Omics and Systems Biology: Integration
of Production and Omics Data in Systems
Biology
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Abstract Omics technologies have become of mainstream use in the study of farm
animals, to better understand the physiology of the animal and the quality of the
products produced by those animals. Such studies can be done at the level of genes,
transcripts, proteins and/or metabolites. An important aspect of doing such omics
studies is understanding of variation. For example, in relation to parity, lactation,
feeding status and animal health, variation can happen in transcripts, proteins or
metabolites found in farm animals and the products produced. This variation can
help in better understanding the physiology of the animal. Also variation between
individual animals exists, which may assist in better understanding of the animal’s
physiology. One limitation of the majority of the studies in this area is that they are
performed using one specific omics technology. Integrating omics data captured
using multiple omics technologies, using a systems biology approach, can shed
more light on the biochemistry of the farm animal’s physiology. At the end of this
chapter, the outlook on such studies and the (software) developments that would be
needed for optimal integration of omics data is discussed.
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Abbreviations

CN Casein

DGAT1  Diglyceride acyltransferase 1
DNA Deoxyribonucleic acid

GWAS Genome-wide association study
IgA Immunoglobulin A

miRNA MicroRNA
mRNA Messenger RNA

RNA Ribonucleic acid
RNA-seq RNA sequencing
SNP Single nucleotide polymorphisms

1 Introduction to Omics Technologies

In the past decades, many omics technologies have been developed for studying
biology on different levels, from genes to metabolites. Figure 1 gives an overview
of the different levels of biology with the associated omics technologies available.
On the metabolite level, different omics technologies are applied, depending on the
target metabolites of interest, with the term metabolomics mainly used for small
molecules that are part of the core metabolism of organisms.

Due to continuous technological improvements, more comprehensive technol-
ogy has been, and is, developed on all these levels. These improvements are leading
to a higher resolution of analysis, a higher throughput and all that at a lower cost of
analysis. These techniques have become more widely used by scientists around the
world in many disciplines, including scientists in animal and food science. In this
chapter, the application of the different omics technologies will be explained, to
indicate how these can be used to better understand the physiology of farm animals.
Most of the omics research focus on better understanding the production charac-
teristics of farm animals (e.g. how much product is produced, what is the quality of
the product produced) or animal physiology (e.g. understanding the mammary
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gland physiology, health of the animal). In this first section, the use of different
omics technologies is briefly explained.

However, as already indicated in Fig. 1, biology does not happen on a single
level but is an interaction between different levels, from genes, through transcripts
and proteins, to metabolites. To perform integrative research on all these levels,
combining multiple omics technologies aids in obtaining a better insight in the
biology compared to studying the biology on a single level. Such combined
approaches can range from studies combining two levels of biology, all the way
up to full integration over all these levels. This integrative approach is the basis of
systems biology research. In this chapter, the application of omics technologies will
be described starting from single omics technologies up till full integration from a
system’s biology perspective. The chapter will finish with challenges and future
developments that are envisaged for further research in this area.

1.1 Genomics

The effect of genes of farm animals on production characteristics and animal
physiology has mostly been studied by linking these outcome parameters to vari-
ation in gene sequences. Most research on farm animals is done by looking either at
a large number of single nucleotide polymorphisms (SNPs, single mutations at
specific positions in the genome) or by sequencing target genes that are expected to
be involved in the outcome of interest. More recently, whole genome sequencing
has become more popular, partly due to a reduction in the cost of performing such
analyses. This allows using information about the whole genome sequence, making
the translation of findings to the underlying mechanism easier.

When determining many SNPs in the animal’s genome, association studies can
be done to link these SNPs to specific traits (e.g. milk yield). This is usually
conducted in the form of a genome-wide association study (GWAS). Many of
such studies have been performed on a large scale in farm animals (Schennink
et al. 2009).

One disadvantage of studies based on GWAS is that it is relatively difficult to
determine what the causative gene/causative mutation is underlying the found
relation. A GWAS will only indicate genomic regions associated with the trait, in
which many genes may still be present. Based on screening the genes in the
genomic region, and trying to find genes that may be causally associated with the
trait, a hypothesis on the role of a specific gene could be made. Once these
potentially causative genes are found based on a GWAS, the genes can be
sequenced to search for specific mutations (Duchemin et al. 2014; Schennink
et al. 2009). This is where whole genome sequencing, as mentioned above, has an
advantage, as the full genomic information is collected, so mutations in any gene
can be searched for.

A more recent development in the field of genomics is looking at chemical
modifications of DNA instead of variations in the sequence, which is called
epigenomics. Chemical modifications, such as methylation, of the DNA strand



466 K. Hettinga and L. Zhang

may alter the propensity of the gene to transcription (Singh et al. 2012).
Epigenomics thereby provide a link between the genomics studies, as mentioned
above, to transcriptomics as will be discussed in the next section.

1.2 Transcriptomics

Whereas genomics studies the genetic information as such, transcriptomics studies
the transcription of genes into mRNA. Before proteins/enzymes are formed, tran-
scription of the genes is the first step towards expressing the activity originating
from the genes. In transcriptomics studies, the mRNA molecules present in cells are
isolated and characterized. In the past, this was usually done using hybridization-
based microarrays. The main disadvantage of such a microarray approach is that it
is required that the target sequences are known before the experiment is done. To
solve this, RNA-seq has been developed, in which nontargeted RNA sequencing is
performed (Kukurba and Montgomery 2015). For studying farm animals, both
approaches (microarrays and RNA sequencing) are currently being used.

Transcriptomics is extensively used in farm animal studies. Studies have, for
example, focused on differences in the transcriptome during illness (Moran et al.
2016; Younis et al. 2016) or when performing experimental, for example, pharma-
ceutical, interventions (McCoard et al. 2016). Another area where transcriptomics
is frequently used is to compare animals that differ in production characteristics
(Bai etal. 2016; Shen et al. 2016; Wall et al. 2013). In all these studies, the objective
is usually to determine how animals that differ in specific output parameters differ
in the transcription of their genes. This can then be translated back to the known
function of genes, to be able to study the underlying mechanism. The data from
such experiments can be used to determine whether specific pathways are up- or
downregulated in response to the studied contrast in output parameter.

Besides mRNA-based transcriptomics, other types of RNA transcripts may also
be studied. One example is microRNA, which are short pieces of non-coding RNA
that can influence transcriptional activity, often being involved in reduced tran-
scription. The transcriptional regulation of a specific miRNA can be targeted at
many genes simultaneously, thus giving a broad range of possible functions to
individual miRNA molecules. Levels of miRNA have been related to animal
physiology (Salilew-Wondim et al. 2016; Ioannidis and Donadeu 2016). These
miRNAs may not only have local effect in the cell of synthesis but have also been
shown to be transported through serum, with exosomes being plausible vectors in
which miRNAs are transported (Zhao et al. 2016). Because of the potential broad
range of effects on transcription of many genes, as well as their ability to be
transported across cells in the organism, changes in miRNA levels can have
many consequences, both in local and systemic physiology. These miRNAs can
have influences within an individual but can also be transported across individuals,
for example, through milk. For milk, transport of miRNA through exosomes has
been shown to occur. Such milk-borne miRNAs may function as transcriptional
regulators in the newborn (Perge et al. 2016). In addition miRNAs may also play a



Omics and Systems Biology: Integration of Production and Omics Data in. . . 467

role across species; the presence of these components in farm animal (e.g. dairy)
products may also be relevant for product quality, as these food-derived miRNAs
may have specific transcriptional consequences in the consumer (Benmoussa et al.
2016; Kirchner et al. 2016).

1.3 Proteomics

The next step after transcription of genes into mRNA is the translation of the
resulting mRNA into proteins. As mentioned above, this process can be influenced
by factors such as miRNA. In this step, highly abundant (food) proteins may be
produced, as well as low-abundant proteins which have a wide range of functions
across the whole physiology of the farm animal.

Of the highly abundant food productions, much research has been done on the
major milk proteins, such as caseins and the major whey proteins (a-lactalbumin
and p-lactoglobulin). The genes associated with these proteins have been studied in
detail in several dairy animals, showing large genetic variation. The variations have
been linked to differences in milk and protein composition (Heck et al. 2009;
Buitenhuis et al. 2016). This variation not only exists on the level of protein
abundance but also exists on the level of post-translational modifications (phos-
phorylation and glycosylation). This information is actively used, both directly
through genomic selection as well as indirectly through traditional breeding
programmes (Hayes et al. 2009) to improve the quality of the farm animal products
produced. Besides using it for improving quality through animal breeding, proteo-
mics can also be used to study product quality in more detail. An example of this is
meat, in which proteomics has been used for monitoring meat quality throughout
the whole production chain (Paredi et al. 2013). It has also been used for cheese, in
which proteomics was used to monitor the progress of ripening by looking at the
degradation of the major milk proteins (Hinz et al. 2012).

For the low-abundant proteins in farm animals, and their products, these have
been studied in relation to many physiological disturbances in such animals
(Bendixen et al. 2011; Almeida et al. 2015). Many diseases may occur in farm
animals, although most interest has traditionally gone to production-related dis-
eases (Nir Markusfeld 2003), because these occur most frequently and usually have
large economic consequences for the farm animal sector. Proteomics has many
applications in this area. First, it is often used in relation to studying the physio-
logical effects of problems with animal health. In dairy animals, it has often been
used to study the physiological response to mastitis, which also may include the
response to specific pathogens, as reviewed by (Boehmer 2011). These researches
have shown the up- and downregulation of many proteins, indicating a decrease in
milk protein synthesis with a concomitant increase in proteins that are known to
support the host defence system.

But proteomics is not limited to the traditional farm animals, it has also been
applied in, for example, aquaculture (Rodrigues et al. 2012). As with the traditional
farm animals, in aquaculture the focus is on both product quality and animal health.
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In aquaculture, diseases can have a large impact on the amount of product that is
produced (in other words, the growth rate of the fish). In addition, studying the
response of fish to pathogens (as just before described for the case of mastitis in
dairy animals) can help unravel the physiology of diseases and thereby lead to a
better understanding of the host defence (Zhou et al. 2011). Another topic that has
been studied in fish, as with farm animals living on land, is the response to stress,
being one of the main determinants of animal welfare but also having an impact on
the quality of the product produced (Morzel et al. 2006).

1.4 Metabolomics

As described above, the components of the proteome (protein/enzymes) are
involved in the animal’s metabolism. Besides studying such enzymes directly
using proteomics technology, research can also focus on the metabolites that are
produced by the enzymes of interest. Although the metabolites are several steps
away from the genes of the cow, research has shown that there are many correla-
tions that can be detected across all levels, from genes to metabolites (Wittenburg
et al. 2013).

Many different categories of metabolites exist that can be studied, including
lipids, water-soluble metabolites and volatile metabolites. These different catego-
ries of metabolites all require their own analytical approach for detection (Wang
et al. 2010).

The research areas, in which metabolomics is applied, are for a large part similar
to those of transcriptomics and proteomics. The underlying research themes are
thus often the same but aiming at components on a different level of the animal’s
physiology. An example of a specific area of research in metabolomics that is less
studied than the other levels is the rumen. Many farm animals are ruminants, and in
their rumen a wide range of microorganisms are present to breakdown plant
material eaten by the animals. These microorganisms produce a whole range of
metabolites that can be detected with metabolomics technologies (Zhao et al. 2014).
Although these metabolites are thus not produced by the ruminant itself, they can
end up in the body of the animal and thereby in animal food products such as meat
and milk. Some of these metabolites in the animal (or its products) can thus be used
as a reflection of the metabolic state of the rumen (Antunes-Fernandes et al. 2016).
Another area of research in which metabolomics (but also transcriptomics and
proteomics) has frequently been used is bovine mastitis. The aim is again to
understand the physiology but now on the level of metabolites present (Sundekilde
et al. 2013). In poultry research, metabolomics is also used for improving physio-
logical understanding. An example of such research is the production disease
ascites syndrome, for which the metabolomic response by chicken has been
described (Shen et al. 2014). Although the above examples focus on physiological
understanding, the differences in metabolites cannot only be used to explain such
metabolic perturbations but also be frequently used for biomarker research. Detec-
tion of individual metabolites as biomarker of diseases is often used, and
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metabolomics research can contribute to finding such biomarkers in complex
samples from farm animal (products).

One specific category of metabolites that is often studied in all different farm
animals is the class of lipids. This class includes different categories of lipids and
lipid-soluble components [fatty acids, triglycerides, phospholipids, sterols (Sokol
et al. 2015)]. Lipids in farm animal products such as milk is an obvious area in
which lipid metabolites are studied (Lu et al. 2013, 2015; Sokol et al. 2015; Li et al.
2017), but also blood lipids have been studied in relation to health (Li et al. 2017;
Gerspach et al. 2017). In both cases, the lipids are relevant as part of product quality
as well as the physiology of the farm animal.

2  How Omics Technologies Can Help in Better
Understanding Production Characteristics and Animal
Physiology

In the first section of this chapter, many omics technologies are mentioned that have
been applied in the study of farm animals. This second section focuses more in
detail on how the omics technologies can be applied to better understand the farm
animal. This will be done based on three different research directions. First, the
combination of variation in the omics data between individual farm animals studied
can be used to better understand the animal as such. Capturing the variation requires
quantitative omics technologies. Especially in products of farm animals, like milk,
there are many examples of capturing variation to better understand the animals
producing the product. A second option to better understand the animal and its
physiology is the comparison between species. Different farm animal species
producing similar products also have similar underlying physiology. Omics tech-
nologies applied to study differences among species can help understand these
animals better. Finally, omics technologies are often applied to better understand
the functioning of specific organs. In this section, especially the morphology of the
mammary is used as an example of such research approaches.

2.1 Importance of Capturing Variation

As mentioned above in the introduction of this section, capturing variation is a tool
to better understand farm animals and their products. A clear example of such an
approach is the study of milk. Milk is a complete and complex food suited to the
requirements for the growth and development of the neonate. Milk and dairy
products are also central elements in the human diet. The principal function of
milk is providing energy and nutrients. For understanding of how farm animal are
able to produce these necessary milk components, all levels of physiology can be
studied using omics technologies, focusing on capturing variation at all these levels.
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Milk yield and milk composition, including milk lactose, protein and fat con-
centration, for example, have been shown to have large variation with changes in
environmental temperature (Alstrup et al. 2016). All casein fractions, except for
y-casein, were present at lower concentration in summer than in winter, whereas
immunoglobulins, serum albumin were present at higher concentrations in summer
than winter. A consequent worsening of milk coagulation properties was observed
in summer season, which may influence cheese production from such milk. In
addition, a mild effect of season was observed for milk somatic cell count, with
higher values in summer than in the winter and spring (Bernabucci et al. 2015). This
data suggests that the risk of mastitis is higher in summer than in other seasons.
Linking the variation in milk composition to the genes of the dairy cow, it was
shown that the centromeric region of bovine chromosome 14 was strongly associ-
ated with test day fat percentage. Several SNPs were associated with
eicosapentaenoic acid, docosapentaenoic acid, arachidonic acid, rumenic acid and
linolenic acid (Ibeagha-Awemu et al. 2016b). This study also reported some novel
potential candidate genes, such as ERCC6, TONSL, NPAS2, ACER3, ITGB4,
GGT6, ACOX3, MECR, ADAMI12, ACHE, LRRCI14, FUK, NPRL3, EVL,
SLCO3A1, PSMA4, FTO, ADCKS, PP1R16A and TEP1, which may be involved
in complex dairy traits, including milk traits and mammary gland functions
(Ibeagha-Awemu et al. 2016b). Another example is that DGAT1 gene mutation is
related to milk with changes in saturated, unsaturated and omega-3 fatty acid
concentrations. Moreover, milk fat composition also differs between seasons.
Summer bovine milk contains higher amounts of unsaturated fatty acids and
lower amounts of saturated fatty acids compared with winter bovine milk
(Duchemin et al. 2013). In addition, milk fat composition changed with the increase
of lactation, for example, C18:1 fatty acid in bovine milk (Samkova et al. 2012).
This variation in milk fatty acid composition is mainly linked to feed composition.
However, part of this variation is also linked to gene x environment interaction
(Duchemin et al. 2013). These studies together show that genomics studies are
important to better understand the variation in milk metabolites. By this improved
understanding, a larger part of the captured variation can be explained.

Proteins in farm animal products not only provide nutrition through the presence
of essential amino acids, but many proteins in the farm animal and its products are
also involved in the development of the immune system. The investigation of the
changes of the proteome provides information on the frequency, onset and progres-
sion of different markers (e.g. proteins) due to exogenous (e.g. season, disease) and
endogenous (age, lactation) factors, as mentioned in the first section of this chapter.
To achieve these objectives, the variation in these proteins needs to be determined
using quantitative proteomics technologies. Information from such studies may
help farmers to better manage their animals, improving milk yield and providing
high-quality milk and milk products for human consumption.

The composition of farm animal (products) shows large variations depending on
animal age and for dairy animals especially also over lactation stages. Looking
specifically at milk over lactation, the milk host defence-related proteins, such as
immunoglobulins, decreased remarkably from colostrum to mature milk in
both human and bovine milk (Zhang et al. 2015a, b, 2016b). In addition to these
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well-known proteins, many other low-abundant immune-related proteins also
decreased from early lactation stage to middle lactation stage, such as complement
proteins, lactoferrin, osteopontin, glycosylation-dependent cell adhesion molecule
1, alpha-1-acid glycoprotein 1 and protease inhibitors (Zhang et al. 2013, 2015b,
2016b; Korhonen 2009). On the other hand, lipid transport proteins, including
apolipoprotein A-I, A-IV and C-III, were shown to increase from early to middle
lactation (Korhonen 2009). In late lactation, proteins related to milk fat synthesis
(e.g. adipophilin, fatty acid-binding protein, butyrophilin) and proteins related to
lactose synthesis (e.g. a-lactalbumin and p-1,4-galactosyltransferase) were shown
to decline (Zhang et al. 2015b, 2016b; Lu et al. 2014), whereas the immune-related
proteins increased at this late lactation stage, suggesting the decrease in milk
synthesis and a concomitant increase in the protection by immune-related proteins
of the mammary gland during involution (Boggs et al. 2015, 2016).

The milk proteins not only show variation over lactation but also show variation
depending on breed and genotype (Lu et al. 2015), with also unexplained variation
between individual animals (Zhang et al. 2015a, b). Milk from Danish Holstein
cows was mainly characterized by higher relative contents of p-casein,
a-lactalbumin and f-lactoglobulin and a higher fraction of glycosylated k-casein,
whereas milk from Danish Jersey cows was characterized by higher relative
contents of k-casein, agr-casein and the less phosphorylated forms of og;-casein
and ag,-casein (Poulsen et al. 2016).

Some of the genetic variability that is known to impact milk composition has
been studied from a proteomics perspective. Genotypic variation in the DGAT]I
gene (K232A polymorphism) was shown to induce changes in expression of the
lipid synthesis-related protein stomatin (Lu et al. 2015). Moreover, genotype
variation resulted in the differences in post-translational modifications of milk
proteins, which could be related to milk coagulation properties. Poulsen et al.
(2016) found that milk from cows with k-CN BB genotype had relative higher
contents of both unglycosylated k-CN and glycosylated k-CN compared with that
of k-CN AA (Poulsen et al. 2016).

With respect to the variation between individual animals, this has been studied,
for example, in the milk protein of dairy cows. To study this individual variation,
we collected proteomics data according to Zhang et al. (2015a) of 17 individual
healthy cows in mid-lactation. This unpublished data shows that there was a relative
high overlap (80%) in the qualitative milk proteome; however, at the quantitative
level, there was a large variation in relative protein concentrations among individ-
ual cows (Fig. 2). The variation of relative protein concentration between individual
cows in mid-lactation was discussed by Zhang (2015). This quantitative variation in
the milk proteins between individual animals is probably due to a multiple factors.
Parity/age of cows may result in changes of milk serum proteins. For example, in
bovine milk, pB-lactoglobulin and immunoglobulins were positively correlated with
cow’s age, and bovine serum albumin increased from the first to fourth parity
followed by a decline as cows became older (Ng-Kwai-Hang et al. 1987).

The variation in the concentration of milk metabolites has also been reported. A
metabolomic study in the milk between heat-stress-free and heat-stressed dairy
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Fig. 2 Quantitative variation of milk proteins among 17 healthy (SCC <250,000) individual cows
in mid-lactation (lactation stage from day 112 to day 247). Proteomics analysis was performed
according to Zhang et al. (2015a)

cows showed a total of 53 discriminating metabolites that were significantly up- or
downregulated in the heat-stressed group compared with the heat-stress-free group,
respectively. These metabolic biomarkers were involved in pathways of carbohy-
drate, amino acid, lipid and gut microbiome-derived metabolism (Tian et al. 2016).

All in all, these previous researches show that by studying the variation in farm
animals from the different omics approaches can help better understand the farm
animal physiology, as well as how this relates to the products produced from or by
the animal.

2.2 Comparison Between Species

Apart from variation within species, as discussed above, also differences between
species can be used to better understand the farm animal physiology.

When it comes to genetic differences between species, these are relatively broad.
Genetic similarity between species depends on the evolutionary origin of these
species and how far back in time a common ancestor existed. At the moment, as far
as we are aware, these genetic differences between species have not related to
physiological differences between species in scientific research. The same is for
transcriptomic differences between species.

Similar to capturing variation, comparison between species has also been com-
prehensively investigated in milk. It was previously shown that milk composition
differs between mammalian species (Yangilar 2013). Of the mammals studied,
human milk contained the highest amount of lactose and the lowest amount of
proteins, especially casein. Sheep milk, on the other hand, is very high in both fat
and casein content (Yangilar 2013). Differences between species not only exist on
the level of macronutrients but also exist when comparing different omics dataset
between species.
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The differences in the milk proteome between species have frequently been
reported. For example, in milk serum, $-lactoglobulin is the most abundant protein
in bovine and caprine milk serum (Tsiplakou and Zervas 2013), whereas it is absent
in human and camel milk serum (Zhang et al. 2016a, b). Of the low-abundant host
defence proteins, IgG is the predominant antibody in bovine, caprine and camel
milk, while it is IgA in human milk (Zhang et al. 2016b; Stelwagen et al. 2009;
Sanchez-Macias et al. 2014). IgG can be transferred to the foetus prior to birth in
humans but not in several animals, for example, ruminants such as cattle and sheep
(Stelwagen et al. 2009). Furthermore, even the lower abundant proteins, such as
complement proteins, antibacterial proteins, acute phase proteins, blood coagula-
tion proteins and protease inhibitors, also are present in very different concentra-
tions between species (D’Auria et al. 2005; Hettinga et al. 2011).

In addition to the qualitative and quantitative proteome differences between
species, the changes of milk proteins over lactation stages also differ between
species. Transport proteins, enzymes and immunologically active proteins are
three dominant protein groups which were shown to change differently over
lactation between bovine milk and human milk (Zhang 2015). In particular the
immunologically active proteins decreased more rapidly in bovine milk than in
human milk in early lactation (Fig. 3). The differences in the changes of these three
groups of proteins over lactation can be related to the differences in the needs
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Fig. 3 The changes of enzymes (a), immune proteins (b) and transport proteins (¢) in both human
and bovine milk over lactation (Zhang et al. 2017)
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between infants and calves (Hettinga et al. 2011). This knowledge on variation
between species can be used to better understand the role of milk in the develop-
ment of the newborn mammal. The rapid decrease in immunologically active
proteins, for example, is related to the quick production of these proteins by the
calf, requiring less support from milk. When designing feed for young animals or
infant formula for newborn babies, this knowledge is useful in deciding on the
required quality of these milk-based products.

Of the metabolites in milk, the lipids were also shown to differ between species.
A comparison of milk fat composition between cow, buffalo, donkey, sheep and
camel showed that the total fatty acid composition were quite similar between
species. However, the sn-2 fatty acid, triacylglycerol (TAG), phospholipid and
phospholipid fatty acid compositions and melting and crystallization profiles were
very different between species (Zou et al. 2013).

In addition, other milk metabolites were also shown to differ between species
(Qian et al. 2016). These differences in the milk metabolites were mainly clustered
into four groups: (1) nonesterified fatty acids, (2) free amino acids, (3) tricarboxylic
acid intermediates and (4) free carbohydrates. Metabolic differences between
species have been used to distinguish milk from different dairy animals. For
example, choline and succinic acid were only identified in milk from Holstein
cows but not in milk of Jersey cows, yak, buffalo, goat, camel and horse.
Glycerophospholipid metabolism as well as valine, leucine and isoleucine biosyn-
thesis were similar among ruminant animals (Holstein, Jersey, buffalo, yak and
goat), and biosynthesis of unsaturated fatty acids was similar among the
non-ruminant animals (camel and horse), as shown by Yang et al. (Yang et al.
2016). This indicates that the metabolism of different dairy animals differs, which
may be due to differences in the level of milk synthesis and differences in the milk
that is produced.

The above studies show how identifying differences between species helps in
better understanding different farm animals. Also, the need of the newborn when it
comes to nutrition and host defence can be established through such omics studies.
These studies also indicate that different dairy animals differ in their metabolic
activity. A special case is the study of human milk. Although human milk is not a
commercial product, knowledge on its composition can help in designing optimal
replacer for human milk (infant formula), which are commonly produced based on
farm animal milks (mainly of bovine and caprine origin).

2.3 Omics Studies in the Morphology, Development
and Regulation of the Mammary Gland in Health,
Disease and Production

Innovative and high-throughput technologies such as genomics, transcriptomics,
proteomics and metabolomics can be used to better understand the functioning of
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organs in general. One area where this has been applied is in getting much broader
and more detailed knowledge on the morphology, development and regulation of
the mammary gland. Previous research has studied the mammary gland in a healthy
situation, and when it is in a diseased state, giving more information that aids in
optimal production for adequate management of dairy farming.

One of the omics technologies applied to study the mammary gland is
epigenomics. It was previously shown that epigenetic regulation, by, for instance,
DNA methylation or histone modifications (methylation and acetylation), has been
addressed as a non-genetic mechanism of regulating mammary function, as
explained in the first section of this chapter. A substantial proportion of unexplained
phenotypical variation in the dairy cattle has been claimed to be involved in
epigenetic regulation, which should also be considered when studying milk pro-
duction management practices to optimize production (Singh et al. 2010).

Stress and disease of the mammary gland are important factors that can influence
milk production and milk quality. Connor et al. (2008) investigated the physiolog-
ical changes occurring within the mammary gland during stress induced by more
frequent milking. Changes in gene expression related to cell proliferation and
differentiation, extracellular matrix (ECM) remodelling, metabolism, nutrient
transport and immune function were found (Connor et al. 2008). Besides stress,
disease is also often studied. Mastitis is the most devastating disease causing
staggering economic losses worldwide to the dairy industry (Kaneene and Scott
Hurd 1990). It can be caused by a wide range of organisms, including bacteria,
fungi and algae. Transcriptomics studies have provided growing evidence that
E. coli-induced mastitis causes a far higher expression/regulation of TLR genes,
especially TLR2 and TLR4 genes, when compared to S. aureus (Yang et al. 2008).
Proteomics enabled the detection of the increase of immune-related proteins,
immunoglobulins, cathelicidins, lactoferrin, lactadherin, alpha-1-acid glycoprotein
and serpin A3-8 in the milk from cows with mastitis (Zhang et al. 2015c; Yang et al.
2009). Monitoring the differences in the milk proteome between healthy animals
and animals with disease may help to identify disease-related biomarkers. PTGDS
was hypothesized to be a biomarker in bulk milk for mastitis, due to its high
correlation with the principally accepted indicator for mastitis (somatic cell
count) (Zhang et al. 2015c). Recently, metabolomics was also applied in the
investigation of the mammary gland’s response to infection. Components of bile
acid metabolism, linked to the FXR pathway-regulating inflammation, were found
to be increased during mammary gland infections. Furthermore, metabolites
mapped to carbohydrate and nucleotide metabolism showed a decreasing trend in
concentration up to 81 h post-challenge, whereas an increasing trend was found in
lipid metabolites and di-, tri- and tetrapeptides up to the same time point, suggesting
the degradation of milk proteins during mastitis (Thomas et al. 2016).
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3 The Benefit of Combining Data from Different Omics
Technologies into a Systems Biology Approach

In research, omics techniques are widely used as single approaches to study changes
in animals on the level of genes, transcripts, proteins or metabolites, as described in
the first two sections of this chapter. This has led to a better understanding of the
physiology of the animal. Combining insights acquired from these different studies
have given a better insight in the physiology of farm animals. However, to further
our understanding of the physiology of farm animals, integration of these different
fields is required based on a more integrated approach. This section will describe
the integration of omics technologies, starting from the combination of multiple
omics technologies to the full integration from a systems biology approach, all
aimed at better understanding of farm animals.

3.1 Interactions Between the Different Omics Techniques

As explained in the first section, biology in general and farm animal physiology in
particular can be studied through omics techniques on different levels (Fig. 1). Most
studies using omics technologies apply single techniques, because differences are
expected on a specific level. However, in real life, biology is often not that easy, and
effects on one level will also have influences on other levels. Therefore, studying
farm animals on multiple levels using multiple omics technologies simultaneously
can be very helpful to better understand the underlying physiology.

Starting at the genetic level, one gene studied extensively in dairy cows is
DGATI1. As mentioned in the second section of this chapter, a polymorphism in
DGAT]1 has been shown to have a wide range of effects on milk synthesis and milk
composition (Schennink et al. 2007). To mechanistically study why a single gene
polymorphism can have such broad effects, the effect of this polymorphism has
been studied on different levels, linking this genetic variation to transcriptomics,
proteomics and metabolomics. Transcriptomic studies of cows differing in the
DGAT1 K232A polymorphism have been performed to obtain an overview of the
gene transcription changes related to this polymorphism. Thereby, that study aimed
at better understanding the mechanism underlying the effects this polymorphism
has on milk compositional parameters. This microarray-based transcriptomics
analysis showed that cows differing in DGAT1 polymorphism had many genes
that were differentially regulated, with the largest effects on transcripts related to
energy metabolism, although no difference in transcription of the DGAT1 gene
itself was found (Mach et al. 2012). This study showed that genes do not necessarily
affect the transcript of the gene they encode, but there may be many correlated
effects on completely different genes, which may lead to a much broader range of
effects. In relation to the same genetic polymorphism, research has also been
performed on the proteome and metabolome level (Lu et al. 2015). The results
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showed a single protein, stomatin, was differentially regulated. Stomatin is
involved in membrane structures in general and of milk fat globule membrane in
particular. Simultaneously, lipid metabolites that are also involved in membrane
structure were also differentially regulated in the milk fat globule and its mem-
brane. This combination of omics dataset on different levels led to a hypothesis for
an underlying mechanism related to differences in membrane structure between
cows with different DGAT1 polymorphisms. This shows the benefit of simulta-
neously collecting omics data on different levels.

The same authors also studied the effect on proteome and metabolome level of
another important factor in cow physiology, the negative energy balance in the
periparturient period (Lu et al. 2013). In this study, changes in the same protein
(stomatin) that is involved in membrane structuring were found. Also enzymes
involved in cholesterol synthesis as well as cholesterol itself which is a lipid that is
also important in membrane structure itself were changed. In addition, leakage of
intracellular water-soluble metabolites was found. This study, by integrating pro-
teomics and water- and lipid-soluble metabolomics, gave rise to the hypothesis that
cell integrity and membrane structure were altered in cows in severe negative
energy balance in early lactation. The studies mentioned above all linked different
omics levels together and thereby reached new hypotheses on mammary gland
physiology that could not have been reached if studies would have been limited to
only a single level omics research.

To further study hypotheses that have been reached by analysing multiple omics
datasets within the same sample, research could also look at multiple samples from
the same animal. For example, samples can be taken of both the animal and its
products or from different parts of the animal. Studying multiple samples from the
same animal may lead to a better understanding of the underlying physiology. One
example of such research aimed at better understanding milk synthesis by taking
samples from both milk and the mammary gland itself into account. This was done
in a study following a feeding intervention consisting of an increased intake of
unsaturated fat by dairy cows (Ibeagha-Awemu et al. 2016a). This study showed
how lipids in milk that changed after a feeding intervention were correlated with
transcriptome alterations in the mammary gland. Such a study gives a more direct
indication how interventions in cow management can influence milk synthesis in
the mammary gland and thereby the composition of the milk produced. This
approach has not only been used to better understand the mammary gland and
milk synthesis but also for a better understanding of meat quality, as reviewed
elsewhere (Mullen et al. 2006). An important benefit of studying the quality of farm
animal products, like milk and meat, on different levels, from genes to metabolites
and from animals to products, is that it leads to a better understanding of the
underlying mechanisms. And once the mechanism is known, this can lead to better
interventions to improve aspects such as animal health and product quality.
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3.2 Full Integration of Omics Datasets into Systems Biology

The examples discussed above provide insight in the benefits of combining omics
dataset collected on different levels. This can be further extended to looking from a
network perspective: genes do not work in isolation but sets of genes encode,
through sets of transcripts, sets of proteins that are involved in specific metabolic
pathways. Interpretation of omics data can use information on such metabolic
pathways, also called network analysis, for its interpretation. Once the genome of
an animal is sequenced and annotated, this information can be used to construct
metabolic pathways, which describe the integrated picture how different processes
in a specie work together. The construction of overviews of metabolic pathways is a
first necessary step towards research aiming at a better understanding of the
metabolism of an animal. This construction of metabolic pathways can be done
using knowledge of known enzymatic reactions and pathways to which the anno-
tated genes can be linked. Different software-assisted approaches exist to perform
this task automatically. These pathways by themselves do not directly explain the
underlying biology; however, they provide the basic required information for
understanding the metabolism, and its regulation, of animals (Seo et al. 2013). Of
the farm animals, this has been done almost exclusively for the cow. This approach
has been used to study the gene networks involved in lipid (Bionaz and Loor 2008)
and protein (Bionaz and Loor 2011) synthesis of dairy cows. More recently, it was
also shown that these gene networks are not uniquely associated with either lipid or
fat synthesis but also interact (Li et al. 2016). These findings show that milk
synthesis pathways for different milk components interact with each other and
should not be studied in isolation. This also may explain the earlier mentioned
pleiotropic effects of the DGAT1 polymorphism influencing many milk-related
parameters, although an analysis of this effect from this perspective has not yet been
performed. Furthermore illnesses of the mammary gland have been studied from
such a pathways perspective. It was, for example, shown that mastitis was associ-
ated with an upregulation of the immune system pathway and a downregulation of
the lipid metabolism pathway (Buitenhuis et al. 2011). On the level of proteins, it
was also shown than an upregulation of host defence proteins occurred (Boehmer
2011; Boehmer et al. 2010).

This is not only true for the mammary gland, but also for the bovine liver (Khan
et al. 2015), where multiple gene networks were shown to be differentially regu-
lated during the periparturient period of negative energy balance. From the per-
spective of the homeostasis of an organism, balancing many metabolic pathways
through many interactions makes sense, but it does complicate research in which
often single cause-effects relations are searched for.

Such integrated insights are not only helpful for understanding the physiology of
the cow, as discussed above, but also can help us to get a better understanding of the
quality of the product. For example, meat has been extensively discussed previ-
ously (D’Alessandro and Zolla 2013; Paredi et al. 2012, 2013). By using multiple
omics technologies, the development of muscle tissue in the growing animal, also
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its degradation post-mortem, as well as its quality (for example, tenderness) can be
better understood. Studying this from a systems biology approach by taking into
account all relevant metabolic pathways (e.g., pathways related to apoptosis and
autophagy) is required for a full understanding of the conversion from muscle into
meat (Hollung et al. 2014).

In the end, all these integrated approaches aim at better understanding of the
underlying physiology (Davidsen et al. 2016) but, as can also be seen from the
relatively small number of published studies in this field, such analyses are not easy
to perform. The challenges and outlooks for the systems biology approach to farm
animals will be discussed next in the final section of this chapter.

4 Outlook on Future Developments

In the previous sections of this chapter, the current state of development in the area
of omics technologies for systems biology application in farm animals is described.
In this final section, a discussion is given of the different future developments that
could aid the further development in this research area.

4.1 What Are the Challenges of Applying Systems Biology
Jor Farm Animals

One of the main challenges remaining in the computational approaches to systems
biology is the software that can be used for combining different omics datasets.
Integration of multiple omics dataset, with integrated computer analyses, could be a
very powerful tool for understanding the systems biology of healthy animals but is
currently limited by software options as discussed previously (Suravajhala et al.
2016). Such studies will as a minimum require an in-depth understanding of all the
interactions, both within each level, as well as between each level, as shown in
Fig. 1. For bovine this knowledge is to a larger extent available than for other farm
animals. This will require more effort in the future to get a better integrated picture
of the metabolism of different farm animals. As discussed in Sect. 2, there are many
differences between farm animals. However, the basic underlying genes, enzymes
and metabolites involved in muscle development and milk synthesis are rather
similar between species. The development of these metabolic pathways in other
farm animals can thus be based on information already available for the cow.
Another challenge is the availability and format of collected data. Most omics
dataset are collected on wide variety of platforms, all with their own structure and
encoding of the data. A lot of available software for integrative analysis of omics
data is therefore developed for specific types of data. In collaborations, where
multiple types of instruments are used, this poses specific challenges in being
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able to compare and analyse all data using an integrative perspective. On top of that,
discrepancies between datasets (transcripts/proteins/metabolites obtained on one
system and not on the other) pose an additional challenge. And finally, mismatches
between gene-transcript-protein-metabolites can further complicate systems biol-
ogy approaches. Due to different underlying detection principles between different
analytical approaches, it will not be easy to solve these problems.

Multivariate approaches to analyse integrated omics datasets using, for example,
pattern recognition are also not been broadly developed yet. One successful exam-
ple of such an approach in which support vector machines were applied for
biomarker discovery in large omics datasets has been published (Kim et al.
2017). However, the application of such tools in the analysis of very different
types of datasets was not shown in practice yet.

4.2 What Can We Learn from Other Fields of Biology

The field of systems biology is of course not exclusive to farm animals. It is
frequently, and extensively, used in humans to better understand the physiology
of health and disease. For example, in cancer research, multiple omics techniques
have previously been combined for diagnosis, prognosis and monitoring treatment
(Seeree et al. 2015; Dimitrieva et al. 2016). Also for other human diseases, the
combination of multiple omics field data for biomarker discovery has frequently
been applied (Kussmann and Blum 2007; Castro-Santos et al. 2015; Mehta et al.
2015).

More generally, knowledge on interaction between different levels of omics,
also called interactomics, can be used for better understanding illnesses (Bellay
et al. 2012). Specifically on the level of proteins, such an interactomic overview of
milk has been previously done (D’Alessandro et al. 2011; Zhang et al. 2017). These
studies show how milk proteins are involved in different specific protein-protein
interaction networks, leading to a better understanding of the role of milk proteins
in the growth and development of the neonate. Further extending such studies to all
levels of biology from gene to metabolite could further our understanding of milk
and more in general of the farm animal.
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