse the impacts of changes of control programs and of herd
management practices on the dynamics of bTB in France,
between the beginning of the control program (in 1965) and
obtaining the bTB-free status (in 2000). Besides, it will be used to
assess the effectiveness of bTB control programs, in order to
identify alternative strategies to the total slaughter protocol
currently applied in infected herds.

Supporting Information

Figure S1 Control program A applied in the Nord department
between 1981 and 1983. Step 1: yearly bTB screening using SI'TT
(the herd being considered disease-free). All animals are tested (1
1k Q(ik) =1). Sensitivity (Se) and specificity (Sp): those of SITT.
Transition to step 2 if the proportion of positive animals exceeds a
predefined threshold (n®*/n'**>P.ab), one month later (At=1
months). Transition to step 3 if positive results are observed, the
proportion being below the threshold. Step 2: total slaughter. All
the animals (0 Lk Q(ik)=l)are slaughtered (m=1). Step 3:
selective slaughter. Positive animals of step 1 (u 1 Q(1,1)=l)are
slaughtered (m=1). Transition to step 1, 6 months later. See
table 2 for the definition of the other parameters.

Figure S82 Control program D applied in the Coéte d’Or
department between 2005 and 2009. Step 1: biennial bTB
screening using SICCT (the herd being considered disease-free).
All animals are tested (W ik Q(ik)=1). Sensitivity (Se) and
specificity (Sp): those of SICCT. Immediate transition to step 2 if
non-negative results are observed (n”*>0). Step 2: interpretation
of SICCT non-negative results. All the positive animals of step 1 (1
1 Q@,1)=1) are concerned. Sensitivity: for an infected animal,
probability that a non-negative positive result is not doubtful (pi:
probability of a doubtful SICCT result for animals in health states
E or I); specificity: for a susceptible animal, probability that a non-
negative SICCT result is doubtful (ps: probability of a doubtful
SICCT result for animals in health state S). Transition to step 3 if
all the non-negative SICCT animals are doubtful, 2 months later;
otherwise: transition to step 4, 3 months later. Step 3: confirmation
of the positive results of step 1 using SICCT. All the positive
animals of step 1 are tested (U 1 Q(i,1)=1), as well as 10% of the
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negative animals (1 Q(1,0) = 0.1). Sensitivity (Se) and specificity (Sp):
those of SICCT. Transition to step 5 if an animal is positive, three
months later; otherwise: transition to step 1. Step 4: slaughter of
the positive animals of step 2 and isolation of M. bovis from
lesions. All the positive animals of step 2 (0 1 Q(,2)=1) are
slaughtered (m=1) and bacterial culture is performed from
observed lesions. Sensitivity (Se): sequential combination of a
visual inspection at the slaughterhouse and of a bacterial culture.
Transition to step 6 if an animal is positive, 1 month later (At=1
month). Step 5: slaughter of the positive animals of step 3 and
isolation of M. bovis from lesions. All the positive animals of step 3
(1 Q,3)=1) are slaughtered (m=1) and bacterial culture is
performed from observed lesions. Sensitivity (Se): sequential
combination of a visual inspection at the slaughterhouse and of
a bacterial culture. Transition to step 6 if an animal is positive, 1
month later (At =1 month). Step 6: total slaughter. All the animals
(1 1,k Qf,k)=1) are slaughtered (m=1). Routine detection of
lesions at slaughterhouse. Sensitivity (Se.,): sequential combination
of a visual inspection at the slaughterhouse and of a bacterial
culture. If a positive animal is thus detected, regardless of the
current stage of control program, transition to step 6. See table 2
for the definition of the other parameters.
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a Large Omnivore, the Grizzly Bear: A Geometric Analysis
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Abstract

Nutrient balance is a strong determinant of animal fitness and demography. It is therefore important to understand how the
compositions of available foods relate to required balance of nutrients and habitat suitability for animals in the wild. These
relationships are, however, complex, particularly for omnivores that often need to compose balanced diets by combining
their intake from diverse nutritionally complementary foods. Here we apply geometric models to understand how the
nutritional compositions of foods available to an omnivorous member of the order Carnivora, the grizzly bear (Ursus arctos
L.), relate to optimal macronutrient intake, and assess the seasonal nutritional constraints on the study population in west-
central Alberta, Canada. The models examined the proportion of macronutrients that bears could consume by mixing their
diet from food available in each season, and assessed the extent to which bears could consume the ratio of protein to non-
protein energy previously demonstrated using captive bears to optimize mass gain. We found that non-selective feeding on
ungulate carcasses provided a non-optimal macronutrient balance with surplus protein relative to fat and carbohydrate,
reflecting adaptation to an omnivorous lifestyle, and that optimization through feeding selectively on different tissues of
ungulate carcasses is unlikely. Bears were, however, able to dilute protein intake to an optimal ratio by mixing their
otherwise high-protein diet with carbohydrate-rich fruit. Some individual food items were close to optimally balanced in
protein to non-protein energy (e.g. Hedysarum alpinum roots), which may help explain their dietary prevalence. Ants may be
consumed particularly as a source of lipids. Overall, our analysis showed that most food available to bears in the study area
were high in protein relative to lipid or carbohydrate, suggesting the lack of non-protein energy limits the fitness (e.g. body
size and reproduction) and population density of grizzly bears in this ecosystem.
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Introduction

A balanced macronutrient (protein, carbohydrate, and lipid)
intake has been linked to many aspects of evolutionary fitness in
animals, including fecundity [1], longevity [2], immune system
function [3], obesity [4], sexual display [5], predation risk [6],
body size and growth rate [7-8]. It may therefore be expected that
animals are under strong selection for the ability to regulate the
ratios of macronutrients eaten, through choosing foods that are
balanced with respect to requirements or eating appropriate
proportions of nutritionally complementary foods when consum-
ing a mixed diet [9]. Laboratory studies have shown that a wide
range of animals, including herbivores [7,10], omnivores [11-12]
and carnivores [9,13-14] self-select specific ratios of macronutri-
ents from nutritionally complementary foods, and that the selected
ratios optimise performance [1,7-8,15]. Recent studies of prima-
tes, a group that is particularly amenable to direct observations of
feeding in the field, have demonstrated that macronutrient ratios
drive food selection also in the wild [16-18].

The generality, strength, and functional importance of macro-
nutrient regulation provides a powerful framework for under-
standing the nutritional ecology of animals in the wild [19], and

can inform management strategies for their conservation [20]. Few
studies, however, have used the concepts of nutrient balance to
understand the habitat requirements of animals, how they persist
in natural environments in the face of temporal and spatial
variation in food availability, and the nutritional constraints that
limit populations. Such analyses are particularly pressing for large,
vulnerable, ecologically important species that mix their diet from
nutritionally diverse foods, such as omnivorous bears.

The natural diet of grizzly bears (Ursus arctos L.) has been well
documented in parts of North America [21-25]. Being a generalist
omnivore, the grizzly bear mixes its diet by consuming a variety of
foods. Grizzly bear diets differ among regions, largely because of
variation in food availability due to local climate and environ-
mental factors [26], which results in individual and population
level effects. For example, it has been suggested that the high fruit
(carbohydrate) and low protein diet typical of grizzly bears in
south-castern British Columbia allows for a population with
relatively small female bears with high body fat composition to live
at high densities [27]. Much larger grizzly bears, and higher
population densities, can be found in coastal areas where bears
consume both fruit and salmon during the summer [28-29]. Food
availability also varies temporally within grizzly bear populations,
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as bears consume food items that are seasonally available [21-24].
Additionally, individual grizzly bear diets can be highly variable,
ranging from near complete carnivory to almost totally plant-
based [25,30].

Macronutrient optimization has been documented in both
captive and wild grizzly bears, which have been observed to self-
select mixed diets of salmon (genus Oncorhynchus; a source of
protein and lipid) and fruit (a source of carbohydrate) in
proportions that optimized mass gain [31]. More recently, captive
grizzly bears were shown to have optimized mass gain per unit
energy intake on a self-selected average diet of 17% protein to
83% non-protein energy [32]. In the aforementioned study, grizzly
bears prioritized a protein intake target over carbohydrate or lipid
[32], which is common among terrestrial omnivores and
herbivores [33]. Bears preferred lipid over carbohydrate as a
non-protein energy source when optimizing protein intake. In the
absence of lipid, however, bears were able to utilize carbohydrates
with equal efficiency, suggesting that lipid and carbohydrate
served as interchangeable non-protein-energy sources when
optimizing protein intake [32].

In this paper, we used the geometric framework [8,34] to
understand how seasonal food availability may constrain macro-
nutrient optimization in wild grizzly bears of west-central Alberta,
Canada. Grizzly bears in the study area are relatively small, and
occur at low population densities [35]. Since small body size and
low population density (both indicators of performance) suggest
poor environmental conditions, our analysis was aimed at
understanding nutritional factors that may limit population fitness
(e.g. body size and reproduction). To this end, we integrated
previously published data on bear diets [32] with estimates of food
nutritional composition in order to examine the proportion of
macronutrients that grizzly bears could consume by mixing their
diet among seasonally available foods. We then assessed the degree
to which, in different seasons, bears could consume the ratio of
protein to non-protein energy previously demonstrated to optimize
mass gain in captive bears [32].

Materials and Methods

Study area and diet

West-central Alberta, Canada, (general location 53°0°N,
117°0°W) includes portions of the eastern slopes of the Canadian
Rocky Mountains and foothills. The climate is continental, with
average summer temperatures ranging from 11.9°C in lower
elevation montane subregions, to 9.4°C in the subalpine, while
average winter temperatures are —7.8°C and —8.9°C respectively
[36]. Average annual rainfall in montane regions is 464 mm and
568 mm in the subalpine [36]. The grizzly bear population in the
study area (4.79 bears per 1000 km? [37]) resides in both
mountainous and boreal foothills habitats, and large elevation
gradients result in differences in resource distribution and timing
of plant phenology that influence the dietary intake of bears
[24,38-39].

During the post-hibernation pre-green up period (approximate-
ly late April to late May) the diet of grizzly bears in the study area
is composed primarily of alpine sweetvetch (Hedysarum alpinum)
roots and ungulates, although small mammals can make up a
portion of their diet [24].Ungulate consumption is higher
throughout the active season among bears living in lower elevation
foothills habitats than bears residing in mountainous areas, while
sweetvetch roots are consumed more heavily and for longer
periods by bears in the mountains. The principal ungulate prey of
grizzly bear in the study area are moose (Alces alces), white-tailed
deer (Odocotleus virginianus), mule deer (O. hemionus), and elk (Cervus
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elaphus) [24,40]. Woodland caribou (Rangifer tarandus caribou) also
occur in the more northerly Kakwa region of west-central Alberta.
Ungulate consumption peaks in June and remains relatively high
in July. Green vegetation becomes common in grizzly bear diets in
June with consumption peaking in July. Commonly consumed
native forbs include horsetails (Fguisetum spp.) and cow parsnip
(Heracleum  lanatum) [24]. Forbs associated with anthropogenic
disturbance (e.g., roads, oil and gas, mining, forestry, and seismic
activity), such as dandelion (7araxacum officinale), clover (Trifolium
spp.), and alfalfa (Medicago sattiva) are also available to grizzly bears
[24,38,40]. Sweetvetch root consumption is generally low during
July; however, bears in the mountains continue to consume roots
throughout the active season likely due to environmental gradients
allowing for prolonged availability of nutritious roots and limited
availability of animal-based foods [24,39]. Fruit is prominent in
the diet of grizzly bears in west-central Alberta from as early as late
July, with consumption peaking in September [24]. Fruit most
commonly consumed by bears in the study area include russet
buffaloberry (Shepherdia canadensis) and those of the blueberry-
huckleberry complex (Vaccinium spp.); however, several other
species are consumed in lesser quantities [24]. The consumption
of green vegetation declines during the fruit season, while ungulate
consumption continues for bears in the foothills, but is lower
among bears in the mountains [24]. Insects, primarily ants, are
consumed mostly in July and August. In late fall, approximately
mid-September to mid-October, a decline in the variety of
available food resources has bears consuming a diet similar to the
pre-green-up period: alpine sweetvetch roots once again becomes
a primary food resource, and to a lesser extent ungulates [24].
Unlike the pregreen-up period, however, fruit is also often
consumed by bears in the late-fall period [24].

Macronutrient estimates

Macronutrient estimates for several food items were obtained
from previous bear studies, the USDA National Nutrient Database
[41], and other sources (Supporting Information S1). Chosen food
items were considered generally sufficiently abundant for bears to
effectively mix their diet based upon previous diet studies in the
study area [24,40]. We used available carbohydrate estimates for
foods only when total dietary fibre (ITDF) was reported in order to
more closely approximate the digestion of bears [42] and to better
compare with the study of Erlenbach et al. [32] where TDF was
determined via the Prosky method. Fibre estimates, however, were
not often reported as TDF, and we were therefore limited by a
lack of suitable available carbohydrate estimates for foods,
especially vegetation. Since complete or suitable macronutrient
estimates for some vegetation were unknown to us, we included
vegetation proxies and combined some estimates from different
sources to estimate available carbohydrate (Supporting Informa-
tion S1). For example, we used celery (Apium graveolens var. dulce) as
a proxy for cow parsnip because they are similar in nutrient
content [43]. Limited data analysis for some grizzly bear plant
foods are presented in supplementary material (Supporting
Information S1) and were used to inform macronutrient estimates.
We used the USDA National Nutrient Database [41] to estimate
macronutrient values for some wild ungulate tissues not reported
in grizzly bear literature (including brain, kidney, liver, tongue,
eyeball, and bone marrow) by using estimates from both wild and
domestic animals (Supporting Information S1). We note that
methods of diet composition may be different among studies,
nutritional composition of food available to bears may differ from
published data, and that food composition varies with respect to
season and environment [21,39,44].
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Since grizzly bears tend to consume ungulates in their entirety
with the exception of hide and large bones [28], we estimated the
macronutrient content of a wholly consumed ungulates (herein-
after referred to as “non-selective consumption’; Supporting
Information S1). For the first estimate, we assumed an ungulate
carcass was composed of five edible components (90.2% skeletal
muscle, 1% brain, 3% bone marrow, 3.8% liver, and 2% adipose
tissue) as in Kuipers et al. [45]. We then averaged macronutrient
estimates, including available carbohydrate, for each ungulate
component per season, weighted them according to the proportion
of edible carcass, and summed the components to estimate the
macronutrient content of a non-selectively consumed ungulate
(Supporting Information S1). Estimates for bone marrow and
adipose tissue were not averaged as we used only single estimates
for each component. A second estimate of non-selective ungulate
consumption for moose (minus hide and injesta) was derived from
Hundertmark et al. [46] (Supporting Information S1). Carbohy-
drate was not reported in Hundertmark et al. [46], as such we
assumed available carbohydrate to be negligible. A third model of
non-selective ungulate consumption was derived from McCul-
lough and Ullrey [47] for white-tailed deer. We used data
presented in Table 1 and Table 2 of McCullough and Ullrey [47]
to estimate the macronutrient composition of male and female
deer of three different age classes (fawn, yearling and adult) minus
hide (hair and skin), hooves, and antlers (where present). Estimates
from McCullough and Ullrey [47] were derived from fall and
winter animals following a high food resource year and as such
were in excellent body condition (high body fat. We also
determined the ratio of percent crude protein to lipid of an
optimally balanced non-selectively consumed ungulate on a mass
basis by back-calculating from the optimal ratio of 17% protein to
83% non-protein metabolizable energy (Supporting Information
S1). We considered carbohydrates to be negligible for this
estimate.

Modelling approach

We used right-angled mixture triangles (RMTs) to examine the
relationships between seasonal food availability to grizzly bears,
macronutrient availability and macronutrient requirements [34]
(see also [48]). RMTs represent 3-component (e.g. protein, fat and
carbohydrate) compositions of mixtures as Cartesian points in a
multi-dimensional nutrient space. We used Erlenbach et al. [32] as
the basis for grizzly bear macronutrient requirements, where the
ratio of 17% protein to 83% non-protein energy was considered
optimal because it maximised growth efficiency. Grizzly bears also
showed a strong regulatory preference for the protein intake target
despite different diets, with lipid and carbohydrate being
interchangeable components of non-protein energy intake [32].
Within RMTs fat and available carbohydrates were represented
on the two primary (x and y) axes, and crude protein on the third,
implicit, axis (the z axis). The implicit component varies inversely
as distance from the origin increases [34]. Macronutrients were
expressed as a percentage of total metabolizable energy (kcal) per
food item (Supporting Information S1) using Atwater factors [49].

In order to examine temporal patterns in macronutrient
availability, we created RMTs for four periods of the grizzly bear
active season. These seasons were: 1) pre-green-up (approximately
late April to late May); 2) forb and graminoid season (approxi-
mately June through July); 3) fruit season (approximately early
August to mid-September); and 4) late fall (approximately mid-
September to mid-October). After plotting food items, we created
line segments between food points to form minimum convex
polygons around the “nutrient space” potentially accessible to
bears during each season. We used non-selective ungulate

consumption estimates when creating nutrient space polygons in
order to better approximate the nutrient space available to grizzly
bears. The estimates from McCullough and Ullrey [47] were used
for all seasons, but may overestimate the fat content of ungulates
during pregreen-up, graminoid and forb, and berry seasons.
Selective consumption of fatty ungulate components (e.g. bone,
marrow and brain) were considered unlikely to contribute
substantially to a balanced diet due to their size [45] and relative
availability; however, we plotted macronutrient estimates of
individual organs in order to illustrate the variety in nutrient
composition among body parts. Small mammals were omitted
from the nutrient space because they are generally a minor diet
item and limited in size, although they may be a more prominent
food in the diet of some bears ([24], unpublished data). In order to
assess whether bears could achieve an optimal macronutrient
intake, we plotted the intake target (17% protein to 83% non-
protein energy) previously self-selected by captive bears, as well as
the macronutrient composition of diets used to determine the
intake target [32]. Overlap between the nutrient space polygon
and intake target line would indicate that bears could optimize
protein to non-protein energy intake by mixing their diet among
seasonally available food.

Results

Pregreen-up period

RMT analysis of the macronutrient content of seasonal foods
indicated that grizzly bears were unable to reach the macronu-
trient target of 17% protein during the pregreen-up period by
mixing their diet between sweetvetch roots and whole ungulates
(Fig. la); however, bears could come relatively close to the intake
target by consuming sweetvetch root (23% protein: 77% non-
protein energy), high-fat ungulates if available (28% protein: 72%
non-protein energy), or a combination of the two. Alpine
sweetvetch consumption would improve the macronutrient
balance of bears consuming lower-fat ungulates such as our
estimates for moose (53% protein: 47% non-protein energy) and
average ungulate derived from Kuipers et al. [45] (70% protein:
30% non-protein energy) The carbohydrate content of brain and
liver was estimated to contribute 0.5% to total metabolizable non-
protein energy of an ungulate carcass based on the proportions of
Kuipers et al [45]. In order for an ungulate carcass to be
composed of an optimal ratio of protein to non-protein energy, it
would need to have a percent mass ratio of crude protein to lipid
of 0.433:1 (Supporting Information S1). Conversely, an optimal
ungulate carcass would need to contain approximately 2.3 X more
lipid than protein on a mass basis. These ratios are the same for
both percent dry matter and percent fresh (wet) matter estimates.
Alpine sweetvetch root was close to optimally balanced in protein
to non-protein energy due to its relatively high carbohydrate
content. Small mammals would contribute mainly protein to the
diet.

Graminoid and forb season

During the graminoid and forb season, the addition of
vegetation and ants to the diet allows bears to come closer to
optimal protein intake by consuming a wider variety of
carbohydrates and lipids (Fig. 1b). Specifically, a diet high in ants
(approximately 30% protein: 70% lipid energy) would allow bears
to compose a diet similar to the optimal lipid-rich diets chosen by
captive bears, while some vegetation (horsetails and celery (proxy
for cow parsnip)) had close to optimal ratios of macronutrients
(25% protein: 75% non-protein energy, and 21% protein:
79% non-protein energy respectively). The ratio of protein to
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b) Graminoid & forb season

20 40 60 80 100
Carbohydrate (% energy)

T T T T 1

80 60 40 20 0
Protein (% energy)

d) Late fall

20 40 60 80 100
Carbohydrate (% energy)

80 60 40 20 0
Protein (% energy)

Figure 1. Right-angled mixture triangle (RMT) plots [34] depicting the estimated macronutrient (lipid, available carbohydrate, and
crude protein) content of seasonally available foods consumed by grizzly bears in west-central Alberta, given as a percentage of
metabolizable energy. Protein is represented by the third z-axis which varies inversely with distance from the origin. Seasons are defined based on
major changes in grizzly bear diet, and include: a) pregreen-up; b) graminoid and forb season; c) berry season; and d) late fall. For reference, optimal
diets self selected by captive grizzly bears [32] are shown as black symbols and marked in the legend with an asterisk (*), while the 17% protein to
83% non-protein energy intake target is shown as a black line. The grey-shaded polygon indicates the estimated nutrient space available to grizzly
bears consuming seasonal foods. Overlap between the nutrient space polygon and the intake target line indicates that an optimal diet may be
achieved during a season. The food items plotted do not include variation and are meant to give a general perspective.

non-protein energy in available foods is higher than optimal

during this season.

Berry season

metabolizable energy) fruit with all other food (ants, ungulates,
sweetvetch root and green vegetation) in the nutrient space
(Fig.1c). An optimal ratio of non-protein energy could be
composed of a high carbohydrate/low lipid diet (approximately

During the berry season, bears were able to optimize their
macronutrient intake by mixing high-carbohydrate (67-89%
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lipid). Several individual fruits were close to optimally balanced in
protein to non-protein energy.

Late fall

During late fall, grizzly bears can still potentially optimize their
protein to non-protein energy intake by consuming fruit with
alpine sweetvetch and whole ungulates (Fig. 1d). In the absence of
fruit, grizzly bears face a diet that is similar in macronutrient
composition to the pregreen-up period.

Discussion

Our analysis suggests that grizzly bears in west-central Alberta
optimize macronutrient intake during seasons in which fruit is
available. Fruit is commonly known as an important resource for
bears, and is actively sought after, forming the bulk of bear diets
during late-summer and early-fall when available [24,50]. The
ability of bears to optimize their macronutrient intake by
consuming fruit helps explain why it is such a highly desirable
food item. The timing of fruit availability is also critical: berry
season coincides with the hyperphagic period in which bears
attempt to accumulate sufficient fat reserves to support hibernation
and female reproduction costs [51-53]. Beyond simply supplying
energy to hyperphagic bears, fruit enables grizzly bears to optimize
mass gain per unit energy intake. The availability of fruit,
therefore, has direct implications on the reproductive success and
fitness of grizzly bears in the study area.

Diet studies within the study area [24,40] report that bears in
the foothills have a much more carnivorous diet than bears in the
mountains where ungulates and other animals are less abundant
[24]. Our analysis shows that it is unlikely for grizzly bears to be
able to optimize their diet by feeding non-selectively on ungulates,
given that a balanced ungulate carcass would need to contain over
two times the lipid as protein. For example, assuming an average
crude protein content of 20.7% (fresh weight) for a moose carcass
[46] would require a lipid content of 48.3% to be optimally
balanced (assuming carbohydrates to be negligible). Such a high
fat content is unlikely given that the average moose carcass in the
same study contained 8.8% lipid with a range of 0.3-19.4% [46].
Additionally, the majority of ungulate consumption in the study
area occurs during spring [24], a time when prey tend to be lean
[44,54]. However, despite not being perfectly balanced, ungulates
provide more digestible protein and energy than plant-based
grizzly bear foods [45]. Vegetation is complementary with
ungulate consumption, in that it dilutes the level of protein in
the diet and brings the diet closer to the protein intake target. This
seems to be reflected in the diet of bears within the study area,
which maintain the consumption of graminoids, forbs, and
horsetails during periods of high ungulate intake [24]. Grizzly
bears tend to gain lean mass in the spring [28] which seems
consistent with a high protein diet.

Since fat-rich resources are relatively scarce in west-central
Alberta, we would expect fatty ungulate tissues to be highly sought
after. Selective feeding behaviour has been observed in Alaskan
grizzly bears that fed on lipid-rich brain tissues and roe of
spawning salmon [55]; however, as previously mentioned both
wild and captive bears tend to consume ungulates in their entirety
with the exception of hide and large bones [28]. It may be possible
that bears in the study area selectively eat high fat ungulate tissues
in order to increase their lipid intake, but presumably there are
strong ecological constraints on availability to prevent bears from
acquiring enough carcases to optimize their diet this way. This
would be especially relevant for scavenged carcasses, as lipid rich
tissue is often the first to be consumed and spoils more readily [45].

Certain individual foods were closely balanced in protein to
non-protein energy, and these foods are also prominent in the
grizzly bear diet. For example, celery (proxy for cow parsnip),
horsetail, and dandelion were closely balanced in macronutrients.
The near optimal macronutrient balance of sweetvetch root may
help explain why it makes up much of the bear diet during
pregreen-up and late fall [24]. Yet, despite favorable macronutri-
ent balance, plant foods other than fruit are often low in nutrient
concentration. Grizzly bears may respond to high levels of non-
nutritional fibre and low macronutrient concentrations in roots,
graminoids, and forbs by consuming these foods in greater
quantities (a phenomenon observed in other animals [8]).
Ultimately, however, grizzly bears are constrained by intake rates
and stomach capacity when consuming energy- and macronutri-
ent-dilute herbaceous foods [56]. Interestingly, for vegetation
which we could estimate phenological changes in macronutrients,
a decline in protein content from graminoid and forb season to
berry season made these plants more closely balanced in
macronutrients; however, nutrient concentration in these plants
1s generally lower and fibre content higher [21,23].

The macronutrient balance of ants makes them a potentially
important food item for grizzly bears. Our results suggest that lipid
content of ants makes them a particularly valuable food resource,
because they allow bears to expand their nutrient space in the
absence of high-fat ungulates and consume a diet that is close to
the balance offered by preferred high-lipid diets. As well, ants have
previously been suggested to provide necessary amino acids to
bears on largely vegetarian diets [57]. Ants, however, are generally
not heavily consumed by grizzly bears in the study area and only
for a limited time [24]. Therefore, the dietary impact of ants on
the study area population is likely limited.

Most food available to bears in the study area were high in
protein relative to lipid or carbohydrate, and it is not unreasonable
to suggest that a paucity of lipid-rich resources in part limits the
study area population in terms of body size and population density
relative to bears in ecosystems that provide more fatty foods (e.g.,
Yellowstone, and coastal British Columbia/Alaska). Yet, in the
face of a suboptimal diet, generalist omnivores such as the grizzly
bear may have a high capacity for capitalizing on excess nutrients
in nutritionally imbalanced foods, even if it means deviating
further from optimal nutrient intake [8]. One explanation for this
is that a generalist species that has over-ingested a particular
macronutrient has a relatively higher probability of encountering a
complimentary food that enables it to correct the nutrient
imbalance, thereby rendering the initial excess nutrient useable
while also balancing the nutrient deficiency in the complimentary
food [58]. This ability to capitalize on excess nutrients may be
especially true of animals that readily store excess energy as fat
[58], which likely includes grizzly bears. Given that grizzly bears
tend to consume large amounts of seasonal food resources, they
may be able to effectively mix their diet across longer time periods,
which has been previously suggested [27], but has yet to be
demonstrated.

While an optimal ratio of protein to non-protein energy could
be consumed by grizzly bears in west-central Alberta, the absolute
amount of food consumed would need to be adequate to support
maintenance and growth. The possibility for growth is obviously
not always available to bears given inter-annual variation in both
ungulate densities and berry production. Other factors may limit
the availability of food resources to individual grizzly bears,
including sexual segregation of habitats [30]. Yet despite the
challenges, years of high resource availability should be those in
which bears experience the greatest growth, not solely because of
increased energy availability, but also due to the increased
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potential for optimizing macronutrient intake through a mixed
diet.

As with other wild animals [59-60], there are knowledge gaps
regarding the nutritional compositions of resources consumed by
grizzly bears, and, as in many nutritional ecology studies [60],
protein and energy dominate the nutritional currencies used when
investigating grizzly bear ecology. While such an approach is often
appropriate, this work further demonstrates the importance of
expanding the study of grizzly bear nutritional ecology to include
other nutrients and the interactions between them. Indeed, an
important priority is to extend the dimensionality of such models,
to include not only macronutrients but also, for example, essential
amino and fatty acids as well as micronutrients. Such studies are,
of course, challenging, but we believe that the power of multi-
dimensional nutritional analyses outweighs the effort [33].
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Abstract

Background: Gestational diabetes prevalence is increasing, mostly because obesity among women of reproductive age is
continuously escalating. We aimed to investigate the incidence of gestational diabetes according to the consumption of fast
food in a cohort of university graduates.

Methods: The prospective dynamic “Seguimiento Universidad de Navarra” (SUN) cohort included data of 3,048 women
initially free of diabetes or previous gestational diabetes who reported at least one pregnancy between December 1999 and
March 2011. Fast food consumption was assessed through a validated 136-item semi-quantitative food frequency
questionnaire. Fast food was defined as the consumption of hamburgers, sausages, and pizza. Three categories of fast food
were established: low (0-3 servings/month), intermediate (>3 servings/month and =2 servings/week) and high (>2
servings/week). Non-conditional logistic regression models were used to adjust for potential confounders.

Results: We identified 159 incident cases of gestational diabetes during follow-up. After adjusting for age, baseline body
mass index, total energy intake, smoking, physical activity, family history of diabetes, cardiovascular disease/hypertension at
baseline, parity, adherence to Mediterranean dietary pattern, alcohol intake, fiber intake, and sugar-sweetened soft drinks
consumption, fast food consumption was significantly associated with a higher risk of incident gestational diabetes, with
multivariate adjusted OR of 1.31 (95% conficence interval [CI]:0.81-2.13) and 1.86 (95% Cl: 1.13-3.06) for the intermediate
and high categories, respectively, versus the lowest category of baseline fast food consumption (p for linear trend: 0.007).

Conclusion: Our results suggest that pre-pregnancy higher consumption of fast food is an independent risk factor for
gestational diabetes.
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Introduction

Gestational diabetes mellitus (GDM), traditionally defined as
carbohydrate intolerance first diagnosed during pregnancy [1], has
long been recognized as a risk factor for a number of unfavorable
outcomes. These include short- and long-term complications for
mothers (i.e., preeclampsia or eclampsia, and type 2 diabetes after
delivery), and for offspring (i.e., macrosomia, increased likelihood
of trauma at birth, cesarcan delivery, and neonatal metabolic
abnormalities, such as hypoglycemia or hyperbilirubinemia) [1,2].
GDM prevalence is increasing, mostly because obesity among
women of reproductive age is continuously escalating [3-5]. It has
been reported that gestational diabetes affects 1-14% of all

pregnancies in the US [1], and about 2-6%of pregnancies in
Europe [5]. A recent meta-analysis of RCTs suggested that
interventions on glucose control/monitoring, diet, or pharmaco-
logical treatment including insulin, did not significantly reduce the
risk of adverse outcomes (i.e. cesarean delivery and perinatal or
neonatal death) [6]. Hence, the identification of modifiable risk
factors, such as excess adiposity, decreased physical activity, and
unhealthy diet for the prevention of gestational diabetes is
criticalin order to avoid associated harmful outcomes [7].
Several observational studies have related some pre-pregnancy
dietary factors with GDM risk. An inverse association between
pre-pregnancy adherence to healthful dietary patterns and
gestational diabetes incidence has been reported [8]. Low fiber
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intakes or high dietary glycemic index [9], high red meat/
processed meat consumptions [10], and high intakes of animal fat
and cholesterol [11] have all been associated with an elevated risk
of GDM.

Previous studies have suggested that Western-style fast food,
which is calorically dense and usually served in large portions, is a
determinant of weight gain, insulin resistance, and type 2 diabetes
incidence [12,13]. However, the association of fast food consump-
tion with GDM risk remains unknown. Therefore, we conducted
the present analyses to appraise whether fast food consumption
(hamburgers, sausages, and pizza) was associated with GDM risk
in the SUN project (“Seguimiento Universidad de Navarra”,
University of Navarra Follow-up).

Materials and Methods

Study population

The SUN project is a prospective dynamic cohort study entirely
composed of university graduates. The recruitment started in 1999
and it is permanently open. The design and methods utilized in the
SUN study have been previously described in detail [14,15]. In
brief, graduates from the University of Navarra and other Spanish
universities, registered nurses and other health professionals from
different Spanish provinces were invited to participate by a mailed
questionnaire. The study protocol was approved by the Institu-
tional Review Board of the University of Navarra and the initial
response to the questionnaire was considered as informed consent
to participate. After the baseline assessment, participants receive a
follow-up questionnaire every two years on diet, lifestyle, risk
factors, and medical conditions.

For the present analyses we examined the last available database
as of the 1** of December 2013. From a total 13,231 women, we
included 12,456 women who had answered the baseline question-
naire before the 1™ of March 2011, to have enough time to answer
the first follow-up questionnaire. Up to that date, 3,137 pregnant
women were identified among them. Women were excluded from
the analyses if they reported extremely low (below percentile 1) or
high (above percentile 99) values for total energy intake (n=67),
had prevalent or previous gestational diabetes (n=10), or had a
previous diagnosis of diabetes (n=17). Women who reported
gestational diabetes in a previous pregnancy were not included in
the analyses because they were thought to be more likely to have
changed their diet and lifestyle during the next pregnancy to
prevent recurrent gestational diabetes. The final analytic popula-
tion included 3,048 pregnant women (Fig. 1).

Since we have excluded those pregnant women with implausible
levels of total energy intake, missing data on fast food consumption
(n=40) was considered as no consumption. Those with missing
values in smoking were treated as another category (current,
former smoker, never smokers, and missing [n = 67]). For missing
anthropometrics data we used the last value carried forward,
although in this sample of the SUN Project there were no missing
data for these variables.

Dietary assessment

Dietary habits at baseline were assessed by a semi-quantitative
food frequency questionnaire (FFQ) with 136 items previously
validated and described in detail [16,17]. The validity [18] and
reproducibility [19] of this questionnaire have been also recently
assessed. Updated Spanish food composition tables were used to
assess nutrient intake. Nutrient scores were computed using an ad
hoc computer software specifically developed for this aim. A
trained dietitian updated the nutrient data bank using the latest
available information included in food composition tables for

13231 women (data base up
to 1stDecember 2013)

775 lost to follow-up

12456 women

9319 were not pregnant

v g
3137 pregnant women
62 with implausible levels of
o total energy intake
v i
3075 pregnant women
10 excluded (had prevalent
o gestational diabetes)

3065 pregnant women
17 excluded (had type 2
diabetes)

I
v

3048 pregnant women included in the analyses

Figure 1. Flow chart depicting the selection process among
participants of the SUN project to be included in the present
analyses.

Spain [20,21]. Adherence to the Mediterranean food pattern was
appraised using the sample-specific score proposed by Trichopou-
lou [22]. Fast food was defined as the consumption of hamburgers,
sausages, and pizza, as previously reported [23,24]. We estimated
energy adjusted fast food consumption through the residuals
method [25]. Three categories of fast food (serving =100 g)
consumption were also established: low (0-3 servings/month),
intermediate (>3 servings/month and =2 servings/week) and
high (>2 servings/week).

Ascertainment of gestational diabetes

The outcome of interest was the incidence of gestational
diabetes. Pregnant women identified in the SUN project (Fig. 1)
who reported a diagnosis of GDM made by a physician in the
biennial questionnaire and did not have diabetes at baseline were
considered as incident cases of new-onset GDM.

We sent an additional questionnaire to participants who
reported probable new onset GDM, requesting their written
confirmation and date of the diagnosis of either GDM, a previous
diagnosis of diabetes, their highest fasting glucose value, their first
glycated haemoglobin during pregnancy, whether they had ever
undergone an oral glucose tolerance test and its results, and the use
during pregnancy of insulin. We also asked them to send us the
medical report detailing their diagnoses. A panel of medical
doctors, blinded to the information about dietary habits, used the
information provided by participants (additional questions and
medical reports) to classify the diagnosis or each candidate woman
as an incident case of GDM or not. For the present analyses we
considered only those cases of confirmed GDM. From the
potential cases of GDM we had avalaible information in 98% of
them. Among those with information, 80% of them were
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confirmed as incident cases of GDM. There is a lack of universally
accepted diagnostic criteria for GDM [5]. Several different
protocols are in regular use internationally, each with its own
recommendations on which pregnant women should be selected
for biochemical testing, how the test should be performed and
what glycemic thresholds should be considered diagnostic [26].
The usual diagnosis criteria for GDM in Spain were those with
100-g oral glucose tolerance test with the cut-off points of
Carpenter and Coustan [27] or the cut-off points from the
National Diabetes Data Group [28] after a positive 50-g glucose
challenge test.

Other covariates

Information on other covariates was assessed in the baseline
questionnaire. This included socio-demographic parameters (age),
anthropometric measurements (weight, body mass index [BMI]),
health related habits (smoking status, physical activity, sedentary
lifestyle), and clinical variables (use of medication, self-reported
pregnancy, family history of diabetes, cardiovascular disease/
hypertension, parity). Age was calculated from the date of birth to
the date of the questionnaire’s return. Self-reported weight and
BMI have previously shown a high validity in a specific study
conducted in a sub-sample of this cohort [29 27]. Physical activity
was assessed using a previously validated questionnaire with a
Spearman correlation coefficient of 0.51 (p<<0.001) between
questionnaire information and objectively obtained measurements
[30]. Physical activity was expressed in metabolic equivalent tasks
(METSs/weeks) as calculated from the time spent at each activity in
hours per week multiplied by its typical energy expenditure [31].

Statistical analysis

Consumption frequencies of the fast food items considered
(hamburgers, sausages, and pizza) were standardized, summed,
and divided into categories that allowed logical cut points with a
sufficient number of subjects. Means with SDs for continuous
baseline characteristics and proportions for categorical character-
istics were calculated by categories of fast food frequency
consumption. Since the risk of gestational diabetes depends on
the fact to be pregnant and not on a timely basis, we estimated the
odds ratios (and 95% ClIs) for each of the three categories of fast
food consumption using non-conditional regression models taking
as the reference category those women with the lowest fast food
consumption (0-3 servings per month). For each exposure
category, we fitted a crude (univariate) model, an age-adjusted
model (Model 1), and multivariate models with additional
adjustments (Models 2 and 3) for a priori-selected pre-pregnancy
dietary and non-dietary covariables (see below). Non-conditional
logistic regression models were adjusted for age, BMI (Kg/m?),
total energy intake (Kcal/day), smoking status (never, former and
current smokers), physical activity (expressed in METs-h/w),
family history of diabetes (yes or no), presence at baseline of
cardiovascular disease or hypertension (yes or no), parity (first
pregnancy/1 or 2 pregnancies before/3 or more pregnancies
before), score of adherence to the Mediterranean dietary pattern
(0-9 points score), and other potential dietary confounders, such as
fiber intake (g/day), and sugar-sweetened soft drink consumption
(ml/day). The p for trend was calculated taking the median
consumption of fast food for each category and introducing this
new variable as a continuous variable in the models. We evaluated
the interaction between fast food consumption and sugar-
sweetened soft drink consumption, physical activity, and family
history of diabetes on the risk of GDM through likelihood ratio
tests for each of the product-terms introduced (each at one time) in
fully-adjusted models.

Food Science, Health and Nutrition

The analyses were performed with Stata software package
version 12 (Stata Corp). All tests were two sided and statistical
significance was set at the conventional cut-off of p<<0.05.

Results

Baseline characteristics of the studied population of pregnant
women in the SUN project, according to categories of fast food
consumption (low to high), are shown in Table 1. Almost half of
the participants had an intermediate consumption of fast food (>3
servings/month and =2 servings/week; 48%) whereas lower
values (0-3 servings/weck; 20%) were less frequently observed.
Higher frequency of fast food consumption (>2 servings/week;
32%) was present in nearly a third of participants. The
participants with a higher consumption of fast food were on
average younger, more likely to be current smokers, multiparous,
less physically active, less adherent to the Mediterranean dietary
pattern, and also more likely to have a lower fiber intake and a
higher fat intake.

During 28,064 person-year follow-up (mean follow-up: 10.2, sd:
2.9 years) 159 women reported a first diagnosis of GDM among
3,048 pregnant women of the SUN project, corresponding to
5.2% of pregnant participants. When we analyzed the association
between the consumption of fast food and incident gestational
diabetes during follow-up with adjustments for a set of potential
dietary and non-dietary confounders (age, baseline BMI, total
energy intake, smoking, physical activity, family history of
diabetes, cardiovascular disease/hypertension at baseline, parity,
adherence to Mediterranean dietary pattern score, fiber intake,
and sugar-sweetened soft drinks consumption), we found that fast
food consumption was strongly and positively associated with
incident gestational diabetes risk. In fully-adjusted models, those
women in the highest category of fast food consumption presented
almost a twofold risk of developing GDM (adjusted OR: 1.86;
95% CI: 1.13-3.06) compared to pregnant women with the lowest
fast food consumption (0-3 servings per month) (Table 2 and
Fig. 2). The risk of incident gestational diabetes was 3.9% for
those in the lowest category of fast food consumption, 4.8% for
those with intermediate fast food consumption, and 6.7% for the
highest category. These associations remained statistically signif-
icant after further adjustment for the presence of polycystic ovary
syndrome (Table 2).

When we used tertiles of energy-adjusted fast food consumption
the results were similar: we observed an adjusted OR of 1.82 (95%
CI 1.18-2.78) for the highest versus the lowest tertile (p for trend:
0.004).

No significant interaction was observed between fast food
consumption and sugar-sweetened soft drinks consumption (p for
interaction: 0.645) or between fast food consumption and physical
activity (p for interaction: 0.280).

When we assessed fast food consumption as a continuous
variable, each additional serving (100 g) per day of fast food
consumption was associated with an increased risk, although this
association was not statistically significant (adjusted OR: 1.42;
95% CI: 0.76-2.63).

Several sensitivity analyses were carried out in order to appraise
the robustness of our findings. This included restricting our
analysis to first births from nulliparous women to reduce possible
confounding by experiences from previous pregnancies. Excluding
multiparous women, the results of the fully adjusted model did not
change materially (highest consumption: OR 1.70 (95% CI: 1.00—
2.89 for highest vs. lowest consumption; p for linear trend: 0.014).
The exclusion of obese women did not either change the results of
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Table 1. Characteristics of 3,048 pregnant women in the SUN cohort according to their frequency of fast food consumption.

Fastfood consumption

0-3 servings*/month

>3 servings/month and =2 servings/week >2 servings/week

N (%) 616 (20.2)
Age (years) 293 (5.5)
Gestational diabetes (%) 3.9
Family history of diabetes (%) 10.4
Current smoking (%) 222
Body Mass Index (kg/m?) 213 (26)
Nulliparous (%) 81.0
Physical activity (METs-h/week) 22.4 (23.8)
Prevalence of hypertension (%) 26
Prevalence of CVD (%) 0.7
Mediterranean diet score 46 (1.7)
Alcohol intake (g/d) 3.3 (49
Fiber intake (g/d) 329 (17.0)
Total energy intake (kcal/d) 2479 (842)
Carbohydrate intake (% energy) 43.6 (8.8)
Protein intake (% energy) 18.7 (3.7)
Fat intake (% energy) 36.7 (7.9)
SFA intake (% energy) 12.0 (4.0)
MUFA intake (% energy) 16.0 (4.5)
PUFA intake (% energy) 54 (1.9)
Trans fatty acid intake (% energy) 0.3 (0.2)
Soft drinks (servings/week) 1.3 (29

1461 (47.9) 971 (31.9)
28.9 (4.6) 28.6 (4.4)
4.8 6.7

11.2 9.8

25.0 26.6

21.4 (2.6) 21.6 (2.7)
81.1 779

17.9 (18.2) 16.7 (19.1)
24 17

0.7 0.5

45 (1.7) 3.9 (1.7)
4.0 (5.2) 3.6 (4.7)
282 (11.7) 25.4 (10.9)
2357 (685) 2395 (689)
425 (7.2) 414 (6.7)
18.6 (3.0) 18.4 (2.9)
37.6 (6.2) 39.1 (6.1)
12.8 (3.1) 13.5 (2.9)
16.2 (3.8) 16.4 (3.4)
5.4 (1.6) 5.7 (1.7)
0.4 (0.2) 0.4 (0.2)
1.5 (2.4) 1.9 (2.9)

*1 serving =100 g.

3.
o
X 24 1-86
n
(o))
E 1-31
1-00
O 14 =
0-3/m >3/m <2/w >2/w

Figure 2. Odds ratio (OR) and 95% confidence interval (Cl) for
incident gestational diabetes according to frequency of fast
food consumption in the SUN project (n=3,048 pregnant
women). Respective numbers (gestational diabetes incidence) for fast
food intake of 0-3 times per month (low), >3 times a month and =2
times per week (intermediate), and >2 times per week (high) were 616
(24), 1,461 (70), 971 (65). Results represent fully adjusted model (age,
baseline BMI, total energy intake, smoking, physical activity, family
history of diabetes, cardiovascular disease/hypertension at baseline,
parity, adherence to Mediterranean dietary pattern, fiber intake, alcohol
intake, and sugar-sweetened soft drinks consumption).

METs: metabolic equivalent tasks; CVD: cardiovascular disease; SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid.
Values are means (SD) for age, BMI, physical activity, Mediterranean diet score, alcohol, fiber, and total energy intake.

the fully adjusted model (highest consumption: OR 1.81 (95% CI:
1.10-2.99 vs. low consumption; p for linear trend: 0.010).

To test the existence of a potential selection bias due to lost
during follow-up we compared baseline characteristics between
those participants included in the analyses and those lost during
follow-up. There were no statistical significant differences between
both groups.

Discussion

The results of the present analyses, using data from a large, well-
characterized, prospective cohort of Spanish university graduates,
found that among pregnant women in the cohort, a higher pre-
pregnancy consumption of fast food was associated with a
significantly higher risk of developing gestational diabetes. This
association remained significant after several adjustments for
potential confounders. Our findings are relevant in the context of a
global epidemic of diabetes, which is likely driven, at least in part,
by an unhealthy Westernized diet and lifestyle [32]. Fast food is a
hallmark of such unhealthy diet; hence, the present results help to
reinforce its harmful consequences in women of reproductive age.

It is widely accepted that one of the characteristics of normal
pregnancy is a state of insulin resistance with a relative intolerance
to dietary carbohydrates and a compensatory increase in insulin
secretion from the beta cells in the pancreas [1,33]. The
pregnancy-related insulin resistance mainly occurs after the second
trimester when insulin requirements are higher. Pregnant women
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Table 2. OR and 95% confidence interval of incident gestational diabetes according to fast food consumption.

Fastfood consumption

0-3 servings*/month

>3 servings/month and =2 servings/week >2 servings/week p for trend

Cases, n/N 24/616 70/1461 65/971

Rate 411%10° 5.16*10 7.41*1073

Model 1: OR (95% ClI) 1.0 (Ref.) 1.26 (0.78-2.02) 1.80 (1.11-2.91) 0.009
Model 2: OR (95% Cl) 1.0 (Ref.) 1.31 (0.81-2.12) 1.90 (1.15-3.12) 0.005
Model 3: OR (95% ClI) 1.0 (Ref) 1.31 (0.81-2.13) 1.86 (1.13-3.06) 0.007
Model 2: OR (95% Cl) and PCO 1.0 (Ref.) 1.31 (0.81-2.13) 1.90 (1.16-3.13) 0.005
Model 3: OR (95% Cl) and PCO 1.0 (Ref.) 1.31 (0.81-2.13) 1.86 (1.13-3.07) 0.007
Model 2: OR (95% Cl) w/o multiparous 1.0 (Ref.) 1.07 (0.64-1.79) 1.71 (1.01-2.90) 0.013
Model 3: OR (95% Cl) w/o multiparous 1.0 (Ref) 1.07 (0.64-1.79) 1.70 (1.00-2.89) 0.014
Model 2: OR (95% CI) w/o obese 1.0 (Ref.) 1.25 (0.77-2.04) 1.83 (1.11-3.03) 0.008
Model 3: OR (95% Cl) w/o obese 1.0 (Ref.) 1.25 (0.77-2.04) 1.81 (1.10-2.99) 0.010

The SUN project 1999-2012.
*1 serving =100 g.

Model 1: adjusted for age.

Model 3: model 2 plus adjustment for baseline BMI.

who develop gestational diabetes are assumed to have a
compromised beta cell capacity unable to adapt to the increased
demand of insulin due to target-organ insulin resistance. This
resembles closely the pathophysiology of type 2 diabetes [34], thus,
pregnancy-related metabolic challenges may unmask a predispo-
sition to glucose metabolic disorders, which may attain hypergly-
cemia in the range of diabetic disease. Furthermore, gestational
diabetes 1s a recognized risk factor for future development of type 2
diabetes [35].This and other unfavorable outcomes of gestational
diabetes, from delivery complications to perinatal mortality, call
for efforts to identify modifiable factors, such as an unhealthy diet,
predisposing to the condition.

We found an incidence of gestational diabetes (5.8%) that was
similar to that previously reported in the Nurses’ Health Study
(6.4%) [8]. Attempts to identify women at risk of developing
gestational diabetes have been conventionally directed to socio-
demographic characteristics, such as maternal weight/BMI, and
family history of type 2 diabetes [1,2]. However, in the past
decade, several investigations have been focused on the pregravid
dietary and lifestyle factors that may contribute to such risk, in
parallel with studies pointing to these factors as main drivers of
type 2 diabetes epidemic. Even if former studies showed
inconsistentresults on the role of total dietary fat intake and
gestational diabetes risk, two recent studies taking in consideration
specific types of fat concluded that higher pre-pregnancy
consumptions of animal fat and cholesterol [11], and of saturated
fat [36] were associated with an elevated risk of gestational
diabetes. Likewise, a very recent study reported that a higher
intake of animal protein, particularly red meat, was significantly
associated with a greater risk of gestational diabetes. Conversely, a
greater intake of vegetable protein, in particular nuts, was
associated with a significantly lower risk [37]. Our findings are
consistent with these studies, since the components of fast food
considered in our study (hamburgers, sausages, and pizza) mainly
include animal proteins and saturated fat. Our results also showed
that pregnant women with a higher consumption of fast food had a

OR: odd ratio; Cl: confidence interval; Rate: crude incident gestational diabetes rate per 10,000 person-years; PCO: polycystic ovary syndrome; w/o: without.

Model 2: model 1 plus adjustment for total energy intake, smoking, physical activity, family history of diabetes, cardiovascular disease/hypertension at baseline, parity,
adherence to Mediterranean dietary pattern score, alcohol intake, fiber intake, and sugar-sweetened soft drinks consumption.

lower dietary fiber intake and were less adherent to the
Mediterranean dietary pattern. In accordance with our observa-
tions, previous study have reported inverse and significant
associations for fiber intake [9] and adherence to healthful dietary
patterns, including Mediterranean diet [8], and the risk of
developing gestational diabetes.

Even if the precise molecular mechanisms are unclear, the
observed associations between pre-pregnancy fast food consump-
tion and gestational diabetes risk are biologically plausible. First,
maternal pregravid BMI has been linked to gestational diabetes
risk [1,2] and Western-style fast food has been identified among
the greatest dietary contributors to weight gain [38]. However, our
results were significant even when the data were adjusted for
baseline BMI. Second, there is evidence that frequent consump-
tion of Western-style fast food contributes to insulin resistance
[12], a mechanism that is central, as mentioned above, in the
development of gestational diabetes. Third, saturated fat and
cholesterol, which are components of red and processed meats
(part of fast food in our study), have shown to adversely affect not
only insulin sensitivity but also beta cell function [39], relevant in
the pathophysiology of gestational diabetes. Other components of
red and processed meats, including heme iron, and nitrosamines
may add to oxidative stress and beta cell damage [9].

It has been previously shown that a ‘fast food’ dietary pattern
was associated with weight gain rate during pregnancy in a dose-
dependent manner in a study conducted in Finland [40]. The
result of that study is indirectly supportive of our findings. The
independent association between pregravid fast food consumption
and GDM incidence that we observed was present even after
adjustment for baseline BMI. Indeed, we may wonder whether this
assoclation was driven by gestational weight gain among fast food
eaters or by other mechanisms. Unfortunately, we do not have
specific available information to track weight changes in detail
throughout the gravid period of our participants and we cannot
provide further specific analyses to assess whether gestational
weight changes are the most important mediators of this
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association. However, overadjustment for intermediate mecha-
nisms through which fast food consumption can increase the risk
of GDM would be inappropriate if the aim of our analyses is to
control for confounding. It is recognized that in an attempt to
estimate the total effect of an exposure on some outcome, control
for intermediate factors in the causal chain (that is, overadjust-
ment) will generally bias estimates of the total effect of the
exposure on the outcome [41,42].

The global epidemic of diabetes, including increasing rates of
gestational diabetes [43], parallels obesity trends worldwide. These
“twin epidemics” have been linked to Westernization of diet and
lifestyle [32,44]. Fast food advertising and broad accessibility may
have considerable influence on food choices, particularly among
young people. This includes women of childbearing age,
increasing their risk for gestational diabetes. In our study, women
with the highest consumption of fast food were younger and more
likely to have other unhealthy behaviors (i.e. sedentary, smoking,
and lower adherence to Mediterranean dietary pattern). Thus, fast
food consumption could be a marker of an unhealthy diet/lifestyle
and not a cause of increased gestational diabetes risk. However,
the multivariate analyses we present here accounted for other
unhealthy behaviors, and after multiple adjustments and sensitivity
analyses the consumption of fast food remained strongly signifi-
cantly associated with gestational diabetes risk. Emphasis is needed
to develop strategies that persuade women to optimize their diet
and lifestyle before conceiving.

The present study has a number of strengths, including a large
sample size with a high retention rate, prospective design, a
lengthy follow-up and use of a FFQ) that has been specifically and
repeatedly validated in Spain [17-19]. Importantly, we were able
to obtain a high degree of control for confounding, including
potential lifestyle and demographic confounders, and we also
controlled for overall dietary patterns. In addition, we conducted
several sensitvity analyses and the results were robust. The study
also has some potential limitations. Information that was self-
reported and this may lead to some degree of misclassification,
which most often would drive associations toward the null value.
However, parameters such as self-reported weight and BMI have
been previously validated in a sub-sample of this cohort [29]. The
cohort is composed mostly of middle-aged, Spanish highly
educated persons. Therefore the generalizability of our results
must be based on common biological mechanisms instead of on
statistical representativeness, and we used restriction to reduce
potential confounding by disease, education, socioeconomic status,
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Abstract

Genetic correlations between performance traits with meat quality and carcass traits were estimated on 6,408 commercial
crossbred pigs with performance traits recorded in production systems with 2,100 of them having meat quality and carcass
measurements. Significant fixed effects (company, sex and batch), covariates (birth weight, cold carcass weight, and age),
random effects (additive, litter and maternal) were fitted in the statistical models. A series of pairwise bivariate analyses were
implemented in ASREML to estimate heritability, phenotypic, and genetic correlations between performance traits (n=9)
with meat quality (n=25) and carcass (n=19) traits. The animals had a pedigree compromised of 9,439 animals over 15
generations. Performance traits had low-to-moderate heritabilities (+SE), ranged from 0.07+0.13 to 0.45+0.07 for weaning
weight, and ultrasound backfat depth, respectively. Genetic correlations between performance and carcass traits were
moderate to high. The results indicate that: (a) selection for birth weight may increase drip loss, lightness of longissimus
dorsi, and gluteus medius muscles but may reduce fat depth; (b) selection for nursery weight can be valuable for increasing
both quantity and quality traits; (c) selection for increased daily gain may increase the carcass weight and most of the primal
cuts. These findings suggest that deterioration of pork quality may have occurred over many generations through the
selection for less backfat thickness, and feed efficiency, but selection for growth had no adverse effects on pork quality.
Low-to-moderate heritabilities for performance traits indicate that they could be improved using traditional selection or
genomic selection. The estimated genetic parameters for performance, carcass and meat quality traits may be incorporated
into the breeding programs that emphasize product quality in these Canadian swine populations.
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Introduction

Swine breeding programs have mainly focused on production
efficiency to increase the leanness of the carcasses in previous
decades. This has led to dramatic improvement in production
efficiency including leanness and feed efficiency owing to relatively
moderate-to-high heritabilities. However, the importance of meat
and carcass quality is growing for pig breeders to meet processor’s,
packer’s, and consumer’s demands for better pork quality [1].
Genetic correlations between pork quality and carcass character-
istics and other economic importance traits are, however, limited.
Understanding of the genetic control of pork quality traits and
their correlations with growth and performance traits are needed
for Canadian swine populations to implement a successful
breeding program that emphasizes product quality.

Meat quality traits are low-to-moderately heritable while carcass
composition traits are moderate-to-highly heritable [2]. Latorre
et al. [3] stated that the relationships between meat quality traits
and growth traits are contradictory. Cameron [4] showed that
selection for increased leanness reduced eating quality. Further-
more, weak negative genetic correlations between performance
and meat quality traits have been reported and their magnitudes
depend on breed [5]. Medium weight pigs at birth had a better
tenderness and water holding capacity than light weight piglets but
the intramuscular fat was higher in light piglets [6]. van Wik et al.
[7] stated that average daily gain was unfavorably correlated with
subprimal cuts and with most meat quality traits. Jiang et al. [8]
reported different breeds in Chinese swine industry had different
meat quality and carcass characteristics. Various factors may
influence the variance component estimates including the
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end-point adjustment, population size, sampling and available
pedigree [9]. Phenotypic and genetic correlations between meat
and carcass quality traits have been reported in our previous
publication [2]. This study is a further investigation focusing on
genetic and phenotypic correlations between performance traits
with pork and carcass quality traits.

The objectives of this study were 1) to estimate heritabilities for
various growth, and performance traits; and 2) to estimate
phenotypic and genetic correlations between performance traits
with pork quality and carcass traits in commercial crossbred pigs.

Methods

The hogs used in this study were cared for according to the
Canadian Council on Animal Care [10] guidelines.

Animals and Management

The commercial crossbred pigs used in this study were progeny
from a total of 139 sires of the Duroc boars bred to 429 F1 hybrid
Landrace x Large White sows. These breeds were chosen because
they are representative of a large percentage of the Canadian
swine industry. They were a combination of full and half sib
families representing a multi-generation family structure drawn
from two breeding populations (Genesus Genetics, and Hypor
Inc., Canada). Pedigree information of 15 ancestral generations
comprising 9,439 individuals was available [2].

Performance Evaluation and Housing

Piglets were born over a 2-year period from 2010 to 2012. All
piglets were individually tagged and weighed at birth (birth weight,
BW), weaned at an average age of 21 days (7.5 kg), raised in a
nursery for 5 to 6 weeks, and then moved to pre-grower barn for 4
weeks. During this time, both weaning weight (WNW) and nursery
weight (NURW) were recorded. Pigs were then randomly
allocated to finishing sites for 9 weeks under commercial finishing
conditions with ad libitum access to a canola, wheat, barley,
soybean diet and water [2]. Male piglets were castrated at 3 to
5 days after birth. The end body weight (ENDW), ultrasound
backfat depth (UFD), ultrasound loin depth (ULD), and
ultrasound intramuscular fat (UIMF) were measured at the end
of finishing test with an average body weight of 115 kg. The live
body weights recorded at the birth and end of finishing were used
to calculate the average daily gain (ADG) using the following
equation: ADG=(ENDW — start test weight)/Days. Feed
conversion ratio (FCR) was calculated based on the daily feed
intake recorded by electronic feeders for some animals.

Carcass and Meat Quality Measurements

Carcass and meat quality measurements have been described
previously by Miar et al. [2]. Briefly, pigs were housed overnight
at the abattoir (East 40 Packers, Brandon, Manitoba, Canada)
with ad libitum access to water. Animals were slaughtered on a
Federally inspected kill floor and handling of the animals upon
arrival and before slaughter. Moreover, slaughter process was
adhered to Government of Canada Guidelines. The average
slaughter weight and age were 124 kg and 160 days, respectively.
Hot carcass weight (HCW), cold carcass weight (CCW), and the
carcass length (CLEN) were recorded according to Miar et al. [2].
Then, the carcasses were broken into the primal cuts and the loin
was further broken into the front, back, 3-rib sample, 1-inch chop,
and 4-rib sample. The chop removed at 3™ and 4™ last rib was
used to determine: (a) longissimus dorsi muscle area (LEA); (b)
subcutaneous backfat depth (FD); (c) loin depth (LD); (d) texture
score (TEXS) measured on a subjective 5-point scale (1 =ex-
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tremely soft and weeping; 5 = very firm and dry; a score of 3 being
normal) to determine if the loin was pale, soft and exudative (PSE);
(¢) subjective marbling score (CMAR; 1 to 6, with 0=devoid,
1 = practically devoid, 2=trace amount of marbling, 3 =slight,
4=small, 5=moderate, 6=abundant) as determined by the
National Swine Improvement Federation (NSIF) marbling charts
[11] as described by Miar et al. [2].

Primal cuts of loin, ham, shoulder and belly were dissected into
subprimal cuts. Untrimmed side weight (USW) was determined as
the sum of the weights of untrimmed ham, loin, shoulder, and
belly. Untrimmed shoulder (USH), untrimmed ham (UHAM)
were removed from the side weight. Untrimmed loin (ULOIN)
and belly (UBEL) were separated from each other. Then,
subprimal cuts of ham (THAM), loin (TLOIN), picnic shoulder
(PICN), butt (BUTT), belly (TBEL) and ribs (RIBS) were
recorded as described by Miar et al. [2].

At the slaughterhouse, meat quality measurements were taken
on longissimus dorsi muscle of the loin. Ultimate or 24 h pH
(PHU), drip loss (DL), Minolta L*, a*, and b* (LOINL, LOINA,
and LOINB) were taken on loin as describe by Miar et al. [2].
Minolta L*) a* and b* measurements were taken on different
muscles of ham including gluteus medius (HGML, HGMA, and
HGMB), quadriceps femoris (HQFL, HQFA, and HQFB), and
liopsoas muscles (HILL, HILA, and HILB).

At the Meat Science Laboratory of University of Alberta, frozen
3-Rib and 4-Rib samples of the loin of each carcass were used to
record whole loin weight (WLW), backfat weight (BFW), and rib
eye weight (REAW) as described by Miar et al. [2]. Rib eye area
was used for subsequent pork quality assays. Rib eye Minolta L*,
a*, and b* values (REAL, REAA, and REAB) were taken using a
commercial color meter (CR400, Konica-Minolta, Osaka, Japan)
on a D 65 light setting which mimics daylight [2]. Cooking loss
(CL) and shear force (SHF) were measured as described by Miar
et al. [2]. The remainder of the loin was dissected into the muscle

and fat (RTW), bone (BOW) and diaphragm.

Statistical Analyses

There were 6,408 pigs with growth and performance records
with 2,100 of them having meat quality and carcass data. The
significance of the fixed effects and covariates for each trait was
determined using the REML procedure of ASREML 3.0 software
[12]. The significance of different random terms in the model was
determined by likelihood ratio test using ASREML 3.0 software
[12]. The full animal model included random direct, maternal
additive genetic and common environment (litter of birth) effects.
Maternal genetic and common environment effects were tested
separately by comparing —2 residual log likelihoods of full and
reduced (excluding the random effect of interest) models having
degrees of freedom equal to the number of parameters tested. The
model which best fit the data was selected. Common litter effects
were significant (P<0.05) for BW, WNW, NURW, ENDW,
ADG, UFD, ULD, HCW, CCW, LEA, PH, and DL and were not
significant (P>0.05) for most meat quality, and carcass compo-
sition traits [2]. The maternal effect was only significant (P<<0.05)
for WNW.

Genetic and phenotypic (co)variances were estimated using a
pairwise bivariate animal model by ASREML 3.0 [12]. Relevant
fixed and random effects for carcass and meat quality traits were
described by Miar et al. [2], and for performance traits are
presented in Table 1. The final animal model included linear
covariates of birth weight, whole loin weight received at the Meat
Science Laboratory, cold carcass weight and slaughter age. Fixed
effects including company, sex, and batch (test or slaughter batch)
were fitted in the final model. In addition, additive polygenic
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effects for all traits, random litter effect, and maternal effect for
some traits were included in the final model. The model is given

by:

y=Xb+Za+Zym+Zsc+e,

Animal

where y i3 the vector of phenotypic measurements, X is the M M M M A

incidence matrix relating the fixed effects to vector y, b is the
vector of fixed effects, Z; is the incidence matrix relating the
phenotypic observations to the vector of polygenic (a) effects, Z> is
the incidence matrix relating the phenotypic observations to the
vector of maternal genetic (m) effects, Z3 is the incidence matrix
relating the phenotypic observations to the vector of common litter
(c) effects, and e is the vector of random residuals.

It was assumed that random effects were independent except for
the covariance between the direct and the maternal additive
genetic effects. In particular, the (co)variances of random variables
were as follows:
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where A is the numerator relationship matrix, [ is the identity
matrix, ‘751: 0'32, ofnl, ofnz, o?l, a?z, agl and 032 are direct additive
genetic variances, maternal genetic variances, common litter effect
variances and residual variance for traits 1 and 2, respectively, and
0am 1s the covariance between the direct and the maternal additive
genetic effects. Variance components obtained from the bivariate
analyses used to estimated heritability for each performance trait
and the average estimates of corresponding pairwise bivariate
analyses were reported as the heritabilities:

'wgw | mqw

A preliminary univariate animal model for each trait was
performed to obtain initial values of variance parameters that were
then used in subsequent bivariate analyses. Initial values of
covariance parameters were obtained by multiplying their
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Table 1. Significance of the fixed and random effects included in the models for the analysis of Performance Traits.

**Pp<0.05; * P<0.1; NS: Non-significant.

Ultrasound backfat depth
'Birth weight.

Birth weight

Weaning weight
Nursery weight

End weight
Ultrasound loin depth
Ultrasound IMF

Feed conversion ratio

ADG

Traits
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standard deviations by their phenotypic or genetic correlations.
Pairwise bivariate analyses were performed between performance
traits with carcass and pork quality traits. The 2-trait individual
animal model used to estimate (co)variance components, were
used to calculate the phenotypic and genetic correlations as well as
the heritability as implemented in ASREML 3.0 [12].

Results and Discussion

Means and standard deviations

Most of the performance, carcass and pork quality traits were
recorded for all individuals within group. Means, standard
deviations, number of measurements per trait, minimum and
maximum for each performance trait are given in Table 2. The
descriptive statistics for meat quality and carcass traits were
previously reported by Miar et al. [2].

Heritabilities

Heritability estimates for performance traits with their standard
errors are presented in Table 3 (diagonal elements). Univariate
estimates of heritability for all traits were similar to the bivariate
estimates. Moderate heritability was obtained for most of the
performance traits with the estimates of 0.26, 0.24, 0.38, 0.30,
0.45, 0.38, 0.26, and 0.20 for BW, NURW, ENDW, ADG, UFD,
ULD, UIMF, and FCR (Table 3). Weaning weight had a lower
heritability of 0.07 in this study. These estimates were within the
range (0.00-0.74) of the heritability previously reported for growth
and performance traits [13,14]. Several factors influence the
heritability estimates, which may include the end-point adjustment
such as age or weight adjustment, sampling, population size, effect
of heterosis on crossbred populations and the completeness of
pedigree [9], which may result in the various estimates among the
different literature. The low-to-moderate heritability estimated
from this study revealed that genomic technology can play an
important role for improvement of these economically important
traits.

The estimated heritability for BW (0.2620.08) in this study was
higher than the estimates from many other work [13,15,16,17],
but lower than the report (0.36) by Roche et al. [18], who used
two-generations of outdoor reared piglets and suggested that direct
heritability estimate was substantially larger under outdoor
conditions. However, the estimate from the first generation of
outdoor piglets also reported by Roehe et al. [19] was lower (0.20),
which is close to our estimate from the crossbred population.
Another difference is that Roehe et al. [18,19] used a Bayesian
method while we used an animal model. These results revealed
that the breed, population structure and statistical method have an
important effect on the genetic parameter estimate. The estimated
heritability of WNW in this study (0.07%£0.07) was in agreement
with literature values [20]. The estimated maternal heritability for
WNW was 0.10+0.03, which was similar to 0.17 reported by
Cassady et al. [13]. Cassady et al. [13] estimated the heritability as
0.00 to 0.10 in two different genetic types. According to these
studies, the maternal effect was a more important component of
the genetic variation of weaning weight than the direct additive
genetic effect. This may be due to effects of milk production,
uterine capacity and nutrition to weaning [20]. The reports for
genetic parameter estimates for NURW and ENDW are very
limited, although they are important indicators to determine the
production efficiency in the swine industry. The average ENDW
was 110 (SD =10) kg and this off test weight was not considered
for heritability estimations in the literature. The NURW and
ENDW heritability estimates were 0.24*0.16, and 0.38%0.18,
respectively. The heritability for weight increased (0.07 to 0.38)
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from weaning to 160 days of age since the maternal genetic
variance decreased as the pigs grew. This result is expected due to
the separation of pigs from their dams. The common litter
environment effect was fitted in the animal models for all
performance traits except for UIMF and FCR.

ADG has been reported as a moderately heritable trait. The
heritability estimate in this study is 0.30%£0.08, which is in
agreement with many other reports [14,20]. However, van Wik
et al. [7] reported a lower heritability of 0.19, which may due to
the different evaluation of ADG. van Wik et al. [7] calculated the
ADG based on the carcass weight and the assumption of the same
birth weight of 1.36 kg for all animals, which could narrow down
the sample variance and result in the low heritability estimation.
Genetic parameters for ADG were widely studied and the
reported estimates vary considerably, ranging from 0.03 to 0.49
[22-26]. The heritability of UFD in this study (0.45%0.07) was in
good agreement with the previous report of 0.44-0.54 [7,27].
Stewart and Schinckel [21] reviewed many papers and reported a
weighted average heritability of 0.41 for backfat. The heritability
estimate of ULD in the present study (0.38£0.07) was the same as
the report (0.38) by Maignel et al. [28] who used the similar
typical Canadian three-way cross population and sample size as
our current study. However, the present estimate was slightly
lower than the estimates of 0.47 and 0.48 reported by Stewart and
Schinckel [21] and Ducos [29], respectively.

Marbling is one of the most important appearance factors used
by consumers to perceive quality since they affect purchase
decisions and satisfaction of consumption. The amount of
marbling depends on implementation of different pig breeding
and management techniques [23], which may be one of the
reasons for the variation observed in the estimation of UIMF. The
heritability of UIMF was moderate in the present study
(0.26%0.06). UIMF has previously been reported to be a
moderately heritable trait, ranging from 0.13 to 0.31, which was
in agreement with the current result [23,30,31,32]. The estimated
heritability of FCR in this study was 0.20%0.06, which was lower
than the average of 0.30 reviewed by Clutter [14], which may be
due to using different statistical models, breeds and sample size.

Generally, meat quality traits had low-to-moderate (0.10£0.04
to 0.39%0.06) heritabilities while carcass composition traits had
moderate-to-high (0.22%+0.08 to 0.63%0.04) heritabilities. The
details can be found from our previous report, which was
conducted in the same population [2].

Correlations among Traits

The phenotypic and genetic correlations and their standard
errors are presented in Tables 3—7. Generally, almost all of the
phenotypic correlations and some of the genetic correlations were
significant (P<<0.05). Although presented for completeness,
phenotypic correlations will not be discussed because they are of
little interpretive value.

Correlations among Growth and Performance Traits

The phenotypic and genetic correlations among growth and
performance traits are presented in Table 3. Almost all of the
phenotypic correlations among performance traits were significant
(P<0.05). Genetic correlations indicated that selection for
increased growth rate could increase ULD (0.31%0.13), UIMF
(0.69%0.25), and UFD (0.26%0.12). Growth is in general lowly
and negatively correlated with backfat thickness but favourably
correlated with marbling and loin depth. The ADG and FD are
the most important traits of performance testing, and the genetic
correlation between them (0.01%0.14) is in the range of estimates
(—0.26 to 0.55) reviewed by Clutter [14]. The wide range of
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Table 2. Descriptive statistics for performance traits: number of animals per trait (n), means, SD, minimum (Min.) and maximum
(Max.) values.

Traits n Mean sD Min. Max.
Birth weight, kg 6408 1.53 0.35 0.50 2.90
Weaning weight, kg 5918 6.9 141 1.24 12.20
Nursery weight, kg 2262 37.58 7.70 10.00 60.00
End weight, kg 5004 109.88 10.24 67.40 147.00
ADG, g/d 4436 976.60 145.32 351.00 1492.00
Ultrasound backfat depth, mm 4810 13.73 317 5.20 28.70
Ultrasound loin depth, mm 4811 63.15 5.62 40.90 82.20
Ultrasound IMF 1807 1.26 0.83 0 6.60
Feed conversion ratio 708 2.64 0.30 1.55 4.06

genetic correlations between ADG and UFD reported by Clutter
[14] may be due to the method of measurement, technician effect,
breed differences, and sampling errors [33]. These results
suggested that breeding programs aimed at improving intramus-
cular fat should expect improvement (higher marbling) through
the selection for growth. Suzuki et al. [34] reported a low genetic
correlation of 0.06 between UIMF and ADG that is lower than
this study, which may be due to using the smaller samples size and
purebred Duroc in their study. We highlight that the genetic
correlation between ADG and ULD is a new contribution to our
knowledge.

Birth weight had strong genetic correlations with ENDW
(0.79£0.40) and ULD (0.75%0.36). Generally, genetic correla-
tions of ENDW with performance traits were significant (P<<0.05)
except for the correlations with NURW and FCR. ENDW had
high genetic correlations with BW (0.79%0.40), WNW
(0.93%0.45), ADG (0.87%£0.04), and UIMF (0.60%0.27). None
of these genetic correlations were previously reported and it seems
that selection for BW, WNW, and ADG will lead to increased
ENDW and UIMF. Low-to-moderate correlations were found
between ENDW with UFD (0.28+0.13), and ULD (0.37%0.12).
Genetic correlations of ENDW with these traits were not reported
in the literature. UFD had moderate genetic correlation with ULD
(—0.33%0.14). This result was similar to the average value of
—0.35 reported by Clutter and Brascamp [27] and —0.45 by
Newcom et al. [35].

In addition, UIMF was moderately to highly correlated with
NURW (0.75%0.35), ENDW (0.60%+0.27), ADG (0.69%0.25),
UFD (0.48%0.19), and ULD (—0.47%0.20). However, no genetic
correlations were found for NURW and ENDW (—0.01%0.44)
but these results confirmed that selection based on NURW would
increase UIMF. These results also imply that increased backfat
and decreased loin depth may be expected when selection is
directed toward increased marbling. FCR was also moderately
correlated with UFD (0.39%0.17), indicating that selection for
lower FCR may result in greater backfat depth. Although the
genetic correlation between ADG and FCR was not significant in
the present study, a moderate to high and negative genetic
correlation was reported by Clutter [14]. This difference may
result from differences in sample size, breeds, and the feeding type.
The nature of this discrepancy was not investigated further within
the present study, but it warrants further examination.

Correlations between Performance and Carcass
The phenotypic and genetic correlations between
performance and carcass traits are presented in Tables 4-5.

Traits.

Almost all of the phenotypic correlations between performance
and carcass traits were significant (P<<0.05). Although, pork
quality importance is increasing, pig breeders are only paid for
carcass yield. Results of genetic correlations indicated that
selection for BW would reduce the amount of backfat depth
(—0.69%0.30), which was different from the report by Fix et al.
[36] who demonstrated no significant (P>0.05) genetic correla-
tion between BW and FD. The differences may be due to different
statistical models.

However, selection for WNW and NURW would increase loin
depth because of their moderate to high genetic correlations
(0.39%0.14 and 0.69%0.27), respectively. To our knowledge, these
estimates in the present study are a new contribution to the
literature. Weaning weight had low genetic correlations with
THAM, TBEL, and PICN (0.17+0.08, 0.19%0.05, and
0.27%0.13, respectively). Nursery weight was highly correlated
with subprimal cuts including TBEL (0.91%+0.11), PICN
(0.94%0.13), BUTT (0.94%0.17), and RIBS (0.94%0.32). This
implies that selection for high nursery weight will also lead to
increased belly, picnic shoulder, and butt muscle yield. This study
also indicates that the NURW should be recorded in pig breeding
programs as an indicator trait for subprimal cuts selection.
However, no genetic correlations for WNW and NURW with
carcass traits were found in the literature.

Average daily gain is one of the most important traits of
selection in the pig breeding programs. Based on the estimates of
this study, genetic correlations between ADG and carcass yield
were moderate to high, and selection on ADG would have
favorable effects on carcass yield. In general, growth is moderately
to highly correlated (averaging 0.47) with primal and subprimal
cut weights. These results indicated that selection for higher
growth could have an increasing effect on the most valuable
primal and subprimal weights. However, our results were not in
agreement with van Wijk et al. [7] who reported adverse effects
(on an average of —0.29) of growth on some primal and subprimal
weights. The discrepancy might be due to the different genetic
background, less pedigree information, and smaller sample size in
their study. In addition, growth is highly correlated to HCW
(0.75%0.28) and CCW (0.78%0.27), which were not reported
previously.

This study revealed that ultrasound measurements of backfat
thickness, marbling score, and loin depth have moderate to strong
genetic correlations with their corresponding measurements of
carcass merit. The weakest genetic correlation (0.39%0.12)
between ultrasound measures and their corresponding carcass
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Table 3. Estimates of genetic (below diagonal), phenotypic (above diagonal) correlations, heritabilities (diagonal) and their standard error of estimates among performance traits.

FCR

UIMF

ULD

UFD

ADG

ENDW

NURW

WNW

Traits’

0.13+0.05
0.25+0.06
0.47 +£0.06

0.10+0.04
0.16+0.02
0.18+0.04

—0.05+0.04
0.26+0.02
0.26+0.02

0.42+0.04
0.22+0.08
0.52+0.03

0.25+0.04
0.31+0.02
0.50+0.03

0.47+0.03
0.19+0.03
0.24%0.16

0.69+0.06°
0.07+0.07
0.02+0.83

0.260.08

BW

—0.00+0.74

WNW

—0.05*0.74

NURW
ENDW

A

0.33+0.04
0.31+0.04
0.28+0.04
0.21+0.05

0.36+0.04
0.32+0.03
0.34+0.04
0.10£0.07

0.41+0.02
0.31+0.02
0.08+0.02
0.38+0.07

0.31+0.02
0.27+0.02

0.80+0.01
0.30+0.08

0.387+0.08

—0.01+0.44
—0.03+0.45
—0.47+0.86
—0.48+0.49
0.75+0.35

0.93+0.45
0.06+0.67
0.03+0.83
0.04+0.79
0.00+0.72

0.79+0.40

0.87+0.04
0.28+0.13

—0.68+0.70
—0.36+0.40
0.75+0.36
0.33+0.39

DG

0.45+0.07

0.26+0.12
0.31+0.13
0.69+0.25

UFD
uLb

—0.33+0.14

0.48+0.19
0.39+0.17

0.37+0.12
0.60+0.27
0.04%0.21

0.26+0.06

—0.47+0.20
0.05%+0.21

UIMF
FCR

0.20+0.06

—0.19%+0.20

Ultrasound loin depth (mm);

Ultrasound backfat depth (mm); ULD =

=End weight (kg); ADG = Average daily gain (g/d); UFD =

=Nursery weight (kg); ENDW

Weaning weigh (kg); NURW

Feed conversion ratio.

2The significant correlations are bolded (P<0.05).

Birth weight (kg); WNW
Ultrasound IMF; FCR

'BW

UIMF =
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measurements was observed between ULD and LD. This may be
due to the difficulty of ultrasonic measurement of loin depth
compared to backfat depth and marbling. Ultrasound backfat
depth was correlated with UBEL (0.29%+0.13), TBEL (0.29%0.13),
and PICN (0.29%0.14). Again, to our knowledge, these estimates
are new and imply that selection against ultrasound backfat depth
would not necessarily reduce belly and picnic shoulder weights.

Low genetic correlations were estimated for ULD with HCW
(0.20%0.10), USW (0.26%0.13), UHAM (0.29%0.13), ULOIN
(0.26%0.13), PICN (0.23%0.11), and BUTT (0.34%0.13). These
new results indicated that selection for high ultrasound loin depth
may result in higher carcass, primal and subprimal yield including
ham, loin, picnic shoulder and butt weight. High genetic
correlations were also found between UIMF with TBEL
(0.75%0.22), PICN (0.77%£0.25), and BUTT (0.82%0.22). These
imply that selection for high UIMF results in high trimmed belly,
picnic shoulder and butt weight. This may be due to similar
pattern of intramuscular fat deposition in these subprimal cuts.
Feed conversion ratio was only correlated with TLOIN, indicating
that selection for low FCR has no significant effect on carcass traits
except of TLOIN (0.44%0.26). However, these results need to be
further confirmed in a larger sample with FCR records.

Correlations between Performance and Meat Quality
Traits. The phenotypic and genetic correlations between
performance and meat quality traits are presented in Tables 6—
7. Almost all of the phenotypic correlations between performance
and meat quality traits were significant (P<<0.05). However, a few
significant (P<<0.05) genetic correlations were found that can
explain the hypothesis of negative effect of selection for
performance traits on pork quality.

Several novel aspects were derived from this study in terms of
the genetic correlation of birth weight, weaning weight, and
nursery weight with pork quality. High genetic correlations were
observed between BW with LOINL (0.76%0.37), LOINB
(0.86%+0.43), HGML (0.80%0.31), and DL (0.93%0.42). These
results imply that selection for birth weight may increase drip loss,
which could result in lighter color of loin longissimus dorsi, and
ham gluteus medius muscles. No genetic correlations between BW
and meat quality traits were found in the published literature.
However, selection for high WNW does not affect pork quality but
may increase the REAW (0.20%+0.07), RTW (0.34%0.14), and
BOW (0.46*0.17). These results indicate that selection for WNW
will have no negative effects on pork quality. Moderate to high
genetic antagonism was observed between NURW with CL
(—0.51%+0.24), and HGML (—0.69%0.35), which were also novel
in this study. These results indicate that selection for high nursery
weight will result in low cooking loss and lighter color of ham
gluteus medius. However, NURW had low-to-moderate and
favorable genetic correlations with other pork quality traits,
indicating that selection for NURW does not have adverse effects
on pork quality according to our study. The high genetic
correlation found between NURW and BFW, indicating that
selection for NURW will increase the backfat weight of rib eye
area muscle.

Average daily gain, which is one of the main selection criteria,
had no genetic correlations with all of the pork quality traits except
for BOW and RTW, indicating that deterioration of pork quality
was not occurring through selection for increasing ADG in these
two populations. This is different to the report by van Wik et al.
[7] who showed unfavorable strong genetic correlations between
growth rate and pork quality traits. However, De Vries et al. [5]
and Hermesch et al. [37] reported no genetic correlation between
growth and pork quality traits, which are similar to our results. In
addition, ADG was correlated with RTW (0.32%0.16), and BOW
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(0.43£0.19) of rib eye area, which are also novel in this study.
Ultrasound backfat depth was negatively correlated to REAW
(—0.75%0.11), RTW (—0.66%0.11), BOW (—0.45%0.17), and
CL (—0.41%0.13) but positively correlated to BFW (0.89%0.05).
Low to moderate genetic correlations were also found between
UFD with REAL (0.24%+0.12), REAB (0.24%+0.12), HILL
(0.34%0.13), and HILB (0.33%0.14). These results indicate that
selection for leaner carcass will not affect pork quality traits except
for cooking loss and rib eye weight (Table 7). Most of the color
traits were favorably correlated with UFD except for the lightness
and yellowness of iliopsoas muscle of ham.

Unfavorable moderate genetic correlation was observed be-
tween ULD and PHU (—0.49%0.24). This was also different to the
genetic correlation between carcass loin depth and pH observed
by van Wijk et al. [7]. This might be due to the different method
of loin depth measurement, genetic background, less pedigree
information, and smaller sample size in their study. This indicates
that single-trait selection on ultrasound loin depth may lead to
undesirable lower pH pork. However, this result was similar to the
genetic correlation between carcass loin depth and pH in this
population [2]. Ultrasound loin depth was also correlated to
REAW (0.66x0.10) and BOW (—0.36%0.18), which were not
reported before. Unfavorable strong genetic correlations were
obtained between UIMF with PHU (0.73%0.37), REAB
(0.77x0.18), and HGMB (0.73%0.36). This indicates that
selection on ultrasound intramuscular fat may lead to undesirable
higher pH of meat with darker color. However, cooking loss was
negatively correlated to UIMF (—0.67%0.26), indicating that
increased UIMF will result in decreased cooking loss. Feed
conversion ratio was only correlated with LOINL, indicating that
selection for low FCR does not change pork quality except of
lightness of loin (0.43%0.19). Genetic correlations between FCR
and pork quality traits obtained in this study may be biased due to
the small dataset available for FCR.

Some of the estimates herein are new contributions to the
genetic correlations between performance traits with carcass and
pork quality traits. Novel results from this study showed the
nursery weight is an important trait and selection for NURW will
have significant effects on carcass and pork quality traits through
indirect selection. Novel genetic correlations in this study indicate
that selection for birth weight, weaning weight, and growth may
increase market weight, ultrasound loin depth, and ultrasound
intramuscular fat. Favorable correlations were found between both
weaning and nursery weight with loin depth. However, selection
for nursery weight would lead to increased belly, picnic shoulder,
and butt muscles yield, which were dissimilar with weaning weight.
Birth weight has adverse effects on pork quality traits that may
lead to undesirable higher drip loss pork with paler color but no
adverse effect was found between weaning weight and pork
quality. In addition, favorable genetic correlation was observed
between nursery weight and pork quality, showing that selection
for nursery weight may lead to increased carcass yield with no
adverse effect on pork quality except for gluteus medius lightness.
Therefore, selection for nursery weight can be valuable for
increasing market weight and loin depth without adverse effects on
pork quality traits.

Novel genetic correlations were obtained between growth and
most valuable primal, subprimal, cold and hot carcass weight.
These results indicate that selection for growth traits will increase
carcass yield, which was dissimilar to selection for ultrasound loin
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Implications

Meat quality and carcass yield are important traits for the pork
industry with consumers paying more attention to quality as well
as value. Measurements of carcass and pork quality traits are
difficult and expensive and can only be performed post-mortem.
Genetic improvement of these traits is possible through indirect
selection on performance traits, which requires knowledge of
genetic parameters for these traits. However, the estimates of
genetic correlations between carcass and pork quality with
performance traits are limited despite its importance because the
lack of measurement records of carcass and pork quality traits. In
addition, segregation of the alleles from major loci is affecting the
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Therefore, understanding of genetic parameters for performance,
pork quality, and carcass traits is essential for Canadian swine
populations to implement efficient selection programs that
emphasize product quality.

Genetic parameters obtained herein are valuable for the design
of a breeding program emphasizing product quality in Canadian
swine population. The low-to-moderate heritabilities of perfor-
mance traits indicated that they could be improved using
traditional breeding methods or genomic selection. Selection for
high birth weight would have unfavorable consequences on pork
quality traits including undesirable higher drip loss pork with paler
color. It was concluded that selection for nursery weight would
increase both quantity and quality traits. Furthermore, selection
for ADG is also favorable for increasing carcass weight, primal and
subprimal cuts weights with no adverse effects on pork quality.
However, selection for intramuscular fat may affect pork quality
traits but selection for FCR may reduce the lightness of loin. These
results imply that selection for leaner carcass may affect cooking
loss and lightness of ham. Although, these results indicated that
deterioration of pork quality may have occurred over many
generations through the selection for lower backfat thickness, and
feed efficiency, but selection for growth had no adverse effects on
pork quality traits. The genetic parameters identified here are
valuable for understanding the biology of these traits making it
possible to improve them simultaneously resulting in high quality
product produced more efficiently and at lower cost.
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Abstract

The blue mussel, Mytilus edulis, is a commercially important species, with production based on both fisheries and
aquaculture. Dynamic Energy Budget (DEB) models have been extensively applied to study its energetics but such
applications require a deep understanding of its nutrition, from filtration to assimilation. Being filter feeders, mussels show
multiple responses to temporal fluctuations in their food and environment, raising questions that can be investigated by
modeling. To provide a better insight into mussel-environment interactions, an experiment was conducted in one of the
main French growing zones (Utah Beach, Normandy). Mussel growth was monitored monthly for 18 months, with a large
number of environmental descriptors measured in parallel. Food proxies such as chlorophyll a, particulate organic carbon
and phytoplankton were also sampled, in addition to non-nutritious particles. High-frequency physical data recording (e.g.,
water temperature, immersion duration) completed the habitat description. Measures revealed an increase in dry flesh mass
during the first year, followed by a high mass loss, which could not be completely explained by the DEB model using raw
external signals. We propose two methods that reconstruct food from shell length and dry flesh mass variations. The former
depends on the inversion of the growth equation while the latter is based on iterative simulations. Assemblages of food
proxies are then related to reconstructed food input, with a special focus on plankton species. A characteristic contribution
is attributed to these sources to estimate nutritional values for mussels. M. edulis shows no preference between most
plankton life history traits. Selection is based on the size of the ingested particles, which is modified by the volume and
social behavior of plankton species. This finding reveals the importance of diet diversity and both passive and active
selections, and confirms the need to adjust DEB models to different populations and sites.
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Introduction

The blue mussel Mytilus edulis is common in Europe and North
America and has been consumed by man for centuries.
Aquaculture can be traced back to the 13™ century and now
exceeds fishing due to its stability and the possibility it offers to
regulate harvests. Production has been increasing for the last 50
years in response to the rise in mussel consumption and trade. This
economic significance has drawn attention to M. edulis. Under-
standing the behavior and physiological responses of this species
may help maximize its productivity through optimization of
rearing strategies. Several models have been developed to describe
mussel growth in relation to the environment. The Dynamic
Energy Budget [1] theory has been the most successtul of these
models to date [2].

DEB models allow the quantitative description of energy
acquisition and use in living systems. These models quantify

energy fluxes through organisms, from energy uptake to its
allocation to growth, maintenance and reproduction. As for other
bivalve species [3], one of the difficulties in applying DEB models
to M. edulis growth is to link trophic resources available in the
environment with energy uptake (assimilation). In order to solve
this problem, various modeling strategies have been used: the first
and simplest of these consists in re-estimating the food-ingestion
parameters for each studied location [4], [5]; this has allowed the
DEB model to be adapted for low [6], [7] or high [8] seston
conditions, for example. Different food proxies have also been
tested. Chlorophyll @ (chl a) has often been used, either as a raw
input [9] or a refined input taking into account Chl a/C ratio [10].
Phytoplankton also gives good results [11], as does total particulate
matter (TPM) [12]. Nevertheless, no consensus has been reached
when comparing all these quantifiers [12]. In order to develop a
more generic approach, other authors formalized more detailed
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processes for food ingestion that could incorporate several food
proxies [13].

Knowledge is also needed about mussel feeding processes.
Physiological aspects of food uptake have been thoroughly studied
[14], [15], [16], [17], but data on the differential effects of food
quality on growth are scarce. Recent studies tend to indicate that
mass growth is significantly affected by diet quantity and quality
[18], and that mussels may even modify their feeding behavior
according to local food composition [19]. Until now, investigation
focused on food physical properties, such as size, that could affect
feeding behavior [20]. New techniques are being developed that
give more detailed insight into the diet of M. edulis [21], [22],
[23], [24] in terms of e.g., types of food, phytoplankton species and
diversity. Results are presently contradictory, however, even for
the most generic points such as the comparative roles of diatoms
and dinoflagellates [21], or the effect of particulate matter and
other food sources (¢.g., detritus) [25]. This is partly due to local
variability and lack of knowledge about feeding mechanisms. In
the present work, we suggest that the DEB model can provide this
type of information, as well as benefit from such data.

Inversing the model makes food reconstruction possible from
growth observations. This has been done for several bivalves using
different approaches: shell length can be mathematically related to
ambient food using DEB assumptions [26]; successive approxi-
mates can be made for food [27] and the fit of different simulations
obtained with different food proxies can be used as an indicator of
their accuracy [12]. All these methods have their advantages and
drawbacks and, until now, have focused on global food quantifiers.
Here, we compare these three approaches at the scale of the
phytoplankton species. This article is thus structured in three main
steps: (1) we test two existing parameter sets for mussels, each
representing a different way of studying food; (2) we then develop
and apply our own food reconstruction methods and (3) use results
to deduce general properties for food quality assessment.

Materials and Methods

Study area

Mussels were raised on the French coast of the English Channel
in the western part of the Bay of Seine, northwest of the Bay of
Veys and south of Utah Beach (49°24.369'N/1°09.230'W)
(Fig. 1). The Bay of Veys covers 37 km? and has a semi-diurnal
macrotidal regime with maximum amplitudes ranging from 2.5 to
7 m during neap and spring tides respectively. Freshwater inputs
enter this area from the Carentan and Isigny channels, supplied by
four rivers, dominated by the Vire, which contributes up to 40% of
total flow [28]. Jouenne et al. [29], [30] described the primary
production dynamics at different timescales in this bay. This small
catchment area is characterized by relatively high chl a content
and low turbidity compared with other estuaries, making it an
intermediately productive ecosystem. Nutrient deficiency is
debated: while some authors consider that their input is sufficient
in the Bay of Veys [30], others hypothesize that nitrogen might be
limiting during spring [10]. Anthropogenic activities seem more
important than climatic conditions in explaining temporal
variability in ecosystem functioning. There is a significant level
of shellfish farming in this area: cultured Crassostrea gigas
amounted to 2262 tons on Utah Beach in 2006, accounting for
14% of oyster production in whole of the Bay of Veys; M. edulis,
at about 1332 t, represented about 85% of total mussel production
in this area.

Food Science, Health and Nutrition

Field measurements

Mussel seed used for the experiment was collected during spring
2009 in La Plaine-sur-Mer (French Atlantic coast), and first
transferred to pregrowing structures in Agon (west coast of
Normandy).  Pregrown  mussels (20.99*1.85 mm  and
0.79%£0.04 g) were finally installed on Utah Beach in mid-
September 2009. This site is located at around 1 km offshore
and could be accessed from land at low tide for mussel sampling
and by sea for hydrological measurements at high tide. Tide
variation in this area led to daily emersion of the mussels lasting
around 39%=5% of the day. All structures were located on private
sites lent by professional oyster or mussel farmers. These sites are
usually used for shellfish farming and the experiment was therefore
not considered to alter the environment, flora or fauna. Mussels
were put in 18 plastic baskets (35 cm in height and a triangular
section of side 20 cm). The baskets were installed on the middle
height of 3 adjacent poles at a rate of 6 baskets per pole. Poles were
separated by about 1 meter. They are the common rearing
structure used for mussel culture in Normandy. Sixty mussels were
placed in each half-basket, giving an initial available volume of
50 cm® per individual. Ninety-six individuals were separated in 9
specific nets for individual shell length monitoring. These nets
were distributed in 3 baskets at a rate of 3 nets per basket. Baskets
were installed on a fourth adjacent pole. Monthly sampling began
in January 2010 and continued for 18 months. Each sampling date
comprised two sets of measurements: one from mussels that were
alive throughout the study and one from mussels that were
sacrificed. In the first set, the shell length (L in mm) of the 96
identified mussels was determined n siu using a manual caliper
(FACOM, accuracy: 0.02 mm), allowing the acquisition of
individual trajectories. For the second set, the content of one
randomly selected basket was sampled at each date and brought
back to the laboratory. Forty of the live mussels were randomly
selected, measured using a digital caliper MITUTOYO, accura-
cy: 0.02 mm) and sacrificed in order to separate flesh and shell.
Dry flesh mass (DFM) was measured after a complete freeze-
drying cycle METTLER TOLEDO Balance, accuracy: 1 mg).
Based on the assumption that average flesh mass is proportional to
cubed mussel length (eq. 1), masses were corrected for size
differences on the basis of the length obtained from the individual
monitoring [31].

M,=a,L} (1)

where M, is the reconstructed flesh mass, L, is the measured length
from the non-destructive sampling at date t and a, is the coefficient
relating length and mass, calculated with the destructive sampling.
An example of such relation between mass and length is given in
Tig. S1. This is different from the DEB formulation relating length
and mass with a constant parameter set (eq. 13 in Text S1). Here,
a, is recalculated at each sampling date.

The two sets of mussels, corresponding to two different
processes, were necessary because of the invertebrate nature of
the mussels. Neither body length, nor flesh mass can be accessed
without killing the animal. However, individuals should not be
killed as their continuous monitoring alone can accurately assess
growth. Indeed, the use of different individuals at each sampling
date may introduce a bias: two different basket samples can show
growth variations that should not be taken into account in the
model. As a consequence, we used a first set of sacrificed mussels to
calculate a proxy of the relation between shell length and flesh
mass. We then used the shell length, the only measurement that we
could obtain from the second set of non-sacrificed mussels, to

WORLD TECHNOLOGIES




Towards the Determination of Mytilus edulis Food Preferences Using the Dynamic Energy Budget (DEB) Theory 149

— Oysters
Mussels

24'

49°N |
21.00"

12

Figure 1. Location of the study area in the Bay of Veys.

reconstruct the dry flesh mass of the individuals. As a consequence,
the dry flesh masses that are used as inputs in the model are a
proxy of the masses of the same individuals at each sampling date.
Hydrological data (water temperature, water depth and salinity)
were continuously recorded with an autonomous NKE data logger
STPSO2-SI placed in a basket. Two data loggers were specifically
dedicated to the experiment, used in rotation and changed every
month. Observations were checked for outliers or drift, cleaned
when necessary and filtered to account for immersed values only.
As a consequence, temperature measurements were used only
when they corresponded to immersion time. Metrological
verifications were made before each deployment in the field.
The frequency of data acquisition was set at 10 minutes.
Hydrobiological parameters were assessed fortnightly for a total
of 33 sampling dates over 18 months. All water samplings were
performed from the boat within the two hours around high tide.
For nutrients (ammonia NH,", silicates Si(OH),, phosphates
PO,*” and nitrates-nitrites NOo+NO3 ™), samples were taken
1 m below the surface using a Niskin bottle. Pre-filtrations were
made on board with a 48 pm mesh for all nutrients plus a 0.45 um
mesh for silicates. Back in the laboratory, analyses were done with
a Technicon Autoanalyzer III, according to the method described
in [32]. For the other parameters, water samplings were
performed by hand at around 50 cm below the surface. Particulate
matter samples were filtered in duplicate through pre-combusted
(450°C for 1 h) and pre-weighed Whatman GF/F filters, rinsed
with distilled water to remove salts and stored at —20°C until
analysis. Filters were dried at 70°C for at least 2 h and weighed for
total particulate matter (I'PM, mg dry mass I~ "). Inorganic matter
(PIM, mg ash dry mass 17') was given by the mass of ash
remaining after burning at 450°C for 5 h. Organic matter (POM,
mg ash free dry mass 17") was given by losses at ignition. PIM and
POM values are available from February to October 2010. In
order to estimate trophic resources potentially available for
mussels, phytoplankton biomass (chl a and pheopigment concen-
trations, ug 1~ ') and composition (cell abundances of micro-,
nano- and picoplankton, cell number 17!) and particulate organic
carbon (POC) and nitrogen (PON) were determined. For chl a and
pheopigments, samples were filtered in duplicate through What-
man GF/F filters, which were frozen at —80°C for up to a month.
Pigments were extracted in 90% acetone for 12 h and analyzed
with the Lorenzen spectrophotometric method described by [33].
For POC and PON determination, water samples were filtered in
duplicate through Whatman GF/F filters, rinsed with sodium
sulfate and analyzed with a CHN analyzer according to [33].

Additional filtrations were also made for blank materials [33].
Water samples were fixed in a Lugol’s solution for phytoplankton
determination. The portion of phytoplankton between 20 and
200 um in size was identified and counted in 10 ml tanks with the
Utermohl method [34] using a phase-contrast inverted microscope
(Olympus IMT2 or IX71). The same analyst conducted the
identification process for the entire experiment in order to
maintain a consistent account of species evolution. Accuracy
started at the family level and could reach species or groups of
species depending on the plankton morphology. In agreement with
the analyst, the level of detail was coarser in the post-processing
than during the experiment: 53 out of the 77 initially identified
groups of plankton were finally used. This approach discarded
potential mistakes in the identification process. For pico- and
nanoeukaryotes, as well as the bacteria Synechococcus and
Cryptophyceae, water samples of 1 ml were fixed in 1.8 ml
cryotubes with electron microscopy grade glutaraldehyde at a
final concentration of 1% (vol/vol) and immediately stored in
liquid nitrogen for a few months [35]. Samples were then counted
by flow cytometry according to [36].

Finally, hourly rainfall measurements, wind direction and
velocity and irradiance were provided by Météo France for the
Sainte-Marie-Du-Mont station, located 6 km southwest of our
sampling site.

Dynamic Energy Budget model

The model used in this study is based on the Dynamic Energy
Budget (DEB) theory [1]. This model quantifies growth and
energy allocated to reserves, structure and reproduction as a
function of two forcing variables: water temperature and food
availability. This type of model has been widely applied to the
study of bivalve energetics [3], [4], [6], [10] and has been used to
predict M. edulis growth and reproduction [5], [7], [9], [12], [13].
The main equations are given in Text S1. Implementation was
taken from Rosland et al. [6], including a possible decrease in
somatic mass during starvation (eq. 12 in Text S1), and adapted to
take into account additions and adjustments concerning food
assimilation and energy processing from Saraiva et al. [13] (eq. 1
to 4 in Text S1). Briefly, the model describes the energetics of an
individual through the dynamics of three state variables: reserves
(E), structure (V) and energy allocated to reproduction (Eg).
Energy is taken from the environment and fuels the reserve
compartment (eq. 1 to 6 in Text S1). A constant fraction x of this
energy is allocated to somatic maintenance and structural growth
and the remaining 1-Kk is allocated to maturity maintenance,
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development (in juveniles) and reproduction (in adults) (eq. 7 to 10
in Text S1). The energy content of the reproductive buffer is
liberated at spawning. In the present application, spawning dates
are forced and correspond to drops in dry flesh mass (DFM) [6].
Such a formulation is less flexible than an implementation based
on gonado-somatic index (GSI) and water temperature thresholds
[3] but was chosen for simplicity purposes. The reproductive
buffer is assumed to be totally emptied at spawning, according to
Sprung et al. [37].

The Arrhenius law was used to correct all rates for temperature.
Main parameter values are given in Table 1. Recent food intake
developments were included, requiring a calibration based on the
carbon content of the particles [13]. In the absence of further
knowledge, a conversion-to-carbon factor A was added and
calibrated for each food source (eq.1 in Text S1); some conversion
factors are shown in Table 2. Additionally, due the same lack of
knowledge, assimilation efficiency ¥ was assumed to be constant
and equal to 0.75 [6].

Simulation and validation

Simulations were run with Matlab (Matlab R2012b), using the
implementation of Rosland et al. [6]. Input daily temperature was
the daily average of water temperature, measured during
immersion time. Daily available food was linearly interpolated
from the fortnightly observations. Chl a, abundance of micro-,
nanophytoplankton and even smaller species like bacteria or
Synechococcus (alone or as a group), POC and TPM were tested as
model inputs one after the other. Composite variables were also
tested by balancing chl a or phytoplankton abundance with the
corresponding richness (number of species) or evenness (calculated
as the ratio of the Shannon diversity index and the natural
logarithm of the number of species). To account for inedible
material, PIM was approximated as 80% of TPM. This is the
maximum ratio of PIM to TPM that was measured during the
experiment and was used to reduce assimilation [13]. Initial mass
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was the average mussel mass at the beginning of the experiment.
Shell length was calculated accordingly.

The effect of different food sources on growth was assessed by
deviation d (eq. 2). This calculates the distance to mass measures.

|M0bs$ _M.vim, |
o e 2

obs,t

where d is the deviation of the simulation, and M, and My;,,; are
the respective observed and simulated DFM at observation time t.

A non-linear optimisation method (Nelder-Mead) was applied in
the auto-calibration, which searched iteratively for the A values
that minimised the deviation d.

Food reconstruction

An inverse method was used to assess the quality of our food
sources. Shell length and DFM were used to compute the
corresponding functional response over the 18-month experiment.
This response is taken as a function of both food availability and
digestibility.

The first step was to reconstruct the evolution of the functional
response over time from individual shell length time series, using a
reversed DEB model as described in [38]. Briefly, temperature and
shell length are taken as inputs of this reversed model to calculate
the corresponding functional response. Different individual
measurements of length are averaged and interpolated using a
spline function so that the reversed model applies on the same
daily time step as the standard one. The reconstructed functional
response is based on the same equations and is therefore
theoretically exact.

An iterative method was then used to compute a functional
response corresponding to mass variation. The functional response
was used with the modeling of Rosland et al. [6] (eq. 5 and 6 in
Text S1) including the non-food related parameters that have been
described by Saraiva et al. [13]. An initial functional response was
built to vary randomly between 0 and 1. This was then used as an

Table 1. DEB parameters and values.

Symbol Description Value Unit

TA Arrhenius temperature 7022 K

[Pm] Volume-specific maintenance costs 11.6 Jd 'em™

[Em] Maximum storage density 1438 Jem™3

[Eg Specific cost for structure 5993 Jem™3

K Fraction of reserves spent on somatic growth and 0.67 -
maintenance

3 Shape parameter 0.297

{Crim} Maximum surface area specific clearance rate 96 Ld'cm?

R} Algal max. s.a. specific filtration rate 0.00048 mol Cd 'm~?

{JiF} Inorganic material max. s.a. specific filtration rate 3.5 gd'cm™?

Pa Algal binding probability 0.99 -

pi Inorganic material binding probability 0.4 -

Tl Algal max. ingestion rate 13000 mol Cd™’

| Inorganic material maximum ingestion rate 0.11 gd™!

C Conversion factor 697000 mol J7!

AE Assimilation efficiency 0.75 -

Values were taken from Saraiva (2011a) and adapted to allow different food proxies.
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Table 2. Food proxy calibration and use in the model.

Food source Conversion parameter

Deviation (%)

Chla 7.9x10~° mol C.(ug Chl a)™"
Chl a x richness 46x10"7 mol C.(ug Chl a)~'
POC 8.3x10 % mol C.(ug Q)"
Phytoplankton 3.6x10°° mol C.(Cell) ™’
Chaetoceros 1.8x10~° mol C.(Cel)) "

23.2
21.2
37.7
358
18.6

DFM, as described in eq. 2.

input for the simulation, skipping food ingestion and assimilation
to affect growth directly. To do this, the classic DEB formulation
was used ([6]), adjusting the maximum assimilation rate with the
functional response term. Simulated growth was then compared
with observed growth. For each time step between first and last
sampling dates, the functional response was respectively increased
or decreased as long as the simulated mass was below or above
observed mass within a 1% range, and functional response was
above 0. These stringent conditions ensured that variations were
respected over time while maintaining a physiological sense. A
functional response above 1 may indicate a bad parameter value
for the maximum assimilation rate, which was expected from the
results of the first simulations. On the contrary, a negative
functional response can only indicate ‘“negative” assimilation,
which does not make sense.

Both reconstructed functional responses were then scaled by
their maximum to vary between 0 and 1, and smoothed with a 4-
day moving average to remove modeling bias.

Food quality assessment

The contribution of each food source was evaluated for each
sampling date after being transformed with a Holling-type II
function (eq. 3).

Fi,
Tom b 3
o Fii+c 3)

where T}, is the transformed food source F; at time ¢ and ¢; is a
scaling coefficient, linked to saturation or satiation. This parameter
regulates food absorption.

This transformation was meant to avoid signal distortion and to
homogenize units between different food sources (phytoplankton
abundance may vary between 0 and 10°). It remains close to the
usual DEB model formulation and helps to scale different food
values. The same scaling constant was used for both functional
responses (length and DFM) as mussels ingest food in the same
way, with possibly different allocation. Values of both signals were
similarly extracted. A linear combination of processed food
measures was then used as a proxy for functional response signals.
Each sampling date is thus characterized by a system of two
equations (eq. 4).

Fii  _
Z:al F[ﬁ/‘f‘C[ _fl,t
bty Y
lE,t+Ci m,t

i

Food proxies had to be converted to mol C to adapt them to the rest of the model. Deviation corresponds to the relative difference between simulated and observed

Where @; and b; represent the contribution of the food source F; to
growth in length or mass, respectively, and ¢; is the scaling
coeflicient, which should be understood in this context as an index
of the quantity of available food above which the contribution to
total food input is maximal. It can be seen as the intensity with
which mussels react to food presence: a lower ¢; helps reaching «;
and b; with lower food concentrations. f; and f,, are the functional
responses corresponding to length and mass, respectively.

Thirty-three sampling dates were available, which gave 66
equations. Each food source needed to be described by 3
parameters (@;, b; and ¢;). An identifiability analysis ([39], used in
[40], [41], [42]) showed that all three of these parameters could
not be determined at the same time with a sufficient number of
plankton species to study the ecological characteristics (see Text
S2, Fig. S2 and S3 for more details about model assessment). ¢;
parameters were thus fixed, corresponding, for each species, to the
median value of the abundance when the species was present in
the field. This is close to the value that is obtained for X, with the
DEB model when using a single plankton species as the food input.
The number of species for which @; and b; can be calculated is a
trade-off between the condition index of the matrix model
(indicating the quality of the formulation) and the final model
error: in our study, 30 plankton species or groups of species was
the maximum we could take into account while maintaining a
reasonable condition index (3.3x10%. These were chosen as the
most abundant species that were also large enough to be efficiently
retained [20].

Resolution was performed with Matlab’s active-set sequential
quadratic programming under constraints (Matlab R2012b).
Plankton species used in hatchery were assumed to have a positive
impact on growth (¢; and b; arc positive for Chaetoceros,
Skeletonema costatum, and Naviculaceae for instance [43]). Initial
a; and b; followed a uniform random distribution between —1 and
1, complying with the above constraints.

a; and b; were then transformed according to eq. 5 to represent
relative contributions to total diet value.

W= ——— Y100 (5)

Z‘xj’

j=

where w; is the relative contribution of the food source @
corresponding to the coefficient x; (@; or b;) and n is the total
number of food sources.

Statistical analysis
Relative contributions of each plankton species to total diet
value were linked with plankton characteristics. Several databases
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Figure 2. Observed mussel growth during the experiment. Shell
length (grey) and dry flesh mass (DFM) (black) mean values and
deviations correspond to monitoring with sacrifices, corrected for
sampling bias.

([44], [45], [46] and M. Schapira’s personal atlas) were collated
and completed with data from the literature (see Table S1). Family
was the first classification criterion, separating diatoms, dinofla-
gellates and others. Among diatoms, pennate and centric species
were differentiated. Biovolume, surface area and their ratio were
taken from [46], using the median value of the observations in our
study area. The difference between smaller and larger species was
qualitatively assessed by the plankton analyst to account for local
variability. Biovolume and area were then log-10 transformed.
Cell shape was also extracted from [46], using the conventions in
[47]. Habitat values classified plankton according to their
preference for coastal or pelagic areas ([28], [45]). Habitat was
turned into an ordinal variable ranging from 1 to 3, 1
characterizing species that are specifically found in a coastal
brackish environment, including those coming from freshwater
inputs and 3 characterizing species that could mostly be found in
the ocean. This was decided using classifications by [48], [49], [50]
and [51] and evaluation of salinity and eutrophication tolerance.
Plankton social behavior qualifies colony frequency. For some
species, this has been quantified as the mean number of cells per
colony. When this number is below 1, the species is considered as
single. Above, it is considered colony forming.

Explanatory variables were chosen based on a stepwise
approach using the AIC relative change as the selection criterion
(LinearModel.stepwise routine in Matlab 2012b). For contribution
based on DFM, social behavior and biovolume were the only
relevant parameters while contributions based on length were
influenced by social behavior only. To be consistent, an
ANCOVA (analysis of covariance) was performed for both relative
contributions, taking into account both explanatory variables.

Results

Mussel growth

Out of the 96 individually-monitored mussels, 22 individuals
died during the experiment and shell-length measures of 18
individuals decreased at least once during the experiment. These
trajectories were removed before data processing. Monitoring data
obtained with and without sacrifice were consistent.

Food Science, Health and Nutrition

Mussel growth is shown on Fig. 2. During the experiment, shell
length increased from 36 to 60 mm. Maximum relative length
increase took place in April 2010 with a 7% gain. Shell length
increased by 1.7 mm per month during 2010, while 2011 was
characterized by a length gain of around 0.45 mm per month.
Mass observations can be divided into two main periods: 2010 was
characterized by a mass gain followed by a period of loss during
year 2011. DFM increased by 1.7 g between February and
October 2010. This high growth mainly took place during March,
with a growth rate of +13 mg d™' and between August and
September (+19 mg d ™ '). Mass was then stable until the end of the
year. DFM was halved between January and May 2011.

Mussel length and mass growth were uncoupled: periods of
maximum growth did not occur at the same time for shell length
and flesh. In addition, the drop in flesh mass was obviously not
reflected by shell length.

Environmental conditions

Variations of the main environmental descriptors over the
studied period are shown in Fig. 3. During 2010, water
temperature (Fig. 3A) varied between 3°C in February and 21°C
at the beginning of July. During 2011, it varied between 4.4°C at
the end of January and 17.6°C at the beginning of June. Average
temperature from February to mid-June was 9.4°C in 2010 vs.
10.8°C in 2011. Water temperature varied 1.1+0.6°C within a
day, with a minimum variation of 0.2°C and a maximum of 3.3°C,
which is low enough to consider temperature to be constant over a
day in the DEB model. Rainfall, irradiance and nutrient
concentration dynamics (Fig. 3B) were not significantly different
between the two years (Kolmogorov-Smirnov test, p>0.05) and
patterns were consistent with previous records on this point.

Chl a dynamics can be divided into two periods (Fig. 3C). In
2010, two peaks appeared, in mid-March (16.5 ug L™ ") and mid-
June (8.9 ug LY, followed by a longer period with a chl a level
stabilized around 3 pg L™ for a month at the end of summer. It
reached its minimum value of 0.6 ugL™' in December.
Conversely, the first six months of 2011 were marked by a low
chl a concentration for this period of the year. It only reached a
maximum of 3.1 ug L™" at the beginning of May and therefore
showed a low spring plankton biomass. Between February and
June, chl a was on average 66% higher in 2010 than in 2011. The
maximum difference was in the intensity of the spring bloom.

Nanocukaryote and phytoplankton dynamics were similar to
one another (Fig. 3D). Nano- and microplankton abundance were
low during the first four months, then tripled in mid-June 2010 to
reach almost 5x10° C L™! and nearly 2x10° C L™! respectively.
End of summer and autumn were also characterized by two
smaller peaks of abundance. Winter had a low concentration of
microorganisms. In 2011, phytoplankton growth resumed in April,
resulting in a 13-fold increase in biomass. Nanoeukaryote
abundance began increasing significantly from mid-May. Na-
nocukaryotes were more abundant in 2010 than in 2011
throughout the common experiment period. Picoplankton abun-
dance was about one order of magnitude higher than nanoeukar-
yote abundance but seemed to follow the same patterns. It reached
a peak in July 2010 and remained high until November. After a
sharp decrease, it bloomed again from April 2011, with values
comparable to those observed in 2010. Overall, it may represent
86% of total chl a production. No difference was significant
between the two years for the picoplankton populations.

Richness varied between 11 and 31 species in 2010, with a
median value around 20, while it varied between 7 and 20 in 2011
with a median value of 14 and a standard deviation around 2.9 for
both periods. It was positively correlated with abundance
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Figure 3. Observed environmental descriptors during the experiment. Average daily sea water temperature (A), nutrients (B), chlorophyll a
(Q), abundance of different sizes of plankton (D), particular organic carbon and nitrogen (E) and total particulate matter (F) were measured in 2010

and 2011.

(R?=0.31, p=0.08). Evenness varied between 0.27 and 0.86 with
a deviation of 0.17 in 2010, and varied between 0.33 and 0.74 with
a deviation of 0.13 in 2011; it was negatively correlated with total
abundance (R?= —0.64, p<<0.05). Chl a concentration could be
related to these dynamics. The first chl a peak cannot be totally
explained by phytoplankton or nanoeukaryote abundance but is
confirmed by pheopigment concentration on the next sampling
date. Phytoplankton counts explain the dynamics of last two
blooms. In July, Asterionellopsis glacialis accounted for 76% of the
total phytoplankton bloom while Chaetoceros amounted to 77% of
the September phytoplankton biomass.

Chemical compounds did not vary as much between the two
years as the variables mentioned above (Fig. 3E). POC ranged
between 12.6 and 89.6 mol C L™ " during 2010, and between 16.1
and 40.9 mol C L™" during 2011. PON ranged between 1.6 and
130 mol NL™!  during 2010, and between 1.7 and
7.4 mol N ™" during 2011. Considering only the February—June
period to compare the two years, there was a 33% decrease in
POC and PON in 2011. This is only half the difference in chl a
between 2010 and 2011. POC and PON are not only due to algal
presence but also to detritus and river inputs.

Water quality was also impacted by TPM (Fig. 3F) as part of it
is inorganic and may decrease food quality ([13]). TPM was highly
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Figure 4. Comparisons of observed and modeled dry flesh
mass (DFM) with different food inputs. Observations (dots) and
DEB simulations (lines) are based on in situ measurements of food
sources, with chl a (dashed line), POC (dotted line) and Chaetoceros spp.
separately (solid line). The latter produced the best fit.

variable (CV =63%), ranging from 1.49 mg L™" in July 2010 to
24.3 mg L' two months later. 2011 showed less extremes with
only one peak around 14.6 mg L”™' in March. The lower
concentrations observed in 2011 should nevertheless be interpret-
ed with caution as the strong northeasterly wind that predom-
inated during this period may have suspended many more
particles than the levels recorded at low frequency.

Relating food abundance and growth patterns is a first step
towards simulations. Usual food proxies such as chl a and plankton
abundance decreased in 2011, which can partly explain the
observed mass loss. However, mass gain timing in 2010 cannot be
totally explained by these food sources. Indeed, the first mass
increase in March 2010 cannot be related to plankton abundance,
but can be related to a chl a peak. Conversely, the extent of the
mass gain in September 2010 cannot be related to a comparable
chl a increase but it can be linked to a planktonic bloom. In
contrast, the plankton bloom in June 2010 was not related to any
great increase in mass. From the other point of view, POC and
PON do not decrease enough in 2011 to totally explain the mass
loss.

DEB model

The first simulations with the DEB model did not provide
satisfactory results, especially when chl a and POC were used as
food proxies, as shown on Fig. 4 and Table 2. The model failed to
represent both mass gain and loss. The two steep slopes of the
growth curve in March and August 2010 could not be reproduced
and led to underestimates of DFM at the end of the growth season
and during winter. On the contrary, food was always sufficient in
2011 to allow growth or, at least, to avoid the mass loss observed in
the field. A different set of parameters (from [6] and [13]) may lead
to different decrease due to spawning. The most satisfactory results
were obtained using the Chaetoceros genus alone, which cannot
represent the reality of mussel nutrition. However, when chl a was
balanced by species richness, the second best fit was obtained with
a total deviation of 21%; these contrasting results led us to consider
the plankton species in more detail.

Figure 5 shows the functional responses computed with the
reverse DEB model and compared to length and mass growth
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Figure 5. Comparisons of functional responses obtained with
shell length (grey) and DFM (black) variation (see text for
functional response computation). Bars represent the daily relative
growth rates between two points. Both functional responses were
standardized to vary between 0 and 1.

rates. Length and DFM do not show the same patterns, as their
increase and decrease do not match.

Figure 6 shows the difference between observed and simulated
DFM, using the corresponding reconstructed functional response.
This highlights problems in the parameter sets that could not be
totally remediated by adjusting food input. Food availability is not
the only explanation of these variations, as a functional response of
more than one is necessary to reach the masses observed in 2010.
This is especially true in March where the simulated functional
response can reach 8. Mass loss was underestimated when no food
was input in 2011.

Food quality

Table 3 shows the contributions of the 30 different plankton
species to the reconstructed function responses based on length
and soft tissue growth. Of the tested plankton groups 77% were
diatoms.

Relative contribution coefficients associated with DFM/length
variations ranged from 0.076/0.065 for Ditylum spp. to —
0.113/—-0.087 for Phaeocystis spp; 57% of them were positive.
Contributions obtained with shell lengths or DFM were not
significantly different (Kolmogorov-Smirnov test, p>0.05). Con-
sensus on the sign of the contributions was 73%. Species ranking
was similar for length and DFM.

Cerataulina spp., Euglenaceae, Guinardia striata and Thalas-
siostraceae play a positive role in growth in terms of mass but not
in terms of length. On the contrary, Bacillariaceae, Plagiogramma
spp, Rhizosolenia setigera, R. pungens and Thalassionema
nitzschioides seem to have a positive effect on growth in terms of
length, but not in terms of mass.

Both distributions were normal (Shapiro-Wilk test, p>0.05),
enabling the use of the ANCOVA method. Social behavior has a
significant effect on food quality, related to DFM (ANCOVA,
F97=2.9, p<<0.01), while this effect is unclear for length-related
coeflicients (ANCOVA, F,9;,=2.8, p=0.11). When plankton
species tend to form colonies, mussel affinity decreases (Fig. 7A).
Biovolume was not deemed significant in either group of
contributions (ANCOVA, F,9;,=2.2, p=0.15 for DFM and
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Figure 6. Comparisons of observed and modeled DFM with the
reconstructed functional response. Functional response without
standardization (grey) was obtained with DFM observations. Simulated
DFM is shown by solid lines, observations are shown by dots.

Fi97=0.4, p=0.53 for length). However, a slight effect can be
seen, as mussels seem to grow better on larger cells (Fig. 7B).
Shape effect was not significant in the analysis; however, it can be
seen that large species with low contributions are all cylindrical.
Among the positive contributions, 23% of plankton groups are
cylinder-shaped, but these account for 46% of negative contribu-
tions. When this cylindrical shape is excluded from the analysis,
size effect is significant at the 0.1 level.

Discussion

DEB performance

Mussel flesh and shell length variations reflect the ecosystem
dynamics and seem to magnify them. The first mass increase
(+135% in March and +85% at the end of summer) was higher
than observed elsewhere for intertidal mussels, even on larger
individuals [9], [52], [53]. Maximum mass at the end of the
summer was surprisingly high for mussels of this size and age [4],
[31], [54]. Relative gain remained coherent as it was still lower
than values obtained with continuously immersed mussels [7],
[55]. In all these cases, mass gain was observed much later in the
year, with the more favorable climatic conditions. Total mass loss
(58%) recorded in 2011 was among the highest values obtained
during starvation studies [5], [6], [31].

The DEB model, as it is presently parameterized, is not able to
reproduce these observations. Different parameter sets and food
proxies have been tried but it has not been possible to obtain less
than a 20% deviation in mass simulation, except when the input
was made up of Chaetoceros spp only. However, diet diversity
clearly improves the fit of the simulation to the observations when
chl a was balanced by species richness (Table 2). These contrasted
results are the first step towards a more specific analysis of the
different plankton species.

More importantly, bias was always the same at the beginning of

the simulation, underestimating mass during 2010. In 2011, only a
total absence of food could lead to mass loss. Furthermore, while
simulations were more satisfactory with the set of parameters from
[13] for the first year, the one from [6] was more efficient at
modeling the mass loss in 2011. When trying to avoid this problem
by reconstructing the functional response, we found values over 7

for the beginning of 2010. Cardoso et al. [27] were faced with the
same problems with Macoma balthica modeling, leading to
functional responses higher than 1. We can conclude, as they
did, that work is still needed on parameterization. § and X are
already known to depend on study site [5], [6] but other
parameters may also be sensitive to phytoplankton ecotypes. We
should therefore focus more on variations than on values.

Model quality is also problematic in recent works on M. edulis:
while shell length is often correctly reproduced, this is not the case
for DFM [7], [8] although mussel flesh is the most important
aspect from an economic production viewpoint. The higher
variability of flesh mass is mostly due to the losses that cannot be
reproduced in shell length variation as this is an exoskeleton that is
made of metabolically inert material. Gamete and reserve loss can
be modeled with DEB theory, but structural loss cannot be
modeled without altering the relationship between length and
somatic energy [6]. This is due to the fact that we only have access
to shell length and not body length. Studies have found no
correlation between flesh and shell growth, even when both are
increasing [12], [56]. This is partly due to differences in timing:
shell length growth may precede soft tissue growth ([57], our data
set) or succeed it [56]. Shell material is different from soft tissues
and part of it comes from non-metabolic sources [58], [59]. This
explains observed shell growth during starvation periods [60]. For
the moment, the DEB model assumes that shell length is directly
linked to structural flesh growth but, if this correlation does not
always hold, other parameters will also need to be re-evaluated to
obtain further knowledge about the species (¢.g., investment ratio
K). This also calls into question the use of shell length alone in
functional response computation, as it can lead to the overesti-
mation of ambient food conditions [26]. On the contrary, a
comparison of both length and mass should be performed before
conclusions are drawn. This is all the more difficult as shell length
monitoring is preferable to avoid sampling bias that could emerge
from the killing of animals to measure body length and dry flesh
mass.

Food preferences

The first DEB modeling led us to choose several food quantifiers
to test. We focused on phytoplankton abundance which was the
closest available approximate of primary production. Chl a is
commonly used, but its production inside each cell depends on
varying environmental conditions [61]. POC and POM are
composite elements that may overestimate available food [53].
Finally, Bracken et al. have found that mussels might depend more
on phytoplankton than on other organic elements [62]. Plankton
abundance was also the most flexible variable, allowing for several
levels of detail. Pre-processing included the use of a transformation
to homogenize values, which can be highly variable. We chose a
Holling-type II transformation (eq. 3) mostly for its physiological
grounding and closeness to the DEB formulation.

It is difficult to compare our plankton dataset with others in the
literature because plankton assemblages and successions are highly
variable. However, some species seem to bring about a consensus.
For instance, our results agree with [24], showing that Leptocylin-
drus is not ingested by mussels, while Pleurosigma and Gyrosigma
spp. are preferentially ingested and Nitzschia longissima and
Thalassiosiraceae may have neutral roles.

Underlying patterns appeared among food preferences. Free-
living cells seem to have a positive effect on mussel growth. Even if
not significant in our dataset, a preference for larger species may
be another component of food quality. Both characteristics may
tend towards a passive selectivity, relying both on physical and
chemical properties. Size is important, as put forward by [63], who
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Contribution to flesh growth (%)

Contribution to shell length growth (%)

3.2
0.4
24
—-1.3
0.01
4.1
6.2
—52
6.5
—-21
—5.1
—04
4.3
-16
—72
13
—22
—25

44
5.7
—87
3.2
47
32
17
—6.9
0.01
1.1
—34

used the relative amount of small planktonic species as a depletion
indicator because it is the only part of plankton that cannot be
affected by bivalve consumption. Following [63] and [20],
picoplankton was ignored and addition of nanoplankton to our
model did not improve the fit. Even when targeting species in an
accurate size range according to [20], smaller species were still less
important for mussel growth. Cell size is modified by the ability to
form a colony, increasing the actual volume that is filtered by
mussels in the field. Our results could therefore be seen as
contradictory.

The mechanism behind size preference needs to be clarified, as
variability in retention efficiency cannot be attributed to larger
species size only [20]. Colonies, which rely on other chemical
components to bind themselves together, may overload the
digestive system or the ciliary-gill pump, or may clog the gills
[53]; this would trigger the ejection of pseudofaeces and/or feces
consisting of undigested material [17]. Such a mechanism could
explain the food assimilation decrease and mass loss, and seems all
the more probable as Phaeocystis spp., forming colonies surround-

Groups were determined as described in the Material and Methods. Coefficients represent the contributions of each group to the total functional response of the DEB

Table 3. Phytoplankton groups and contributions for flesh- and length-based growth.
Plankton group

Asterionellopsis glacialis 44
Bacillariaceae -1.8
Biddulphia spp. 1.3
Cerataulina spp. 0.2
Chaetoceros spp. 0.01
Ciliophora 35
Cryptophyceae 2.7
Dactyliosolen fragilissimus -1.2
Ditylum spp. 7.6
Euglenaceae 3.0
Guinardia delicatula =77
Guinardia striata 25
Gymnodiniaceae+Gymnodinium spp. 43
Leptocylindrus spp. —4.5
Melosiraceae —53
Navicula+Fallacia+Haslea+Lyrella+Petroneis spp. 1.4
Nitzschia longissima -33
Odontella spp. -0.2
Paralia sulcata —49
Plagiogramma spp. =51
Pleurosigma+Gyrosigma spp. 4.1
Phaeocystis spp. -11.3
Prorocentrum spp. 4.2
Pseudo-nitzschia spp. 17
Rhizosolenia imbricata+styliformis 49
Rhizosolenia setigera+pungens —55
Scrippsiella+Ensiculifera+Pentapharsodinium+Bysmatrum spp. —3.5
Skeletonema costatum 0.01
Thalassionema nitzschioides -15
Thalassiosiracaea 2.0
model, given by variation in length or DFM.

ed by an organic mucilage that can decrease clearance rate [64],
are identified as the worst food source in our dataset. The potential
role of shape also needs to be investigated.

Other plankton life history traits were not considered to make
significant contributions to food quality, which may indicate the
importance of a diverse diet. Regarding plankton ecological niche,
Rouillon et al. [21] found more tychopelagic species in mussel
stomachs than in ambient water, and Lefebvre et al. [65] showed
that oyster growth in the Bay of Veys was dependent on
microphytobenthos. Toupoint et al. [66] pointed out that pelagic
cues overwhelmed biofilm ones, at least for mussel settlement. Our
study cannot settle this argument, as few benthic species were
found in our dataset and no biofilms could be observed at our
sampling site. These films may not settle because of water mixing
and sampling during flood tide leads to a bias towards pelagic
species.

No preference was found for diatoms or dinoflagellates. The
proportion of diatoms in food sources match that observed in the
whole dataset. Previous studies are contradictory: some insist on

WORLD TECHNOLOGIES




Towards the Determination of Mytilus edulis Food Preferences Using the Dynamic Energy Budget (DEB) Theory 157

gE
S8
3
o

-0.04

-0.06-

T
I
1
1
I
1
-0.081 !
I
1
1
|
1
I

R E—

-0.02

-0.04

-0.06

008~ (SEe -

012 L L I L L L L L
2

Single cell Colony
Social behaviour

4 45
log, (biovolume}

Figure 7. Effect of social behaviour (A) and biovolume (B) on mussel preference for plankton species. In the second panel, shapes
correspond to the shape classification of each species, according to [47]. Blue color indicates that a species is free-living; green color indicates that it
tends to form colonies. Black dots correspond to species with no defined shape.

the importance of diatoms in mussel diet [22], [67] while others
emphasize the increase of dinoflagellates in the mussel diet
compared with available species [68]; this has been discussed at
length by Rouillon et al. [21]. Currently, our dataset can only
show that both these groups are consumed and can play both
positive and negative roles in food quality. Mussels may be
sensitive to finer characteristics and/or may favor diversity [69].

Other characteristics that could have been investigated in our
dataset include: how stickiness, electrostatic charge, mucopolysac-
charides affect capture efficiency [17], and how morphology
impacts palatability and digestibility [15]. Protein, carbohydrate
and lipid contents are the key to assessing food effect on mussel
growth by changing its composition [18] and even metabolism and
reproductive cycle [70], [19]. Plankton composition is, however,
too variable, and time- and site-dependent [14], [43], [62] to use
values from the literature. Work on these aspects remains to be
done and would certainly help in the search to find a structure
behind our local species results. Once again, variability is high and
the species that can be found in our area are certainly missing from
the nearby sea [71] or will be in the coming years [30].

Finally, there are other food sources that have not been
investigated and have already been found in the mussel diet:
zooplankton [72], crustaceans, cnidarians, nematodes [22] and
detritus [25] also contribute to the organic matter that can be
ingested. Recent results tend to show that all of these sources are
less influential than diatoms [23], but spatial and temporal
variability would likely moderate any general conclusion [12].

Until now, we have tried to explain mass gain and loss with an
emphasis on food availability and quality. Metabolism may have
been altered by a significant switch between abundance and
restriction. The former may have led to a decrease in growth
efficiency that worsened the effect of restriction [73]. A high
concentration of PIM may have altered assimilation efficiency
while food was already low in quantity and quality for mussels.

However, two other, non-exclusive, explanations should be
considered but cannot be proven with our dataset.

The reproductive cycle must have played a key role in mass
regulation [54]. We cannot differentiate the loss due to starvation
from that due to spawning. These must have coexisted as
spawning alone cannot explain the mass loss in its entirety.
Gonadosomatic ratio, although very variable, rarely reaches 55%
[74], [75], [76], and recent studies tend to show that M. edulis
might invest less in reproduction than was previously thought [13].
No mass recovery was recorded for 5 months, contrary to what is
usually observed after spawning [56]. Conversely, this mass drop is
too sharp to be due to metabolism alone.

Mussels have multiple and contradictory reproductive strategies
depending on environmental conditions [19], [77], [78]. Accord-
ing to mussel farmers working in the study area, climatic
conditions were very favorable to spawning in 2011. Metabolism
might change during spawning time and requires more energy
[79] or energy in a different form [24], which could have worsened
mass loss that year. Loss of mass due to spawning in the DEB
model depends on several parameters: allocation parameter K,
spawning efficiency and percentage of gametes left in the
reproductive compartment after spawning. The latter has been
discussed: mussels can spawn completely [37] or partially [76].
Furthermore, the use of GSI and temperature thresholds was not
successful in reproducing growth and led to incoherent patterns
(e.g. up to 5 or 6 spawning dates in 2010 at times where the actual
reproduction cycle was not completed). This was not the main
point of our study, which is why we decided, like [7] and [12], to
empty the gonads at a fixed spawning date. Without further organ
differentiation, it would have been presumptuous to model a
reproductive cycle for our experiment, which is why this
explanation has not been developed further; knowledge is still
required in this area and needs to be improved.

The possibility of infection must also be presented. During
2010, the presence of Mytilicola intestinalis was recorded on Utah
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Beach. Although infestation level was ranked low, there is still a
possibility that the parasite developed and infected mussels in our
experiments. Digestive disruptions may have resulted, decreasing
assimilation efficiency; maintenance costs may also have been
increased by the presence of a parasite. This could lead to
differences in the physiological parameters describing mussel
growth and explain the problems in DEB simulations that were
observed even when food input was reconstructed.

To conclude, this article highlights the difficulty of representing
different mussel growth patterns with a model smoothing
tendency. Work needs to be done on DEB parameterization for
M. edulis in this area. In the absence of further information,
functional response reconstruction enabled us to get over the
problem while still taking into account other environmental
elements. This led to the selection of the preferred species that
mussels have in the environments and to the identification of some
patterns. A size gradient is noticeable in our dataset. Mussels tend
to grow better on larger, single species. Plankton composition now
needs to be studied further in order to relate it to mussel growth
and investment.

Supporting Information

Figure S1 Comparisons of observed and modeled DFM
as a function of cubed length.

Figure $2 Example of an eigenvector contribution to the
model coefficients for the smallest eigenvalue, using a
model optimizing the scaling coefficient ¢; and simultaneous
contributions of a; and b;.

Figure S3 Evolution of the parameter identifiability
with the number of species taken into account. The
condition number of the Hessian matrix of the model cost function
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Abstract

Recent advances in high-throughput genotyping technologies have provided the opportunity to map genes using
associations between complex traits and markers. Genome-wide association studies (GWAS) based on either a single marker
or haplotype have identified genetic variants and underlying genetic mechanisms of quantitative traits. Prompted by the
achievements of studies examining economic traits in cattle and to verify the consistency of these two methods using real
data, the current study was conducted to construct the haplotype structure in the bovine genome and to detect relevant
genes genuinely affecting a carcass trait and a meat quality trait. Using the lllumina BovineHD BeadChip, 942 young bulls
with genotyping data were introduced as a reference population to identify the genes in the beef cattle genome
significantly associated with foreshank weight and triglyceride levels. In total, 92,553 haplotype blocks were detected in the
genome. The regions of high linkage disequilibrium extended up to approximately 200 kb, and the size of haplotype blocks
ranged from 22 bp to 199,266 bp. Additionally, the individual SNP analysis and the haplotype-based analysis detected
similar regions and common SNPs for these two representative traits. A total of 12 and 7 SNPs in the bovine genome were
significantly associated with foreshank weight and triglyceride levels, respectively. By comparison, 4 and 5 haplotype blocks
containing the majority of significant SNPs were strongly associated with foreshank weight and triglyceride levels,
respectively. In addition, 36 SNPs with high linkage disequilibrium were detected in the GNAQ gene, a potential hotspot
that may play a crucial role for regulating carcass trait components.
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Introduction

Single nucleotide polymorphisms (SNPs) are the genetic variant
most commonly used in association studies. Successful attempts
using genome-wide association studies (GWAS) to examine human
diseases [1], especially for those studies using a case-control design,
have made GWAS based on a single marker a widely accepted
approach for gene detection in general. Inspired by this,
subsequent large GWAS have been conducted focused mainly
on complex traits, such as genetic defects and disease resistance or
susceptibility [2]. These studies not only expanded applications of
genome-wide molecular markers to marker-assisted selection but
also provided important information for elaboration of the genetic
mechanisms of these traits. Recent GWAS have explored
economically important traits and breed characteristics of major
livestock species [3,4]. Thus, a wide range of successful applica-
tions of GWAS to animal breeding and genetics has been reported
and many genes or markers affecting economic traits in animals
have been identified. In beef cattle, for instance Japanese black
cattle [5], Korean Hanwoo cattle [6], Korean beef cattle [7], and

Australian taurine and indicine cattle [8], GWAS detected genetic
variations associated with carcass and meat quantitative traits.
Many significant main effects of SNPs were identified via simple
linear regression and stepwise regression procedures. With more
advanced genome sequencing and high-throughput SNP geno-
typing technologies, GWAS with individual markers will more
efficiently and reliably determine underlying genetic mechanisms.

As specific sets of alleles observed on a single chromosome or
part of a chromosome, haplotypes are inherited together with little
chance of contemporary recombination. Numerous inherent
merits have made haplotypes an integral part of genetic variants
and available as super alleles. Recently, haplotypes have been
identified that confer high susceptibility for schizophrenia [9],
nicotine dependence [10], macular degeneration [11], and
recurrent laryngeal neuropathy in horses [12]. Moreover, some
studies [13,14] assert that the analysis of haplotypes with the
grouping and interaction of several variants is superior to any
individual SNP analysis technique. Indeed, compared with
individual SNP-based association studies, the use of multi-allelic
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haplotypes has significantly improved the power and robustness of
association studies [15-17].

However, methodologies are always accompanied by draw-
backs. For single marker analysis, only a small fraction of the
genetic variation in quantitative traits can be explained using
significant SNPs. One reason for this limitation is that the effects of
individual SNPs are too small to pass the stringent significance
criterion. Another reason is incomplete linkage disequilibrium
(LD) between the genotyped SNPs and casual variants [18].
Haplotype-based GWAS are often hampered by the prohibitive
time and costs required for haplotype inference [19]. Additionally,
haplotype block structure and phase are rarely observed in
genotyping data and may be subject to errors when inferred using
statistical methods [20]. Moreover, when a block of genome
contains a large number of haplotypes, the increased degrees of
freedom within the block of the genome can erode statistical power
[19].

Although haplotype association analysis has been conducted for
many years using the human genome [21], little is known about
the performance of this type of analysis in livestock. Indeed, the
haplotype block structure and its distribution in the genome of
cattle, especially studies based on high density SNPs, have been
rarely reported [22]. Thus, the current study was performed to
construct the haplotype structure in the bovine genome and to
detect the relevant genes genuinely affecting a carcass trait
component and meat quality trait.

Results

Haplotype blocks

We found that the whole cattle genome was partitioned into
92,553 haplotype blocks. The largest haplotype block consisted of
116 SNPs, the smallest block contained only 2 SNPs, and the
average size of a block was 5.69. These haplotype blocks covered a
total of 526,822 SNPs from the high density chips. The regions of
high LD extended to approximately 200 kb, and the size of the
haplotype blocks ranged from 22 bp to 199,266 bp. These
haplotype blocks covered 1,620,979 bp of genetic information in
the bovine genome. As depicted in Figure 1, the haplotype blocks
were not evenly distributed. Instead, haplotype blocks were likely
distributed according to the length of each chromosome and the
density of the markers. The large number of haplotypes verified
the existence of high LD in the BovineHD chip and validated the
merits of haplotype analysis.

Population stratification assessment

Using a portion of the SNPs, we constructed and plotted the
population structure based on the results of a principal component
analysis (PCA). As illustrated in Figure 2, the structure of this
population was drawn based on the top three eigenvectors using
principal component 1 (PC1), principal component 2 (PC2), and
principal component 3 (PC3). The three major distributed sectors
indicate apparent population stratification in the reference
samples, making a population stratification correction prerequisite
in this analysis. The population stratification may have occurred
because the cattle used in this study were collected from different
farms and had different genetic backgrounds. In Figure 3, the
kinship among individuals calculated using the classical equation
from Vanden [23] is plotted, clearly illustrating the genetic
relationships within the reference population.

Significant SNPs
The profiles of P values (in terms of —log[p]) of all tested SNPs
for the foreshank weight and the triglyceride levels are shown in

Figures 4A and 4B, respectively. The details of the genomically
significant SNPs detected using the single marker analysis for the
two investigated traits are presented in Table 1 and Table 2,
including their heritability, their positions in the genome, the
nearest known genes, and the raw P values. The total number of
significant SNPs identified using the single marker regression
model was 12 and 7 for the corresponding two traits, foreshank
weight and triglyceride levels, respectively. Specifically, for the
association analysis using the weight of foreshank, all of the 12
significant SNPs were distributed closely in terms of physical
distance, from 54.1 Mb to 54.5 Mb in BTA 8. These SNPs were
mainly possessed by or adjacent to genes GNAQ and CEP78.
Additionally, the total heritability obtained by all 12 significant
markers was 58.36. For the association analysis using the
triglyceride levels, 7 significant SNPs were located in close
proximity to one another, from 95 Mb to 97 Mb in BTA 5, and
they are found in the adjacent genes GRIN2B and ATF7IP. The
heritability explained by the 7 significant SNPs was 32.96. The
quantile-quantile (Q-Q) plots for the test statistics using a mixed
linear model (MLM) shown in Figures 5A and 5B indicate that
there is no inflation of statistics or overall systematic bias caused by
the population stratification. That is, the observed test statistics
generally agreed with the expected values; however, the values for
the significant SNPs were above the expected values, which
markedly surpassed the genome-wide significance level.

Significant Haplotypes

In addition to the single marker analysis, Manhattan plots of the
P value for each SNP against the genomic coordinates of each
block were adopted to illustrate the results. Because there were no
issues with overlap, the physical location of the first SNP was used
to plot the graph. The P values of all tested haplotype blocks for
foreshank weight and triglyceride levels are also shown in
Figures 4C and 4D, respectively. The details of the genomically
significant haplotype blocks detected using the haplotype-based
method for the two target traits are also shown in Tables 3 and 4,
including the starting and ending positions in the genome of the
haplotype blocks, the number of SNPs they contain, the nearest
known genes, and the raw P values. A total of 4 and 5 significant
haplotype blocks were identified using a haplotype regression
model for the corresponding traits of foreshank weights and
triglyceride levels, respectively. Consistent with the results using
the single marker analysis, all 4 significant haplotypes consistently
converged on BTA 8 for the association analysis with foreshank
weight. Two genes (GNAQ and CEP78) already detected in the
single marker analysis and one gene (MGC134066) newly
identified in the haplotype-based analysis constituted the associ-
ated gene information for foreshank weight. For the association
analysis with the triglyceride levels trait, all 5 significant haplotypes
were located in a similar region on BTA 5 and closely related to
two genes (gene GRIN2B and ATF7IP). Most of the significant
SNP regions detected using the individual SNP analysis were also
identified in the haplotype-based analysis, suggesting strong LD
among the detected SNPs. To test this hypothesis, we selected the
significant SNPs and created the linkage map depicted in Figure 6.
The majority of the SNPs were in high LD with other significant
SNPs, and some pairs of significant SNPs were in complete LD.
For the association analysis with foreshank weight, a region of
nearly 0.1 Mb was strongly associated with the target trait and was
located in the GNAQ gene, which is important in growth and
development. Thus, we utilized the 36 SNPs contained in this
region to infer the LD level and to estimate the combination of the
superior haplotype, as shown in Figure 7. The Q-Q plots for the
test statistics from the general linear model (GLM) shown in
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Figure 2. Population structure map drawn from the first three principal components. Using the R package, three principal components of
markers for each individual are used to show the population stratification of the reference population.
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overall systematic bias caused by population stratification in the

haplotype-based analysis.

Table 1. Associated SNPs and nearby candidate genes for foreshank weight.
SNP Chr Position P value Heritability Nearest gene

Name Distance (bp)
BovineHD0800016290 8 54140695 1.33E-08 434 GNAQ Within
BovineHD0800016379 8 54381564 1.01E-07 5.33 CEP78 52101
BovineHD0800016396 8 54443407 1.73E-07 448 CEP78 Within
BovineHD0800016286 8 54131549 2.00E-07 410 GNAQ Within
BovineHD0800016392 8 54435508 2.06E-07 410 CEP78 Within
BovineHD0800016404 8 54465071 2.06E-07 4.48 CEP78 Within
BovineHD0800016406 8 54473267 2.06E-07 448 CEP78 4742
BovineHD0800016302 8 54167336 2.52E-07 482 GNAQ Within
BovineHD0800016349 8 54281748 2.52E-07 9.08 GNAQ 1090
BovineHD0800016353 8 54291081 2.52E-07 3.97 GNAQ 10423
BovineHD0800016309 8 54183380 9.21E-07 4.59 GNAQ Within
BovineHD0800016317 8 54204895 9.21E-07 4.59 GNAQ Within
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Table 2. Associated SNPs and nearby candidate genes for triglyceride levels.
SNP Chr. Position P value Heritability Nearest gene
Name Distance (bp)

BovineHD0500027280 5 96135744 6.18E-08 501 GRIN2B 273060
BovineHD0500027277 5 96120620 1.36E-07 439 ATF7IP 261657
BovineHD0500027310 5 96183375 1.88E-07 4.89 GRIN2B 225429
BovineHD0500027268 5 96080574 1.95E-07 5.14 ATF7IP 221611
BovineHD0500027313 5 96185924 2.97E-07 467 GRIN2B 222880
BovineHD0500027311 5 96184216 8.09E-07 418 GRIN2B 224588
BovineHD0500027272 5 96090773 8.53E-07 468 ATF7IP 231810

Discussion and Conclusions

In this study, both the individual marker analysis and the
haplotype-based method identified significant associations of two
quantitative traits with comparable genomic regions. However, the
distributions of the P values along the genome were slightly
different between the two methods. Some associations were
detected using only the individual marker analysis, whereas others
were found using only the haplotype-based analysis. Some
inconsistencies were observed between the two methods, suggest-
ing that the efficiency of the method may be highly dependent
upon the nature of the data. Interestingly, most of the previous
studies restricted their comparisons of the performance of different
methods to a small subset of the genome. Our data showed that
there was no apparent difference between the two methods in
terms of test statistic values determined from Manhattan plots,

especially for those results that were significant. However, a
greater number of significant variables were detected by the single
marker analysis than by the haplotype-based method. In this latter
method, because of the close linkages between consecutive SNPs
potentially located in the same regions, the effects were combined
collectively into blocks, reducing the number of significant
associations.

Recently, the detection of genes has revealed numerous genetic
explanations of economic traits in beef cattle. In the present study,
a carcass trait, foreshank weight, was significantly associated with
12 SNPs and 4 haplotypes located in an area of approximately 54
Mb on BTA 8. This result is consistent with those of previous
studies examining the genetic associations of a carcass trait in
commercial Angus cattle [24], the body weights of African cattle
[25], and the average daily weight gain in Angus cattle [26]. These
studies all reported significant quantitative trait loci (Q'TL) peaking
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Figure 4. Manhattan plots of genome-wide association studies for two target traits. A and B are the plots for foreshank weight and
triglyceride levels in the single marker analysis, respectively. C and D are the plots for foreshank weight and triglyceride levels in the haplotype
analysis, respectively. Chromosome 1-30 is shown separated by colors, and marker positions are indicated by the ticks on the horizontal axis. In each
plot, the genome-wide significance level is shown as a horizontal reference line. The single marker results for both traits show several overlapping
SNPs in each map, and this apparent overlap may easily lead to misunderstandings. These SNPs are actually located within close physical proximity,

and the P values are nearly the same or even identical.
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Figure 5. Quantile-quantile (Q-Q) plots of the genome-wide association studies. This result shows the Q-Q plots of the observed P values
versus the expected P values under the null hypothesis that there was no association.

at a similar area, 51 Mb to 55 Mb on BTA 8. The GNAQ protein
reportedly participates in GTPase activity, skeletal system devel-
opment, regulation of catenin importation into the nucleus, and
the negative regulation of protein kinase activity. The CEP78
protein is localized in the centrosome and MGC134066 is a
transmembrane protein. All of these proteins potentially regulate
the growth of cattle and thus their body weights. The triglycerides
examined in the present study were significantly associated with 7
SNPs and 5 haplotypes within a physical distance of approxi-
mately 96 Mb on BTA 5. Although we did not detect major
regulatory fatty acid genes, such as CAST and CAPNI, in our
analysis and neither method directly localized the results to a
specific gene, our results were consistent with those of previous
studies in terms of the levels of certain special fatty acids, for
instance, the discovery of the genomic associations of trans-
vaccenic acid in a Charolais x Holstein crossbred population [27],
sirloin fat depth in a commercial Angus-cross population [28], and
fat thickness at the twelfth rib in hybrid steers [29]. All of the
above analyses mapped the associated QTL in a similar area,
including the study that detected the nearby PPARA gene, which
reportedly greatly influences the metabolism of fatty acids [28,30].

To further eliminate potential associations due to population
structure, we fitted the first three principal components derived
from all the SNP genotypes as covariates to capture false

associations attributable to population structure. This analysis
sacrificed statistical power for mutations with effects confounded
by population structure. In previous studies that did not
incorporate the population structure into the analysis, the P value
was often overestimated and the Q-Q plots markedly deviated
from the expectation. For a haplotype-based analysis, it is
unrealistic to incorporate the kinship matrix using the MLM
because the complex indicator variables may decrease the
accuracy of equation and even lead to a result that deviates from
the original definition of kinship. In addition, the large sample size
would create a huge computational burden for the mixed model
analysis because the computing time increases cubically with a
large number of individuals. In terms of the MLM, some studies
[31] assert that the statistical model proposed by Zhang [32] has
higher statistical power than approaches that consider population
structure only or those that consider both population structure and
individual relationships without grouping. Our results verify this
assertion and find that the statistical power is closely related to the
definition of the groups.

Although QTL mapping for economically important traits in
domestic animals has already achieved remarkable results, only a
small percent of the genetic variation has been captured because of
the low density of the markers. GWAS, which utilize high-density
SNPs, provide a new way to confront this issue. With the
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Figure 6. The extent of linkage disequilibrium among the 12 significant SNPs for foreshank weight and the 7 significant SNPs for

triglyceride levels.

imputation strategy, using lower density markers may offer a few
advantages with respect to lower costs. However, that strategy
would introduce an additional imputation error rate in the already
high false discovery rates that exist for association studies. In
current GWAS;, how to best reduce the data dimension is a thorny
problem. When markers are divided into many blocks based on
their LD levels, a block or group of markers is considered as one
super marker. Only effects of the marker groups are estimated and
tested, efficiently avoiding the little knowledge about the interac-
tions between markers. This solution substantially reduces the data
dimension and makes it possible to detect the interactions
(epispastic effects) at the gene level. Hu et al [33] established a
new method for analyzing large datasets, developing a bin model
to predict genomic values based on an infinitesimal model.

Nevertheless, haplotype blocks are natural choices as grouping
markers in the bin model compared with the rigid definition of
evenly distributed blocks. Theoretically, multiple traits can be
analyzed simultaneously in a single model; however, traits were
examined separately in the present study due to the lack of an
accurate model. Many studies have proven the superiority of
multiple trait association studies over association studies using
individual traits [34-36]. Even so, there is no consensus on a
consistent model that might further improve multiple trait GWAS
[37].

In summary, this is the first broad application of the GWAS
method using single marker-based and haplotype-based analyses,
as well as haplotype construction, in Simmental cattle. We
partitioned the whole cattle genome into 92,553 haplotype blocks

——

BovineHDOB00016288
BovneHD0800016260
BovineHD0800D1 6268
BovnsHD4100008795 | | |

‘BovinsHDOB00016265.
BovineHDIS00016267
BovineHDIB00016288.

—

/
H

‘BovineHD0800016321
‘BovineHDIB00016322

BovineHDIS00016319.
BovineHD0B00018320

§
-

Figure 7. Potential haplotype structure of the hotspot area for influencing the carcass weight component. A total of 36 SNPs constitute
this strong linkage disequilibrium region in chromosome 8. Solid lines mark the identified block.
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using the standard expectation-maximum (EM) algorithm. The
results showed that the regions of high LD extended up to
approximately 200 kb and that the size of haplotype blocks ranged
from 22 bp to 199,266 kb. The GWAS found 12 and 7 SNPs
significantly genomically associated with foreshank weight and
triglyceride levels, respectively. By contrast, the haplotype-based
association found that 4 and 5 haplotype blocks contained the
majority of the significant SNPs that were strongly associated with
foreshank weight and triglyceride levels, respectively. In addition,
2 and 3 genes, respectively, were detected in the significant region
and might be responsible for the variation of the two traits.

In conclusion, this study provides important information on the
genetic mechanisms of two traits in beef cattle and on the structure
of the genome in Simmental cattle.

Materials and Methods

Ethics statement

All animal procedures were conducted with strict adherence to
the guidelines proposed by the Chinese Coouncil on Animal care,
and all protocols were approved by the Science Research
Department of the Institute of Animal Science at the Chinese
Academy of Agricultural Sciences (Beijing, China). Samples were
collected during regular quarantine inspections on the farms. The
farm owners approved the use of the animals and private land for
this study.

Animal resources and phenotypes

The training population consisted of 942 young Simmental bulls
born in 20082011 and is part of a resource population established
in Inner Mongolia. Each individual was observed and measured
for growth and developmental traits until they were slaughtered
when they were 16 to 18 months old. During slaughter, carcass
traits and meat quality traits were measured according to the
Institutional Meat Purchase Specifications for fresh beef guide-
lines. The two target traits were measured as follows. After
removing the exposed fat and tendons, the weight of foreshank was
determined for the high quality meat, which was kept fresh and
intact, from the elbow to the wrist while maintaining strict
compliance with the rules stated in GB/T 27643-2011. For
triglyceride levels, samples were taken in accordance with GB/T
2223-2008 from the loin eye muscle and extracted according to
the procedure described by Sukhija (1998). Subsequently, the
triglyceride samples were analyzed using gas chromatography (gas
chromatograph, GC-2014 CAFsc, Shimadzu Scientific Instru-
ments) under the following conditions: the temperature of the inlet
was 220°C.. The oven was heated up to 250°C at a rate of 5°C per
min and then maintained at 220°C. Each analysis took 20 min.
After collecting the original data, fixed effects, including years,
farm, and month of birth, were corrected in advance using the
following equation:

Yijkm =+ Farm; + Month; + Yeary + €jjxm (1)

where Yijk., is the vector of phenotype, u is the population mean,
Farm; is the category of the farm where the animal was raised,
Month; is the number of months after birth, Year, is the year of
slaughter, ek, is the random residual. The residual ejjg,, was
subsequently used for the study examining the genomic associa-
tions with SNPs and haplotypes.
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Genotyping and quality control

Semen or blood samples were collected during the regular
quarantine inspection of the farms. Genomic DNA was extracted
from blood samples using a TIANamp Blood DNA Kit (Tiangen
Biotech Company limited, Beijing, Chain), and DNA with an
A260/280 ratio between 1.8 and 2.0 were subjected to further
analysis. All individuals were genotyped using the Illumina
BovineSNP BeadChip containing 774,660 SNPs. The mean value
of the distance between each marker was 3.43 kb, and the
variance value of the distance between each marker was 19.19
Mb. The genotyping platform adopted in this study was Illumina’s
Infinium IT Assay (Illumina Inc., San Diego, CA, USA). Samples
were genotyped using Illumina’s BeadStudio data analysis
software, and SNP chips were scanned using iScan and analyzed
using Infinium GenomeStudio (Illumina Inc.).

Prior to statistical analysis, the SNP data were pre-processed
and the following SNPS were removed: SNPs with call rates less
than 90%, minor allele frequencies less than 5%, genotype
appearances in less than five individuals, and marked departure
from the Hardy-Weinberg equilibrium (with lower than 107°
probability). Moreover, individuals with more than 10% missing
genotypes or those above a 2% Mendelian error rate for SNP
genotypes were excluded. Thus, a total of 942 individuals and
631,396 SNPs remained in the sample for the subsequent analysis.

Haplotype block partitioning algorithms

The history of recombination between a pair of SNPs can be
estimated with the use of the normalized measure of allelic
association, D’ [38]. Using the definition given by Gabriel [39],
the pairs were considered in “strong LD if the one-sided upper
95% confidence boundary of D* was >0.98 (that is, consistent with
no historical recombination) and the lower boundary was above
0.7 [39]. If the D’ for a pair of SNPs was lower than 0.7, then the
next haplotype block began. That is to say, only nearby SNPs with
continuous combinations were included in a haplotype block, and
few SNPs having low LD with adjacent markers were omitted in
the haplotype-based association study. After the detection of
haplotype blocks, haplotypes and their frequencies for an
individual were obtained with the standard expectation—-maximum
(EM) [40] algorithm. Specifically, the EM iteration alternates
between performing an expectation (E) step, which creates a
function for the expectation of the log-likelihood evaluated using
the current estimate for the haplotype and its frequency, and a
maximization (M) step, which computes haplotype and its
frequency maximizing the expected log-likelihood found on the
E step. These parameter-estimates are then used to determine the
distribution of the latent variables in the next E step. The reference
threshold of SNPs within a close linkage haplotype and the
partitioning standard can be founded in the user manual of the
PLINK software [41].

Single-marker association studies
Association data for each SNP via regression analysis were
presented based on the MLM below:

V' '=Xb;+Qv+Zu+e (2)

where y* is the adjusted phenotype, b; is the regression coefficient
of phenotype on SNP genotypes, X is the vector of the SNP
genotype indicators and takes values 0, 1, or 2 corresponding to
the three genotypes 11, 12 and 22, v is the effect of population
structure, Q is the corresponding principal components matrix,
is the vector of the residual polygenetic effects with u~N(0, Ko?2)
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(where K is the genetic relationship calculated by the markers, o2
is the additive variance), Z is the corresponding matrix, and e is
the vector of residual errors with e~N(0, Is2). The population
structure was quantified using the first three eigenvectors as
covariates in this model. A {-test statistic was used to determine the
significance of each SNP and was calculated as follows:

- ()

V(E;)

where b is the estimate of b and the corresponding variance V(l;i)
can be obtained via mixed model equations (MME). For both
analyses, the Bonferroni method was adopted to adjust for
multiple testing from the number of SNP loci detected. A SNP
was considered significant at the genome level if the raw P value
was less than 0.05/N, where N is the number of SNP loci tested in
analyses. However, with 631,396 markers, the Bonferroni
correction was too stringent for the potential associated SNPs.
Thus, in the single marker analyses, the significance threshold for
the P value was set at 1.0x107°, The significance threshold for the
P value of the haplotype was set based on the equation at
5.4x1077 (0.05/92,553).
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Haplotype-based association studies

Different from the single marker analysis, a GLM was adopted
to perform the regression analysis in the haplotype-based
association studies as shown below:

V' =Xbj+Qv+e 4)

where y* is the adjusted phenotype, b; is the regression coeflicient
of phenotype on haplotype block, X is the vector of the
corresponding haplotype indicators, v is the effect of population
structure, Q is the corresponding principal components matrix
and e is the vector of residual errors with e~N(0, Iag). Based on
equation (4), the #-test statistic was also used for the significance
test. An MLM was not adopted here mainly because of the
complicated process for attaining the genetic relationship con-
structed by the haplotypes. Moreover, rarely seen haplotypes and
individuals with low frequency were eliminated before the
association study to avoid an adverse impact on the significance
test.
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Coexistence of Fish Species in a Large Lowland River:
Food Niche Partitioning between Small-Sized Percids,
Cyprinids and Sticklebacks in Submersed Macrophytes
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Abstract

In the spring and summer of each year, large patches of submersed aquatic macrophytes overgrow the bottom of the
alluvial Warta River downstream of a large dam reservoir owing to water management practices. Environmental variables,
macroinvertebrates (zoobenthos and epiphytic fauna, zooplankton) and fish abundance and biomass were assessed at this
biologically productive habitat to learn intraseasonal dynamics of food types, and their occurrence in the gut contents of
small-sized roach, dace, perch, ruffe and three-spined stickleback. Gut fullness coefficient, niche breadth and niche overlap
indicated how the fishes coexist in the macrophytes. Chironomidae dominated in the diet of the percids. However, ruffe
consumed mostly benthic chironomids, while perch epiphytic chironomids and zooplankton. The diet of dace resembled
that in fast flowing water although this rheophilic species occurred at unusual density there. The generalist roach displayed
the lowest gut fullness coefficient values and widest niche breadth; consequently, intraspecific rather than interspecific
competition decided the fate of roach. Three-spined stickleback differed from the other fishes by consuming epiphytic
simuliids and fish eggs. The diet overlap between fishes reaching higher gut fullness coefficient values was rather low when
the food associated with the submersed aquatic macrophytes was most abundant; this is congruent with the niche overlap
hypothesis that maximal tolerable niche overlap can be higher in less intensely competitive conditions.
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Introduction

Dams usually affect downstream characteristics, like flow
regimes, river-channel geomorphology, water and sediment
quality, aquatic environment and biota [1-3]. The effects of the
dam related river management practice may be evident for many
kilometers of downstream reaches; one such effect is the
development of submersed aquatic macrophytes (SAM) [4,5].
The main factors and processes controlling macrophyte status in
lowland rivers are discharge and/or current velocity, light,
substrate and nutrients, while the role of the first two is of most
fundamental importance, as these hydrological parameters control
instream macrophyte colonization, establishment and persistence
[6]. The presence of SAM may be considered as a very important
component of riverine biota, causing an increase in habitat
structural complexity in alluvial lotic ecosystems. The water plants
serve as a substrate for epiphyton, constituting a rich foraging
habitat for macroinvertebrates [7], shelter against predation,
heterogeneous substrate for co-existence and, to a small extent, a
direct, food source [8-10]. Besides, the submersed plants’
morphological characteristics (size, number and orientation of
leaves and steams) influence both invertebrate [8,10] and fish
distribution [11-13]. Thus SAM may support a high density of
small fish individuals, because submersed plant beds offer

protection from predators by hindering predators’ foraging
activities [14]. The foraging activity of vertebrate predators may
decline monotonically with increasing habitat complexity [15].

At the river bed macrophyte patches, fish may exploit prey types
from three ecological formations: zooplankton (especially numer-
ous below dam reservoirs), fauna dwelling on the surface of
vegetation (epiphytic fauna, mainly several taxa of Chironomidae
and Simuliidae) and benthos. Submersed plants create favourable
conditions for pelophilous forms like most of Oligochaeta and
Chironomidae by extensive particle trapping and accumulation of
a fine-grained, nutrient enriching sediment [16-18]. Thus the
development of SAM on the alluvial bed river attracts many small
fish individuals. Being a little competitive, the coexistence of these
species is possible if there are differences in their responses to
limiting resources. The species-specific differences that allow such
coexistence can be considered as species’ niche with four major
axes: resources, predators, space and time [19,20].

Untypical, but abundant development of SAM has been
observed in the large lowland alluvial Warta River downstream
of the Jeziorsko Reservoir every year as an effect of a low discharge
in late spring and summer [10]. Every early autumn large volumes
of water start to be released through the reservoir dam sluices, and
the SAM habitat is torn out of the bottom or gets inundated with
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the bottom substrate [3,10]. The trophic relationships among this
rich but temporary habitat have been investigated with regard to
the primary and secondary invertebrate consumers (gathering
collectors, scrapers and predators) and the tertiary consumer of
three-spined stickleback (Gasterosteus aculeatus L.), as well as
percids [7,18,21,22].

For a long time every year, however, the Jeziorsko tailwater has
been dominated by cyprinids [3,22-25], many small individuals of
which were also foraging in the tailwater’s SAM. The trophic
impact of the fishes on this habitat has not been investigated,
although we have long expected that all types of the rich food
resources connected with the SAM (zoobenthos, epiphytic fauna
and zooplankton) are exploited by these (and other) fishes.
Consequently, the main objective of the present study was to
identify patterns in the feeding of the five predominant fish species
occurring in that area (roach, dace, perch, ruffe and three-spined
stickleback), in order to evaluate their trophic niches’ breadths and
overlaps in relation to resources, time and space. To this end, we
investigated in detail the gut contents and intraseasonal changes in
the diet of these five fish species there.

Study area

The Warta River rises 380 meters above sea level, is 808 km
long and empties into the Oder River at 13 meters above sea level.
Its catchment area is ca. 53 710 km? and its slope ranges from 2.0
1.0%o in the upper course, and from 0.3-0.1%o in the middle and
lower courses [26]. The study site was established in this lowland
alluvial river about 1.5 km downstream of the dam of the large
Jeziorsko Reservoir, whose maximal surface area is 42.3 km?
(Fig. 1). At the investigated site, the Warta River is about 60 m
wide, with a maximum depth of 2.5 m in the erosion zone.

During sampling in 2004, similarly as in a few former years, the
discharge of the Warta River below the dam was quite different in
comparison with the natural, upstream reach, especially in
summer, when its flow stabilized at a much lower level than in
other secasons. One consequence of this phenomenon was the
appearance of submersed macrophytes, which started to spread
each year from the summer of 1992 along a short stretch of the
tailwater [3,27]. Detailed site descriptions can be found in
Grzybkowska et al. [10,28].

Material and Methods

The sampling was conducted in 2004, 18 years after the
reservoir started functioning routinely and 10 years after the
construction of a hydroelectric plant. In the investigated reach,
large patches of Potamogeton pectinatus L. and small patches of
Potamogeton lucens L. gradually developed since late spring
through late summer in the transitional riverbed zone, which is
located between the depositional zone, close to a bank, and the
midriver channel (Fig. 1). The percentage of river bottom covered
by macrophytes, samples of particulate organic matter and
inorganic substrate, macrophytes, zoobenthos and epiphytic
fauna, zooplankton, and fish, were collected, at the same time,
within an area sized 40 m by 2.5 m, and extending along the bank
and along the transitional zone. The area was randomly selected
within the zone. The samples were obtained twice a month from
May through late August. As a result, nine samples of each biotic
and abiotic component were collected.

On each sampling occasion each sample of benthos (containing
benthic invertebrates, particulate organic and inorganic matter)
consisted of five subsamples (each subsample covered 100 ecm? of
stream-bed area collected with a tabular sampler of a catching
area of 10 cm?). The sampling places were uniformly distributed

Food Science, Health and Nutrition

within the sampled area. The invertebrates of the samples were
sorted from the detritus and benthic sediments by hand and
preserved in 10% formalin. All invertebrates from these quanti-
tative samples were counted and their wet weight (w.w.) assessed;
these data were used to estimate the biomass of zoobenthos. Most
mvertebrates were classified to the lowest taxonomic level of the
dominant macrobenthic group, while chironomids were identified
to the species level when possible. As the exact identification on the
basis of their larvae was often impossible, we reared their
immature stages in the laboratory from additional qualitative
samples taken each time in order to obtain larval and pupal skins,
and imagines.

These samples were also used to determine the organic matter
content in the bottom sediment. For this purpose a 1 mm mesh
sieve was used to separate benthic particulate organic matter
(BPOM) into:>1 mm (coarse — BCPOM) and <] mm (fine —
BFPOM) [29]. Next, the benthic organic matter was dried at 60°C
for two days, weighed, ashed at 600°C for two hours and
reweighed. A more detailed description of these methods can be
found in Grzybkowska et al. [10], Grzybkowska & Dukowska [27].

To estimate the amount of dry weight of plants growing in the
study site, a special frame (0.5 x0.7 m) was placed on the riverine
bottom and all the Potamogeton within the frame was collected.
This procedure was repeated three times on each sampling
occasion. In the laboratory, the pondweeds were dried for
24 hours at 65°C to estimate their dry weight (d.w.).

Five subsamples of the epiphytic fauna settled on Potamogeton
were collected on each sampling occasion. Each of the subsamples
consisted of three fragments of stems (about 20 cm long, on
average) of the plants cut off under the water surface, stored in
plastic containers, and preserved in 10% formalin in the fields. In
the laboratory, the plant material was removed from the
containers and the invertebrates were washed off the plants,
sorted by hand, identified to the species level when possible,
counted, had their wet weight assessed. The obtained data were
recalculated to estimate the biomass of epiphytic invertebrates per
1 m? of Potamogeton covering the riverine bottom on given
sampling occasions.

To evaluate the density of zooplankton (mainly Cladocera),
0.03 m® samples of river water were filtered through a planktonic
net, of 50 um mesh size, and preserved in formalin with riverine
water in the fields. In the laboratory, individuals were identified to
the species level and counted. The biomass of the zooplankton was
estimated on the basis of suitable equations [30].

To assess fish density and gut contents, fish were caught in the
sampled area using an electric current of 220 V and 3 A supplied
from a backpack battery generator. A single pass CPUE sampling
was carried out, which consisted in one person wading against the
water current with an anode dipnet and another one with a bucket
for collecting stunned fish along the longitudinal axis of the
sampled area. The sampling period was 15 minutes on each
occasion. As the equipment was battery-powered fish were not
scared by noise, hence no barrier preventing fish from escaping
was necessary. Immediately after the capture, fish were anaesthe-
tised (MS-222, tricaine methanesulfonate) and then preserved in
4% formalin. The field studies did not involve endangered or
protected species. The Polish Angling Association in Konin (a
tenant of the water body, director Jerzy Olejnik, 1 Wyspianskiego
Str., 62-510 Konin) issued the permit to conduct the field study
(see Fig. 1 for details of the study area location). Electrofishing was
performed with the license No 1180/01 for the operation of
electric fishing tools, and the other procedures were conducted
under the permission No 219/2011 to perform experiments on
animals, issued by the University of Lodz, and the individual
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Figure 1. Study area with the marked sampling site in the tailwater of the Jeziorsko Reservoir on the Warta River. Parameters of the
site over the study period: A. discharge; B. SAM -% of river bottom covered by hydrophytes; C. BFPOM and BCPOM, two fractions of benthic

particulate organic matter (details in the text).

licence No 6/2006 to perform experiments on animals according
to the Law on the protection of animals and the recommendations
of the ICLAS.

In the laboratory, the total length (TL) of each analysed fish
specimen was measured to the nearest | mm, and weighed to the
nearest 0.1 g. The gut contents of all investigated individuals
(n =242) were analysed using a stereomicroscope and microscope.
Prey types from the whole gut length, after identification to the
lowest possible taxonomic category, were counted and weighed
(w.w.), except zooplankton, the biomass of which was estimated in
the same way as described above.

The gut fullness coefficient (FC) was calculated by the formula

[31]:

a
FC=—-x100
b><

where:
a — total gut content weight (g)
b — weight of fish (g)

Niche breadth (B,) was calculated using Levins’ index:

where:

B,, — Levins’ measure of niche breadth

pj — proportion of food type j

n — number of possible food types.

We standardized the trophic niche values (ranging from 0 to 1)
using the Hurlbert formula [32]:

where:

B, — Levins’ standardized niche breadth

B,, — Levins’ measure of niche breadth

n — number of possible food types.

The interspecific diet overlap among the investigated species
was calculated using the Schoener overlap index [33]:
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Cy=1-05 (Z |PxiPy,«|>

where:

Cyy — is the overlap index ranging from 0 (no overlap) to 1
(complete overlap)

P,; — is the proportion of food type ¢ of species x

P,; — is the proportion of food type i of species y

It is worth noting that C,,>0.6 is considered biologically
significant [34].

The cluster analysis was also applied for identifying fish species’
groups with similar gut contents.

The Kruskal-Wallis test and the post-hoc Dunn test in the
STATISTICA software package, v. 10 [35,36] were applied to
compare the percentage of the most frequent food items in the
diet, the gut fullness coefficient, as well as diet niche breadth, to
determine whether significant changes during the investigated
period occurred. The significance level of the tests was o= 0.05.

Results

Intraseasonal dynamics of environmental parameters of
the SAM habitat

The development of macrophytes started in late May. It
gradually intensified the cumulation of benthic fine particulate
organic matter on the bottom, which strengthened the possibilities
of the development of pelophilous zoobenthos. The highest
biomass values of P. pectinatus (over 210 g d.w. m™?) and the
highest density of BFPOM were recorded during the second half
of June 2004; at that time the macrophytes were also covered with
filaments of green algae Cladophora glomerata (L.) Kutz. The
intraseasonal dynamics of the above characteristics are presented
in Fig. 1. Inorganic substratum was mostly fine and coarse sand, as
well as some gravel.

Fish assemblage attributes

Over the investigated period the total of 14 fish species
inhabiting Potamogeton patches in the SAM habitat were
captured. The dominant species was perch (Perca fluviatilis L.),
constituting 32.7% of the total fish density and 23.0% of their total
biomass. In order of their decreasing importance in total fish
biomass, the following species were: dace (Leuciscus leuciscus (L.)
and roach (Rutilus rutilus (L.)), 38.2% and 12.1% of the biomass
and 15.5% and 18.2% of the density, respectively. In turn ruffe
(Gymnocephalus cernuus (L.)), accounted for 9.1% of the biomass
and 11.8% of the density, while three-spined stickleback (Gaster-
osteus aculeatus 1L.) reached 4.0% of the biomass and 11.8% of the
density. Spined loach (Cobitis taenia L.), gudgeon (Gobio gobio (L.)
and ide (Leuciscus idus (L.), were captured less frequently,
constituting with other fish species 13.6% of the biomass and
10.0% of the density (Fig. 2).

All guts of the analysed individuals of the five species were filled
to various extent (n=242). The characteristics of the fish are
presented in Table 1.

Food resources associated with SAM

Microcrustaceans. Over the whole investigated period
Cladocera dominated in water column, reaching 99% of the
zooplankton biomass of all investigated periods. Copepoda were
very scarce, with the maximum in late August. The maximum
values of cladoceran biomass were recorded in August due to the
presence of large-sized predator Leptodora kindtii (Focke) (49.7%
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of the total cladoceran biomass during the study period). The most
numerous specimens in water column were the small sized species
of Chydorus sphaericus (O. F. Miiller) (which constituted only
15.1% of zooplankton biomass over the investigated period),
Bosmina spp. (17.1%) and large size taxa, Daphnia spp. (17.2%)
(Fig. 2).

Epiphytic and benthic fauna connected with
Potamogeton. Simuliids dominated among the macrophytes,
amounting to 84.7% of the biomass of the total epiphytic fauna,
but were abundant only till late June. Different seasonal dynamics
was showed by chironomids (14.1% of total epiphytic fauna
biomass), which reached the highest biomass in June and July but
occurred throughout the study period. Main chironomid species,
on Potamogeton, were: Cricotopus sylvestris (Fabricius) (Orthocla-
diinae), and Parachironomus gracilior (Kieffer) (Chironominae-
Chironomini). Other epiphytic invertebrates (including Hydra sp.)
occurred rarely (1.2%) (Fig. 2).

Chironomidae dominated in the benthos over the whole
investigated period, reaching 83.7% of total benthic invertebrate
biomass, and their abundance decreased over time. The dominant
chironomids in benthos were represented by Chironomus riparius
Meigen, Dicrotendipes nervosus (Staeger), Glyptotendipes cauligi-
nellus (Kieffer) and Polypedilum spp. (Chironominae-Chirono-
mini), as well as Cricotopus bicinctus (Meigen) (Orthocladiinae)
and Paratanytarsus (Tanytarsini). Oligochaeta (9.3%) were
present at the same level over the whole studied period, while
Trichoptera (4.1%, mainly Hydropsyche spp.) were present mostly
in May. The macrophyte bed was also inhabited by Hydra sp.
(1.2%), especially in May and June (Fig. 2).

Trophic attributes of fish

Fish associated with the SAM exploited five main food
categories: zooplankton (mainly Cladocera), benthos (Chirono-
midae during the whole studied period, and Trichoptera at the
beginning of the investigated period), epiphyton (Chironomidae
and Simuliidae), plants, detritus with algae, including the
filamentous ones (Fig. 3).

In dace, Cladocera occurred on six of the seven sampling
occasions on which the fish species was recorded. However, the
biomass of Cladocera first rapidly increased to mid June, when
they became dominant, and then decreased to none in late July.
Both epiphytic and benthic chironomids became the first/second
most important food category of dace in July. It is worth noting
that dace also exploited imagines from the water surface. Three-
spined stickleback consumed mainly Cladocera in May, which
were replaced by Simuliidae in June. Benthic Chironomidae were
the second/third most important food category in May and June
but almost completely dominated the diet of this species in July. In
ruffe, benthic chironomids were the main food category consumed
on all sampling occasions, except late May and early July, when
Trichoptera dominated instead. Epiphytic chironomids appeared
in ruffe’s diet since late June. Cladocerans and epiphytic
chironomids dominated the diet of perch to a similar extent on
most of the sampling occasions, although copepods became a
subdominant and trichopterans a decisive dominant on one
occasion each. In turn in roach, plants were the dominant food
component on the first and a subdominant on all other sampling
occasions. Cladocera were the main food type on three sampling
occasions, in July and August. Detritus and algae were present
during the whole study period (Fig. 3).

From the point of view of given food categories, in the course of
the whole investigated period, the main component of roach diet
were plants (about 28.2% of gut contents), while for other species it
was the accessory food (Kruskal-Wallis test, H=178.49, p<
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Table 1. Characteristics of analysed fish specimens in the SAM habitat of the Warta River, Poland.

Fish species N B (g) TL (mm) FC
Gymnocephalus cernuus (L.) (ruffe) 41 mean R 2.7 0.8-16.0 63 44-113 24 0.6-7.3
Perca fluviatilis L. (perch) 55 mean R 3.3 0.8-14.2 66 41-102 0.8 0.1-4.9
Rutilus rutilus (L.) (roach) 76 mean R 1.8 0.13-44.2 56 24-147 0.4 0.03-1.5
Leuciscus leuciscus (L.) (dace) 37 mean R 16.6 10.8-29.3 116 100-136 1.0 0.1-2.1
Gasterosteus aculeatus L. (three-spined stickleback) 33 mean R 24 03-4.2 54 31-70 4.1 0.5-7.2

0.0001), among which higher percentages of SAM (about 4%)
were recorded for dace.

Chironomidae were consumed by all fish during the whole
studied period; these dipterans, living in the bottom, were the
main food of ruffe and statistically more important than those of
other fish species (Kruskal-Wallis test, H=108.51, p<<0.0001). In
turn, epiphytic chironomid taxa were consumed by perch more
than by other fishes (Kruskal-Wallis test, H=157.87, p<<0.0001).
Other dipterans, Simuliidae, were the main food category (about
26.8% of gut contents) only for three-spined stickleback (Kruskal-
Wallis test, H=33.92, p<<0.0001), and to a lesser extent, for dace
and perch (about 6% of gut contents). Trichoptera (large size
larvae represented by Hydropsyche) were exploited to a greater
extent by dace, ruffe and perch, than by roach and three-spined
stickleback (Kruskal-Wallis test, H=61.16, p<<0.0001); perch
consumed Hydropsyche larvae at a lower level than dace (post-
hoc Dunn test, p<0.036). Detritus with algae was the main
component in the gut contents of roach and dace and statistically
different than of the other studied fishes (Kruskal-Wallis test,
H=142.24, p<<0.0001). Cladocerans were exploited by all fish;
the lowest biomass of this prey was recorded in ruffe guts (Kruskal-
Wallis test, H=28.03, p<<0.0001). Other microcrustaceans,
Copepoda, were an important diet component for perch only
(Kruskal-Wallis test, H=60.08, p<<0.0001). Complementary food
types (included in the “others” category) were ephemeropterans,
other insects and Asellus aquaticus (Isopoda), as well as ostracods.

Over the investigated season, the fullness coefficients of these
five analysed fish species were statistically different (Kruskal-Wallis
test, H=130.58, p<<0.0001). As showed by the post-hoc Dunn test
the differences did not exist only between ruffe and three-spined
stickleback and between perch and dace. Moreover, for the two
last species the highest variability in FC values was noted: for
perch from 0.25 at the end of August to 2.8 at the end of June,
while for dace from 0.5 at the end of July to 2.8 at the end of May.
However, the lowest variability was observed for roach: from 0.3
at the end of August to 0.6 in the middle of June. For the whole
studied period, the highest FC values were noted for three-spined
stickleback (at the beginning of June) (Fig. 3).

The diet compositions of the five fish species were analyzed
using hierarchical cluster analysis, which distinguished three
feeding groups: 1) three-spined stickleback which consumed
epiphytic simuliids (main prey), and occasionally fish eggs, 2)
roach, feeding mainly on plant materials, detritus and algae,
zooplankton, and Chironomidae as an important complementary
food category, 3) dace, perch and ruffe, which ate mainly animal
materials (aquatic and terrestrial invertebrates) (Fig. 4).

Niche breadths (Levins’ index) of these species were statistically
different (Kruskal-Wallis test, H=125.02, p<<0.0001) and varied
seasonally. On each sampling occasion when roach and ruffe
occurred, the niche breadth of the former was always much wider

N — number of specimens, B — biomass, TL - total length, FC - gut fullness coefficient, R - range of values.

than of the latter (Fig. 5A). The evaluation of niche breadth
revealed a less diverse diet of typical benthic fishes, such as ruffe,
while the most diverse diet was in the case of roach. As regards
niche breadths, three non-hierarchical groups of species (Kruskal-
Wallis test, post hoc Dunn test, H=77.015, p<<0.0001) were
distinguished: the first group was roach, the second group were
dace and perch, and the third were ruffe and three-spined
stickleback (Fig. 5A and B).

The Schoener interspecific diet overlap index did not differ
between cyprinids, percids and three-spined stickleback over the
studied period. However, this index varied seasonally, reaching the
highest value between ruffe and dace (0.78 at the end of May when
both species exerted pressure on the Hydropsyche) while the lowest
ones were attained a few times: between roach and other fish (4
times lower or equal to 0.2) and between three-spined stickleback
and other species (also 4 times lower, Fig. 6).

Discussion

Submersed aquatic macrophytes in large rivers

In the two recent decades, the bed zone between the bank and
midriver channel of the tailwater stretch of the Warta River has
undergone a seasonal regime shift from an alluvial to a
macrophyte-dominated system. Such processes also took place in
many other impacted large rivers. As this phenomenon is usually
believed to exert negative environmental impacts, attempts to
counteract it, using various methods, particularly artificial
flooding, were applied in these rivers [37]. SAMs are rather
undesirable elements in large rivers because they modify the in-
river environment mainly by altering river flows, and by
decreasing the depth of trapping sediments, which is also beneficial
for large populations of pelophilous macrobenthic fauna. Howev-
er, SAMs are the excellent surface for epiphyton. Some groups of
invertebrates, represented by grazers, like snails, macrocrustaceans
and cladoceran zooplankters, are able to protect aquatic
macrophytes by removing epiphytes and phytoplanktonic algae.
The plants themselves help the process of defense because they are
a source of biochemical compounds that, on one hand, negatively
affect the growth of algae (allelopathy), but, on the other hand,
may attract grazers. Many fish species occupying this rich habitat
also positively affect SAMs as main predators foraging on
epiphytic invertebrates. Consequently, these vertebrates are an
important part of a complex network of relations between
nutrients, phytoplankton, epiphytes, herbivorous invertebrates
and benthos [38—40].

Fish foraging among vascular plants

From the beginning of the functioning of the Jeziorsko
Reservoir (1986) in the Warta River downstream from its dam
the diversity of fish declined regularly, while the number of these
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Figure 3. Fish diet composition. Food items and gut fullness
coefficient (FC) of each fish species over the study period.

vertebrates showed quite opposite trends, mainly due to perch and
roach, and to a lesser degree, to ruffe. This process of fish decline
concerns, for example, dace, a rheophilic species (i.e. riverine
specialist), which was present sporadically, and even absent in
some years [3,24,25].

Dace, which exploits open water with fast water currents,
usually suffer from human-induced changes in aquatic environ-
ment and is thus considered a good bioindicator [41-43]. The
over-representation of dace among dense leaves and stems of
Potamogeton recorded in the impacted stretch of the Warta River
was rather unexpected. Dace showed a very high plasticity to food
resources connected with SAM, feeding on larger, easily catchable
benthic organisms, epiphytic fauna and/or zooplankton as well as
imagines from water surface (mainly Chironomidae) which died
after mating and/or rested on the surface above its pupal exuviae
after eclosion. However, dace reached the highest value of FC
when consuming large Hydropsyche larvae and at that time their
niche overlapped that of ruffe. In June the diet of dace comprised
also Cladocera, and the FC of dace was reduced. The presence of
dace in SAM may testify to the greater attractiveness of this
temporary habitat than the sandy mid-channel of the alluvial
Warta River, where only tiny organisms, such as some
Oligochaeta and Chironomidae, occasionally occur. Also, the
potential migration of dace towards the depositional, SAM-less
zone (see Material and methods), would not bring many benefits to
the fish because the mud covering that zone is frequently flooded,
or, to a high extent, exposed (to air) due to pulse water releases
from the reservoir. Therefore, at the depositional zone benthic
fauna was remarkably impoverished as compared with the natural
river section (upstream of the reservoir); virtually no insects (except
some families of Diptera), Hirudinea and Oligochaeta, were
collected there [3,27,28,44]. Summing up, dace food spectrum in
the very biologically productive SAM habitat was similar to those
in other ecosystems [45—47] in which dace may also display daily

Ward's method
Euclidean distance

ruffe

perch

dace

roach

three-spined
stickleback

15 20 25 30 35 40 45 50 55 60
Distance

Figure 4. Similarity of fish species in terms of diet. Dendrogram
resulting from the cluster analysis performed on gut contents of each
species over the whole investigated period.
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migrations to and from feeding places [48]. It is worth noting that
this species also shows ontogenetic shifts in its food spectrum [49].

Three-spined stickleback was the second species for which over-
representation in SAM as compared with its abundance in the
whole tailwater reach was observed [50], but only at the beginning
of the studied period. According to Banbura [50], three-spined
stickleback feed mainly on Copepoda, Cladocera, larvae of
Chironomidae, and seasonally Mollusca, Oligochacta and fish
eggs, but none of these items exceeded 25% of the gut contents.

This finding is not in accordance with the present observations. In
the macrophyte beds of the Warta River, the food of this species
varied intraseasonally; the extraordinary development of the
epiphytic fauna caused a foraging shift from Cladocera (constitut-
ing at the beginning of the study period about 70% of gut contents,
and consisting mainly of large sized species of Daphnia, of
reservoir origin, [51]) to epiphytic fauna, especially to the largest
(oldest) larvae of the dominant dipterans, both simuliids and
chironomids (the majority of gut contents in June). Low niche
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overlap between three-spined stickleback and other species was the
effect of consuming epiphytic simuliids as the main prey and other
prey types, such as fish eggs (the highest values of FC occurred
when the species fed on these elements), rather untypical food
items for other fish. This finding is confirmed by a dendrogram
resulting from the cluster analysis.

The choice of older (larger) dipteran individuals by stickleback,
as stated in our earlier paper [22], is consistent with the optimal
foraging theory [52] - organisms forage in such a way as to
maximize their net energy intake per unit time.

Ruffe, as a typical benthivorous fish, and partially three-spined
stickleback and dace, play an important role in the internal
nutrient cycling; firstly, during the searching for food (through
bioturbation), secondly, during the translocation of nutrients from
the bottom to the water column realized via their digesting and
cgestion. Ruffe, a small but aggressive fish native to Europe and
Asia, may be classified rather among specialists [18,53-56] than
generalists [57]. In lakes, ruffe may efficiently forage in deeper and
darker bed patches due to its very sensitive lateral line system and
the light-reflecting tapetum lucidum in its eye [58,59]. In the
Warta River, this vertical gradient of food selection by ruffe was
confirmed by Dukowska et al. [18], while its horizontal movement
for searching food is rather unprofitable, similar to dace [3,27,28].
Opverlaps between ruffe diet and those of other species were at the
same level (from 0.21 to 0.34) regardless of ruffe’s preference for
benthic chironomids and Hydropsyche.

According to some studies, ruffe do not undergo ontogenetic
dietary shifts, and remain the bottom feeders throughout the life
cycle [57].

In rivers, high diversity and abundance values of fish are usually
strongly associated with a high degree of trophic specialization
(low amplitude of individual trophic niches) and a small degree of
overlap between the diets of species constituting an assemblage
[60]. But in the impacted stretch of the Warta River fish diversity
has been low from the beginning of the functioning of the
Jeziorsko Reservoir, although the abundance of several species was

very high [24,25]. Each year, when the amount of water released
from the reservoir increases, a mass escapement of fish of eurytopic
species, predominantly juvenile stages, gets intensified. This
mainly concerns the species that have attained reproductive
success in the reservoir in a given year (including mostly perch and
roach, but also ruffe) and may lead to an increase in the
abundance of these species (two or three orders of magnitude
higher than in the pre-impoundment period or in the upstream
river stretch) [3,24,61].

Perch, a potential competitor for ruffe [56,62], is included
among generalists. It shows an ontogenetic shift in its diet during
its life history, from zooplankton (at the onset of exogenous
feeding) to macroinvertebrates, and from macroinvertebrates to
fish [23,63-67]. However, the adults of this species may also be
classified as trophic generalists switching frequently between
piscivorous, zooplanktivorous, and benthivorous feeding style
depending on the food resources in the environment. In the
Warta River, in spite of this mode of foraging in areas drastically
overcrowded by perch [61], the species starved also at the end of
the present study period, despite the increased transport of
zooplankton from the reservoir [18,51]. This is in accordance with
assumptions of the theory of the ideal free distribution stating that
an increased number of individuals in a given patch of resources
reduces its quality, through either increased scramble competition
or increased interference competition (including aggressive
behavior) [68,69].

In the Warta River, diet overlap between perch and ruffe was
rather low (the Schoener index, range 0.21-0.34) as perch
preferred to eat epiphytic chironomids, simuliids and Daphnia,
while ruffe chose large sized benthic chironomids and trichopter-
ans (if they were present) and occasionally zooplankton [18]. It is
worth stressing that the identification of prey, mainly Chirono-
midae, of these two fish species, to genus (mainly) or species level
helped to determine the food resource partition between these two
closely related species, because these fishes generally consumed
different chironomid taxa [18].

In the Warta River, the second numerically most abundant
species connected with SAM was roach. The interaction between
perch and roach has been studied by many ecologists, especially in
lentic ecosystems [67,70,71]. Both young roach, which fed mainly
on detritus, chironomids and zooplankton, as well as older
individuals, which consumed mostly detritus, filamentous algae,
vascular plants, macroinvertebrates and molluscs, represented
typically omnivorous feeding habitats, and are thus considered
generalists [71-73]. Besides, roach may be classified into
opportunists. If huge amounts of easily accessible food appear,
roach use it immediately; for example, during chironomid
emergences the alimentary tracts of roach are filled in with
numerous pupae of these insects [74]. For each chironomid pupa
being in a water column is a very dangerous experience (as the
pupa may then end up as the prey of macroinvertebrates and/or
fish), however, at that time zooplankton, mainly Daphnia, is
released from fish predation [75].

In the present material, an insufficient amount of food available
for roach (starvation?) is indicated by the low values of its FC. Its
niche breadth was the largest one of those of all the five species
during the whole studied period. The niche overlap between this
species and other fishes was low, thus we may suppose that rather
an intraspecific than interspecific competition decided the fate of
small roach in this overcrowded environment. Even if certain
individuals of this eurytopic species die because of competitive
interactions, they will soon be replaced by juveniles migrating
massively from the reservoir [25,61,76]. It is worth mentioning
that the consumption of such food categories as algae and detritus
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may have resulted in a slow growth rate [73]. A large spectrum of
food types consumed by roach, larger than that of perch, was
recorded by other ecologists [67,70].

Conclusions

In the SAM habitat the diet overlap was highest when the SAM
patches, and the food resources associated with them, were most
developed (twice during the investigated period). For the first time
at the beginning of SAM development, when large-sized
Hydropsyche were the main food category for ruffe, perch and
dace, and for the second time throughout June and the first half of
July, when benthic and/or epiphytic Chironomidae were the basic
food items for these species. This finding is congruent with the
niche overlap hypothesis saying that maximal tolerable niche
overlap can be higher in less intensely competitive situations, i.c. in
environments with lower demand/supply ratios [77].

One of the most important attributes of organisms to avoid
direct overlap in the use of resources is diversification of body size
of individuals of given species [60]. We put focus on three (time,
space and resource) of the four niche axes of each of the five fish
species living among the submersed macrophytes and we
concluded that their diets only partly overlap, which allows them
to coexist in this temporary, very rich habitat.
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Abstract

During Pavlovian incentive learning, the affective properties of rewards are thought to be transferred to their predicting
cues. However, how rewards are represented emotionally in animals is widely unknown. This study sought to determine
whether 50-kHz ultrasonic vocalizations (USVs) in rats may signal such a state of incentive motivation to natural, nutritional
rewards. To this end, rats learned to anticipate food rewards and, across experiments, the current physiological state
(deprived vs. sated), the type of learning mechanism recruited (Pavlovian vs. instrumental), the hedonic properties of UCS
(low vs. high palatable food), and the availability of food reward (continued vs. discontinued) were manipulated. Overall, we
found that reward-cues elicited 50-kHz calls as they were signaling a putative affective state indicative of incentive
motivation in the rat. Attribution and expression of incentive salience, however, seemed not to be an unified process, and
could be teased apart in two different ways: 1) under high motivational state (i.e., hunger), the attribution of incentive
salience to cues occurred without being expressed at the USVs level, if reward expectations were higher than the outcome;
2) in all experiments when food rewards were devalued by satiation, reward cues were still able to elicit USVs and
conditioned anticipatory activity although reward seeking and consumption were drastically weakened. Our results suggest
that rats are capable of representing rewards emotionally beyond apparent, immediate physiological demands. These
findings may have translational potential in uncovering mechanisms underlying aberrant and persistent motivation as
observed in drug addiction, gambling, and eating disorders.
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Introduction

Having affective representations in terms of pleasures and
desires i3 a fundamental part of our subjective experience.
Rewards and reward-related stimuli can make us feel good, and
remind us how good they were in the past, but also how good they
would be if experienced again. Being exposed to reward-related
cues may also set a state of readiness for seeking and consuming
that reward, even though we have not experienced it for a while or
when physiological needs for it have been fulfilled [1-4]. In
humans, such mechanisms play a critical role in drug addiction
and relapse, overeating in obesity, and binge disorders [5-7]. The
incentive valence of such reward-related stimuli (like places, odors,
sounds, and time periods) is mainly determined by the affective
experience resulting from preceding intake of that reward [8,9].
Following Pavlovian learning, sensory reward properties and
associated cues are transformed into attractive and desired
incentives [4,10-13]. This motivational component of reward is
normally referred to as incentive salience [5,10]. In classical and
modern incentive motivation theories, either activation of a
“central emotive state”, ‘“‘expectations about rewards”, or
“subjective wanting” have been proposed as critical factors in
the process of attributing incentive salience to reward cues [9-19].
In non-human animals, especially rodents, incentive motivation

has been extensively investigated using traditional behavioral
parameters, like nose-poking, lever-pressing, and approach
behavior to cues and rewards in Pavlovian, instrumental, and
Pavlovian-to-instrumental transfer paradigms [5,9,20]. The study
of the emotional or affective conditioned responses underlying
incentive motivation, however, has received less attention, first,
because the study of emotions was disregarded in behavioristic
tradition (for review see [10]) and second, due to the lack of direct
and more precise measures of such states in animals.

Churrently, there is an increasing interest in studying rodent
ultrasonic vocalizations (USVs) in basic and clinically-oriented
research, since USVs seem to provide a unique avenue to study the
putative affective state of an animal which might not be accessible
by conventional behavioral approaches. Rat USVs are complex
affective and communicative signals expressed in different social
and non-social situations, which vary according to age and context
[21,22]. Out of these, high-frequency calls (i.e., 50-kHz calls) are
normally emitted in naturalistic rewarding situations such as
mating, and rough-and-tumble play, or triggered by non-
naturalistic stimuli such as electrical stimulation of the mesolimbic
dopamine pathways, or by psychostimulant drugs like amphet-
amine and cocaine [23-28]. For instance, individual differences in
incentive salience attribution to food cues predicted conditioned
place preference for cocaine and 50-kHz calls induced by cocaine
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related cues [29]. Whether 50-kHz calls may be indicative of
incentive salience attributed to food cues, however, is still unclear:
previous studies showed mixed results and were not conclusive due
to the lack of proper controls groups and concomitant behavioral
confirmations of incentive learning [23,30-32].

Encouraged by the translational potential of modeling subjec-
tive putative affective states in animals we decided to perform a
series of studies to explore further the hypothesis that 50-kHz calls
can come to signal a state of incentive motivation in the rat, which
may constitute an emotional reward representation triggered by
conditioned stimuli (CS) predicting reward or by some perceptual
features of the food itself (unconditioned stimulus, UCS). One of
the simplest conceivable tests to achieve this aim was training rats
to anticipate their daily feeding taking place under certain
predictable environmental cues. Within or across experiments
the conditioning task was systematically modified so that the
current physiological state of the subject (deprived vs. sated), the
type of learning mechanism recruited (Pavlovian vs. instrumental),
the hedonic properties of UCS (low vs. high palatable food), and
the availability of the food reward (continued vs. discontinued)
were manipulated.

General Methods

Ethics statement

All experimental procedures were approved by the appropriate
governmental agency (Regierungsprasidium, Giessen, Germany)
and complied with the EU directive 86/609/EEC. Every effort
was made to minimize the number of animals used and their
suffering.

Subjects

Adult male Wistar rats (Harlan-Winkelmann, Netherlands)
served as subjects. They were housed 4-5 per polycarbonate cage
(595 %x380%200 mm) in a climate-controlled room with a 12:12 h
light-dark schedule (light on at 07:00 h). Food (Altromin, Lage,
Germany) and water (0.0004% HCL-solution) were freely
available unless otherwise specified. In all experiments, animal
order of testing was counterbalanced within and across days and
experiments to the fullest extent possible.

Screening cage test

Since rats show substantial and rather stable inter-individual
variability in 50-kHz calls [33], we applied a screening test in
which rats are tested for their levels of spontaneous USVs before
being assigned in a counterbalanced order to further tests or
treatments [27,33]. Briefly, at the beginning of each experiment all
animals’ cages were removed from the housing-rack and placed on
a desk in the same room. Afterwards, a given rat was individually
placed into a clean polycarbonate cage (425 %266 %185 mm) with
fresh bedding (Tapvei) and then transported to an adjacent
ultrasonic lab, where a recording session immediately started. The
cage was placed on a desk under a microphone positioned at
35 cm above the center of cage floor. It was illuminated by red
light (about 7 Ix inside the cage) and visually separated from the
data acquisition area by a curtain. The cage test was conducted on
two consecutive days (5 min each). Testing took place from 8:00 to
17:00 h in a counterbalanced order between days and subjects.
Based on the average number of spontaneous 50-kHz calls on both
days, animals were equally assigned either to the control or the
reward group.

Appetitive cage test

All test settings and the general procedure were the same as
described in the screening cage test. Briefly, a given rat was put
into a clean cage with bedding, which was then placed on a desk
under the microphone, where the recording session immediately
started. Two loudspeakers (Avemaster 60 PC stereo system,
Germany) connected to a personal computer were placed on
either side of the cage. As the conditioned stimulus (CS), a 3-kHz
tone (49.2 dB inside the cage) was used. The unconditioned
stimulus (UCS) was either normal rat chow (about 20 g) or
sweetened condensed milk (10% concentrated milk diluted 1:3 in
tap water, Milbona, Germany). For the reward groups, the CS
predicted either the start of each daily feeding session (1.5 h access
to food per day) or a 30 min-drinking time (milk). Throughout the
whole experiment, reward intake took place in the same testing
cage used for a given rat. During the first 120 s, animals were left
undisturbed (“context” phase), then the CS was presented over
another 120 s, subsequently followed by the UCS (food or milk).
The overlapping CS-UCS period lasted 30 s once reward intake
started. When the tone ended, the animal was allowed to continue
consuming the reward for another 60 s before being transported
back (in the same testing cage) to the adjacent animal room. A
matched control rat was tested simultaneously in a test cage, where
it received the same pairing schedule as the matched reward rat
did, except that food or milk were never delivered there.
Afterwards, the pair of control and reward animals was brought
back to the animal room and placed on a rack, with controls on
odd and reward rats on even rows, so that both group cages were
never side by side. Each control rat remained in its own testing
cage while the matched reward rat completed either the 1.5 h-
feeding session or 30-min drinking time. At least 3 h after all
controls rats had been brought back into their own group cages,
namely once the night cycle entered, their 1.5 h-daily feeding
session began. In the milk experiments (3 and 4), all animals were
first habituated to the sweetened condensed milk for a week.
During this period, controls rats had milk in the evening together
with their daily food, whereas reward rats had milk in the light
period, coinciding exactly with the daily time in which they would
be further tested.

Runway maze

The apparatus was a single U-shaped runway maze constructed
of black acrylic, which consisted of two arm alleys (50 cm
Lx20 cm Wx24 ¢cm H) connected by a 20 cm L corridor. The
start box (40 cm L) was equipped with a guillotine door that was
manually lifted from afar using a pulley cable. The maze was
placed on a desk under a microphone held at 45 cm above the
center of maze floor. At the distal wall of the goal box, a door was
positioned, through which the rat could enter a cage. A second
microphone was affixed at 35 cm above the center of the cage
floor. The maze was thoroughly cleaned between trials and
subjects with a 0.1% acetic acid solution. The testing area was
illuminated by red light (about 10 Ix inside the maze) and
surrounded by curtains.

Behavioral analysis

Behavior was recorded with a video camera positioned at a
longitudinal side of the cage. In Experiment 2, an additional
camera recorded behavioral activity in the runway maze.
Locomotion (i.e., the number of cage-halves crossed with three
paws or the number of 20-cm segments crossed in the runway
maze), rearing frequency (i.e., the number of upright postures
sustained with hind-paws on the floor), digging (moving cage
bedding with forepaws and snout, in seconds), eating or drinking
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time (seconds), and latency to consume the reward (ie., time
difference between the presentation of food or milk and the first
cating or drinking bout, in seconds) were manually counted from
videotapes using the EthoLog 2.25 software (University of Sao
Paulo, Institute of Psychology SP, Brazil). Fluid intake (experi-
ments 3 and 4) was determined by weighing bottles before and
after testing.

Ultrasonic recording and analysis

As previously reported [27], USVs were monitored with an
UltraSoundGate Condenser Microphone (CM16; Avisoft Bio-
acoustics, Berlin, Germany) and recorded with Avisoft Recorder
2.7 software (sampling rate: 214,285 Hz; format: 16 bit). High
resolution spectrograms (frequency resolution: 0.488 kHz, time
resolution: 0.512 ms) were obtained after fast Fourier transforma-
tion (512 FFT-length, 100% frame, Hamming window, 75% time
window overlap), by using the Avisoft SASLabPro 4.38 software.
Experienced observers manually counted USVs off-line from the
spectrograms. All USVs emitted over 33 kHz were considered as
50-kHz calls. If two call elements were at least 0.048 s apart, two
independent calls were counted. USVs occurring during the tasks
were expressed as the number of calls emitted per time (calls/min),
except otherwise specified. In the cage tests, the proportion of calls
emitted during the tone presentation was expressed as: [(call
number during tone/total call number) x100]. The analysis of 50-
kHz calls subtypes (e.g., flat, step-calls, trills) provided no relevant
information as groups showed rather similar distributions of such
USVs subtypes (data not shown). Therefore they were not
included in the analyses and only total call number is presented.
Since 22-kHz calls were only rarely and non-systematically
observed, they were also omitted from the study.

Statistical analysis

Results were expressed as means = SEM. The main effect of
groups (G, control vs. reward), training days (D), and their
interaction (DxG) was assessed by means of independent mixed
ANOVA analyses. In one of the analyses, the repeated-measures
factor was the food deprivation days, and in the other, the food ad
libitum days. When only one group provided data (i.e., latency to
cat and time spent eating in Experiments 1, 2, and 5), a repeated-
measures ANOVA within the reward group was computed. All
multiple comparisons among days were adjusted with the
Bonferroni post hoc test. In all repeated-measures analyses that
did not meet the sphericity assumption, the Greenhouse-Geisser
correction was used. When appropriate, ¢-tests for related samples
were used to compare feeding phases within groups. Statistical
significance was defined as p<<.05.

Results

Experiment 1

Introduction. The hypothesis that 50-kHz calls can come to
signal a state of incentive motivation to food reward was
investigated by training deprived rats to anticipate their daily
feeding. In this experiment the CS signaled the start of each
feeding session (1.5 h access to food per day), which began in the
ultrasonic lab (~2 min in the testing cage) and ended in the animal
room (see general materials and methods for details). A reward-
unpaired rat (i.e., controls) was tested simultaneously in an
adjacent room, where it received the same pairing schedule as the
matched reward rat, except that a hopper of chow pellets was
never placed upon the cage grid.

Methods. Thirty experimentally naive rats weighing 277—
351 g on arrival were used. One week before testing, animals were
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habituated to the experimental conditions and were handled
during four days (5 min each). Afterwards, two consecutive
screening cage tests were conducted (see screening cage test).
Subsequently, animals were counterbalanced into two groups and
put on a 22.5-h food deprivation (FD) schedule by being given free
access to their maintenance diet for 1.5 h per day, starting one
week before the appetitive cage test. During this period, rats were
handled and weighed every other day. From day 1 to 7, animals
were food deprived (FD); thereafter (days 8-10), they obtained
food ad libitum (FAL) in their own home cages.

Results. FD phase: Reward rats (Fig. 1; days 1-7) showed
typical motivational behavior, i.e. approach and food consump-
tion. The latencies to approach the reward decreased over days (D:
F357=9.57, p=.0001). Locomotor activity was lower in reward
rats than in controls (G: F) 95 =9.24, p =.005), whereas rearing
activity did not differ between groups (Iigure S1). Total call
number increased over days (D: Fs3g,=12.79, p=.0001), but
contrary to our expectations this effect was observed in both
groups (G: p>.05) (Figure 1C). The relative number of calls
emitted during tone presentation (Figure 1D) did yield a higher
percentage of tone-related calls in reward rats (G: F) 95 =17.08,
p =.0001), which increased over days (D: F3 57, =9.84, p=.0001),
indicating that the reward animals did learn the associations. FAL
phase: After testing on day 7, animals received food in their home
cages in order to devalue the food reward. If the previous lack of
group differences seen on total call number was unrelated to
incentive learning, no changes in USVs would be expected, but if
part of the USVs in reward rats was emitted in anticipation of
food, then satiation should decrease them. Surprisingly, we found
that total call number increased in reward animals once they were
sated (FD vs. FAL: t;o=—13.10, p =.0001), differing now from
controls on all FAL days (G: F g =13.09, p =.001). For instance,
call rate in the reward group on day 8 exceeded both, their own
levels of day 7 (160%), and controls levels (86%) on the same day
(Figure 1C). After 48 h of FAL (i.e. on day 9), total 50-kHz calls
reached a maximum, that is, an elevation of ~310% and ~166%
over FD and control levels, respectively. In contrast, the
proportion of calls emitted during tone presentations dropped,
especially in the reward group, but was still significantly higher in
reward rats (G: Fj 95 =10.51, p =.003). Rearing behavior (Figure
S1B), which occurred mostly at the cage side where the food
reward was delivered (details not shown), increased in reward rats
(FD vs. FAL: #,9=—4.89, p=.0001) and remained consistently
high until the end of the FAL phase (G: F) o5 =11.04, p =.002).
Remarkably, the increases in appetitive 50-kHz calls and rearing
occurred even though approach and consummatory behaviors
were completely abolished during all FAL days (Figure 1A and B).
Thus, the devalued feeding conditions dramatically increased both
total call number and tone-induced USVs even after 72 h of
experiencing the reward in a low motivational state.

Discussion. These data suggest that attribution of incentive
salience to reward predictive cues (i.e., cage context and tone CGS)
may have occurred while animals were deprived, and surprisingly
cues were able to trigger conditioned motivational reactions to
reward, i.e. USVs, even though it was fully devalued. Since the
conditioned response was learned under FD, expression but not
acquisition of such a response is what seemed to be suppressed
during this phase. Perhaps, approach/consummatory responses
taking place in the same testing environment may have overlapped
with the preparatory/emotional elements of the UCS producing a
sort of inhibition in the expression of the latter [34]. For example,
species-specific foraging behavior such as digging/snout-down
locomotion, which was also observed here (Table S1, supporting
information) is known to increase during FD even when animals
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Figure 1. Experiment 1. Animals learned to associate incentive Pavlovian cues with access to daily feeding as reward. A. Latency to eat. B. Eating
time. C. Total 50-kHz calls. D. Tone cue-induced 50-kHz calls. The dashed line indicates that a maximal latency time was set at 90 s. Control vs. reward:
* p<.05, ** p<.01. FD vs. FAL: ++ p<<.01. Day 1 differed from days 5 and 7 in reward rats: 8 p<<.05. Day 7 differed from days 8 to 10 in reward rats: # all
p<.05. Day 1 differed from days 3 to 7 in both groups: & p<.05. Data are expressed as mean+SEM (control =10, reward = 20).

never obtained food by these means [35,36]. Since these and other
approach/consummatory behaviors were reduced drastically
when tested under FAL conditions, we consider the idea of
competition between different behavioral systems.

Experiment 2

Introduction. Here, the procedure was modified so that
USVs associated with anticipatory and consummatory acts could
be measured in different testing compartments. A testing cage with
bedding was also used here, but instead of training animals to
passively wait for food reward to be delivered (i.e., Pavlovian
schedule), they now learned to run down a runway maze
connected to the cage, so that they could voluntarily enter it and
access their daily food ration available there (i.c., instrumental
component). With these modifications, animals motivation to
attain the reward and cue-induced anticipatory 50-kHz calls in the
runway could be assessed independently from consummatory
responses in the goal cage. As anticipating and earning a reward
appear to be distinct processes [8] we sought to elucidate whether
the USV effects observed in experiment 1 rely upon the type of

associative process. The cage was the same as in Experiment 1, so
that each animal had its own cage for testing throughout the whole
experiment.

Methods. The same 30 rats used in Experiment 1 served as
subjects, weighing 361-440 g at the beginning of this experiment,
which took place 27 days apart from the first experiment. Exactly
as there, all animals were put on a 22.5-h schedule of FD with free
access to their maintenance diet (1.5 h per day) either immediately
after testing (for reward animals in their own testing cages) or at
least 3 h later (for controls once they were returned to their group
cages). After 3 handling days, habituation to the runway was
begun. This consisted of taking the rats from their home cages and
placing them in pairs into the start box of the maze (with the door
opened) for about 15 min during three consecutive days. In
parallel, we performed reinstatement of tone/food pairing by
repeating the cage test procedure of Experiment 1. During seven
days, starting from the second day of the runway habituation,
animals were given a maze habituation session followed by a cage
test procedure. On the next two days, both procedures were
combined, that is, single animals were placed into the maze with
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the cage attached to it (with food for reward rats). When they
entered the cage, a 3-kHz tone was played as in Experiment 1.
During habituation, animals were weighed and handled every
other day. Afterwards, reward animals were trained to run
through the runway maze to access food in the cage attached to
the end of the runway goal arm. Rats received daily training
sessions for 10 consecutive days conducted as follows: A given rat
was confined to the start box for 120 s, and during the last 60 s a
3-kHz tone was played, which ended with opening of the door.
Afterwards, rats were free to locomote between runway and cage
during approximately 4 min. Control rats followed the same
procedure but food was never given in the cage. As in Experiment
1, animals were food deprived during days 1-7; thereafter (days 8
10) they received FAL in their own home cages. USVs were
recorded during the entire testing period, since animals used to
shuttle between runway and cage.

Results. FD phase: As shown in Figure 2, the latencies to eat
declined (D: F55;=28.43, p=.0001) and eating times increased
over days in the reward group (D: F35;=>5.03, p =.004). In the
runway maze, locomotion (D: I3 g4 =26.79, p = .0001) and rearing
(D: F344,=90.17, p=.0001) but not USV (D: p>.05) decreased
over days (Figure S2A, S2B, and 2C, respectively). For all these
variables, no group differences were observed (G: p>.05). In the
cage, all animals emitted more 50-kHz calls per time than in the
maze (Figure 2D). There, USVs diminished over days (D:
F344=9.67, p=.0001) without differing between groups (G: p>
.05). Cage locomotion (G: F 93 =44.93, p = .0001) and rearing (G:
Fy 95=18.89, p =.0001) were higher in controls (Figure S2C and
S2D), perhaps since reward rats were now engaged in eating while
controls still explored the cage. FAL phase: As in experiment 1,
rats received FAL after testing on day 7. Again, the latencies to eat
increased (FD vs. FAL: #;9=—29.64, p =.0001) and eating times
decreased in the reward group (FD vs. FAL: ¢,9=10.31,
$=.0001). In contrast, and consistent with experiment 1, reward
cues associated to the runway maze now elicited enhanced 50-kHz
calls (Figure 2C). For instance, total call number in reward rats was
now ~210% higher compared with their own USVs levels while
FD (FD vs. FAL: t,9=—13.10, p =.0001), and ~195% higher
than that in controls on all FAL days (G: Fy 955=7.07, p =.01). In
the cage (Figure 2D), 50-kHz calls increased in both groups (D:
Fs36,=4.72, p =.004), but did not differ from each other (G: p>
.05). There were no group differences in locomotion or rearing (G:
$>.05) (Figure S2).

This experiment replicated the results from
Experiment 1 in which no differences in total call number were
observed under FD, but increased USVs occurred in reward
animals once they became sated. The suppressive effect of IFD
probably did not depend on the type of learning recruited, the
behavioral competition between approach/consummatory and
anticipatory affective responses, or the interference of an opposite
behavior such as digging since the maze had no bedding. Since
animals were free to shuttle between maze and cage and most
reward animals revisited the maze between eating bouts (details
not shown), maze cues were not just temporally predicting further
access to reward, but also became imbued with incentive salience
after animals re-experienced the UCS, facilitating CS representa-
tions to be re-updated within and across training days. As a
consequence, runway maze cues, but not cage cues, triggered
appetitive 50-kHz calls suggesting that USVs were specifically
sensitive to the type of learning mechanism recruited. Again,
attribution of incentive salience to food cues seemed to take place
during the FD period, whereas the expression of such an appetitive
response occurred once animals became sated, that is, when the
reward was devalued and when no other appetitive behaviors were

Discussion.
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emitted. Finally, the analysis of USVs in the cage revealed that
satiation on its own increased 50-kHz calls irrespective of being
food rewarded or not.

Experiment 3

Introduction. As just shown, the current physiological state
of the rat produces a biphasic expression of 50-kHz calls in reward
rats, which according to Experiment 2 is not dependent on the
interference between preparatory and consummatory responses
[16] or the competition between species-specific responses
activated by the UCS (e.g., foraging inhibiting calling, for review
see [37]). To simplify data collection and analysis we went back to
the test settings of Experiment 1. Now, we asked whether
increasing the incentive properties of the reward would enhance
motivation for UCS during the FD period. To this end, a high
palatable reward (i.e., sweetened condensed milk) was used. Since
the reward delivered in the testing cage was different from normal
rat chow, access to reward became independent from the daily
feeding session. Thus, we expected that it could still be valuable
when testing animals under satiation.

Methods. Twenty-four experimentally naive rats weighing
231-256 g on arrival were used. Habituation to the animal
facilities, handling, the screening cage test, and FD schedule were
conducted as in Experiment 1, but now, the CS signaled access to
a 30 min-drinking period: ~2 min in the cage and the remaining
time in the animal room. The reward group had access to sweet
condensed milk, whereas the control group had access to tap
water. One week before testing, rats were habituated to sweetened
condensed milk. During this period, all rats were handled and
weighed every other day. Testing was performed with the former
FD/FAL schedule: FD from day 1 to 7, and FAL thereafter (days
8-10).

Results. FD phase: The latencies to drink (Figure 3) dimin-
ished slightly once training began, with reward rats being ~6 times
faster than controls, which were given a bottle with tap water (G:
F)99=85.05, p=.0001; DxG: F3¢46=16.34, p =.002). The times
spent drinking (G: F 90 =538.80, p =.0001; DxG: F3 46 =15.78,
p=.0001) and daily milk consumption (G: F)99=0582.71,
p=.0001; DxG: Fs365=4.19, p =.009) were higher in the reward
group where they increased also over days. Total call number
augmented over days in all animals (D: F3 66 =12.05, p =.0001),
especially after the third day (Figure 3D), but did not differ
significantly between groups (G: p>.05). In contrast, the
percentage of tone-induced 50-kHz calls was higher in the reward
group (G: Fy 90 =19.05, p =.0001) (Figure 3E). FAL phase: When
tested without deprivation, there was a transitory increase in the
latency to drink and a transitory reduction in the time spent
drinking which fully recovered on the following FAL days. Despite
such small variations when feeding conditions changed, reward
rats still differed from controls on latencies to drink (G:
F\99=76.23, p=.0001) and times spent drinking (F; 9o =76.23,
$p=.0001). Milk intake declined drastically (FD vs. FAL: ¢}, = —
11.41, p=.0001), almost reaching control levels on the first FAL
day, but was higher than controls again thereafter. On the
following FAL days, milk intake partially recovered between about
25% to 43% of the maximal intake achieved under FD (G:
Fy99=17.08, p =.0001; DxG: F345=10.03, p =.0001). In addi-
tion, locomotion (FD vs. FAL: t;; = —8.45, p =.0001) and rearing
(FD vs. FAL: ¢,, = —9.01, p =.0001) increased in the reward group
and exceeded those of controls (locomotion, G, F;99=758,
p=.01; rearing, G: F,90=18.06, p=.0001; Figure S3A and
S3B). Similar to Experiments 2 and 3, call rate was potentiated by
shifting the feeding conditions, an effect which now occurred in
both groups (D: F3 46 = 3.14, p = .03). Interestingly, the attenuation
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of approach and consummatory behaviors observed when shifting
feeding conditions was not paralleled by a reduction in total call
number and percentage of cue-induced calls. Instead, total call
number (Figure 3D) was now significantly higher in the reward
group (G: F 99 =6.60, p=.02), and tone cue-induced calls were
also higher (G: F 99=15.18, p =.03) but returned towards control
levels over days (Figure 3E).

Relative to previous experiments, USVs ap-
peared slightly increased at the end of the FD period, although no
overall effect on total call number was detected. However, the
percentage of tone-induced calling increased during FD indicating
that conditioning strengthened over days. Once again, reward
devaluation decreased neither total call number nor tone-induced

Discussion.

calling, as it had initially been expected. Instead, total call number
increased while cue-induced USVs remained slightly high during
FAL days. Regarding reward palatability, the higher incentive
properties of the UCS (i.e., milk) plus the likely invigorating effect
of the CS seemed to maintain latencies to drink and times spent

drinking in the cage while the UCS was degraded in agreement
with previous reports [1,3,4]. However, the amount of milk intake,
most of which was consumed in the animal room without the
influence of the CS, appeared to be drastically reduced by satiety.

Experiment 4
Introduction. So far, the increased percentage of 50-kHz
calls induced by the tone cue indicated that attribution of incentive
salience to reward-related stimuli had successfully taken place
during ID, even thought it was not clearly translated into an
overall elevation of 50-kHz calls. To account for such an inhibition
in USVs utterance, we assume that the ability of food CS cues to
elicit appetitive 50-kHz calls was possibly suppressed by FD, an
effect that occurred independently from learning acquisition. So
far, the three preceding experiments showed that restoring FAL
feeding conditions after FD increased spontancous USVs in
controls and potentiated total call number and food cues-induced
appetitive 50-kHz calls in reward rats. This may suggest that FD
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itself was able to suppress USVs particularly at the time when
animals were expecting the food reward. Having access to food
after a long D period recruits not only positive but also negative
reinforcement mechanisms, and may be described as a transition
from distress to pleasure [38]. FD can induce an aversive state so
that animals will work to prevent starvation by either prolonging
the period of food availability [39] or escaping from a CS signaling
the omission of an expected food reward [40]. This evidence raised
the question of whether the same palatable reward (i.e., milk), now
acquired in the absence of FD, would be sufficient to increase
appetitive 50-kHz calls.

Methods. Twenty experimentally naive rats weighing 259—
279 g on arrival were used. The experimental procedure was
generally the same as in Experiment 3, with sweetened condensed
milk also used as reward. However, contrary to all previous
experiments, the acquisition phase (days 1-7) of UCS-CS pairing
occurred first in the FAL phase and was followed by the FD phase
(days 8-10).

Results. FAL phase: As expected, reward rats showed shorter
latencies to drink (G: Fy 13=1252.46, p =.0001) and more time
spent drinking (G: F 13=172.56, p =.0001) than controls which
consumed almost none of the tap water (Figure 4A and B). As soon
as reward animals had learned that milk was available, latencies
and drinking times did not change over the FAL days (D: p>.05).
However, the amount of milk (Figure 4C) consumed augmented
with repeated testing (G: F 15=28.02, p=.01; DxG: Fs5 54, =4.05,
p=.01). Total call number increased over days (D: F5 5, = 24.86,
p=.0001), with no significant differences between groups (G: p>
.05) (Figure 4D). Likewise, no differences were observed for the
percentage of tone-induced calling (Figure 4E). Also, exploratory
activity appeared unaffected by both, repeated testing and reward
experience (Figure S4A and S4B). FD phase: Latencies to drink (G:
Fy15=147.51, p=.0001) and times spent drinking (G:
Fy13=2039.35, p =.0001) remained higher in the reward group
compared to controls (Figure 4A-B). The more noticeable effect of
FD occurred on the amount of milk consumed, which scaled up
between 34% to 78% over preceding FAL levels (FD vs. FAL:
to=—11.47,p=.0001; Figure 4C), whereas water intake remained
unaffected (G: Fy;3=190.58, p=.0001). Contrary to approach
and consummatory behaviors, call rate dropped drastically on the
first FD day in both groups (Figure 4D) (D: Fs554=16.58,
$=.0001). On the following FD days, total call number
progressively returned to FAL levels only in the reward rats
(DxG: F354=3.74, p=.03). Similarly, the percentage of tone-
induced USVs was significantly higher in the reward group (G:
Fy15=11.82, p=.003) (Figure 4E). Locomotion (FD vs. FAL:
lg=3.31, p=.009) and rearing behavior (FD vs. FAL: {=15.96,
$=.0001) were reduced in controls (Figure S4), whereas in reward
rats only locomotor activity was reduced by FD (FD vs. FAL:
l9=2.96, p=.02).

Discussion. This experiment shows first, that a highly
palatable food reward was not sufficient to increase either total
call number or tone cue-induced calling on its own and, second,
that FD was able to suppress calling in both groups. Since the
reward did not have a high hedonic value during the acquisition
phase (i.c., when tested under FAL conditions), total call number
and cue-induced 50-kHz calls recovered and differed from control
levels only when the hedonic representation of that reward was
updated while in the subsequent state of being hungry. This is
consistent with studies showing that the instrumental response
guided by previous reward expectations changes only when the
new hedonic value of the incentive is experienced [8,9]. In this as
well as in previous experiments, the motivational state of being FD

seems to be required for reward cues to be imbued with incentive
salience, even though it suppressed overall USVs utterance.

Experiment 5

Introduction. The likely aversive state provoked by long FD
may have accounted for some suppressive effects in calling in our
previous experiments. In experiment 3, however, total call number
tended to increase while FD, an effect that, according to
Experiment 4, may not solely be attributed to palatability.
Another factor might be critical: By replacing rat chow with milk
as a reward we also inevitably altered the predictive association
between access to reward in the cage and daily feeding session. If
expectations about reward were controlled by the very first access
to food or milk (2 min) —and not by the whole period of eating
(1.5 h) or drinking (30 min)-, it is very likely that animals learned
to anticipate the short access to reward instead of the long one.
Thus, when animals encountered the reward, a negative
discrepancy between the reward expected and the one actually
obtained may have been experienced, an effect probably energized
by FD. We hypothesized, therefore, that providing continued
access to reward in the testing environment would prevent such
negative discrepancy to occur, ‘releasing’ the expression of reward-
related appetitive USVs when FD. To test this idea, we adapted
the procedure of Experiment 1 in which the higher suppression in
calling was observed.

Methods. Twenty experimentally naive rats weighing 240—
265 g on arrival served as subjects. Habituation to the animal
facilities, handling, and the screening cage test were conducted
largely as in Experiments 1 and 2: Food pellets (normal rat chow)
served as reward, but contrary to there, both access to reward and
the completion of the daily feeding session took place exclusively in
the testing room. Indeed, during habituation to FD, reward rats
had access to the daily food ration only in the testing room, so that
the fact of being fed after a 22.5-h ID period was specially linked
to this environment. During testing, rats were FD from days 1 to 7.
Controls never accessed their daily food ration either in the cage
or in the experimental room where testing took place.

Results. Animals approached the food and started eating
without any noticeable change from the beginning to the end of
testing (D: p>.05) (Figure 5A and B). Contrary to our previous
food experiments, reward cues did now increase total call number
over FD days (DxG: F354=8.19, p =.0001) (Figure 5C), and calls
were approximately 120% higher than that in controls (G:
Fi15=7.54, p=.01), which showed rather stable call rates over
days. Likewise, the percentage of tone-induced -calling was
significantly higher in reward rats than in controls (G:
Fy15=17.90, p=.001) (Figure 5D). Unlike locomotion (Figure
S5A), rearing behavior in reward rats showed a progressive
increase mirroring the one observed for USVs (G: F, 13=11.07,
p=.004; DxG: F55,=9.81, p=.0001), yet to a lesser extent
(Figure S5B).

Discussion. This experiment shows that providing continu-
ous access to reward in the testing environment enables attribution
and expression of incentive salience during the FD period, and
contrary to previous experiments, this effect was now noted both
in terms of total call number and the percentage of cue-induced
50-kHz calls.

General Discussion

Following Pavlovian incentive learning, a CS for reward comes
to produce expectations and potentiates motivation about the
UCS. Here, we sought to determine whether rat 50-kHz USVs
may signal such a state of incentive motivation to a natural,
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nutritional reward. In general, we found that reward-cues become
effective to elicit 50-kHz calls. Under certain conditions, however,
utterance of 50-kHz calls can be either suppressed during a highly
motivational state, or more strikingly, can be elicited when food
rewards were devalued by satiation. In both cases, changes in
calling occurred independently from motivation to approach and
consume the reward. Interestingly, this phasic character of USVs
was consistently seen across independent experiments.

We acknowledge that the question of whether 50-kHz calls can
be elicited by food rewards has already been addressed. The
pioneer study [23] showed an increase in anticipatory 50-kHz calls
in FD rats (i.e., before daily feeding) at the end of a 6-days period
of training. In a sucrose self-administration paradigm conducted
with non-FD rats, 50-kHz calls increased over time when
comparing different time points throughout a testing period of
4-5 weeks [30]. Others described differences in 50-kHz calls
between adolescent and adult rats when offered chocolate chips in
a one-trial test [32], and one study yielded differences in calling
following positive and negative reward contrasts with different
probabilities to obtain sucrose reinforcement [31]. In all these
studies, however, it was unclear whether call rate in food-paired

ts: § p<.05. Data are expressed as mean+SEM (control =10, reward = 10).

rats was different from spontaneous calling mainly because no
control rats were included [23,30-32]. It has repeatedly been
observed that rats call at moderate rates simply by the fact of
placing them in certain testing environments [27,33,41]. For
example, in the only two studies showing positive results [23,30]
calling increased over days in a similar way as it did in our control
rats in Experiments 1 and 4, in which no groups differences were
found until feeding conditions were changed. Also, previous
studies did not test whether increases in 50-kHz calls were
accompanied by changes in other relevant learning or motiva-
tional parameters because no concomitant behavioral measures
were described [23,30,32]. In general, we went beyond those
studies showing that USVs in reward rats as compared to matched
controls were differentially sensitive to the current physiological
state of the subject (FD vs. FAL), the type of learning mechanism
recruited (more Pavlovian vs. more instrumental), the hedonic
properties of the UCS (low vs. high palatable food), its availability
(continued vs. discontinued), and the relation between 50-kHz calls
and other behavioral dimensions indicative of incentive learning
and conditioning.
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Our results also make us believe that FD on its own induced a
putative negative state that affected USVs likelihood. This
assumption is also supported by our previous findings in which
FD consistently suppressed spontaneous calling over four consec-
utive days [33]. Since FD is aversive enough to strongly motivate
escape and avoidance responses [38-40], it is not surprising that
FD exerted a suppressive effect on 50-kHz calls utterance similar
to those produced by other aversive stimuli [21,22,25]. Still the
question remains, how FD particularly suppressed the expression
of the emotional conditioned response during acquisition while
being FD. In all experiments in which reward intake was
discontinued (Experiments 1-4), animals seemed to learn about
the association between testing and the 2-min access to reward
permitted while they remained in the testing room. Figure 6
depicts a model that summarizes our assumptions in terms of a
suppression-release hypothesis, in which we propose that D
played a critical role in the suppression of cue-induced calling by
increasing the negative contrast between reward expectation and
outcome. As training progressed, the 2-min access to food became
gradually insufficient for experiencing the positive effects of
consuming the food and therefore the expectation of being fed
and becoming sated did not match each other. For example, in the
rat chow experiment access to the reward in the cage predicted the
1.5-h feeding session, which was the only feeding opportunity
animals had. In the milk experiment, conversely, access to reward
in the cage predicted only a 30-min drinking time, which was
independent of feeding. Although the duration of daily feeding was
adjusted to keep body weight at 90% of baseline based on the
caloric income of milk, animals still had two unrelated feeding
opportunities as compared to only one in rat chow experiments.
Thus, reward expectation should have been proportional to the
magnitude and density of reward, being therefore greater when
giving chow pellets than when giving milk. To better illustrate this
point, calling was compared between Experiments 1 and 3:
Figure 7 shows call rate as relative to control levels to normalize
the fluctuations in calling due to the FD itself. As can be seen in
FD rats receiving normal rat chow, the score for cue-induced
calling is negative, namely, 25% lower than spontaneous calling in
controls. Once sated, calling increased by 90% over control levels.
In rats receiving milk reward, in contrast, the relative increase in
cue-induced calling was about 90% over control levels while FD
but also in the FAL phase. This indicates that suppression in cue-
induced calling depended upon the predictive strength of the
reward in relation to feeding: the larger the discrepancy between
expectation and UCS outcome, the greater the suppression. Once
sated, the magnitude of suppression released was inversed to the
strength of suppression that preceded it. We acknowledge that
both rewards differed in their incentive properties, but as shown in
Experiment 4, palatability on its own is unlikely to account for all
differences observed between experiments using chow pellets vs.
milk. In addition, we plotted calling results of Experiments 1 and 5
to highlight the contribution of reward expectations on USVs
suppression (Figure 7B). When providing continued access to
reward while all other factors remained equal, reward expectation
matched outcome and thus, suppression was no longer observed.
Then, attribution and expression of cue-induced calling occurred
simultaneously over FD days. Based on this assumption one might
think, even counter-intuitively, that what FAL did was removing
the negative expectation of the outcome given by the difference
between being hungry and having access to an insufficient reward.
Without the urge for food, the outcome matched the expectation
of being rewarded. In other words, restoring the normal feeding
conditions acted as a ‘releasing’ factor of the negative difference
between reward expectation and outcome, which did not require
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updating and occurred afresh as soon as the current physiological
state shifted (for an example of instant transformation of an
aversive cue into a desired one see [42]). The suppression in the
conditioned response cannot be explained in terms of conditioned
inhibition, because the UCS was always presented and therefore
no CS signaled its absence. A negative difference between reward
expectations and the actual outcome has previously been described
in terms of a frustration effect [40,43] (for review see [44]). Such a
reward discrepancy or devaluation can induce a putative, negative
affective state able to elicit escape responses [39,40], intra- and
hetero-specific aggression [45], high corticosterone levels [46], and
distress USVs. For example, 11-day-old rat pups that had learned
to approach an anesthetized dam with dry suckling as a reward
showed distress USVs when reward was denied [47]. In adult rats,
reductions in 50-kHz calls or increases in distress USVs (L.e., 22-
kHz calls) have also been reported following timeout, withdrawal,
or devaluation of different rewards [26,31,48]. Here, it should be
noted that distress calls were only rarely observed in our present
experiments.

It is still surprising however, that the updating of hedonic value
of the UCS under a state of satiation did not reduce the ability of
the CS to induce appetitive 50-kHz calls across experiments. If
animals had not experienced the reward during the FAL phase we
can perhaps assume that rats were behaving based on previous
expectations built up when the reward was still valued [8,9].
However, some animals in the rat chow experiments approached
the food, sniffed it or gnawed it; something that may have been
enough to re-update the new hedonic value of that reward, even
though none actually ate a piece of food in the cage (it was freely
available in home cages). In contrast, in the milk experiment (3) all
animals re-experienced the reward during satiation. At least from
day 8 to day 9, and from there to day 10, a re-update of the
current hedonic value of the food reward should have happened.
Nevertheless, it did not impede incentive motivation reactions to
occur (i.e., 50-kHz calls and, to a lesser extent, rearing behavior).
We acknowledge that the FAL period measured may not have
been long enough for a back-to-baseline drop in USVs rate,
however, it was apparently sufficient for consummatory behavior
to be completely abolished (rat chow experiments) or drastically
reduced (milk experiment). We have provided a putative
explanation for this effect consistent with the suppression-release
hypothesis developed here. According to the Konorskian oppo-
nent-process model [16] (e.g., see [9]), we propose that the release
of a motivational system (i.e., appetitive) from inhibition by the
opponent system (i.e., aversive state induced by negative reward
expectations maximized by FD) produced a rebound appetitive
excitation, which may have lasted longer and decayed slower for
preparatory/emotional responses than for consummatory/senso-
rial ones [16,34]. The latter responses are normal unconditioned
feeding behaviors that are expected to be rapidly suppressed or
activated according to physiological demands. Cue-induced USVs
and exploratory activity, in contrast, are acquired conditioned
responses controlled more by environmental stimuli rather than by
the current appetitive state. It seems quite reasonable that cues
that had signaled food availability while in a state of need were still
able to guide behavior despite physiological needs were transiently
fulfilled, since requirements of food may change as a matter of
hours and, therefore, places where it was consistently available
should be well remembered. This differential expression of
incentive motivation responses may ecxplain why right after
satiation 50-kHz calls appeared detached from food secking and
consumption. To our knowledge, there is no such evidence as the
one presented here, and as recently reviewed elsewhere [5],
persistent incentive motivation has only been described when the
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Figure 6. Suppression-release hypothesis. This hypothesis integrates statements modified from previous models [16,34]. A) If the strength
(positive magnitude) of the actual UCS is less than the strength of the subject’s expectation (maximized by food FD), the result will be suppression in
the expression of the conditioned response. B) The larger the discrepancy between the strength of the expectation and the strength of the UCS
outcome, the greater the suppression. C) If the strength of the actual UCS equals the strength of the subject’s expectation, no suppression will be
observed. Then, the magnitude of the suppression released would be proportionally inversed to the strength of the suppression that precedes it.
Restoring the normal feeding conditions acts as a “releasing” factor of the negative difference between reward expectation and outcome, which does
not require updating and which occurs afresh as soon as the current physiological state shifts. In the present experiments, the suppression in the
expression of the conditioned response cannot be explained in terms of conditioned inhibition, because the UCS was always presented and therefore
no CS- signaled its absence. D) The release of a motivational system (i.e., appetitive) from inhibition by the opponent system (i.e., aversive state
induced by negative reward expectations) produces a rebound appetitive excitation that may last longer and decay slower for preparatory/emotional
conditioned responses than for consummatory/sensorial ones.

UCS was devalued in the absence of the previous CS or following
over-training, which was not our issue. Further experiments
employing different conditioning paradigms with longer and more
diverse testing schedules are required to elucidate the phenomena
shown here, especially regarding USVs. However, it seems clear so
far that independent of Pavlovian or instrumental task demands,
reward palatability, reward accessibility and availability, devalu-
ation of reward did not reduce cue-induced appetitive 50-kHz and
rearing behavior, and more strikingly, shifting the current

physiological state of the animals, and probably their subjective
emotional state too, elicited appetitive 50-kHz calls by the pure
incentive salience attributed to the environmental cues of the
testing situation.

Conclusions

After Pavlovian incentive learning, reward-cues became able to
elicit 50-kHz calls presumably signaling a state indicative of
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Figure 7. Comparisons between Experiments 1 and 3 (A) and 1 and 5 (B). Access to daily feeding (1.5-h) was predicted by reward in the cage
in Experiment 1 (A, left) but not in Experiment 3 (A, right), in which animals received a reward independent of feeding. Access to reward was
discontinued (B, left) in Experiment 1 (~2 min in the cage and the remaining time of 1.5-h period in the animal room). Providing continued access to
reward in the testing cage (B, right) prevented the suppression in calling observed in Experiment 3. Control vs. reward: ** p<<.01. FD vs. FAL

interaction: ++ p<<.01. Data are expressed as mean+SEM.

appetitive incentive motivation in the rat. Attribution and
expression of incentive salience, however, do not seem to be a
unified process, and were teased apart in two different ways: 1)
under a high motivational state (i.e., hunger) the attribution of
incentive salience to cues occurred without being expressed at the
USVs level; and 2) under a low motivational state (i.e., food
satiation), expression of appetitive USVs persisted despite physi-
ological needs being fulfilled. In both cases, putative affective
incentive responses were elicited independently from motivation to
approach and consume the reward. While in a hungry state, short
access to rewards may have led to a discrepancy between the
reward expected and the one actually obtained that likely
suppressed expression of USVs. When such a discrepancy between
reward expectations and outcome was prevented by providing
continued access to food, attribution and expression of incentive
salience synchronized. Similarly, shifting feeding conditions from
deprivation to satiation acted as a ‘releasing’ factor of the putative
aversive state induced by both reward discrepancy and food
deprivation. Such a release of a motivational system from
inhibition led to a rebound appetitive excitation that lasted longer
and decayed slower for preparatory/emotional responses than for
consummatory/sensorial ones. The latter may explain why
appetitive 50-kHz calls increased while sated but detached from
reward seeking and consumption. Finally, the fact that rats seem to
represent rewards emotionally (for review see, [21]) and beyond
apparent, immediate physiological demands, provides an unpar-
alleled translational tool to model motivational mechanisms
underlying eating disorders, and may even be extendable to other
forms of aberrant or persistent motivation such as in drug
addiction, or gambling disorders.

Supporting Information

Figure S1 Experiment 1. Anticipatory activity. Locomotion
(A) and rearing behavior (B). Control vs. reward: * p<<.05, ** p<<.01.

FD vs. FAL: ++ p<.01. Day 7 differed from days 8 to 10 in reward
rats: # all p<<.05. Data are expressed as mean+SEM (control = 10,
reward = 20).

Figure S2 Experiment 2. Anticipatory activity. Locomotion
and rearing in the runway maze (A-B). A. Locomotion and
rearing in the cage (C-D). Control vs. reward: ** p<<.01. FD vs.
FAL: + p<.05, ++ p<.01. FD vs. FAL in both groups: xx all p<
.01. Day 1 differed from days 3 to 7 in both groups: § p<<.05. Data
are expressed as mean+SEM (control = 10, reward = 20).

Figure 83 Experiment 3. Anticipatory activity. Locomotion
(A) and rearing behavior (B). Control vs. reward: ** p<<.01. FD vs.
FAL in both groups: xx all p<<.01. Data are expressed as mean+
SEM (control = 12, reward = 12).

Figure S4 Experiment 4. Anticipatory activity. Locomotion
(A) and rearing behavior (B). Control vs. reward: * p<<.05, ** p<<.01.
FD vs. FAL in both groups: xx all p<<.01. FD vs. FAL: ++ p<<.01.
Day 7 differed from all FD days in controls, and from day 8 in
reward rats: & all p<<.05. Day 8 differed from day 10 in reward rats:
# p<.05. Data are expressed as mean+SEM (control= 10,
reward = 10).

Figure S5 Experiment 5. Anticipatory activity. Locomotion
(A) and rearing behavior (B). Control vs. reward: ** p<<.01. Day 1
differed from days 3 to 7 in reward rats: 8 p<<.05. Data are
expressed as mean+SEM (control = 10, reward = 10).
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Abstract

The specific genes regulating the quantitative variation in macronutrient preference and food intake are virtually unknown.
We fine mapped a previously identified mouse chromosome 17 region harboring quantitative trait loci (QTL) with large
effects on preferential macronutrient intake-carbohydrate (Mnic1), total kilcalories (Kcal2), and total food volume (Tfv7) using
interval-specific strains. These loci were isolated in the [C57BL/6J.CAST/EiJ-17.1-(D17Mit19-D17Mit50); B6.CAST-17.1] strain,
possessing a ~40.1 Mb region of CAST DNA on the B6 genome. In a macronutrient selection paradigm, the B6.CAST-17.1
subcongenic mice eat 30% more calories from the carbohydrate-rich diet, ~10% more total calories, and ~9% more total
food volume per body weight. In the current study, a cross between carbohydrate-preferring B6.CAST-17.1 and fat-
preferring, inbred B6 mice was used to generate a subcongenic-derived F, mapping population; genotypes were
determined using a high-density, custom SNP panel. Genetic linkage analysis substantially reduced the 95% confidence
interval for Mnicl (encompassing Kcal2 and Tfv1) from 40.1 to 29.5 Mb and more precisely established its boundaries.
Notably, no genetic linkage for self-selected fat intake was detected, underscoring the carbohydrate-specific effect of this
locus. A second key finding was the separation of two energy balance QTLs: Mnic1/Kcal2/Tfv1 for food intake and a newly
discovered locus regulating short term body weight gain. The Mnic1/Kcal2/Tfv1 QTL was further de-limited to 19.0 Mb,
based on the absence of nutrient intake phenotypes in subcongenic HQ17lla mice. Analyses of available sequence data and
gene ontologies, along with comprehensive expression profiling in the hypothalamus of non-recombinant, cast/cast and b6/
b6 F, controls, focused our attention on candidates within the QTL interval. Zfp811, Zfp870, and Btnl6 showed differential
expression and also contain stop codons, but have no known biology related to food intake regulation. The genes Decr2,
Ppard and Agapt1 are more appealing candidates because of their involvement in lipid metabolism and down-regulation in
carbohydrate-preferring animals.
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Introduction

Genes influencing the quantitative variation in caloric and
macronutrient-specific intakes, which can predispose individuals to
obesity and obesity-related diseases, are virtually unknown [1,2].
Whole-genome linkage analysis is the most commonly used
approach for discovering the genetic contribution to eating
behavior [3]. In humans, genome-wide linkage analyses have
identified several regions of significant linkage for macronutrient
intake [4-7], e.g., for energy and macronutrient intakes on human

chromosome 3q27.3 [6] which corresponds to the region between
22,776,516 and 22,776,729 bp on mouse chromosome (MMU) 16
(GRCh37/hgl9 assembly, UCSC). To our knowledge, none of the
quantitative trait loci (QTL) found in humans correspond to those
identified in mice, with the exception of a locus for total energy on
human chromosome 20q13.13 [7] that overlaps Kcal3, a body
weight-dependent QT'L for kilocalorie intake on MMU2 [8]. Mice
are excellent models for genetic mapping because interval-specific
strains can be bred to isolate and test loci associated with specific
traits. Another key advantage of using laboratory animals for
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studies of eating behavior instead of humans [9] is the ability to
provide a controlled environment, including manipulation of the
diet and accurate measurement of food consumption.

Despite its importance in energy balance and thus the obesity
equation, very few studies have identified QTL for energy intake
in mammals. In mice, Allan et @l. [10] found eight loci influencing
energy consumption on five chromosomes by recording chow
intake at weekly intervals. Mathes et al. [11] detected a QTL on
MMU12 for chow intake during exercise that was determined by
the C57BL/6]J-derived allele. We and others have shown that
mice, similar to people, exhibit a wide range in the amounts of
carbohydrate and fat eaten when selecting among food choices
[12-19], providing evidence for naturally occurring variation. We
previously investigated the genetic basis for total energy and
macronutrient-specific intakes in Fy progeny derived from an
intercross of carbohydrate-preferring CAST/Ei] (CAST) and fat-
preferring C57BL/6] (B6) mouse inbred strains [14]. We identified
six significant and two suggestive Q'T'L for self-selected macronu-
trient intake (fat-rich vs. carbohydrate-rich diets), as well as three
significant loci for total kilocalorie intake [8], providing strong
evidence for multiple genetic determinants of food intake. In
particular, highly significant QTL for macronutrient intake-
carbohydrate (Mnicl) and total kilocalorie intake (Kcal2) were
uncovered on proximal MMU17. Mnicl was consistent with the
parental strain phenotype, i.c., CAST alleles at Mnicl increased
the preferential intake of carbohydrate over fat, independent of
body weight.

The Mnicl and Kcal2 QTLs were successfully captured in both
congenic and subcongenic strains, eventually narrowing the
interval to a 40.1 Mb region [20-22]. The subcongenic strain
B6.CAST-D17Mit19-D17Mit50 (referred to here as B6.CAST-
17.1) possesses CAST genetic material between 4.8 and 45.4 Mb
of MMUI17 on an otherwise B6 genome. Congenic strains, by
design, eliminate genetic variation outside the locus of interest, and
thus can establish whether the locus of interest acts independently
to exert its phenotypic effects. In a diet choice paradigm, the
B6.CAST-17.1 subcongenic mice ate 30% more carbohydrate-
rich diet and 10% more total calories per gram body weight, yet
consumed similar amounts of the fat-rich diet when compared to
B6 littermates [20], demonstrating that the MMU17 subcongenic
interval retained and confirmed the effects of Mnicl and Kcal2. In
accordance with the higher volume/weight and lower calorie
density of carbohydrate relative to fat, the B6.CAST-17.1 strain
also consumed a larger food volume, consistent with a QTL for
total food volume (Tfvl) that we identified in the same genomic
region [23].

To shorten the responsible interval and thereby reduce the
number of candidate genes, we have now performed single
nucleotide polymorphism- (SNP-) based fine mapping of the
Mnicl/Kceal2/Tfvl QTL using an interval-specific congenic Fy
mapping population. To further de-limit the causative interval, we
also evaluated the macronutrient diet selection and kcal/g intake
phenotypes of an existing subcongenic strain (C57BL/ 6J"¢"¢ CAST-
(rs49640908-rs47909630). In addition to the fine mapping
strategies, we analyzed bioinformatics data, including available
sequence, and generated gene expression data from a trait-relevant
tissue-hypothalamus—to highlight potential candidate genes. Genes
uncovered using both approaches have been proposed as likely
causative genes underlying a QTL [24].

Materials and Methods

Mouse lines and breeding strategy

The development of the B6.CAST-17.0 speed congenic and
B6.CAST-17.1 subcongenic strains has been described previously
[20-22]. The MMUI7 subcongenic interval was previously
defined as a 40.6 Mb CAST minimal donor region extending
from DI7Mit19 to D17Mit50 [20]. In the current study, this
region was more precisely defined as a 42.5 Mb interval bounded
by SNP markers 1549640908 (proximal) and rs48762654 (distal)
(Figure 1). For mapping purposes, a congenic-by-recipient Iy
population was generated by mating a single B6.CAST-17.1
congenic male to multiple C57BL/6] (stock #000664) females
purchased from The Jackson Laboratory (Bar Harbor, ME). The
resulting I; mice were intercrossed and in this manner, a large
cohort of B6.CAST-17.1 congenic Fy was generated. To further
map the causative interval on proximal chromosome 17, we also
phenotyped subcongenic (n = 14) and wildtype (n = 14) mice from
the C57BL/6]"¢"¢ CAST(r549640908-rs47909630) line (re-
ferred to as HQ171Ia). This HQ]I7IIa subcongenic mouse strain,
developed in the laboratory of Dr. Juan F. Medrano at the
University of California, Davis, is homozygous for CAST/EiJ
(CAST) alleles from 3.19 to 26.08 Mb on MMU 17 on a hz%rh
growth background (Figure 1). High growth mice (C57BL/6]""¢)
show an increased body weight without obesity due to the high
growth (hg) deletion which eliminates expression of the Socs2
(suppressor of cytokine signaling 2), a negative regulator of growth
hormone signaling [25].

All animals were bred and reared in polycarbonate cages on
sterilized corncob bedding, and maintained under controlled
conditions of temperature (21*£2°C), humidity (30-70%), and
lighting (14 h light:10 h dark). Mice were fed standard chow diet
(LabDiet 5001; 28% protein, 12% fat, and 60% carbohydrate
kcal/g) and tap water ad libitum. Pups were weaned at 2426 days
of age and housed with siblings in same-sex groups of 1-4. Only
progeny from litters containing 4-10 pups were used for breeding
and experiments, and the average litter size was 7.48 pups. All
animal husbandry protocols were in accordance with the
guidelines of the American Association for Accreditation of
Laboratory Animal Care (AAALAC). All experimental protocols
conducted in this study were approved by the Pennington
Biomedical Research Center Institutional Animal Care and Use
Committee.

Experimental design

The general experimental approach used to fine map the MMU
17 QTL involved phenotyping and genotyping male F; mice
possessing at least one recombination within the subcongenic
region (n=168), as well as their non-recombinant Fy littermates,
i.e., cast/cast (n =44), b6/b6 (n=47), and cast/b6 (n = 60), for a total
of 319 congenic F,. These numbers were based on power
calculations which determined that ~170 animals with at least one
recombination within the subcongenic region were needed to
detect a significant difference in carbohydrate/protein (C/P; see
below) kcal at 80% power. A variety of body weight, body
composition, food intake, and organ weight phenotypes were
assessed in five experimental cohorts of randomly selected, age
contemporary male Fy mice. Standardized phenotyping methods
have been previously described in detail [8]. Briefly, 10-16 week
old Fy mice were first weighed and then housed individually in a
hanging, stainless steel mouse cage with wire mesh floor,
containing a polyvinylchloride tube for nesting. To minimize heat
loss via convection in these cages, animals were maintained at an
ambient temperature of 26-27°C.. Before being presented with a
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Mouse Chromosome #17

Figure 1. The critical Mnic1/Kcal1/Tfvi QTL region on mouse chromosome 17 was reduced to 19.0 Mb. Legend: Congenic and
subcongenic strains with CAST/EiJ alleles introgressed on the wild type C57BL/6J (B6) or mutant C57BL/6J-"9"9 genome are illustrated. Solid bars
indicate CAST donor regions, open bars indicate B6 genotype, and hatched bars designate intervals of undetermined genotype, as defined by SNP or
Mit markers (top). The fine-mapped interval encompassing carbohydrate-specific macronutrient intake (Mnic1; peak at 32.49 Mb), total kilocalories
(Kcal1; peak at 27.19 Mb) and total food volume (Tfv1; peak at 27.10) is specified by the bar outlined in red.

choice between macronutrient diets, animals were allowed a
minimum of 7 d to adapt to the special housing conditions, as
evidenced by a return to baseline body weight. When not tested in
the macronutrient diet selection protocol, mice were housed in
polycarbonate cages and fed standard chow ad libitum (LabDiet
No. 5001, Richmond, IN).

Measurement of phenotypes

Body weights and body composition were measured twice:
immediately before and after the 10 d diet selection study. Nuclear
magnetic resonance (NMR) with a Bruker Mice Minispec MQ10
series NMR analyzer (Bruker Optics, Inc., Billerica, MA) was used
to provide estimates of body fat, lean body tissue, and fluid in
awake animals. This instrument was calibrated daily according to
the manufacturer’s instructions. Intakes of fat/protein, carbohy-
drate/protein, and total calories were determined in singly-
housed, adult male mice, using a macronutrient diet protocol.
Specifically, for 10 days mice were provided a choice between fat/
protein (F/P) and carbohydrate/protein (C/P) diet mixtures,
equivalent for protein (22% of energy) and with the balance of
calories contributed by either fat or carbohydrate (78%). Both
diets contained casein (protein), minerals and vitamins. The C/P
diet was composed of corn starch and powdered sucrose, whereas
the F/P diet contained vegetable shortening from one of two
sources, according to availability. The experimental diet compo-
sition and complete details of the phenotyping procedures have
been described previously [8]. Briefly, each diet was presented in a
custom two oz. glass jar with stainless steel lid (Unifab,
Kalamazoo, MI); food intake and all spillage were measured daily
to the nearest 0.1 g. Following the 10 d diet self-selection protocol,
animals were returned to a standard chow diet for at least two
weeks. Two days before euthanasia, animals were again provided
access to the macronutrient selection diets. The mice were fasted
for 4 h prior to euthanasia, which consisted of an overdose of
isoflurane gas inhalation followed by decapitation. Bilateral
epididymal (EPI) fat pads and whole liver were dissected and
wet weights were determined. The hypothalamus was carefully

lifted from the ventral surface of the brain based on visual
localization, e.g., relative to the optic chiasm and pituitary. Spleens
were collected for DNA isolation.

Genotyping and SNP selection

Genomic DNA was isolated from spleens using phenol/
chloroform extraction and suspended in TE buffer (10 mM Tris,
pH 7.5, 1 mM EDTA) at a final concentration of 50 ng/ul, as
determined by Quant-iT' PicoGreen (Invitrogen). To perform
QTL analysis, a custom SNP panel was designed based on the
Perlegen SNP dataset available at the Mouse Phenome database
(http://phenome.jax.org/). We identified a total of 384 polymor-
phic markers between CAST/Ei] and C57BL/6], located from
3.18 to 47.1 Mb on MMU 17. SNP were selected at uniform
intervals, giving preference to those located within coding regions
and previous QTL locations (Table S1), resulting in an average
spacing of 0.114%0.066 Mb across the interval. This SNP panel
containing 301 markers (Table S1) was used to genotype 319 mice
from the B6.CAST-17.1 F, intercross, and additional controls,
using the Illumina GoldenGate assay and VeraCode technology
on the BeadXpress platform. Genotype calls were carried out
using Illumina Genome Studio software. The genotype call rate
averaged 98.7% for the DNA samples and 47 control samples
showed complete genotype concordance.

Fine-mapping of QTL for body composition,
macronutrient diet selection and total food intake (kcal,
9)

Measurements of daily consumption of fat/protein (F/P) keal,
carbohydrate/protein (C/P) kcal, total kcal and total gram intake
were expressed as 10 d sums as previously described [8]. Gain in
body weight and body composition components (lean mass, fat
mass, fluid mass) was defined as the difference between the ending
(e.g., BW2) and starting values (e.g., BWI1) over the 10 d of
macronutrient diet selection. Gain was also determined for the
difference between end-of-study body weight (BW3) and earlier
weights (BW1, BW2). Phenotypic differences among Fy non-
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recombinant controls, possessing cast/cast, b6/cast, and b6/b6
genotypes across the subcongenic segment, were estimated using a
mixed effects, general linear statistical model (Proc MIXED, SAS
v9.3) to perform a repeated measures analysis of variance
(covariance) while accounting for the effects of fat source, initial
age, baseline body weight and baseline lean mass. These covariates
were considered to be the most biologically and experimentally
relevant, e.g., lean body mass is metabolically active and
contributes significantly to energy expenditure [26]. Significance
of specific discrepancies among genotypes was tested using
orthogonal contrasts on the three genotypes (b6/b6, b6/cast, cast/
cast). Relevant outcomes were summarized in either tables or
graphs as covariate-adjusted (least squares) mean * standard error
of mean (SEM). Pearson correlation coefficients among dependent
variables were determined and are reported for four categories of
phenotypes, including food intake, body composition, body
weight, and tissue end weights.

Statistical genetic analyses

Linkage analysis was carried out using both interval mapping
and single marker analysis. Interval mapping was performed using
the scanone function with the Halley-Knott regression method and
imputation of pseudomarkers at 0.01 Mb from the R/qtl package
of R: Language and Environment [27,28]. Fat source, initial age
(agel), baseline body weight (BW 1), and initial lean body mass
(NMR Lean 1) were included as additive covariates as described
above. To define the genome-wide LOD score threshold required
as significant or suggestive for each specific trait, genome-wide
significance levels were estimated by using 1,000 permutations
with the n.perm argument in scanone [29]. Ninety-five percent
confidence intervals (CI) were determined by the bayesint function
in R/qtl. To estimate the QTL effect, genotypes were coded as 1,
2, and 3 for b6/b6, b6/cast and cast/cast, respectively. The
genotype coeflicient was considered as the estimate of the additive
effect of the cast allele. Single marker analysis was carried out at
cach individual SNP using a general linear model (glm function)
that included fat source, initial age, baseline body weight and
initial lean body mass as covariates. These results were similar to
those from interval mapping, and therefore are not presented.

The results of single QTL analysis suggested the presence of
multiple Q'T'L segregating in the congenic strain, thus we tested for
the presence of multiple QTL using the stepwiseqt! function in R/
qtl [30]. To increase the power to detect multiple QTL a
combined cross analysis was performed by combining the
genotype and phenotype results from two separate mapping
populations  [31]:  CG57BL/6JxB6.CAST-17.1  subcongenic
=319 Fy) in the current study, and our previous C57BL/
6] xCAST/E]] strain intercross (n = 502 Fy) [8]. The results of this
combined cross analysis provided insufficient evidence to support
the hypothesis of multiple QT'L in the region.

Experimental design for gene expression analyses
Global gene expression profiles in the hypothalamus were
compared between non-recombinant subcongenic-derived Iy
mice, possessing a genotype of cast/cast (n=12) or b6/b6 (n=12)
across the Chr 17 subcongenic segment and b6/b6 across the rest
of the genome. RNA was isolated from individual mice of each
genotype that were selected for study. Specifically, twelve mice of
cach genotype that displayed the most divergent phenotypic values
for self-selected carbohydrate and total kcal intake were chosen for
gene expression analysis, i.e., cast/cast mice with the highest and
b6/b6 mice with the lowest kcal intake from carbohydrate, or the
25% tails of the distribution. Tissues were harvested ~48 h after
re-initiation of the carbohydrate/protein vs. fat/protein diets,

following an extended wash-out period on chow diet after
completion of the 10 d macronutrient selection test (see Methods
above). The hypothalamus was selected for study based on its key
role in the behavioral and metabolic control of food intake [32].

Gene expression profiling

Total RNA from the hypothalamus was extracted and purified
using an AllPrep RNA/Protein kit (Qiagen, Valencia, CA) and re-
suspended in Nanopure water. RNA quality was assessed by
electrophoresis using an Agilent 2100 Bioanalyzer (Total RNA
Nano; Agilent) and all samples showed an RIN number (RNA
integrity number) of =7.0. Gene expression profiling was
performed by serial analysis of gene expression followed by high-
throughput sequencing (SAGE-Seq) using the 5500XL SOLiD
system (Life Technologies). Briefly, SAGE libraries containing 27-
bp, 3’ tags for all transcripts within a sample were constructed
using a SOLID SAGE kit (Life Technologies), at the PBRC
Genomics Core Facility. Each library was then labeled with a
unique barcode sequence and high-throughput sequencing was
performed using SOLID technology (Life Technologies). Sequence
mapping was performed using a modified version of the SOLiD
SAGE Analysis Software v1.10 (Life Technologies) and defined
analysis parameters. Sequenced reads were aligned using the
mouse transcriptome RefSeq mRNA database and genome build
GRCm38/mm10. Tag hits, i.e., successfully aligned reads, were
normalized according to DESeq by estimating the size factor for
each sample and dividing the sample counts by the corresponding
size factor. Differential expression analysis was performed using
the DESeq R/Bioconductor package [33]. Genes with significant-
ly altered expression in the cast/cast congenic Fy samples
compared to that of b6/b6 congenic Fy were stringently defined
by a fold change of =1.5 and a P value of =0.01. Two-way
hierarchical clustering, by means of Ward’s minimum variance
criterion method, was applied to normalized and standardized
expression data using the tools in JMP Genomics, Version 10 (SAS
Institute Inc., Cary, NC). The SAGE-Seq analyses reported here
have been deposited to GEO (http://ncbinlm.nih.gov/geo/;
accession number GSE60756).

Gene annotation

Biological process annotation was performed using the WEB-
based Gene SeT Analysis Toolkit (WebGestalt; http://bioinfo.
vanderbilt.edu/webgestalt/) which draws on a number of centrally
and publicly curated databases including Gene Ontology (GO)
and KEGG (Kyoto Encyclopedia of Genes and Genomes) [34].
The results of this analysis are illustrated in Figure S3. For the
enrichment calculations in WebGestalt (Figure S4), we executed a
Gene Ontology analysis against a background of all mouse RefSeq
genes, using the default settings for classification stringency. The
significance of gene enrichment was based on P-values generated
by the hypergeometric test, adjusted for multiple testing. Gene
annotation categories were considered to be significantly overrep-
resented if the associated P value was less than 0.03.

Results

Phenotypes in non-recombinant subcongenic-derived-F,
mice

Macronutrient and total calorie intakes, body weight, and body
composition were measured in non-recombinant subcongenic-
derived Fy mice (see Table 1). The mean kcal intake selected from
carbohydrate/protein (C/P) diet was ~25% higher in cast/cast Fy
compared to b6/b6 Fy mice, thus confirming and extending
previous observations [20,21]. Based on least squares means, over-
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dominance, i.e., the mean of the b6/cast hybrid population as
being less or more than the average value of the two parental
strains [35], was observed for eight phenotypes (Table 1). Both the
cast/cast Fo and b6/cast Fy mice consumed more total kcal from
carbohydrate and less from fat compared to b6/b6 Fy littermates
(P<0.005), indicating a dominant effect of the cast allele. The
cumulative intake of total kilocalories for 10 d was also higher in
non-recombinant cast/cast compared to b6/b6 (P<<0.005) Fy mice.
A dominant effect of the cast allele on cumulative total food
volume (P<0.05) was observed, which may reflect higher
consumption of the less-energy-dense carbohydrate/protein diet
(3.61 kcal/g), than the fat/protein diet (5.96 kcal/g), as indicated
by the strong positive correlation between C/P kcal and food
volume (r=0.87, P<0.0001; Table S4). In non-recombinant Fy
mice, short-term weight gain was positively associated with total
calorie intake (r=0.51, P<<0.0001) and, to some extent, fat
calories (r=0.22, P<0.01), but not carbohydrate (r=0.12,
P =NS) (Table S5).

The 10 d time-course of genotype effects on C/P versus F/P
intake in non-recombinant subcongenic I'y animals is illustrated in
Figure 2. Relative to the b6/b6 genotype, both cast/cast (P<<0.005,
Tukey-Kramer) and b6/cast (P<<0.001) Fy mice consumed more
C/P kcal (Figure 2A), with the exception of day I when b6/cast>
b6/b6 Fy mice = cast/cast Fy [genotype by day: F (18, 1187)=2.16,
P<0.003]. By contrast, the b6/b6 Fy ate more F/P kcal over 10 d,
when compared to cast/cast Fy (P<<0.008) but not b6/cast Fy
(P=0.10) (Figure 2B). Based on both total caloric and g
consumption, the animals displayed a pronounced hyperphagic
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response to the novel diets at the beginning of the study, which
gradually subsided over time [e.g., total kcal, day: F (9,
938)=21.10, P<<0.0001], independent of genotype [genotype X
day: F (18, 938)=0.94, P =0.53]. Relative to the b6/b6 genotype,
non-recombinant Fy with the cast/cast (P<<0.005) and b6/cast (P<
0.0001) genotype consumed more total g over 10 d.

Both body weight and body fat content of the non-recombinant,
littermate Fy control mice were similar among genotypes at
baseline (Table 1). After 10 d of macronutrient diet selection, all
three genotypes gained similar amounts of body weight (~5-6%)
and body fat (28-32%). By the end of the entire study period
(BW3), both the cast/cast Fo and b6/cast F, mice had gained a
small (~9%) but significantly greater amount of weight compared
to b6/b6 F, littermates (P<<0.005; Table 1). There were no
genotype effects on epididymal fat pad or liver weights.

High resolution mapping of Mnic1, Kcal2 and Tfv1 QTL
A subcongenic-derived intercross was constructed to reduce the
QTL influencing preferential carbohydrate intake, total calories
and food volume to a smaller region containing fewer genes.
Compared with a whole-genome scan, this approach to linkage
analysis provides a substantial increase in statistical power to detect
and resolve QTL due to the elimination of background genetic
noise. As a result, we narrowed and more precisely localized the
QTL  for macronutrient intake-carbohydrate  (Mnicl)
(rs46437881, 32.49 Mb; LOD =5.77) (Table 2). In addition, the
peak position of co-localized QTL for total kilocalorie intake
(Kcal2) and total food volume (Tfvl) was localized to 27.19 Mb

Table 1. Phenotypic data for food intake, body weight, body composition and organ weights in non-recombinant B6.CAST-17.1-
derived F, mice.
B/B (n=47) B/C (n=60) C/C (n=44)
10d sum C/P keal® ® 529+26° 67.6+2.5%* 70.5+2.9
10d sum F/P kcal* P 55.9+2.5*% 47.6+2.3* 43.6+2.7
10d sum Total kcal® 108.8£1.5** 115.2£1.4 1141£1.7
10d sum Total g* P 24.0£0.58 26.7+0.4* 26.9+0.5
Baseline BW 1 (g) 23.7£0.1 23.8+0.1 23.9*0.1
BW 2 after 10 d diet (g) 25.0*0.1 25.2+0.1 254+0.2
BWS3 - dissection (g)* © 25.7+0.1%% 26.2+0.1% 26.3+0.1
BW gain (2 minus 1) 1.2+0.1 1.4+0.1 1.6+0.2
NMR fat 1 1.85+.05 1.81£0.05 1.97+£0.06
NMR fat 2 2.58*0.12 2.70*0.11 2.88+0.13
NMR fat gain 0.73+0.10 0.89+0.10 0.92%+0.11
NMR lean 1° 18.30£0.06 18.19£0.06* 18.02*0.07
NMR lean 2° 18.56+0.10 18.58+0.09* 18.86+0.11
NMR lean gainb 0.25*0.11 0.39+0.11** 0.84+0.12
NMR fluid 1 0.68+0.02 0.66+0.02 0.66+0.02
NMR fluid 27 0.76+0.02** 0.66+0.02 0.69+0.02
NMR fluid gain® 0.08+0.02* 0.00+0.02 0.03+0.03
EPI fat pad weight (g) 0.350%+0.013 0.380%+0.012 0.375%0.014
Liver weight (g) 1.405+0.027 1.467+0.025 1.462+0.029
Values indicate least squares means * SE.
“Difference between B/B and C/C; probability value indexed in B/B column.
PDifference between the B/C population and the average of its two parental strains combined, adjusted for fat source, initial age, baseline body weight, and baseline
lean mass; probability value indexed in B/C column.
*P<0.05; **P<0.005; *P<0.0001. Carbohydrate/protein (C/P) and fat/protein (F/P) diets were presented simultaneously for 10 days. BW, body weight; NMR, nuclear
magnetic resonance; EPI, epididymal.
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Figure 2. Non-recombinant B6.CAST-17.1 F, mice exhibit increased intake of carbohydrate kcal, total kcal and total food volume.
Legend: Daily consumption of (A) carbohydrate/protein kcal (C/P) versus (B) fat/protein kcal (F/P), total kcal (C) and total food volume (D) in non-
recombinant B6.CAST-17.1 F, mice. Values are mean = SE. Relative to b6/b6 F,, both cast/cast (P<<0.005, Tukey-Kramer) and b6/cast (P<<0.001) F, mice
consumed more C/P kcal (A), with the exception of day 7 when b6/cast>b6/b6 F, mice = cast/cast F, [genotype by day: F (18, 1187)=2.16, P<<0.003].
By contrast, the b6/b6 F, ate more F/P kcal when compared to cast/cast F, (P<<0.008) but not bé/cast F, (P=0.10) (B), during the 10 d study. With
respect to total kcal, all genotypes displayed a pronounced hyperphagic response to the diets at the beginning of the study, which subsided
gradually over time [day: F (9, 938) =21.10, P<<0.0001], independent of genotype [genotype xday: F (18, 938)=0.94, P=0.53]. Relative to b6/b6 F,,
both cast/cast (P<<0.005) and bé/cast (P<<0.0001) F, mice consumed more total g over 10 d.

(rs33797547), with highly significant LOD scores of 5.86 and
8.05, respectively (Table 2; Figure 3). No significant linkage for I/
P kcal intake was detected (LOD=1.92) in this subcongenic
interval. These results clearly replicated, yet with far greater
mapping resolution, the Chr 17 QTL identified in the original I,
intercross [8]. Specifically, the peak locus for Kcal2 and Tfvl
(rs33797547), was fine mapped to ~27.1 Mb (r33797547).
Positioned ~5.30 Mb distal to this locus, is the peak for Mnicl
(rs46437881), suggesting that a minimum of two loci are

responsible, for both the amount of food consumed in a diet
choice paradigm and the macronutrient composition of that food.
Sub-peaks within the CI suggest the possibility of more than one
genetic element that is contributing to the major phenotypic effects
of these QTL [36]. An examination of The Jackson Laboratory
QTL database (www.informatics.jax.org) revealed a total of 37
documented mouse QTL within the 15.55-45.12 Mb CI for
Mnicl, as determined by linkage analysis. Only two of these QTL
are obesity-related, i.e., Obrql3 [37] and Wta4 [38], and none
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pertain to macronutrient preference, energy intake, or food
consumption, with the exception of Mnicl, Kcal2, and Tfvl
[8,23].

The intersecting pattern of QTLs determining the consumption
of carbohydrate, total energy, and total food volume in this model
was reflected by the inter-correlations among phenotypes. For
example, the measures of total food consumed by recombinant F
in both calories and g, showed a strong positive correlation
(r=0.85, P<0.0001; Table S2; Table S3). The lack of a perfect
correlation between these two phenotypes can be attributed to
variation in energy densities per weight (g) that exists between the
two diet formulations. With respect to macronutrient-specific
intake, the total volume of food consumed in g was strongly and
positively correlated with carbohydrate/protein g intake (r = 0.86,
P<0.0001), but inversely correlated with fat/protein g intake
(r=-—0.36, P<0.0001), as illustrated in Figure 4.

Identification of QTL for body weight and body
composition

Following 10 d of macronutrient diet selection, two novel QTL
not detected in our original Fy mapping study [8] were identified
for BW2 (1533738432, 11.06 Mb; LOD = 3.45) and body fat gain
(rs48587745, 21.74 Mb; LOD =3.46) (Table 2; Figure 5). It
should be noted that the BW2 QTL is essentially the same as body
weight gain over the 10 d period because BW1 was included as an
additive covariate in the statistical model. A QTL influencing
short-term body weight gain is located near marker 7533738432,
with a CI between 3.19 and 31.84 Mb that partially overlaps the
CI for a body fat gain QTL. A suggestive QTL for NMR2 lean
mass also was identified (rs51849267, 31.44 Mb; LOD =2.48). A
significant QTL for epididymal fat pad weight was located at
21.31 Mb (rs51776929; LOD = 3.08), which replicated a previ-
ously identified cast-linked locus [39]. The effect of the CAST

Table 2. QTLs for nutrient intake, body weight, and body composition in B6.CAST-17.1-derived F, mice.
QTL name Phenotype Peak (Mb) (Marker) LOD 95% Cl (Mb) (Markers) Effect of CAST allele
Tfv1 10d sum Total 27.19 (rs33797547) 8.05 16.41-34.18 (rs33750505-rs46967024) +1.30£0.25***
food volume (g)
Kcal2 10d sum Total 27.19 (rs33797547) 5.86 16.41-42.12 (rs33750505-rs33341718) +3.61+0.81%**
(Kcal)
Mnic1 10d sum C/P (Kcal) 32.49 (rs46437881) 577 15.55-45.12 (rs48970296-rs46074101) +6.87 £1.40%**
- NMR fat gain (g) 21.74 (rs48587745) 3.46 10.49-41.83 (rs33750661-rs47337390) +0.17+0.05**
=== BW 2 (g) 11.06 (rs33738432) 3.45 3.19-31.84 (rs49640908-rs45936635) +0.31£0.08***
- NMR 2 fat (g) 16.53 (rs33747676) 3.18 3.19-37.64 (rs49640908-rs33721754) +0.21+0.06***
- EPI Weight (g) 21.31 (rs51776929) 3.08 5.44-38.20 (rs48030175-rs33809121) +0.022£0.006***
- NMR 2 lean (g) 31.44 (rs51849267) 248 9.14-45.50 (rs46011679-rs49209168) +0.19+0.05**
- BW 3 (g) 45.12 (rs46074101) 2.07 6.73-45.73 (rs33695293-rs48762654) +0.27 £0.08***
- 10d sum F/P 3.86 (rs33651689) 1.92 3.19-45.73 (rs49640908-rs48762654) —2.44+126°
(Kcal)
- NMR 2 free fluid 5.89 (rs47725817) 1.60 3.19-45.73 (rs49640908-rs48762654) —0.01%0.01
(@)
- Liver Weight (g) 8.17 (rs48213049) 1.23 3.19-45.73 (rs49640908-rs48762654) —0.02x0.01
- NMR 1 fat (g) 33.79 (rs33219958) 1.14 3.19-45.73 (rs49640908-rs48762654) 0.02+0.03
- NMR 1 free fluid 45.73 (rs48762654) 0.97 11.53-45.73 (rs33653408-rs48762654) —0.01£0.01
(@)
Genome coordinates are based on the Genome Reference Consortium Mouse Build 38 (GRCm38). Mb = megabase. LOD =logarithm (base 10) of odds. Significant
linkage (P<0.01 and P<<0.05) was defined as LOD>2.98 and LOD>2.14 respectively, based on 1,000 permutations. “----", un-named. Cl = confidence interval. C/
P = carbohydrate/protein; BW = body weight. NMR = nuclear magnetic resonance. F/P =fat/protein. EPI = epididymal fat. ***P=<0.0001; **P=0.001; *P=<0.01; *P=<0.05.

allele for each of these Q'TL was to increase body weight and body
fat, relative to the B6 allele (Table 2). The short-term weight gain
in recombinant Iy mice was positively correlated with total kcal
consumption (r =0.51, P<<0.0001) and fat kecal (r=0.22, P>0.01),
but not carbohydrate kcal (r =0.12, P =NS) (Table S3). Thus total
energy-, rather than macronutrient-specific intake, may be the
major contributor to short-term weight gain in this subcongenic-
derived Fy population.

Phenotypic analysis of subcongenic HQ17lla mice

To refine the critical segment containing the Mnic/Kcal2/Tfvl
QTLs, we evaluated the macronutrient selection phenotypes of an
existing HQ17Ila subcongenic strain, harboring a 22.8 Mb
segment of CAST genomic DNA on proximal MMU17 that is
smaller than the B6.CAST-17.1 CAST donor segment (Figure 1).
The time-course of the genotype effect on carbohydrate vs. fat
intake in HQ17Ila mice over the 10 d period is shown in Figure
S1. Compared to wild type (W'T) controls, the HQ17IIa strain (C/
Q) selected/consumed similar, cumulative amounts of carbohy-
drate/protein kecal (7327 C/C vs. 7729 WT), fat/protein kcal
(7128 C/C vs. 658 WT), total kilocalories (127%=2 CC vs.
129+3 WT), or total grams of food (27.8 C/C*£0.7 vs. 29.1%1.2
WT) over the 10 d period. In addition, there were no strain
differences in baseline body weight (35.5£0.5g C/C wvs.
36.8£0.7 ¢ WT; P=0.14) or percent lean mass (77£0.4% C/C
vs. 76%0.6% WT; P=0.16) (Table S6), therefore adjusting the
animals’ food intake values for body size or metabolically active
lean mass was deemed unnecessary. The phenotypes of HQ17IIa
animals were determined in two experiments, including both a
pilot study (unpublished) and a replicate study of 14 subcongenic
and 14 controls (Figure S1). The results demonstrated clearly that
HQ]I7IIa mice, compared to the appropriate B6 background
controls, failed to exhibit the food intake phenotypes in question
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Figure 3. Preferential carbohydrate and total food intake is controlled by Mnic7 and Kcal/Tfv1loci, respectively. Legend: Interval plot of
proximal Chr 17 illustrates fine-mapped QTL for carbohydrate intake (Mnic1), total calorie intake (Kcal2) and total food volume consumed (Tfv1) in
B6.CAST-17.1 subcongenic F, mice (left) and uncorrected phenotypic means for the peak marker of each QTL (right). Significance threshold values
established for o.=0.01 and o.=0.05 were LOD scores of 2.98 and 2.14, respectively, as determined by 1,000 permutation tests. On the interval map,
locations of markers nearest the peak LOD scores are shown on the x-axis, e.g., rs33797547. On the right, genotype effect plots at marker rs33797547
show the CAST (CC) allele is associated with a higher intake of g, total kcal, and carbohydrate/protein kcal compared to the B6 (BB) allele, and the F1
(BC) responses for all three phenotypes resembled those of the CC, indicating dominance of the CAST allele. Values are mean = SEM. See Table 2 for

a list of all QTLs.

(preferential carbohydrate intake, increased total calorie/g intake),
making it extremely likely that the causal genetic variant is located
distal to the 26.08 Mb breakpoint in the mutant. Based on this
result, the responsible region therefore can be reduced to a
19.044035 Mb interval located between 26.081867 and 45.125902
Mb (Figure 1), containing approximately 599 RefSeq genes.

Analysis of sequence variation between strains

Using a combination of high-resolution fine-mapping and
phenotypic analyses of subcongenic mouse strain HQ17IIa, we
determined that the critical QTL spans the interval between 26.08
and 45.12 Mb (Figure 1). Based on the assumption that causative
polymorphisms must be contained within the QTL region, we
compiled a list of coding variants between CAST and B6 within
these boundaries using data from the Wellcome Trust Sanger
Institute Mouse Genome Project and the Mouse Phenome
Database (http://phenome.jax.org/SNP). Thus we calculated,
within the QTL boundaries, a total of 296 nonsynonymous coding
SNPs in 71 genes. These genetic variants included nucleotide
changes that result in the gain or loss of 3 stop codons, as well as
27 deletions and 19 insertions, e.g., some as long as 30 nucleotides;
5 inversions; 1 frame-shift variant, and 2 copy number variants.

To look for variation that could predict altered protein function,
missense mutations in the QTL intervals were evaluated by
in silico analysis using the SIFT program [40]. SIFT predicts
deleterious and tolerated substitutions for nonsynonymous coding
(Cn) SNP based on the evolutionary conservation of amino acids
within protein families. The results of this analysis predicted with
high confidence that 14 of the 296 Cn SNP identified within the
reduced QTL boundaries would have a possible detrimental effect.
Although this program generates approximations, it can identify
missense mutations that have potential functional significance and
thus may warrant further investigation.

Differential gene expression in cast/cast and b6/b6
subcongenic-derived F, mice

Gene expression analysis, independent of sequence-based
analysis, can be helpful in identifying genes that are affecting a
trait [24]. To highlight potentially relevant genes in the critical
interval, a SAGE-seq experiment was performed to analyze gene
expression in the hypothalamus of non-recombinant Fy progeny
possessing cast/cast vs. b6/b6 alleles across the subcongenic
segment, and b6/b6 alleles in the rest of the genome. Expression
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Figure 4. Preferential carbohydrate intake was positively correlated with total food volume in recombinant subcongenic-derived
F, mice. Legend: The macronutrient diet selection phenotype of preferential carbohydrate- versus fat-specific intake, unique to this genetic model, is
illustrated. The total volume of food consumed in g was strongly and positively correlated with carbohydrate/protein (C/P) intake (r=0.86, P<<0.0001),
but inversely correlated with fat/protein (F/P) intake (r=—0.39, P<<.0001) in this macronutrient diet choice paradigm.

of these genes is regulated in cis, suggesting that local sequence
variation within the QTL region accounts for the observed
expression differences. The hypothalamus was chosen for analysis
because it is an integration site for acute and long-term metabolic
signals and is the tissue most likely to influence behavioral feeding
and macronutrient-specific appetites [32]. Results from the SAGE-
Seq analysis indicated that 55 genes or 9% of RefSeq genes in the
19.0 Mb interval were differentially expressed (DE) in the
hypothalamus of littermate, non-recombinant subcongenic Fy
mice (Table 3), selected from the 25% tails of the phenotype
distribution for self-selected 10 d carbohydrate intake (see
Methods). Gene expression was significantly increased (cast/cast
genotype relative to b6/b6) in 13 genes and decreased in 42 genes
(Table 3) in animals fed the macronutrient selection diet. Of the
total 55 DE genes, Glol, Pla2g7 and Pde9a were validated
previously in chow-fed B6.CAST-17.1-(D17Mit19-D17Mit50)
subcongenic mice [20]. Because the differential expression of
these three genes, by genotype, was independent of diet, they are
unlikely to be causal for the phenotypic effects of Mnicl/Kcal2/
Tfvl on macronutrient-specific intake.

Hierarchical clustering analyses of significant genes are
illustrated in Figure 6, which revealed five main clusters of
differentially regulated genes that were evident when the
magnitude and direction of changes were considered. Genes
whose expression changed significantly (adjP<<0.01) in animals
with the cast/cast genotype (higher carbohydrate consumption),
relative to b6/b6 (higher fat consumption), cluster together as
increased (red) or decreased (blue) cells. Additional clusters with
smaller magnitude of differences in gene expression level (less
intense red or blue color), by genotype, are also shown.

WebGestalt was used to organize the differentially expressed
genes into Gene Ontology (GO) Slim categories (Figure S3).
Nearly 50% of these DE genes were classified as metabolism genes
(Table S3), of which seven were associated with lipids and/or fatty
acids (Decr2, Ppard, Agpatl, Tnxb, Neul, Pla2g7, Cyp39al; all
down-regulated), and two with carbohydrate metabolism (Glo!,
Neul; up-regulated). We then used WebGestalt to visualize
significantly enriched GO categories according to biological
process, molecular function, and cellular component (Figure S4).
The most significantly enriched GO category under biological

WORLD TECHNOLOGIES




High-Resolution Mapping of a Genetic Locus Regulating Preferential Carbohydrate Intake, Total Kilocalories... 205

5 -{ e=» NMR Fat Gain (g)
BW 2 (g)

NMR Fat Gain (g)
05 06 07 08 09 10

LOD

Genotype at rs48587745

<
g
h‘ “
14 B 2 ~ . | [ \
S ~ o
D ~ = 5 4
Q) © o g
@ )
™ <5
U ol 7]
0 v v ©
& =
(o] L
0 10 20 30 40 T I T
BB BC CC
Map Position (Mb)

Genotype at rs33738432

Figure 5. Short-term body fat and weight gain is controlled by a proximal chromosome 17 locus. Legend: Interval map of proximal
chromosome 17 illustrates fine-mapped QTL for body fat gain and body weight gain after 10 d of macronutrient diet selection, in B6.CAST-17.1
subcongenic-derived F, mice (left), and includes uncorrected phenotypic means for the peak marker of each QTL (right). The significant LOD
threshold values for o =0.01 and o= 0.05 were 2.97 and 2.19, respectively, as determined by 1,000 permutation tests. The locations of markers nearest

the peak LOD scores are shown on the x-axis, e.g., rs48587745.

process was antigen processing and presentation (7 genes, adjP<
0.0001; Figure S4). Approximately 36% of the 55 differentially
expressed genes have molecular functions related to metal ion
binding (adjP =0.0001). These include several transcription
factors, e.g., Ringl, and members of the cytochrome P450 family.
Long-chain fatty acid binding, represented by Ppard and
Cyp4f14, was also noted (adjP = 0.004).

Identification of potentially relevant candidate genes
To focus attention on candidate genes within the fine mapped
Mnicl/Kceal2/Tfvl QTL interval, we employed both bio-infor-
matic and genomic methods. We analyzed available mouse
sequence data via http://phenome jax.org/SNP, that was based
on the following sources: GRCm38 coordinates, dbSNP 138
annotation, and Sanger data updates (28 Aug 2013). We identified
296 protein coding differences contained within the fine mapped
interval. Next, using SIFT analysis, we determined in silico that 14
of these protein coding changes between strains are likely to be
detrimental by impairing protein function. Strain-specific poly-
morphisms could also affect expression level, which can be
valuable in identifying candidate genes [41]. To further under-
stand the molecular mechanisms underlying Mnicl/Kcal2/Tfvl,
hypothalamic gene expression was evaluated between homozygous
cast/cast subcongenic and b6/b6 wild-type Fo littermates using
SAGE seq. We identified 55 differentially expressed positional
candidates located within the critical 19.0 Mb region (Table 3)

and among these, only two genes showed evidence of both altered
mRNA abundance and a coding nonsynonymous SNP predicted
as damaging: Zfp811 and Morc2b (microrchidia 2B), including a
stop gain codon in Zfp&811. Available sequence data for Zfp870,
while not differentially expressed in hypothalamus, shows seven
nonsynonymous SNPs between B6 and CAST, two of which are
calculated as damaging and one that predicts the gain of a
premature stop codon. Bitnl6 (butyrophilin-like 6) has two
potentially deleterious SNPs that are predicted to result in the
loss of a stop codon. The four candidate genes described above are
located from ~32.80 to 34.50 Mb, in close proximity to the Mnicl
peak for preferential carbohydrate intake. However, nothing is
known thus far about a functional role of these candidate genes in
any food intake phenotypes.

To further search for possible candidates, we used the MGI
ontologies database version 5.15 (www.informatics.jax.org) to
examine available annotation for genes located in the minimal
QTL region. Using the query terms food intake or energy intake,
this search found only six biologically relevant genes: GlpIr, Clps,
Itpr3, Mut, Rcan2 and Cdknla. Based on our previous
investigations, GlpIr remains a viable candidate gene for Mnicl/
Kcal2/Tfvl, while evidence for Clps and Itpr3 is lacking (see below
and Discussion). Using bioinformatic resources, we found no
evidence for an amino acid change or altered gene expression to
support Mut, and Rcan2 as candidates, but SIFT analysis
predicted a deleterious SNP in Cdknla between the CAST and
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Table 3. Differentially expressed genes in the hypothalamus of homozygous cast/cast vs. b6/b6 subcongenic-derived F, mice,
located within the fine mapped QTL interval of 26.08-45.12 Mb.

Gene Symbol Mean BB Mean CC Fold change P value Location (Mb)
Decr2 183.6 84.4 —2.174 0.0097 26.081211
KifcSb 243 43 —5.682 =0.0001 26.917091
Phf1 305.9 145 —21.075 =0.0001 26.933127
Lemd2 36.6 13.2 -2782 0.0001 27.189601
Gm10505 167 04 —47.588 =0.0001 27.342460
Nudt3 906.9 417.9 -2.170 0.0057 27.579382
Uhrf1bp1 89.2 46.7 —1.911 0.0016 27.856490
Ppard 253 75 -3352 0.0001 28.232754
Brpf3 732.6 49.8 —14.700 =0.0001 28.801090
4930539E08Rik 106.1 368.2 3.470 =0.0001 28.896397
Mtch1 3760.5 20323 —1.850 0.0009 29.332072
Tbc1d22b 29.7 120 —2479 0.0015 29.549788
Gm6402 132 68.7 5.219 =0.0001 30.394825
Glo1 12323 2575.0 2,090 =0.0001 30.592866
Umodl1 147 1.1 —13.062 =0.0001 30.954683
Rsph1 42,1 2483 5.894 =0.0001 31.255019
Pdega 287.9 164.1 —1.754 0.0023 31.386234
Cbs 1125 50.3 —-2.236 0.0031 31.612623
Hsf2bp 16.6 59.6 3.584 =0.0001 31.944769
Cyp4f16 529 45 —11.747 =0.0001 32.536558
Zfp811 3573 2122 —1.684 0.0015 32.797406
Cyp4f14 44.6 3.0 —14.938 =0.0001 32.905071
Zfp472 66.2 26.4 —2511 =0.0001 32.965814
Zfp763 80.9 23.9 -3.377 =0.0001 33.016863
Morc2b 6.6 16.6 2532 0.0048 33.135588
Zfp955a 638.3 256.4 —2.489 =0.0001 33.241519
BC051226 321 10.8 —2.976 =0.0001 33.908182
Zbtb22 2624 15.6 —16.833 =0.0001 33.915904
Wdr46 2703 113 —24.002 =0.0001 33.940660
Vps52 237.0 366.9 1.548 0.0099 33.955812
H2-K2 63.9 35 —18.311 =0.0001 33.974786
AA388235 54.9 0.2 —348.820 =0.0001 33.981492
H2-K1 129.8 57.6 —2.255 0.0030 33.996017
Ring1 16522 25343 1534 0.0059 34.020792
Rxrb 969.4 208.9 —4.641 =0.0001 34.031812
H2-DMa 474 107.1 2.258 0.0020 34135182
Psmb9 11.8 29.0 2.463 0.0008 34.181988
Psmb8 66.4 838 -7.523 =0.0001 34197721
H2-Aa 125.9 12 —105.436 =0.0001 34.282744
H2-Eb2 10.1 220 2.169 0.0093 34.325665
Agpat1 3423 196.9 -1.739 0.0008 34.604262
Tnxb 147.2 48.2 —3.055 0.0002 34.670535
Neul 310.1 151.3 —2.049 =0.0001 34.931253
1110038B12Rik 179.2 56 —32.090 =0.0001 34.950238
H2-Q1 677.6 390.8 1734 0.0014 35.320405
H2-Q4 26.9 13 —20.938 =0.0001 35.379617
Ddr1 5413 228 —23.761 =0.0001 35.681567
Abcf1 12386 174.7 —7.089 =0.0001 35.956819
A930015D03Rik 13.0 63.5 4.890 =0.0001 35.994453
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Table 3. Cont.

Gene Symbol Mean BB Mean CC Fold change P value Location (Mb)
Rpp21 1271 57 —22.294 =0.0001 36.255645
Znrd1 4484 53 —84.073 =0.0001 36.954358
E130008D07Rik 34.4 2.6 —13.293 =0.0001 43.146041
Pla2g7 7733 6.2 —125.196 =0.0001 43.568098
Cyp39al 23.0 10.2 —2.252 0.0038 43.667425
Enpp4 323.1 534.0 1.653 0.0034 44.096308

sequence tag counts.

B6 strains. Our SAGE-Seq results showed clearly that Cdknl is
expressed in the hypothalamus, but was not differential between
strains. We are unaware of any evidence for a physiological role of
Cdknla in food intake regulation. A literature search uncovered
one report suggesting that Cdknla, a cyclin-dependent kinase
inhibitor, may have a role in the obesity-inducing effects of high-
fat diet feeding beyond one generation [42]. However this study
examined the effects of Cdknla activation to promote lipid
accumulation, and did not explore its association with food intake
or selection.

Candidate gene analysis of Itpr3

Based on its physical location and possible physiological
relevance to ingestive behavior phenotypes, we carried out
candidate gene analyses of Itpr3. Itpr3, encoding inositol 1,4,5-
triphosphate receptor, type 3, is a component of the taste
transduction cascade and is located under the LOD peak for
Kcal2 at ~27.1 Mb. Specifically, the intracellular calcium channel
ITPR3 releases calcium from the endoplasmic reticulum in
response to signals from small molecules and proteins including
nucleotides, kinases, and phosphatases, as well as non-enzyme
proteins [43,44]. The ITPR3 is widely expressed in tissues
including taste buds, olfactory epithelium, brain, epidermis,
intestine, kidney, pancreatic islets and stomach [45,46]. It has
been suggested that /tpr3 may play a role in macronutrient diet
choice [47]. We therefore investigated the possibility that Itpr3
contributes to the effects of Mnicl/Kcal2. We examined the
expression of Itpr3 in the hypothalamus of B6.CAST-17.1
subcongenic compared to wild-type mice using quantitative
PCR, but found no difference in expression level. Next, using
allele-specific PCR, we verified a non-synonymous coding SNP in
Itpr3 that changes G to T at 27,098,333 base pair (bp) of
chromosome 17 and produces a alanine-to-serine missense
mutation at position 821 (A821S). The amino acid change
resulting from this polymorphism was classified as ‘tolerated’ by
SIFT [40]. Next, we hypothesized that altered taste perception of
the experimental diets might contribute to carbohydrate prefer-
ence in our selection paradigm. Thus we examined the taste
preferences of B6.CAST-17.1 subcongenic mice for sucrose using
48-h two-bottle tests. The result was that B6.CAST-17.1 displayed
normal behavioral responses to sucrose compared to wild type
controls (Figure S2). Although the strain difference in ITPR3
protein sequence could possibly affect protein function, it did not
severely impair sensitivity for sweet stimuli in our genetic model, as
has been reported in ITPR3 knockout mice [46]. Therefore the
phenotype of preferential carbohydrate intake does not appear to
be driven by a preference for sweet taste, and must depend on

Positive fold change indicates increased expression, negative value indicates decreased expression in homozygous cast/cast (CC) subcongenic-derived F, mice (n=12)
relative to b6/b6 (BB) subcongenic-derived F, (n=12). Genes were selected based on a significance value of P<<0.01 and an expression change of =1.5-fold, based on

some other mechanism. Nonetheless, the location of Itpr3
coincides closely with the peak map position for Kcal2/Tfvl
(Table 2), allowing the possibility that Ifpr3 contributes to total
calorie intake and/or food volume, but this has not been
determined.

Discussion

In this study, we have clearly confirmed and refined the
locations of QTL regulating self-selected macronutrient intake-
carbohydrate (Mnicl), as well as the consumption of total
kilocalories (Kcal2) and total food volume (Tfvl). These food
intake QTL were originally identified through genome-wide
mapping [8,23] and now have been reproduced in a subcon-
genic-derived Fy, mapping population. The absence of genetic
linkage for self-selected fat intake in the results underscores the
carbohydrate-specific effect of this mouse chromosome 17 locus on
macronutrient selection. The fine mapped Mnicl/Kcal2/Tfv2
QTL was then further de-limited by evaluating macronutrient diet
selection phenotypes in an interval-specific subcongenic strain.
Consequently, we are now able to infer that a 19.04 Mb interval
between 26.08 and 45.12 Mb harbors the responsible sequence
variation regulating these food intake traits.

To our knowledge, no other genetic loci for macronutrient
preference have been reported in laboratory rodents until recently.
Specifically, a number of food consumption QTL in animals
selecting their intake from separate macronutrient (protein,
carbohydrate and fat) sources were mapped in a LOU/C xFischer
344 Iy rat population [48]. Two QTL influencing the percentage
of carbohydrate consumed were identified on rat chromosomes 10
(Focol7) and 20 (Foco23). These rat QTL regions share synteny
blocks with the fine mapped mouse Mnicl region for preferential
carbohydrate intake described in the current study (www.rgd.mcw.
edu), providing further support for its authenticity.

Our study also revealed two partially overlapping QTL,
affecting short term gains in both body fat (NMR fat gain) and
body weight (BW 2) (Figure 5) (Table 2), positioned between the
centromere and lower boundary of the 95% CI for Mnicl
(preferential carbohydrate intake QTL). The body weight/fat gain
QTL peaks are situated ~10-20 Mb away from the food intake
QTL (Figures 3 & 5). The separation of these energy balance loci,
Mnicl/Keal2/Tful for food intake and the newly discovered locus
regulating short term body weight/fat gain, suggests the possibility
of different quantitative trait genes for two energy balance traits,
1.e., intake and storage. This region co-localizes with at least four
other obesity-related QTLs, previously mapped to this region in
other strains [49-51], including the Obrgl3 locus where the A/J-
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Figure 6. Hierarchical clustering of differential gene expression in the hypothalamus of non-recombinant B6.CAST-17.1-derived F,
mice. Legend: Gene expression was measured in hypothalamus on day 2 of macronutrient selection diet using tag-based transcriptome sequencing
(n=12 individual libraries per genotype). Animals used in this experiment were either cast/cast (carbohydrate-preferring) or b6/b6 (fat-preferring)
within the subcongenic segment, and b6/b6 across the rest of the genome. Genes were filtered based on =1.5-fold change and P value<0.01 using
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the DESeq method. The resulting 55 differentially expressed genes are displayed on the vertical axis; individual animals are clustered by genotype on
the horizontal axis. Genes whose expression changed significantly in animals with the cast/cast genotype (higher carbohydrate consumption), relative
to b6/b6 (higher fat consumption), cluster together as increased (red) or decreased (blue) cells, with gray representing no change. Brighter shades of

red and blue reflect higher degrees of up- and down-regulation.

derived allele protects against the diet-induced obesity that
characterizes B6 males when fed a high-fat diet [37]. In the
current study, the QTL for body fat gain after 10 d of
macronutrient diet selection coincides with a locus for retroper-
itoneal fat pad weight identified previously in a C57BL/
6] xCAST/El intercross [39]. The effect of the cast allele on body
fat gain, although modest, was highly significant (P<<0.001;
Table 2) and occurred over a very short period of time. This
finding is remarkable because the CAST strain has been
characterized for obesity-resistant phenotypes [52,53] in studies
employing a single, obesity-inducing diet of moderate fat content,
while the b6 allele usually confers obesity in mapping crosses
[37,51].

Among the genes that exhibited differential mRNA expression
between cast/cast and b6/b6 in the hypothalamus, three showed
ontologies with possible relevance to eating behavior phenotypes.
Specifically, Decr2, Ppard, and Agpatl are associated with fatty
acid oxidation or lipid metabolism and were down-regulated in
cast/cast subcongenic Fy compared to 06/b6. Ppard (peroxisome
proliferator-activated receptor, delta), also known as Nrlc2, is a
lipid-activated transcription factor that forms an obligate hetero-
dimer with the retinoid X receptor to induce fatty acid transport
and oxidation [54]. In our SAGE-Seq experiment (Table 3),
Ppard and its binding partner Rxrb (retinoid X receptor beta)
showed 3-fold and nearly 5-fold down-regulation, respectively, in
the hypothalamus of carbohydrate- compared to fat-preferring
mice. Ppard is the most highly expressed PPAR isoform in the
CNS, where it is enriched in medio-basal hypothalamus [55], an
area involved in energy homeostasis. Evidence for a role of Ppard
in feeding behavior is limited, e.g., mice with neuron-specific
deletion of Ppard showed a blunted feeding response to fasting
[56]. There are no reports of an association of Decr2 or Agpatl
with food intake regulation. Nevertheless, Decr2 encodes 2,4-
dienoyl CoA reductase, an enzyme which catalyzes a reaction
considered to be the rate-limiting step in the beta-oxidation of
polyunsaturated fatty acids [57]. It is intriguing that expression of
a QTL region gene with a key metabolic function in lipid
metabolism is significantly decreased in the hypothalamus of
carbohydrate-preferring mice. More studies will be needed to
address whether the decreased expression of any of these lipid-
related genes is a cause or consequence of macronutrient diet
selection behavior.

Three positional candidates previously investigated by our
group (Clps, Glol, and GlpIr) reside within the critical interval.
Pancreatic colipase (Clps) at 28.5 Mb, encodes a cofactor involved
in fat digestion; however, sequencing uncovered only two silent
nucleotide polymorphisms [8] and no expression differences were
observed in the current study. GloI (glyoxalase I), located at 30.59
Mb, is involved in the detoxification of methylglyoxal, a highly
reactive dicarbonyl compound formed as a by-product of
glycolysis, which can be toxic to the genome and proteome [58].
A mechanistic link between Glol and food preferences has not
been established. The strain difference in hypothalamic Glol
expression, observed in the current study, replicates previous
observations of an up-regulation of Glol in B6.CAST-17
carbohydrate-preferring congenic mice compared to fat-preferring
wild type mice [21,22]. These observations initially led us to
hypothesize that high carbohydrate consumption produces a

higher flux of MG, leading to increased Glol expression.
However, our studies have consistently demonstrated a several-
fold higher Glol mRNA and enzyme activity in B6.CAST-17
congenic and subcongenic mice, whether animals were fed
standard rodent chow, high- or low-carbohydrate diets, or
macronutrient selection diets [20-22]. Together, these findings
provide convincing evidence for intrinsic strain variation in Glol
expression, independent of the level of carbohydrate intake, and
when combined with the lack of evidence for a functional SNP
[21], weaken support for Glol as a candidate for Mnicl. GlpIr,
located nearby at ~30.90 Mb under a sharp LOD curve inflection
(Figure 3), remains a strong candidate for Mnicl (preferential
carbohydrate intake) based on its physiological roles in glucose
homeostasis and gastric emptying. We demonstrated previously
that GlpIr is differentially expressed in both the pancreas and
stomach (yet in opposite direction), but not in hypothalamus of
B6.CAST-17 congenic mice compared to B6 [21]. Furthermore,
GlpIr expression in the stomach of F1 heterozygous mice showed
allelic imbalance, i.e., a significant deviation from the theoretical
50:50 allelic ratio [23], suggesting that a stomach-specific, cis-
acting regulatory element may underlie the strain difference in
gastric GIpIr expression. Sequencing of GlpIr identified a non-
synonymous coding SNP (C416Y) between strains which could
have functional implications in the downstream regulation of
protein activity [21]. These collective results, along with the close
proximity of GlpIr near the refined Mnicl peak (32.49 Mb),
support its further investigation and the consideration of a possible
gastrointestinal mechanism.

We combined high-density SNP-mapping and subcongenic
strain analyses to reduce the critical Q'T'L interval for preferential
carbohydrate and total food intake to a 19.0 Mb region on
proximal Chr 17. We also obtained evidence that suggests the
existence of separate QTLs determining food intake and short
term body weight/fat gain and raises the prospect of distinct
molecular genetic mechanisms for these energy balance pheno-
types. To approach the question of which gene or genes within the
fine-mapped 19.0 Mb interval could be causal, we examined
available sequence data and gene ontologies, and performed
comprehensive gene expression profiling in the hypothalamus of
cast/cast and b6/b6 non-recombinant F, controls. From these
analyses, genes such as Zfp811, Zfp870, and Btnl6 were shown to
be differentially expressed and also to contain stop codons,
although they have no known biology related to food intake
regulation. In particular, Decr2, Ppard and Agpatl drew our
attention as appealing candidates because of their involvement in
lipid metabolism and down-regulation in carbohydrate-preferring
animals. Additional studies, e.g., genetic modifications targeting
priority candidates to determine their phenotypic effects, are
required to uncover their potential contributions to the effects of

Mnicl/Keal2/Tful.

Supporting Information

Figure S1 Title: HQl17Ila mice, compared to WT
controls, did not exhibit increased intake of carbohy-
drate kcal, total kcal and total food volume. Legend: Daily
consumption of (A) carbohydrate/protein kcal (C/P) versus (B)
fat/protein kcal (F/P), total kcal (C) and total food volume (D) in
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HQI17IIa (CC) and wild type (WT) mice. Values are mean = SE.
The HQI17IIa subcongenic mouse strain is homozygous for
CAST/Ei (CAST) alleles from 3.19 to 26.08 Mb on MMU 17
(Figure 1). These results show clearly that HQI7Ila mice,
compared to the appropriate B6 background controls, failed to
exhibit the food intake phenotypes in question, making it
extremely likely that the causal genetic variant is located distal
to the 26.08 Mb breakpoint in the mutant.

Figure $2 Mean taste preference ratios of B6.CAST-17.1
WT and subcongenic mice using 48-hour two-bottle
(tastant vs. distilled water) preference tests. Legend:
Behavioral responses to sucrose (15, 30, and 60 mM) in B6.CAST-
17.1 WT and subcongenic mice. The values are means = SE
(n=7 per strain group). #P<0.05, *P<<0.001 vs. a preference
ratio of 0.50, using the one-sample {-test.

Figure S3 Biological process categories. Legend: WEB-
based Gene SeT AnaLysis Toolkit (WebGestalt; http://bioinfo.
vanderbilt.edu/webgestalt/) was used to organize the differentially
expressed genes into Gene Ontology (GO) biological process
categories. Nearly 50% of all 55 DE genes were classified as
metabolism genes, of which seven were associated with lipids and/
or fatty acids (Decr2, Ppard, Agpatl, Tnxb, Neul, Pla2g7,
Cyp39al; all down-regulated), and two with carbohydrate
metabolism (Glo1, Neul; up-regulated).

Figure S4 Enriched gene ontology categories. Legend:
WebGestalt was also used to visualize significantly enriched GO
categories according to biological process, molecular function, and
cellular component. For biological process, the most significantly
enriched GO category was antigen processing and presentation (7
genes, adjP<<0.0001). Approximately 36% of the 55 differentially
expressed genes have molecular functions related to metal ion
binding (adjP =0.0001), including several transcription factors,
e.g., Ringl, and members of the cytochrome P450 family. Long-
chain fatty acid binding, represented by Ppard and Cyp4f14, was
also noted (adjP = 0.004).

Table S1 SNP markers and their physical and genetic
positions. Legend: SNP markers and their chromosomal
positions according to http://genome.ucsc.edu. Mm9 sequence
was obtained from the Build 37 assembly by NCBI and the Mouse
Genome Sequencing Consortium. Excluded, markers not used in
the analysis.

Table S2 Correlation matrix for nutrient intake pheno-
types and baseline, pre-diet selection characteristics in
the recombinant congenic F; population. Legend: Carbo-
hydrate/protein (C/P), fat/protein (F/P), total kilocalories (kcal)
and total food volume (g) consumed; body weight (BW 1), body fat
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Shifting the Circadian Rhythm of Feeding in Mice
Induces Gastrointestinal, Metabolic and Immune
Alterations Which Are Influenced by Ghrelin and the
Core Clock Gene Bmal1
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Abstract

Background: In our 24-hour society, an increasing number of people are required to be awake and active at night. As a
result, the circadian rhythm of feeding is seriously compromised. To mimic this, we subjected mice to restricted feeding (RF),
a paradigm in which food availability is limited to short and unusual times of day. RF induces a food-anticipatory increase in
the levels of the hunger hormone ghrelin. We aimed to investigate whether ghrelin triggers the changes in body weight
and gastric emptying that occur during RF. Moreover, the effect of genetic deletion of the core clock gene Bmal1 on these
physiological adaptations was studied.

Methods: Wild-type, ghrelin receptor knockout and Bmal1 knockout mice were fed ad libitum or put on RF with a normal or
high-fat diet (HFD). Plasma ghrelin levels were measured by radioimmunoassay. Gastric contractility was studied in vitro in
muscle strips and in vivo (**C breath test). Cytokine mRNA expression was quantified and infiltration of immune cells was
assessed histologically.

Results: The food-anticipatory increase in plasma ghrelin levels induced by RF with normal chow was abolished in HFD-fed
mice. During RF, body weight restoration was facilitated by ghrelin and Bmal1. RF altered cytokine mRNA expression levels
and triggered contractility changes resulting in an accelerated gastric emptying, independent from ghrelin signaling. During
RF with a HFD, Bmal1 enhanced neutrophil recruitment to the stomach, increased gastric IL-1a expression and promoted
gastric contractility changes.

Conclusions: This is the first study demonstrating that ghrelin and Bmal1 regulate the extent of body weight restoration
during RF, whereas Bmal1 controls the type of inflammatory infiltrate and contractility changes in the stomach. Disrupting
the circadian rhythm of feeding induces a variety of diet-dependent metabolic, immune and gastrointestinal alterations,
which may explain the higher prevalence of obesity and immune-related gastrointestinal disorders among shift workers.

Editor: Ralph E. Mistlberger, Simon Fraser University, Canada

Funding: Jorien Laermans is supported by the Research Foundation Flanders (FWO) as an aspirant (11A8414N) (http://www.fwo.be/). Sandra Steensels is holder
of a PhD grant of the Agency for Innovation by Science and Technology (IWT) (http://www.iwt.be/). This work is supported by a Methusalem grant from the
University of Leuven for research on “The Brain-Gut Axis in Health and Disease: from Mucosal Integrity to Cortical Processing.” The funders had no role in study

design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: inge.depoortere@med.kuleuven.be

Introduction

Not only the amount or type of food we ingest, but also the
timing of food consumption seems to play a crucial role in the
development of obesity and associated metabolic disorders [1]. In
our 24-hour society, people are voluntarily shifting their normal
activity patterns to unusual times of day, for instance by shift
working or frequent time zone traveling. As a result, they are
seriously compromising their circadian system, an evolutionary
conserved timekeeping mechanism that generates daily behavioral
rhythms that allow organisms to actively anticipate and adapt to

predictable environmental changes, thereby increasing the likeli-
hood of survival [2]. In mammals, this timing system is comprised,
in a hierarchical way, of a hypothalamic master clock and
peripheral oscillators in numerous body cells. At the molecular
level, circadian rhythms depend on the concerted co-expression of
a set of clock genes (Clock, Bmall, Perl-3, Cryl-2) [2]. These
genes participate In transcription-translation feedback loops,
through which they not only regulate their own activity, but also
that of downstream clock-controlled genes.
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Figure 1. Restricted feeding protocols. (A) Scheme of the standard RF schedule in which food availability was limited to 4 hours a day (ZT 5-9)
from day 1 until day 14. White and black bars represent times of lights on and off, respectively. Gray bars represent times of food availability of either
normal chow (NC) or canola oil-enriched chow (COEC). (B) Scheme of the adapted RF schedule in which food availability was gradually decreased
during the experiment. Both groups received NC for 8 days (RF group: 1 day 12 h food available (ZT 5-17) and 7 days 9 h food available (ZT 5-14))
and COEC during the remaining 7 days (RF group: 3 days 6 h food available (ZT 5-11) and 4 days 4 h food available (ZT 5-9)). Note that the time of

onset of food availability is the same each day (ZT 5).

In order to maintain a near 24 h-rhythm, circadian clocks need
to be entrained to daily environmental cues. Under normal
circumstances, the master clock is synchronized by the light/dark-
cycle and will further entrain the peripheral clocks. However,
during restricted feeding (RF), when food availability is limited to
short and abnormal times of the day, the phase of peripheral clock
gene expression becomes uncoupled from the master clock and
shifts in order to realign with mealtime [3]. The entrainment of
these peripheral clocks by feeding cues is still present in mice given
lesions in the master clock [4], suggesting that the circadian
function of feeding depends on separate food-entrainable oscilla-
tors (FEOs). The FEOs predict food availability and ensure that
the organism retains a positive energy balance, even if food is
available at unusual times. The anatomical location of these FEOs
remains elusive despite extensive research. Recently, LeSauter et
al. found that the expression of ghrelin and of the clock genes
PER1 and PER2 within the ghrelin-secreting cells of the stomach
was rhythmic and entrained by food availability [5]. Hence, they
proposed that these ghrelin-secreting cells might serve as one of
the FEOs, producing a timed ghrelin output signal that acts widely
at both brain and peripheral sites.

Ghrelin is a 28-amino acid peptide mainly secreted by the
stomach [6]. The octanoylation of ghrelin at Ser® by ghrelin O-
acyltransferase (GOAT) is crucial to its biological activity. Besides
being the only circulating hormone that stimulates food intake,
ghrelin increases body weight by preventing fat utilization,
accelerates gastric emptying and initiates hunger contractions in
the fasted state [7]. Plasma ghrelin levels fluctuate diurnally, with a
nocturnal elevation in humans [8]. In addition, levels surge during
fasting and decrease postprandially to dictate the timing of meals
[9,10]. Studies in animals subjected to RF have highlighted this
tight relationship between ghrelin and timing of feeding. Indeed, a
preprandial rise in plasma ghrelin levels is observed in anticipation
of a scheduled meal in rodents [11,12]. Nevertheless, although
controversial, the majority of the studies in ghrelin receptor
knockout (GHSR-KO) and ghrelin knockout mice reveal that

ghrelin and its receptor are not necessary for food-anticipatory
behavior [13].

This study aimed to examine whether ghrelin might serve as an
output signal of the FEO that triggers physiological adaptations to
alterations in the circadian rhythm of feeding induced by RF.
Here, we showed for the first time that RF not only results in
changes in food intake, body weight and gastric emptying, but also
induces alterations in gastric proinflammatory cytokine expression
and myeloperoxidase (MPO) activity. Studies in wild-type (WT)
and GHSR-KO mice revealed that ghrelin was merely involved in
the restoration of body weight loss during RF. Next, we
investigated whether the core clock gene Bmall might serve as
the key driver behind the adaptations by studying the effects of RF
in Bmall knockout (Bmall-KO) mice, which is the only single
clock gene knockout in which the mouse loses all rhythmic
behavioral activity [14]. We found that Bmall not only determines
the extent of body weight restoration during RF, but also defines
the type of infiltrating immune cells and influences the changes in
contractility prior to food availability during RF with a high-fat
diet.

Materials and Methods

Ethics Statement

All mouse experiments were approved by the Ethical committee
for Animal Experiments of the KU Leuven (project number P106/
2011). All efforts were made to minimize animal suffering. After
being anesthetized using a mixture of ketamine and xylazine, mice
were sacrificed by decapitation.

Animals

Breeding couples of mice heterozygous for GHSR and Bmall
were kindly provided by Janssen Pharmaceutica (Beerse, Belgium)
[15] and R. Linen (KU Leuven, Leuven, Belgium) [16],
respectively. All KO mice and their WT littermates were bred
in the animal facility of the KU Leuven and genotyped by
polymerase chain reaction (PCR) analysis performed on total
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Figure 2. Role of ghrelin in the RF-induced changes in food intake, body weight and gastric emptying. (A-B) Plasma octanoyl ghrelin
levels in WT (n=6/group) (A) or GHSR-KO mice (n=2-5/group) (B) under ALFF, RF or RF+ALFF conditions. (C-D) Food intake and body weight of WT
(@)(n=21) or GHSR-KO ([J)(n=17) mice on RF. (E-F) Gastric emptying in WT (n=12) (E) or GHSR-KO mice (n=10) (F) under ALFF, RF or RF+ALFF
conditions. *P<<0.05,**P<<0.01,***P<<0.001 vs. RF; ¥ P<<0.05 WT vs. GHSR-KO.

genomic DNA from the tail. Mice were housed (20-22°C) under a
12-h/12-h light/dark-cycle (lights on at 7 AM) and had ad libitum
access to food and drinking water, unless stated otherwise.

Diets

During RF experiments, mice were fed normal chow (Ssniff R/
M-H, Ssnift Spezialdidten GmbH, Soest, Germany; 9% kcal from
fat) or canola oil-enriched chow (COEC) (powdered normal chow
mixed with canola oil, 4:1 wt/wt; 47% kcal from fat). When using
COEC, mice were allowed to habituate to the newly introduced
diet before starting the actual experiment.

Experimental design

Standard RF schedule. Mice were randomly assigned to
cither of two groups, subjected to different feeding regimes during
two weeks. The RF group only had access to food for 4 hours

between zeitgeber time (ZT) 5 and 9 (where ZT 0 is lights-on by
convention), while the other group received food ad libitum
(Figure 1A). In parallel with the RF group, food was removed from
the ad libitum group at ZT 9 the day before being sacrificed.
Hence, this group was termed ad libitum fed fasted (ALFF). A third
group of mice, hereinafter referred to as the RF+ALFF group, was
first subjected to two weeks of RF and then refed ad libitum during
a period of four weeks. All mice were sacrificed at ZT 4.5.
Adapted RF schedule with gradually decreased food
availability.  WT and Bmall-KO mice were either fed ad
libitum or subjected to a RF schedule in which food availability
was gradually decreased and chow was enriched with canola oil to
increase the caloric content of the meal [17] (Figure 1B). Because
of a low tolerance rate of the ad libitum-fed Bmall-KO mice
towards the amount of fat in the COEC, resulting in 80%
mortality, both ALFF and RF mice received normal chow during
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Figure 3. RF with normal chow induces hypercontractility
towards ACh in gastric smooth muscle strips. (A) Concentration-
response curve towards ACh in fundic smooth muscle strips of normal
chow-fed WT mice under different feeding conditions. (B) Maximal
tension and (C) contractile potency (pEC-50 value) derived from the
concentration-response curves. (ALFF and RF: N =4 mice, n=2-3 strips/
mouse; RF+ALFF: N =3 mice, n = 1-3 strips/mouse). * P<0.05, ** P<<0.01,
**¥ P<0.001 vs. RF.

the first 8 days and COEC during the next 7 days. All mice were
sacrificed at ZT 4.5 after a 19.5 h fast.

Ghrelin radioimmunoassay

Blood samples (1 mg/mL EDTA and 4 mM AEBSF) were
centrifuged and acidified (10% HCI). After extraction on Sep-Pak
C18 column, radioimmunoassay was performed as previously
described [18].

Gastric emptying. Gastric emptying was measured using the
13C octanoic acid breath test, as described previously [15,19]. Ty.¢
is the time point at which 50% of the total amount of '*CO, was
exhaled.

In vitro contractility studies

Mucosal-free fundic smooth muscle strips were suspended along
their circular axis in a Krebs-filled tissue bath. Concentration-
response curves to acetylcholine (ACh) (107 to 10™* mol/L) were
established isometrically. The maximal tension (g/mm? and
concentration necessary to induce 50% of the maximal contrac-
tion (EC-50) were calculated. Neural responses were elicited by
electrical field stimulation (EFS) (pulse duration 1 ms, train
duration 10 s, amplitude 6 V) at increasing frequencies (0.5
16 Hz) [20]. On-relaxations were expressed relative to the
response induced by 107> mol/L nitroglycerin. The area under
the curve (AUC) of the off-contractions was expressed as g/mm?>.

Quantitative real-time PCR

Total RNA was isolated from stomach using the Qiagen
RNeasy Mini Kit (Qiagen, Hilden, Germany) and reverse
transcribed to cDNA using SuperScript II Reverse Transcriptase
(Invitrogen, Carlsbad, CA, USA). Quantitative real-time PCR was
performed as previously described [15]. Primer sequences were as
follows: GAPDH: forward CCCCAATgTgTCCgTCgTg, reverse
gCCTgCTTCACCACCTTCT; IL-1P: forward gACCTTCCAg-
gATGAggACA, reverse TCCATTgAgeTeggAgAgCTT; IL-6:
forward CCATAgCTACCTggAgTACATg, reverse TggAA-
ATTggegTAgeAAgeAC; IL-1a: forward gAgAgCCgggTegACAg-
TATC, reverse ACTTCTgCCTgACgAgCTTC; ghrelin: forward
CCAgAggACAgAggACAAgC, reverse ACATCgAAggeAgCAT-
TgAA; GOAT: forward ACCCggeCCAggTACCT, reverse
ACCCATggCAgCAAAAGC.

MPO activity assay

Fundic MPO activity was determined using the O-dianisidine-
Hy0, method. In brief, tissue samples were homogenized in
50 mM phosphate buffer containing 14 mM hexadecyltrimethyl
ammonium bromide (HTAB; pH 6.0). After two freeze-thaw
cycles, samples were centrifuged. After adding the supernatant to
an O-dianisidine buffer (50 mM phosphate buffer, 0.52 mM O-
dianisidine and 0.15 mM HyOy), changes in absorbance were
measured at 460 nm. Results were expressed as units of MPO per
mg tissue, where 1 unit of MPO was defined as the amount of
enzyme degrading 1 pmol HyO, per minute at 25°C.

H&E and peroxidase staining

Frozen fundic sections (6 um) were stained with hematoxylin
and ecosin. The number of polymorphonuclear (PMN) cells was
determined by counting 10 randomly chosen representative
high-power fields (40x). The number of peroxidase-positive cells
was quantified in sections stained with Hanker Yates reagent
(Sigma-Aldrich, St. Louis, MO, USA).

Statistical analysis

Results are presented as means = SEM. Data were analyzed
using Statistica 11 (StatSoft Inc., Tulsa, OK, USA). Data obtained
at different time points in the same mice were analyzed using
repeated measures ANOVA. For the EFS-induced responses, post
hoc Bonferroni testing was used to detect overall differences
between feeding conditions followed by planned comparison
testing. Differences between the COEC-fed ALFF and RF groups
were detected with an unpaired Student’s t-test. All other data
were analyzed using a one- or two-way ANOVA, followed by post
hoc Bonferroni testing. Significance was accepted at the 5% level.
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Figure 4. RF with normal chow causes neural hyperexcitability of gastric smooth muscle strips. (A-C) Representative tracings of EFS-
induced neural responses (A) and graphs summarizing changes in on-relaxations (B) and post-stimulus off-contractions (C) of fundic smooth muscle
strips of NC-fed WT mice under ALFF, RF or RF+ALFF conditions (N = 3-4 mice/group, n=1-3 strips/mouse). *P<<0.05, **P<0.01, ***P<<0.001 vs. ALFF.

Results

1. Role of ghrelin in the physiological adaptations
induced by RF

RF increases plasma ghrelin levels. Two weeks of RI
increased (P<<0.05) plasma concentrations of octanoyl (Figure 24)
and total ghrelin (RF: 2337+204 vs. ALFF: 1333%243 pg/ml;
P<0.01) in WT mice. GHSR-KO mice even displayed a 5.3 fold
higher rise in octanoyl ghrelin levels (Figure 2B). A similar effect
was observed on total ghrelin levels (data not shown). In both
genotypes, refeeding the mice ad libitum for four weeks after two
weeks of RF (RF+ALFF) normalized plasma ghrelin levels.

RF induces body weight loss. The role of ghrelin signaling
in the RF-induced changes in food intake and body weight was
studied in WT and GHSR-KO mice. In both genotypes, food
intake and body weight dropped to a similar extent at the
beginning of the RF schedule (Figure 2 C-D). While food intake
recovered in both genotypes by the end of the 2-week RF
schedule, body weight of GHSR-KO mice remained 9% lower
(P<<0.05) compared to WT mice.

RF accelerates gastric emptying. Since ghrelin displays
gastroprokinetic properties, gastric emptying rate during RF was
assessed. RI" accelerated (P<<0,001) gastric emptying in both WT
and GHSR-KO mice to a similar extent, suggesting that this effect
is not mediated via the increase in ghrelin levels (Figure 2 E-F).
Refeeding the mice ad libitum (RF+ALFF) normalized gastric
emptying in both genotypes.

To identify the mechanisms involved in the acceleration of
gastric emptying, in vitro contractility studies were performed with
fundic smooth muscle strips of WT mice. Figure 3A depicts the
concentration-response curves towards ACh for the three feeding
conditions. RF resulted in a fully reversible increase in maximal
tension (P<<0.01) and contractile potency (pECso) (P<<0.001)
towards ACh (Figure 3 B-C). This coincided with a significant
increase in the cross-sectional area of the smooth muscle strips
(RF: 0.088%0.002 mm? vs. ALFF: 0.073+0.002 mm?* P<0.01).
RF also affected neural responses of the smooth muscle strips

elicited by EFS at increasing frequencies of stimulation (Figure 4).
There was a significant effect of feeding condition*frequency (P<
0.001) on the relaxations elicited during the period of stimulation
(on-relaxations) and the post-stimulus off-contractions. The EFS-
induced on-relaxations did not differ between ALFF and RF mice,
but were less pronounced in mice refed ad libitum (P<0.05 vs.
ALFF) (Figure 4B). Off-contractions were significantly enhanced
(P<0.001) in a frequency-dependent manner by RF and
normalized again in the RF+ALFF group (Figure 4C).

RF alters proinflammatory cytokine expression and MPO
activity. Since ghrelin has been shown to exert anti-inflamma-
tory effects, cytokine expression was quantified in the stomach of
WT and GHSR-KO mice. Two-way ANOVA analysis revealed
that RF increased IL-1Pp and IL-6 mRNA expression in the
stomach, regardless of the genotype (feeding condition*genotype
not significant) (Figure 5 A-B). On the contrary, IL-loo mRNA
expression was downregulated during RF in WT, but not in
GHSR-KO mice (feeding condition*genotype P<<0.05) (Fig-
ure 5C). In addition, RF increased MPO activity in both
genotypes (feeding condition*genotype not significant) (Fig-
ure 5D). In both WT and GHSR-KO mice, MPO activity was
normalized in the RF+ALFF group (data not shown).

2. Role of the core clock gene Bmal1 in the physiological
adaptations induced by RF

Since our study in WT and GHSR-KO mice demonstrated that
the role of ghrelin in the physiological adaptations to RF was
limited to the restoration of body weight loss, our focus shifted to
the circadian system itself. As expected, RF mice displayed a 6-fold
increase in Per2 and an 8-fold decrease in Bmall mRNA
expression levels in the stomach (data not shown), indicating a
phase-shift in clock gene expression. Subsequently, we aimed to
determine the role of the core clock gene Bmall in the RF-induced
physiological adaptations.

When subjected to RF with normal chow, Bmall-KO mice
failed to adapt to the RF schedule and died within 4 days, due to a
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Figure 5. RF with normal chow or COEC alters gastric cytokine mRNA expression and MPO activity levels. Gastric mRNA expression of
the proinflammatory cytokines IL-1B (A, E), IL-6 (B, F) and IL-1a (C, G) and MPO activity (D, H) of normal chow-fed WT (n =7-16/group) or GHSR-KO
(n=6-9/group) mice (A-D) or COEC-fed WT mice (n=5-6/group) (E-H) under different feeding conditions. *P<<0.05, **P<<0.01, ***P<<0.001 vs. ALFF.

(AU = arbitrary units).

persisting decrease in food intake and body weight (data not
shown). Therefore, several adjustments had to be made to the RF
schedule according to a previous study [17]. In the final scheme
(Figure 1B), food availability was decreased gradually and during
the last 7 days, chow was enriched with canola oil to increase the
caloric content of the meal.

However, since a high-fat diet itself is capable of perturbing
circadian rhythms at the molecular and behavioral level [21] and
stimulating low-grade inflammation [22], we first investigated the
impact of the COEC on the physiological adaptations during the
standard RF schedule (Figure 14) in WT mice, before imposing
the adapted RIF schedule onto Bmall-KO mice.
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Figure 6. Effect of RF with COEC on plasma octanoyl ghrelin levels, body weight and gastric in vitro contractility. (A) Plasma octanoyl
ghrelin levels, (B) changes in body weight and (C-D) EFS-induced on-relaxations (C) and post-stimulus off-contractions (D) of fundic smooth muscle
strips of COEC-fed WT mice under ALFF and RF conditions (N =5-7 mice/group, n=28-10 strips). *P<<0.05, ** P<<0.01, ***P<<0.001 RF vs. ALFF.

Standard RF schedule with COEC in WT mice. In
contrast to normal chow, 2 weeks of RF with COEC did not
increase plasma octanoyl ghrelin levels (Figure 64). In addition,
under fasting conditions (ALFF), plasma octanoyl ghrelin was
127% higher (P<<0.01) in COEC-fed mice compared to normal
chow-fed mice.

COEC-fed mice were able to restore their body weight in less
than one week’s time, compared to two weeks with normal chow
(Figure 6B).

RF with COEC tended (P =0.07) to increase the maximal
tension (RF: 18.0+0.7 vs. ALFF: 15.1+x1.4 g/me; P=0.07) of
the contractile response to ACh in fundic strips. However, in
contrast to RF with normal chow, the pEC5p-value towards ACh
was not increased (RF: 6.31+0.04 vs. ALFF: 6.24%+0.08). RF also
resulted in neuronal hyperexcitability of fundic strips, as reflected
by a frequency-dependent increase in the post-stimulus off-
contractions (feeding condition*frequency, P<<0.001) (Figure 6D).
Inhibitory on-responses were not affected (Figure 6C).

In contrast to normal chow, RF with COEC did not
significantly (P=0.10) alter IL-1p mRNA expression, but
upregulated (P<<0.01) IL-loo mRNA expression (Figure 5 E,G).
IL-6 mRNA expression remained unaffected (Figure 5F). More-
over, MPO activity was markedly increased (P<<0.001) after RF
with COEC (Figure 5H).

Adapted RF schedule with COEC in WT and Bmall-KO
mice. WT mice on the adapted RF schedule, in which food
availability was gradually decreased, did not display a drop in
body weight, but immediately outweighed (P<<0.001) their ad
libitum-fed counterparts (Figure 74). This coincided with an
increase (P<<0.001) in total fat pad mass, consisting of gonadal
and perirenal retroperitoneal fat (Figure 7C). In contrast, body

weight and total fat pad mass did not differ between ALFF and RF
Bmall-KO mice (Figure 7 B-C).

RF led to thickening of the fundic wall, which was more
pronounced in the longitudinal muscle layer (Bmall-KO vs. WT:
100% vs. 30% increase), submucosa (Bmall-KO vs. WT: 66% vs.
21% increase) and mucosa (Bmall-KO vs. WT: 49% vs. 23%
increase) of Bmall-KO mice compared to WT mice (Figure 8).
The RF-induced increase in the number of inflammatory PMN
cells (neutrophils and eosinophils) was more pronounced (genoty-
pe*feeding condition P<<0.001) in Bmall-KO compared to WT
mice (Figure 8/). Under ALFF conditions, few peroxidase positive
cells (eosinophils, neutrophils and monocytes) were present
(Figure 8J). The increasing effect of RF on the number of
peroxidase positive cells was more pronounced (genotype*feeding
condition P<0.001) in Bmall-KO mice. In addition, MPO
activity, determined by infiltrating neutrophils and monocytes, was
lower (P<<0.05) in Bmall-KO mice during ALFF conditions
(Figure 8K). RF significantly increased MPO activity in WT, but
not in Bmall-KO mice (genotype*feeding condition P<<0.01). IL-
1B and IL-6 mRNA expression did not differ between WT and
Bmall-KO mice during ALFF or RF conditions (Figure 7 D-E).
In contrast, IL-1oo mRNA expression was significantly (P<<0.01)
higher in the stomach of ALFF Bmall-KO mice (Figure 7F). RF
significantly upregulated IL-1ot mRNA expression in WT, but not
in Bmall-KO mice (genotype*feeding condition P<0.01). In
summary, these results indicate that Bmall promotes infiltration of
neutrophils and mRNA expression of IL-1¢ in the stomach during
RF.

In both genotypes, RF increased (P<<0.05) the maximal tension
(WT: RF 17.1%0.9 vs. ALFF 14.0=1.0 g/mm?, P<0.05; Bmall-
KO: RF 17.0%0.5 vs. ALFF 14.4%0.2 g/mm?, P<0.05) towards
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Figure 7. Bmal1 regulates body weight and upregulates gastric IL-1¢ mRNA expression during RF with COEC. (A-B) Changes in body
weight of (A) COEC-fed WT (n=11-21/group) or (B) Bmal1-KO mice (n=7-11/group) under ALFF or RF conditions with gradually restricted food
availability. (C) Total fat pad mass of COEC-fed WT (n=7-12/group) and Bmal1-KO (n=6/group) mice under ALFF or RF conditions with gradually
restricted food availability. (D-F) Gastric mRNA expression of the proinflammatory cytokines IL-1 (D), IL-6 (E) and IL-1a (F) of COEC-fed WT (n=9-19
mice/group) or Bmal1-KO mice (n=6-7 mice/group) under ALFF or RF conditions with gradually restricted food availability. *P<<0.001 ALFF vs. RF; #

P<<0.01 WT vs. Bmal1-KO.

ACh to a similar extent. The RF-induced increase in contractile
potency (pECs50) towards ACh in WT mice (RF: 6.42+0.05 vs.
ALFF: 6.22%0.05; P<0.05) was abolished in Bmall-KO mice
(RF: 6.20%£0.06 vs. ALFF: 6.12%0.04). Under ALFT conditions,
EFS-induced on-relaxations were more pronounced in Bmall-KO
than in WT mice (genotype, P<<0.05) (Figure 94). In WT, but not
in Bmall-KO mice, RF enhanced the on-relaxations (feeding
condition*frequency, P<<0.001). Similarly, neural off-contractions
were increased (feeding condition*frequency, £<<0.001) after RF
in WT mice (Figure 9B). This increase was less pronounced in
Bmall-KO mice (feeding condition*frequency P<<0.01).

Discussion

Circadian clocks are widely accepted to act as the timekeeping
system of nearly every living organism, ensuring that physiological
processes are carried out at the right time of day or night.
However, the concept that the gut is home to one of the food-
entrainable oscillators that predicts the availability of food,
especially when food becomes restricted, is rather new in the
field. Our aim was to study the role of ghrelin and the core clock
gene Bmall in the physiological adaptations to an altered
circadian rhythm of feeding, induced by RF. We show that the
food-anticipatory increase in ghrelin during RI depends on the
type of nutrients ingested. Furthermore, we demonstrate that
during RF, ghrelin and Bmall are involved in the restoration of
body weight. We also provide the first evidence that RF alters
cytokine mRINA expression levels in the stomach prior to food
availability. A high-fat diet modulates this expression profile and
results in a heightened proinflammatory state in the stomach right

before food becomes available. Moreover, the type of inflamma-
tory cells infiltrating the stomach is modulated by Bmall, which
spectfically promoted the infiltration of neutrophils and upregu-
lated IL-lot expression. RF also results in a thickening of the
smooth muscle layers, which is counteracted by Bmall. Our
findings suggest that this thickening, whether or not in combina-
tion with the proinflammatory state, but not ghrelin signaling,
leads to hyperexcitability of gastric smooth muscle, thereby
promoting gastric emptying during RF. These findings are
schematically represented in Figure 10.

We acknowledge that data collection and analysis of only a
single time point is a limitation of this study. However, due to
several practical reasons, obtaining data at additional time points
was not feasible. Nevertheless, our data underpin a clear link
between the circadian, metabolic, gastrointestinal and immune
system and emphasize that not only “what” but also “when” you
eat may determine whether you are prone to develop inflamma-
tion, gastrointestinal symptoms or obesity.

We showed that changes in plasma ghrelin levels during fasting
(ALFF) were nutrient-dependent. Although it is well established
that ghrelin levels are decreased during obesity, fasting levels in
mice with ad libitum access to COEC for two weeks were twice as
high as in mice fed normal chow. Similar observations were made
in mice fed a high-fat diet for two weeks and in humans that were
subjected to overfeeding during one week [23,24]. Since a high-fat
diet can phase-shift and alter the amplitude of clock genes and
clock-controlled humoral and central metabolic systems [21,25],
we propose that the higher fasting plasma ghrelin levels originate
from the clock altering capacities of the COEC.
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Figure 8. Bmal1 promotes infiltration of neutrophils in the stomach during RF with COEC. Representative H&E stained fundic sections of
COEC-fed WT or Bmal1-KO mice under ALFF (A,E) or RF (B,F) conditions with gradually restricted food availability. (C,G) Higher magnifications of RF
sections with arrows pointing towards PMNs. Representative peroxidase-stained fundic sections of WT (D) and Bmal1-KO (H) mice under RF
conditions. Average number of PMNs per mm? (I) and peroxidase positive cells per mm? (J) in the fundus of WT (n=4-5/group) or Bmal1-KO mice
(n=4/group) under ALFF or RF conditions. (K) MPO activity levels of WT (n=9-20/group) or Bmal1-KO mice (n=6-7/group) under ALFF or RF
conditions. *P<<0.01, **P<<0.001 ALFF vs. RF; # P<0.05 WT vs. Bmal1-KO. (LM = longitudinal muscle layer, CM = circular muscle layer, SM =

submucosa, M= mucosa).

Similar to previous studies [11,12], we showed that RF with
normal chow increased plasma octanoyl ghrelin levels of mice
30 minutes before food anticipation, an effect that can be reversed
by refeeding ad libitum. Bodosi et al. previously demonstrated that
this increase was the consequence of both a phase-shift and an
increase in the amplitude of the circadian rhythm of ghrelin levels
[12]. However, since ghrelin signaling may not be necessary for
food-anticipatory activity, ghrelin might either be redundant with
other (signals entraining) FEOs or act downstream of or in parallel
with other FEOs that drive this activity [13]. Use of the COEC
abolished the RF-induced increase in octanoyl ghrelin levels. We
speculate that the high-fat feeding resulted in a lack of phase-shift
or difference in amplitude between the diurnal rhythms of the
plasma ghrelin levels of the ALFF and RF groups. However, this
remains to be investigated further.

Our studies in GHSR-KO mice showed that ghrelin signaling
was important to restore body weight loss during RF with normal
chow. Ghrelin does not only affect body weight through its
orexigenic effect, but also by preventing the utilization of fat [26].

Martinez-Merlos et al. demonstrated that RF induced epididymal
and perirenal retroperitoneal fat loss in rats [27]. Since we did not
observe any changes in food intake between WT and GHSR-KO
mice, we speculate that the increased ghrelin levels during RF
were not able to stimulate adipogenesis in GHSR-KO due to the
absence of a functional ghrelin receptor.

Mice subjected to RF with COEC during 4 hours for 2 weeks
restored their body weight much faster than normal chow-fed
mice. When the availability of the COEC during RF was gradually
decreased, mice were protected from entering a negative energy
balance, allowing them to quickly outweigh their ad libitum fed
counterparts. Arble et al. showed that mice fed a high-fat diet only
during the light-phase, similar to our study, gained significantly
more weight than mice fed solely during the dark-phase [28].
Similarly, Mistlberger e/ al. demonstrated that weight gain in a
genetic model of obesity was reduced by preventing food intake in
the light-phase, without reducing total daily caloric intake [29].
These results again stress the importance of the timing of food
intake. Indeed, people that consume most of their food during
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Figure 9. Bmal1 is involved in the contractility changes induced by RF with COEC. (A) On-relaxations and (B) off-contractions of COEC-fed
WT or Bmal1-KO mice under ALFF and RF conditions with gradually restricted food availability. (ALFF: N = 8-14 mice/genotype, n=16-17 strips; RF:
N =4-8 mice/genotype, n=6-12 strips). *P<<0.05, **P<<0.01, ***P<<0.001 WT vs. ALFF; # P<0.05, ## P<<0.001 Bmal1-KO vs. ALFF.

their normal sleep period — such as shift workers, breakfast
skippers and individuals suffering from night eating syndrome
suffer from obesity and related metabolic diseases more frequently
[30,31,32]. However, in contrast to the findings in short-term
studies like ours, weight gain resulting from high-fat feeding in
mice can be prevented by restricting food availability to the dark-
phase or even the light-phase during a long-term period of 18
weeks [33,34].

Similar to timing of food intake, deleting circadian clock genes
in mice can drastically affect body weight and composition
[16,35,36,37]. Here, we show that the increase in body weight
during RF with COEC was regulated by Bmall, since Bmall-KO
mice were protected from the increase in body weight and fat pad
mass. This again highlights the crucial role of Bmall in the control
of adipogenesis and lipid metabolism [38,39].

Dietd dent
Restricted feeding — e

Ghrelin is an important gastroprokinetic agent and accelerates
gastric emptying in humans and rodents [7]. Ariga et al.
hypothesized that the RF-induced increase in ghrelin might be
responsible for the acceleration in gastric emptying in rats [40].
We showed that RF reversibly accelerated gastric emptying in
both WT and GHSR-KO mice, indicating that this acceleration is
independent from ghrelin signaling. Our n vitro contractility
studies in fundic smooth muscle strips demonstrated that RF with
normal chow resulted in fully reversible neural hyperexcitability
and hypercontractility to ACh. Thus, RF promotes numerous
metabolic and physiological adaptations to optimize biochemical
handling of a sudden increase in nutrients. In addition, our results
show that Bmall is involved in the RF-induced increase in
contractile potency towards ACh and the neural hyperexcitability.

5 Restored

Thickening of gastric
smooth muscle layers
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proinflammatory state

Diet dependent effect on
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(2) Gastric expression IL-1a.
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Figure 10. Schematic overview of the role of ghrelin and the clock gene Bmal1 in the physiological adaptations induced by RF with

different diets, half an hour prior to food availability.
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Circadian regulation has been described for levels of circulating
proinflammatory cytokines, different populations of leukocytes,
but also for NK cell function and phagocytic activity by
macrophages and neutrophils [41]. The current study indicates
for the first time that RF probably shifts the rhythm of cytokine
mRNA expression and infiltrating immune cells in the stomach, as
evidenced by the altered gastric proinflammatory cytokine
expression profiles and MPO activity levels. This is strengthened
by the study of Sherman et al. which showed that long-term (4
months) RI altered mRNA expression levels of proinflammatory
cytokines in the liver, jejunum and white adipose tissue [42].

In addition, we show that it is likely that RF with a high-fat diet
further shifts this rhythm, leading to increased MPO activity and
IL-1oc mRNA expression at the expense of IL-1B, which was
upregulated by RI with normal chow. Our histological studies
confirm that RF with a high-fat diet induces a heightened
proinflammatory state in the stomach half an hour before food
availability, characterized by infiltrating immune cells. This adds
to the finding of Luna-Moreno et al. that RF was capable of
inducing local immune responses in the liver [43].

Furthermore, Bmall seems to upregulate IL-lo expression in
the stomach during RF with COEC. In addition, we showed that
the type of inflammatory infiltrate is altered in the absence of
Bmall. Indeed, the results of the PMN cell and peroxidase positive
cell countings in combination with the MPO activity assay showed
that Bmall is involved in the recruitment of neutrophils, but not of
cosinophils, to the stomach during RF. Since the circadian and
immune systems are closely intertwined [41], it is not surprising
that genetic circadian disruption can modulate innate immunity.
Indeed, Bmall-KO mice suffer from progressive corneal inflam-
mation [44]. Also, myeloid cell-specific Bmall deletion induces
expression of monocyte-attracting chemokines and disrupts
rhythmic trafficking of proinflammatory Ly6C™ monocytes,
leading to predisposition to inflammation-associated pathologies
[45]. In addition, recent evidence has emerged for a role of clock
genes in natural killer cell and neutrophil function after activation
of innate immune responses [46,47].

Our histological studies indicate a thickening of the fundic
smooth muscle layers during RIF which may contribute to the
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Abstract

Objectives: The UK government has noted the public health importance of food prices and the affordability of a healthy
diet. Yet, methods for tracking change over time have not been established. We aimed to investigate the prices of more and
less healthy foods over time using existing government data on national food prices and nutrition content.

Methods: We linked economic data for 94 foods and beverages in the UK Consumer Price Index to food and nutrient data
from the UK Department of Health’s National Diet and Nutrition Survey, producing a novel dataset across the period 2002-
2012. Each item was assigned to a food group and also categorised as either “more healthy” or “less healthy” using a
nutrient profiling model developed by the Food Standards Agency. We tested statistical significance using a t-test and
repeated measures ANOVA.

Results: The mean (standard deviation) 2012 price/1000 kcal was £2.50 (0.29) for less healthy items and £7.49 (1.27) for
more healthy items. The ANOVA results confirmed that all prices had risen over the period 2002-2012, but more healthy
items rose faster than less healthy ones in absolute terms:£0.17 compared to £0.07/1000 kcal per year on average for more
and less healthy items, respectively (p<<0.001).

Conclusions: Since 2002, more healthy foods and beverages have been consistently more expensive than less healthy ones,
with a growing gap between them. This trend is likely to make healthier diets less affordable over time, which may have
implications for individual food security and population health, and it may exacerbate social inequalities in health. The novel
data linkage employed here could be used as the basis for routine food price monitoring to inform public health policy.
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Introduction

The association between foods, nutrients and diets and certain
health outcomes is well established, [1] with the World Health
Organization identifying energy-dense, nutrient-poor foods that
are high in fat, sugar and salt as contributing to excess risk of
chronic disease. [2] Accordingly, dietary recommendations,
including those from the UK Department of Health (DH),
discourage the consumption of such foods and emphasise
vegetables and fruits, whole grains, low fat dairy foods and lean
sources of protein. [3] However, on average the UK population
consumes an excess of saturated fat and non-milk extrinsic sugars,
and fails to consume enough oily fish or fruit and vegetables,
falling short of government recommendations. [4] These patterns
have a marked effect on public health: the 2010 Global Burden of
Disease Study found that unhealthy diets accounted for 14.3% of
the UK’s disease burden (measured in disability-adjusted life
years). [5] The burden on the healthcare system is also

considerable with diet-related ill health estimated to be responsible
for £ 5.8 billion of National Health Service expenditure annually,
more than either smoking, alcohol consumption or physical
inactivity (based upon data from 2006-7). [6].

One factor that might limit the uptake of healthier diets is the
cost of healthier foods, which has not been recognised by the
majority of UK public health policy outside of the context of
national food security. [7,8] The notion that healthier foods are
more expensive and that this expense contributes to the
consumption of unhealthy diets is not new, and has a strong
evidence base and conceptual framework to support it. [9] In a
2013 survey, price was rated by UK consumers as the most
important factor influencing their choices of food products, with
39% stating it was the factor of greatest importance and 91%
listing it in their top five criteria. [10] In contrast, just 9% of UK
consumers considered a food’s healthiness to be the most
mmportant factor and only 49% placed it in the top five. [10]
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These findings suggest that cost considerations may override
health concerns in consumer dietary choices.

Both researchers and policymakers have recognised that the
price of healthy diets and foods ought to be monitored to inform
public health nutrition policy but no monitoring system has
hitherto been established in the UK. [8,11] Here we outline a
method for examining the cost of foods in relation to nutrient
content by linking existing UK government economic and
nutrition surveillance data. Using the resulting dataset, we then
examine changes in the price of food between 2002 and 2012, by
Eatwell food group and by category of healthfulness as determined
by a widely used nutrient profiling score. Our approach to linking
such existing data could provide the basis for routine monitoring of
the affordability of healthy foods and diets, thereby allowing for a
better understanding of how price differs between more or less
healthy foods.

Methods

Ethics Statement

NDNS was conducted according to the guidelines laid down in
the Declaration of Helsinki and all procedures involving human
subjects were approved by the Oxfordshire A Research Ethics
Committee. Written informed consent was obtained from all
participants [12].

Methods summary

We obtained food price and nutrition data from two separate
and publicly available sources and linked the two together to
create a novel dataset. We then converted prices to a price-per-
unit-of-energy value and classified food items according to their
nutritional content and by food group. Finally, we compared the
mean prices of these categories in 2012 and examined the change
in price since 2002.

Food price data

We selected the foods and beverages in our sample from the list
of goods and services used to calculate the Consumer Price Index
(CPI), a tool used to measure inflation in the UK based upon a
basket of goods for which prices are measured across the nation
each quarter. [13] In 2012, this basket included 157 foods and
beverages which did not include an element of service, for
example, a hot meal in a pub. We excluded such items because the
cost of the service could not be separated from the cost of the food.
However, to ensure that a meaningful comparison was being made
over time, we restricted the contents of the basket analysed to
include only those goods that remained in the basket during our
study period between 2002 and 2012. Research in the USA has
indicated that market baskets that change over time can contribute
to apparent differences in the rate of change in the price of food
groups. [14] We further excluded an additional four items in the
basket as they contained no nutrients meaningful to the research
questions (Instant Coffee, Filter Coftee, Tea Bags, Bottled Mineral
Water), leaving a final list of 94 foods and beverages for
comparison across 10 years.

We took the median price for each good in a given quarter and
produced a mean value for the year, using data taken from the
Office for National Statistics. [15] These data were per-unit prices,
with no separate field for unit weight. To establish the price per
100 g, we used information on the purchased weight where it was
included in the food name (e.g. “Grapes per kg”), or inferred the
purchased mass using information on similar items available for
purchase on an online supermarket aggregator, mySupermarket.
[16] We chose items from the site when the price was closest to the

2012 price taken from the CPI data. For items with variable
weights, e.g. peaches, we assigned the weight recorded for that
type of item in the USDA National Nutrient Database for
Standard Reference. [17] Using this combined method we
established a price per 100 g for all 94 items in our list.

Nutrition data

We obtained nutrition data from survey years 1-3 of the rolling
programme of the nationally-representative National Diet and
Nutrition Survey (NDNS), which was available from the Economic
and Social Data Service. [18] Foods consumed by 1,491 adult
survey respondents have their nutrient content reported in detail,
with the content of 60 nutrients and 27 disaggregated foods (e.g.
mass of dried fruit) per portion and total portion mass reported.
We removed non-nutrient information from the Food Level
Dietary Data file, removed duplicate entries, and converted the
values to a 100 g scale, thus creating a database of 3790 unique
foods and beverages.

Linkage process

We used a qualitative process to determine the most appropriate
NDNS items for each of the 94 items from the CPI list. Where
multiple NDNS items were deemed a suitable match for a CPI
item we calculated mean nutrition data, weighted by the frequency
of consumption for each NDNS item. We adopted this approach
to account for the fact that some CPI items were only described in
very broad terms and could cover a range of different foods (e.g.
“frozen ready meal, cooked — serves 17), and also to account for
the range of different methods of preparation (for instance, a
potato could be boiled, baked or fried) which were associated with
NDNS food items and would alter the nutrient content. The most
NDNS items matched to any one item was 14 and the least was 1,
with a median of 2 NDNS items match for a given CPI item.

Once matches had been made, the nutrition data needed to be
adjusted to account for the fact that the NDNS data concern foods
as consumed and the CPI data foods as purchased. The
incongruence in the data occurs because there are either losses
or gains associated with preparation and cooking of many of the
listed foods. To remedy this we adjusted the CPI food price data so
that they expressed price in terms of price per 100 g edible
portion, using edible portion figures from the United States
Department of Agriculture’s Handbook 102 where necessary. [19].

Following this adjustment, we converted prices per 100 g into
price per 1000 kcal using the data on energy content provided by
the NDNS. We produced a dataset with detailed nutrient content
per 100 g and 11 years of data on price per 1000 kcal which
would allow us to analyse price changes over time in relation to
nutrient content.

Food group-based classification of foods

We classified food items in our new dataset according to five
distinct food groups, defined by the Eatwell Plate—a tool for
nutrition communication developed by the DH to define a healthy
diet. [3] The five groups analysed were: (i) bread, rice potatoes and
pasta; (ii) fruit and vegetables; (ii1) milk and dairy foods; (iv) meat,
fish, eggs, beans and other sources of protein; and (v) food and
drinks high in fat and/or sugar. We assigned foods to food groups
using a reference table in the Livewell Report which matched
NDNS food categories to Eatwell food groups. [20] When NDNS
items corresponding to a CPI item included more than one food
group, we applied only one food group based on the item most
frequently consumed according to the NDNS survey data.
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Nutrient-based classification of foods

Food items were also classified as “more healthy” or “less
healthy” based upon nutrient profiling, a technique which
accounts for a food or drink’s overall nutritional characteristics.
We used the WXYfm model detailed in the DH’s Nutritional
Profiling Technical Guide, hereafter referred to as the “FSA
score” due to its historical usage by the Food Standards Agency
(FSA), because this score provides a categorical distinction
between more and less healthy foods. [21] This model assigns
an overall numeric score according to per 100 g levels of: energy,
saturated fat, total sugar, sodium, fibre, protein, and fruit,
vegetable and nut content. This particular model was originally
developed to highlight foods which should not be advertised to
children and consequently gives a definition of less healthy foods,
allowing for objective classification of the items in our sample. [21]
When used to classify foods this score has been shown to have
good agreement with the subjective opinions of nutrition
professionals. [22].

Less healthy

2.50
0.73
0.14
0.59

41
8
31

More healthy

7.49
1.84
0.37
1.47

33
7
24

Food & drinks
high in fat
and/or sugar

3.11
49

1
33
1.02
0.24
0.78

Statistical analyses

Descriptive  statistics were used to characterise the mean
economic cost and change in cost over time, according to food
group and FSA score healthfulness categories. The distributions of
the nutrient profile score for each Eatwell food group were tested
with ANOVA using the data for 2012. The difference in price in
2012 between the categories “less healthy” and “more healthy”
was tested using a t-test and between the Eatwell groups with
ANOVA. Repeated measures ANOVA were used to determine
whether (a) there was a statistically significant change in price over
the period 2002-2012 for all foods and (b) the prices changed
differently between Eatwell food group and FSA categories over
this period.

Analyses were conducted using Stata (version SE 12.1). [23]
Figures were produced using R (version 2.15.1 for Windows) and
the ggplot2 package. [24,25].

beans, other sources

Meat, fish, eggs,
of protein

4.93
54

1
39
1.73
0.34
1.39

Milk and
dairy foods
4.75

29

9

18
1.07
0.34
0.73

Fruit and vegetables

9.13

23
4

18
1.73
0.32
1.41

Sensitivity Analyses

We conducted two sensitivity analyses: we analysed the
difference in price between more and less healthy foods with fruit
and vegetables removed from the healthy foods category, to test
whether any price difference was due only to this group. We also
tested for the possibility of bias caused by excluding items which
did not appear in all years, by looking at the difference in price
between more and less healthy foods when all items in 2012 were
included, not just those which appeared in the CPI basket across
the entire 2002—12 period.

Bread, rice,
potatoes, pasta
-0.10

0.23

1.26
12
0.13

Results

All foods
5.21
5

7

2

1.34

0.27

1.07

Table 1 shows the 2012 mean price and changes in price for
2002-2012, 2002—-2007 and 2007—2012, in both absolute and
relative terms, for all foods and by Eatwell and FSA score
categories. Between 2002 and 2012 the mean price of all foods in
our sample rose 35%, from £ 3.87/1000 kcal to £5.21/1000 kcal.
This increase was not constant, with the prices rising at a greater
rate after 2007 than before, with the absolute change for the
period 2002-07 being £0.27/1000 kcal compared to £1.07/
1000 kcal for the period 2007-12. This increase in the rate of
change after 2007 applied to all food groups and nutrient
composition categories.

2002-12
2002-07
2007-12
2002-12
2002-07
2007-12

Price differences by Eatwell food group
The mean prices per 1000 kcal for each of the Eatwell food
groups for the period 2002-2012 are shown in Figure 1. The
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Table 1. 2012 mean, absolute and relative changes in price for all foods, by Eatwell group and by FSA score category.

2012 mean price (£/1000 kcal)
Absolute change in price (£/

Relative change in price (%)
1000 kcal)
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10

» [ed]
1 1

Price (£/1000kcal)
N
1

1

2002 2004 2006 2008 2010 2012
Year

Bread, rice, potatoes, pasta
=h= Food & drinks high in fat and/or sugar
=& Fruit and vegetables
== Meat, fish, eggs, beans, other sources of protein

== Milk and dairy foods

Figure 1. Mean price of foods by Eatwell food group, 2002-
2012. Mean price (£/1000 kcal) by Eatwell food group of foods and
beverages remaining in the UK Consumer Price Index basket across the
entirety of the period 2002-2012 (n=94).

figure shows that there is a clear hierarchy of prices across the
period in which fruit and vegetables are always the most expensive
foods and starchy carbohydrates the least expensive. All food
groups saw price increases over the observation period, except for
starchy foods, whose average price remained broadly constant
throughout. The difference between groups was significant across
all years (p<<0.001).

Comparison of food groups’ nutrient composition

Figure 2 shows the distribution of nutritional value for each
Eatwell group according to the FSA score. We found that only the
fruits and vegetables group showed a distinct, healthier nutrient
profile, while all other groups contained food items overlapping
the Ofcom categories of more and less healthy (for visual clarity,
this plot excludes the sample’s six beverages sample because the
score uses different cut-offs for foods and beverages. All other
analyses include all 94 foods and beverages). When tested with an
ANOVA, there was a significant difference between FSA scores by
groups (p<<0.001) but this was not the case when the “Fruit and
Vegetables” category was removed (p=0.267). This result
indicates that with the exception of this category, a food’s Eatwell
group cannot be used to determine whether a food is more or less
healthy. This plot excludes the six beverages in the sample because
the score uses a separate cut-off for foods and beverages. The
beverages are included for all other analyses.

Price differences by nutrient profile category

We found an absolute difference in price between the nutrient
profile categories in 2012, with more healthy foods approximately
three times more expensive than less healthy foods (p<<0.001). The
mean price was £ 2.50 (standard deviation = 0.29) for less healthy
items and £,7.49 (1.27) for more healthy items. The mean prices
per 1000 kcal for foods categorised as less healthy and foods
categorised as more healthy for the period 2002-2012 are shown
in Figure 3. Across the study period, we found that there was a
consistent difference in price between these groups (p<<0.001) and
that there was a difference in the change over time by group

(p=0.008).

Sensitivity Analyses

When we included all foods and beverages in the CPI in 2012
rather than only those which has been included in the CPI basket
since 2002, the difference in mean price between more and less
healthy foods was £,6.57/1000 kcal and {,2.96/1000 kcal respec-
tively (p<<0.001). We also tested for a difference between more and
less healthy foods over time when fruit and vegetables were
removed from the analysis, finding that the difference between
groups remained (p<0.001) and that they showed different time
trends (p =0.004), with the price of more healthy foods rising by
£,1.95/1000 kcal over the period in comparison to {0.73/
1000 kcal for less healthy foods. With fruit and vegetables
excluded, the mean price for more healthy foods in 2012 was
£5.78/1000 kcal whereas the mean price of less healthy foods did
not change.

Discussion

Our results show that the price of more healthy foods was
consistently greater than that of less healthy foods over the period
2002-2012, and that the absolute price gap between healthy and
less healthy foods has grown over this period. This finding
strengthens the case for monitoring the affordability of healthy
foods and diets in order to inform potential economic policy
responses.

This study is the first to use UK data to examine price trends by
the nutrient composition of foods. Our results tally with the
general trend of increasing food prices observed in similar high
income nations, as reported in a review, [26] where studies have
found that in recent years healthy foods had increased more in
price than foods which were less healthy, [27-30] and that
healthier versions of particular foods were more expensive. [31,32]
Another recent review has again found that within given food
groups, the healthier option was typically more expensive for
meats/protein, snacks/sweets, grains, and fats/oils, whilst health-
ier dairy foods were found to be less expensive. [33].

The broadly consistent observation of disparities in food prices
across countries is likely to have multiple causes. In the UK it may
be the case that food prices are heavily influenced by certain
features of the Common Agricultural Policy (CAP) which
mtervenes in food markets to subsidise the production of certain
goods, including grains, dairy products, oils and sugar. [34] Such
subsidies have the potential to affect public health by influencing
the availability and price of foods, with modelling studies showing
that the CAP’s presence may reduce the quantity of fruit and
vegetables consumed and increase cardiovascular mortality
through encouraging the consumption of saturated fats. [35,36]
If public health policy is required to address the issue of the higher
price of more healthy foods, it is likely to be necessary to engage
with supply-side issues such as CAP reform to achieve long-term
change.
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Figure 2. Box plots of nutrient density by Eatwell food group. Box plots of nutrient density as defined by the Food Standards Agency nutrient
profiling score for foods (and not beverages) remaining in the UK Consumer Price Index basket across the entirety of the period 2002-2012 (n =88),
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Figure 3. Mean price of foods by Food Standards Agency
nutrient profiling score category, 2002-2012. Mean price (£/
1000 kcal) by Food Standards Agency nutrient profiling score category
of foods and beverages remaining in the UK Consumer Price Index
basket across the entirety of the period 2002-2012 (n=94).

In recent years the issue of food poverty has been of increasing
concern in the UK and the rising use of food banks has been
recognised as an issue of public health importance. [37,38] Our
results suggest that we should consider not only the issue of people
being able to afford to eat enough food to avoid hunger but also
being able to eat enough food which is healthy. The standard
definition of food security is that people should have physical and
economic access to “sufficient, nutritionally adequate and safe
food”, [39,40] meaning that if economic constraints are gradually
forcing people to replace more healthy foods with less healthy
ones, they are becoming increasingly exposed to the risk of food
insecurity. Analyses of UK food spending data by the Institute for
Fiscal Studies has shown that, in recent years, all SES groups have
changed their purchasing habits to both spend less on food and
purchase calories which are both cheaper and less healthy, for
example purchasing less fruit but more grains, cheese and
prepared dishes. [41] Our findings help to explain this observation
by uncovering the magnitude of the price difference between more
and less healthy foods, which is a factor that drives increasing food
msecurity and could contribute to a deterioration in population
health.

In addition to our main finding we also observed that, with the
exception of “fruit and vegetables”, the Eatwell food groups were
not distinct in terms of the FSA scores of their constituent foods.
This finding is consistent with earlier work in the US showing that
food groups have limited value in classifying healthy and less
healthy foods. [42] If monitoring of food prices is to start in the
UK, we would echo these authors in arguing for the development
of a monitoring tool that merges nutritional profiling techniques
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with current guidance for eating a balanced diet rather than
relying on monitoring prices by food group alone.

Methodological considerations and limitations

A key weakness to acknowledge is that the number of foods and
beverages included in this study is small and only reflects those
foods included in the CPI rather than a full range of available
foods. Nevertheless, the items included for analysis should reflect
those most commonly purchased by UK consumers, given the
CPTI’s role as a measure of consumer inflation. Our study also does
not account for variation in price by region or outlet, which is
likely to affect the absolute and relative difference in price between
food types in given instances. Another potential weakness is the use
of price per unit energy rather than price per unit mass or any
other price denominator, given that one of the factors determining
a food’s health categorisation is its energy content, an issue which
has been raised by others. [33,43] We analysed price per unit of
energy in line with the approach used by international organisa-
tions to assess food poverty. [44,45] Morcover, price per unit
energy is more consistent with dietary guidance than price per unit
weight and with observed household purchasing behaviour which
shows that energy consumption is broadly consistent in the UK,
even across differing SES groups. [46,47].

The main strength of our study is that we demonstrate the utility
of existing government datasets on the prices and nutrition content
of foods purchased and consumed in the UK, addressing the
recent call by the International Network for Food and Obesity/
Non-communicable Diseases Research, Monitoring and Action
Support (INFORMAS) for a cost-effective and simple tool for
monitoring the price of healthy foods. [11] The study also provides
information on recent price trends pertinent to the health of the
UK population, using an objective and nutritionally relevant tool
to categorise the foods and beverages examined.
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Abstract

In contrast to most other plant tissues, fleshy fruits are meant to be eaten in order to facilitate seed dispersal. Although
fleshy fruits attract consumers, they may also contain toxic secondary metabolites. However, studies that link the effect of
fruit toxins with seed dispersal and predation are scarce. Glucosinolates (GLSs) are a family of bitter-tasting compounds. The
fleshy fruit pulp of Ochradenus baccatus was previously found to harbor high concentrations of GLSs, whereas the
myrosinase enzyme, which breaks down GLSs to produce foul tasting chemicals, was found only in the seeds. Here we show
the differential behavioral and physiological responses of three rodent species to high dose (80%) Ochradenus’ fruits diets.
Acomys russatus, a predator of Ochradenus’ seeds, was the least sensitive to the taste of the fruit and the only rodent to
exhibit taste-related physiological adaptations to deal with the fruits’ toxins. In contrast, Acomys cahirinus, an Ochradenus
seed disperser, was more sensitive to a diet containing the hydrolyzed products of the GLSs. A third rodent (Mus musculus)
was deterred from Ochradenus fruits consumption by the GLSs and their hydrolyzed products. We were able to alter M.
musculus avoidance of whole fruit consumption by soaking Ochradenus fruits in a water solution containing 1% adenosine
monophosphate, which blocks the bitter taste receptor in mice. The observed differential responses of these three rodent
species may be due to evolutionary pressures that have enhanced or reduced their sensitivity to the taste of GLSs.
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Introduction Nutritional Benefits Hypothesis [10,13] assumes that fruit
improves the health, longevity and performance of the consumer.
Furthermore, several of the adaptive hypotheses assume that fruit
toxins have different effects among different consumers. The
Directed Deterrence Hypothesis states that fruit toxins in ripe fruit
deter seed predators, but have no or little toxic effect on seed-
dispersers [10,13-15]. However, few data are available for the
evaluation of these hypotheses, considering that the effect of fruit
toxins is tightly linked to seed dispersal and predation, and thus to
plant fitness. In this paper, we are going to directly address the
Directed Deterrence Hypothesis.

Fleshy fruits are commonly used by plants to facilitate seed
dispersal by animals. However, as there are also seed predators,
the nature of plant-animal interactions is dependent on the
consumers’ fruit eating behavior. Generally, there are three ways
to utilize fruits: a) Utilize only the pulp - the fleshy ripe pulp is used
by plants as a reward for seed dispersing animals [1-3]; b) utilize
only the seeds - seeds are a valuable food source for many animal
species [4], being of higher nutritional quality compared to ripe
fruit pulp [3]; or c) utilize the pulp and the seeds - while seed
dispersers utilize only the pulp, seed predators may utilize both the
pulp and the seeds [6,7].

Although fruits are intended to facilitate seed dispersal, the ripe
fruits of many plants contain secondary metabolites in toxic
concentrations [1,8-11]. Fruit toxins are a widespread phenom-
enon but the study of their function is a relatively new field in
ecology and ecophysiology [12]. At least seven adaptive hypoth-
eses have been proposed for the existence of toxins in fruit [10,13].
The majority of these hypotheses assume that toxins have an
effect, either negative or positive, on fruit consumers. For example,
the Gut Retention Time Hypothesis [10,13] assumes that fruit
toxins alter gut passage rates of vertebrates, while the Directed
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Like all examined plant species from the order Brassicales
(which includes the Resedaceae family), Ochradenus baccatus
contains Glucosinolates (GLSs) [16]. GLSs are a family of bitter-
tasting compounds [17,18]. Bitter taste and toxicity are often
coupled traits, enabling consumers to avoid toxicity [19,20].
However, different species may have different taste sensitivities
[21]. The defensive properties of bitter, intact GLSs are further
enhanced upon hydrolysis by the myrosinase enzyme, a mecha-
nism known as the “mustard-oil bomb” [22]. The defensive
properties of the mustard-oil bomb include growth depression,
decreased food efficiency and lesions in the liver, pancreas and
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kidney [22—24]. In Brassicales, GLSs occur throughout the tissues
of plant organs, whereas myrosinases are localized in scattered
myrosin cells, which are free of GLSs [24-26]. Other Ochradenus
plant organs are also protected by the mustard-oil bomb [16,27].
In the fruits of Ochradenus there is a unique compartmentaliza-
tion, where GLSs are found only in the pulp and the myrosinase
enzyme is found only in the seeds [16]. Thus, consumers that
simultaneously eat the pulp and crush the seeds will have to face
the hydrolyzed products of the GLSs [16].

Ochradenus plants co-occur with two of the three omnivorous
rodent species used in this study (Acomys russatus and A. cahirinus)
that differ in their interactions with the plant. Acomys russatus is a
seed predator that eats Ochradenus fruit pulp and seeds; whereas
A. cahirinus cats the fruit pulp but expels the seeds intact [6,16]. A
third omnivorous rodent, the house mouse (Mus musculus), is less
likely to naturally feed on Ochradenus fruits or seeds as it is absent
from desert areas were the Ochradenus is found. Comparing taste
sensitivities of different species of rodents, and especially sympatric
species can be illuminating. For example, it is known that two out
of three common mouse species that share their habitat with
monarch butterflies, are sensitive to the bitter-toxic taste of the
glycosides and alkaloids in the butterflies [21]. Moreover, in
rodents, the T2R bitter taste receptors are found to be expressed
not only in the tongue, but also in the gastrointestinal tract [28].
Rodents have also been shown to behaviorally regulate bitter-toxic
food intake [29] and finally, in rodents, gut retention time may be
extended in response to bitter taste and thus may also regulate
bitter-toxic food intake [28].

We predicted that the two Acomys species would be less sensitive
than M. musculus to the taste of GLSs and their hydrolyzed
products, as Acomys encounter and consume Ochradenus fruits in
their natural habitat [6,7,16]. In this study we used high dose (80%
of the diet), short-term, feeding trials. We also predicted that
within a few days, we should be able to observe the negative
impact of a high dose of pulp or mashed fruit diets in all three
rodents. As intact GLSs are generally non-toxic, we predicted that
seed disposers, like A. cahirinus, should not be deterred by the
taste of intact GLSs in the pulp, but would keep away from pulp
and seed co-consumption to avoid the mustard-oill bomb
physiological consequences. As different species may have different
taste sensitivities [21], it is plausible that the seed predator, A.
russatus, has a higher perception threshold (i.e., lower sensitivity)
to the taste of GLSs and their hydrolyzed products. Thus, it should
be able to overcome the taste and physiological effects of intact
GLSs as well as GLS-myrosinase combination. A new introduced
species, like M. musculus, should reject intact as well as hydrolyzed
GLSs.

We used adenosine monophosphate (AMP), known to block
bitter taste receptors in mice [30], and monitored the rodents’
feeding behavior. We also used diets that contained intact GLSs
and activated GLSs and monitored the rodents’ body mass, food
intake, digestibility and gut retention time (as bitter compounds
can extend retention time). We measured estrogenic activity in
Ochradenus fruit pulp and seeds as some phytoestrogens are
known for their bitter taste [18]. In addition, estrogenicity in the
fruits may affect rodent metabolism and weight gain [31].

Materials and Methods

Ethics Statement

The experimental protocols were approved by the University of
Haifa Committee of Animal Experimentation (Permit number
096/08). No specific permissions were required for the collection
of fruits, as they were not collected from protected areas. The
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plant, Ochradenus baccatus, is not an endangered or protected
species.

Estrogenic Activity in Fruits

For measurement of phytoestrogen activity in Ochradenus fruit,
pulp and seeds, we collected 200 ripe fruits in early March 2013
from five individual plants growing wild in Almog junction
(31°48’N, 35°27'E). Fruits were kept at 4°C and pulp was
manually separated from the seeds within one day of collection.
Samples were dried for 24 h at 40°C and stored at —20°C (pulps)
or room temperature (seeds). Combined pulps and combined seeds
from each plant (n =5 per organ type; 0.3-0.5 g dry tissue per
sample) were ground using a mortar and pestle and double
extracted in 55% ethanol. Samples were reconstituted in 55%
ethanol to a final concentration that represented 2.7 g dry weight/
ml for pulps and 3.0 g dry weight/ml for seeds (equivalent to 13.3
and 3.1 g fresh weight/ml for pulps and seeds, respectively).
Dilution curves to measure estrogenic activity of pulp and seed
extracts were compared to estradiol and soybean leaf extracts
using transgenic Saccharomyces cerevisiae (baker’s yeast) expressing
human estrogen receptor f (ESR2) linked to a B-galactosidase
reporter gene (lacZ) [32]. Dilution curves ranged from 0.3—82 mg
fresh weight per well for pulps and 0.14-19.4 mg fresh weight per
well for seeds. Estrogenicity was expressed as pg estradiol
equivalents per mg fresh weight.

Study System

General information on the study system including a description
of the plant, fruit collection, fruit concentration of GLSs in the
pulp and myrosinase activity in the seeds and animal maintenance
can be found in Samuni-Blank et al. [7,16].

Fruit Taste - Behavior

Animals (Acomys cahirinus n = 8; body mass=55.0+4.4 g SE;
Acomys russatus n = 8; body mass = 59.3+2.5 g SE; Mus musculus
n =8; body mass =25.820.9 g SE) were placed in separate cages
with 5 intact Ochradenus fruits (‘natural’) over-night. After 24 h
the cage floor was examined for intact fruits or fruit parts (pulp or
seeds). We counted the intact fruits and documented whether the
mice ate only the pulp, only the seeds or both. Then, we gave the
same individuals five fruits from the same batch that were soaked
for ten minutes in distilled water containing 1% adenosine
monophosphate (AMP), known to block bitter taste receptors in
mice [30]. Remains of AMP-treated fruits were categorized after
24 h as mentioned above. Throughout the experiments, carrots,
rodent chow and dog chow were provided ad libitum.

Fruit Taste - Physiology

To examine the effect of taste of a mashed fruit diet (fruit pulp
and seeds mashed together, causing hydrolysis of GLSs) versus a
pulp diet (no seeds, therefore containing intact GLSs), we
performed feeding trials and monitored the effects of the different
diets on body mass, dry matter (DM) food intake and DM
digestibility. We used adult males oft A. cahirinus (body
mass=50.9*+1.2¢g SE; n=117), A. russatus  (body
mass =53.8+1.1 g SE; n=110) and wild house mouse (M.
musculus; body mass=29.6+0.7 ¢ SE; n=22) from captive
breeding colonies maintained at the Department of Biology and
Environment at the University of Haifa, Oranim.

The rodents were fed for two days with one of three possible
diets (treatments): pulp (containing intact GLSs), mash (containing
hydrolyzed products of GLSs) and a control (rodent chow) diet
(n=6-8 individuals per treatment). In each case the diet
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Table 1. Average number (* S.E.) of intact fruits (Natural) and AMP-treated fruits (AMP) fruits after 24 h by the seed predator, A.
russatus, the seed disperser, A. cahirinus and a naive rodent, M. musculus (n=28 for each species in each of the treatments).

Fruit left

Natural AMP
Predator™s 0.0+0.0 0.63+0.63
Disperser™-S 1.25+0.62 0.75+0.31
M. musculus 3.8+0.72" 0.5+0.5°

treatments contained on a wet mass basis: 20% rodent chow
(Koffolk serial no. 19510, Tel Aviv, Israel) combined with 80%
pulp (pulp was manually separated from the seeds) or mash (pulp
and seeds crushed together). The control diet contained 70%
rodent chow combined with 30% tap water. The total calories
available in the pulp, mash and control diet was analyzed by Parr
microbomb calorimeter with a benzoic acid standard.

A body mass loss of 15% was defined as the limit of tolerance.
During the experiment we took daily measurements of body mass
and food intake. Excreta and food leftovers were collected every
day from the plastic cage floor, weighed, dried (at 50°C for 24 h)
and stored at room temperature. The dry matter (DM) digestibility
of food consumed by an animal was calculated from its DM intake
and fecal DM output as: DM digestibility = (DM intake — fecal
DM output)/DM intake.

Gut Retention Time

To examine the effect of Ochradenus fruits on the Acomys gut
retention time, we used captive adult males and females of A.
russatus (body mass=58.2%£2.2 ¢ SE; n=25) and A. cahirinus
(body mass =49.3%1.6 g SE; n =25). Animals were fed according
to one of the four following treatments: 1) ‘Control’ - rodent chow
(Koffolk serial no. 19510) homogenized with 70% tap water; 2)
‘Pulp’ — pulp, which contain the intact GLSs, manually separated
from fruits. 3) ‘Seeds’ — seeds, which contain the myrosinase
enzyme, manually separated from fruits and homogenized with
80% water. 4) ‘Mash’ - pulp and seeds mashed together, contain
the hydrolyzed products of GLSs. Food treatment was orally
administrated using 10 ml syringe into the animal mouth. All
other food was denied from the animals an hour before and an
hour after feeding. Orally administrated food was homogenized
with 1% of inert blue plastic marker pieces that can pass through a
40 mesh screen. Fecal samples were collected every 15 min
(coprophagy was not prevented), each sample was mashed in water
and examined until the first markers appeared in the feces.

Statistical Analyses

To test for differences in consumption with or without AMP,
that did not fulfill normality criteria (Kolmogorov-Simirnov test),
we used the Wilcoxon Signed Ranks Test. All other variables
tested fulfilled normality criteria. Therefore, to compare species
and treatments we used two-way ANOVA and to test for
differences within each species we performed a one-way ANOVA
followed by Bonferroni multiple comparisons. In all cases,
significance level was set at P<<0.05. All data are reported as
means * standard error (SE). Statistical analyses were conducted
using SPSS 19.0 (SPSS, USA).

Different letters adjacent to means indicate significant difference (Wilcoxon Signed Ranks Test, P>0.05) among means. N.S., not significant.

Results

For phytoestrogen activity in pulp, we tested extracts that
represented 2-510 mg fresh weight/ml (equivalent to 0.4-102 mg
dry weight/ml). For phytoestrogen activity in seeds, we tested
extracts that represented 1-120 mg fresh weight/ml (equivalent to
0.96-115 mg dry weight/ml). No phytoestrogenic activity was
found in Ochradenus fruits (pulp or seeds).

Fruit Taste - Behavior

A clear and significant difference was apparent between the two
Acomys species in the number of seeds left intact. The seed
predator, A. russatus, left 0.13%0.13 and 0.25%0.25 intact seeds,
while the seed disperser, A. cahirinus, left 16.14+3.42 and
15.75%£2.91 intact seeds on the non-treated and AMP treated
fruits respectively. For each of the two Acomys species, there were
no significant differences (P>0.05) in the number of fruits eaten
and seeds left intact in the natural fruits versus the AMP-treated
fruits (Table 1).

For M. musculus, there was a significant difference between
ingestion of natural and AMP treated fruits with M. musculus
avoiding ingestion of natural fruits but consuming AMP treated
fruits (£ =2.26, n =8, P =0.024; Table 1). For non-treated fruits,
five of eight M. musculus individuals left the natural fruits intact,
two individuals ate only the seeds and one ate one whole fruit (pulp
and seeds) out of five offered. As a results there were no intact
seeds left separated from the pulp in the cages (seeds were either all
consumed or were left inside the whole fruit). For fruits soaked
with AMP, only one individual left intact fruits. The other seven
individuals ate both pulp and seeds leaving 5.25*1.41 intact seeds
separated from the pulp. Altogether, significantly more AMP-
treated pulp and AMP-treated seeds were consumed compared to
the natural pulp and seeds (Z=2.45, n=8, P=0.014; Z=2.24,
n =8, P=0.025; respectively).

Fruit Taste - Physiology

The total calories available in the pulp, mash and control diet
were 406044, 4433280 and 4154 %35 cal/g, respectively.

The experiment for all M. musculus individuals on mash diet
was terminated after one day, due to loss of 15% of body mass on
mash diet.

Body mass. There were significant differences in body mass
changes among species (F95,=36.9, P<0.0001) and among
treatments (F954=33.2, P<0.0001), as well as a significant
treatment®species interaction (Fy 54 = 8.3, P<<0.0001). M. muscu-
lus significantly lost body mass on both pulp and mashed diets
after only 24 h, while in the two Acomys, body mass was
maintained on the control and pulp diets (Fig. 1A). All individuals
recovered and returned to their original body mass a few days after
the experiment ended.
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Figure 1. Feeding trials. Control (white bars), 80% Ochradenus pulp
(gray bars) and 80% Ochradenus mash (black bars) diet of A. cahirinus
(disperser) and A. russatus (predator) after two days and of M. musculus
(mouse) after one day. n=6-8 for each diet within each species. A. Body
mass (% of initial). B. Dry matter intake (% body mass/day). C. Dry
matter digestibility (%). Within each species, different letters at the top
of the columns indicate significant differences (Bonferroni Multiple
Comparison, P<<0.05). Data are presented as means = SE.

Food intake. A significant difference in the normalized DM
intake (% body mass/day) was found among treatments
(F954=235.5, P<<0.0001) and there was no main effect of species
on DM intake (Fy54=2.7, P=0.08). However, there was a
significant interaction between species and treatments (Fy 54 = 9.2,
P<0.0001); Acomys russatus maintained DM intake on the pulp
diet, while the same diet depressed DM intake of M. musculus
(Fig. 1B).

Digestibility. There was a significant difference in the DM
digestibility among species (F9 49 = 6.4, P<<0.005) and there were
no significant differences in DM digestibility among treatments
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(FF949=1.6, NS). There was a significant interaction between
species and treatments (F5 49 = 3.0, P<<0.05); the DM digestibility
in A. russatus, but not in A. cahirinus, decreased on the mash diet
(Fig. 1C).

Gut Retention Time

There were significant differences in gut retention time among
treatments (F349= 3.4, £<0.05) but no main effect of species
(F1 40=0.0, NS). However, there was a significant treatment*spe-
cies interaction (Fs40=7.7, P<0.0001); the mash treatment
significantly increased the gut retention time in A. russatus but
not in A. cahirinus. Average retention time for all groups, except
for A. russatus mash treatment, was less than eight hours (Fig. 2).

Discussion

Previously [6,7,16], we revealed divergent behavioral and
physiological strategies and adaptations in two coexisting species
of desert rodents, A. cahirinus and A. russatus, dealing with fleshy
fruit toxins. Here we demonstrate that these different strategies are
probably mediated by taste.

The Ochradenus GLSs are likely to be an important factor
limiting fruits consumption by rodents. GLSs and their hydrolyzed
products are known for the deterrent quality of their bitter taste
[18]. The bitter taste of the fruits that originate from GLSs in the
pulp appears to be the cause of M. musculus’ fruit avoidance, as
we were able to alter M. musculus behavior by using AMP. Even
though M. musculus was first exposed to the natural fruits and
only later to the AMP treated fruits, there was no evidence of
learning effect as it consumed significantly more AMP treated
fruits. We cannot rule out neophobia as a possible explanation to
the fact that 5 out of 8 M. musculus did not sample the untreated
fruits, since we first gave the mice untreated fruits and only later
the AMP treated fruits. However, over the years, we have
observed numerous first-time encounters of rodents with Ochra-
denus fruits; some rodents hold the fruit in their mouth and spit it
out intact. Thus, we believe that it is more likely that the mice
avoided the fruits because of their taste and not because of
neophobia.

From the results we conclude that the seed predator, A.
russatus, has as a higher perception threshold (i.e., lower
sensitivity) to the taste of GLSs and their hydrolyzed products;
after two days in the feeding trial A. russatus was the only species
that consistently ate the whole fruit and maintained body mass on
80% pulp and mash diets. Also, it was the only species to have
higher DM food intake on the pulp diet compared to the control
diet. The differences between species are consistent with our
previous work, where we have shown that after four days in the
feeding trial on 50% mash diet, A. russatus maintained ~90% of
its initial body mass, while the seed disperser, A. cahirinus,
maintained only ~80% ofits initial body mass [7]. In addition, on
the mash treatment, A. russatus, but not A. cahirinus, significantly
extended its gut retention time and decreased its DM digestibility.
These physiological responses may provide more time for the
operation of detoxification enzymes in the gut and liver, decrease
the concentrations and slow the rate of hydrolyzed products
entering the systemic circulation [28]. We suggest that these
differential responses of the two species to Ochradenus fruits have
stemmed from interspecific competition.

Another observation that emerges from comparison to [7] is
that A. russatus performs better on high-concentration, short-term
diet (80% mashed fruit, two days) than on low-concentration,
long-term mash diet (one day at 25% followed by three days at
50%). Likewise, compared to the pulp diet, DM intake of A.
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Figure 2. Gut retention time. Gut retention time in Acomys cahirinus (seed disperser) and A. russatus (seed predator; n = 6-8 for each group within
each species) fed with a control diet (white bars), with Ochradenus pulp (light-gray bars), with Ochradenus seeds (dark-gray bars) or with mashed
Ochradenus fruits (black bars). Within each species, different letters at the top of the columns indicate significant differences (Bonferroni Multiple

Comparison, P<<0.05). Data are presented as means * SE.

russatus is lower by ~50% on a lower concentration of mash in
our previous study [7], while the difference in this study was not
significant. This could be evidence of adaptive physiological
mechanisms such as detoxification enzymes that A. russatus can
employ when toxicity levels increase. Another explanation is that
post-ingestional effects are not as immediate as taste and thus are
less pronounced in short term trials. A third hypothesis is that the
high concentration of mash increases the likelihood of A. russatus
using torpor to conserve energy [33].

Like the Acomys, M. musculus exhibited a higher tolerance level
(in terms of defending body mass) when feeding on the pulp diet
than on the mash diet, despite its avoidance of the GLSs. Although
mash diet has the highest energetic value, after only one day on
this diet, M. musculus lost ~15% of its initial body mass.
Individuals of M. musculus preferred to face rapid and life
threatening loss of body mass, rather than to feed on the mash
diet. Mus musculus also significantly reduced DM food intake
when feeding on the pulp diet. However, M. musculus consumed
significantly more food on the pulp diet than on the mash diet,
suggesting a preference of intact GLSs over their toxic hydrolyzed
products.

This study, provides some evaluation to the existence of toxins
in fruit adaptive hypotheses. In agreement with The Directed-
Deterrence Hypothesis [13], A. cahirinus and M. musculus
showed highest loss of mass while on mash diet. These findings
also extend The Directed-Deterrence Hypothesis to the intraspe-

cific level, in addition to the interspecific level, as they also
performed better on seed dispersers’ diet (pulp) than on seed
predators’ diet (mash). However, other findings of our work are in
contradiction with The Directed-Deterrence Hypothesis, as they
demonstrate the ability of A. russatus to consume the whole fruit
of Ochradenus while exhibiting behavioral and physiological traits
that allow it to avoid the negative effects of GLSs hydrolyzed
products (see also [6,7]). Moreover, our previous study demon-
strated the ability of another seed predator, A. minous, to
circumvent the activation of the GSLs by making a hole in the
pulp and consuming only the seeds [7]. Our results are ambiguous
also with respect to The Gut Retention Time Hypothesis, which
states that fruit secondary metabolites act to alter seed passage
rates; Ochradenus baccatus fruit toxins did alter gut passage in A.
russatus, but not in A. cahirinus. This study does not provide
strong support for either of the hypotheses, probably due to the
fact that the two species (4. cahirinus and A. russatus) are closely
related. This fact, however, is what makes this study system
particularly fascinating, as it allows to study the function of fruits’
toxins in finer detail.

In the present study, we revealed the ability of Ochradenus
plants to deter seed predators from co-consumption of pulp and
seeds. Our results demonstrate that the mustard oil bomb
mechanism in Ochradenus fruits shapes the behavioral responses
of its consumers at an ecological timescale. This is also supported
by our previous studies, which show, for example, that the
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evolutionary naive A. minous was able to behaviorally avoid the
GLSs-myrosinase combination in Ochradenus fruits. The bitter
taste of the GLSs is a first line of defense against naive rodents.
The bitter taste of the hydrolyzed products of GLSs is a second
barrier. Finally, seed predators that co-consume the pulp and seeds
will encounter the toxic products of the GLSs. Nevertheless, the
value of fleshy fruits cannot be overestimated in the desert
ecosystem; thus, there is an evolutionary pressure on consumers to
develop behavioral and physiological adaptations, in order to
extract the greatest benefit. In this evolutionary arms race between
the plant and its consumers, one will always lag behind.
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