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Abstract: Lactation traits are critical economic attributes in domestic animals. This study
investigates genetic markers and functional genes associated with lactation traits in Xin-
jiang donkeys. We analyzed 112 Xinjiang donkeys using 10× whole genome re-sequencing
to obtain genome-wide single nucleotide polymorphisms (SNPs). Genome-wide associ-
ation analyses were conducted using PLINK 2.0 and GEMMA 0.98.5 software, employ-
ing mixed linear models to assess several lactation traits: average monthly milk yield
(AY), fat percentage (FP), protein percentage (PP), and lactose percentage (LP). A to-
tal of 236 SNPs were significantly associated with one or more milk production traits
(p < 0.000001). While the two-software identified distinct SNP associations, they consis-
tently detected the same 11, 95, 5, and 103 SNPs for AY, FP, PP, and LP, respectively.
Several of these SNPs are located within potential candidate genes, including glycosylphos-
phatidylinositol anchored high density lipoprotein binding protein 1 (GPIHBP1), FLII
actin remodeling protein (FLII), mitochondrial topoisomerase 1 (TOP1MT), thirty-eight-
negative kinase 1 (TNK1), polo like kinase 1 (PLK1), notch homolog 1 (NOTCH1), devel-
opmentally regulated GTP-binding protein 2 (DRG2), mitochondrial elongation factor 2
(MIEF2), glutamine-fructose-6-phosphate transaminase 2 (GFPT2), and dual-specificity
tyrosine phosphorylation-regulated kinase 2 (DYRK2). Additionally, we validated the
polymorphism of 16 SNPs (10 genes) using Kompetitive Allele Specific PCR, reveal-
ing that TOP1MT_g.9133371T > C, GPIHBP1_g.38365122C > T, DRG2_g.4912631C > A,
FLII_g.5046888C > T, and PLK1_g.23585377T > C were significantly correlated with average
daily milk yield and total milk yield in the studied donkeys. This study represents the first
genome-wide association analysis of markers and milk components in Xinjiang donkeys,
offering valuable insights into the genetic mechanisms underlying milk production traits.
Further research with larger sample sizes is essential to confirm these findings and identify
potential causal genetic variants.

Keywords: GWAS; SNPs; Xinjiang donkey; milk; candidate gene

1. Introduction
Donkey milk has a lot of unsaturated fatty acids, especially linoleic acid, and low

contents of fat and cholesterol, and is rich in calcium and selenium [1,2]. Donkey milk
also has strong antioxidant activity, delaying the aging process, and is rich in kinds of
immune-boosting substances [3]. It has emerged that donkey milk, compared with the
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milks of other animal species, is the nearest to human milk and an excellent substitute for
it [4]. In some countries in Europe and America, donkey milk is not only the component of
many biological products, but also a kind of healthcare product which is accepted by more
and more people [5]. However, the commercial production of donkey milk is significantly
limited by the species’ naturally low milk yield, leading to high production costs and
insufficient supply. This challenge not only restricts the market potential of donkey milk
as a functional food but also highlights the critical need to improve donkeys’ lactation
performance [6].

Recently, significant progress has been achieved in understanding the genetic basis
of lactation traits in livestock, driven by advanced molecular techniques like GWAS [7],
RNA sequencing (RNA-seq) [8], and clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9) genome editing [9]. Key loci and
genes have been firmly linked to milk yield and quality in dairy cattle and goats, including
pyruvate carboxylase (PC) [10], diacylglycerol o-acyltransferase (DGAT) [11], peroxisome
proliferator activated receptor gamma (PPARG) [12], and casein alpha s1 (CSN1S1) [13].
However, due to the unique physiological features and lactation processes in Equine species,
it is yet to be established whether these known loci and genes are applicable to donkeys.

To date, numerous genes in donkeys have been studied using NGS, which have been
found to be significantly associated with key phenotypic traits, including coat color vari-
ations (KIT ligand KITLG, t-box transcription factor 3 TBX3) [14], morphometric traits
(cytochrome c oxidase subunit 1 COX 1, keratin 10 KRT10, keratin 1 KRT1, claudin 9
CLDN9, matrix metallopeptidase 28 MMP28) [15], carcass traits (NK1 homeobox 2) [16],
body size (ligand-dependent nuclear receptor compression-like protein (LCORL)) [17], and
growth traits (IGF2) [18]. Yu et al. identified threetarget genes (Decorin DCN, Integral
Membrane Protein 2A ITM2A, and Arrestin Domain Containing 2 ARRDC2) associated
with skeletal muscle growth and development [19]. However, few genes have been linked
to milk traits in donkeys. He et al. demonstrated that NUMB endocytic adaptor protein
(NUMB) g.46709914T > G could serve as a potential genetic marker for lactation traits [20].
During lactation, the fat and protein content in donkey milk decreases, whereas the lactose
content increases-a phenomenon unique to donkeys compared to ruminants [21]. Therefore,
conducting GWAS on donkey lactation performance based on SNPs seems to be great inter-
est. Consequently, this study aimed to use GWAS to identify the loci involved in donkey
milk traits. Additionally, we searched for candidate genes near the identified markers
to establish a basis for future research aimed at uncovering the molecular mechanisms
underlying these crucial lactation traits.

2. Results
2.1. Descriptive Statistics

The descriptive statistics of the phenotypic traits for the analyzed samples are sum-
marized in Table 1. Xinjiang donkeys exhibit an average monthly milk yield of 38.51 kg,
characterized by average compositions of 1.02% fat, 1.44% protein, and 6.46% lactose.

Table 1. Descriptive statistics of the milk production traits in Xinjiang donkey.

Traits n Mean SD Minimum Maximum

AY (kg) 112 38.51 14.87 13.60 72.75
FP (%) 112 1.02 0.93 0.12 4.52
PP (%) 112 1.44 0.19 0.99 1.94
LP (%) 112 6.46 0.39 4.47 6.96

Note: AY is obtained by calculating the average daily milk yield based on the test-day milk and multiplying it
by 30.
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2.2. Resequencing of Xinjiang Donkey

We generated genomic sequences from the 112 Xinjiang donkeys, producing 2986.2 Gb
of clean data with an average sequencing depth of 9.3× for subsequent analyses
(Tables S1 and S2). On average, 96.26% (95.05–96.85%) of the reads were successfully
mapped to the reference genome (Table S3).

Following SNP calling and quality control, we identified 12,039,909 high-quality SNPs
across all 112 individuals. Based on NR annotation, the majority of SNPs were located in
intergenic regions (5,201,198; 43.20%), followed by introns (4,738,320; 39.36%), upstream
gene regions (898,713; 7.46%), and downstream gene regions (730,993; 6.07%) (Table S4).

2.3. Principal Component Analysis

In order to detect and correct for potential sub-structuration of the sample, we per-
formed a principal component analysis (PCA) using PLINK 2.0. The animals involved
in this study came from one breed and two breeding herds (farm 1 and farm 2). The
PCA plot did not reveal obvious sub-structuration of the sample (Figure 1). Specifically,
the first two principal components (PC1 and PC2) accounted for 7.48% and 6.21% of the
variance, respectively.
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2.4. GWAS Based on GEMMA and PLINK

For the four milk production-related phenotypes (AYs, FPs, PPs, LPs), significant
SNPs were identified using both GEMMA and PLINK, with significance determined by the
Bonferroni correction threshold (−log10 p-value ≥ 6) (Figures 2 and 3).
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Based on the GEMMA analysis, we identified 222 significant SNPs associated with
four traits, distributed across 31 chromosomes. Of these SNPs, 11 were associated with AY,
101 with FP, 7 with PP, and 103 with LP, indicating that these markers were linked to only
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one trait. Similarly, using PLINK software, we identified 228 significant SNPs associated
with the same four traits. Specifically, 16 SNPs were associated with AY, 104 with FP, 5 with
PP, and 103 with LP, further confirming that these markers were linked to a single trait
(Figure 4). In both GEMMA and PLINK analyses, 11 SNPs were found to be associated
with the AY, 95 with the FP, 5 with the PP, and 103 with the LP (Figure 4).
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2.5. Candidate Genes

We annotated the genomic coordinates of all associated SNPs on the donkey genome
using the NR database. We found that 60–70% genes (71.48% identified by GEMMA, 64.51%
identified by PLINK) were unknown genes. For these four traits, GEMMA and PLINK
identified largely overlapping sets of candidate genes. Specifically, both tools pinpointed
the same gene sets for each trait: 18 for AY, 64 for FP, 5 for PP, and 173 for LP (Figure 5). In
summary, we identified 16 SNPs associated with AY, 110 SNPs associated with FP, 7 SNPs
associated with PP, and 103 SNPs associated with LP (Figure 6A). By combining results
from GEMMA and PLINK, we found 50 genes linked to AY, 81 to FP, 9 to PP, and 173 to
LP (Figure 6B). Notably, PLINK-predicted genes for the LP trait were also confirmed by
GEMMA. Figure 6 shows that there is some overlap in candidate genes for specific pheno-
typic pairs, but no single gene is linked to three or four phenotypes simultaneously. For
LP, two candidate genes were also associated with FP (such as, LOC106839422, calcineurin
like EF-hand protein 2 CHP2). Our findings suggest that GPIHBP1, FLII, TOP1MT, and
TNK1 could act as key regulatory genes for donkey milk yield. Likewise, peptidyl arginine
deiminase 1/3 (PADI1/3), CHP2, GFPT2 and DYRK2 are probably the key genes for LP.
For PP, cardiac α-actin 1 (ACTC1) and gap junction protein delta 2 (GJD2) are probably the
key genes. Moreover, NOTCH1, DRG2, MIEF2 and PLK1 may be candidate genes affecting
FP, which means that these could be the key genes affecting the lactation traits of donkeys.

2.6. Validation of Candidate Genes Using KASP Technology
2.6.1. Locus Information of Candidate Genes

We identified 16 mutation sites in 10 candidate genes, based on GWAS findings, within
the resequencing data. The detailed results can be found in Table 2.
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2.6.2. Genotyping Results by KASP

All 16 SNPs were polymorphic across the Xinjiang donkeys and further used for the
association study.

2.6.3. Polymorphism Analysis

The different genotype frequencies are shown in Table 3. The Fisher exact test of the
SPSS 23 software was used to calculation χ2 and the p-value. Two SNPs (DRG2_g.4912631
C > A, TNK1_g. 14416183A > C) were not in HWE, which may be due to artificial selection.

2.6.4. Correlation Analysis of Genotype and Milk Yield in Xinjiang Donkey

Eight SNPs significantly influenced the average daily and total milk yields of Xinjiang
donkeys (Table 4). The TT of NOTCH1_g.9133371T > C was significantly higher than the CC
average daily milk yield and total milk yield (p < 0.01); the AA of TOP1MT_g. 38323301G
> A mutant increased daily milk yield and total milk yield (p < 0.01); The wild genotype
CC of DRG2_g.4912631C > A yielded more milk than the mutant AA in both average daily
and total milk yields, whereas the DRG2_g.4939345C > T mutation showed the opposite
trend. The TT of FLII_g.5046888C > T mutant increased daily milk yield and total milk
yield (p < 0.01); The wild genotype GG of PLK1_g.23587802G > C yielded more milk than
the mutant CC, whereas the PLK1_g.23585377T > C mutation showed the opposite effect.
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Table 2. Selected SNPs used in the study for genotyping the Xinjiang donkey.

Official Full Name of Gene Gene Gene ID Allele
Substitution Position Chromosome

Glutamine-fructose-6-phosphate
transaminase 2

GFPT2 106843727 C/A 25060895 9

GFPT2 106843727 T/G 25062599 9

Notch receptor 1 NOTCH1 106845559 T/C 9133371 10

DNA topoisomerase I mitochondrial TOP1MT 106841874 G/A 38323301 12

Glycosylphosphatidylinositol
anchored high density lipoprotein
binding protein 1

GPIHBP1 106841943 C/T 38365122 12

Developmentally regulated GTP
binding protein 2

DRG2 106837927 C/A 4912631 13

DRG2 106837927 C/T 4939345 13

FLII actin remodeling protein FLII 106837933 G/C 5044716 13

FLII 106837933 C/T 5046888 13

Mitochondrial elongation factor 2 MIEF2 106837926 G/T 5060681 13

Tyrosine kinase non receptor 1
TNK1 106844191 A/G 14413548 13

TNK1 106844191 A/C 14416183 13

Polo like kinase 1
PLK1 106845827 T/C 23585377 14

PLK1 106845827 G/C 23587802 14

Dual specificity tyrosine
phosphorylation regulated kinase 2

DYRK2 106843596 C/G 3170005 22

DYRK2 106843596 T/C 3171414 22

Table 3. List of polymorphic SNPs and genotypes frequencies in Xinjiang donkey.

Gene Position Allele
Substitution Genotype Genotype

Frequencies χ2 p

GFPT2 25060895 C>A CC 0.013 0.295 0.587
CA 0.150
AA 0.837

GFPT2 25062599 T>G TT 0.063 1.902 0.348
TG 0.225
GG 0.712

NOTCH1 9133371 T>C TT 0.288 1.618 0.472
TC 0.400
CC 0.312

TOP1MT 38323301 G>A GG 0.500 3.005 0.232
GA 0.325
AA 0.175

GPIHBP1 38365122 C>T CC 0.513 2.023 0.389
CT 0.337
TT 0.150

DRG2 4912631 C>A CC 0.473 14.006 0.001
CA 0.203
AA 0.324

DRG2 4939345 C>T CC 0.400 3.453 0.188
CT 0.350
TT 0.250

FLII 5044716 G>C GG 0.950 1.450 0.719
GC 0.038
CC 0.012
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Table 3. Cont.

Gene Position Allele
Substitution Genotype Genotype

Frequencies χ2 p

FLII 5046888 C>T CC 0.357 4.644 0.105
CT 0.314
TT 0.329

MIEF2 5060681 G>T GG 0.738 2.236 0.338
GT 0.200
TT 0.062

TNK1 14413548 A>G AA 0.014 0.290 1.000
AG 0.043
GG 0.943

TNK1 14416183 A>C AA 0.792 35.321 <0.001
AC 0.013
CC 0.195

PLK1 23585377 T>C TT 0.571 2.311 0.330
TC 0.300
CC 0.129

PLK1 23587802 G>C GG 0.164 3.528 0.177
GC 0.288
CC 0.548

DYRK2 3170005 C>G CC 0.914 1.293 0.764
CG 0.071
GG 0.015

DYRK2 3171414 T>C TT 0.914 <0.001 1.000
TC 0.086
CC 0

Table 4. List of SNPs found to be associated with milk yield in Xinjiang donkey.

Gene Position Genotype Average Daily Milk
Yield (kg) Total Milk Yield (kg)

NOTCH1 9133371 TT (23) 2.67 ± 0.15 Aa 482.33 ± 28.02 Aa

TC (32) 2.42 ± 0.10 Aa 435.89 ± 18.51 Aa

CC (25) 1.57 ± 0.19 Bb 254.48 ± 35.16 Bb

TOP1MT 38323301 GG (40) 1.86 ± 0.12 Bb 316.47 ± 24.11 Bb

GA (26) 2.60 ± 0.16 Aa 467.93 ± 28.16 Aa

AA (14) 2.61 ± 0.23 Aa 469.92 ± 41.61 Aa

GPIHBP1 38365122 CC (41) 1.88 ± 0.14 Bb 320.12 ± 26.65 Bb

CT (27) 2.75 ± 0.13 Aa 495.25 ± 22.99 Aa

TT (12) 2.27 ± 0.19 ABab 408.95 ± 35.05 ABab

DRG2 4912631 CC (35) 2.57 ± 0.12 Aa 462.09 ± 21.32 Aa

CA (15) 1.98 ± 0.21 ABa 345.35 ± 41.44 ABa

AA (24) 1.76 ± 0.18 Bb 293.94 ± 33.67 Bb

DRG2 4939345 CC (32) 1.74 ± 0.17 Bb 291.96 ± 31.66 Bb

CT (28) 2.42 ± 0.10 Aa 435.73 ± 18.53 Aa

TT (20) 2.74 ± 0.17 Aa 493.05 ± 31.19 Aa

FLII 5046888 CC (25) 1.66 ± 0.18 Bb 270.49 ± 34.51 Bb

CT (22) 2.67 ± 0.13 Aa 480.44 ± 24.28 Aa

TT (23) 2.51 ± 0.17 Aa 451.18 ± 31.33 Aa

PLK1 23585377 TT (40) 1.93 ± 0.15 Ab 330.86 ± 29.08 Bb

TC (21) 2.65 ± 0.14 Aa 476.60 ± 25.39 ABa

CC (9) 2.74 ± 0.23 Aa 493.45 ± 41.05 Aa

PLK1 23587802 GG (12) 2.62 ± 0.18 Aa 471.73 ± 32.51 Aa

GC (21) 2.65 ± 0.14 Aa 476.60 ± 25.39 Aa

CC (40) 1.93 ± 0.15 Ab 330.86 ± 29.08 Bb

Note: Different capital letters indicate extremely significant differences (p < 0.01), while different lowercase letters
indicate significant differences (p < 0.05), comparison between different genotypes of a gene.
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3. Discussion
3.1. Feasibility of GWAS Analysis Software

In this respect, GWASs have been proved to be powerful statistical analysis methods
for detecting and identifying the genetic variation of complex and economically important
traits. Several software are available to perform GWASs. In this study, we used two
software: PLINK [22] and GEMMA [23,24]. PLINK is a freely available, widely used
open-source toolset for genetic association that allows for the study of large datasets of
genotypes and phenotypes. Genome-wide Efficient Mixed Model Association (GEMMA)
can fit a univariate linear mixed model, a multivariate mixed model, and a Bayesian sparse
linear mixed model for testing marker associations with a trait of interest in different
organisms. One of the main challenges for GWAS analysis is managing false positives
and false negatives that may occur due to population structure and familial relationships.
To address this issue, mixed linear models (MLMs) are commonly used, incorporating
covariates for structure and kinship to control for false positives [14]. PLINK has become
the most popular software package for GWAS, PLINK operates much faster than MLM-
based software [15], and GEMMA software was an efficient exact method that makes these
approximations unnecessary in many settings [25].

3.2. Candidate Genes Related to Milk Yield (AY) in Xinjiang Donkeys

Milk is an important economic trait of cattle, horses, donkeys, camels, and other
animals. Equine milk has higher edible and medicinal value than cow milk but equines
produce significantly less milk than cattle. Under normal circumstances, the average
monthly milk yield of dairy cows is between 500 and 1250 kg [26], while the average
lactation of equine animals is about 30 kg per month [27,28]. In our study, the average
monthly lactation of Xinjiang donkeys was 38.52 kg, which was a relatively good lactation
performance for donkeys. Fifty candidate genes related to donkey milk yield are suggested
by GWAS in two software, including TOP1MT, GPIHBP1, and TNK1. TOP1MTis an
important mitochondrial DNA topoisomerase. In normal cells, TOP1MT deletion affects
the expression of mitochondrial DNA and reduces important metabolic molecules in
processes such as glucose oxidation and peptidation. It indicates a potential involvement in
the mammary gland function. TNK1 belongs to the ACK (Activated Cdc42 Kinases) family
of intracellular non- receptor tyrosine kinases that usually act as an important regulator
in cytokine receptor-mediated intracellular signal transduction pathways [29]. One study
showed that TNK1 modulates JAK-STAT signaling through phosphorylating STAT1 [30].
The JAK-STAT pathway regulates lactation [31]; furthermore, it has been illustrated that,
by using the JAK-STAT pathway, the lactogenic hormones, through their receptors on cell
membranes, regulate milk proteins [32]. It is another indication of a possible link with
the milk production in donkeys. GPIHBP1plays an important role in the transport and
localization of lipoprotein lipase (LPL) [33]. GPIHBP1 was identified as strongly associated
with both fat percentage and protein yield traits [34,35].

3.3. Candidate Genes Related to Milk Composition (FP, PP, and LP) in Xinjiang Donkeys

Previous data suggest that donkey milk shares much similarity with mare milk in
being low in total solids (8 to 10%) and protein (1.5 to 1.8%) and being high in lactose (6
to 7%) [36]. The level of fat in donkey milk ranges from 0.28% to 1.82% [37]. Our study
showed that the milk fat percentage of Xinjiang donkeys was 1.02%. The milk protein
percentage is 1.44%, and the lactose percentage is 6.46%, which seems to be lower than that
of donkeys in other places (1.80% and 7.40%, respectively) [38].

Eighty-one candidate genes related to FP were identified suggested by the GWAS
in two methods; of these, the function of twenty-six genes were known. A significant



Int. J. Mol. Sci. 2025, 26, 2961 11 of 17

number of these genes have been linked to breast cancer, MANSC domain containing 1
(MANSC1) [39], PLK1 [40], family with sequence similarity 98 member A (FAM98A) [31],
CHP2 [41], msh homeobox 1 (MSX1) [42], cytokine like 1 (CYTL1) [43], fibrinogen C do-
main containing 1 (FIBCD1) [44], hydroxyacid oxidase 1 (HAO1) [45], AlkB homolog 7
(ALKBH7) [46], DYRK2 [47], fatty acid binding protein 7 (FABP7) [48], etc. Uncoupling
protein-1 (UCP1) plays a central role in energy dissipation in brown adipose tissue (BAT).
Surprisingly, FLII acts as a regulatory complex for UCP1 transcription. So, we speculate that
it may be related to the fat in donkey milk. Another notable transcription factor enriched
for FP positional candidate genes was NOTCH1, which indicated the importance of the
NOCTH signaling pathway in milk of Xinjiang donkey regulation. Do et al. identified
that NOTCH1 might be important in the regulation of bovine milk cholesterol content [49].
DRG2 participates in the regulation of the proliferation and differentiation of multiple
cells. It controls PPAR-g activity by interacting with PPAR-g. Strikingly, multiple GT-
Pases, including GTP-binding proteins, are known to modulate adipogenesis by regulating
PPAR-g expression [50,51]. Overall, DRG2 plays an active role in regulating adipocyte
differentiation [52]. So, we speculate that it may participate in the production of milk fat.
MIEF2 was one of the key regulators of mitochondrial fission [53]. One study demonstrated
that MIEF2 significantly promoted lipid synthesis [54]. Nine candidate genes related to
PP were identified by two methods, but the gene’s function was almost unknown, like
LOC106835211, LOC123285010, and LOC123280491. Most studies report that the ACTC1
gene was associated with dilated cardiomyopathy [55,56]. Gap junctions of the insulin-
producing β-cells are made of connexin 36 (Cx36), which is encoded by the GJD2 gene [57].
Signaling through gap junctions contributes to control insulin secretion and, thus, blood
glucose levels. Li et al. found that candidate genes ACTC1 and GJD2 have putative roles in
the regulation of mammary gland development [58].

A total of 173 candidate genes related to LP were identified. It has been reported
that PADI3 (Protein Arginine Deiminase 3) may act on glucose metabolism through COPII
and PKM pathways, which may greatly affect lactose yield [59]. DYRK2, a member of the
class II DYRK family protein, was a key regulator of p53, and phosphorylates it at Ser46 to
induce apoptosis in response to DNA damage [60]. According to previous research, they
found that DYRK2 was closely associated with milk traits in Xinjiang Brown cattle [61].
The 11 bp InDel in DYRK2 that Mao et al. identified was significantly correlated with
milk traits in Xinjiang Brown cattle [62]. Fatty acid-binding protein 7 (FABP7) involved in
intracellular lipid dynamics. The overexpression of FABP7 gene prevents ATP production
from glucose [63].

4. Materials and Methods
4.1. Animals and Phenotyping

In total, 4704 test-day records were collected from 112 Xinjiang donkeys born from 2013
to 2014 and reared in 2 donkey farms in Yopurga county, Kashgar region. Four milk produc-
tion traits (average monthly milk yield (AY), fat percentage (FP), protein percentage (PP),
and lactose percentage (LP)) were recorded. In addition, we selected 82 Xinjiang donkeys
as a validation population to collect daily milk yield and milk yield throughout lactation.

4.2. Blood Sample Collection and DNA Extraction

A total of 5 mL blood of Xinjiang donkey were collected from jugular vein and
anticoagulated with EDTA; 200 µL of genomic DNA were extracted using Animal
Blood/Cell/Tissue Genomic DNA Extraction Kit (Tiangen Biochemical Technology com-
pany, Beijing, China, DP304-03).
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4.3. Monitoring of Genomic DNA

Three methods were used to detect DNA: (1) Agarose gel electrophoresis for DNA
purity and integrity; (2) Nanodrop detection of DNA purity (OD 260/280 ratio); (3) Qubit
2.0 for accurate quantification of DNA concentration.

4.4. Library Construction

The Illumina whole genomes of 112 donkey individuals were sequenced from Novo-
gene company. The high-quality genomic DNA samples were randomly interrupted into
350 bp using a Covaris ultrasonic fragmentation instrument (LE220R-plus), followed by
end repairing, the addition of A-tail, the addition of a sequencing adaptor, purification, and
PCR amplification steps. After library construction, initial quantification was performed
using Qubit 2.0 to dilute the library, followed by the detection of the insert fragments
of the library using Agilent 2100 (Agilent Technologies, Santa Clara, CA, USA, G2939A).
Sequencing was performed using Illumina high-throughput sequencing platform NovaSeq
6000 (Illumina, San Diego, CA, USA).

4.5. Variant Sites Detection

Quality control for markers was performed using the Fastp (0.19.7) software. The steps
of data processing were as follows: (1) Discard a paired reads if either read contains adapter
contamination; (2) Discard a paired reads if more than 10% of bases are uncertain in either
read; (3) Discard paired reads if the proportion of low-quality (Phred quality < 5) bases is
over 50% in either read. Clean data were aligned to the donkey reference genome (Equus
asinus [64]) using BWA (0.7.17) software [65] and PCR duplicates were removed using
Picard’s Mark Duplicate tool (http://sourceforge.net/projects/picard/, accessed on 5 April
2023). The detection of SNP variant loci was completed using GATK haplotype-caller [66].

4.6. Variant Sites Filtering

We used PLINK to perform SNPs filtering with the following inclusion criteria: (1) SNP
call rate > 80%; (2) Hardy–Weinberg equilibrium p–value > 0.01; and (3) minor allele
frequency (MAF) > 0.05.

4.7. Genome-Wide Association Study

Genome-wide association analysis was performed using a mixed-model approach
with two software (GEMMA, PLINK). We did not include individual additive random
effects. We used the following statistical model:

y = W × α + Xs × βs + g + e (1)

In this equation, the following definitions apply:
y is an n × 1 vector of phenotypic values (phenotypes are either AY, FP, PP, or LP;

n = 112);
W is an n × c incidence matrix associating the fixed effects to the corresponding

phenotypes;
α is a c × 1 vector of the fixed effects, including an overall mean, the parity (either

5 or 6), first two PCA components and the birth year of the donkey (either 2013 or 2014);
consequently, c = 7;

Xs is an n × 1 vector of SNP genotypes (coded as 0, 1 or 2, where 0 and 2 correspond
to the homozygous and 1 to the heterozygous genotypes) at the tested position;

βs is the allelic substitution effect for the tested marker;

http://sourceforge.net/projects/picard/
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g is a n × 1 vector of random polygenic effects distributed as g ∼ N
(
0, σ2

A ∗ φ
)
,

where σ2
A is the additive genetic variance and φ is the relationship matrix, using the same

methodology described by van Randen [67];
e is an n × 1 vector of residual errors with e ∼ N

(
0, σ2

e ∗ I
)
, where σ2

e is the residual
variance and I is an n × n identity matrix.

The thresholds of the Bonferroni-corrected p-values for suggestive genome-wide
significance associations were set as 1 × 10−6.

4.8. KASP

Competitive Allele Specific PCR (KASPTM, LGC Genomics, Teddington, Middlesex,
UK) genotyping was used for the biallelic discrimination of the 16 selected SNPs. Genotype
data for 82 Xinjiang donkeys were exported for statistical analysis.

4.9. Primer Design and PCR

Prime premier 6.0 was used to design the primer of 10 genes. Primer sequences
are given in Table 5. PCR amplification was conducted in a 10 µL volume containing
2 × Master Mix 2.5 µL, 100 µM primer 0.03 µL, 100 µM Primer Common 0.04 µL, genomic
DNA 2 µL, and ddH2O supplement 5.43 µL. The PCR conditions were as follows: an initial
step at 94 ◦C (one cycle for 10 min), 10 cycles for 20 s at 94 ◦C, 61 s at 45 ◦C for each primer
pair, and 20 cycles for 20 s at 94 ◦C, 20 s at 55 ◦C.

Table 5. Primer information.

Gene Position Primer Sequence

GFPT2 25060895 F1: GAAGGTCGGAGTCAACGGATTTCACATGGTCTCTCCTCCCAC
F2: GAAGGTGACCAAGTTCATGCTTCACATGGTCTCTCCTCCCAA
R: CCTTCATGGGGATTCACTGC

GFPT2 25062599 F1: GAAGGTCGGAGTCAACGGATTGGCTCGGCCTCCTGCTA
F2: GAAGGTGACCAAGTTCATGCTGGCTCGGCCTCCTGCTC
R: GCTGAGGCTCCGGGCTAT

NOTCH1 9133371 F1: GAAGGTCGGAGTCAACGGATTGATTGTCCTGCTGTTCAAACAC
F2: GAAGGTGACCAAGTTCATGCTGATTGTCCTGCTGTTCAAACAT
R: GCACTGCCCCCTCGC

TOP1MT 38323301 F1: GAAGGTCGGAGTCAACGGATTGGCGAAGACTTTGAGTTCTAAACA
F2: GAAGGTGACCAAGTTCATGCTGCGAAGACTTTGAGTTCTAAACG
R: ATAAACTCCAGTGAGGCACGAG

GPIHBP1 38365122 F1: GAAGGTCGGAGTCAACGGATTGCCGCAGGACAGGACAT
F2: GAAGGTGACCAAGTTCATGCTGCCGCAGGACAGGACAC
R: TGCCTCCCGCATTCTTC

DRG2 4912631 F1: GAAGGTCGGAGTCAACGGATTGCCTCTCTACTCGGTCACCG
F2: GAAGGTGACCAAGTTCATGCTGGCCTCTCTACTCGGTCACCT
R: GCCCCTGAGGGATCTGG

DRG2 4939345 F1: GAAGGTCGGAGTCAACGGATTGGCCTGGGGAAGGCA
F2: GAAGGTGACCAAGTTCATGCTGGCCTGGGGAAGGCG
R: CTCTCCTCCTGCAGCTCTCA

FLII 5044716 F1: GAAGGTCGGAGTCAACGGATTCGTGCAGGTACCCCCAG
F2: GAAGGTGACCAAGTTCATGCTCGTGCAGGTACCCCCAC
R: GCTGGGCATGACATGAGG

FLII 5046888 F1: GAAGGTCGGAGTCAACGGATTGCGCTGCCCTAGGCC
F2: GAAGGTGACCAAGTTCATGCTGGCGCTGCCCTAGGCT
R: CTGCTTCCATGCCTGGG
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Table 5. Cont.

Gene Position Primer Sequence

MIEF2 5060681 F1: GAAGGTCGGAGTCAACGGATTCACCCGTTCCGAGGCA
F2: GAAGGTGACCAAGTTCATGCTCACCCGTTCCGAGGCC
R: CACTGGGTCACACCATTCACA

TNK1 14413548 F1: GAAGGTCGGAGTCAACGGATTACAGGGGAAGGGAGGTTTT
F2: GAAGGTGACCAAGTTCATGCTACAGGGGAAGGGAGGTTTC
R: CCAGGCCGGACCCTG

TNK1 14416183 F1: GAAGGTCGGAGTCAACGGATTTCTGCTTCTTCACCTGGGG
F2: GAAGGTGACCAAGTTCATGCTGTCTGCTTCTTCACCTGGGT
R: ACTGTGCCAGGTTCCGG

PLK1 23585377 F1: GAAGGTCGGAGTCAACGGATTGAGAGTTCCCAGGAGGCAAT
F2: GAAGGTGACCAAGTTCATGCTGAGAGTTCCCAGGAGGCAAC
R: AGTCCCTGTCCACAGGTGG

PLK1 23587802 F1: GAAGGTCGGAGTCAACGGATTCAAACTCATCCTGTGCCCG
F2: GAAGGTGACCAAGTTCATGCTCAAACTCATCCTGTGCCCC
R: CGATGTAGGTCACGGCTGC

DYRK2 3170005 F1: GAAGGTCGGAGTCAACGGATTTGGGAAGGCAAGGTAATTATATG
F2: GAAGGTGACCAAGTTCATGCTTGGGAAGGCAAGGTAATTATATC
R: GGATTACATTTGCAATTATGTATCTG

DYRK2 3171414 F1: GAAGGTCGGAGTCAACGGATTTGCATCTCCAGGAAGGTCAG
F2: GAAGGTGACCAAGTTCATGCTTGCATCTCCAGGAAGGTCAA
R: GGAGGAGTAAATATTAATTACTTGGTTT

4.10. Statistical Analysis

The chi-squared test (χ2) was used to determine whether the populations were in
Hardy–Weinberg equilibrium (HWE). One-way ANOVA was used to study the genetic
association with polymorphic SNPs by the software SPSS 23. Duncan’s method was used
to multiple comparisons. Data are expressed as the means ± SE.

5. Conclusions
This is the first reported GWAS for milk traits in Xinjiang donkeys. In the current study,

we detected 236 SNPs associated with one of four milk production traits (AY, FP, PP, and
LP). These SNPs are distributed on the 1–31 chromosomes of donkeys, and some of them
are placed within or close to potential candidate genes. The consistence of our identified
genomic regions with candidate genes provides further evidence for the importance of these
candidate genes for the variation in milk production traits. The validation of 16 SNPs using
Kompetitive Allele Specific PCR further confirmed the significant correlation of specific
variants with milk yield. Further confirmation studies including a larger population
size should be performed to validate the findings and potentially identify the causal
genetic variants.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms26072961/s1.

Author Contributions: Conceptualization, C.F. and L.L.; Data curation, C.F.; Funding acquisition,
L.L. and H.X.; Investigation, L.L.; Methodology, C.F.; Resources, L.L.; Software, L.L.; Supervision, F.F.;
Writing—original draft, C.F. and L.L.; Writing—review and editing, L.L. and H.X. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Major Special Projects of Xinjiang Uygur Autonomous Region,
grant number 2024A02005-1-2, Tianshan Talent Training Program, grant number 2022TSYCLJ0015
and Innovative projects for university students, grant number dxscx2023191.

https://www.mdpi.com/article/10.3390/ijms26072961/s1
https://www.mdpi.com/article/10.3390/ijms26072961/s1


Int. J. Mol. Sci. 2025, 26, 2961 15 of 17

Institutional Review Board Statement: All experimental procedures involving animals were ap-
proved (animal protocol number: 2023040) by the Animal Welfare and Ethics Committee of Xinjiang
Agricultural University, Urumqi, Xinjiang, China.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors would like to thank Bin Chen and Haiying He for collecting the
donkey milk samples.

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

References
1. Blasi, F.; Montesano, D.; De Angelis, M.; Maurizi, A.; Ventura, F.; Cossignani, L.; Simonetti, M.; Damiani, P. Results of stereospecific

analysis of triacylglycerol fraction from donkey, cow, ewe, goat and buffalo milk. J. Food Compos. Anal. 2008, 21, 1–7. [CrossRef]
2. Fantuz, F.; Ferraro, S.; Todini, L.; Cimarelli, L.; Fatica, A.; Marcantoni, F.; Salimei, E. Distribution of calcium, phosphorus, sulfur,

magnesium, potassium, and sodium in major fractions of donkey milk. J. Dairy Sci. 2020, 103, 8741–8749. [CrossRef] [PubMed]
3. Ma, L.; Su, D.Q.; Ji, C.F.; Ding, Y.S.; Zhang, L.; Yu, D. Study on health protection efficacy of fresh donkey’s milk. Food Sci. 2008, 29,

423–426.
4. Cimmino, F.; Catapano, A.; Villano, I.; Di Maio, G.; Petrella, L.; Traina, G.; Pizzella, A.; Tudisco, R.; Cavaliere, G. Invited review:

Human, cow, and donkey milk comparison: Focus on metabolic effects. J. Dairy Sci. 2023, 106, 3072–3085. [CrossRef] [PubMed]
5. Li, L.; Liu, X.; Guo, H. The nutritional ingredients and antioxidant activity of donkey milk and donkey milk powder. Food Sci.

Biotechnol. 2017, 27, 393–400. [CrossRef]
6. Dalajiruga, D.; Zhang, Y.C.; Narenhua, N.; Cha, G.; Wu, H.Q.; Liu, Y.B. Research status on milk replacer for donkey foal. Anim.

Husb. Feed. Sci. 2017, 38, 27–30.
7. Selionova, M.; Trukhachev, V.; Aibazov, M.; Sermyagin, A.; Belous, A.; Gladkikh, M.; Zinovieva, N. Genome-wide association

study of milk composition in Karachai goats. Animals 2024, 14, 327. [CrossRef]
8. Yao, H.; Dou, Z.; Zhao, Z.; Liang, X.; Yue, H.; Ma, W.; Su, Z.; Wang, Y.; Hao, Z.; Yan, H.; et al. Transcriptome analysis of the

Bactrian camel (Camelus bactrianus) reveals candidate genes affecting milk production traits. BMC Genom. 2023, 24, 660. [CrossRef]
9. Tara, A.; Singh, P.; Gautam, D.; Tripathi, G.; Uppal, C.; Malhotra, S.; De, S.; Singh, M.K.; Telugu, B.P.; Selokar, N.L. CRISPR-

mediated editing of β-lactoglobulin (BLG) gene in buffalo. Sci. Rep. 2024, 14, 14822. [CrossRef]
10. Du, A.; Guo, Z.; Chen, A.; Xu, L.; Sun, D.; Han, B. PC gene affects milk production traits in dairy Cattle. Genes 2024, 15, 708.

[CrossRef]
11. Liu, J.; Wang, Z.; Li, J.; Li, H.; Yang, L. Genome-wide identification of Diacylglycerol Acyltransferases (DGAT) family genes

influencing milk production in Buffalo. BMC Genet. 2020, 21, 26. [CrossRef]
12. Tian, H.; Luo, J.; Guo, P.; Li, C.; Zhang, X. C/EBPα promotes triacylglycerol synthesis via regulating PPARG promoter activity in

goat mammary epithelial cells. J. Anim. Sci. 2023, 101, skac412. [CrossRef]
13. Balia, F.; Pazzola, M.; Dettori, M.L.; Mura, M.C.; Luridiana, S.; Carcangiu, V.; Piras, G.; Vacca, G.M. Effect of CSN1S1 gene

polymorphism and stage of lactation on milk yield and composition of extensively reared goats. J. Dairy Res. 2013, 80, 129–137.
[CrossRef]

14. Chen, J.; Zhang, S.; Liu, S.; Dong, J.; Cao, Y.; Sun, Y. Single nucleotide polymorphisms (SNPs) and indels identified from
whole-genome re-sequencing of four Chinese donkey breeds. Anim. Biotechnol. 2023, 34, 1828–1839. [CrossRef] [PubMed]

15. Zhang, F.L.; Zhang, S.E.; Sun, Y.J.; Wang, J.J.; Shen, W. Comparative transcriptomics uncover the uniqueness of oocyte development
in the Donkey. Front. Genet. 2022, 13, 839207–839218. [CrossRef] [PubMed]

16. Wang, X.; Wang, T.; Liang, H.; Wang, L.; Akhtar, F.; Shi, X.; Ren, W.; Huang, B.; Kou, X.; Chen, Y.; et al. A novel SNP in NKX1-2
gene is associated with carcass traits in Dezhou donkey. BMC Genom. Data 2023, 24, 41. [CrossRef] [PubMed]

17. Wang, T.; Shi, X.; Liu, Z.; Ren, W.; Wang, X.; Huang, B.; Kou, X.; Liang, H.; Wang, C.; Chai, W. A novel A > G polymorphism in
the intron 1 of LCORL gene is significantly associated with hide weight and body size in Dezhou Donkey. Animals 2022, 12, 2581.
[CrossRef]

18. Chang, T.; Li, M.; An, X.; Bai, F.; Wang, F.; Yu, J.; Lei, C.; Dang, R. Association analysis of IGF2 gene polymorphisms with growth
traits of Dezhou donkey. Anim. Biotechnol. 2023, 34, 1143–1153. [CrossRef]

19. Yu, J.; Yang, G.; Li, S.; Li, M.; Ji, C.; Liu, G.; Wang, Y.; Chen, N.; Lei, C.; Dang, R. Identification of Dezhou donkey muscle
development-related genes and long non-coding RNA based on differential expression analysis. Anim. Biotechnol. 2023, 34,
2313–2323. [CrossRef]

20. He, H.Y.; Liu, L.L.; Chen, B.; Xiao, H.X.; Liu, W.J. Study on lactation performance and development of KASP marker for milk
traits in Xinjiang donkey (Equus asinus). Anim. Biotechnol. 2023, 34, 2724–2735. [CrossRef]

https://doi.org/10.1016/j.jfca.2007.06.005
https://doi.org/10.3168/jds.2020-18251
https://www.ncbi.nlm.nih.gov/pubmed/32747106
https://doi.org/10.3168/jds.2022-22465
https://www.ncbi.nlm.nih.gov/pubmed/36894420
https://doi.org/10.1007/s10068-017-0264-2
https://doi.org/10.3390/ani14020327
https://doi.org/10.1186/s12864-023-09703-9
https://doi.org/10.1038/s41598-024-65359-9
https://doi.org/10.3390/genes15060708
https://doi.org/10.1186/s12863-020-0832-y
https://doi.org/10.1093/jas/skac412
https://doi.org/10.1017/S0022029912000702
https://doi.org/10.1080/10495398.2022.2053145
https://www.ncbi.nlm.nih.gov/pubmed/35382683
https://doi.org/10.3389/fgene.2022.839207
https://www.ncbi.nlm.nih.gov/pubmed/35154289
https://doi.org/10.1186/s12863-023-01145-2
https://www.ncbi.nlm.nih.gov/pubmed/37550632
https://doi.org/10.3390/ani12192581
https://doi.org/10.1080/10495398.2021.2013860
https://doi.org/10.1080/10495398.2022.2088549
https://doi.org/10.1080/10495398.2022.2114002


Int. J. Mol. Sci. 2025, 26, 2961 16 of 17

21. Zhou, X.L. Research progress of donkey lactation physiology and milk nutritional components. Chin. Dairy Cow 2010, 6, 44–47.
22. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.; Daly,

M.J.; et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81,
559–575. [CrossRef] [PubMed]

23. Zhou, X.; Stephens, M. Efficient multivariate linear mixed model algorithms for genome-wide association studies. Nat. Methods
2014, 11, 407–409. [CrossRef]

24. Vogt, F.; Shirsekar, G.; Weigel, D. vcf2gwas-python API for comprehensive GWAS analysis using GEMMA. Bioinformatics 2021, 38,
839–840. [CrossRef]

25. Hisey, E.A.; Hermans, H.; Lounsberry, Z.T.; Avila, F.; Grahn, R.A.; Knickelbein, K.E.; Duward-Akhurst, S.A.; McCue, M.E.;
Kalbfleisch, T.; Lassaline, M.E.; et al. Whole genome sequencing identified a 16 kilobase deletion on ECA13 associated with
distichiasis in Friesian horses. BMC Genom. 2020, 21, 848–861. [CrossRef]

26. Morton, J.M.; Auldist, M.J.; Douglas, M.L.; Macmillan, K.L. Associations between milk protein concentration, milk yield, and
reproductive performance in dairy cows. J. Dairy Sci. 2016, 99, 10033–10043. [CrossRef]

27. D’alessandro, A.G.; Martemucci, G. Lactation curve and effects of milking regimen on milk yield and quality, and udder health in
martina franca jennies (Equus asinus). J. Anim. Sci. 2012, 90, 669–681. [CrossRef]

28. Yu, X.; Fang, C.; Liu, L.; Zhao, X.; Liu, W.; Cao, H.; Lv, S. Transcriptome study underling difference of milk yield during peak
lactation of Kazakh horse. J. Equine Vet. Sci. 2021, 102, 103424. [CrossRef]

29. Liu, T. MicroRNA-26a Inhibits Cell Proliferation, Invasion and Enhances Docetaxel Sensitivity by Targeting FAM98A in Breast
Cancer. Master’s Thesis, Anhui Medical University, Hefei, China, 2021.

30. Liu, Y.; Du, H.; Wang, S.; Lv, Y.; Deng, H.; Chang, K.; Zhou, P.; Hu, C. Grass carp (Ctenopharyngodon idella) TNK1 modulates
JAK-STAT signaling through phosphorylating STAT1. Dev. Comp. Immunol. 2021, 116, 103951–103963. [CrossRef]

31. Bionaz, M.; Loor, J.J. Gene networks driving bovine mammary protein synthesis during the lactation cycle. Bioinform. Biol. Insights
2011, 5, 83–98. [CrossRef]

32. Tian, Q.; Wang, H.R.; Wang, M.Z.; Wang, C.; Liu, S.M. Lactogenic hormones regulate mammary proteinsynthesis in bovine
mammary epithelial cells via the mTOR and JAK-STAT signal pathways. Anim. Prod. Sci. 2016, 56, 1803–1809.

33. Fong, L.G.; Young, S.G.; Beigneux, A.P.; Bensadoun, A.; Oberer, M.; Jiang, H.; Ploug, M. GPIHBP1 and plasma triglyceride
metabolism. Trends Endocrinol. Metab. 2016, 27, 455–469. [CrossRef] [PubMed]

34. Jiang, L.; Liu, J.; Sun, D.; Ma, P.; Ding, X.; Yu, Y.; Zhang, Q. Genome wide association studies for milk production traits in Chinese
Holstein population. PLoS ONE 2010, 5, e13661. [CrossRef]

35. Dong, W.; Yang, J.; Zhang, Q.; Jiang, L. Role of GPIHBP1 in regulating milk protein traits in dairy cattle. Anim. Biotechnol. 2020,
31, 81–85. [CrossRef] [PubMed]

36. Guo, H.Y.; Pang, K.; Zhang, X.Y.; Zhao, L.; Chen, S.W.; Dong, M.L.; Ren, F.Z. Composition, physiochemical properties, nitrogen
fraction distribution, and amino acid profile of donkey milk. J. Dairy Sci. 2007, 90, 1635–1643. [CrossRef]

37. Chiavari, C.; Coloretti, F.; Nanni, M.; Sorrentino, E.; Grazia, L. Use of donkey’s milk for a fermented beverage with lactobacilli. Le
Lait 2005, 85, 481–490. [CrossRef]

38. Salimei, E.; Fantuz, F.; Coppola, R.; Chiofalo, B.; Polidori, P.; Varisco, G. Composition and characteristics of ass’s milk. Anim. Res.
2004, 53, 67–78. [CrossRef]

39. Haiman, C.A.; Han, Y.; Feng, Y.; Xia, L.; Hsu, C.; Sheng, X.; Pooler, L.C.; Patel, Y.; Kolonel, L.N.; Carter, E.; et al. Genome-wide
testing of putative functional exonic variants in relationship with breast and prostate cancer risk in a multiethnic population.
PLoS Genet. 2013, 9, e1003419. [CrossRef]

40. Montaudon, E.; Nikitorowicz-Buniak, J.; Sourd, L.; Morisset, L.; EL Botty, R.; Huguet, L.; Dahmani, A.; Painsec, P.; Nemati, F.;
Vacher, S.; et al. PLK1 inhibition exhibits strong anti-tumoral activity in CCND1-driven breast cancer metastases with acquired
palbociclib resistance. Nat. Commun. 2020, 11, 4053–4069. [CrossRef]

41. Zhao, X.; Xie, T.; Dai, T.; Zhao, W.; Li, J.; Xu, R.; Jiang, C.; Li, P.; Deng, J.; Su, X.; et al. CHP2 promotes cell proliferation in breast
cancer via suppression of FOXO3a. Mol. Cancer Res. 2018, 16, 1512–1522. [CrossRef]

42. Li, T.-F.; Zeng, H.-J.; Shan, Z.; Ye, R.-Y.; Cheang, T.-Y.; Zhang, Y.-J.; Lu, S.-H.; Zhang, Q.; Shao, N.; Lin, Y. Overexpression of kinesin
superfamily members as prognostic biomarkers of breast cancer. Cancer Cell Int. 2020, 20, 123–139. [CrossRef] [PubMed]

43. Xue, W.; Li, X.; Li, W.; Wang, Y.; Jiang, C.; Zhou, L.; Gao, J.; Yu, Y.; Shen, Y.; Xu, Q. Intracellular CYTL1, a novel tumor suppressor,
stabilizes NDUFV1 to inhibit metabolic reprogramming in breast cancer. Signal Transduct. Target. Ther. 2022, 7, 35–47. [CrossRef]
[PubMed]

44. Vishnubalaji, R.; Alajez, N.M. Epigenetic regulation of triple negative breast cancer (TNBC) by TGF-β signaling. Sci. Rep. 2021, 11,
15410–15423. [CrossRef]

45. Zeng, Z.; Xu, S.; Wang, F.; Peng, X.; Zhang, W.; Zhan, Y.; Ding, Y.; Liu, Z.; Liang, L. HAO1-mediated oxalate metabolism promotes
lung pre-metastatic niche formation by inducing neutrophil extracellular traps. Oncogene 2022, 41, 3719–3731. [CrossRef]

https://doi.org/10.1086/519795
https://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1038/nmeth.2848
https://doi.org/10.1093/bioinformatics/btab710
https://doi.org/10.1186/s12864-020-07265-8
https://doi.org/10.3168/jds.2016-11275
https://doi.org/10.2527/jas.2011-4283
https://doi.org/10.1016/j.jevs.2021.103424
https://doi.org/10.1016/j.dci.2020.103951
https://doi.org/10.4137/BBI.S7003
https://doi.org/10.1016/j.tem.2016.04.013
https://www.ncbi.nlm.nih.gov/pubmed/27185325
https://doi.org/10.1371/journal.pone.0013661
https://doi.org/10.1080/10495398.2018.1536064
https://www.ncbi.nlm.nih.gov/pubmed/30570382
https://doi.org/10.3168/jds.2006-600
https://doi.org/10.1051/lait:2005031
https://doi.org/10.1051/animres:2003049
https://doi.org/10.1371/journal.pgen.1003419
https://doi.org/10.1038/s41467-020-17697-1
https://doi.org/10.1158/1541-7786.MCR-18-0157
https://doi.org/10.1186/s12935-020-01191-1
https://www.ncbi.nlm.nih.gov/pubmed/32322170
https://doi.org/10.1038/s41392-021-00856-1
https://www.ncbi.nlm.nih.gov/pubmed/35115484
https://doi.org/10.1038/s41598-021-94514-9
https://doi.org/10.1038/s41388-022-02248-3


Int. J. Mol. Sci. 2025, 26, 2961 17 of 17

46. Chen, H.; Zhou, L.; Li, J.; Hu, K. ALKBH family members as novel biomarkers and prognostic factors in human breast cancer.
Aging 2022, 14, 6579–6593. [CrossRef]

47. Mimoto, R.; Taira, N.; Takahashi, H.; Yamaguchi, T.; Okabe, M.; Uchida, K.; Miki, Y.; Yoshida, K. DYRK2 controls the epithelial-
mesenchymal transition in breast cancer by degrading Snail. Cancer Lett. 2013, 339, 214–225. [CrossRef]

48. Xie, Q.; Xiao, Y.-S.; Jia, S.-C.; Zheng, J.-X.; Du, Z.-C.; Chen, Y.-C.; Chen, M.-T.; Liang, Y.-K.; Lin, H.-Y.; Zeng, D. FABP7 is a potential
biomarker to predict response to neoadjuvant chemotherapy for breast cancer. Cancer Cell Int. 2020, 20, 562–576. [CrossRef]
[PubMed]

49. Do, D.N.; Schenkel, F.S.; Miglior, F.; Zhao, X.; Ibeagha-Awemu, E.M. Genome wide association study identifies novel potential
candidate genes for bovine milk cholesterol content. Sci. Rep. 2018, 8, 13239–13255. [CrossRef]

50. Xu, Q.; Wang, Y.; Zhu, J.; Zhao, Y.; Lin, Y. Molecular characterization of GTP binding protein overexpressed in skeletal muscle
(GEM) and its role in promoting adipogenesis in goat intramuscular preadipocytes. Anim. Biotechnol. 2020, 31, 17–24. [CrossRef]

51. Yu, J.; Ka, S.O.; Kwon, K.B.; Lee, S.M.; Park, J.W.; Park, B.H. Overexpression of the small GTPase Arl4D suppresses adipogenesis.
Int. J. Mol. Med. 2011, 28, 793–798. [CrossRef]

52. Park, B.S.; Im, H.L.; Yoon, N.A.; Tu, T.H.; Park, J.W.; Kim, J.G.; Lee, B.J. Developmentally regulated GTP-binding protein-2
regulates adipocyte differentiation. Biochem. Biophys. Res. Commun. 2021, 578, 1–6. [CrossRef] [PubMed]

53. Yu, R.; Liu, T.; Jin, S.-B.; Ning, C.; Lendahl, U.; Nistér, M.; Zhao, J. MIEF1/2 function as adaptors to recruit Drp1 to mitochondria
and regulate the association of Drp1 with Mff. Sci. Rep. 2017, 7, 880–896. [CrossRef] [PubMed]

54. Zhao, S.; Cheng, L.; Shi, Y.; Li, J.; Yun, Q.; Yang, H. MIEF2 reprograms lipid metabolism to drive progression of ovarian cancer
through ROS/AKT/mTOR signaling pathway. Cell Death Dis. 2021, 12, 18. [CrossRef] [PubMed]

55. Jordan, E.; Peterson, L.; Ai, T.; Asatryan, B.; Bronicki, L.; Brown, E.; Celeghin, R.; Edwards, M.; Fan, J.; Ingles, J.; et al. Evidence-
Based Assessment of Genes in Dilated Cardiomyopathy. Circulation 2021, 144, 7–19. [CrossRef]

56. Mazzarotto, F.; Tayal, U.; Buchan, R.J.; Midwinter, W.; Wilk, A.; Whiffin, N.; Govind, R.; Mazaika, E.; de Marvao, A.; Dawes,
T.J.; et al. Reevaluating the genetic contribution of monogenic dilated cardiomyopathy. Circulation 2020, 141, 387–398. [CrossRef]

57. Cigliola, V.; Populaire, C.; Pierri, C.L.; Deutsch, S.; Haefliger, J.-A.; Fadista, J.; Lyssenko, V.; Groop, L.; Rueedi, R.; Thorel, F.; et al.
A variant of GJD2, encoding for connexin 36, alters the function of insulin producing β-cells. PLoS ONE 2016, 11, e0150880.
[CrossRef]

58. Li, J.; Liu, J.; Liu, S.; Campanile, G.; Salzano, A.; Gasparrini, B.; Plastow, G.; Zhang, C.; Wang, Z.; Liang, A.; et al. Genome-wide
association study for buffalo mammary gland morphology. J. Dairy Res. 2020, 87, 27–31. [CrossRef]

59. Mcgrath, J.A.; Ohyama, M.; Simpson, M.A. PADI3, hair disorders and genomic investigation. Br. J. Dermatol. 2019, 181, 1115–1116.
[CrossRef]

60. Yoshida, S.; Yoshida, K. Multiple functions of DYRK2 in cancer and tissue development. FEBS Lett. 2019, 593, 2953–2965.
[CrossRef]

61. Zhou, J.; Liu, L.; Chen, C.J.; Zhang, M.; Lu, X.; Zhang, Z.; Huang, X.; Shi, Y. Genome-wide association study of milk and
reproductive traits in dual-purpose Xinjiang Brown cattle. BMC Genom. 2019, 20, 827–838. [CrossRef]

62. Mao, C.; Ju, X.; Cheng, H.; Huang, X.; Jiang, F.; Yao, Y.; Lan, X.; Song, E. Determination of genetic variation within the DYRK2
gene and its associations with milk traits in cattle. Arch. Anim. Breed. 2020, 63, 315–323. [CrossRef] [PubMed]

63. Kwong, S.C.; Jamil, A.H.A.; Rhodes, A.; Taib, N.A.; Chung, I. Metabolic role of fatty acid binding protein 7 in mediating
triple-negative breast cancer cell death via PPAR-α signaling. J. Lipid Res. 2019, 60, 1807–1817. [CrossRef] [PubMed]

64. Wang, C.; Li, H.; Guo, Y.; Huang, J.; Sun, Y.; Min, J.; Wang, J.; Fang, X.; Zhao, Z.; Wang, S.; et al. Donkey genomes provide new
insights into domestication and selection for coat color. Nat. Commun. 2020, 11, 6014–6029. [CrossRef] [PubMed]

65. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

66. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.; Daly,
M.; et al. The genome analysis toolkit: A mapreduce framework for analyzing next-generation DNA sequencing data. Genome
Res. 2010, 20, 1297–1303. [CrossRef]

67. VanRanden, P.M. Efficient methods to compute genomic predictions. J. Dairy Sci. 2008, 91, 4414–4423.

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/10.18632/aging.204231
https://doi.org/10.1016/j.canlet.2013.06.005
https://doi.org/10.1186/s12935-020-01656-3
https://www.ncbi.nlm.nih.gov/pubmed/33292226
https://doi.org/10.1038/s41598-018-31427-0
https://doi.org/10.1080/10495398.2018.1523796
https://doi.org/10.3892/ijmm.2011.751
https://doi.org/10.1016/j.bbrc.2021.08.081
https://www.ncbi.nlm.nih.gov/pubmed/34520979
https://doi.org/10.1038/s41598-017-00853-x
https://www.ncbi.nlm.nih.gov/pubmed/28408736
https://doi.org/10.1038/s41419-020-03336-6
https://www.ncbi.nlm.nih.gov/pubmed/33414447
https://doi.org/10.1161/CIRCULATIONAHA.120.053033
https://doi.org/10.1161/CIRCULATIONAHA.119.037661
https://doi.org/10.1371/journal.pone.0150880
https://doi.org/10.1017/S0022029919000967
https://doi.org/10.1111/bjd.18463
https://doi.org/10.1002/1873-3468.13601
https://doi.org/10.1186/s12864-019-6224-x
https://doi.org/10.5194/aab-63-315-2020
https://www.ncbi.nlm.nih.gov/pubmed/32964102
https://doi.org/10.1194/jlr.M092379
https://www.ncbi.nlm.nih.gov/pubmed/31484694
https://doi.org/10.1038/s41467-020-19813-7
https://www.ncbi.nlm.nih.gov/pubmed/33293529
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1101/gr.107524.110

	Introduction 
	Results 
	Descriptive Statistics 
	Resequencing of Xinjiang Donkey 
	Principal Component Analysis 
	GWAS Based on GEMMA and PLINK 
	Candidate Genes 
	Validation of Candidate Genes Using KASP Technology 
	Locus Information of Candidate Genes 
	Genotyping Results by KASP 
	Polymorphism Analysis 
	Correlation Analysis of Genotype and Milk Yield in Xinjiang Donkey 


	Discussion 
	Feasibility of GWAS Analysis Software 
	Candidate Genes Related to Milk Yield (AY) in Xinjiang Donkeys 
	Candidate Genes Related to Milk Composition (FP, PP, and LP) in Xinjiang Donkeys 

	Materials and Methods 
	Animals and Phenotyping 
	Blood Sample Collection and DNA Extraction 
	Monitoring of Genomic DNA 
	Library Construction 
	Variant Sites Detection 
	Variant Sites Filtering 
	Genome-Wide Association Study 
	KASP 
	Primer Design and PCR 
	Statistical Analysis 

	Conclusions 
	References

