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Abstract
Female fertility is an important trait that contributes to cow’s profitability and it can be improved 
by genomic information. The objective of this study was to detect genomic regions and variants 
affecting fertility traits in Iranian Holstein cattle. A data set comprised of female fertility records 
and 3,452,730 pedigree information from Iranian Holstein cattle were used to predict the breed-
ing values, which were then employed to estimate the de-regressed proofs (DRP) of genotyped 
animals. A total of 878 animals with DRP records and 54k SNP markers were utilized in the ge-
nome-wide association study (GWAS). The GWAS was performed using a linear regression model 
with SNP genotype as a linear covariate. The results showed that an SNP on BTA19, ARS-BFGL-
NGS-33473, was the most significant SNP associated with days from calving to first service. In 
total, 69 significant SNPs were located within 27 candidate genes. Novel potential candidate genes 
include OSTN, DPP6, EphA5, CADPS2, Rfc1, ADGRB3, Myo3a, C10H14orf93, KIAA1217, RBPJL, 
SLC18A2, GARNL3, NCALD, ASPH, ASIC2, OR3A1, CHRNB4, CACNA2D2, DLGAP1, GRIN2A 
and ME3. These genes are involved in different pathways relevant to female fertility and other 
characteristics in mammals. Gene set enrichment analysis showed that thirteen GO terms had sig-
nificant overrepresentation of genes statistically associated with female fertility traits. The results 
of network analysis identified CCNB1 gene as a hub gene in the progesterone-mediated oocyte mat-
uration pathway, significantly associated with age at first calving. The candidate genes identified in 
this study can be utilized in genomic tests to improve reproductive performance in Holstein cattle.
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Reproductive performance is of great importance to profitability in dairy indus-
try. There is an unfavorable genetic correlation between fertility and milk production 
traits (Kadarmideen et al., 2000; Royal et al., 2002; Walsh et al., 2011). Dairy breed-
ing programs and management strategies focus on milk production which leads to 
a decrease in the fertility rate (Kulak et al., 1997; Shook, 2006). Undesirable repro-
ductive performance increases calving interval, culling rate and replacement costs 



A. Mohammadi et al.826

(Ghiasi et al., 2011). Recent studies have shown that the genetic progress for female 
fertility traits in Iran is still unsatisfying, which might be due to the lack of a national 
selection breeding objective for these traits (Eghbalsaied, 2011; Ghiasi et al., 2011; 
Toghiani, 2012; Seyed Sharifi et al., 2017).

Female fertility traits are less responsive to genetic progress through selective 
breeding due to their low heritability. However, several single nucleotide polymor-
phism (SNP) panels are available for cattle; therefore, genome-wide association 
study (GWAS) is the alternative approach to finding genomic regions associated with 
low heritability traits, such as female fertility traits (Ball, 2005; Goddard and Hayes, 
2009). Through identifying the loci associated with trait and understanding its re-
lated genes, GWAS could be used to increase conception rate and early pregnancy 
(Moore et al., 2016; Ortega et al., 2017).

Over the last decade, GWAS has been used as a primary strategy to detect QTL for 
complex traits (Klein et al., 2005). As a result, many studies have been conducted us-
ing GWAS on female fertility traits in cattle (Olsen et al., 2011; Minozzi et al., 2013; 
Höglund et al., 2015; Nayeri et al., 2016, 2017). Many candidate genes have been 
identified by genome-wide association studies including IL6R, CACNB2, MAN1A2, 
FAM46C, ZNF521 and SLC39A12 for interval between first and last insemination 
(IFL), CACNB2, CHN2, FAM181A and TMEM241 for days from calving to first ser-
vice (DFS), and NAMPT, PIK3CG and SLC4A11 for conception rate at first insemi-
nation, ZNF521 for number of inseminations per conception (NS) and FAM181A for 
days open (DO) (Reverter and Fortes, 2013; Nayeri et al., 2016; Frischknecht et al., 
2017; Liu et al., 2017; Nayeri et al., 2017). Moreover, several quantitative and QTL 
regions associated with female fertility traits have been reported in previous studies 
(Ashwell et al., 2004; Schnabel et al., 2005; Kolbehdari et al., 2009; Pimentel et al., 
2011; Nayeri et al., 2017; Cai et al., 2019). Recently, the de-regressed proof (DRP) 
of female fertility traits has been used as pseudo phenotypes for GWAS on fertility 
traits of dairy cattle (Liu et al., 2017; Nayeri et al., 2017). Evaluations have moved 
away from a complicated model to pseudo-observations through the use of a de-
regression that can be utilized under a simpler model (Sullivan et al., 2015). 

Although, a few GWAS have been conducted on fertility traits in Iranian breeds 
of sheep including litter size (Abdoli et al., 2018), composite reproductive traits 
(Abdoli et al., 2019 a) and first lambing age and lambing interval (Abdoli et al.,  
2019 b). To date, there is no study on GWAS for female fertility traits in Iranian Hol-
stein cattle. Therefore, the aims of this study were: i) to perform GWAS using DRP 
in order to identify the significant SNPs for female fertility traits in Iranian Holstein 
cattle, and ii) to conduct a system biology analysis such as gene ontology/pathway 
and gene network analysis for female fertility traits in Holstein cattle.

Material and methods

Phenotypic data
Pedigree and phenotypic records for insemination and calving dates of Iranian 

Holstein dairy cattle were obtained from Animal Breeding Center of Iran. Female 
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fertility traits of heifers and cows (lactation 1 to 3), collected from 1992 to 2018 were 
used in this study. Summary statistics concerning the pedigree file are presented in 
Table 1. 

Table 1. Brief structure of the pedigree and number of individuals
No. of recordsInformation

3,452,730No. of individuals in total
2,236,808No. of inbred animals in total

85,742No. of sires in total
1,616,057No. of dams in total
1,701,799No. of individuals with progeny
1,750,931No. of individuals with no progeny

452,122No. of founders

The following traits were analyzed: age at first service (AFS), age at first calv-
ing (AFC), days open (DO), calving interval (CI), gestation length (GL), pregnancy 
rate (PR), interval between first and last insemination (IFL), days from calving to 
first service (DFS) and number of services per conception (NS). Due to behavior 
of these traits, records of AFS and AFC were available only for heifers; GL, IFL 
and NS traits for both heifers and cows, while all other traits only for cows. Data 
editing and calculation of the phenotypes were based on Jamrozik et al. (2005) and 
Ghiasi et al. (2011). The GLM procedure of SAS Version 9.4 (SAS Institute, 2014) 
was employed to decide which fixed effects should be included in the animal model. 
The statistical models used for estimation of (Co)variance components and breeding 
values is shown in Table 2. Female fertility traits (DO, CI, PR, GL, IFL and DFS) 
measured in three consequent lactations were treated as repeated measurements. It 
should be noted that we used a classical animal model (Pedigree-BLUP) for estima-
tion of breeding values. (Co)variance components and breeding values were estimat-
ed using the Restricted Maximum Likelihood (REML) methodology by BLUPF90 
software (Misztal, 2002) based on single-trait analysis.

Table 2. The statistical models used for estimation of (Co)variance components and breeding values for 
female fertility traits in Iranian Holstein cattle

Statistical modelTrait

21
Ytijk = Ht + YbSbi + YSsj + ak + etijkAFS_H

Ytijk = Ht + YbSbi + YSsj + ak + etijkAFC_H
Ytijklmn = Ht + Pi + Ysej + MSk + Agel + am + pen + etijklmnDOa

Ytijkl = Ht + Pi + YSsj + ak + pel + etijklGLa

Ytijk = Ht + YbSbi + YSsj + ak + etijkGL_H
Ytijklm = Hr + Pi + YCj + MCk + al + pem + etijklmPRa

Ytijk = Ht + YbSbi + MFIj + ak + etijkIFL_H
Ytijklm = Ht + Pi + YSCj + Agepck + MHIl + am + etijklmIFL
Ytijlk = Ht + Pi + YSCj + MSk + Agel + ak + etijkIFLa
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Table  2 – contd.
21

Ytijklmn = Ht + Pi +YSCj + MSk + Agel + am +pen +etijklmnCIa

Ytijk = Ht + Agepci + YSCj + ak + etijkDFS
Ytijlk = Ht + Pi + YSCj + Agel + ak + etijkDFSa

Ytijkl = Ht + YSCpi + Agepcj + MFIk + al + etijklNS
Ytijk = Ht + YbSbi + MFIj + ak +etijkNS_H

aFemale fertility traits with “a” suffix include first three lactations together and were treated as repeated 
measurements in the statistical analysis. 

Where: y: the vector of observations; fixed effects include: Ht: herd; Pi: parity; 
YbSbi: year-season of birth; YSsj: year-season of insemination; YSCj: year-season of 
calving; MSk: month of insemination;  Agel: age at calving (month); YCj: year of 
calving; YSCpi: previous year-season of calving; Agepc: previous month of calving; 
MFI: months of first insemination. a, pe and e include additive genetic a~N(0,Aσ2

a), 
permanent environment pe~N(0,Iσ2

pe), and residual a~N(0,Iσ2
e) random effects, re-

spectively.

Genotype imputation 
Since the animals were genotyped with different SNP panels by different compa-

nies (Illumina and GeenSeek Genomic), genotype imputation was conducted for all 
the genotyped individuals using the FImpute software (Sargolzaei, 2014). According 
to the manual of FImpute software, the maximum number of chips allowed for impu-
tation is 10 (Sargolzaei, 2014). Therefore, 10 SNP panels with the largest number of 
genotyped animals were selected and a chip with a density of 54001 was considered 
as the reference chip. Moreover, a primary quality control was initially performed on 
the 54001 SNP chip, and SNPs with unspecified physical location or on chromosome 
X were excluded. As a result, the 54,001 SNP chip decreased to 51,185 markers. 
Subsequently, the 51,185 SNP chip was considered as the reference SNP chip. Fol-
lowing imputation, all SNP chips reached to density of 51185. 

Genotype quality control
Quality control (QC) procedures were applied and SNPs were excluded from 

the dataset if i) SNP call rate was less than 99%, ii) minor allele frequency (MAF) 
was less than 1% or iii) deviance from Hardy-Weinberg Equilibrium (HWE) with  
a P-value was lower than 10–6, and iv) individuals had more than 5% missing geno-
types. The number of SNPs and animals remaining for GWAS after QC per each 
female fertility trait in Holstein cattle are given in Table 3. The sex of genotyped 
animals was male. There were differences between certain traits regarding the out-
come of the QC. Ultimately, the association analysis was implemented for each  
trait and specific SNPs of each trait on 29 autosomes chromosome in the bovine 
genome.
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Table 3. The number of SNPs and animals remaining for GWAS after quality control (QC)

Trait
After QC

Total SNPs No. of animals

AFS_H 35119 700

AFC_H 31813 874

GL_H 33328 878

IFL_H 34991 700

NS_H 34991 700

IFL_1 34402 551

DFS_1 35967 560

NS_1 36020 560

IFL_2 39405 430

DFS_2 39485 435

NS_2 39245 425

IFL_3 42051 350

DFS_3 42171 355

NS_3 42133 351

DO 36324 555

CI 36342 554

PR 36324 555

GL 36324 555

IFL 43384 270

DFS 43529 270

H: heifer, 1: first lactation, 2: second lactation, 3: third lactation, AFS: age at first service, AFC: age at first 
calving, GL: gestation length, IFL: interval between first and last insemination, NS: number of services per con-
ception, DFS: days from calving to first service, DO: days open, CI: calving interval, PR: pregnancy rate. Female 
fertility traits without suffix include first three lactations together and were treated as repeated measurements in 
the statistical analysis.

Calculating de-regressed proofs
Because an animal estimated breeding value (EBV) includes both pedigree infor-

mation and daughter phenotypic performance, there is a risk that SNP would be as-
sociated on the basis of parent average (PA) rather than own performance. Therefore, 
de-regressed proofs (DRP) of female fertility traits were used as pseudo phenotypes 
for association study. The DRP was computed as follows (VanRaden, 2008):

DEprg =		      – 
RelEBV 

1 – RelEBV 

RelPA

1 – RelEBV 

RelDD =
DEprg

DEprg + 1
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where: DEprg is the daughter equivalent from progeny information, RelEBV, RelPA and 
RelDD are the reliabilities of EBV, PA and daughters deviations (DD), respectively.

The statistical model for GWAS analyses was: 

yi = βgi + αi + ei

where: yi is pseudo phenotype (DRP); β is the linear regression coefficient of 
the SNP; gi is the SNP genotypes of the ith bull, αi is the random additive polygenic 
effects; and ei is the residual. Assumptions of the model include ai ~ N(0, Gσ2

a) 
where G is the genomic relationship matrix and σ2

a is the polygenic additive genetic 
variance; and  ei~ N(0, Rσ2

e) where σ2
e is the residual variance. The GWAS was con-

ducted using a linear regression model with SNP genotype as a linear covariate in the 
PLINK software (Purcell et al., 2007). The data structure and descriptive statistics 
are summarized in Table 4.

To account for the multiple comparison problem, Bonferroni correction was ap-
plied to control the family-wise error rate (Han et al., 2009). Moreover, principal 
component analysis (PCA) was carried out for further illustration of genomic com-
position and differentiation among population structure. The quantile-quantile (QQ) 
plots were visualized by the distribution of observed versus expected genome-wide 
P-values, and manhattan plots were constructed using ‘qqman’ package of R soft-
ware version 3.5.2 (Turner, 2014). 

Table 4. Descriptive statistics of DRP of female fertility traits in Holstein dairy cattle
Trait No. of records Mean Min Max SD

AFS_H (d) 700 –12.789 –480.947 239.622 33.469
AFC_H (d) 874 –11.673 –4506.893 958.322 160.078
GL_H (d) 878 –0.246 –11.611 8.0675 1.626
IFL_H (d) 700 8.184 –207.94 5589.803 213.281
NS_H (n) 700 0.0301 –3.163 6.589 0.344
IFL_1 (d) 551 17.516 –1398.885 7332.601 348.746
DFS_1 (d) 560 11.832 –135.029 283.264 40.734
NS_1 (d) 560 0.134 –4.061 2.109 0.302
IFL_2 (d) 430 14.019 –494.429 1393.497 94.431
DFS_2 (d) 435 9.408 –477.030 1080.046 99.473
NS_2 (n) 425 0.109 –9.481 1.882 0.607
IFL_3 (d) 350 3.309 –3009.578 950.547 190.897
DFS_3 (d) 355 2.032 –830.366 771.792 117.795

NS_3 (n) 351 0.119 –2.782 1.165 0.280
DO (d) 555 9.014 –48.903 191.747 20.684
CI (d) 555 9.593 –77.789 169.885 22.929
PR (%) 555 –0.888 –42.232 17.508 6.315
GL (d) 555 –0.511 –8.404 3.951 1.329
IFL (d) 270 2.962 –633.431 708.947 84.689
DFS (d) 270 –2.064 –506.566 64.158 43.428

d: day, n: number.

DRP = PA +
(EBV – PA)

RelDD
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Gene Ontology, gene network and pathway enrichment analysis
The significant SNPs with P-value less than 0.05 were selected for pathway anal-

ysis. The candidate genes marked as significant SNPs or located in 250-Kb flank-
ing regions of SNPs were extracted from Ensemble biomart (https://www.ensembl.
org/biomart/) database. The gene set enrichment analysis (GO: Gene Ontology) was 
conducted using DAVID (https://david.ncifcrf.gov/) database. The biological pro-
cess of GO category was used for gene set enrichment analysis. In addition, genes 
network construction was done based on functional interactions among proteins us-
ing STRING (https://string-db.org/) database. Constructed network was clustered 
with the k-means algorithm to define the functional modules (Panahi et al., 2019). 

Results

Manhattan plots of all SNPs effects and Q-Q plots of distribution observed 
against expected P-value concerning female fertility traits in Holstein dairy cattle are 
presented in Figures 1 a, b, c, d, e and f. Significant SNPs identified for female fertil-
ity traits in Iranian Holstein cattle are shown in Table 5. The significant SNP mark-
ers were located on 26 different chromosomes (except chromosomes 3, 5 and 27).  
A total of 268 genes were located within or nearby (250-Kb) 69 significant SNPs in 
the Bos taurus autosomes (BTA). Notably, only one SNP (on BTA22) was associated 
with both AFS_H and AFC_H traits among the significant SNPs. The highest number 
of significant SNPs was detected for GL trait (19 SNPs). The most significant SNP 
located on BTA19 was associated with DFS (ARS-BFGL-NGS-33473). The results 
of association analysis did not detect any significant SNP for DFS_1, DFS_2, DFS_3, 
NS_1, NS_3, DO and CI traits. The QQ-plots showed a distribution with λmedian = 1 for 
AFC_H, DFS_1, IFL_1, IFL_2, DFS_2, NS_2, DFS_3, IFL_3 and IFL the λmedian was 
close to the expected distribution line for IFL_H, GL_H, NS_H, NS_1, NS_3, DFS, 
DO, PR and CI. However, a strong deviation from one was observed for AFS_H (λmedian 
=1.60) and GL (λmedian =1.72). The results of PCA showed that this Holstein cattle popu-
lation were clustered in different groups (Supplementary file). Using the first two PCA 
(PCA1 and PCA2) only five groups in this study were clearly distinguishable.

A total of nine SNPs associated with AFS_H were identified. These SNPs were 
located on BTA1, 4, 6, 13, 21, 22, 23, 29, with the most significant SNP being Hap-
map28872-BTA-162555 (on BTA1). Among the significant SNPs for AFS_H, the 
SNPs on BTA1, 4, 22 and 29 were within the OSTN, SLC37A3, CACNA2D2 and ME3 
genes, respectively. Moreover, nine SNPs were found to be associated with AFC_H. 
These SNPs were located on BTA1, 2, 4, 14, 16, 19, 20, 22 and 25. The CACNA2D2 
gene on the BTA22 was detected as significant genes for both AFS_H and AFC_H. In 
addition, the BTB-01278461 (on BTA4) and BFGL-NGS-117163 (on BTA13) SNPs 
located within CADPS2 and RBPJL genes, respectively, were associated with IFL_H. 

For IFL_1, six significant SNPs were identified, of which two were located on 
BTA19 and 26 within OR3A1 and SLC18A2 genes, respectively. For traits associ-
ated with the second lactation only four significant SNPs were found, among which 
only BTB-00254334 on BTA6 was associated with IFL_2 which was within EPHA5 
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gene. Moreover, in the third lactation, two significant SNPs were related to IFL_3 
and only ARS-BFGL-NGS-98154 SNP on BTA23 was within the ZFAND3 gene.

Figure 1 a. Manhattan of GWAS (-log10 P-values) and Q–Q plot for AFS_H, AFC_H traits in Holstein 
dairy cattle. The dots in manhattan plots represents -log10 (P-value) of the SNPs and blue and red 
lines denote the threshold for suggestive and significant SNPs, respectively. The red line in Q-Q Plots  

represents the expected values under the null hypothesis for no association

Figure 1 b. Manhattan of GWAS (-log10 P-values) and Q–Q plot for NS_H, IFL_H, GL_H, DFS_1 H 
traits in Holstein dairy cattle. All other symbols are as in Figure 1a
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Figure 1 c. Manhattan of GWAS (-log10 P-values) and Q–Q plot for IFL_1, NS_1, IFL_2, NS_2 traits 
in Holstein dairy cattle. All other symbols are as in Figure 1 a

Figure 1 d. Manhattan of GWAS (-log10 P-values) and Q–Q plot for DFS_2, IFL_3, DFS_3, NS_3 
traits in Holstein dairy cattle. All other symbols are as in Figure 1 a
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Figure 1 e. Manhattan of GWAS (-log10 P-values) and Q–Q plot for IFL, DFS, GL and DO traits in 
Holstein dairy cattle. All other symbols are as in Figure 1 a

Figure 1 f. Manhattan of GWAS (-log10 P-values) and Q–Q plot for CI and PR traits in Holstein dairy 
cattle. All other symbols are as in Figure 1 a
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As shown in Table 5, a total of 35 significant SNPs were associated with the first 
three lactation traits (GL, DFS, IFL and PR). In total, 19 significant SNPs were ob-
served to be associated with GL, out of which six SNPs were within the ADGRB3, 
C10H14orf93, MYO3A, YME1L1, KIAA1217 and CHRNB4 genes. Thirteen signifi-
cant SNPs were identified to be associated with DFS with the most significant SNP 
(ARS-BFGL-NGS-33473) located on BTA19. There were no genes in the specified 
position, while the significant SNPs on DFS were marked by the TBC1D5, CACNB4, 
RFC1, GARNL3, NCALD, ASPH and DLGAP1 genes (BTA1, 2, 6, 11, 14, 14 and 
24, respectively). Additionally, one significant SNP associated with IFL located on 
BTA4 and one SNP associated with PR on BTA14 were found.

Gene-Set enrichment and network analysis 
The summary of all significant overrepresentation GO terms regarding the 

studied traits are given in Table 6. Thirteen GO terms (biological process) showed  
a significant association with female fertility traits (FDR < 0.05). Interaction between 
the identified genes (network analysis) concerning female fertility traits in Holstein 
cattle is shown in Figures 2 a, b and c. The most significant biological process was 
mitochondrial electron transport, ubiquinol to cytochrome c (GO: 0006122, FDR = 
8.26e-10) for DFS. Moreover, the regulation of growth term was significant for both 
AFS_H and AFC_H traits.

 
Table 6. Gene ontology (GO) term (biological process) pathways significantly enriched for genes  

associated with female fertility traits in Holstein dairy cattle

Trait GO ID Description Count in 
gene set FDR

AFS_H GO:0040008 regulation of growth 8 of 147 0.0155

GO:0034097 response to cytokine 6 of 194 0.0026

GO:0071345 cellular response to cytokine stimulus 5 of 169 0.0111

AFC_H GO:0040008 regulation of growth 8 of 147 0.0382

IFL_H GO:0016255 attachment of GPI anchor to protein 2 of 2 0.0032

GL_H GO:0034976 response to endoplasmic reticulum stress 4 of 67 3.54e-05

GO:0006457 protein folding 4 of 91 5.76e-05

DFS GO:0006122 mitochondrial electron transport, ubiquinol 
to cytochrome c

6 of 11 8.26e-10

GO:0046034 ATP metabolic process 6 of 105 1.41e-05

PR GO:0007155 cell adhesion 5 of 165 4.47e-05

GO:0045216 cell-cell junction organization 3 of 25 0.00020

GL GO:0007274 neuromuscular synaptic transmission 3 of 10 0.0093

IFL GO:0050896 response to stimulus 18 of 1787 0.0041

FDR: False discovery rate.

Through the use of K-means clustering algorithm, the network was divided in 
three (red, green and blue) clusters. In the first cluster (red) HYAL2 and NPRL2 
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(AFS_H), GNAI2 and GNAT1 (AFC_H), DLG4 (DFS), LATS2 (IFL), ATP1A3 and 
TMEM145 (GL), and CTNNB1 (PR) genes were the hub genes of the network. The 
hub genes of the second cluster (green) were CCNB1 and CDK1 for AFS_H and 
AFC_H, TMEM156 for DFS, ENSBTAG00000020813 for IFL, PSMA4 for GL and 
EFCAB1 and FAM192A for PR. Moreover, the hub genes of the third cluster (blue) 
were GNAI2, NPRL2, UQCRFS1, NOL10 and GPAA1 genes regarding AFS_H, 
AFC_H, DFS, GL and IFL, respectively.

Figure 2 a. Network and interaction between the identified genes for AFS_H and AFC_H traits
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Figure 2 b. Network and interaction between the identified genes for IFL and GL traits
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Figure 2 c. Network and interaction between the identified genes for PR and DFS traits

The annotated genes involved in the first cluster were significantly overrepre-
sented in the regulation of actin cytoskeleton and ether lipid metabolism, MAPK 
signalling pathway and tight junction concerning GL, IFL and PR, respectively. The 
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genes of the second cluster of the network were involved in the activation of several 
pathways such as progesterone-mediated oocyte maturation, oocyte meiosis, cel-
lular senescence, ubiquitin mediated proteolysis pathway and neuroactive ligand-
receptor interaction. Furthermore, genes involved in the third cluster were enriched 
in terms of MAPK signalling pathway and metabolic pathway for AFC_H and DFS 
traits, respectively. The identified genes of metabolic pathway in DFS were STX1A, 
UQCRFS1, CYC, CYTB, UQCRQ, UQCR10, CYC1 and UQCRC1.

Discussion

Fertility traits have low heritability, and identifying genomic regions affecting 
these traits can provide novel opportunities for improving fertility in dairy cattle 
through marker-assisted selection. Accordingly, the GWAS was carried out for nine 
fertility traits measured on Holstein heifers and cows. Further, gene set enrichment 
and pathway analysis were done in order to investigate the mechanisms behind the 
female fertility traits in dairy cattle. The observed genomic inflation factor could be 
attributed to factors such as sample size, LD structure and a number of causal SNPs 
affecting the studied traits (Yang et al., 2011; Ghasemi et al., 2019).

To the best of our knowledge, this is the first study to report the association 
of OSTN, TBC1D5, PAX7, CACNB4, SLC37A3, DPP6, CADPS2, EPHA5, RFC1, 
ADGRB3, C10H14orf93, GARNL3, MYO3A, YME1L1, KIAA1217, RBPJL, NCALD, 
ASPH, ASIC2, OR3A1, CHRNB4, CACNA2D2, ZFAND3, DLGAP1, GRIN2A, SL-
C18A2 and ME3 genes with female fertility traits in Holstein cattle. Thus, we are 
able to introduce these genes as candidate genes affecting female fertility traits in 
Holstein cattle. The significant SNP on BTA2 located within calcium voltage-gated 
channel auxiliary subunit beta 4 (CACNB4) gene is associated with DFS. Moreover, 
the role of CACNB4 gene in sire conception rate was reported in US Jersey cattle 
(Rezende et al., 2018). A SNP at position 154 Kb on BTA1 in TBC1 Domain Fam-
ily Member 5 (TBC1D5) gene (for DFS) play a role in GTPase activator activity 
and AP-2 adaptor complex binding (https://www.genecards.org/). It has been fur-
ther reported that TBC1D5 gene is significantly associated with pregnancy status 
(Reverter et al., 2016). PAX7 gene (for AFC_H) plays a critical role during fetal 
development (https://www.genecards.org/). The existence of PAX7 gene, a subset 
of Asingle  spermatogonia functions, is necessary for maintaining fertility in normal 
spermatogenesis in healthy mice (Aloisio et al., 2014). The ZFAND3 gene functions 
in the development of primary sexual characteristics and establishment of pregnancy 
(Ma et al., 2016).

Moreover, the SLC18A2 gene encodes transmembrane protein functions as an 
ATP-dependent transporter of monoamines (https://www.genecards.org/). Although 
no functional study has been done on dissecting the role of SLC18A2 gene in female 
fertility traits of Holstein cattle, it has been reported that this gene is associated with 
conception rate, fat yield and net merit (Cochran et al., 2013 a). Also, SLC18A2 gene 
was identified as a candidate for the fertilizing ability of sperm and subsequent em-
bryonic development in cattle (Cochran et al., 2013 b).
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GO term and network analysis
The genome-wide association analysis was followed by a gene set enrichment 

analysis in order to identify the potential functional categories and molecular path-
ways related to female fertility traits. The functional term associated with the regula-
tion of growth (GO:0040008) describes any process that modulates the frequency, 
rate or extent of cell growth in all or part of an organism (https://www.genecards.
org/). Furthermore, GO term contains several subunits, including growth, regulation 
of developmental growth, developmental growth, cell growth and regulation of cell 
growth (Mungall et al., 2011). Response to stimulus GO term impacts the state or 
activity of a cell or an organism as a result of a stimulus (https://www.genecards.
org/). No functional study has been done on response to stimulus in female fertility 
traits. However, the association of response to stimulus with milk, fat and protein 
yields and mastitis traits in cattle was demonstrated by Fang et al. (2017). Addition-
ally, response to stimulus term was detected for differentially expressed genes in 
mammary epithelial cells in Kashmiri and Jersey cattle (Bhat et al., 2019). Certain 
GO terms are closely related to female fertility traits, such as response to cytokine 
GO term (GO:0034097), also associated with the development of testis and fertility 
(Loveland et al., 2017). 

The HYAL2 gene (red cluster, AFS_H), located in the proximity of the QTL re-
ported in fertility, played a role in reproduction and production in swine (Rempel et 
al., 2011). The CTNNB1 gene in the red cluster (hub gene, PR) was associated with 
uterine capacity for pregnancy and fertility in beef cattle (Neupane et al., 2017), 
milk production (Farhadian et al., 2018 a, b) and litter size (Xu et al., 2018) in sheep 
breeds. Besides, tight junction was the enriched pathway for PR related genes in the 
red cluster. These results are in accordance with Cochran et al. (2013 a) research on 
Holstein cattle. The DLG4 gene was identified as a gene with the highest interac-
tion in the red cluster for DFS trait. In the previous research, DLG4 gene was the 
most influential candidate gene affecting body size in sheep and relevant mammalian 
phenotypes (Kominakis et al., 2017). The genes in the red cluster, concerning GL 
trait, enriched several pathways such as ether lipid metabolism and regulation of 
actin cytoskeleton. The ether lipid metabolism pathway was enriched for GL and 
was involved in cell signalling processes in heifer fertility (Neupane et al., 2017). 
Ether lipid metabolism genes were involved in chemical reactions with ether lipids 
(Neupane et al., 2017). 

MAPK signalling pathway was activated by red cluster in IFL (for first, second 
and third lactations) and blue cluster in AFC_H. This pathway is related to complex 
cellular programs such as cell proliferation and hyperplastic growth (Chang, 2007) 
and residual feed intake traits (Rolf et al., 2012). Nevertheless, this pathway has not 
been researched in terms of female fertility traits in Holstein cattle. The proteasome 
subunit alpha 4 (PSMA4) gene is the hub gene of the second cluster (green) for GL, 
also known as a candidate gene for milk traits or mammary gland in cows (Ibeagha-
Awemu et al., 2016).

Among the enriched pathways, progesterone-mediated oocyte maturation path-
way, which includes CCNA2, PLK1, CCNB1, CCNB2 and BUB1 genes (green clus-
ter), is associated with AFS_H and AFC_H, regulating the uterine receptivity and 
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maintenance of pregnancy in cattle (Fair and Lonergan, 2012) and oocyte develop-
ment in sheep breeds (Wang et al., 2015). The effect of progesterone on oocyte qual-
ity and embryo development in dairy cattle has further been confirmed (Lonergan, 
2011). In addition, Pimentel et al. (2011), reported that CCNB1 (Cyclin B1) gene is 
significantly associated with heifer and cow 56-day nonreturn rate, IFL, DFS and 
DO traits. The CCNB1 and CDK1 genes (for AFS_H and AFC_H) are hub genes in 
the green cluster, encoding the proteins of CyclinB1 and CDK1 respectively. These 
genes are also involved in cell cycle regulation, centrosome duplication and chromo-
some segregation (https://www.ncbi.nlm.nih.gov/). Besides, CDK1 gene is known 
as a candidate gene for lactation persistency in Canadian Holstein cattle (Do et al., 
2017).

Moreover, neuroactive ligand-receptor interaction pathway in GL includes many 
genes such as follicle stimulating hormone, luteinizing hormone, thyroid stimulating 
hormone receptor, growth hormone releasing hormone receptor, growth hormone 
and prolactin (Xu et al., 2015). These genes play a crucial role in reproduction, lacta-
tion (Doufas and Mastorakos, 2000; Bliss et al., 2010; Breen and Knox, 2012) and 
mammalian growth. On the other hand, Demiray et al. (2019) reported this pathway 
and the related genes might play a functional role in pregnancy. 

Oocyte meiosis, related to fertility traits, is a pathway in the green cluster for 
AFS_H and AFC_H (Do et al., 2017). Moreover, oocyte meiosis and progesterone-
mediated oocyte maturation participate in reproduction via differentially expressed 
genes including inositol 1,4,5-trisphosphate receptor type 1, calbindin 2 (CALM) and 
progesterone receptor (Hirose et al., 2013). These pathways play functional roles in 
pregnancy through regulating hormonal signalling pathways (Demiray et al., 2019). 
Previous studies have corroborated the pivotal role of progesterone in establishing 
uterine receptivity and maintenance of pregnancy in cattle (Bazer et al., 2011). The 
cellular senescence is the other enriched pathway that plays an important role in 
placental and fetal development during pregnancy (Muñoz-Espín et al., 2013; Storer 
et al., 2013; Behnia et al., 2015; Velarde and Menon, 2016). Furthermore, Sutovsky 
(2003) argued that ubiquitin mediated proteolysis pathway has an important role in 
the quality control of spermatogenesis, fertilization and sperm in mammals. GPAA1 
gene has the highest interaction with other genes in the blue cluster (IFL) associated 
with milk production traits in cattle (Jiang et al., 2014). The metabolic pathway had 
a significant role in DFS trait in the present analysis. It has been reported that this 
pathway functions in the reproduction performance in Nellore heifers (Costa et al., 
2015). 

The present study was designed to identify SNPs associated with female fertility 
traits in Holstein cattle. The ARS-BFGL-NGS-33473 SNP on BTA19 was detected 
as the strongest association regarding the studied traits. In total, significant SNPs 
in the current study were located within 27 genes, 21 of which were novel genes 
for female fertility traits. CACNB4, TBC1D5, PAX7 and ZFAND3 genes were intro-
duced as candidate genes for female fertility traits in Holstein cattle. Many biologi-
cal processes and pathways were further identified for female fertility. Interestingly, 
CCNB1 gene is significantly associated with female fertility traits and it was detected 
as a hub gene in the progesterone-mediated oocyte maturation pathway. Overall, the 
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present GWAS identified candidate genes for fertility traits in Holstein cattle, provid-
ing new information regarding the genetic architecture of these traits for enhancing 
genomic improvement.
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