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Introduction 

In-vivo embryo production (IVVEP) is one of the most important techniques which has been 

widely used to improve reproductive efficiency. However, the IVVEP traits, including the total 

number of oocytes (TNO), the number of transferable embryos (NTE), and the percentage of 

transferable embryos (PTE), display large phenotypic variation in many populations (Jaton et 

al., 2016; Parker et al., 2017; Zoda et al., 2021). The IVVEP traits are heritable with heritability 

ranging from 0.14 to 0.27 (Jaton et al., 2016; Parker et al., 2017; Zoda et al., 2021). However, 

due to the lack of well-developed tools, it is difficult to perform early and precise selection for 

superior donors. In addition, the key molecular markers remain uncertain for IVVEP traits. 

Only a few studies have performed genome-wide association analysis (GWAS) on in-vivo 

embryo production traits (Parker et al., 2017; Jaton et al., 2018; Rocha et al., 2023). 

Regarding the above problems, this study carried out a comprehensive investigation for the 

IVVEP traits in dairy cattle, including estimation of genetic parameters and GWAS. 

 

Materials & Methods 

Animals. A total of 1,840 phenotypic records of 1,840 donors from nine standardized dairy 

farms were collected from March 2021 to August 2023. Pedigrees of 1,284 donors were 

available and could be traced back for at least three generations. A total of 403 donors were 

genotyped with the GGP Bovine 150K SNP chip, and 419 donors with the GGP Bovine 65K 

SNP chip.  
 

Estimation of genetic parameters. Single-step genomic best linear unbiased prediction 

(ssGBLUP) using HIBLUP (Yin et al., 2023) was used to estimate genetic parameters of TNO, 

NTE, and PTE. The original phenotypes of TNO and NTE were transformed using log2(X+1). 

The single trait animal model is as follows: 

y=Xβ+Za+e        (1) 

where y represents the response variable. β represents the vector of fixed effects including 

farm, year, season, hormone dose, semen dose (for NTE and PTE) and mates (for NTE and 

PTE). a represents the vector of random additive genetic effect; e represents the vector of 

random residual effect. X and Z represent the incidence matrices connecting β and a, 

respectively. It was assumed that a~N(0, H𝜎𝐚
2) and e~N(0, I𝜎𝐞

2), where H represents the matrix 

of additive genetic relationships constructed using genome and pedigree and I represents the 

identity matrix. 𝜎𝐚
2 and 𝜎𝐞

2 represent the additive genetic variance and residual variance of 

the IVVEP traits, respectively. 

 

https://doi.org/10.31274/wcgalp.23990
https://creativecommons.org/licenses/by/4.0/
mailto:wangyachun@cau.edu.cn


2 
 

Genetic correlations were estimated using a multiple traits model as follows: 
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The fixed and random effects included in the model were the same as those in model (1). It 

was assumed that [
𝒂𝒊
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σ𝒂𝒊𝒂𝒋and σ𝒆𝒊𝒆𝒋 were the additive genetic covariance and residual covariance between the traits 

i and j, respectively. 

GWAS. This study used phenotype and genotype data from 822 donors to conduct GWAS for 

TNO and NTE. To reduce the influence of non-genetic factors, TNO and NTE were corrected 

using a general linear model, and corrected phenotypes of each trait were used as the response 

variable. The genotype data were imputed using a genotype panel with 39,080 animals and 

119,563 single nucleotide polymorphisms (SNPs). After quality control, 115,706 SNPs were 

remained. The significant P-value was set at 0.1/N, where N is the number of SNPs. GWAS 

was performed using the rMVP package in R (Yin et al., 2021). Visualization was performed 

using the CMplot package in R (Lv et al., 2024). 

  

Results & Discussion 

Genetic parameters. In this population, the average TNO, NTE, and PTE were 9.52, 6.03 and 

61.99%, respectively (Table 1). These statistics were consistent with previously reported results 

(Jaton et al., 2016). Notably, all traits exhibited considerable phenotypic variation, with coefficients 

of variation ranging from 48.48% to 107.79% (Table 1).  

The heritabilities ranged from 0.059 (PTE) to 0.137 (TNO). Among the three traits, TNO and 

NTE exhibited a strong genetic correlation of 0.892, while TNO and PTE showed a low 

correlation of 0.084. Overall, the heritabilities and genetic correlations were generally lower 

than those reported in previous studies (Jaton et al., 2016; Zoda et al., 2021; Rocha et al., 

2023). Compared with previous studies, this study population was relatively small and derived 

from multiple farms, with substantial environmental heterogeneity. In addition, the ssGBLUP 

method may yields lower heritabilities by more accurately estimating genetic relationships and 

partitioning phenotypic variation. 

 

Table 1. The phenotypic statistics and heritabilities of TNO, NTE and PTE in Holstein cattle. 

Traits Total Average SD CV Range h2±SE 

TNO 1853 9.52 8.53 89.60% 0-80 0.137±0.057 

NTE 1853 6.03 6.50 107.79% 0-66 0.096±0.055 

PTE, % 1670 61.99 30.05 48.48% 0-1 0.059±0.063 
1 TNO: the total number of oocytes, NTE: the number of transferable embryos, PTE: percentage of transferable 

embryos.  
2 SD: standard deviation, CV: coefficient of variation, SE: standard error. 

 

 

Table 2. The genetic correlation between TNO, NTE and PTE in Holstein cattle. 

Traits NTE PTE 

TNO 0.892(0.088) 0.084(0.481) 

NTE 1 0.524(0.412) 
1 TNO: the total number of oocytes, NTE: the number of transferable embryos, PTE: percentage of transferable 

embryos.  
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GWAS. As shown in Figure 1, BovineHD1200005560 showed a genome-wide significant 

association with NTE. Additionally, a substantial number of suggestively associated SNPs 

were shared between TNO and NTE. Based on the P-value, the top 10 SNPs of TNO and NTE 

were considered as key markers. Candidate genes were screened within a 400 kb genomic 

region flanking these SNPs. A total of 38 candidate genes were identified. These genes were 

enriched in key KEGG pathways and GO terms, including Signal transduction, Cell population 

proliferation, Response to stimulus, and G protein-coupled receptor signaling pathway, 

indicating their regulatory function in reproductive hormones response. Notably, FOXO1 is a 

key regulator that promotes the proliferation of bovine granulosa cells and is essential for 

normal granulosa cell function (Samuel et al., 2016). In addition, RB1 has been identified as a 

novel regulator of primordial follicles activation, mediating bidirectional signaling between 

oocytes and granulosa cells during oocyte growth (Yang et al., 2015). Furthermore, ISL1 has 

been shown to upregulate the transcription of FSHβ and LHβ genes, thereby mediating the 

effects of leptin on gonadotropin synthesis (Wu et al., 2010). These findings suggested that the 

identified genes likely play pivotal roles in reproductive hormone response and regulatory 

functions. Notably, several novel SNPs primarily localized on chromosome 12, which are 

distinct from those reported in previous investigations (Parker et al., 2017; Jaton et al., 2018; 

Rocha et al., 2023).  

 

 
Figure 1. The Q-Q plot (left) and Manhattan map plot (right) of TNO and NTE traits in GWAS. 

TNO: the total number of oocytes, NTE: the number of transferable embryos. 

 

Conclusions 

In conclusion, the IVVEP traits exhibit low to moderate heritabilities in the Chinese Holstein 

population. A total of 38 candidate genes associated with the IVVEP traits were identified. 

This study provides a comprehensive evaluation of the genetic architecture underlying IVVEP 

traits in dairy cattle. These findings lay a theoretical foundation for the development of reliable 

selection strategies, such as genomic selection and marker-assisted selection,  aimed at the 

early selection of individuals with superior embryo production performance. 
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