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Abstract

Food intake of humans is governed by the food's nutritional value and pleasing taste, but also by
other factors such as food cost and availability, cultural imperatives, and social status. The biological
determinants of human food intake are not easily parsed from these other factors, making them hard
to study against the whirligig aspects of human life in a modern age. The study of animals provides
a useful alternative. Humans have a history of studying animal food intake, for agricultural reasons
(e.g., pigs and cows), and for personal reasons (e.g., dogs and cats), and these practical concerns have
been joined with the appreciation that other models can teach us the principles of behavior, genetics,
and nutrition. Thus there is a steady use of the traditional animal models in this type of research, as
well as growth in the use of other systems such as worms and flies. Rats and mice occupy a special
niche as animal models for two reasons; first, they share with humans a love of the same types of
food, and second, they are the target of a number of well-developed genetic tools. The available
genetic tools that make mice a popular model include a well-annotated genome (Mouse Build 37),
profiles of RNA expression from many tissues, a diverse panel of inbred strains, and the ability to
manipulate genes in the whole animal, including removing a gene only in specific tissues (e.g., Cre-
lox system). Mice have been harnessed to find genotypes that contribute to sweet-liking, and other
studies are underway to understand how genetic variation might at least partially explain other puzzles
of human appetites. Animal models provide a way to study the genetic determinants of food selection

with experimental rigor and therefore complement human genetics studies.

The human food environment has changed dramatically in the last few hundred years, and
some humans now have the broadest range of food choices ever in the history of the species.
This increase in the number of available foods has led to a concomitant increase in the number
of variables that can determine food selection. These influences include subject characteristics
such as sex and age, as well as more subtle environmental and experiential variables, such as
the easy availability of certain foods, and expectations about food created by advertising and
branding (1,2). Another contributor to human food preferences is genetic makeup (3). Genetic
variation among people can lead to differences in taste perception, digestion, and metabolism
(4), but how these differences translate into food selection are not well understood. The study
of human food intake has been handicapped by the unavoidable problems of accurate
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To assess the number of known human polymorphisms, a query was made of this database on 8 November 2007 (Build 128):
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To assess the number of biomedical research papers published for each animal species, a query was made of this database on
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measurement of behavior among free-living people. It is possible to study human food intake
in a controlled environment, but laboratory measures may not generalize to the world outside.
There are further difficulties in the study of human behavior because each person has
idiosyncratic experiences and beliefs about food. To circumvent these difficulties, animal
models have been developed to try to understand how food preferences are formed. These
models are desirable because the environment and experiences of an animal can be controlled
and studied over the life span. The theme of this article is how genetic variation influences
food selection, and how animal models can be used to understand the details of genotype-
phenotype relationships.

Definition of Genotype

The use of vocabulary in genetics is changing, and so it is useful to define what is meant by
the term "genotype." The DNA inside the nucleus of cells provides the template to be
transcribed into a messenger molecule, which is translated into a particular protein, and this
template is stored inside cells in two copies, the paired autosomal chromosomes. A region of
transcribed genomic DNA that results in a protein or functional RNA product is called a gene.
The DNA sequence of the same gene may differ between people, and these regions are called
alleles or polymorphisms. Differences among individuals in DNA sequence may resultin RNA
or proteins that differ in function. The consequences of these changes in function differ
depending on the specific gene and the specific allele; some changes are undetectable, whereas
others cause a total loss of function of the protein. Still others create unusual products that
interfere with pathways not normally associated with the gene. Besides protein coding and
other known RNA genes, we have recently learned that some regions of genomic DNA are
transcribed but not translated to protein, and are therefore known as noncoding RNA (5).
Although the function of these noncoding RNAs is not well understood, they may regulate the
expression of protein-coding genes (5). Genotype has two meanings. First, itis used as a general
term that refers to the genetic makeup of an individual, and this concept is sometimes called
""genetic background." Genotype also refers to the specific combination of alleles at a particular
location. A common method of studying the role of a specific genotype on behavior is to group
subjects according to their particular genotype, and compare the groups for a dependent
variable such as food intake. In Figure 1, there is a schematic illustrating an interaction between
genotype and the type of food preferred by an individual. A recent (November 2007) query of
the largest repository of human genetic variation suggests that there are approximately
11,751,216 polymorphisms in the human genome (see Electronic Resource 1). Each of these
polymorphisms is a potential genotypic site worth studying, but the effect of these millions of
alleles and their influence on normal behavior largely unexplored.

The point illustrated is the hypothetical effect of particular genotypes on the intake of certain
types of food. "Yummy" refers to food that is regarded by most people as especially desirable
to eat, like sweet foods or savory meats, whereas "Yucky" refers to food that is regarded by
most people as less desirable, like bitter vegetables or unripe fruit. A definition of "genotype™
is found in the text.

Popular Animal Models for Nutrition and Genetics Research

Given the complexity of human behavior and the complexity of the human genome, the study
of animals provides a useful option to learn about genetic influences on food selection. The
use of animals to study food intake is a natural extension of long-standing interest in animal
nutrition for practical reasons, like raising animals for use as food (e.g., dairy cows), animals
that do farm work (e.g., sheepdogs), or as companion animals (e.g., cats). Therefore the use of
animals for food intake research was a natural outgrowth of the applied study of animal
nutrition. One prerequisite for the genetic analysis of behavior is that the animal model should
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have a well-characterized genome; indeed, the number of model organisms with sequenced
genomes is large and continues to grow. Some animals are frequently used in food intake
research and others are used infrequently, although all models have some advantages. A
summary of the number of studies of animals with sequenced genomes and their popularity
for study in the genetics of nutrition is shown in Figure 2 (and Electronic Resource 2). Humans
are the most studied species, followed by the workhorses of laboratory research (mice and rats),
then animals used for human food (pigs and cows), and fruit flies. By comparing the genomes
of species as disparate as flies and humans, we have learned that many genes are conserved in
their DNA sequence and their function, and so flies and worms are becoming well-accepted
model systems to conduct translational research (6,7,8).

The results of a query of a database of biomedical research (PubMed, see Electronic Resources)
using the common species name (e.g., human or cow), "nutrition" and "genetics" as keywords.
The number of publications returned from the query is shown on the Y-axis. Species are
displayed alphabetically on the X-axis. Note the log scale.

Mice and Rats are Well Suited as Models for Human Food Selection

Rats and mice live commensurably with humans and exploit the tendency of humans to store
food. The colloquial name for the type of mouse used most often in laboratories is the "house
mouse, " so it was a small step from living in our homes and eating our food to living in the
laboratory and being fed by humans. House mice are common in almost all places that humans
live, and according to one source, there is a specific word for "house mouse" in almost all
human dialects (9). Mice and rats also get fat when offered human junk food (the term "junk
food" is employed to describe processed foods high in fat and calories with added sugar and
salt). Laboratory animals are fed junk food to make them fat, a paradigm known as the
"cafeteria” or "supermarket” diet (10). This situation may seem unremarkable, but consider
whether a diet of human junk food would make other animals fat, e.g., cats or snakes. Rats and
mice are partially apt models for human food selection because they are close to us in food
likes and dislikes, and this useful property of mice and rats is apt to be overlooked and
unappreciated.

Studies in Mice Can Exploit Extensive Genetic Resources

The mouse is second only to the human in the largess of the genetic toolbox for study of
variation and behavior. The mouse was the first animal genome to be described by
comprehensive sequencing (11). Gene targeting methods now allow us to remove a particular
gene or add a particular gene (12). For instance, human genes can be added into the mouse
genome, resulting in the "humanization™ of taste behavior so that these mice can taste a
compound that humans can but normal mice cannot (13). New technologies also allow genes
to be expressed at a time controlled by the experimenter (14) or using other methods, genes
can be deleted only from certain tissues (15). Another key genetic tool is the creation of inbred
mice strains, which are genetically identical at each locus. There is little or no heterozygosity
within these inbred lines, so every mouse of a specific strain is genetically identical. If we
compare two or more inbred strains for a trait, variation within a strain will be due to nongenetic
factors whereas the difference between strains is ascribed to the genetic differences (16).
Therefore the creation of more than 180 inbred mouse strains, each with a different behavioral
repertoire, physiology, and set of traits is a valuable resource (see Electronic Resources 3).
There isa program to comprehensively examine inbred mouse strains and to assess their genetic
and behavioral differences, and these data are collected and organized in the Mouse Phenome
Database (17). The availability of these strains and the organization of the data into a
comprehensive database is a tool that can be used in the study of food selection in mice.
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Experimental Approaches to Find Genes that Influence Behavior such as
Food Selection

Inbred strains of mice can be used to study the genetics of food selection. As a first step in a
genetic analysis, differences among inbred strains are identified. For instance, some inbred
strains of mice like saccharin much more than other inbred strains (18). Once these strain
differences were identified, the details about which genotypes account for the behavioral
differences could be studied by interbreeding the parental strains of mice, and then testing the
offspring. Some regions of DNA inherited from the parents will be shared among mice that
drink more saccharin, and these regions will not be shared by mice that drink less saccharin.
These genomic segments contain genes and the genetic variation that account for the strain
differences. In the example of saccharin preference, we found that regions of chromosome 4
were shared by the sweet-preferring grandchildren (or the F», a term used by mouse geneticists
to describe the second filial generation) (19). Examining the DNA sequence on chromosome
4, a new gene was identified that later proved to be a component of the sweet receptor (20).
This approach to finding genes that influence a particular trait is called quantitative trait loci

(QTL) mapping.

Strain Surveys and QTL Mapping for Food Preference and Intake in Mice

The discovery of the sweet receptor is an example of how the study of behavioral differences
among inbred strains can identify genes for a trait that is as seemingly complex as sweet
preference. Earlier strain surveys have been done for susceptibility to dietary obesity (21), total
caloric intake (22), the preference for taste solutions (23,24,25,26,27,28,29,30,31,32,33), and
fat preference (34,35). Because these surveys were useful, larger studies are underway, with a
panel of 40 of the most widely used inbred mouse strains. These strains will be assessed for
physiological, metabolic, neurological, and behavioral traits. Strain surveys can be followed
by QTL mapping studies designed to find genes involved in food selection, such as the
overconsumption of high-carbohydrate or high-fat diets (36,37). One unexplored area of
research using these methods is to focus on the genetic control of the preference for compounds
found in fruits and vegetables, e.g., malic acid in apples and sinigrin in kale (38). This approach
may hold clues to the uneven consumption of fruits and vegetables among members of the
human population.

Beyond Single Gene Effects

The genetic locus described earlier, which influenced saccharin preference in mice, had a large
effect on mouse sweet preference. It is joined by many other genes of smaller effect to determine
this trait, and these remaining genes are currently unknown. How to discover genes with smaller
effect sizes is one of the main challenges facing geneticists. In addition to the effects of single
locus and its alleles, there are gene—gene interactions and epigenetic influences on food
selection. At the moment, there is no way to estimate the number of genes that participate
directly in a behavior as complex as food selection, but if we look at a simpler example, body
weight, a recent genetic survey indicates that up to 6,000 genes may be capable of influencing
how much a mouse weighs (D.R. Reed et al., submitted). Likewise, there is currently no way
to estimate the number of gene—gene interactions for food selection. However, because they
are part of a homeostatic biological system (finding and metabolizing food for energy), genes
and their alleles are likely to interact with others in their particular pathway. Because little is
known about gene—gene interactions and food selection, we can again turn to body weight to
provide clues, and from this type of data we learn that over 30% of the genetic variance in body
weight is due to gene—gene (also called epistatic) interactions (39). Finally, epigenetic
influences have been studied in animal models. The word "epigenetics" has several definitions,
but we use it here to mean changes in gene expression that are stable and can be transmitted
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during mitosis and meiosis. Epigenetics is especially relevant because genes involved in the
perception of taste and smell, as well as those involved in food metabolism, are susceptible to
these effects (40,41). Taken together, the number of genes, their interactions, and modifications
of gene expression through experience will all be present in humans and in animal models.
However by controlling the breeding and environment, these influences can be assessed more
easily in animal models than would be possible when studying humans.

Animal Models of Human Food Selection

As humans, we choose among a variety of foods: apples or cake, hot dogs or tofu, butter or
margarine, and there are more choices available now than ever before in our history. In the
face of all the choices available, there is a superficial uniformity of human food likes and
dislikes (e.g., ice cream and pizza), but if we look deeper we see that individuals differ, and
not everyone has a sweet tooth (42) or prefers high-fat foods (43). The determinants of what
people like and what people eat are necessarily complex, but one of the influences is the genetic
makeup of the subject. As an illustration, recent work has determined that alleles in taste genes
such as those for bitter perception can influence taste perception, food preference, and choice
in humans (44,45,46,47). If we can understand why people differ in food selection, we have
the capability to harness this information to improve human health (48). Although animals will
never perfectly recapitulate the behavioral repertoire of humans, they do provide several
advantages in the study of food selection, such as the ability to absolutely control the food
choices available, to measure food intake accurately and for long periods of time, to control
the animal's experience and environment, and to manipulate their genomes in ways that are
not possible in humans. Therefore one pathway to understand human food selection and its
genetic control is through the use of animal models.
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Figure 1.

The point illustrated is the hypothetical effect of particular genotypes on the intake of certain
types of food. "Yummy" refers to food that is regarded by most people as especially desirable
to eat, like sweet foods or savory meats, whereas "Yucky" refers to food that is regarded by
most people as less desirable, like bitter vegetables or unripe fruit. A definition of "genotype"
is found in the text.
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Figure 2.

The results of a query of a database of biomedical research (PubMed, see Electronic Resources)
using the common species name (e.g., human or cow), "nutrition™ and "genetics" as keywords.
The number of publications returned from the query is shown on the Y-axis. Species are
displayed alphabetically on the X-axis. Note the log scale.
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