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Abstract 

Background Milk production traits are complex traits with vital economic importance in the camel industry. How-
ever, the genetic mechanisms regulating milk production traits in camels remain poorly understood. Therefore, we 
aimed to identify candidate genes and metabolic pathways that affect milk production traits in Bactrian camels.

Methods We classified camels (fourth parity) as low- or high-yield, examined pregnant camels using B-mode ultra-
sonography, observed the microscopic changes in the mammary gland using hematoxylin and eosin (HE) staining, 
and used RNA sequencing to identify differentially expressed genes (DEGs) and pathways.

Results The average standard milk yield over the 300 days during parity was recorded as 470.18 ± 9.75 and 
978.34 ± 3.80 kg in low- and high-performance camels, respectively. Nine female Junggar Bactrian camels were 
subjected to transcriptome sequencing, and 609 and 393 DEGs were identified in the low-yield vs. high-yield (WDL vs. 
WGH) and pregnancy versus colostrum period (RSQ vs. CRQ) comparison groups, respectively. The DEGs were com-
pared with genes associated with milk production traits in the Animal Quantitative Trait Loci database and in Alashan 
Bactrian camels, and 65 and 46 overlapping candidate genes were obtained, respectively. Functional enrichment  
and protein–protein interaction network analyses of the DEGs and candidate genes were conducted. After com-
paring our results with those of other livestock studies, we identified 16 signaling pathways and 27 core candidate 
genes associated with maternal parturition, estrogen regulation, initiation of lactation, and milk production traits. The 
pathways suggest that emerged milk production involves the regulation of multiple complex metabolic and cellular 
developmental processes in camels. Finally, the RNA sequencing results were validated using quantitative real-time 
PCR; the 15 selected genes exhibited consistent expression changes.

Conclusions This study identified DEGs and metabolic pathways affecting maternal parturition and milk production 
traits. The results provides a  theoretical foundation for further research on the molecular mechanism of genes related 
to milk production traits in camels. Furthermore, these findings will help  improve breeding strategies to achieve 
the desired milk yield in camels.
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Graphical Abstract

Introduction
 Camel is a unique domesticated species with an 
important role in arid and semi-arid animal hus-
bandry and agriculture. Camels are used for service 
and the production of milk, meat, and wool. Through 
evolution, camels have developed unique abilities and 
attributes that enable their survival in extreme envi-
ronments, including cold or hot arid regions with 
poor grazing [1, 2]. They produce heavy-chain anti-
bodies, can withstand extreme hunger and thirst for 
long periods, and can consume toxic diets. According 

to the 2022 Food and Agriculture Organization of 
the United Nations database, approximately 38 mil-
lion camels exist  worldwide. Domestic dairy camels 
include the dromedary, distributed in the arid deserts 
of North and East Africa and Asia, and Bactrian cam-
els, which inhabit the semi-arid desert regions of Asia 
[3]. In recent years, the demand for camel milk and 
milk products has increased both locally and interna-
tionally [4]. With an average annual milk production 
of approximately 3.1 million tons, camels rank fifth in 
milk production worldwide  after cows, buffalo, goats, 
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and sheep [5, 6]. Numerous genetic studies have inves-
tigated genes related to milk production traits in cows 
and sheep, but few studies have assessed milk produc-
tion performance in camels.

Yield and composition are the most important eco-
nomic traits of dairy camel milk. Milk is an emulsion 
of fat and water that contains dissolved carbohy-
drates, proteins, vitamins, and minerals. Nutrients in 
the blood must be converted into milk components 
by mammary epithelial cells [7]. Camel milk, which 
contains a high percentage of mono- and polyun-
saturated fatty acids, has a healthier atherogenicity 
index than that from other animals [8] and unique 
therapeutic features [9]. Additionally, camel milk 
has a slightly higher concentration of immunity-
enhancing, antibacterial, and insulin-like factors [10, 
11]. The daily milk yield of Bactrian camels ranges 
from 1.5 - 5  kg (excluding the amount of milk con-
sumed by young camels) over a lactation period of 10 
to 12  months. This yield is considerably lower than 
that of dromedaries, which ranges from 3 - 10 kg [12], 
depending on breed, forage, lactation stage, and man-
agement conditions. Previous studies on milk traits in 
camels have mainly focused on physiological changes 
and biochemical indicators in milk and blood; few 
studies have investigated gene expression in rela-
tion to milk traits. To date, only a few studies have 
reported the association between Casein gene (CSN2 
and CSN3) polymorphisms and milk composition 
traits in camels [13–17].

Mammary gland tissue sampling is difficult, costly, and 
detrimental to animal welfare. Blood is easier to sample 
than other tissues as it requires limited animal handling. 
Moreover, blood reflects milk traits more directly and 
comprehensively than other tissue types [18]. A previous 
study of dromedary camel populations analyzed blood 
whole-genome sequencing and genotyping-by-sequenc-
ing data and identified genomic regions under positive 
selection that host genes potentially associated with 
milk content, including the phosphatidylinositol bind-
ing clathrin assembly protein (PICALM) gene [19]. Many 
studies have used blood transcriptome profiles to identify 
associations between gene expression and milk traits [18, 
20–22]. The genes involved in milk synthesis could be dif-
ferentially expressed in blood, and whole blood transcrip-
tomics can be used as a non-invasive method to identify 
genetic variants that can reveal complex physiological 
interactions among various tissues during lactation [22]. 
A recent study performed a weighted correlation net-
work analysis of the transcriptome profiles of lactating 
Alashan Bactrian camels under a supplemented graz-
ing regime. Seven modules of approximately 1185 genes 

related to milk production were identified [23]. However, 
none of these genes have been verified.

Camels are typical seasonal breeders that inhabit low-
productivity ecosystems. The gestation period of Bac-
trian camels is up to 400 days, and all camels give birth 
to a single calf. Camels usually reach sexual maturity at 
approximately 4 or 5 years of age [24]. Owing to the phys-
iological characteristics and unique geographical distri-
bution of Bactrian camels, the Bactrian camel breeding 
industry continues to employ the traditional pastoral sys-
tem, with relatively primitive feeding methods and tech-
nologies and a lack of breeding information. To improve 
this situation, novel selection and breeding techniques 
are necessary. RNA sequencing (RNA-seq) has been 
widely used to identify notable functional genes associ-
ated with economically important production traits in 
animals. High-throughput sequencing can be used to 
identify novel genes that may serve as important markers 
for selecting camels with optimal milk production traits.

 This study aimed to identify genes related to lacta-
tion initiation and Bactrian camel milk production 
traits. Early pregnancy was detected using ultrasound, 
and blood was collected during gestation and the colos-
trum period for transcriptome sequencing. Low- and 
high-yield camels were subjected to whole-blood tran-
scriptome sequencing, and gene expression profiles 
were compared between low- and high-yield camels and 
between pregnant camels and camels in the colostrum 
period.

Materials and methods
Camels and sampling sites
First, transcriptome sequencing was performed on a pop-
ulation comprising six unrelated domestic healthy Jun-
ggar Bactrian camels (Supplementary Fig.  1), including 
three low-yield (WDL, n = 3) and three high-yield camels 
(WGH, n = 3). The free-ranging camels were maintained 
under the same traditional grazing conditions in Fuhai 
County (88°24′11″ E, 47°9′8″ N), Altay Prefecture, Xinji-
ang Uygur Autonomous Region, Northwest China. These 
camels were 10 years old (fourth parity), with brown fluff 
and a weight range of 498–510  kg. They were selected 
based on milk production, as follows: high yielders, aver-
age milk yield approximately 3 kg/day/camel; low yielders, 
average milk yield approximately 1.5 kg/day/camel. Blood 
samples were collected via jugular vein puncture at peak 
lactation. In the second part of the study, three addi-
tional female camels were intensively reared for preg-
nancy (RSQ) and colostrum (CRQ) analysis at the Camel 
Dairy Farm in Jeminay County (86°12′9″ E, 47°40′34″ 
N). Blood samples were collected during gestation and 
the colostrum period (Supplementary Fig. 2). In addition, 
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samples for microscopic observation of mammary tissue 
of pregnant and colostrum female camels were collected 
at local slaughterhouses (Supplementary Fig. 3). Geneti-
cally verified camels were obtained from Qibal Town in 
Habahe County (86°20′56″ E, 48°3′4″ N). All animal 
experiments were carried out according to the ethical 
guidelines of the Institution Review Board of Xinjiang 
University and were approved by the Ethics Committee of 
Xinjiang University (approval no.: XJU2019012). Samples 
were collected under license from the Guideline for Care 
and Use of Laboratory Animals of China. The milk yield 
and composition data are shown as the mean ± standard 
deviation (SD), and differences were determined via Stu-
dent’s t-test using SPSS (version 26.0).

Experimental design and sample collection
The low- and high-yield dairy camels included in this 
study were selected based on lactation data recorded 
during the 300-day milk production period in a single 
year (2020–2021). We evaluated the reproductive tracts 
of the camels, using transrectal ultrasonography with a 
6.5  MHz rectal linear probe (GANDAOFU,GDF-C60) 
[25]. Transabdominal ultrasonographic detection and 
pregnancy evaluation were performed using a 5.0  MHz 
convex array probe. Pregnancy examination was con-
ducted using a previously reported rectal ultrasound scan 
procedure designed for imaging the equine and camel 
gestational sac [26, 27]. Colostrum is produced by partu-
rient female camels in the first 7  days after birth. Mor-
phological observation of mammary tissue collected 
during pregnancy and the colostrum period was con-
ducted using hematoxylin and eosin  (HE) staining. All 
detailed manipulations were based on previous studies of 
cow and mouse mammary glands [28, 29]. Whole blood 
was collected into PAXgene Blood RNA Tubes (Qiagen) 
through venipuncture of the neck vein. The blood was 
immediately mixed by gently inverting the tube 10 times. 
These blood collection tubes contain special reagents to 
quickly protect the RNA in the cells. The tubes were left 
at room temperature on a bench overnight and subse-
quently stored on dry ice for shipping until use. All ani-
mal procedures were conducted in strict accordance with 
the Animal Ethics Guidelines and regulations of the Peo-
ple’s Republic of China.

RNA isolation, library preparation, and sequencing
Total RNA was extracted using TRIzol reagent (Invit-
rogen, USA), according to the manufacturer’s protocol. 
RNA integrity was assessed using the RNA Nano 6000 
Assay Kit with the Bioanalyzer 2100 system (Agilent 
Technologies, USA) and 1.0% agarose gel electrophore-
sis. Novogene Co. Ltd. (Tianjin, China) performed cDNA 
library preparation and RNA-seq, generating 150  bp 

paired-end reads on the Illumina HiSeq 6000 platform 
[30]. Clean reads were obtained from raw data by remov-
ing low-quality reads and reads containing adapters or 
poly-N. The Q20, Q30, and GC contents of the clean data 
were then calculated. All downstream analyses were per-
formed using clean, high-quality data. The index of the 
Camelus bactrianus reference genome was built using 
Hisat2 (version 2.0.5), and paired-end clean reads were 
aligned to the reference genome using Hisat. Feature 
Counts (version 1.5.0-p3) was used to count the reads 
mapped to each gene [30]. Gene expression values were 
calculated as fragments per kilobase of transcript per 
million mapped reads (FPKM).

Differentially Expressed Gene (DEG) analysis
DEGs were identified between different comparison 
groups (WDL vs WGH, RSQ vs CRQ) using the DESeq2 
package in R (version 4.2.1) based on negative binomial 
distribution. Considering previous studies [31, 32] and 
our specific experimental situation, adjusted P-values 
(P-adjust) < 0.05 and |log2FoldChange|> 0 were estab-
lished as the thresholds for significance. Adjusted P-val-
ues were calculated using the Benjamini–Hochberg 
method.

Comparative analysis of DEGs and the animal Quantitative 
Trait Loci (QTL) database
To limit the scope of the screening process and improve  
analysis accuracy,  DEGs were compared with genes 
associated with the milk production traits (300-day milk 
yield, milk fat percentage, milk protein percentage, and 
milk protein content) of cattle, sheep, and goats in the 
Animal QTL database (https:// www. anima lgeno me. org/ 
cgi- bin/ QTLdb). Additionally, a preprint study reported 
1185 unvalidated candidate genes associated with the 
milk production traits of Alashan Bactrian camels [23], 
and we compared the DEGs identified in our study with 
these candidate genes.

Functional enrichment analysis
To identify functions and pathways associated with the 
DEGs, Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analy-
ses [33–35] were performed using the NovoMagic Cloud 
Platform (https:// magic. novog ene. com/ custo mer/ main#/ 
login New). A cut-off of P < 0.05 was used to screen signif-
icant functions and pathways. We further screened core 
pathways and candidate genes by consulting the pub-
lished literature.

Protein–protein interaction network analysis
Gene regulatory networks elucidate how animal mam-
mary glands are regulated during pregnancy and 

https://www.animalgenome.org/cgi-bin/QTLdb
https://www.animalgenome.org/cgi-bin/QTLdb
https://magic.novogene.com/customer/main#/loginNew
https://magic.novogene.com/customer/main#/loginNew
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lactation [36]. Therefore, we mapped the identified 
DEGs into the Search Tool for the Retrieval of Interact-
ing Genes (STRING) database (http:// string- db. org/) 
[37]. Protein–protein interaction (PPI) networks were 
established using the Cytoscape software (version 4.8.0). 
Hub genes were identified using the Cytoscape plugins 
CytoNCA and CytoHubba [38].

Quantitative real‑time PCR analysis
The Prime Script RT Reagent Kit (Takara Biotechnology 
Co., Ltd.) was used to produce cDNA from the qualified 
RNA. The obtained cDNA was analyzed immediately or 
stored at -20 ℃. Camel beta-actin (β-actin) (NCBI Acces-
sion No. XM_010965866.2) was used as the internal ref-
erence gene [39]. Ten genes were selected from the DEGs 
between the low-yield and high-yield groups, and five 
genes were selected from the DEGs between the gesta-
tion and colostrum period groups. PCR was performed 
using the following cycling conditions: 95  °C for 5  min; 
40 cycles of 95  °C for 10 s and 60  °C for 30 s; 95  °C for 
15 s, 60 °C for 60 s, and 95 °C for 15 s. Specific primers 
were designed using the Primer-BLAST online web-
site (Table  1, Supplementary Fig.  5). Expression levels 
were defined according to the threshold cycle, and the 
fold change in gene expression was calculated using the 
 2−△△ct method [40]. Three biological replicates were 
established for each sample.

Results
Identification of milk production traits
A summary of the statistics describing 300-day milk yield, 
fat percentage, and protein percentage is shown in Table 2 
and Supplementary Table  1. A notable difference was 
observed between high-yield (978.34 ± 3.80 kg/300 days) 
and low-yield camels (470.18 ± 9.75  kg/300  days) 
(P < 0.001) maintained under the same feeding and milk-
ing conditions. The fat and protein percentages of high-
yield camel milk were significantly lower than those of 
low-yield camel milk (P < 0.05). The milk production 
traits of lactating Bactrian camels with similar biologi-
cal backgrounds differed significantly between groups, 
whereas consistency was observed within groups.

The initial ultrasound of the embryonic vesicle in 
the uterine corpus revealed an all-black round or oval 
shape in the body of the uterus (Fig. 1A). As the intra-
uterine gestational sac developed, its shape changed 
from round or oval to an irregular triangle (Fig.  1B). 
This was caused by hyperplasia of the uterine wall at 
the back of the gestational body, which compressed the 
gestational sac into a triangular shape that was faintly 
visible and gradually became more prominent. This 
gestational image was consistent with the ultrasound 

images of horses [39] and donkeys [41] at 21  days of 
gestation, in which the embryo is initially visible at the 
base of the vesicle. At approximately 90 days of gesta-
tion, the gestational sac developed, enlarged, and sank 
into the abdominal cavity below the anterior border 
of the pelvic cavity (Fig.  1C). A visible difference was 
observed between the amniotic fluid surrounding the 
fetus and the larger volume of external urinary bladder 
fluid. Between 90 and 100  days, the conceptus could 
be easily identified using transabdominal ultrasonog-
raphy (Fig.  1D). Ultrasonography provides an accu-
rate visualization of early pregnancy in camels and 
can be used in commercial breeding. Regarding the 

Table 1 Primer information for real-time quantitative PCR (F 
forward, R reverse)

Gene Primer sequence (5’ → 3’) Annealing 
temperature 
(°C)

Product 
length 
(bp)

β-actin F: CAG ATC ATG TTC GAG ACC TTC 55 275

R: ATG TCA CGC ACG ATT TCC 

ABCA1 F: CTC TCC TGT AGG AAG CAA CCAG 56 129

R: CCT TTG CCA TCC ATC CCA CT

SLC8A1 F: CGA TGA CTC TCC TTT TCT CC 54 168

R: CTC CCA AGT TTC TTC TTG GA

LTF F: GAG AGA TAC TAT GGC TAC ACTG 55 115

R: GCT CAG TGT TCT TTC CAT CAG 

IGF2 F: GGA TCC CGA TGG AGA AGT 55 160

R: GGA AGT CTG AAG TAG AAG CC

NCKAP5 F: CTG CTC ACT CAA AAG GAT CT 55 169

R: GTG AGT GAA GTT TCT GGG TA

PGLYRP1 F: TTA GGC ACA GAA AGG TGA AG 56 180

R: GCT CGT TTC ACA GTT GAG TA

NR4A1 F: TAC GCT TAT TTC TGG GTG AG 54 155

R: AAC CTC CTT CTT CTC TTC CT

SPP1 F: ACC AAG GAA GAA TCA TCA CC 55 132

R: CCG GGT ATT TGT TGT TAA GC

ARL4A F: AGT TGC TCT CAC CAA TAA GG 55 177

R: GTT CAC TCT GCT TAG CTC TT

KHDRBS3 F: AGT GAA GAG GCT TAC GAT TC 54 123

R: GTA CAA TCA GTA TCT GCC GT

PARM1 F: AAC TCC GGG CTT TAT GGA ACA 58 101

R: GGA AGA GAA ACA GGT GAG AGG 

HSPA12A F: GGA AAC GGA TAC TGA GCT AC 55 81

R: TTA GAA ATC AGG GTT TGG CA

SRC F: CCA GAT TGT CAA CAA CAC GAG 57 70

R: TCT TTG CAG CCA TCT GAA TGT 

BAG2 F: ACT AGT TCT TTC TGT TAG GCG 56 75

R: ACA CTG GAA TAT TTT CCT CGC 

NLRP9 F: TAA ACT CCA GAA GTT CGT GT 55 192

R: CCC AGC ATC AGC TTT TCT AT

http://string-db.org/
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colostrum period, there is a consensus that this stage 
occurs within 7  days of birth in domestic animals. 
Microscopic images of breast tissue at approximately 
60 days of gestation revealed that the mammary duct 
system and vesicles  grew and developed rapidly dur-
ing pregnancy (Fig.  2A). These observations are gen-
erally comparable to those associated with cows [42]. 
During pregnancy, mammary epithelial cells prolifer-
ate and differentiate. The amount of fat and connec-
tive tissue increases, as does the number of capillaries. 

In this study, the mammary gland of the female camel 
became fully developed during the colostrum period, 
with several mammary vesicles and little intervesicular 
connective tissue (Fig. 2B).

Overview of  sequenced RNA
Supplementary Table  2 summarizes the quality of 
sequencing data collected from the two groups. The 
number of clean reads for each sample ranged from 
40.50 - 51.64 million after the raw data were filtered. The 

Table 2 Milk yield and components for different milk-producing groups

Group Milk trait

300‑day milk yield(kg) Fats(g/100 g) Protein(g/100 g)

Mean (± SD) P‑value Mean (± SD) P‑value Mean (± SD) P‑value

High milk yield (WGH1 ~ WGH3) 978.34 ± 3.80 P < 0.001 5.25 ± 0.04 P < 0.05 4.06 ± 0.01 P < 0.05

Low milk yield (WDL1 ~ WDL3) 470.18 ± 9.75 5.33 ± 0.01 4.11 ± 0.01

Fig. 1 Ultrasound images of gestational sacs in Bactrian camel. A Transrectal ultrasonographic image of camel pregnancy 17 days after ovulation 
(6.5 MHz); B B-ultrasound imaging of camels at ~ 21 days of gestation (6.5 MHz); C B-ultrasound imaging of camels at ~ 90 days of gestation 
(6.5 MHz); D Transabdominal ultrasonographic images of camels at ~ 150 days of gestation (5.0 MHz)



Page 7 of 19Yao et al. BMC Genomics          (2023) 24:660  

percentage of mapped reads was above 88.23%, and the 
percentage of reads mapped to multiple positions on 
the reference genome was less than 2.5%. Q20 exceeded 
97.76%, and Q30 exceeded 94.03%. The sequencing qual-
ity was high, and valid sequences were further analyzed . 
All sequencing results were uploaded and deposited in 
the NCBI Sequence Read Archive database under acces-
sion numbers PRJNA892805 and PRJNA892714.

Analysis of DEGs
Principal component analysis (PCA) confirmed that 
intra-group camel samples exhibited a certain correla-
tion (Supplementary Fig.  4). The FPKM values of the 
RNA library samples were clustered using the main-
stream hierarchical clustering method, and row data 
were converted into Z-scores. As shown in the cluster-
ing heatmaps (Fig. 3A and B), prominent differences were 
observed in the expression patterns of DEGs between the 
two groups. A total of 609 and 393 DEGs were identi-
fied in the low-yield vs. high-yield (WDL vs. WGH) and 
pregnancy vs. colostrum period (RSQ vs. CRQ) groups, 
respectively (Fig.  3C and D, Supplementary Tables  3 
and 4). Four common DEGs were significantly upregu-
lated, and 12 common DEGs were significantly down-
regulated (Fig.  3E). Eight genes exhibited inconsistent 
differential expression trends. Among the 24 genes, lac-
totransferrin (LTF), nuclear receptor subfamily 4 group 
A member 1 (NR4A1), and polymeric immunoglobulin 
receptor (PIGR) have been associated with milk produc-
tion traits in domestic animals. Eight DEGs were identi-
fied between low-yield and high-yield camels, as shown 
in Fig.  3F. Three of these DEGs were expressed in the 

low-yield group but not in the high-yield group; the other 
five DEGs exhibited the opposite trend (Supplementary 
Table  5). In the pregnancy and colostrum groups, 11 
stage-specific genes were identified (Fig.  3G). Among 
them, four were expressed in the gestation group alone, 
and seven were expressed  in the colostrum group alone. 
Most of these genes were protein-coding genes that may 
regulate certain biological functions.

Comparative analysis of DEGs and Animal QTL database 
genes
The DEGs of low-yield and high-yield Bactrian camels 
were compared with genes in the Animal QTL data-
base, and 42 overlapping genes associated with milk 
production traits in domestic animals were identified 
(Fig. 4A). Of these genes, expression levels of 12 genes 
were upregulated and those of 30 genes were down-
regulated (Supplementary Table  6). These included 
insulin-like growth factor 2 (IGF2), LTF, NR4A1, and 
solute carrier family 8 member A1 (SLC8A1), which 
are closely associated with milk production traits in 
cattle, goats, and sheep. Furthermore, the DEGs of 
pregnant and colostrum Bactrian camels were com-
pared with genes in the Animal QTL database, and 
15 overlapping genes associated with milk production 
traits in domestic animals were identified (Fig.  4B). 
Among them, expression levels of six genes were 
upregulated, and those of nine genes were downregu-
lated (Supplementary Table  6). These included LTF 
and NR4A1, which are closely associated with milk 
production traits in cattle, goats, and sheep. The DEGs 
were also compared with candidate genes associated 

Fig. 2 Microstructure of the mammary gland of the Bactrian camel. A Microstructure of pregnant mammary gland in camels (400 ×). B 
Microstructure of mammary gland in colostrum camels (400 ×)
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with Alashan Bactrian camel milk traits [23], and 
17 (WDL vs. WGH) and 21 (RSQ vs. CRQ) overlap-
ping genes were identified (Table  3, Supplementary 

Table  7). All overlapping genes were considered can-
didate genes and are available for downstream enrich-
ment analysis. These findings confirm previous results 

A

C

F G

D E

B

Fig. 3 Differentially expressed genes (DEGs) between low-yield and high-yield, gestating and primiparous camels. A Heatmap of DEGs in  low-yield 
vs. high-yield lactating camels (WDL vs. WGH); B Heatmap of DEGs in the pregnant and colostrum female camels (RSQ vs. CRQ); C Volcano plot 
of DEGs (WDL vs. WGH); D Volcano plot of DEGs (RSQ vs. CRQ); E Venn diagram of the comparison of DEGs in the four groups of samples; F Analysis 
of specific DEGs (WDL vs. WGH); G Analysis of specific DEGs (RSQ vs. CRQ)
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Fig. 4 Common genes between DEGs and animal QTL database milk traits genes. A Upset plot of milk trait and camel DEGs (WDL vs. WGH) 
common genes in  the animal QTL database; B Upset plot of milk trait and camel DEGs (RSQ vs. CRQ) common genes in the animal QTL database

Table 3 Comparative analysis of differentially expressed genes and related genes to milk production traits in Alashan Bactrian Camel

The upward arrow indicates that the genes are up-regulated; and the downward arrow, down-regulated

Group Number of common genes List of common genes Reference

WDL vs WGH 17 ↑TMEM119, ↓LOC105082373, ↓LOC105079701, ↑EGFL7, ↑ADAMDEC1, 
↑CERCAM, ↑TDO2, ↑LOC105080024, ↓LOC105066866, ↑SBSN, ↑EHD2, 
↑LOC105083746, ↑LOC105065387, ↑GCSAM, ↓OAS1, ↓GLYATL3, 
↓LOC105083358

[23]

RSQ vs CRQ 21 ↓LBP, ↓GRIP1, ↓CACNA2D1, ↑LOC105076976, ↓GGT1, ↓KLRD1, ↓EHD2, 
↓WSCD1, ↓LOC105074728, ↓LOC105062155, ↓GGT5, ↑LOC105080024, 
↓CCDC83, ↓CPT1B, ↓LOC105080037, ↓LOC105077107, ↓DSCAML1, 
↑S100B, ↑CDHR1, ↓ARHGAP29, ↑TLX2
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and highlight associations between genes and milk 
production traits in different domestic animal species.

Functional enrichment analysis
Functional enrichment analysis was conducted for 
upregulated or downregulated genes in each  experi-
ment. Functional enrichment analysis of DEGs in high- 
and low-yielding camels is shown in Supplementary 
Table  8. The top 10 GO term entries in each GO cat-
egory were selected for display. The upregulated genes 
were primarily enriched in the GO entries related to 
lipid biosynthesis, immune-related responses, and cell-
related biological processes (Fig.  5A). The downregu-
lated genes were mainly enriched in intracellular signal 
transduction, the aminoglycan metabolic process, and 
transcription regulatory region DNA binding (Fig. 5B). 
In the KEGG pathway analysis, we showed the top 20 
enriched pathways. KEGG pathway enrichment analysis 
revealed that the upregulated genes were significantly 
enriched in phosphoinositide-3 kinase-cellular homolog 
of the v-akt oncogene, an S/T protein kinase (PI3K–
Akt), and chemical carcinogenesis (P < 0.05; Fig.  5C). 
The PI3K–Akt signaling pathway is involved in livestock 
milk yields [43, 44]. The downregulated DEGs were 
significantly enriched in 32 KEGG pathways (P < 0.05), 
including the mitogen-activated protein kinase (MAPK) 
signaling pathway, which has been previously reported 
to be associated with livestock milk yields (Fig.  5D). 
Subsequently, the DEGs were screened using multiple 
comparative analysis methods, and 65 candidate genes 
associated with milk production traits were identified 
(Supplementary Table  9). These genes were subjected 
to enrichment analysis, and 127 GO terms were yielded 
(Supplementary Table 10). The top 10 functional items 
per category were mainly associated with ubiquitination 
pathway, organic matter catabolic process, and immune 
system process (Fig.  5E). Of these, only four cellular 
component terms were enriched. The ubiquitination 
pathway plays a critical regulatory role in synthesiz-
ing milk fat [45]. The analysis also revealed five signifi-
cantly enriched signaling pathways (P < 0.05), including 
gonadotropin-releasing hormone (GnRH) secretion, 

a vital metabolic pathway associated with animal milk 
production traits. The PI3K–Akt signaling pathway, 
fat digestion and absorption pathway, MAPK signal-
ing pathway, forkhead box protein o (FoxO) signaling 
pathway, contraction of “Wingless” and “Int” (Wnt) 
signaling pathway, and mammalian target of rapamycin 
(mTOR) signaling pathway were also enriched, although 
not significantly; these pathways have been associated 
with milk production traits. Genes enriched in these 
pathways were also considered candidate genes (Fig. 5F) 
[46–50].

The DEGs between the pregnancy and colostrum 
groups were subjected to enrichment analysis (Table 
Supplementary Table 11). The upregulated genes were 
mostly enriched in the GO entries related to lipid 
transport, localization and binding, immune response, 
and regulation of the cell cycle (Fig.  5G). GO analy-
sis of downregulated genes indicated predominant 
enrichment in intracellular signal transduction, the 
multicellular organismal reproductive process, and 
ubiquitin-protein or ubiquitin-like protein transferase 
activity (Fig. 5H). Subsequently, the upregulated genes 
were predominantly enriched in the oxytocin signal-
ing pathway, GnRH signaling pathway, JAK–STAT 
signaling pathway and tight junction (Fig.  5I). The 
downregulated genes were enriched in the PI3K–Akt 
signaling pathway, Wnt signaling pathway, phospholi-
pase D signaling pathway, and Apelin signaling path-
way, among others (Fig. 5J). The functional enrichment 
results demonstrated that the DEGs have roles mainly 
in the Wnt signaling pathway, GnRH signaling path-
way, tight junction, and oxytocin signaling pathway, 
which have been shown to be closely associated with 
parturition and lactation initiation in female animals 
[51–55]. The 46 candidate genes identified in preg-
nant and colostrum period camels were enriched in 
61 GO categories and 64 signaling pathways (Supple-
mentary Tables 12 and 13). Figure 5K shows the top 20 
biological process terms, the top five molecular func-
tion terms, and the single cellular component term. 
Consistent with the GO enrichment analysis results, 
the predominant biological process terms included 

Fig. 5 Functional enrichment analysis of differentially expressed genes. A-F WDL vs. WGH: A GO enrichment analysis of upregulated genes 
in camels between the low-yield and high-yield groups; B GO enrichment analysis of downregulated genes in camels between the low-yield 
and high-yield groups; C KEGG pathway analysis of upregulated genes in camels between the low-yield and high-yield groups; D KEGG 
pathway analysis of downregulated genes in camels between the low-yield and high-yield groups; E GO enrichment analysis of 65 candidate 
genes; F Pathway enrichment analysis of 65 candidate genes. G-L RSQ vs. CRQ: G GO enrichment analysis of upregulated genes in camels 
between the pregnancy and colostrum groups; H GO enrichment analysis of downregulated genes in camels between the pregnancy 
and colostrum groups; I KEGG pathway analysis of upregulated genes in camels between the pregnancy and colostrum groups; J KEGG pathway 
analysis of downregulated genes in camels between the pregnancy and colostrum groups; K GO enrichment analysis of 46 candidate genes; L 
Pathway enrichment analysis of 46 candidate genes

(See figure on next page.)
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steroid hormones and lipid metabolism. Based on pre-
vious studies, 11 signaling pathways were screened 
from those identified via KEGG enrichment analysis 
(Fig. 5L). All terms and pathways were closely associ-
ated with maternal parturition, estrogen regulation, 
and initiation of lactation [56–60].

The KEGG enrichment analysis results showed that 
the candidate genes identified in the low-yield vs. 
high-yield and pregnancy vs. colostrum comparison 
groups were mainly involved in 7 and 11 KEGG path-
ways, respectively. Gamma-aminobutyric acid (GABA) 
B receptor 1 (GABBR1) and secreted phosphoprotein 1 
(SPP1) were related to GnRH secretion; SPP1, NR4A1, 
and IGF2 were associated with the PI3K-Akt signaling 
pathway; ATP binding cassette transporter 1 (ABCA1) 
was related to the fat digestion and absorption signal-
ing pathway; NR4A1 and IGF2 were associated with 
the MAPK signaling pathway; tumor necrosis fac-
tor superfamily member 10 (TNFSF10) was related 
to the FoxO signaling pathway; and low density lipo-
protein receptor-related protein 6 (LRP6) was asso-
ciated with the Wnt and mTOR signaling pathways 
(WDL vs WGH) (Fig. 6A). Sarcoma (SRC) was related 
to oxytocin, prolactin, GnRH, and estrogen signal-
ing pathway; NR4A1 was correlated with the  MAPK 
pathway, cortisol synthesis and secretion, and P13K-
Akt signaling pathway; calcium channel, voltage-
dependent, alpha 2/delta subunit 1 (CACNA2D1) was 
related to oxytocin and the MAPK signaling pathway; 
L0C105074728 was related to steroid hormone bio-
synthesis and ovarian steroidogenesis; integrin beta-8 
(ITGB8) was associated with the  P13K-Akt signaling 
pathway; and growth factor receptor-bound protein 

10 (GRB10) was associated with the  mTOR signaling 
pathway (RSQ vs CRQ) (Fig. 6B).

PPI network of DEGs
By integrating the protein information in the STRING 
database with the DEGs, a PPI network was established. 
Disconnected nodes were deleted, and the network with 
the most nodes was retained. Based on the PPI network, 
kinase domain-containing receptor (KDR), cytoplasmic 
FMR1 interacting protein 1 (CYFIP1), cytidinedeaminase 
(CDA), matrix metallopeptidase 8 (MMP8), SPP1, inter-
feron regulation factor 7 (IRF7), calcineurin-b like pro-
tein (CBL), and cluster of differentiation 8 alpha (CD8A) 
(Top8, Betweenness (BC) values > 1000) (Fig.  7A) were 
included in the high- and low-yield groups; plasmino-
gen activator inhibitor type 1 (SERPINE1), tissue inhibi-
tor of metalloproteinase 3 (TIMP3), SRC, tissue inhibitor 
of metalloproteinase 1 (TIMP1), synapsin I (SYN1), and 
integrin beta-5 (ITGB5) (Top6, BC values > 500) (Fig. 7B) 
were included in the pregnancy and colostrum groups. 
In addition, gene data were imported into CytoHubba, 
and key genes were identified using the degree calcula-
tion method. The top 10 genes were considered hub 
genes, and a degree of interaction was observed between 
some hub genes. Comparative analysis of the PPI net-
works for the low- and high-yield groups was conducted. 
CD8A and CBL were the common hub genes, and inter-
leukin-7 receptor subunit alpha (IL7R), interferon stimu-
lated gene 15 (ISG15), interferon induced with helicase 
C domain 1 (IFIH1), tripartite motif-containing protein 
25 (TRIM25), and eukaryotic translation initiation fac-
tor 2-alpha kinase 2 (EIF2AK2) played substantial roles 
in the network (Fig.  7A and C). Comparative analysis 

Fig. 6 Sankey plot showcasing hub gene enrichment pathways in candidate genes. The dot plot showed the gene ratio between pathways 
and the number of genes in each enriched pathway. A hub gene enrichment pathways in candidate genes of low-yield vs. high-yield groups (WDL 
vs. WGH); B hub gene enrichment pathways in candidate genes of pregnancy vs. colostrum camel groups (RSQ vs. CRQ)
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of the PPI networks for the pregnancy and colostrum 
groups was performed. SERPINE1, TIMP1, SRC, TIMP3, 
and SYN1 were the common hub genes, and protein s 
(alpha) (PROS1), complement factor d (CFD), and gua-
nine nucleotide binding protein (G protein) gamma 11 
(GNG11) played key roles in the network (Fig. 7B and D).

Validation of gene expression
We selected 10 DEGs, including ABCA1, SLC8A1, LTF, 
IGF2, nck-associated protein 5-like (NCKAP5), pepti-
doglycan recognition protein 1 (PGLYRP1), NR4A1, SPP1, 
adp-ribosylation factor-like 4a (ARL4A), and KH domain 
containing RNA binding signal transduction associated 
3 (KHDRBS3) from the RNA sequence data of low- and 

high-yield camels, and selected five DEGs, including pros-
tate androgen-regulated mucin-like protein 1 (PARM1), 
heat shock 70kda protein 12a (HSPA12A), SRC, BCL2-
associated athanogene 2 (BAG2), and nucleotide-binding 
oligomerization domain leucine rich repeat and pyrin 
domain containing proteins (NLRP) from RNA sequence 
data of pregnant and colostrum female camels to verify 
their expression patterns using qRT-PCR in another 
regional population of Bactrian camels in Habahe County 
(Supplementary Table  14). The qRT-PCR results con-
firmed that the expression pattern of these genes was con-
sistent with the RNA-seq (Fig.  8). These results confirm 
that the gene expression results of the blood transcrip-
tome sequencing analysis are highly credible.

Fig. 7 Protein–protein interaction (PPI) network analysis of differentially expressed genes. A Enriched network in the DEGs analysis using modules 
of CytoNCA in camels of low-yield vs. high-yield groups (WDL vs. WGH); B Enriched network in the DEGs analysis using modules of CytoNCA 
of pregnancy vs. colostrum camel groups (RSQ vs. CRQ); C Enriched network in the DEGs analysis using modules of CytoHubba in camels 
of low-yield vs. high-yield groups (WDL vs. WGH); D Enriched network in the DEGs analysis using modules of CytoHubba of pregnancy vs. colostrum 
camel groups (RSQ vs. CRQ)
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Discussion
Female camels have only one parity per 2 years and 
give birth to only one fetus per pregnancy. Reproduc-
tive performance and milk production performance 
tend to increase simultaneously after maturity and 
decrease in older individuals [61]. Consequently, camel 
milk is extremely valuable because of its limited pro-
duction, unique nutritional composition, and medici-
nal properties. The accurate diagnosis of pregnancy 
early after mating enables the efficient management of 
camel herds. Transrectal ultrasonography is the most 
accurate method for detecting early pregnancy. How-
ever, the pregnancy diagnosis reports in camels remain 
limited  [27, 62]. In our study, ultrasonography of the 
embryonic vesicle served as a non-invasive method for 
the accurate visualization of dynamic changes during 
early pregnancy and the collection of basic diagnostic 
data. Lactation involves the dynamic process of mam-
mary gland development and the synthesis and secretion 
of milk [63]. Development of lactation in the mammary 
glands follows a similar pattern to that of mammary 
gland development, with large amounts of follicular 
lobular tissue forming rapidly in the late stages of preg-
nancy [64]. After development during pregnancy, the 
morphology and structure of camel mammary tissue 
change significantly (Fig. 2). The mammary gland in the 
colostrum period matures with the function of milk pro-
duction; however, the secretory tissue continues to pro-
liferates rapidly in the late gestation and early lactation 
stages; the modifications that the epithelial cells undergo 
are required for milk production.

Milk production traits, including milk yield, fat yield, 
protein yield, fat percentage, and protein percentage, are 
quantitative traits influenced by combinations of genes, 
polygenes, and environmental factors. Milk protein vari-
ability can be used to study the associations concerning 
milk performance traits in camels [65]. Several studies 
have also reported that camels have high genetic vari-
ability due to the lack of selective breeding [66]. With 
respect to the milk production results, we found that 
even though there were no differences during the feed-
ing conditions of camels in lactation, there were notable 

differences in the milk yield and composition. Under-
standing the genetic factors that influence animal repro-
ductive and milk production traits is vital for accurate 
selection and the genetic improvement of quantita-
tive traits [67]. In preliminary research, we wanted to 
explore detailed expression of genes in very different 
physiological stages and identify genetic factors associ-
ated with milk characteristics to facilitate the molecu-
lar genetic breeding of camels. Through transcriptome 
sequencing of camel whole blood, 609 and 393 DEGs 
were identified in low- vs. high-yield (WDL vs. WGH) 
and pregnancy vs. colostrum period (RSQ vs. CRQ) 
groups, respectively. This finding indicates that there are 
notable changes in gene expression at the transcriptional 
level during initiation and maintenance of the lactation 
process. Among these genes, some with high expression 
are related to milk yields, whereas others were found to 
be related to the milk composition. LTF is associated 
with milk yield in cattle and goats [68, 69]. NR4A1 is 
significantly differentially expressed between the mam-
mary glands of lactating cows with extremely high and 
low percentages of milk protein and fat [70]. PIGR (milk 
whey protein) is considered a biomarker for early preg-
nancy in dairy cows [71]. Additionally, we identified spe-
cifically expressed genes in the transcriptional profiles, 
some of which have been reported to be associated with 
growth traits, milk traits, reproductive performance, 
and mammary gland diseases in livestock [20, 21]. The 
expression of genes encoding production traits (WSCD1, 
NR6A1, ITGB8) was significantly absent during the 
pregnancy stage, as lactation does not occur during this 
period [72, 73]. Similarly, the MTNR1A gene is specifi-
cally expressed in the blood of high-yielding camels, and 
it encodes the receptor responsible for transducing mel-
atonin signaling [74].

The Animal QTL database contains numerous sig-
nificant chromosomal regions, and molecular markers 
associated with milk yield and composition have been 
identified. Among the screened DEGs and genes asso-
ciated with livestock milk traits in the database, 42 and 
15 overlapping genes were identified as candidate genes 
associated with milk production traits and initiation of 

Fig. 8 Expression level of DEG validation by qRT-PCR. H = high-yield camels; L = low-yield camels; FRS = pregnant camels; FCR = camels in colostrum 
stage; all data are presented as the Mean ± SD (n = 3); *P < 0.05; **P < 0.01
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lactation, respectively. Moreover, there were more down-
regulated genes than upregulated genes. Regarding these 
overlapping genes, many milk traits (fat, protein, and 
milk yield traits) are controlled by multiple genes, and 
some genes have pleiotropic effects on yield traits or 
other traits. Additionally, among the DEGs analyzed by 
sequencing, 17 (WDL vs. WGH) and 21 (RSQ vs. CRQ) 
DEGs were consistent with those identified by Guo et al. 
[23], who reported the transcriptome profiles of lactat-
ing Alashan Bactrian camels maintained under different 
feeding conditions. The results indicate that there are 
some common functional genes among different breeds 
of Bactrian camels. More similar studies are warranted to 
explore the functions of these genes.

To elucidate the underlying mechanisms of milk pro-
duction, functional enrichment analysis of the DEGs was 
performed. GO analysis of the DEGs indicated that cer-
tain terms that play a key role in milk production were 
enriched, such as the multicellular organismal process, 
transcriptase activity factor, positive regulation of bio-
logical process, transcription factor complex, and actin 
cytoskeleton reorganization. The KEGG pathway enrich-
ment analysis of the DEGs between low- and high-
yield camels showed that some upregulated genes were 
involved in mammary gland physiology and belonged to 
the PI3K–Akt signaling pathway. The PI3K–Akt signal-
ing pathway is a canonical pathway involved in mam-
mary development and lipid metabolism [75]. Liu et al. 
[76] found that the lncRNA mammary proliferation 
and fatty acid synthesis-associated transcript promotes 
proliferation and fatty acid synthesis in bovine mam-
mary epithelial cells by sponging miR-103, which regu-
lates the PI3K–Akt pathway. Among the  downregulated 
gene enrichment pathways, MAPK signaling pathways 
are related to higher milk yields in cattle [77]. The p38–
MAPK pathway is a crucial signaling pathway that plays 
a critical role in mammary epithelial cell development 
and enhances milk production by modulating alveolar 
cell proliferation and branching [78]. Overall, these sign-
aling pathways have vital roles in the proliferation and 
development of mammary epithelial cells and promote 
milk secretion and production through glucose uptake 
from the blood [79]. Further enrichment analysis of the 
candidate genes revealed that they were categorized 
into 127 GO categories and 82 signaling pathways, from 
which we selected two GO entries and seven signaling 
pathways. Previous studies have demonstrated an asso-
ciation between animal milk fat synthesis and the ubiq-
uitination pathway, insulin (PI3K-Akt) pathway, Wnt 
signaling pathway, and mTOR signaling pathway [45–47, 
49, 50]. Animal milk yield is closely linked to GnRH 
secretion, the MAPK signaling pathway, and the FoxO 
signaling pathway [43, 48, 80]. These results suggested 

that post-transcriptional and post-translational modifi-
cations play a determinative regulatory role in lactogen-
esis through energy homeostasis and by counteracting 
stress, favoring high milk production. The published lit-
erature provides robust support for our findings [22].

To gain insight into the milk production-related bio-
logical processes that occur during pregnancy and the 
colostrum period, we performed enrichment analyses. 
The GO analyses suggest that many of the DEGs are 
involved in terms related to cell development processes, 
the multicellular organismal reproductive process, and 
the metabolism of various substances and hormones. The 
partial downregulated genes are associated with ubiq-
uitin-like protein transferase activity. It has been docu-
mented that ubiquitin-like proteins play a crucial role in 
the maintenance of the tissue cell cycle and lactation in 
animals [81]. KEGG pathway analyses of candidate genes 
yielded 11 signaling pathways that were closely related to 
maternal parturition, estrogen regulation, and initiation 
of lactation. Numerous published studies have reported 
that prepartum dietary energy intake is correlated with 
glycerolipid metabolism and that maternal parturition is 
associated with the oxytocin signaling pathway, steroid 
hormone biosynthesis, ovarian steroidogenesis, cortisol 
synthesis and secretion, the GnRH signaling pathway, 
the relaxin signaling pathway, and the estrogen signaling 
pathway [36, 53, 82, 83]. Milk production traits are linked 
to the MAPK, PI3K-Akt, GnRH, and mTOR signaling 
pathways [56–60]. A progressive increase in progester-
one and serum estrogen levels is observed with advanc-
ing pregnancy. When estrogen stimulation leads to an 
increase in the number and size of lactotroph cells within 
the gland to a certain extent, it results in lactotrophic cell 
synthesis and prolactin secretion [84]. The mammary 
glands are sufficiently developed to produce these com-
ponents  owing to lactogen stimulation and regulation. 
Subsequently, myoepithelial cells respond to oxytocin 
and the contraction of milk-producing alveolar cells, and 
the female animal experiences a milk-ejection reflex [85]. 
Enriched pathways showed the remarkably intricate tun-
ing of metabolic and cell development processes converg-
ing in milk production in camels. In summary, pregnant 
camels must have certain levels of progesterone, estro-
gen, and other steroid hormones to produce milk.

Pregnancy and lactation progress through tightly coor-
dinated gene regulatory networks. These genes were also 
highlighted in the PPI network. We explored the potential 
biological function of common hub genes in the four PPI 
networks by searching  published studies. Among these 
genes, CD8A, CBL, SERPINE1, TIMP1, SRC, TIMP3, 
and SYN1 were the common hub genes in the four PPI 
networks, and IL7R, ISG15, IFIH1, TRIM25, EIF2AK, 
PROS1, CFD, and GNG11 had significant network roles. 
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We believe that the overlapping genes identified via dif-
ferent analysis methods are hub genes associated with 
maternal parturition, estrogen regulation, initiation of 
lactation, and milk production traits. GABBR1, SPP1, 
ABCA1, NR4A1, IGF2, TNFSF10, LRP6, CACNA2D1, 
L0C105074728, ITGB8, SRC, and GRB10 were identified 
as core DEGs. The complex relationships among these 
core genes suggest that milk production traits are quan-
titative traits regulated by multiple hormones and path-
ways. We identified 16 signaling pathways and 27 core 
candidate genes associated with maternal parturition, 
estrogen regulation, lactation initiation, and milk pro-
duction traits in camels. Some are genes with unknown 
function. In the present study, 15 DEGs were selected for 
qPCR to verify the RNA-seq data. The expression pat-
terns obtained by qRT-PCR and RNA-seq were similar, 
indicating the reliability of the transcriptome results. The 
identification of these genes will contribute to the knowl-
edge regarding the molecular mechanisms associated 
with milk production traits for lactating camels.

The enrichment of these functions suggests that lacta-
tion is the result of the mutual control of signals induced 
by metabolites/molecules derived from multiple organs 
and tissues, in synergy with the regulation of immune func-
tions in camels [22]. Candidate genes associated with milk 
production traits in ruminants have been thoroughly inves-
tigated, but little information about camels is available. 
Therefore, this study may serve as a foundation for further 
genetic studies of camel milk production traits. Neverthe-
less, one of the limitations of this study was the sample size, 
which was affected by objective factors, such as small-scale 
free-ranging camel farming, a low breeding technology 
level, and challenges associated with the measurement of 
milk production performance and sampling, which were 
difficult and time-consuming. Some of the 27 core candi-
date genes identified here have not previously been asso-
ciated with milk production traits, and further in-depth 
research is necessary. The further genetic identification 
of these candidate genes could lead to their utilization as 
important markers for selecting superior camels. Owing to 
the lack of data and  complexity of the interactions among 
genes, large-scale samples will be required in the future to 
fully elucidate the associations between these genes and 
milk production traits in Bactrian camels. In conclusion, 
this study is of great value for identifying critical genes that 
control the initiation of lactation and milk production traits 
and can inform subsequent studies on the molecular mech-
anisms underlying lactation in camels.

Conclusions
Our study is the first to examine pregnant Bactrian 
camels using B-mode ultrasonography; in addition, the 
blood transcriptome profiles of camels in low-yield, 

high-yield, pregnant, and colostrum period groups 
were reported. Gene expression patterns related to cell 
growth, hormone regulation, lipid metabolism, immu-
nity, material transport, biosynthesis, and metabo-
lism were considerably altered during mammary gland 
development and lactation. We identified 16 core sign-
aling pathways and 27 core candidate genes associated 
with maternal parturition, estrogen regulation, ini-
tiation of lactation, and milk production traits. These 
promising genetic markers could be informative for 
identifying quantitative trait loci associated with milk 
production traits and developing markers for controlled 
camel breeding programs. This study identified candi-
date genes and signaling pathways that affect maternal 
parturition and milk production traits, establishing a 
theoretical foundation for the improvement of camel 
milk yield and quality, and providing important insights 
into the initiation and maintenance of the physiological 
process of lactation in camels.
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