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ABSTRACT: The unique adaptations, ecological 
importance, and economical significance have made 
ruminants a prime target for genome sequencing. In this 
study we focused on the analysis of chromosomal 
rearrangements that occurred in the ancestral ruminant 
genome ~60-35 Mya in order to shed light on the evolution 
of economically important organs. The genomes of 
artiodactyls, including eight ruminants, and eight outgroup 
species were compared. We detected 17 evolutionary 
breakpoint regions (EBRs) in the ancestral artiodactyl 
genome and 80 ruminant-specific EBRs. To investigate the 
potential adaptive value of ancestral EBRs, we studied 
genes and gene networks affected by genome 
rearrangements in artiodactyls. Ruminant EBRs are 
enriched for genes related to immunological function, e.g., 
they reorganize the MHC Class II cluster, which is involved 
in adaptive immunity and also reorganize the IgA pathway, 
involved in the rumen’s ability to maintain a wide range of 
symbiotic bacteria. 
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Introduction 
In this project we extended our previous work on 

EBRs (Larkin et al. (2009); Elsik et al. (2009)) in attempt to 
understand which genes and gene networks were affected 
by chromosome rearrangements in different genomes and in 
the ancestral lineage leading to ruminants. To accomplish 
this we detected the EBRs that were present in a single 
lineage (lineage-specific), or in a group of lineages (clade-
specific). For example, EBRs found in cattle only, were 
classified as cattle-specific EBRs, but EBRs found in all 
ruminant species, but not in other clades were classified as 
“ruminant-specific” EBRs. We expected that the 
chromosomal rearrangements found in a single lineage 
would contain fingerprints of adaptive features they may 
have been introduced to that lineage. For example, 
previously we detected an expansion of β-defensin genes in 
an artiodactyl EBR located in cattle chromosome 27 (Elsik 
et al. (2009)). Beta-defensin genes are responsible for 
interaction between the host and bacteria living in the gut. 

In ruminant species a new organ, the rumen, has been 
formed that contains a large bacterial population involved 
in forage digestion. Therefore an expansion of a gene 
family related to this process could have had a direct 
influence on formation of ruminants as a separate group. 
We also noticed a significant reorganization of the milk-
production related genes in the cattle genome due to cattle-
specific rearrangements (Elsik et al. (2009)). While in the 
pig genome chromosome rearrangements were associated 
with genes related to perception of tastes (Groenen et al. 
(2012)).  

The goal of this project was to explore adaptive 
changes in the ruminant and other genomes that could be 
directly connected to formation of lineage-specific traits. In 
particular, we studied the evolutionary changes that could 
be connected to the appearance of the rumen. We also 
analyzed ruminant genomes to reveal genomic features that 
made them different from genomes of other lineages. Our 
hypothesis is that the features found could be used to 
improve agricultural performance of the ruminant species, 
e.g., will result in an identification of genes that could be 
the targets for the improvement of the rumen performance. 

 
Materials and Methods 

Identification of syntenic fragments (SFs).  
Nineteen mammalian genome assemblies were aligned 
against the cattle genome (UMD 3.1) using the 
SatsumaSynteny program (Grabherr et al. (2010)). The 
pairwise alignments were cleaned from overlapping and 
duplicated matches, and syntenic fragments (SFs) were 
defined using SyntenyTracker (Donthu et al. (2009)). 
Syntenic fragments were identified using sets of parameters 
that allowed the detection of genome rearrangements that 
are ≥500Kbp, ≥300Kbp, ≥100Kbp in the cattle chromosome 
sequences. The SFs found in the genomes assembled to 
chromosomes represent complete HSBs, while those found 
in fragmented assemblies may often be partial synteny 
blocks. Visualizations of SFs were made using the 
Evolution Highway comparative chromosome browser 
(http://evolutionhighway.ncsa.uiuc.edu; Fig.1). 

 



Identification and classification of evolutionary 
breakpoint regions. Evolutionary breakpoint regions were 
identified as the intervals delimited by two adjacent SF 
boundaries on the same reference chromosome. We used a 
multi-step automated approach for EBR detection and 
classification.  

First, we used a Perl script to identify all potential 
breakpoint regions (BRs) as the intervals between two 
adjacent SFs in the reference genome chromosomes. This 
was done separately for each SF set at each resolution of SF 
detection. If a target genome was not assembled to the 
chromosomal level, only BRs found within the scaffolds of 
the target species were used and classified as EBRs at the 
final step. Second, all remaining BRs from all target 
genomes from the same SF set were cross-compared for 
reference genome coordinate overlaps. A target genome BR 
that overlapped with more than one non-overlapping BRs in 
any other target genome(s) was treated as a gap and 
genomes containing gaps at any reference chromosome 
position were excluded from classification of EBRs at that 
position. All intervals in a reference genome chromosome 
between adjacent scaffolds from a single target genome that 

overlapped a BR in any other target genome were treated as 
gaps as well. 

Breakpoint regions were assigned to phylogenetic 
lineages. We performed phylogenetic classification of BRs 
and, where justified, assigned EBR status using an ad hoc 
likelihood ratio approach (Farré et al. (2014)). 

Gene network enrichment in EBRs. Using a 
background list of 14,713 one2one orthologous genes 
between the human and cattle chromosomes we determined 
the Gene Ontology (GO) categories enriched in EBRs using 
DAVID (Huang da et al. (2009)) and Metacore (Ekins et al. 
(2007)).    

 
Results and Discussion 

EBR detection. Using the 300 Kbp resolution of 
the HSBs detection we identified 1,201 EBRs in 12 
artiodactyl genomes. Out of these EBRs, 996 (82.93%) 
were lineage-specific and 205 (17.07%) were clade-
specific. Among these, 252 EBRs were present in different 
ruminant genomes, 80 were ruminant-specific, and 17 were 
ancestral artiodactyl EBRs. 

Figure 1. Homologous Synteny Blocks (HSBs) and Evolutionary Breakpoint Regions (EBRs) in cattle chromosome 22. 
Within the cattle chromosome grey blocks indicate HSBs with target species scaffold or chromosome ids inside blocks. The 
HSBs found in fragmented target genomes may not represent complete HSBs but be partial syntenic fragments found within 
scaffolds. White areas in between HSBs represent EBRs for genomes with chromosome assemblies and gaps or EBRs for 
fragmented genomes. 



Gene network enrichment in EBRs. We 
identified that artiodactyl-specific EBRs are significantly 
enriched for the Gene Ontology (GO) categories related to 
pregnancy and embryo development, such as 
Decidualization, Maternal placenta development, and 
Embryo implantation. Each of these three categories was 
represented by genes found in three artiodactyl-specific 
EBRs. On the other hand, ruminant-specific EBRs were 
found enriched for the genes that might be connected to the 
function of rumen or immune response: Antigen processing 
and presentation, and Intestinal immune network for IgA 
production (Fig. 2) represented by seven and five genes, 
respectively. We also found that the cattle-specific EBRs 
were enriched for the GO term Serine-type endopeptidase 
activity including the gene SERPINA14. 

In the present study we report 1,201 EBRs that 
have occurred in the evolution of the lineage leading to 
artiodactyl and ruminant species. With the availability of 
new ruminant genome assemblies, for the first time we 
identified 80 EBRs that reshuffled ancestral ruminant 
chromosomes. Similarly to our previous work on the 
primate (Larkin et al. (2009)) and pig (Elsik et al. (2009)) 
genomes we found that the artiodactyl and ruminant 
evolutionary breakpoint regions are enriched for genes that 
may have changed ancestral phenotypes leading to the 
formation of new traits in artiodactyl or ruminant species. 
For example the artiodactyl EBRs were found enriched for 
the gene networks related to pregnancy and structure of 
placenta. Artiodactyls have a unique, three layer 
epitheliochorial placenta that differentiates them from other 
mammals. Ruminant-specific EBRs were found enriched 
for the genes that could have facilitated the appearance of 
the rumen in evolution. These genes are related to the 
function of immune system in ruminants, highlighting those 
genes that might need to be focused on when the function 
of rumen is manipulated to improve its efficiency.        

  
 

Conclusions 
Our results suggest that similarly to other lineages, 

ancestral genome rearrangements in the artiodactyl and 
ruminant lineages have contributed to some clade-specific 
phenotypes. Moreover, the genes found enriched in the 
ancestral ruminant-specific rearrangements could have 
contributed to the appearance of the rumen in evolution. 
Therefore, we hypothesize that the genes found in/near 
ruminant-specific evolutionary breakpoints could be used as 
targets in experiments aiming at improvement of the rumen 
efficiency in agriculture.       
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Figure 2. Genes enriched in ruminant-specific EBRs are related to the Immunoglobulin A pathway. In red ovals are the 
genes in or near ruminant EBRs. 


