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Abstract: The teat number is a pivotal reproductive trait that significantly influences the survival rate
of piglets. A meta-analysis is a robust instrument, enhancing the universality of research findings
and improving statistical power by increasing the sample size. This study aimed to identify universal
candidate genes associated with teat number traits using a genome-wide association study (GWAS)
meta-analysis with three breeds. We identified 21 chromosome threshold significant single-nucleotide
polymorphisms (SNPs) associated with five teat number traits in single-breed and cross-breed meta-
GWAS analyses. Using a co-localization analysis of expression quantitative trait loci and GWAS loci,
we detected four unique genes that were co-localized with cross-breed GWAS loci associated with
teat number traits. Through a meta-analysis and integrative analysis, we identified more reliable
candidate genes associated with multiple-breed teat number traits. Our research provides new
information for exploring the genetic mechanism affecting pig teat number for breeding selection

and improvement.
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1. Introduction

Reproductive traits play a pivotal role in the pig industry, directly influencing the
economic gains derived from domestic pigs [1]. Pig reproductive traits encompass var-
ious traits, such as teat number, litter size, and the birth weight of piglets. These traits
collectively contribute to the overall reproductive performance and productivity of pigs [2].
The functional teat number in pigs serves as a critical indicator to assess sows’ lactation
capacity and directly influences their offspring’s health and reproductive performance [3].
Teat number is characterized by low-to-medium heritability [4]. Traditional selection meth-
ods, such as phenotypic selection, are ineffective in improving these traits [5,6], which
are primarily influenced by genetic factors [7]. These traits are determined at birth and
are minimally influenced by environmental and nutritional factors [8]. Therefore, it is
imperative to explore the genetic loci that affect teat number; this research direction has
significant potential for uncovering the genetic mechanisms that govern teat number varia-
tion [9]. Although candidate genes related to the teat number traits have been identified
through single-population GWAS (e.g., VRTN [9-15], IGF2 [10,16], SYNDIGIL [12,14], and
LIN52 [17]), these genes are based on a single population with its genetic background and
are not shared among multiple breeds. There are few reports on potential shared genes for
teat number traits among different breeds.
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A meta-analysis is a statistical method that combines results from multiple studies
of the same type. Researchers use this method to summarize and statistically analyze
data by pooling information across various studies. Meta-GWASs have been utilized to
improve statistical power and mapping precision by combining single GWAS summary
statistics. Zeng et al. [18] conducted a meta-GWAS on backfat thickness using 15,353 pigs to
identify a shared genetic characterization of backfat thickness across breeds in pigs. Irene
van den Berg et al. [19] performed a largescale meta-analysis in cattle to maximize both
the power and precision of a GWAS for fat and protein percentages in milk. Higgins [20]
conducted a GWAS followed by a meta-analysis in multiple breeds to identify genetic
variants associated with residual feed intake and component traits (average daily gain and
feed intake) in Irish beef cattle. A meta-analysis would facilitate a better understanding of
the genetic factors influencing teat number across multiple pig populations [21]. Breeders
are often attracted by the prospect of combining multiple populations and breeds as it
enables the simultaneous application of the results to promote genetic improvement process
across diverse breeds.

Different breeds each possess distinct features, and there exists a discrepancy in
breeding goals. Specifically, the Duroc breed exhibits rapid growth, efficient feed utilization,
and a high percentage of lean meat in the carcass, making it commonly used for terminal
sires [22]. On the other hand, Landrace pigs are known for their excellent reproductive
performance and have a high number of piglets per litter; this breed is commonly employed
as the maternal line in commercial herds [23]. Meanwhile, Yorkshire pigs demonstrate
strong stress resistance and resilience to rough feeding conditions, although their body
sizes can vary significantly among individuals [24]. The breeding performance selection of
Landrace makes its reproductive performance better than the other two commercial pig
breeds, while Duroc’s growth performance is better than Yorkshire and Landrace. The
growth and reproductive performance of distinct pig breeds exhibit significant variations,
influenced not only by their genetic backgrounds but also by specific breeding objectives.

In this study, we used data from 5828 pigs across nine populations in China, encom-
passing three distinct pig breeds: Landrace, Yorkshire, and Duroc. The primary objective
of the study was to identify significant SNPs and candidate genes associated with teat
number traits, gaining deeper insights into the underlying genetic mechanisms governing
teat number variation via an integrative analysis. This study contributes to expanding our
genetic understanding of teat number, enabling advancements in optimizing reproductive
performance and efficiency within pig breeding programs.

2. Results
2.1. Descriptive Statistics of Teat Number Traits and Genetic Background

The genotype data of nine populations are presented in Table S1, which includes the
number of test samples after carrying out quality control for the number of SNPs, chip
types and reference genome versions. The descriptive statistics of the teat number traits are
listed in Table S2. In brief, there are 29,170 records of five teat number traits; the CV mean of
TNUM_L (Left teat number), TNUM_R (Right teat number), TNUM_T (Total teat number),
and TNUM_MPS (the maximum per side of teat number) were 6.78%, 7.22%, 5.78%, 7.11%,
respectively, and for TNUM_D (the difference between sides of teat number), the CV mean
is 186.11%. In individual-level data, we found that the heritability of teat number traits
ranges from 0 to 0.44, most of the estimates are low-to-medium heritability (Table S2), and
genetic correlations of teat traits were strong and positive (Table S3). Figure 1 shows the
principal component analysis (PCA) results for combined populations, which indicate that
the three breeds formed three distinct clusters. Individuals from different farms are close
to each other within the same breed, and no outliers were observed. The first and second
principal components account for more than 60% of the genetic variance.
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Figure 1. Principal component analysis of the combined population.

2.2. Single-Population GWAS Identifies Genetic Loci Associated with the Single Population

To explore the SNP correlated with the teat number trait in each single population, we
performed single-population GWASs for the five teat number traits in nine populations.
For the chromosome threshold (1/N), we identified 66 SNPs that were correlated with five
teat number traits via a single-population GWAS (Figure S1). Of these, we found 21 SNPs
that surpassed the genome-wide significance threshold (0.05/N), and the result of the
single-population GWAS is presented in Table S4. Specifically, nine SNPs were associated
with TNUM_L, and six SNPs were associated with TNUM_R, with four significant SNPs
identified simultaneously on the Sus scrofa chromosome (SSC) 17. Furthermore, 11 SNPs
were associated with TNUM_D, and 10 SNPs on SSC 8 were obtained from the F1 popu-
lation. We discovered 22 SNPs related to TNUM_T, with the most significant SNP being
797614602 (p = 2.29 x 10~7). Additionally, 19 SNPs were associated with TNUM_MPS,
and 4 of them were located on SSC 7.

In Duroc single-population GWAS results, 22 SNPs were related with teat number
traits, and five SNPs were associated with TNUM_L, the most significant SNP on SSC 14
from the Duroc breed in the F2 population (14_3243635, p = 2.12 x 10~ ). From Landrace
pigs, 27 SNPs were identified; there are nine SNPs on SSC 7, 11 on SSC 8, and 14 SNPs
related to TNUM_D. Among these SNPs, 10 SNPs are located on SSC 8. Regarding Yorkshire
pigs, 17 SNPs were identified, and 9 SNPs were located on SSC 6 which were associated
with TNUM_T and TNUM_MPS.

2.3. Single-Breed Meta-GWAS Analysis

To increase the power of the GWAS within the single breed, we performed a single-
breed meta-GWAS in three different breeds. Figure 2 presents the meta-GWAS results for
the Landrace breed; we identified 22 genome-wide significant SNPs beyond the chromo-
some significant threshold (Table S5). Among them, three, four, six and nine SNPs were
associated with TNUM_L, TNUM_R, TNUM_T, and TNUM_MPS, 7_96599577(three times);
7_97247184 (three times), 7_97614602 (four times) and 7_97440470 (two times) are repeated.
Compared to the single-population results, 22 SNPs overlapped with the single population
GWAS analysis, of which 8 SNPs were in SSC 7. After a meta-GWAS analysis, 10 SNPs
had larger p-values. Yorkshire meta-analyses identified three significant SNPs located on
SSC 13, 15, and 18 which were associated with TNUM_D, TNUM_T, and TNUM_MPS
(Figure S2).

Duroc meta-analyses identified seven significant SNPs (Figure 52). Two SNPs on SSC
4 were related to TNUM_L and TNUM_T respectively, two significant SNPs on SSC 6 were
associated with TNUM_T, and the remaining SNPs on SSC 1, 9, and 17 were related to
TNUM_D and TNUM_MPS. Two SNPs coincided with the single population and were
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associated with TNUM_MPS and TNUM_R, and one SNP had a larger p-value after a
single-breed meta-GWAS analysis.
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Figure 2. Circular Manhattan of Landrace pig meta-analysis results. The blue dots represent SNPs
whose p-values exceed the genomic significance threshold; the orange dots represent SNPs whose p-
values exceed the threshold of chromosomal significance. The outermost circle of the figure represents
the density of SNPs. The five phenotypes from inside to outside are TNUM_L, TNUM_R, TNUM_D,
TNUM_T, and TNUM_MPS, respectively.

2.4. Cross-Breed Meta-GWAS Analysis

By integrating cross-breed meta-analyses, we identified 14 significant SNPs (Table S6);
the results showed that two, one, four, and seven SNPs were correlated with TNUM_L,
TNUM_R, TNUM_T, and TNUM_MPS, respectively (Figure 3), eight SNPs were consistent
with the single-population results, and eight SNPs were consistent with the single-breed
meta-GWAS analysis. It should be noted that SNP (7_97614602), located on SSC 7, ap-
peared four times, affecting TNUM_L, TNUM_R, TNUM_T, and TNUM_MPS, and the
minimum p-value of this SNP in the TNUM_MPS trait is 1.06 x 10~12; another SNP on SSC
7 (7_97440470) also affected two teat number traits (TNUM_T and TNUM_MPS), and an
SNP on SSC 6 (6_166148395) appeared three times, simultaneously affecting three traits
(TNUM_L, TNUM_T and TNUM_MPS). The cross-breed meta-GWAS identified four new
SNPs (6_166148395, 3_128471318, 3_128412857, and 4_94047783) that were not detected in
the single-population GWAS or single-breed meta-GWAS. Additionally, SNP 6_166148395
was found to be repeated three times.

2.5. Post-GWAS Analysis

After completing the GWAS analysis, we annotated the significant SNP expansions ob-
tained upstream and downstream 1 Mb and generated 643 candidate genes. Subsequently,
we performed gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses by integrating the results of the gene annotation, which facilitated the
identification of biological pathways influenced by the genes under investigation. GO and
KEGG enrichment (Figure S3) was performed to highlight the pathways and biological
processes affecting teat number traits. Candidate genes for the teat number trait are mainly
enriched in the extracellular exosome, nucleoplasm, and the integral component of plasma
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membrane. Nine genes were found to be enriched in the brain development pathway, with
a p-value of 2.9 x 1072. Annotated genes are mainly enriched in the metabolic pathway,
thyroid hormone synthesis, and Cgmp-PKG signaling pathway.

1257
0
10.01
(]
—
751
< o TNUM_L
o
o [Tt mmmmTeos === == R TNUM_R
L
T 50]erpngeennn, e  JIC I YUY L o TNUMD
¢ o TNUM_T
®  TNUM_MPS

1 2 3 4 5 6 7 8 9 101112 13 14 15 161718
Chromosome

Figure 3. Manhattan of meta-analysis results for cross-breed; different colors represent different teat
number traits. The black and gray colors represent variants on different chromosomes that are below
the significance threshold.

For co-localization, the result shows a co-localization analysis of single-breed GWAS
results, and eQTLs (expression quantitative trait loci) data have 2563 gene tissue-trait
pairs and 507 significant pairs (PP4 > 0.85). We detected four genes that were significantly
co-localized with the teat number traits. It should be noted that 2_18237854 and ACCS in the
blastocyst (peqrL = 3.36 X 1075), blood (pPeqrL = 3.11 X 107%), muscle (PeqQrL = 144 X 107°)
and uterus (peqrr, = 1.545257 x 10~7) had significant co-localization results and were was
found to be related to TNUM_T and TNUM_MPS (Figure 4).
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Figure 4. The local Manhattan plot for the independent variants 2_18237854 and eQTL mapping in
the single-breed GWAS meta-analysis (muscle). The top panel was the meta-GWAS analysis result,
and the blue rhombus was the independent variant 2_18237854, the bottom panel represents the
eQTL mapping results in muscle.
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3. Discussion

In this study, we performed single-population GWAS analysis in 5828 pigs from nine
populations and then conducted a single-breed meta-GWAS analysis to explore the genetic
basis of teat number traits within each breed. This enabled us to detect the common SNPs
that influenced teat number in each breed. Lastly, we carried out a cross-breed meta-GWAS
to identify potential loci that were shared among the three breeds.

3.1. Meta-GWAS Results

The single-population GWAS has suffers from sample size insufficiency, and the
single-population GWAS results are not obvious because of resource constraints, such as
restrictions on labor and material and financial resources [25]. However, a meta-analysis
is a quantitative approach that combines and scrutinizes results from similar studies. By
pooling data across multiple investigations of the same type, a meta-analysis achieves the
requisite sample size, thereby enhancing statistical efficacy and facilitating more reliable
conclusions [16].

We compared single-breed meta-GWAS results with those of a single-population
GWAS. The results showed that the single-breed meta-GWAS in Landrace pigs confirmed
17 significant SNPs detected in the single-population GWAS and newly identified four
SNPs (4_31183347, 1_266058567, 1_266076710, and 4_31225507). The significant SNPs of
Landrace were more than those of the other two breeds. In Duroc pigs, it confirmed five
significant SNPs identified in the single-population GWAS and detected two additional
SNPs (6_165972241, 6_166148395). However, in the Yorkshire pig populations, the meta-
analysis only validated three SNPs detected by the single-population GWAS, and no new
SNP was detected.

In China, the breeding plan for large-scale farms generally involves having an inde-
pendent Landrace sow population in the breeding population which is crossbred with
semen provided by Yorkshire boars in the core population to produce binary hybrid in-
dividuals. Then, the binary hybrid individuals in the breeding population are crossbred
with Duroc boars in the core population to produce ternary hybrid individuals [14,26]. It is
this breeding pattern that makes the breeding goals of pig breeds different, resulting in the
outstanding reproductive performance of Landrace pigs [27]. For example, the Landrace
teat number is greater than the other two breeds. In our results, the meta-GWAS results of
the Landrace single breed also show a clear peak.

Significant SNPs with high reliability detected in a single-population GWAS may not
be detected in a meta-analysis; the explanation for this situation is that the eligible SNPs in
the meta-analysis may be in different linkage disequilibrium stages and have mutations
in different populations, resulting in inconsistent allele directions and thus reducing the
reliability of the combined-population GWAS analysis, even though it increased the sample
size via a meta-analysis [11,13,28,29].

In our study, we detected two SNPs associated with teat number traits in the Landrace
pigs using a single-population GWAS; these SNPs were in the QTL (quantitative trait loci)
region previously reported to be associated with teat number traits on SSC 5. However, they
were not confirmed by the results of cross-breed meta-analysis; from the cross-breed results,
we discovered that the QTL region (SSC 7: 193.23-197.23 MB) associated with teat number
has been reported 73 times in QTLdb [30], and the region of (SSC 7: 192.88-196.88 MB) has
been reported 72 times; both regions were confirmed in our study to be related to teat
number traits (Table S7).

3.2. Genetic Parameters of Teat Number Traits

Many studies have estimated the genetic parameters of teat number traits in pigs,
indicating that the teat number trait is a low- and medium-heritability reproductive trait.
Several studies reported that the heritability range of TNUM_T is 0.09-0.36 [7,13,16,17], and
the heritability ranges of TNUM_L and TNUM_R are relatively close, and the whole is in
the range of 0.14-0.29 [13,17,18]. This is consistent with the heritability results of our single
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population calculation results, indicating that this trait is indeed heritable. In addition, the
heritability of TNUM_D was the lowest among all traits, it should be noted that some traits
have heritability values equal to 0. This could be due to insufficient population size and
distant relative relationships, leading to inaccurate results [31].

We obtained results that closely matched the genetic correlation on the Venn diagram
for genes annotated with significant SNPs for each trait. Many SNPs were related to each
trait. In addition to TNUM_D, the trait-specific SNP also showed differences in influencing
the genetic factors of each trait (Figure S4). The results of genetic correlation and phenotypic
correlation can help us to learn the relationship and structure of traits and promote the
breeding process through increasing understanding. According to genetic correlation, we
can see that both phenotypic and genetic correlations show a high correlation, and the
value of the correlation is close to 1, which is also consistent with our understanding that
teat number may share a similar genetic regulatory structure.

For the significant SNPs associated with teat number traits, we discovered that
some of them exhibited significant relationships with other traits. For instance, the SNP
7_102441757 demonstrated a strong association with loin muscle depth, and the genetic
correlation between teat number and loin muscle depth was determined to be 0.99 from
PigBiobank [32]. Additionally, teat number and backfat thickness displayed noteworthy
loci, such as 7_97614602, with a genetic correlation of —0.3068. This indicated that these
SNPs possess the potential to influence a multitude of intricate traits [22]. Consequently,
these SNPs warrant further scrutiny in the context of breeding programs. This is due to
their potential role in trait variation, which could be harnessed to enhance desirable traits
in breeding populations. These findings provide further insights into the potential genetic
mechanisms underlying the interplay between different traits.

3.3. Candidate Gene

In this study, we validated several potential genes identified in previous studies
and discovered novel genes that may influence traits. Previous studies identified VRTN,
SYNDIGIL, and NUMB as the primary genes with the potential to influence teat number
traits. For VRTN, it was the most convincing gene affecting teat number by GWAS, and
the VRTN gene mutation was significantly associated with the thoracic vertebra number,
which influenced teat number potentially [9,17,21,33-37]. The SYNDIGIL gene is located
on SSC 7, and it was shown that SYNDIGIL acted as an annotation gene near the SNP that
most affected the teat number trait [14,34,38]. The genes related to the number of vertebrae,
such as VRTN, and SYNDIGIL, may be related to the teat number traits in pigs [39]. The
NUMB gene is the endocytic adaptor protein, and the protein encoded by this gene plays a
role in the determination of cell fates during development. The degradation of the encoded
protein is induced in a proteasome-dependent manner [40]. The VRTN gene is located
near the significant SNP (7_97614602) on SSC 7, and it simultaneously appeared in the
single-population GWAS results, Landrace meta-analysis, and cross-breed meta-analysis;
in the PigGTEx resource, it is highly expressed in the blastocyst compared to other tissues.

U6 was found to be associated with five traits simultaneously and was identified as
the most likely potential gene linked to the trait in our study. The U6 gene is a small nuclear
RNA (snRNA) component of the U6 snRNP (small nuclear ribonucleoprotein), which is
highly conserved across species and is deemed to be important in splicing activity [41];
its role is to bring the catalytic site to the splice site. LTBP2 is a protein-coding gene that
plays an integral structural role [42]. The gene under investigation is associated with
the number of ribs in a Large White x Minzhu intercross pig population. Additionally,
it has been observed to be linked with the number of thoracic vertebrae in the same
population [43,44]. In our study, we found it to be correlated with four teat number traits
(TNUM_L, TNUM_R, TNUM_T, and TNUM_MPYS); it is considered a candidate gene that
may influence teat number traits. And we found it was the significant eQTL for 7_97614602
(p-value = 1.56 x 10~%). We detected nine genes that were significantly co-localized with
the teat number traits in different tissues; however, our GWAS data were based on chip
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data, while eQTL data are based on PigGTEx, which has more genetic loci, and there is a
discrepancy between the two sets of data.

In our study, we conducted a single-population GWAS, a single-breed meta-GWAS,
and a cross-breed meta-GWAS on 29,170 teat number trait data records from 5828 pigs.
We detected a total of 60 SNPs, out of which 12 were detected only in the meta-analysis.
By annotating the meta results, we obtained candidate genes for further analysis. VRTN,
SYNDIGIL, and NUMB genes were verified, and U6 and ACCS genes were newly found
to be related to the teat number traits. We enhanced the power to elucidate the regulatory
mechanism of complex traits using an integrative analysis. The results of this study can
help us understand the genetic similarity between the same breed and the heterogeneity
between different breeds and provide a new idea for exploring the genetic mechanism
affecting pig teat number for variety selection and improvement.

4. Materials and Methods
4.1. Ethics Approval and Consent to Participate

These considerations were not applicable since no biological samples were collected
and no animal handling was performed for this study. All data were collected from existing
databases provided by South China Agricultural University (Guangzhou 510642, China).

4.2. Phenotypes

The phenotype data for teat number traits were collected from 5828 pigs when they
reached approximately 100 kg (100 = 5kg) body weight and 150 days (150 £ 5 days) of
age. The data were recorded from four breeding farms (F1, F2, F3, and F4), including
three breeds (Landrace [N = 1459], Yorkshire [N = 1853], and Duroc [N = 2516]); among
them, there were 2030 boars and 3768 sows. In our analysis, we examined five teat number
traits, including four quantitative traits (left teat number [TNUM_L], right teat number
[TNUM_R], total teat number [TNUM_T], and the maximum per side of teat number
[TNUM_MPS]); one derived trait was calculated as the difference between the number of
teats on each side (TNUM_D).

4.3. Genotype Data

The pig genotyping was performed using two kinds of SNP chip, a “Zhongxinl” 50 K
Porcine Breeding Chip (Beijing Compass Agritechnology Co., Ltd., Beijing, China) and a
GeneSeek GGP-Porcine Beadchip (Neogen Corporation, Lansing, MI, USA) with 50 K. The
genotype data quality control criteria were as follows, and quality control was performed
using Plink v1.90 [45] software: (1) the sample call rate greater than 0.90 was retained;
(2) the SNP call rate higher than 0.90; (3) the minor allele frequency (MAF) higher than 0.01;
and the (4) p-value < 10~° for the Hardy-Weinberg equilibrium test was excluded. After
quality control, the number of SNPs within each population is shown in Table S1.

As the animals in this study came from different farms; to identify and correct popula-
tion stratification among the test animals, a principal component analysis (PCA) was carried
out via a genome-wide complex trait analysis (GCTA) v1.94 [46]. Principal components
were also used as covariates for subsequent analyses.

4.4. Estimation of Genetic Parameters

The narrow-sense genetic parameters of teat number traits, including heritability and
genetic correlation, were estimated using GCTA v1.94 software in single populations. The
statistical model for the estimation of heritability is shown below:

y=XB+Wa+e. (1)

where y represents the vector of the phenotypic values of teat number traits; B represents
fixed effects including sex and the first five principal components; « represents additive
genetic effect vectors for individuals, a~N(0, Go2); 02 is the additive genetic variance, G is
the genomic relationship matrix; X and W are incidence matrices for § and «, respectively;
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and e is the vector of residual with e~N(0, Io?), where 07 is the residual variance and I is
the identify matrix. We used sex and the first five principal components as covariables for
five teat trait genetic correlation estimates in the bivariate model.

4.5. Single-Population GWAS

The single-population GWAS analysis was conducted for each population using
the fastGWA [47] module of GCTA v1.94, and the linear mixed model of the GWAS is
shown below:

y=XB+Wb+Zg+e. (2)

where y is the vector of teat number phenotypes; X is a vector of marker genotypes of
the variant; and B is the effect of the variant. W is the incident matrix for the fixed and
covariates, containing sex, and the top five principal components (PCs), and b is the

corresponding effects. Z is the design matrix for the additive effect. g ~ (O, GU§ ), & is the

genetic effect, (7§ is the additive genetic variance, and G is the sparse genetic relationship
matrix (GRM). e ~ (O, I ‘7(32)/ e is the residual effect, (762 is the residual variance, and I is the
identical matrix.

The genome-wide and suggestive significant thresholds for the single-population
GWAS results were set at 0.05/N and 1/N, respectively, 0.05/N represents the significant
level of the whole genome, and 1/N represents the significant level of the chromosome,
where N represents the number of SNPs used for analysis in the study.

4.6. Meta-GWAS Analysis
The following two strategies were applied to the meta-GWAS analysis:

(1) A single-breed meta-GWAS analysis combined with same-breed GWAS summary
results; nine populations were divided into three breeds for a meta-GWAS analysis.
(2) A cross-breed meta-GWAS analysis.

The cross-breed meta-GWAS analysis was performed between three breeds by combin-
ing the GWAS results for single populations and all breeds by combining the GWAS results
of various breeds. The above two strategies were both completed using METAL software
(released on 2020-05-05) [48] and by calculating the pooled inverse-variance-weighted
[-coefficients, standard errors, and Z-scores, and the formulas were as follows:

w;=1/SE? 3)
sezw/l/ziwi 4)
:B = Zi .Biwi/zi wi ®)
z=PB/SE (6)

where B; is the 3-coefficient for study i; and SE corresponds to the standard error for study i.

4.7. Functional Annotation of Candidate Genes

All SNP physical locations are based on the Sus scrofa genome (version 10.2), and we
extracted the 1 MB upstream and downstream genes of significant SNP sites in meta-GWAS,
annotated functional genes using the NCBI (http:/ /www.ncbi.nlm.nlh.gov/, accessed on
15 May 2023) and Ensembl databases (http://www.ensembl.org/, accessed on 15 May
2023), and found candidate genes related to teat number traits. In addition, David (http://
david.ncifcrf.gov/tools.jsp, accessed on 15 May 2023) was used to conduct an enrichment
analysis of the annotated genes, including a gene ontology (GO) [49] analysis and a Kyoto
Encyclopedia of Genes and Genomes (KEGG) [50] pathway analysis. The statistical method
used in the enrichment analyses was the Fisher statistical test, and the results showed
enrichment of GO entries or the KEGG pathway with the p-value < 0.05. The results of the
GO and KEGG plots were shown using R software v4.1.2 [51].


http://www.ncbi.nlm.nlh.gov/
http://www.ensembl.org/
http://david.ncifcrf.gov/tools.jsp
http://david.ncifcrf.gov/tools.jsp
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4.8. Co-Localization Analysis

To explore the potential regulatory mechanism of the gene affecting the teat number
traits, we performed a co-localization analysis using the coloc R package [52] based on
1 Mb up- and downstream of the most significant SNPs from the GWAS summary and
the eQTL data from PigGTEXx (http:/ /piggtex.farmgtex.org/, accessed on 6 August 2023).
Finally, we set the posterior probability 4 (PP4) larger than 0.85 as the significant threshold
to filter candidate genes.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/1jms25010451/s1.

Author Contributions: ].L. and Z.Z. conceived and designed the experiment. T.L. analyzed the
data and wrote the manuscript. PW., Q.L. and Y.L. contributed to the materials. J.L., Z.Z., CW,,
K.G. and X.L. revised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Earmarked Fund for the China Agriculture Research
System (CARS-35), the National Key R&D Program of China (2022YFF1000900), and the Guangxi
Science and Technology Program Project (Guike]B23023003).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets analyzed during this study are available from the authors
upon reasonable request.

Acknowledgments: We extend our appreciation to the four pig breeding farms that provided the
phenotype and genotype data, as well as to Teddy Tinashe Chitotombe for refining the sentences in
the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, Y;; Ding, X,; Tan, Z.; Xing, K.; Yang, T.; Wang, Y.; Sun, D.; Wang, C. Genome-Wide Association Study for Reproductive
Traits in a Large White Pig Population. Anim. Genet. 2018, 49, 127-131. [CrossRef]

2. Knol, E.F; van der Spek, D.; Zak, L.]. Genetic Aspects of Piglet Survival and Related Traits: A Review. |. Anim. Sci. 2022, 100,
skac190. [CrossRef]

3.  Chalkias, H; Jonas, E.; Andersson, L.S.; Jacobson, M.; de Koning, D.]J.; Lundeheim, N.; Lindgren, G. Identification of Novel
Candidate Genes for the Inverted Teat Defect in Sows Using a Genome-Wide Marker Panel. ]. Appl. Genet. 2017, 58, 249-259.
[CrossRef]

4. Yang, Y., Gan, M,; Yang, X.; Zhu, P; Luo, Y,; Liu, B.; Zhu, K; Cheng, W.; Chen, L.; Zhao, Y.; et al. Estimation of Genetic Parameters
of Pig Reproductive Traits. Front. Vet Sci. 2023, 10, 1172287. [CrossRef]

5. Lopes, M.S,; Bovenhuis, H.; Hidalgo, A.M.; van Arendonk, J.A.M.; Knol, E.F,; Bastiaansen, ]. W.M. Genomic Selection for Crossbred
Performance Accounting for Breed-Specific Effects. Genet. Sel. Evol. GSE 2017, 49, 51. [CrossRef]

6. Li, X;; Ye, J.; Han, X,; Qiao, R.; Li, X.; Lv, G.; Wang, K. Whole-Genome Sequencing Identifies Potential Candidate Genes for
Reproductive Traits in Pigs. Genomics 2020, 112, 199-206. [CrossRef]

7. Lee, J.-B.; Jung, E.-].; Park, H.-B.; Jin, S.; Seo, D.-W.; Ko, M.-S.; Cho, I.-C.; Lee, ].-H.; Lim, H.-T. Genome-Wide Association Analysis
to Identify SNP Markers Affecting Teat Numbers in an F2 Intercross Population between Landrace and Korean Native Pigs. Mol.
Biol. Rep. 2014, 41, 7167-7173. [CrossRef]

8.  Rohrer, G.A ; Nonneman, D.]J. Genetic Analysis of Teat Number in Pigs Reveals Some Developmental Pathways Independent of
Vertebra Number and Several Loci Which Only Affect a Specific Side. Genet. Sel. Evol. GSE 2017, 49, 4. [CrossRef]

9. Tang,].; Zhang, Z; Yang, B.; Guo, Y.; Ai, H.; Long, Y.; Su, Y.; Cui, L.; Zhou, L.; Wang, X.; et al. Identification of Loci Affecting Teat
Number by Genome-Wide Association Studies on Three Pig Populations. Asian Australas ]. Anim. 2017, 30, 1-7. [CrossRef]

10. Dall’Olio, S.; Ribani, A.; Moscatelli, G.; Zambonelli, P.; Gallo, M.; Nanni Costa, L.; Fontanesi, L. Teat Number Parameters in Italian
Large White Pigs: Phenotypic Analysis and Association with Vertnin (VRTN) Gene Allele Variants. Livest. Sci. 2018, 210, 68-72.
[CrossRef]

11.  Uzzaman, M.R;; Park, ].-E.; Lee, K.-T.; Cho, E.-S.; Choi, B.-H.; Kim, T.-H. Whole-Genome Association and Genome Partitioning

Revealed Variants and Explained Heritability for Total Number of Teats in a Yorkshire Pig Population. Asian Australas . Anim.
2018, 31, 473-479. [CrossRef]


http://piggtex.farmgtex.org/
https://www.mdpi.com/article/10.3390/ijms25010451/s1
https://www.mdpi.com/article/10.3390/ijms25010451/s1
https://doi.org/10.1111/age.12638
https://doi.org/10.1093/jas/skac190
https://doi.org/10.1007/s13353-016-0382-1
https://doi.org/10.3389/fvets.2023.1172287
https://doi.org/10.1186/s12711-017-0328-z
https://doi.org/10.1016/j.ygeno.2019.01.014
https://doi.org/10.1007/s11033-014-3599-2
https://doi.org/10.1186/s12711-016-0282-1
https://doi.org/10.5713/ajas.15.0980
https://doi.org/10.1016/j.livsci.2018.01.020
https://doi.org/10.5713/ajas.17.0178

Int. J. Mol. Sci. 2024, 25, 451 11 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Zhuang, Z.; Ding, R.; Peng, L.; Wu, J.; Ye, Y,; Zhou, S.; Wang, X,; Quan, J.; Zheng, E.; Cai, G.; et al. Genome-Wide Association
Analyses Identify Known and Novel Loci for Teat Number in Duroc Pigs Using Single-Locus and Multi-Locus Models. BMC
Genom. 2020, 21, 344. [CrossRef]

Hong, Y.; Ye, J.; Dong, L.; Li, Y,; Yan, L.; Cai, G.; Liu, D.; Tan, C.; Wu, Z. Genome-Wide Association Study for Body Length, Body
Height, and Total Teat Number in Large White Pigs. Front. Genet. 2021, 12, 650370. [CrossRef]

Li, Y,; Pu, L.; Shi, L.; Gao, H.; Zhang, P.; Wang, L.; Zhao, F. Revealing New Candidate Genes for Teat Number Relevant Traits in
Duroc Pigs Using Genome-Wide Association Studies. Animals 2021, 11, 806. [CrossRef]

Yang, R.; Guo, X.; Zhu, D.; Tan, C; Bian, C.; Ren, J.; Huang, Z.; Zhao, Y.; Cai, G.; Liu, D.; et al. Accelerated Deciphering of
the Genetic Architecture of Agricultural Economic Traits in Pigs Using a Low-Coverage Whole-Genome Sequencing Strategy.
GigaScience 2021, 10, giab048. [CrossRef]

Noskova, A.; Mehrotra, A.; Kadri, N.K.; Lloret-Villas, A.; Neuenschwander, S.; Hofer, A.; Pausch, H. Comparison of Two
Multi-Trait Association Testing Methods and Sequence-Based Fine Mapping of Six Additive QTL in Swiss Large White Pigs. BMC
Genom. 2023, 24, 192. [CrossRef]

Tan, C.; Wu, Z.; Ren, ].; Huang, Z.; Liu, D.; He, X,; Prakapenka, D.; Zhang, R.; Li, N.; Da, Y.; et al. Genome-Wide Association
Study and Accuracy of Genomic Prediction for Teat Number in Duroc Pigs Using Genotyping-by-Sequencing. Genet. Sel. Evol.
GSE 2017, 49, 35. [CrossRef]

Zeng, H.; Zhong, Z.; Xu, Z.; Teng, J.; Wei, C.; Chen, Z.; Zhang, W.; Ding, X.; Li, J.; Zhang, Z. Meta-Analysis of Genome-Wide
Association Studies Uncovers Shared Candidate Genes across Breeds for Pig Fatness Trait. BMC Genom. 2022, 23, 1-11. [CrossRef]
van den Berg, I.; Xiang, R.; Jenko, J.; Pausch, H.; Boussaha, M.; Schrooten, C.; Tribout, T.; Gjuvsland, A.B.; Boichard, D.; Nordbg,
@.; et al. Meta-Analysis for Milk Fat and Protein Percentage Using Imputed Sequence Variant Genotypes in 94,321 Cattle from
Eight Cattle Breeds. Genet. Sel. Evol. 2020, 52, 37. [CrossRef]

Higgins, M.G.; Fitzsimons, C.; McClure, M.C.; McKenna, C.; Conroy, S.; Kenny, D.A.; McGee, M.; Waters, S.M.; Morris, D.W.
GWAS and eQTL Analysis Identifies a SNP Associated with Both Residual Feed Intake and GFRA2 Expression in Beef Cattle. Sci.
Rep. 2018, 8, 14301. [CrossRef]

Lopes, M.S.; Bastiaansen, ].W.M.; Harlizius, B.; Knol, E.F; Bovenhuis, H. A Genome-Wide Association Study Reveals Dominance
Effects on Number of Teats in Pigs. PLoS ONE 2014, 9, e105867. [CrossRef] [PubMed]

Chen, Z.; Teng, |J.; Diao, S.; Xu, Z.; Ye, S.; Qiu, D.; Zhang, Z.; Pan, Y.; Li, ].; Zhang, Q.; et al. Insights into the Architecture of
Human-Induced Polygenic Selection in Duroc Pigs. J. Anim. Sci. Biotechnol. 2022, 13, 99. [CrossRef] [PubMed]

Hagan, ].K; Etim, N.N. The Effects of Breed, Season and Parity on the Reproductive Performance of Pigs Reared under Hot and
Humid Environments. Trop. Anim. Health Prod. 2019, 51, 411-418. [CrossRef] [PubMed]

Chang, X.; Xiao, Y.; Cheng, L.; Gu, X,; Yang, L.; Chamba, Y.; Zhang, J.; Geng, F. Quantitative Proteomic Analysis of Yorkshire Pig
Liver Reveals Its Response to High Altitude. J. Agric. Food Chem. 2023, 71, 7618-7629. [CrossRef] [PubMed]

Korte, A.; Farlow, A. The Advantages and Limitations of Trait Analysis with GWAS: A Review. Plant Methods 2013, 9, 29.
[CrossRef] [PubMed]

Simianer, H.; Biittgen, L.; Ganesan, A.; Ha, N.T.; Pook, T. A Unifying Concept of Animal Breeding Programmes. J. Anim. Breed.
Genet. Z. Fur Tierz. Und Zucht. 2021, 138, 137-150. [CrossRef] [PubMed]

Esfandyari, H.; Bijma, P.; Henryon, M.; Christensen, O.F; Serensen, A.C. Genomic Prediction of Crossbred Performance Based on
Purebred Landrace and Yorkshire Data Using a Dominance Model. Genet. Sel. Evol. GSE 2016, 48, 40. [CrossRef]

Zhao, Y.; Pu, Y,; Liang, B.; Bai, T; Liu, Y,; Jiang, L.; Ma, Y. A Study Using Single-Locus and Multi-Locus Genome-Wide Association
Study to Identify Genes Associated with Teat Number in Hu Sheep. Anim. Genet. 2022, 53, 203-211. [CrossRef]

Fang, F; Li, J.; Guo, M.; Mei, Q.; Yu, M,; Liu, H.; Legarra, A.; Xiang, T. Genomic Evaluation and Genome-Wide Association Studies
for Total Number of Teats in a Combined American and Danish Yorkshire Pig Populations Selected in China. J. Anim. Sci. 2022,
100, skac174. [CrossRef]

Hu, Z.-L.; Park, C.A.; Reecy, ] M. Bringing the Animal QTLdb and CorrDB into the Future: Meeting New Challenges and
Providing Updated Services. Nucleic Acids Res. 2022, 50, D956-D961. [CrossRef]

Wang, M.; Xu, S. Statistical Power in Genome-Wide Association Studies and Quantitative Trait Locus Mapping. Heredity 2019,
123, 287-306. [CrossRef] [PubMed]

Zeng, H.; Zhang, W.; Lin, Q.; Gao, Y.; Teng, ].; Xu, Z.; Cai, X.; Zhong, Z.; Wu, J.; Liu, Y.; et al. PigBiobank: A Valuable Resource
for Understanding Genetic and Biological Mechanisms of Diverse Complex Traits in Pigs. Nucleic Acids Res. 2023, gkad1080.
[CrossRef] [PubMed]

Duijvesteijn, N.; Veltmaat, ].M.; Knol, E.F,; Harlizius, B. High-Resolution Association Mapping of Number of Teats in Pigs Reveals
Regions Controlling Vertebral Development. BMC Genom. 2014, 15, 542. [CrossRef] [PubMed]

Verardo, L.L; Silva, EF.; Lopes, M.S.; Madsen, O.; Bastiaansen, ]. W.M.; Knol, E.F; Kelly, M.; Varona, L.; Lopes, P.S.; Guimaraes,
S.E.F. Revealing New Candidate Genes for Reproductive Traits in Pigs: Combining Bayesian GWAS and Functional Pathways.
Genet. Sel. Evol. GSE 2016, 48, 9. [CrossRef] [PubMed]

van Son, M.; Lopes, M.S.; Martell, H.J.; Derks, M.EL.; Gangsei, L.E.; Kongsro, J.; Wass, M.N.; Grindflek, E.H.; Harlizius, B. A QTL
for Number of Teats Shows Breed Specific Effects on Number of Vertebrae in Pigs: Bridging the Gap Between Molecular and
Quantitative Genetics. Front. Genet. 2019, 10, 272. [CrossRef] [PubMed]


https://doi.org/10.1186/s12864-020-6742-6
https://doi.org/10.3389/fgene.2021.650370
https://doi.org/10.3390/ani11030806
https://doi.org/10.1093/gigascience/giab048
https://doi.org/10.1186/s12864-023-09295-4
https://doi.org/10.1186/s12711-017-0311-8
https://doi.org/10.1186/s12864-022-09036-z
https://doi.org/10.1186/s12711-020-00556-4
https://doi.org/10.1038/s41598-018-32374-6
https://doi.org/10.1371/journal.pone.0105867
https://www.ncbi.nlm.nih.gov/pubmed/25158056
https://doi.org/10.1186/s40104-022-00751-x
https://www.ncbi.nlm.nih.gov/pubmed/36127741
https://doi.org/10.1007/s11250-018-1705-5
https://www.ncbi.nlm.nih.gov/pubmed/30196451
https://doi.org/10.1021/acs.jafc.3c01724
https://www.ncbi.nlm.nih.gov/pubmed/37140090
https://doi.org/10.1186/1746-4811-9-29
https://www.ncbi.nlm.nih.gov/pubmed/23876160
https://doi.org/10.1111/jbg.12534
https://www.ncbi.nlm.nih.gov/pubmed/33486850
https://doi.org/10.1186/s12711-016-0220-2
https://doi.org/10.1111/age.13169
https://doi.org/10.1093/jas/skac174
https://doi.org/10.1093/nar/gkab1116
https://doi.org/10.1038/s41437-019-0205-3
https://www.ncbi.nlm.nih.gov/pubmed/30858595
https://doi.org/10.1093/nar/gkad1080
https://www.ncbi.nlm.nih.gov/pubmed/37956339
https://doi.org/10.1186/1471-2164-15-542
https://www.ncbi.nlm.nih.gov/pubmed/24981054
https://doi.org/10.1186/s12711-016-0189-x
https://www.ncbi.nlm.nih.gov/pubmed/26830357
https://doi.org/10.3389/fgene.2019.00272
https://www.ncbi.nlm.nih.gov/pubmed/30972109

Int. J. Mol. Sci. 2024, 25, 451 12 of 12

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

Xue, Y,; Liu, S.; Li, W,; Mao, R.; Zhuo, Y,; Xing, W.; Liu, J.; Wang, C.; Zhou, L.; Lei, M.; et al. Genome-Wide Association Study
Reveals Additive and Non-Additive Effects on Growth Traits in Duroc Pigs. Genes 2022, 13, 1454. [CrossRef] [PubMed]
Possible Introgression of the VRTN Mutation Increasing Vertebral Number, Carcass Length and Teat Number from Chinese Pigs
into European Pigs | Scientific Reports. Available online: https://www.nature.com/articles/srep19240 (accessed on 14 April
2023).

Fan, Y,; Xing, Y.; Zhang, Z.; Ai, H.; Ouyang, Z.; Ouyang, ].; Yang, M.; Li, P.; Chen, Y.; Gao, ].; et al. A Further Look at Porcine
Chromosome 7 Reveals VRTN Variants Associated with Vertebral Number in Chinese and Western Pigs. PLoS ONE 2013, 8,
€62534. [CrossRef]

Verardo, L.L.; Silva, EF,; Varona, L.; Resende, M.D.V,; Bastiaansen, ]. WM.; Lopes, P.S.; Guimaraes, S.E.F. Bayesian GWAS and
Network Analysis Revealed New Candidate Genes for Number of Teats in Pigs. |. Appl. Genet. 2015, 56, 123-132. [CrossRef]
Boitard, S.; Liaubet, L.; Paris, C.; Féve, K.; Dehais, P.; Bouquet, A.; Riquet, J.; Mercat, M.-]. Whole-Genome Sequencing of
Cryopreserved Resources from French Large White Pigs at Two Distinct Sampling Times Reveals Strong Signatures of Convergent
and Divergent Selection between the Dam and Sire Lines. Genet. Sel. Evol. GSE 2023, 55, 13. [CrossRef]

Brow, D.A.; Guthrie, C. Spliceosomal RNA U6 Is Remarkably Conserved from Yeast to Mammals. Nature 1988, 334, 213-218.
[CrossRef]

Park, H.-B.; Han, S.-H.; Lee, J.-B.; Cho, I.-C. Rapid Communication: High-Resolution Quantitative Trait Loci Analysis Identifies
LTBP2 Encoding Latent Transforming Growth Factor Beta Binding Protein 2 Associated with Thoracic Vertebrae Number in a
Large F2 Intercross between Landrace and Korean Native Pigs. |. Anim. Sci. 2017, 95, 1957-1962. [CrossRef] [PubMed]

Zhang, L.-C.; Yue, J.-W,; Pu, L.; Wang, L.-G; Liu, X,; Liang, J.; Yan, H.; Zhao, K.-B.; Li, N; Shi, H.-B.; et al. Genome-Wide Study
Refines the Quantitative Trait Locus for Number of Ribs in a Large White x Minzhu Intercross Pig Population and Reveals a New
Candidate Gene. Mol. Genet. Genom. MGG 2016, 291, 1885-1890. [CrossRef] [PubMed]

Wang, X.; Ran, X.; Niu, X.; Huang, S.; Li, S.; Wang, J. Whole-Genome Sequence Analysis Reveals Selection Signatures for
Important Economic Traits in Xiang Pigs. Sci. Rep. 2022, 12, 11823. [CrossRef] [PubMed]

Chang, C.C.; Chow, C.C.; Tellier, L.C.; Vattikuti, S.; Purcell, S.M.; Lee, ].J. Second-Generation PLINK: Rising to the Challenge of
Larger and Richer Datasets. GigaScience 2015, 4, 7. [CrossRef] [PubMed]

Yang, J.; Lee, S.H.; Goddard, M.E.; Visscher, PM. GCTA: A Tool for Genome-Wide Complex Trait Analysis. Am. J. Hum. Genet.
2011, 88, 76-82. [CrossRef]

Jiang, L.; Zheng, Z.; Qi, T.; Kemper, K.E.; Wray, N.R.; Visscher, PM.; Yang, ]. A Resource-Efficient Tool for Mixed Model Association
Analysis of Large-Scale Data. Nat. Genet. 2019, 51, 1749-1755. [CrossRef] [PubMed]

Willer, CJ.; Li, Y.; Abecasis, G.R. METAL: Fast and Efficient Meta-Analysis of Genomewide Association Scans. Bioinformatics 2010,
26, 2190-2191. [CrossRef] [PubMed]

Gene Ontology Consortium. The Gene Ontology Resource: Enriching a GOld Mine. Nucleic Acids Res. 2021, 49, D325-D334.
[CrossRef]

Kanehisa, M.; Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef]
Giorgi, EM.; Ceraolo, C.; Mercatelli, D. The R Language: An Engine for Bioinformatics and Data Science. Life 2022, 12, 648.
[CrossRef]

Wallace, C. A More Accurate Method for Colocalisation Analysis Allowing for Multiple Causal Variants. PLoS Genet. 2021, 17,
€1009440. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/genes13081454
https://www.ncbi.nlm.nih.gov/pubmed/36011365
https://www.nature.com/articles/srep19240
https://doi.org/10.1371/journal.pone.0062534
https://doi.org/10.1007/s13353-014-0240-y
https://doi.org/10.1186/s12711-023-00789-z
https://doi.org/10.1038/334213a0
https://doi.org/10.2527/jas.2017.1390
https://www.ncbi.nlm.nih.gov/pubmed/28727023
https://doi.org/10.1007/s00438-016-1220-1
https://www.ncbi.nlm.nih.gov/pubmed/27307002
https://doi.org/10.1038/s41598-022-14686-w
https://www.ncbi.nlm.nih.gov/pubmed/35821031
https://doi.org/10.1186/s13742-015-0047-8
https://www.ncbi.nlm.nih.gov/pubmed/25722852
https://doi.org/10.1016/j.ajhg.2010.11.011
https://doi.org/10.1038/s41588-019-0530-8
https://www.ncbi.nlm.nih.gov/pubmed/31768069
https://doi.org/10.1093/bioinformatics/btq340
https://www.ncbi.nlm.nih.gov/pubmed/20616382
https://doi.org/10.1093/nar/gkaa1113
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.3390/life12050648
https://doi.org/10.1371/journal.pgen.1009440
https://www.ncbi.nlm.nih.gov/pubmed/34587156

	Introduction 
	Results 
	Descriptive Statistics of Teat Number Traits and Genetic Background 
	Single-Population GWAS Identifies Genetic Loci Associated with the Single Population 
	Single-Breed Meta-GWAS Analysis 
	Cross-Breed Meta-GWAS Analysis 
	Post-GWAS Analysis 

	Discussion 
	Meta-GWAS Results 
	Genetic Parameters of Teat Number Traits 
	Candidate Gene 

	Materials and Methods 
	Ethics Approval and Consent to Participate 
	Phenotypes 
	Genotype Data 
	Estimation of Genetic Parameters 
	Single-Population GWAS 
	Meta-GWAS Analysis 
	Functional Annotation of Candidate Genes 
	Co-Localization Analysis 

	References

