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Declining fertility is a major problem for the dairy industry. Recent
developments of Omics-technologies facilitate a comprehensive analysis
of molecular patters in gametes, embryos and tissues of the reproductive
tract which may help to identify the reasons for impaired fertility. Large
Om ics-datasets require appropriate bioinformatics analysis in the context
of rapidly expanding and evolving scientific databases. This overview
summarizes the current status of ruminant genome projects, describes
currently existing resources for ruminant genomics, transcriptomics
and proteomics as well as databases and tools for the interpretation
and exploitation of transcriptomics and proteomics datasets. Gene set
enrichment analysis (GSEA) and transcription factor binding site (TEBS)
analyses are strategies for the identification of regulatory genes. In general,
the comprehensive analysis of molecular traits by Omics-technologies can
enhance the interpretation of genome-wide association studies, providing
insights into the biological pathways linking genotype and phenotype, and
their modulation by endogenous and environmental factors.

Introduction

Reproductive success is a key component of economic production with ruminants, affecting both

productivity and genetic progress. The decrease in dairy cattle fertility is a worldwide problem

and a major cause of cow culling and economic losses. It is widely accepted that there is a strong

association between high milk production and low fertility in dairy herds; however the reasons for

the negative relationship between these traits remain to be resolved. On the one hand, metabolic

problems that may be associated with high yield can influence molecular pathways controlling

fertility at different levels and in various organs of the reproductive tract. On the other hand,

preferential selection for production traits in the past may have led to genotypes in dairy cattle

that are suboptimal for reproductive competence (Lucy 2001).

Reproductive success is determined by a cascade of biological processes: maturation and

selection of gametes, fertilization, pre- and post-implantation embryonic development, fetal

growth regulation, birth and early postnatal development of offspring. Among those, a reduction

in fertilization and embryonic survival rates has been suggested as the most important component

for decreasing reproductive efficiency in dairy cattle (Santos et al. 2004). Holistic and sensitive

Omics-technologies characterizing the transcriptome, proteome, metabolome etc. of cells or

tissues facilitate a comprehensive description of molecular patterns of gametes, embryos and
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their maternal environment. For instance, our previous studies of bovine endometrium revealed

characteristic transcriptome changes during the estrous cycle (Bauersachs et al. 2005; Mitko et

al. 2008) and during early pregnancy (Bauersachs et al. 2006; Klein et al. 2006). Interestingly,

we and others observed a different response of the endometrium to cloned vs. fertilized embryos

(Bauersachs et al. 2009; Mansouri-Attia et al. 2009), suggesting the endometrium as a sensor for

embryo quality and disturbed embryo-maternal communication in the peri-implantation period as a

reason for structural and functional alterations of the placenta in clone pregnancies. Thus, changes

of molecular patterns during development may point to genes or pathways that have an effect

on reproductive success. Consequently, molecular patterns identified by Omics-technologies in

organs and tissues that are relevant for reproduction can be viewed as "intermediate phenotypes"

(Schadt 2009) of fertility, whose comprehensive description, interpretation and modeling may

help to understand the genetic basis of cellular functions that are important for fertility (Figure 1).

This article provides an overview of the currently existing databases and bioinformatics tools that

can be used to interpret Om ics-data in the context of reproduction and other traits of ruminants.

Genome ssquence

Fig. 1. Flow of genetic information via different classes of molecules producing molecular

patterns and networks which affect cellular and organ functions. Integrating large-scale,

high-dimensional molecular and physiological data holds promise for defining the molecular

networks that respond to genetic and environmental perturbations of the physiological

functions. The different layers of information provide a hierarchy of intermediate

phenotypes, RNA being the most proximal non-DNA species of all molecular entities in

the cell. Complex epigenomic mechanisms and interactions between the different classes

of molecules modulate the flow of genetic information into biological functions.
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Current status of ruminant genome projects

The largest current publicly available sequence database is GenBank located at the NCBI
and contains nucleotide sequences of more than 300,000 organisms (Benson et al. 2009).
GenBank is a collaborative effort between the International Nucleotide Sequence Database
Collaboration (INSDC) of the NCBI, the DNA Data Bank of Japan (DDBJ) and the European
Molecular Biology Laboratory (EMBL) Nucleotide Sequence Database (EMBL-Bank) at the
European Bioinformatics Institute (EBI). Within this collaboration databases are synchronized
by exchange and update of data. Founded in 1982, the content of GenBank has been grow-
ing exponentially, doubling approximately every 18 months (Figure 2). It currently comprises
nearly 120*109 nucleotides (GenBank release 177, April 2010). The generation of nucleotide
sequence data was significantly accelerated by the development of powerful strategies for whole
genome shotgun sequencing (WGS). The content of the WGS database grew faster than that
of GenBank and exceeded it within two years (Figure 2). Among the twenty most sequenced
organisms in GenBank Release 177 Bos taurus is the only ruminant species with a finished
genome sequence, listed with roughly 5 gigabases of DNA/RNA sequences (Table 1) and 1.56
millions of expressed sequence tag (EST)records. The current assembly of the Bos taurus ge-
nome, Btau_4.0, is based on whole genome shotgun sequencing with 7x sequence coverage
and comprises the sequence of all chromosomes except for the Y chromosome. The current
release of GenBank contains no annotated genomes of other ruminants and only relatively
small numbers of mRNA sequence data of other ruminants (e.g. mRNA entries: sheep: 3055,
water buffalo: 695). This situation might be improved by the efforts of International Sequencing
Consortia to sequence the Y chromosome of Bos taurus and the ovine genome (http://www.
intlgenome.org/viewDatabase.cfm; Table 2).

Growth of GenBank
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Fig. 2. Growth of GenBank. The number of bases in GenBank between 1982 and 2010
is blotted as black line, whereas the gray line displays the number of bases from whole
genome shot gun sequencing projects. The data are derived from the distribution release
note of GenBank release 177.
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Table 1. Twenty most sequenced organisms in GenBank Release 177 (April 2010)

Entries Bases* Species

14661813 14675829480 Homo sapiens

7864719 8850187116 Mus musculus

2000118 6283974613 Rattus norvegicus

2179964 5355764557 Bos taurus

3890820 5034163602 Zea mays

3217695 4778268370 Sus scrofa

1697206 3052524947 Danio rerio

228209 1352880670 Strongylocentrotus purpuratus

1241806 1195864179 Oryza sativa japonica Croup

1753889 1185779622 Nicotiana tabacurn

1423873 1146958794 Xenopus (Silurana) tropicalis

1205719 1043367600 Drosophila melanogaster

213748 999755722 Pan troglodytes

2286014 993961 755 Arabidopsis thaliana

1435337 932443900 Canis lupus familiaris

655957 911105678 Vitis vinifera

808694 889675519 Gallus gallus

1840687 864995575 Glycine max

79871 816072773 Macaca mulatta

1216189 748184685 Ciona intestinalis

*: DNA/RNA, excluding chloroplast and mitochondrial sequences, metagenomic sequences, Whole Genome Shotgun

sequences, and 'constructed' CON-division sequences. Ovine sequences are not included.

With the development of next-generation sequencing technologies the time-consuming process

of generation of genome sequences has been dramatically shortened. Recently, a first draft se-

quence of the ovine genome sequence has been made available with a limited annotation that

was produced by 454 sequencing and mapping the sheep sequences to the bovine genome

sequence reordered according to the virtual sheep genome (www.sheephapmap.org/, www.
livestockgenomics.csiro.au/). Furthermore, a low-coverage assembly of the alpaca (Vicugna pa-

cos) is available that is actually not a ruminant but is similar to ruminants in its physiology and

is thus generally classified as pseudo-ruminant. Recently, the Beijing Genomics Institute (BGI)

has announced, that the genome of the Tibetan Antelope, a wild ruminant, has been finished

(http://www.genomics.cn/en/search_show.php?type=show&id =530). Furthermore additional
ruminant genomes might be sequenced within the Genome 10K project which plans whole-

genome sequencing of 10.000 vertebrate species (http://www.genomel Ok.org/) (Genome 2009).

Current resources for ruminant genomics, transcriptomics and proteomics

The bovine reference genome is the first finished and fully annotated ruminant genome se-




quence (Elsik et al. 2009). Data from the bovine genome sequencing project as well as other
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genome sequencing projects are available through a number of genome browsers (e.g. Ensembl

and UCSC genome browser) and genome project databases (Table 2). Comparative genome

alignments with other vertebrate genomes are available through these genome browsers,
providing a source for comparative genome annotation. A specialized tool for visualizing the

results of the mammalian genome comparative analysis is Evolution Highway that was used

to decode the bovine genome evolutionary history (Elsik et al. 2009). In the context of genetic

studies comparative genome annotation is of great value for positional cloning of bovine QTL.

The Bovine Genome Database (http://bovinegenome.org) provides - in addition to the bovine

genome sequence - up to date gene models and annotations and integration of physical and
linkage maps with sequence, QTL, and SNP data. The investigation of variations in the genome

is of major importance for animal breeding. For cattle and sheep there are large-scale ongoing

SNP genotyping projects for genomic selection and HapMap development (bovinehapmap.

org, sheephapmap.org). Publically available data in the context of QTL and GWAS analysis

can be obtained for example from the Animal QTL database, the Bovine QTL viewer, and the
USDA MARC website (see Table 2). Data derived from gene expression analyses can be found

in public functional genomics data repositories such as Gene Expression Omnibus (GEO) and

ArrayExpress (Table 2).

An important point for transcriptome and proteome analyses is a comprehensive gene annota-

tion. Annotation data for protein-coding and non-coding transcripts and protein sequences can

be downloaded, e.g. via Ensembl's BioMart. Genome annotation pipelines are using different

strategies for gene annotation based on the alignment of sequences from public sequence data-
bases, comparative alignment of Ensembl human and mouse proteins, and ab initio gene predic-
tions. Another strategy to obtain full-length transcript and protein sequences is the generation of

clusters of ESTs and full-length mRNA sequences derived from the same gene locus (UniGene,

see Table 2). There are also attempts to find orthologous genes of several completely sequenced
eukaryotic genomes (HomoloGene, see Table 2). In order to provide a defined functional descrip-

tion and classification of genes the Gene Ontology (GO) project has developed three structured

controlled vocabularies (ontologies) that describe gene products in terms of their associated

biological processes, cellular components and molecular functions in a species-independent

manner. Genes are assigned based on data from the literature, on belonging to a known protein
family, but also merely based on the presence of conserved protein domains. For ruminants only

bovine genes are included in the GO classification. Likewise, only bovine genes are assigned to

Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic, signaling and disease pathways.

With the discovery of small regulatory RNAs or so-called microRNAs (miRNAs) a database

containing all known miRNA sequences was developed (mirBase, Table 2). In the current re-

lease (mirBase 15) there are 665 bovine and 4 ovine miRNAs. However, as many miRNAs are

highly conserved between species annotations from other mammals can be used for ruminants
where no annotation is available.

In addition to the information based on nucleic acid sequences and abundance, availability
of data generated on the protein level is indispensable, since in all biological systems a broad

spectrum of regulation phenomena occur on the protein level (e.g., secretion, activation of

protein precursors by protein cleavage or phosphorylation, feedback inhibition, translational

regulation, etc.). These crucial events are not mirrored by mRNA abundances, and their analysis

is therefore addressable exclusively on the protein level. Moreover, the existence of mRNA in a

tissue or cell type does not provide unequivocal evidence for the presence of the corresponding

protein. As a consequence of substantial efforts in high resolution mass spectrometry (MS) of
proteins and peptides, identification and quantification of thousands of proteins has become

feasible and affordable during the last decade (for review, see Frohlich & Arnold 2006).
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Table 2. Genomic resources for ruminant research

Resource Content Web site/Source

Links to genomic biology tools and resources for Bos

taurus, Bubalus bubalis, Capra hircus, Ovis aries

Collection of complete and incomplete (in-progress)

large-scale sequencing, assembly, annotation, and

mapping projects for cellular organisms

Genome annotation for Bos taurus and Vicugna

pacos

Genorne annotation for Bos taurus

Annotation tool

Searchable database of genes, from RefSeq genomes,

and defined by sequence and/or located in the NCBI

Map Viewer

System for automated detection of homologs among

the annotated genes of several completely sequenced

eukaryotic genomes

UniGene entries are sets of transcript sequences

that appear to come from the same transcription

locus (gene or expressed pseudogene), together with

information on protein similarities, gene expression,

cDNA clone reagents, and genomic location

Bovine and ovine micro RNAs

Database for curated gene expression datasets

Database of functional genomics experiments includ-

ing gene expression

Bovine Genome Database project

Large-scale bovine single nucleotide polymorphism

(SNP) genotyping for genomic selection and HapMap

development

Houses all publicly available QTL data on livestock

animal species for easily locating and making com-

parisons within and between species

Contains all available public domain bovine QTL

data for both dairy and beef traits

Cattle and sheep genome maps

Collaborative project designed to provide a visual

means for simultaneously comparing genornes of

multiple amniote species

Home page of the International Sheep Genornics

Consortium

Access to data generated by genomics projects for

major livestock species, major focus on the cattle and

sheep genome mapping and sequencing projects,

provides access to interactive genome maps of cattle

and sheep and to the results of the Bacterial Artificial

Chromosome (BAC) library contiging project for cattle

NCB! Genomic

Biology

NCBI Entrez

Genome Project

database

Ensembl Genome

Browser

UCSC Genome

Browser

BioMart

Entrez Gene

HomoloGene

UniGene

miRBase

Gene Expression

Omnibus

ArrayExpress

Archive

Bos taurus ge-

nome project

Bovine HapMap

project

Animal Quanti-

tative Trait Locus

(QTL) database

Bovine QTL

viewer

USDA MARC

Evolution High-

way

Ovis aries ge-




nome project

CSIRO livestock

genomics web

site

www.ncbi.nlm.nih.gov/Genomes/

www.ncbi.nlm.nih.gov/sites/

entrez?db = genorneprj

www.ensembLorg/Bostaurus/Info/

Index

genome.ucsc.edu/cgi-bin/

hgGateway?hgsid

=158064562&clade=mammal&or

g=Cow&db =0

www.ensembl.org/biomart/mar-

tview

www.ncbi.nlm.nih.gov/gene

www.ncbi.nlm.nih.gov/hornologene

www.ncbi.nlm.nih.gov/sites/

entrez?db—unigene

www.mirbase.org/cgi-bin/mirna

summary.pl?org=bta

www.ncbi.nlm.nih.gov/geo

www.ebi.ac.uk/rnicroarray-as/ae

http://bovinegenome.org

http://bovinehapmap.org

www.genome.iastate.edu/cgi-bin/

QTLdb/index

genomes.sapac.edu.au/bovineqt1

www.ars.usda.gov/main/docs.

htm?docid =2340

http://evolutionhighway.ncsa.uiuc.

edu

www.sheephaprnap.org

www.livestockgenomics.csiro.au
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Due to the bioinformatics algorithms used for MS-based protein identification, comprehen-

sive genomic databases of the organisms analyzed (or at least a closely related species) are
indispensable prerequisites for protein identification. Hence, the availability of the bovine

genome database (http://www.ncbi.nlm.nih.gov, Elsik et al. 2009) represents a milestone with

respect to protein identifications in ruminants. Whole genome sequencing and annotation of

sheep and other ruminants are currently in progress and will further stimulate the generation

of data on the protein level.

Through various proteomic approaches performed during the last years, a tremendous amount

of data has been generated, giving rise to the generation of databases focused on protein data.

The most prominent of these is the "UniProt" database (universal protein; www.uniprot.org),
representing the largest collection of protein information from a broad variety of organisms

and viruses. Uniprot combines data from Swiss-Prot, TrEMBL (Translated EMBL Nucleotide

Sequence Data Library) (Boeckmann et al. 2003) and PIR (Protein Information Resource, Wu

et al. 2006) and is updated frequently.

Besides pure sequence data, UniProt provides information about post-translational modifica-

tions and functional aspects as well as relevant links to structural and gene ontology databases.

A special feature of the Swiss-Prot part of UniProt is the manual annotation and review process
performed by experts in the field, thereby providing a superior level of data reliability and

relevance as compared to datasets automatically generated by unsupervised, computer based
data mining.

To facilitate public access to the huge number of datasets generated in proteomic approaches,

several databases are currently established containing raw data from mass spectrometry based
protein identifications (peak lists, intensities, identified peptides etc.). Two prominent examples

are the PRIDE database (PRoteomics IDEntifications, Vizcaino et al. 2009) managed by the EBI

at the EMBL and the "Peptide Atlas" (Deutsch et al. 2008) managed by the Seattle Proteome

Center, containing data from 60 and 12 species (releases May 2010), respectively. Data from
ruminants are contained only in PRIDE, currently comprising 66 different proteins from Bos

taurus (PRIDE core version 2.8.0).

The benefit of these databases lies in the possibility to quickly gain information about the level
of expression of proteins in individual cells, tissues or body fluids. Moreover, post-translational

modifications identified by mass spectrometry can frequently be assigned to distinct amino acid
positions of the protein. As a special advantage, the public availability of mass spectrometry

raw data facilitates their re-analysis using rapidly evolving new algorithms.

The low number of ruminant data so far contained in PRIDE reflects both the lack of obliga-

tion to deposit raw data of proteomic experiments in public databases along with publication

in scientific journals as well as the rather initial status of proteome research in farm animals.

Along with ongoing new guidelines for proteomic data publication and exciting developments

in protein analysis, e.g., mass spectrometry based quantification of proteins using SRM (Selected
Reaction Monitoring) technology (Lange et al. 2008; Picotti et al. 2010), protein databases will

provide a widely applicable source of information in the fields of basic research as well as

veterinary medicine and animal reproduction.

Databases and tools to exploit transcriptomics and proteomics datasets for ruminants

As already mentioned the GO database provides a defined description of genes regarding the

categories "Biological Process", "Molecular Function", and "Cellular Component". There are

numerous tools for the analysis of GO terms associated with a list of differentially expressed

transcripts or proteins (see Table 3). Many of these tools provide quantitatively enriched GO
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terms associated with a gene list, i.e. GO terms for which significantly more associated genes
were found than expected by chance. The processing of the results of such analyses can be
very laborious due to the redundant structure of the GO categories. The "Functional Annota-
tion Clustering" tool of the Database for Annotation, Visualization and Integrated Discovery
(DAVID) (Dennis et al. 2003) reduces this problem by clustering enriched functional categories
(from GO and other databases) that have overlapping gene contents.

Table 3. Tools for the bioinformatics analysis of Omics-data

Tool Function Web site/Source

provides a controlled vocabu-

lary of terms for describing gene

product characteristics and gene

product annotation data

overview of tools for Gene Ontol-

ogy analysis of lists of differentially

expressed genes/mRNAs or proteins

computational method that deter-

mines whether an a priori defined

set of genes shows statistically

significant, concordant differences

between two biological states (e.g.

phenotypes)

functional annotation, functional

classification, gene ID conversion,

gene name batch viewer

text mining tool for detection of

co-occuring biomedical concepts

in abstracts from the Medline

literature database significantly

linked to a differential gene set

detection of over-represented tran-

scription factor binding sites in the

promoters of sets of genes

collection of manually drawn

pathway maps

biomolecular interactions and

cellular processes assembled into

authoritative human signaling

pathways

database and analysis tool for

known and predicted protein-

protein interactions

open source bioinformatics software

platform for visualizing molecular

interaction networks and integrating

these interactions with gene expres-

sion profiles and other state data

Gene Ontology

GO tools for analysis of

gene expression/microarray

datasets

Gene Set Enrichment Analysis

(GSEA)

Database for Annotation,

Visualization and Integrated

Discovery (DAVID)

CoPub text mining tool

oPOSSUM

KEGG pathway database

NCl/Nature Pathway Interac-

tion Database

STRING

Cytoscape

geneontology.org/

geneontology.org/GO.tools.

microarray.shtml#goarray

www.broadinstitute.org/gsea/

david.abcc.ncifcrf.gov/

services.nbic.nl/cgi-bin/cop-

ub3/CoPub.pl

www.cisreg.ca/oPOSSUM/

www.genome.jp/kegg/path-

way.html

pid.nci.nih.gov/index.shtml

string.embl .de/newstring_cgi/

show_input_page.pl?Userld = J

F8TU8E LDu Na&session Id = I1

hDAbLNVFLZ

www.cytoscape.org/



Scientific databases for ruminant reproduction research 37

A different strategy for the analysis of lists of differentially expressed genes or proteins is

text-mining of PubMed abstracts with CoPub to analyze gene-gene co-citation and co-citation

of genes with keywords (Table 3). This analysis identifies biological or disease-related keywords

overrepresented within the differentially expressed genes.

Microarray datasets can also be characterized by comparison with gene sets derived from

other gene expression studies or from defined functional categories by the use of "Gene set

enrichment analysis" (GSEA) (Subramanian et al. 2005). GSEA compares a gene expression

dataset with different collections of gene sets: positional gene sets, curated gene sets, motif

gene sets, computational gene sets, and GO gene sets (for detailed explanation see www.

broadinstitute.org/gsea/msigdb/index.jsp). The genes of an expression dataset are ranked ac-

cording to differential expression with the most significantly up-regulated genes at the top

and the most significantly down-regulated genes at the bottom. Based on the positions of the

genes of the gene sets in the ranked gene expression dataset enrichment towards an end of the

ranked list is calculated that indicates concordance of the gene set with the gene expression

dataset. User-provided gene sets can also be used for comparison with the expression dataset.

GSEA results can be helpful for example in concluding from regulatory mechanisms that are

known for a given gene set or from gene sets which belong to defined functional categories

or cellular pathways (Figure 3).

Fig. 3. Gene Set Enrichment Analysis. A set of 161 genes associated with human intrauterine

growth retardation was tested for enrichment in a dataset of gene expression linked to

the presence of a QTL haplotype for stillbirth risk (due to fetal overgrowth) in cattle (left).

The enrichment result confirms that the differentially expressed QTL-associated genes

are functionally linked to fetal growth. The same dataset was tested with a set of 67

genes reported to be estrogen-responsive in cattle (right). The enrichment result suggests

involvement of estrogen-regulated genes and thus confirms ESR1as a functional candidate

gene for the stillbirth QTL.

A further strategy to identify regulatory mechanisms underlying the observed gene expression

changes is the identification of potential transcription factors by the analysis of regulatory motifs

in the promoter regions of the differentially expressed genes, e.g. using oPOSSUM (Ho Sui et

al. 2007). Unfortunately, this tool is available only for human, mouse and rat, i.e. the analysis

in other species assumes conserved regulatory elements in the corresponding promoter regions.
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Nevertheless, a comparative study of human and bovine transcription factor binding sites (TFBS)
(Zadissa et al. 2007) encourages the use of human promoter databasesfor the inference of bovine
gene regulation. In our recent study on local and systemic responses of the bovine mammary
gland to experimental infection with a pathogenic Escherichia coil strain, TFBS analysis sug-
gested NFkB and STAT1 as regulators of genes involved in immune response, inflammation,
acute phase response and chemokine/cytokine signaling, which were differentially expressed
locally in the infected quarter of the mammary gland (Mitterhuemer et al. 2010).

Finally, the potential interactions of the identified differentially expressed genes or proteins
among themselves and with other genes or proteins could be of interest. There are also a num-
ber of different databases and tools for interaction analyses, for example STRING, a searchable
database for known and predicted protein-protein interactions (Jensen et al. 2009).

Conclusions and perspectives

Holistic and sensitive Omics-technologies characterizing the transcriptome, proteome, me-
tabolome and other molecular characteristics of cells or tissues facilitate the comprehensive
description of molecular patterns of tissues that are associated with particular physiological
or pathophysiological conditions. Importantly, dynamic changes of these patterns during de-
velopment or disease may point to genes or pathways that have an effect on the trait under
investigation. It is clear that the rapidly expanding scientific databases described in this article
will help to dissect mechanisms of reproductive physiology and other important traits of rumi-
nants at the molecular level.

In addition to the development and implementation of Omics-phenotypes, a refinement of
physiological readouts is urgently required. Those can be obtained, for example, by the devel-
opment of non-invasive longitudinal techniques such as remote/indirect sensing or imaging.
Integrating large-scale, high-dimensional molecular and physiological data holds promise for
defining the molecular networks that respond to genetic and environmental perturbations of
physiological functions, including reproduction.
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