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“It is from the progeny of this parent cell that we all take our looks; we still
share genes around, and the resemblance of the enzymes of grasses to
those of whales is in fact a family resemblance.”
Lewis Thomas

INTRODUCTION
A revolution in nutrition is underway. Through newly available
scientific methods and technologies, dramatic advances in
understanding the role of nutrition in health and disease are
within reach. These new tools include:
1. Complete or partially sequenced genomes of many animal,
plant and microbial species (Bell et al, 2001; Lander et al,
2001; Waterson et al, 2002; Kirkness et al, 2003; Seshadri
et al, 2006).
2. Ample historical evidence suggests nutrients provide
potent dietary signals via gene control that influence cellular metabolism and homeostasis, either positively or negatively (Clarke and Abraham, 1992; Muller and Kirsten,
2003; Straus, 1994).
3. Laboratory and computer technologies that allow for the
analysis of the molecular response of entire biologic systems to nutrients (Muller and Kirsten, 2003).
This chapter will acquaint readers with the current status of
emerging nutritional technologies and provide insight about
the future potential of these tools. When applied to nutrition,

these technologies are collectively referred to as “nutritional
genomics.”

NUTRITIONAL GENOMICS AND
OTHER “OMICS”
Because nutritional genomics is a relatively new science, the
following discussion includes a review of relevant, but perhaps
unfamiliar, terminology. Table 4-1 summarizes definitions and
other related terms.
“Genome” refers to the full set of an individual’s genes (i.e.,
its genotype). “Phenotype” refers to the entire physical, biochemical and physiologic makeup of an animal as determined
by its genome and the animal’s environment. “Genomics”
describes the mapping, sequencing and analysis of all genes
present in the genome of a given species (Mutch et al, 2005).
Numerous genomes are available to the public at http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=genomeprj. The
term “genomics” is sometimes used loosely to refer to sequence
analysis, gene expression analysis and single nucleotide polymorphism analysis (the last two are discussed below).

44

Small Animal Clinical Nutrition

Table 4-1. Glossary of nutritional genomics terminology.
Bioinformatics
Dietary signature
Gene expression
Genome
Genomics
Genotype
Metabolome
Metabolomics
Microarray technology
Nutrigenetics
Nutrigenomics
Nutritional genomics
Phenotype
Probes
Proteome
Proteomics
Single nucleotide
polymorphism
Systems biology
Transcription
Transcriptome
Transcriptomics
Translation

Nutrients

The application of computerized statistical tools (informatics) to biologic data. In genome projects, informatics
includes the development of methods to search databases quickly, analyze DNA sequence information and
predict protein sequence and structure from DNA sequence data.
The repeatable pattern of gene expression, protein expression and metabolite production in different tissues in
response to one or more food components.
The process of converting the genetic code into mRNA and subsequently the translation of mRNA sequences
into protein.
All the genetic material in the chromosomes of an organism; its size is generally given as its total number of
base pairs; the term is derived from gene + chromosome.
The mapping, sequencing and analysis of all genes present in the genome of a given species.
The genetic makeup of an individual, in contrast to its physical appearance or phenotype.
The complete set of metabolites synthesized by a biologic system; all the substances except DNA,
RNA and protein.
The study of the influence of the genome on an organism’s entire metabolite profile, at a given time.
A laboratory technique that permits the simultaneous detection of thousands of genes in a small sample and
analyzes the expression of those genes.
The effect of genetic variation of an individual on the interaction between diet and disease.
The effects of nutrients on the genome, proteome and metabolome.
An umbrella term that includes nutrigenomics and nutrigenetics.
The visible properties of an organism that are produced by the interaction of the genotype and the environment.
Single stranded DNA sequences of varying lengths (depending on the technology platform) that represent individual genes that are immobilized onto a solid support.
The entire complement of proteins, and their interactions, in cells, tissues, organs and physiologic fluids.
The study of the protein products of gene expression with the goal of identifying the proteins and
understanding their role in the functioning of an organism.
A variation of a gene’s normal sequence, in which a single nucleotide in the genetic material is altered and
the specific alteration occurs in more than 1% of the population. It is the most common form of polymorphism.
The study of entire biologic systems using transcriptomics, proteomics and metabolomics (Figure 4-1).
The process whereby mRNA is synthesized from a DNA template.
The sum of all the mRNA expressed by the genome of an organism.
The study of the relative amounts of mRNA expressed in cells or tissues at a given time.
The process of protein synthesis whereby the primary structure of the protein is determined by the nucleotide
sequence in mRNA.
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Figure 4-1. A schematic overview of the relationships between nutrigenomics, transcriptomics, proteomics, metabolomics and systems biology.

Nutritional genomics includes “nutrigenomics” and “nutrigenetics.” Nutrigenetics refers to the study of how genetic variations, such as single nucleotide polymorphisms, are associated
with an individual’s response to nutrients or specific foods
(Corella and Ordovas, 2005). That is, nutrigenetics attempts to
explain how, and to what extent, nutrition-related disorders are
influenced by genetic variation (Mariman, 2006). Nutrigenetics
has the potential to provide for personalized dietary recommendations based on genetic makeup, by which the onset of a
disorder will be prevented or delayed, thereby optimizing
health. The information generated from a nutrigenetics
approach can be used to identify individuals, but more importantly, groups that are most likely to benefit from a specially formulated dietary regimen.

The importance of genetic variation in the physiologic or
pathophysiologic response to nutrition is already well described
in principle, and examples continue to be published. A few of
these examples include studies in people that link genetic variation to insulin resistance, type II diabetes mellitus and cardiovascular disease. These studies also demonstrate how an individual genotype affects appropriate dietary management for
disease prevention (Mutch et al, 2005). Similar examples in
animals with genetic variations that respond to special feeding
regimens include obesity and diabetes mellitus (Snyder et al,
2004). It is likely that, in some cases, the increased risk for obesity in dogs may be related to breed-associated genetic variation. Another example in dogs includes large- and giant-breed
puppies with genetic variation that responds to diet for the pre-
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vention of developmental orthopedic disease.
Nutrigenomics relates to the study of genome-wide influences of nutrition (Figure 4-1). Nutrigenomics explores the
effects of nutrients on the genome, proteome and metabolome
(the last two are discussed below). From a nutrigenomics perspective, nutrients are dietary signals that are detected by cellular sensor systems that influence gene and protein expression
and, subsequently, metabolite production. Repeatable patterns
of gene expression, protein expression and metabolite production in response to particular nutrients or foods can be viewed
as “dietary signatures.” Nutrigenomics studies these signatures
in specific cells, tissues and complete organisms to understand
how nutrition influences homeostasis and resultant health or
disease (Muller and Kersten, 2003). The potential outcome
from nutrigenomics research is a much clearer, more complete
understanding of the effects and mechanisms of diet on health.
To do this, researchers use genomics tools that include transcriptomics, proteomics and metabolomics to generate data and
subsequently analyze, link and mine the data using bioinformatics tools and approaches.
Transcriptomics studies the effects of nutrients on gene
expression. Because messenger RNA (mRNA) results from
the process of transcription, the total pool of mRNA in a cell
is referred to as the transcriptome. In nutrigenomics, transcriptomics examines nutrients that influence the expression of specific genes and the transcription of the corresponding mRNA.
This is one of the first steps in the regulatory process that controls the flow of information from genes. The field of transcriptomics is based on the examination of gene expression
patterns quantifying the abundance of mRNA copied from a
basic nucleic acid blueprint contained in the genome (Dawson,
2006). Thus, the level of mRNA in a cell or tissue at any one
time is a reflection of whether a gene is activated or inactivated. Thanks to powerful new tools that have been developed
over the past decade, RNA can be measured. For example,
total RNA or mRNA is extracted from a cell or tissue and used
to create either a complementary labeled strand of DNA called
“cDNA,” or, alternatively, unlabeled cDNA can be used to
generate a complementary labeled strand of RNA called
“cRNA.” This labeled material is then hybridized with known
complementary strands of DNA sequences that are attached to
a solid support such as a glass or plastic slide or a nylon substrate. These fixed sequences are called “probes.” Probes are
often organized as an array of small dots on the solid support
matrix. In some cases, arrays of probes are called microarrays
or “chips” because the probes are only micrometers apart and
many of them will fit on a solid platform of only 1 to 3 cm2.
It is possible to display a whole genome on a microarray.
Commercial forms of microarrays are available (Figure 4-2). If
the original cRNA sample is labeled with a fluorescent dye, the
hybridized array can be scanned with a laser scanner in which
the light or signal that results from the hybrid of the labeled
sample and the immobilized probes is directly related to the
amount of specific mRNA present in the tissue sample and
represents the level of gene expression in that tissue. Thus, it is
possible to determine if a specific nutritional manipulation
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Figure 4-2. Affymetrix GeneChip probe array used for expression
profiling of experimental tissues. (Courtesy Affymetrix, reprinted with
permission).

Figure 4-3. Example of the signal generated from a hybridized glass
slide cDNA microarray.

switched a gene on or off using this technology (Debusk,
2005; Dawson, 2006). Figure 4-3 shows a scanned image of a
glass-based cDNA array.
However, gene transcription is only one step in the regulatory pathway that leads to functional protein formation. Thus, it
is not always possible to correlate the increased or decreased
presence of mRNA in tissues with specific protein changes.
Even with this shortcoming, however, transcriptomics is a very
powerful tool for determining and clarifying important
processes in metabolic regulation because it broadly evaluates
the initial regulatory steps of gene expression (Dawson, 2006).
Transcriptomics is a relatively mature technology compared
with proteomics and metabolomics. Currently, it is possible to
obtain an overview of the expression of essentially all genes in
a single microarray or GeneChip experiment. However, it is not
yet possible to measure the whole proteome or metabolome
(Afman and Muller, 2006). Transcriptomic studies have already
yielded exciting results, examples of which are discussed below.
“Proteome” describes the entire complement of proteins, and
their interactions, in cells, tissues, organs and physiologic fluids.
The number of proteins in a cell far exceeds the number of
genes due to alternative gene splicing mechanisms and posttranslational modifications of expressed proteins. Furthermore,
because protein amounts differ widely in a cell at any given
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moment, with expression levels that span many orders of
magnitude, there is no single technology platform that can
measure all the protein in the cell. Therefore, proteomics and
the corresponding proteomic technologies are not as widely
used or as standardized as the gene-based studies and technologies described above. However, because protein expression is the functional outcome of gene transcription and
translation, it has long been a focus of extensive research.
Using proteomics tools (the analysis of the proteome),
researchers can simultaneously display and determine thousands of proteins in a study sample and identify their changes
in response to nutritional inputs. Research methods in proteomics are progressing rapidly. Proteome analysis holds great
promise for discoveries in nutrition research (Afman and
Muller, 2006).
One of the newest “omics” is metabolomics. Metabolomics
technology measures the level of all substances, other than
DNA, RNA or protein, present in a sample. Metabolites
include such things as intermediates of metabolism and a variety of low molecular weight molecules (e.g., lactic acid, carbon
dioxide, ketones, ATP, ADP, prostaglandins, prostacyclins and
thromboxanes). The metabolome represents the complete set
of metabolites synthesized by a biologic system. Studying
metabolites is important because of the simplistic, often incorrect belief that one gene leads to the formation of one protein,
which creates one metabolite (Munoz et al, 2004). The study
of a cell’s complete set of metabolites is much more complex
than transcriptomics and proteomics. Besides the huge variety
and number of potential metabolites, many cellular metabolites have a very rapid turnover. For example, ATP has a halflife of less than 0.1 second. Also, metabolites need to be determined separately in the different compartments of a cell (e.g.,
cytoplasm, mitochondria, extracellular matrix) (van der Werf
et al, 2001).
Unlike transcriptomics, proteomics and metabolomics are
not yet routinely performed, do not have standardized procedures and continue to face challenges such as sample preparation, technological sensitivity and lack of standardized statistical methods (Mutch et al, 2005). However, the potential for
nutritional applications of metabolomics is considerable and a
number of research teams are addressing the current shortcomings (Afman and Muller, 2006).
“Systems biology” refers to a merging of the previously discussed “omics” technologies. Together, transcriptomics, proteomics and metabolomics allow for nutrition studies to concurrently observe and quantify a significant fraction of all regulated genes, gene expression products and metabolites.
Because these layers of “omics” technologies are related (e.g.,
genes encode RNA, which produces enzymes that catalyze
the conversion of metabolites), this combination of datasets
paves the way to a complete description of how a cellular system behaves in response to external stimuli (CorthesyTheulaz et al, 2005). Although the complexity of the systems
biology approach exceeds the current bioinformatics tool’s
capabilities, its implications for nutrition research can be
enormous.

Because these genomic technologies generate an avalanche
of data, there is a need for continuing developments in bioinformatics. Bioinformatics refers to the computational technologies that support the processing, clustering, dynamics,
integration and storing of the enormously complex datasets
like those generated from “omics” research. The challenge is
to combine all these pieces of information to ensure all data
can be observed coherently. To gain full access to the potential output of the new “omics” tools, it is imperative to
address the enormous challenge of unifying complex and dissimilar data. The goal is to turn all these data into knowledge.
Bioinformatics software packages can be obtained through
licensing arrangements with a variety of organizations, purchased from specialty software companies or are available
from open sources. Open source software usually requires
programming skills on the part of the user. Regardless of
source, these packages generally include programs for data
analysis and visualization. Visualization describes a way of
qualitatively “graphing” the results; it is an important step in
extracting knowledge from data. Other software go beyond
data analysis and visualization to provide the means of overlaying the data generated from “omics” experiments onto
knowledge-based molecular pathways and networks and provide an overview of the interactions of the genomic, proteomic and metabolomic data together in the context of the
whole cell.

THE PROMISE OF NUTRITIONAL
GENOMICS: EXAMPLES OF PROGRESS
AND POTENTIAL
Until recently, it was thought that changes in gene expression
attributed to diet were mediated through endocrine or neural
pathways. However, research has shown that macronutrients,
micronutrients and their metabolites can directly regulate gene
expression. For example, some of the earliest evidence demonstrating direct effects of nutrients on gene expression came
from studies in zinc-deficient rats. In these models, researchers
found that almost 50 genes were either up- or down-regulated
in the zinc-deficient group, suggesting new mechanisms for
some of the signs associated with zinc deficiency (Blanchard
and Cousins, 1996). Currently, many food components, including minerals besides zinc, vitamins, carotenoids, flavonoids,
monoterpenes and phenolic acids are thought to act as transcriptional activator molecules affecting gene expression
(Milner, 2004).
The action mechanism of dietary carbohydrates in metabolic programming and its short- and long-term effects is a
macronutrients example. Studies showed that feeding rat pups
a high-carbohydrate milk formula resulted in hyperinsulinemia
that persisted throughout the period of dietary intervention.
There was increased hexokinase activity and increased gene
expression of preproinsulin and related transcription factors and
kinases in the pancreatic islets. In these experiments, the pre-
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dictable metabolic and genetic adaptations that occurred in rat
pups during the dietary intervention continued to be expressed
into adulthood. As adults, these rats demonstrated chronic
hyperinsulinemia and adult onset obesity (Srinivasan et al,
2003; Swanson, 2006).
There are also nutrigenomic studies in dogs associating specific nutrients to obesity and insulin sensitivity. Dogs fed a food
designed to induce obesity and insulin resistance had a decrease
in the expression of uncoupling protein 1 (UCP1) and peroxisome proliferator-activated receptor gamma (PPARγ) in their
adipose tissue compared to non-obese, insulin-sensitive dogs
(Leray et al, 2004). PPARγ plays a role in adipocyte differentiation, lipid storage and glucose homeostasis and induces the
expression of many genes including UCP1, which plays a key
role in thermogenesis.
Nutrigenomic studies in dogs have also shown that obesity-related hypertension causes marked changes in gene
expression in the right atrium and left ventricle. These
changes were thought to contribute to early changes in heart
function, hypertrophy and remodeling (Philip-Couderc et al,
2003). Other studies focusing on gene expression in the left
ventricles of dogs fed normal or high-fat foods using canine
cDNA arrays identified 63 differentially expressed genes
involved in metabolism, cell signaling, tissue remodeling,
insulin regulation, cell proliferation and protein synthesis.
The results of this study further indicated that the pattern of
co-regulated genes depended on the length of time that the
high-fat food was fed. These findings suggested that hypertension resulting from obesity induced by high dietary fat was
associated with continuous cardiac transcriptome adaptation
despite stability in both body weight and blood pressure
(Philip-Couderc et al, 2004).
Proteomic studies determined that supplementing rat food
with genistein, a major isoflavone from soy, increased the
expression of mammary gland GTP cyclohydrolase-I, a key
protein related to nitrogen oxide synthesis. There was a resultant reduction in cell proliferation and susceptibility to cancer
(Rowell et al, 2005). Another study showed that inadequate
provision of dietary vitamin B12 induced profound changes in
the cerebral spinal fluid proteome in rats, linking vitamin B12
with neurologic health (Gianazza et al, 2003).
An example of a potential indirect effect via metabolites is
that of dietary fiber on transcription. One study reported
increased adipocyte leptin expression in cell cultures treated
with physiologic amounts of short-chain fatty acids (Xiong et
al, 2004). Short-chain fatty acids from colonic microbial fermentation of dietary fibers may help protect against overeating
and obesity by decreasing appetite through leptin expression
(Swanson, 2006).
Through traditional methods, key nutritional factors (essential nutrients and bioactive food components) have long been
established as potential modulators of health and disease
(Watson, 1998; Dove, 2001; DeBoer, 2004). Understanding
the ways in which foods and their components affect gene
expression will further enhance use of key nutritional factors to
modulate health and disease.
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Box 4-1. The Value of Sequencing the
Canine and Feline Genomes.
Because of the cost of sequencing mammalian genomes to
completion (approximately $50 million U.S.), these projects
have been restricted to a few species considered to be of
greatest value to biomedical research. Knowledge of human
genome function in health and disease will benefit from comparison of its structure with genomes of certain other species.
The dog is a particularly good example because of its somewhat unique population structure. The physical and behavioral
characteristics of approximately 300 breeds are maintained
by restricting gene flow between breeds. Many modern
breeds have been inbred for desired characteristics. This has
led to a species with enormous phenotypic diversity but with
significant homogenization of the gene pool within breeds.
Many of the approximately 450 known genetic disorders in
dogs resemble human conditions, and their causes may be
more traceable in large dog pedigrees than in small, outbred
human families. The combination of genetic homogeneity and
phenotypic diversity also provides an opportunity to understand the genetic basis of many complex developmental
processes in mammals. Thus, to a large part, funding of the
sequencing of the canine genome and the genome of certain
other mammalian species is based on their value in further
understanding human health and disease.
The Bibliography for Box 4-1 can be found at
www.markmorris.org .

THE CANINE AND FELINE GENOMES:
CURRENT STATUS
The primary reason for funding the sequencing of the canine and
feline genomes was to provide a basis for future comparative work
in human biology including development, aging, cancer, heritable diseases and immune diseases. Dogs and cats have numerous
heritable diseases, many of which are homologous to human
inborn errors. Furthermore, the susceptibility of cats to viruses
that cause immunodeficiencies and neoplasias (feline immunodeficiency virus and feline leukemia virus, respectively) make them
important models for human AIDS and leukemia research.

Canine Genome
A sequenced genome could provide the basis for valuable information to determine the molecular differences between health
and disease in dogs. The dog was the first non-rodent mammalian animal chosen for genome sequencing by the National
Institutes of Health (Box 4-1) (Swanson, 2006). The sequence
was derived for a male standard poodle; investigators estimated
the genome to contain approximately 2.4 billion bases (Gb),
which is about the same as the mouse genome but smaller than
the human genome (approximately 2.9 Gb). With private and
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Box 4-2. What is Genome “Coverage?”
A genome whose DNA base pairs have been completely
sequenced one time has one-fold or “1x” coverage. At 2x coverage, each nucleotide in the genome would have been
sequenced twice. The more times a genome is sequenced,
the less likely it is to have gaps and mistakes. Therefore, a
genome that has 6x coverage would have been sequenced
enough times so that each base pair was read six times,
which would provide a high level of confidence that the
genome was accurate.
public funding, the Canine Genome Mapping Community and
the Whitehead Genome Sequencing Center at MIT recently
completed a more extensive genome sequencing of a female
boxer (Lindblad-Toh et al, 2005). The boxer breed was chosen
because it is one of the breeds with the least amount of variability in its genome and therefore likely to provide the most reliable
reference genome sequence. This study also estimated the canine
genome to span about 2.4 Gb. Using evidence-based methods,
the canine genome is predicted to contain sequences for approximately 19,300 genes compared to about 22,000 that are currently thought to exist in the human genome (Lindblad-Toh et al,
2005). Because these predictions are based on computer programs that use different algorithms, the reported numbers of
genes per genome are expected to vary for some time.
The information obtained by sequencing the canine genome
will likely have its greatest initial impact on the study of the
more than 450 genetic diseases that have been identified in
dogs (Zhu et al, 2003). Although genetic diseases are problematic in many canine breeds, by far most diseases affecting dogs
are more complex. For many canine diseases, besides genetic
factors, disease expression is also affected by pathogen exposure,
age, gender, activity level and diet (Swanson, 2006).

Feline Genome
The feline genome is more similar to that of people than dogs
(approximately 3.3 Gb) (Menotti-Raymond et al, 2003;
Murphy et al, 2007). The existing low coverage (2x) whole
genome sequence of the cat has been useful for some comparative genome studies. However, gaps in the sequence represent a
major obstacle to more important in depth studies. As mentioned above, the cat is a valuable model for understanding
important diseases in people. Furthermore, the feline genome

has the fewest rearrangements relative to all other mammals
studied (Murphy et al, 2005). This finding suggests that the
feline and human genomes represent the only index ancestral
genome arrangements, which is very important as a reference for
genome annotation and evolutionary studies in all mammals.
These considerations have led to support for a complete high
coverage (6 to 7x) whole genome sequence of the cat, which is
underway. This level of coverage will make the feline genome
information equivalent to that from other mammalian genomes
including those of people, mice, rats and dogs. Box 4-2 explains
“genome coverage.”
Cats are reported to have at least 260 genetic diseases (Zhu
et al, 2003). This new information should pave the way for
numerous advances in nutrigenetics and nutrigenomics of cats,
our most popular companion animal.

SUMMARY
The complete sequencing of the human genome has brought
much attention to the value of understanding how the interplay
between genes and environmental factors, such as nutrition,
relate to health and disease. To enable such studies, novel technologies have been developed to monitor the activity of multiple genes simultaneously at the level of RNA by transcriptomics,
the level of the proteins by proteomics and ultimately the level
of metabolites by metabolomics. In addition, these technologies
have boosted interest in studying the role of genetic variation to
explain individual and group susceptibility for nutrition-related
disorders. These new areas of science are referred to as nutrigenomics and nutrigenetics, respectively. They hold promise to
increase our fundamental knowledge of the interaction between
biologic processes and food/nutrition. This will, in time, help
improve maintenance foods to further improve the health status
of the general pet population and lead to the development of
personalized diets to prevent the onset of nutrition-related disorders in genetically predisposed individuals.
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