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Abstract

Body size plays a key role in production, health, selection, and environmental adaptation of animals, but the genetic basis
of body size variation is not clearly understood. Here, we conducted genome-wide association studies (GWAS) of 15 body
size traits using autosomal single nucleotide polymorphisms (SNPs) derived from whole-genome sequences of 31 Brahman
cattle and 131 Yunling cattle and identified 20 significant loci, which implicated 18 candidate genes. For ischium width, the
most significant SNP was assigned to LCORL, a famous gene controlling body size. For chest width, the most significant SNP
was located upstream of BMP5, a secreted ligand of transformation growth factor-beta superfamily of proteins involved in
bone and cartilage development. Subsequently, we detected selective sweeps in Brahman cattle using integrated Haplotype
Score, composite likelihood ratio, and nucleotide diversity. The results showed CNTNAPS5 locus associated with hip cross
height and LIMCH1 locus associated with forehead size were in selective signals, which were consistent with higher hip
cross height and higher forehead size in Brahman cattle compared with Yunling cattle. Our findings provide genetic insights
into variation and selection of body size using GWAS and selective signals and will accelerate future efforts aimed at cattle

improvement.
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Introduction

Body size consists of a series of complex quantitative traits, such
as body weight, stature, and chest circumference. Body size is
an important indicator owing to its correlation with productive,
fitness, and adaptive traits. For example, the genetic correlation
between stature and gestation length was high (0.49) in Holstein
cows (Pozveh et al., 2009). Interestingly, numerous studies have

shown that larger stature individuals have a shorter longevity
(zavadilova et al., 2009; Plassais et al., 2019). In addition, Tibetan
cattle living in Tibetan Plateau is the shortest in 53 indigenous
breeds according to the book about genetic resources of bovines
in China (Zhang, 2011), indicating the importance of body size
for survival in extreme environments. Therefore, understanding
the genetic basis of interindividual variation in body size might
not only provide basic material for animal production and health
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Abbreviations

BL body length

CAC cannon circumference

CC chest circumference

CD chest depth

CLR composite likelihood ratio
Cw chest width

FS forehead size

GATK genome analysis toolkit
GWAS genome-wide association studies
HCH hip cross height

iHS integrated haplotype score
W ischium width

LD linkage disequilibrium
QTL quantitative traits loci

RL rump length

TMR total mixed ration

but also help us identify the mechanism of environmental
adaptation.

Over the past decades, many genome-wide association
studies (GWAS) or mappings of quantitative traits loci (QTL) for
body size have identified over 100 loci in the cattle genome. An
excellent work identified eight clustered candidate quantitative
trait nucleotides for bovine stature at PLAG1 locus (Karim et al.,
2011). Another famous QTL containing LCORL gene was found to
be associated with body weights (birth, carcass, direct weaning,
mature, and yearling weights), calving ease direct, and weaning
weight maternal in nine U.S. cattle breeds (Saatchi et al,
2014). Recently, based on 25.4 million imputed whole-genome
sequence variants, a meta-analysis of GWAS showed that 163
leading variants explained 13.8% of the phenotypic variance in
stature (Bouwman et al., 2018), suggesting that numerous genes
of very small effect control body size. The similar findings were
also observed in humans (Wood et al., 2014).

In contrast, variants of strong impact could explain greater
than 90% of body size variation in domestic dog (Plassais et al,,
2019). However, the analyses were based on the difference
between breeds, rather than within breeds, suggesting that
genomic variants affecting body size were selective targets
during breed formation. In fact, the conclusion might be also
suitable for domestic cattle. It has been reported that the
shoulder height in extinct aurochs was larger than those in
its domesticated descendent (Karim et al., 2011). Furthermore,
selection for stature has been demonstrated in 5 Bos taurus
breeds for LCORL locus and in 10 B. taurus breeds for PLAG1 locus
(Bouwman et al., 2018). However, this phenomenon was not
explored in Bos indicus.

Yunling cattle is a crossbreed that consists of one-half
Brahman cattle, one-fourth Murray Grey cattle, and one-fourth
Yunnan indigenous cattle, thus it is an ideal material for
exploring the genetic mechanism of complex traits (e.g., body
size) in domestic cattle. To investigate the genetic background of
body size in Brahman cattle and Yunling cattle, we performed a
GWAS for 15 body size traits using autosomal single nucleotide
polymorphisms (SNPs) derived from whole-genome sequence.
Additionally, to further investigate the relationship between
genes identified in GWAS mapping studies and genes with
selective signals, we applied the integrated Haplotype Score (iHS)
and the composite likelihood ratio (CLR) to identify the selective
sweep regions in Brahman cattle. Our results should provide
basic materials for those interested in further understanding
the genetic mechanism of body size traits and will facilitate the
improvement of these traits through genomic selection.

Material and Methods

Care and use of animals

Ethics approval for all animal experiments was granted by the
Institutional Animal Care and Use Committee of Northwest A&F
University following the recommendation of the Regulations for
the Administration of Affairs Concerning Experimental Animals
of China.

Phenotype measurements

All animals in the experiment were originally from the core
breeding farm of Yunnan Academy of Grassland and Animal
Science in China. The experimental animals used were
multiparous cows. Our samples consisted of 36 pen-feeding
individuals (5 Brahman cattle and 31 Yunling cattle) and 126
free-grazing individuals (26 Brahman cattle and 100 Yunling cat-
tle). The pen-feeding individuals were fed a total mixed ration
(TMR), which consisted of 65% grass silage and 35% concentrate
on a dry matter basis. The free-grazing individuals ate grass
in the meadow from June to November every year and were
properly fed above TMR from December to May every year.

Each individual was encouraged to a squeeze crush to
measure body size traits and collect ear tissue. Firstly, 15
body size traits were measured using a measuring tape and
measuring stick. Secondly, the ear tissue was collected using
ear punch and then stored 75% ethanol to extract genomic DNA.
The genomic DNA was isolated using the standard phenol/
chloroform protocol (Green and Sambrook, 2012). We checked
the effect of breed on body size using the general linear model
of R program with the consideration of feeding pattern.

Genetic analysis

The genomic DNA was transported to the Novogene
Bioinformatics Institute, (Beijing, China) to sequence genome.
Paired-end libraries with an insert size of 350 bp were
constructed and sequenced using Illumina Novaseq 6000
platform. A total of ~17 billion clean reads were generated
and then aligned to the B. taurus reference genome sequence
ARS-UCD1.2 using Burrows-Wheeler Aligner - Maximal Exact
Match (Li and Durbin, 2009) with default parameters. Potential
duplicate reads were removed using Picard tools (“REMOVE_
DUPLICATES=true”). The average alignment rate and coverage
were 99.55% and 5.61, respectively (Supplementary Table S1).
Initial variant site identification was performed using Genome
analysis toolkit 3.8 (GATK) (Nekrutenko and Taylor, 2012)
(“HaplotypeCaller”, “GenotypeGVCFs,” and “SelectVariants”
modules). Subsequently, to exclude false positives during
SNP calling, high-quality SNPs were calculated using
GATK with following options (“VariantFiltration” module):
QualByDepth < 2.0, FisherStrand > 60.0, RMSMappingQuality <
40.0, MQrankSum < -12.5, ReadPosRankSum < -8.0,
StrandOddsRatio > 3.0, read depth < 303 (1/3-fold of the total
sequencing depth of all the individuals) and read depth > 2,727
(3-fold of the total sequencing depth of all the individuals). A
total of ~41 M SNPs were detected using the abovementioned
criteria. For GWAS analysis, we also filtered the SNPs
using VCFtools (Danecek et al., 2011) with the following
parameters: minor allele frequency < 0.05 and missing rate >
0.1, leaving 18,060,230 autosomal SNPs. We also used Beagle
to infer haplotype and impute missing alleles (Browning and
Browning, 2007) to further carry out GWAS and calculate iHS.
In addition, we used smartPCA of EIGENSOFT v5.0 package
(Patterson et al., 2006) to estimate the eigenvectors to adjust
the population structure in GWAS.
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Subsequently, we performed a univariate GWAS by applying a
mixed linear model to reveal the potential associations between
body size traits and genomic variants using the software GEMMA
(Zhou and Stephens, 2012). The statistical model was as follows:

y=Wa+Xp+Ku+ ¢

where y denotes the phenotypic values of body size traits, W
refers to a covariate matrix (fixed effect: principal component
1 and feeding regime), a denotes a vector of corresponding
effects, X denotes the marker genotypes, § refers to the effects
of corresponding markers, K refers to the kinship matrix, and p
refers to the effects of corresponding kinship, and ¢ is a vector of
random residuals. The significant and suggestive threshold were
setatP ., =5x10®%and P, =1 x 10%, respectively (Bouwman
et al., 2018; Schaid et al., 2018). In our model, the principal
component 1 and kinship matrix were used to eliminate the
fixed effect of genetic ancestry and the random effects of
relatedness between individuals, respectively (Price et al., 2010).

After completing GWAS, we used the following strategy to
narrow down our findings to obtain corresponding candidate
genes. Firstly, the linkage disequilibrium (LD) correlation (r?)
between the associated (suggestive and significant) SNPs was
calculated using PLINK (Purcell et al., 2007) with the parameters
(--r2 --ld-window-kb 1000 --ld-window 99999). Borders of the
associated loci were defined according to the LD correlation
(r* > 0.6). To reduce the false positives, the loci with the number
of associated SNPs <3 were excluded. Secondly, we focused
on the SNPs (leading SNPs) with the smallest P, values in
the associated loci for body size traits. Finally, we performed
functional annotation for suggestive SNPs associated with body
size traits using ANNOVAR (Wang et al., 2010) according to the
B. taurus reference genome ARS-UCD1.2.

Genome scans for selection in Brahman cattle were performed
using the following strategy. Firstly, we used VCFtools (Danecek
et al., 2011) to extract the SNPs of 31 Brahman cattle and then
calculated the iHS using selscan (Szpiech and Hernandez, 2014).
The output results for each SNP were then normalized over all
chromosomes using the norm module of selscan (--winsize
40000). This resulted in 62,183 windows across all autosomes.
Secondly, based on the empirical frequency spectrum with
an allele frequency file combined across all autosomes, we
performed the CLR test using SweepFinder2 (DeGiorgio et al.,
2016). The grid size was set as 40,000. This resulted in 62,185
local CLR values. Finally, we also calculated nucleotide diversity

Table 1. Descriptive statistics of 15 body size traits
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using VCFtools (--window-pi 40000 --window-pi-step 20000).
After excluding the windows <10 SNPs, 124,306 windows were
retained. The value in the top 1% of empirical distribution in
each algorithm was designated as threshold.

Data availability statement

Sequences are available from GenBank with the BioProject
accession number PRINA555741.

Results

Phenotypic variation in Brahman cattle and
Yunling cattle

We measured 15 body size traits in 31 Brahman cattle and 131
Yunling cattle (Table 1). These traits comprised withers height,
hip cross height, body length, chest circumference, abdominal cir-
cumference, cannon circumference, chest width, chest depth, hip
circumference, hip width, ischium width, head length, forehead
size, rump length, and body weight. The coefficient of variation
ranged from 3.78% to 9.83% (median: 6.75%). We also detected
the effect of breed on body size using general linear model with
consideration of feeding regime. The results showed that the
withers height, hip cross height, hip circumference, forehead size,
and cannon circumference in Yunling cattle were significantly
lower than those in Brahman cattle (P < 0.05) (Table 2).

GWAS for 15 body size traits

The entire set of GWAS results was presented in Supplementary
Table S2. In total, 780 suggestive SNPs (P_ .. < 1 x 10 and 61
significant SNPs (P, , < 5 x 10%) were detected for 15 body size
traits. After calculating the LD among suggestive and significant
SNPs, a total of 56 suggestively associated loci (P, < 1 x 10%) were
remained across 12 out of 15 body size traits (Supplementary Table
S3). Among these loci, 20 loci were significant (P, ,, <5 x 10%) in
nine traits (Table 3). There were no suggestively associated loci for
bodyweight, abdominal circumference, and hip circumference.
For ischium width, there was only one significantly associ-
ated locus, which was observed on Bos taurus autosome 6 (BTA6)
and was assigned to LCORL (Figure 1a). For chest width, there
were two significantly associated loci, including BMP5 and CCDC6
(Figure 1b). The most significant locus was observed on BTA23 and
was located ~50 kb upstream of BMP5. Another associated locus
was observed on BTA28 and was located ~50 kb downstream of

Traits Maximum Minimum Mean SD CV, % Skewness Kurtosis
Withers height 143.0 118.0 129.2 4.89 3.78 0.19 2.82
Hip cross height 152.0 121.0 133.3 5.24 3.93 0.29 3.04
Body length 176.0 126.0 156.3 8.43 5.39 -0.28 3.44
Chest circumference 250.0 177.0 197.7 10.04 5.08 1.80 10.54
Abdominal circumference 265.0 200.0 229.4 11.43 4.98 0.05 2.88
Cannon circumference 23.00 12.00 18.61 1.52 8.16 -0.09 4.84
Chest width 68.00 39.00 49.02 4.60 9.38 0.52 4.05
Chest depth 88.00 47.00 68.62 5.98 8.71 0.34 4.38
Hip circumference 136.0 95.0 112.1 7.57 6.75 0.40 3.11
Hip width 70.00 46.00 57.96 4.90 8.45 0.19 2.64
Ischium width 28.00 18.00 22.46 2.03 9.04 0.13 2.45
Head length 57.00 40.00 48.62 2.43 5.00 0.04 3.97
Forehead size 26.00 20.00 22.53 1.21 5.37 0.31 3.32
Rump length 65.00 43.00 50.93 3.60 7.07 0.77 423
Body weight 725.0 451.5 574.7 56.47 9.83 0.27 2.50



http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa068#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa068#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa068#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa068#supplementary-data

4 | Journal of Animal Science, 2020, Vol. 98, No. 3

Table 2. Difference in body size traits between in 31 Brahman cattle and 131 Yunling cattle (least square mean + standard error)

Traits Brahman cattle Yunling cattle P-value

Withers height 132 +0.909 127 +0.473 3.37 x 10*

Hip cross height 137 £ 0.972 133 + 0.506 2.18 x 10

Body length 155 + 1.607 156 + 0.848 0.499

Chest circumference 200 + 1.893 199 + 0.987 0.543

Abdominal circumference 229 +2.21 230 +1.15 0.647

Cannon circumference 20.0 + 0.264 18.6 +0.139 2.29 x 10

Chest width 49.2 + 0.864 49.9 + 0.450 0.451

Chest depth 68.6 + 1.148 68.5 + 0.607 0.975

Hip circumference 117 + 1.413 112 £0.736 4.40 x 107

Hip width 58.2 +0.939 58.2 +0.496 0.999

Ischium width 23.2 £ 0.385 22.4 +0.203 0.058

Head length 48.4 + 0.456 48.3 +0.240 0.699

Forehead size 23.1+0.225 22.4+0.119 2.08 x 107

Rump length 52.3 + 0.656 51.5 £ 0.346 0.224

Body weight 597 £ 11.25 576 £ 6.34 0.076

Table 3. A descriptive summary of GWAS for 15 body size traits (P, <5 x 10)

Associated loci Leading variants MAF -Log, P, Traits Nearest gene
2:74232049-76428806 2:76123001 0.293 8.27 HCH CNTNAP5
2:77234797-79549419 2:77705883 0.259 7.36 HCH CNTNAP5
3:48619698-49685573 3:48903215 0.454 7.59 CAC F3
4:61097399-61109497 4:61097399 0.194 7.48 HCH EEPD1
4:90719918-91208754 4:91135749 0.068 7.61 CcC GRMS8
5:49425124-49524195 5:49522901 0.105 9.06 CcC C5H12o0rf66

5:108168319-108851195 5:108451308 0.404 7.44 BL CACNA1C
6:25768970-31681813 6:26182890 0.136 8.68 ES RAP1GDS1
6:30080542-30099052 6:30087434 0.090 7.94 CD PDLIM5
6:38272742-38308265 6:38272802 0.148 8.18 AW LCORL
6:60373051-60432904 6:60391823 0.080 7.46 ES LIMCH1
7:68161294-68306145 7:68164002 0.201 8.66 RL HAVCR1
7:87107538-87300437 7:87131231 0.380 7.38 cC CCNH

11:29374698-29493941 11:29374698 0.065 7.35 ES MCFD2

12:17259287-17279977 12:17259287 0.090 8.95 CcC HTR2A

15:11813883-12824779 15:11813883 0.315 7.42 CC Gene desert

17:56698365-56747811 17:56698365 0.065 9.76 CcC SUDS3

23:4387170-4419935 23:4419914 0.049 8.01 Ccw BMP5

28:15174368-15620173 28:15620173 0.213 7.58 CwW CCDC6

28:24097580-24111037 28:24107275 0.080 10.24 CcC CTNNA3

CCDC6. For chest circumference, seven significantly associated
loci were detected on BTA4, BTAS, BTA7, BTA12, BTA15, BTA17,
and BTA28, respectively (Figure 1c). The most significant locus
was located in the intron of CTNNA3. For cannon circumfer-
ence, only one significant locus was detected, located on BTA3
and assigned to F3 (Figure 1d). For hip cross height, two most
significant loci were observed on BTA2 and were assigned
to CNTNAPS (Figure 2a). Another significant locus was found
on BTA4 and was located in the intron of EEPD1. For forehead
size, two most significant loci were observed on BTA6 and were
assigned to RAPIGDS1 and LIMCHI1, respectively (Figure 2c).
Another significant locus was observed on BTA11 and assigned
to MCFD2. The remaining significant loci were observed on BTAS,
BTA7, BTA6, and were associated with body length, rump length,
and chest width, and their candidate genes were assigned to
CACNA1C, HAVCR1, and PDLIMS5, respectively (Figure 1e, f, and g).

Signals of selection on candidate genes

To identify whether there were selective signatures in Brahman
cattle overlapped with aforementioned GWAS signals for body

size traits, we calculated iHS, CLR, and nucleotide diversity
(m) in Brahman cattle. The entire selective signal results were
presented in Supplementary Tables S4-S6. We found CNTNAP5
locus identified from GWAS for hip cross height fell into the 1%
tail of iHS score and CLR statistic (Figure 2b). Moreover, LIMCH1
locus identified from GWAS for forehead size showed extreme iHS
value and a local reduction in nucleotide diversity (Figure 2d). In
suggestive loci, DDX18 locus and TMEFF2 locus (Supplementary
Table S3) identified from GWAS for hip cross height appeared in
the 1% tail of iHS and CLR in Brahman cattle (Supplementary
Tables S4 and S5). In addition, PTBP2 gene, a candidate gene for
cannon circumference (Supplementary Table S3), also showed a
strong CLR signal (Supplementary Table S5) and a local reduction
in nucleotide diversity (Supplementary Table S6).

Discussion

By performing a GWAS using autosomal SNPs derived from the
whole-genome sequence in Brahman cattle and its crossbred
(Yunling cattle), we identified 56 suggestively associated loci
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Figure 1. Manhattan plots for ischium width (a), chest width (b), chest
circumference (c), cannon circumference (d), body length (e), rump length (f),
and chest depth (g). Red line and blue line indicate the significant threshold
and suggestive threshold, respectively. The shading of each rectangle shows a
significant association locus for body size.

(including 20 significant loci) for 15 body size traits, supporting
the complex genetic architecture for cattle body size. These
56 loci implicated 54 candidate genes, including LCORL, BMP5,
CNTNAPS5, F3, EEPD1, GRMS8, C5H12orf66, CACNA1C, RAP1GDS1,
PDLIMS, LIMCH1, HAVCR1, CCNH, MCFD2, HTR2A, SUDS3, CCDC6,
and CTNNAS3. Although our sample size is smaller, the genotype-
phenotype interactions with large effects and higher frequency
could be detected. Future GWAS mapping with larger sizes might
result in the identification of additional variants with small effect
and lower frequency. Moreover, although further functional
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validation experiments could allow us to consolidate our studies,
some associated genes (e.g., LCORL, BMP5, CNTNAPS5, and LIMCH1)
have biologically plausible links to the body size traits.

For ischium width, the most significant SNP was located
downstream of LCORL, a famous gene that controlled body
size. LCORL encodes a transcription factor that may function in
spermatogenesis. In humans, a previous study has demonstrated
that polymorphisms in LCORL gene were associated with skeletal
size measurements, including hip axis length and spine length
(Soranzo et al., 2009). Moreover, many studies have pointed to
the correlation of LCORL locus with body size measurements
and growth traits in domestic cattle, such as stature (Bouwman
et al., 2018), body weights (Saatchi et al., 2014), weaning weight
(Weng et al.,, 2016), average daily gain (Lindholm-Perry et al,,
2011). In fact, this correlation also exists in other organisms,
such as standard breed height in domestic dog (Plassais et al.,
2019), withers height in horse (Boyko et al., 2014), and body
weight in sheep (Al-Mamun et al., 2015). Therefore, we con-
cluded that LCORL is a strong candidate gene underpinning the
body size of cattle.

For chest width, the most significant SNP was located
upstream of BMP5. The gene encodes a secreted ligand of
transformation growth factor-beta superfamily of proteins,
which plays a role in bone and cartilage development. Previous
models of null mutations in the mouse BMP5 gene showed defect
in the formation and growth of cartilages (Green and Green, 1942;
Green, 1958). It has been reported that a germline mutation at
BMP5 locus affected the formation of multiple skeletal features,
including misshapen xiphisternum and missing ribs (Ho et al.,
2008). These results imply that BMP5 might participate in the
body size of cattle through the effect of skeletal formation.

For hip cross height, the most significant locus was observed
on BTA2 and contained only the gene CNTNAP5. CNTNAPS
belongs to the neurexin family, members of which play a
key role in the vertebrate nervous system as cell adhesion
molecules and receptors. In goat, a GWAS of body size traits
reported that CNTNAP5 locus was associated with bicoastal
diameter (Rahmatalla et al., 2018). Although CNTNAP5 locus
was scarcely found to be associated with height, partial deletion
of the neurexin 1 (NRXN1), a homologous gene of CNTNAPS,
showed short stature in humans (Bermudez-Wagner et al., 2013).
Moreover, we also observed CNTNAP5 locus was in selective
signals in Brahman cattle (extreme iHS score and CLR statistic,
and a reduction in nucleotide diversity). In addition, hip cross
height in Brahman cattle was significantly higher than those in
Yunling cattle. From above results, we speculated that CNTNAP5
locus might contribute to higher hip cross height in Brahman
cattle compared with Yunling cattle.

For forehead size, the second-ranked significant locus was
located in the intron of LIMCH1, an actin stress fibers-associated
protein which is a paralogous protein with C-terminal LIM
domains (Zhang et al., 2019). The mutation of LIM domain
showed defect in forebrain and midbrain tissue in mouse,
suggesting that LIM domain is essential for head development
(Cheah et al.,, 2000). An experiment in a targeted deletion
of LIM1, a homologous gene of LIMCHI, demonstrated that
LIM1-null mice lacked anterior head structures (Shawlot and
Behringer, 1995). Moreover, we also observed LIMCHI locus was
in selective signals in Brahman cattle (extreme iHS score and
a local reduction in nucleotide diversity). In addition, forehead
size in Brahman cattle was significantly higher than those in
Yunling cattle. Therefore, we concluded that LIMCH1 locus is a
putative region underlying higher forehead size in Brahman cat-
tle compared with Yunling cattle.
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Figure 2. Manhattan plots for hip cross height (a), forehead size (c), and selective signals on chromosome 2 (chr2:74 to 76 Mb) (b), and on chromosome 6 (chr6:60 to
61 Mb) (d) in Brahman cattle. In Manhattan plots, red line and blue line indicate the significant threshold and suggestive threshold, respectively. In selective signals,
red line and blue line indicate top 1% and top 5% threshold in whole genome, respectively. The shading of each rectangle shows a significant association locus for body
size. The selective signals were validated by iHS, CLR, and = (nucleotide diversity).

advance our understanding of complex demographic history

Conclusion
of Brahman cattle.

Using GWAS for body size traits with autosomal SNPs derived

from the whole-genome sequence in Brahman cattle and

Yunling cattle, we identified 56 suggestively associated loci Supplementary Data

(including 29 mgolﬁcaot loci), which 1mphcatod 54.cand1dote Supplementary data are available at Journal of Animal Science
genes. The identification of QTL for body size will provide online

genomic targets for genetic improvement of body size in ’

domestic cattle. The revelation of some strong candidate genes
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