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ABSTRACT: We derived nine gene networks from 32 
genome-wide association studies (GWAS) using 3,270 
genes that harbor SNP with pleiotropic effects across these 
association analyses. These GWAS focused on 
reproduction-related phenotypes that were measured in 
male and female Brahman and Tropical Composite cattle (n 
~ 1,000 per GWAS). We found variable numbers of 
significant and correlated co-association SNP, ranging from 
9,516 pairs in the cow network to 146,819 in the Tropical 
Composite bull network. To reduce the dimension of the 
analyses, we devised the Always Correlated Network, 
which included only gene-pairs that were significantly co-
associated and correlated in all nine networks. Genes within 
this network were mostly organized per chromosome, but 
linkage disequilibrium did not fully explain the topology. 
Focusing only on edges between chromosomes, several 
genes that were identified had biological roles in 
reproductive physiology that linked to their potential 
pleiotropic effect and set them as candidates for further 
analyses.     
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Introduction 
 

Improving the reproductive performance of 
tropically adapted cattle is important for sustainability, 
profitability and advancement of genetic gain in Australia’s 
beef industry. Most of this beef industry is located in the 
tropics and uses tropically adapted cattle, typically based on 
Bos indicus, and Bos indicus x Bos taurus crosses (Burrow, 
(2012); Porto Neto et al., (2011)). However, when 
important components of reproductive performance, such as 
age at puberty and length of post-partum anoestrus are 
considered, indicine cattle are generally less efficient than 
pure Bos taurus breeds under more temperate conditions  
(Lunstra and Cundiff, (2003); Plasse et al., (1968)). Age at 
puberty and other reproductive parameters are heritable 
(Table 1 and 2), setting selective breeding as a viable 
alternative for improved efficiency.  

Selective breeding of indicine cattle and crosses 
for improvement of reproductive phenotypes could benefit 
from genomic tools. Genomic selection could be used to aid 
selective breeding for age at puberty and length of post-
partum anoestrus (Zhang et al., (2014)). Genome-wide 
association studies (GWAS) have found polymorphisms 
associated with these and other reproductive phenotypes 
(Fortes et al., (2013a); Fortes et al., (2012b); Hawken et al., 
(2012)). Associated polymorphisms hold the promise of 
indicating the position of causative mutations that can be 
used to improve the accuracy of genomic selection 
(Meuwissen et al., (2013)). Associated polymorphisms can 

also be used to derive gene networks, which may inform 
genomic selection and improve its accuracy (Snelling et al., 
(2012)). 

Gene network and pathway inference from GWAS 
is a valid approach to gain biological information from 
polymorphism associations and the underlying genes 
(Schadt, (2009)). In the current study, we compiled results 
from 32 GWAS focusing on reproductive-related 
phenotypes to further detect and study variations/genes with 
pleiotropic effects on reproductive phenotypes in tropical 
beef cattle. 

 
Materials and Methods 

 
These analyses are a further step after the 

identification of single SNP association and publication of 
GWAS. Tables 1 and 2 summarize these data.  However, 
detailed information on animals, phenotypes, SNP 
genotypes, and association models should be sourced from 
the original articles describing these GWAS (Bolormaa et 
al., (2013); Fortes et al., (2013b); Fortes et al., (2012b); 
Fortes et al., (2013d); Hawken et al., (2012); Johnston et al., 
(2014)). 

Animals. Animals sourced for these analyses were 
tropically adapted Brahman (BB) and crossbred cattle, 
which are identified as Tropical Composites (TC).  

Phenotypes and genotypes. Tables 1 and 2 are 
summaries of all phenotypes included in the analyses. 
These cattle were genotyped using either the Illumina 
BovineSNP50 or the BovineHD. Animals that were 
genotyped using the lower density array had their genotypes 
imputed to the higher density array (Bolormaa et al., 
(2013)). 

 
Table 1. Male phenotypes tested, number of individuals 
(N), trait mean (Mean), and estimated heritability (h2).  

Traita Brahman Tropical Composite 
N Mean h2 N Mean h2 

1 1,112 542.60 0.42 1,097 608.21 0.51 
2 786 7.36 0.68 1,097 7.86 0.63 
3 1,112 21.24 0.65 1,097 26.52 0.49 
4 1,105 554.97 0.78 1,078 400.11 0.47 
5 964 73.55 0.35 1,089 73.03 0.50 
6 1,114 127.67 0.46 1,006 126.68 0.46 
7 1,114 46.01 0.37 1,006 54.14 0.52 
8 1,114 296.27 0.43 1,006 333.87 0.71 

a 1) Blood concentration of Insulin-like Growth factor 1 at 6 
months of age, 2) Blood concentration of Inhibin at 4 
months of age, 3) Scrotal circumference at 12 months of 
age, 4) Age in which an individual reached 26 cm of scrotal 
circumference, 5) Percent normal sperm at 24 months of 



age, 6) Hip height at ~ 18 months of age, 7) Eye muscle 
area at ~ 18 months of age, 8) Weight at 15 month of age. 
 
Table 2. Female phenotypes tested, number of 
individuals (N), trait mean (Mean), and estimated 
heritability (h2). 

Traita Brahman Tropical Composite 
N Mean h2 N Mean h2 

1 764 185.19 0.42 656 220.49 0.33 
2 837 740.25 0.57 860 656.42 0.52 
3 617 180.53 0.52 833 142.30 0.26 
4 617 127.40 0.59 864 125.26 0.58 
5 840 44.56 0.26 863 46.01 0.49 
6 842 290.76 0.38 865 316.23 0.61 
7 1,020 0.70 0.16 1,119 0.82 0.03 
8 1,020 1.28 0.15 1,119 1.60 0.14 

a 1) Blood concentration of Insulin-like Growth factor 1 
(IGF1) at ~18 months of age, 2) Age at detection of the first 
Corpus Luteum, 3) Length of the post partum anoestrus 
interval, 4) Hip height at ~18 months of age, 5) Eye muscle 
area at ~18 months of age, 6) Weight at~18 months of age, 
and two complex traits, 7) Late-in-life, 8) Early-in-life 
reproductive performance. 
 

Gene network analyses. The procedures compiled 
32 GWAS following the Association Weight Matrix 
(AWM) method described previously (Fortes et al., (2010); 
Reverter and Fortes, (2013)) with minor modifications, 
using IGF1 level as key phenotype because genes on its 
pathway are known to be associated with reproduction 
performance (Fortes et al., (2013c)). The series of SNP 
selection processes is listed on Table 3. Networks based on 
the selected 3,270 SNP representing genes were built using 
variable number of GWAS. Significant co-associated genes 
were identified using the PCIT algorithm (Reverter and 
Chan, (2008)), and identified as nodes of a network 
visualized in Cytoscape (Shannon et al., (2003)). The 
linkage disequilibrium (LD) between all pairs of SNP 
included in the network analyses were calculated using 
PLINK (Purcell et al., (2007)). 
 
Table 3. SNP selection and linking SNP to genes. 

Filters Brahman Tropical 
Composite Selected 

SNP Bulls Cows Bulls Cows 
IGF-I 
(P<0.05) 79,973 47,641 90,251 31,532 3,548a 

SNP associated to >7.5 traits (average number of 
traits that IGF-I selected SNP were associated to) 
across all populations 

34,047 

Unique SNP 35,378 
Linking SNP to gene, final selection (one SNP 
per gene, selected based on the number of traits 
in which it is associated, and its p-values) 

3,270 

a SNP associated in >=3 populations. 
Results and Discussion 

 
The final list of selected SNP (n = 3,270) 

represented genes or nodes of the network and were 
distributed across all autosomes and BTAX with a varying 

number of genes per chromosome from 27 for BTA28 to 
591 for BTAX. The gene selection corresponds to many 
QTL for the diverse range of phenotypes. Not surprisingly, 
the top three chromosomes with nodes were BTAX, BTA5 
and BTA14, which are known to carry QTL for 
reproduction-related phenotypes (Fortes et al., (2012a); 
Fortes et al., (2013d); Hawken et al., (2012)). 

Using those SNP, nine networks were formed: 
within breed and sex (4 networks x 8 traits), within breed -
both sex (2 networks x 16 traits), within sex – both breeds 
(2 networks x 16 traits), and all traits (1 network x 32 
traits). From all PCIT co-association tests, only a small 
fraction of gene pairs were significant and highly correlated 
(r > 0.9).  These genes defined nodes on the network and 
their co-association edges. The lowest proportion (0.18) of 
co-associated genes was found on the network formed by 
all 16 female traits. On the other extreme, the networks 
formed by BB bulls and TC bulls had the largest proportion 
of significant co-association nodes, 2.36 and 2.75, 
respectively (Table 4). All nine individual networks had a 
large number of edges (co-associations) demonstrating the 
interactions between complex architecture of genes and 
potentially also QTL.  
 
Table 4. Number of SNP (gene) pairs co-associated and 
correlated >0.9 in each network of selected phenotypes 
(8 phenotypes each for males and females) and percent 
of the total gene pairs tested*. 
  COWS BULLS  

Brahman (BB) 
43,937 126,402 11,930a 
(0.82) (2.36) (0.22) 

Tropical Composite 
(TC) 

76,971 146,819 66,482b 
(1.44) (2.75) (1.24) 

 9,516c 107,315d 38,876e 

 (0.18) (2.01) (0.73) 
* Number of gene (SNP) pairs co-associated and correlated 
>0.9 in all networks (Always Correlated Network) = 7,649. 
a Network built using all traits in BB, b Network built using 
all traits in TC, c Network built using all female traits, d 
Network built using all male traits, e Network built using all 
32 traits. 

 
To reduce the dimensions of these analyses and 

identify the potentially most conserved and relevant gene 
interactions across all networks, we defined the co-
associated genes that were significant and correlated (r > 
0.9) in all nine networks individually, defining the Always 
Correlated Network. This network included 7,649 edges, 
with 13.2 as the average number of neighbors (Figure 1). 
There were three major hubs, and several smaller ones, 
formed mainly by genes of a single chromosome (shown by 
the same color), with the exception of one relatively large 
hub that involves interactions between four chromosomes 
(BTA3, 5, 6 and 14). The chromosome grouping of the 
hubs indicates that LD between SNP that represent those 
genes plays a role in the architecture of the network. 
However, when LD was visualized it became apparent that 
the general organization was not simply due to LD between 



markers, and that many co-associations having potential 
biological relevance also included those that represent 
interaction between two chromosomes. Considering now 
the entire genome organization, it is hard to tease apart real 
biological association between genes that evolved to be in 
high LD as a protective mechanism for real functionally 
paired genes to those ones with high LD that do not interact 
biologically. In other words, a pair of genes with high LD 
between them, should still be regarded as potentially 
functionally-paired. 

 

 
Figure 1. Visualization of the Always Correlated 
Network, each gene is represented by a sphere color-
coded by chromosome. 
 

The results presented here are part of an effort for 
the identification and development of a reduced panel of 
markers, based on biological principles. This panel should 
be able to explain a reasonable proportion of the phenotypic 
and genetic variation of reproduction traits in beef cattle. 
With this concept in mind, this process will be developed 
further with the identification of key genes that are able to 
capture most of the co-associations represented in the 
networks. The inclusion of other sources of information 
(e.g. gene expression in tissues of interest) would also 
support the selection of markers for this panel. 
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