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ABSTRACT
Alxa Bactrian camel has been raised as an economic and transportation animal in Alxa, Inner Mongolia, 

China. In a long period of evolution and artificial selection, it has formed many specific physiological characteristics 
that enable the production of beneficial items such as milk, meat and fur despite in the harsh environment. At the 
present the Bactrian camel genome is still a draft genome assembled only at scaffold level but the genetic diversity in 
multiple re-sequenced Bactrian camels has not been investigated yet. In this study, we evaluated the genetic features 
of SNPs and InDels and conducted selection signals identification to detect specific genes associated with adaptation 
to the environment and muscle growth of Alxa Bactrian camel by whole-genome resequencing. By next-generation 
sequencing technology, a total of 367.98 Gb high-quality paired-end reads were generated. On an average, 81.65% 
of the reference genome sequence was covered with mapping depth of 10-fold. From these data, 6,759,073 SNPs and 
976,715 InDels were identified and 15,037 genes were detected, which revealed wide genetic variations and complex 
genetic features related to adaptation mechanism of Alxa Bactrian camel in harsh environments. By selective signals 
analysis, we identified 111 genomic regions, including 70 candidate genes such as BCO1, AKR1D1, SVOPL, SMS, 
PHEX, PCYT1B, POLA1, and MEGF10, which are potentially involved in environment adaptability and muscle growth. 
Generally, these results provide a framework and comprehensive insights for further genetic studies in the Bactrian 
camel population and research on genes, which would provide a better understanding of economically important 
traits and environment adaptability in Bactrian camel and further provide a scientific basis for the selective breeding 
of Alxa Bactrian camel.
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characteristics and Alxa Bactrian camel is divided 
into Gobi camel and desert camel by its geographical 
distribution. Gobi camel is characterised with two big 
and erect humps, long and flat wide back waist and 
brown color. Desert camel is characterised with short 
trunk and long limb, big and round abdomen and 
apricot colour. At present, studies on Alxa Bactrian 
camel are mainly focused on its milk, meat and fat 
(Moshaverinia and Moghaddas, 2013). Up to date, 
there is no systematic study on the genome and a 
series of genome changes in a long period of evolution 
and artificial selection are still largely unknown.

Since the first whole-genome assembly of the 
human genome is completed in 2001, the whole-
genome sequencing of mammals has been quickly 
completed (Venter et al, 2001). In recent decades, 
the next-generation sequencing technology has 

At present, there are mainly 7 varieties of 
Bactrian camel in the world, distributed in the cold 
and desert regions, and 4 varieties are in China. They 
are called Sunite Bactrian camel, Qinghai Bactrian 
camel, Xinjiang Bactrian camel and Alxa Bactrian 
camel according to their breeding regions. China 
is the largest and most widely distributed country 
of Bactrian camels in the world, according to the 
statistics of 2016, there are about 360,000 Bactrian 
camels in China and 160,000 (44.92%) Bactrian 
camel are in Alxa, Inner Mongolia. Alxa is located 
in northwest China, geographically contains the vast 
Gobi (such as Wuliji, Yinggen) and deserts (such as 
Badain Jaran Desert, Tengger Desert). Through a 
long period of evolution and artificial selection, the 
appearances of the Alxa Bactrian camel living in the 
Gobi and the desert areas have formed their own 
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significantly facilitated the genetic studies of complex 
traits in domestic animals (Rosenthal et al, 2015) and 
has revealed natural and artificial selection footprint 
in many species, such as pig (Li et al, 2014, Ai et al, 
2015), sheep (Yang et al, 2016), cattle (Sequencing and 
Consortium 2009) and dog (Xiao  et al, 2014). Bactrian 
camel was present in the third millennium BC and 
subsequently spread into Central Asia (Peters and 
Driesch, 1997) and recent studies have focused on the 
divergence time between the ancestors of Bactrian 
camel and cattle (Sequencing and Consortium, 2012) 
genomic Single Nucleotide Polymorphisms (SNPs) 
rates, (Burger and Palmieri, 2014) the divergence 
time and demographic history of Bactrian camel, 
dromedary, alpaca and evidence of camel adaptation 
to desert environments (Wu et al, 2014) protective 
effect of camel milk on pathogenicity induced by E. 
coli. (Soliman et al, 2015). However, the whole-genome 
resequencing of Bactrian camel had not been utilised 
in the respective studies. Therefore, here we studied 
the whole-genome resequencing of Alxa Bactrian 
camel to examine the genetic variations, obtain 
genetic features, predict important candidate genes 
associated with muscle growth and development 
and understand the adaptation mechanism of Alxa 
Bactrian camel in harsh environments.

Materials and Methods
In this study, 12 Bactrian camels including 6 

Gobi camels and 6 desert camels were randomly 
chosen to take skeletal muscle sample. Firstly, we 
extracted DNA from skeletal muscle, and detected 
the purity, potency and volume of DNA. Secondly, 
we created DNA library and sequenced the DNA 
using Illumina HiSeq platform and then filtered 
data and generated clean reads. Finally, we called 
Single Nucleotide Polymorphisms (SNPs) and short 
insertions and deletions (InDels), and then conducted 
Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis 
using online software.

Sample collection
Alxa Bactrian camel was sampled from Yingen 

Gobi and Badain Jaran Desert, where these were 
raised freely on local pastures. With the assistance 
of local herdsmen 12 Bactrian camels 8-10 years old 
including 6 Gobi camels and 6 desert camels, were 
randomly chosen at slaughter house to take skeletal 
muscle samples, which were snapped frozen in liquid 
nitrogen and stored at −80 °C. All experimental 
procedures were approved by the Animal Care and 
Use Committee of the Inner Mongolia Agricultural 

University, and conducted in strict accordance with 
the animal welfare and ethics guidelines.

Data filtering and generation of clean reads
DNA was extracted from the skeletal muscle 

samples with the AXYGEN Blood and Tissue 
Extraction Kit (Corning, USA) according to the 
manufacturer’s instructions. Sequencing was 
performed on the Illumina HiSeq 2000 platform.

Data filtering and clean reads generation
First, to avoid reads with artificial bias (i.e. low 

quality paired reads, which mainly resulted from 
base-calling duplicates and adapter contamination), 
we removed the following types of reads: (1) Reads of 
joint contamination (the number of base contaminated 
by joints of reads > 5 bp; for paired-end sequencing, 
remove reads if one end is contaminated with the 
connector); (2) Low quality reads (the base of the 
mass value Q ≤ 5 in reads accounts for ≥50% of the 
total base; for paired-end sequencing, if one end is 
low-quality reads, reads from both ends); (3) Reads 
with N ratio > 5% (for paired-end sequencing, if one 
end contains N > 5%, remove the reads at both ends). 

SNPs and InDels calling
Clean reads were aligned to the recently 

released version of the reference Bactrian genome 
using Burrows-Wheelser Aligner v0.7.10-r789 with 
default settings (Li and Durbin, 2009). The algorithm 
MEM was used to find the suffix array coordinates of 
good matches for each read. Sequence Alignment/
Map tools (SAMtools)(Li et al, 2009) was used to 
convert file format from SAM to BAM and to filter 
the unmapped and non-unique reads. Read pairs with 
top mapping quality were retained. Local realignment 
around short InDels was performed with duplication-
removed reads using Realigner Target Creator and 
InDels Realigner in the Genome Analysis Toolkit 
(GATK, version 3.3-0-g37228af) (McKenna et al, 2010; 
Depristo et al, 2011). SNPs and InDels were separated 
with GATK tool ‘Select Variants’ and subjected to 
rigorous processing to exclude false positives.

Functional enrichment analysis
We performed functional enrichment analysis 

within the GO and KEGG pathway terms using 
the Database for Annotation Visualisation and 
Integrated (DAVID) tool (http://david.abcc.ncifcrf.
gov/) for enrichment analysis of the significant 
overrepresentation of GO biological processes (GO-
BP), molecular function (GO-MF) terminologies, and 
KEGG-pathway. Only the enriched GO terms with 
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raw p-value <0.05 were used for further interpretation 
in this study. The functional relationships of the genes 
of interest were used in the Pathway studio program 

Results and Discussion

Whole-genome sequencing, SNPs and InDels 
detection

General SNPs and InDels detection
Whole-genome sequence data of 12 Bactrian 

camels were obtained from Hiseq-2000 platform 
(Illumina, San Diego, CA, USA). Approximately 
2,453,332,756 reads were produced (a total of 367.98 
Gb paired-end sequence). Read mapping to the 
reference sequence was performed using BWA. About 
2,003,009,380 high-quality paired-end sequences 
were successfully mapped to the Bactrian camel 
reference genome (https://www.ncbi.nlm.nih.gov/
genome/10741 genome_assembly_id = 212083). On 
an average, 81.65% of the reference genome sequence 
was covered with mapping depth of 10-fold (Fig 
1). These data yielded 7,735,788 variations from 12 
Alxa Bactrian camels including 6,759,073 SNPs and 
976,715 InDels using GATK and SAMtools. Of the 
identified SNPs, 4,220,597 (28.04%) were located in 
intergenic regions, 4,255,696 (28.27%) were located 
in introns, 992,658 (6.59%) and 992,658 (6.59%) and 
1,007,762 (6.69%) were located in upstream and 
downstream, respectively. Of the identified InDels, 
3,980,120 were located in intergenic, 1,902,612 were 
located in introns, 3,602,124 were located in upstream 
and downstream, respectively (Table 1).

Table 1. Summary and annotation of SNPs of Alxa Bactrian 
camel.

Type Number       Percentage
UPSTREAM 992,658 6.59%
DOWNSTREAM 1,007,762 6.69%
EXON 121,018 0.80%
INTRON 4,255,699 28.27%
INTERGENIC 4,220,597 28.04%
TRANSCRIPT 4,387,197 29.14%
UTR_3_PRIME 43,408 0.29%
UTR_5_PRIME 14,532 0.10%

Specific SNPs detection
In total, 6,478,201 variations were identified 

from Gobi camel, including 5,770,567 SNPs and 
707,633 short InDels. The number of specific SNPs 
was 1,494,099 in Gobi camel. In total, 5,800,250 
variations were identified from desert camel, 
including 5,143,589 SNPs and 656,611 short InDels. 

The number of specific SNPs was 867,120 in desert 
camel. Compared to desert camel (867,120), Gobi 
camel (1,494,099) has more specific SNPs, indicating 
weaker intensive selection of desert camel (Fig 2). 

Annotation and enrichment analysis

Annotation and enrichment analysis of general 
SNPs

In our Alxa Bactrian camel data set, 6,759,073 
SNPs were detected in a total of 15,037 genes. Of the 
15,037 genes, many of them matched to genes which 
were potentially associated with camel’s system of 
adaptation to the environment, such as energy and 
fat metabolism (DGKZ), adaptation of respiratory 
system (FOXP3, CX3CR1, CYSLTR2 and SEMA4A), 
adaptation of visual system (OPN1SW, CX3CR1 
and CNTFR), salt metabolism (NR3C2 and IRS1), 
water reservation (AQP1), osmoregulation (NFAT5 
and BGTI) (Wu et al, 2014). As it is well known, the 
soil of Alxa is saline-alkali soil, therefore Bactrian 
camel living in Alxa has acquired specific abilities of 
salt tolerance. It is reported that camel can tolerate 
a high dietary intake of salt, and the salt tolerance 
level is eight times more than cattle and sheep, and 
the blood glucose level is twice more than other 
ruminants (Alali et al, 1988; Ali, 1994). Salt metabolism 
plays an important role in salt tolerance and water 
balance in Bactrian camel. NR3C2 and IRS1 genes 
play critical roles in sodium re-absorption and water 
balance in kidney (Sun et al, 1991). NFAT5 gene is 
the only known tonicity regulated transcription 
factor in mammals (Cheung and Ko, 2013). Also, 
Alxa is a very cold and dry region and MAPK4, 
NOX4, IFNGR2, SLC2A4, and PDK1 genes show 
significant correlations with climate variation (Lv 
et al, 2014; Yang et al, 2016). Additionally, we also 
found that ADCY4, CACNA2D1, AGT and PTGER 
genes are associated with adaptation of cold and 
dry environment. For example, ADCY4 and AC 
stimulated cAMP genes are involved in cAMP 
induced cell proliferation in cultured adrenal cells and 
are the key mediators of Na and water transport (Al-
Hakim, 2004; Strait et al, 2010). These useful findings 
explains that Alxa Bactrian camel is well-adapted to 
the harsh environment.

Annotation and enrichment analysis of specific 
SNPs

We identified 1,494,099 and 867,120 specific 
SNPs, 14346 and 13132 genes of Alxa Gobi and desert 
camel, respectively. By analysing the annotated 
genes in two species of camel, 12,292 genes were 
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Fig 1. Raw reads statistics of Alxa Bactrian camel by whole-
genome resequencing

Fig 2. SNPs and InDels in Alxa Gobi and desert camel.

Fig 3. Common and specific genes numbers in Alxa Gobi and 
desert camel.

found in two species of camel at the same time. So, 
there are 2054 specific genes in Gobi camel and 840 
specific genes in desert camel (Fig 3). In Gobi camel, 
Gene Ontology (GO) terms were associated with 
2054 genes (Harris et al, 2004; Su and Zhou, 2007). 
GO analysis of these genes revealed enrichment 
in 14 GO terms in the biological processes, 14 GO 
terms in the cellular components and 21 GO terms 
in the molecular functions. KEGG enrichment 
analysis of these genes identified 10 pathways. The 
analysis showed that the genes associated with 
cellular components, such as nucleus extracellular 
exosome, cytoplasm, nucleoplasm and cytosol, were 
significantly enriched in Gobi camel. In desert camel, 
GO terms are associated with 840 genes. GO analysis 
of these genes revealed enrichment in 14 GO terms 
in the biological processes, 6 GO terms in the cellular 
components and 19 GO terms in the molecular 
functions. KEGG enrichment analysis of these genes 
identified 5 pathways. The analysis showed that the 
genes associated with cellular components, such 
as metal ion binding, nucleic acid binding, and 
protein cysteine S-palmitoyl transferase activity were 
significantly enriched in desert camel. These studies 
results suggest that the phenotypes associated with 
these genes may represent specific characteristics of 
Gobi camel and desert camel.

Selective sweep signals analysis
In order to detect genome selection signals 

related to evolution and meat production in Alxa 
Bactrian camel, our study used the sliding window 
method to find the highly selected genomic regions. 
By using 20Kb sliding window and 10Kb step to scan 
the whole genome of Alxa Bactrian camel to find the 
selected genomic signals in the process of evolution. 
We identified a total of 111 genomic regions under 
selective sweep signals analysis containing 70 
candidate genes that are associated with Alxa Bactrian 
camel traits (Fig 4).

The annotation analysis found that these 
genomic regions contain 70 genes and GO annotation 
of these genes revealed enrichment in the biological 
process terms, such as cell development, cell 
differentiation, single-organism cellular process, 
single-organism developmental process, myofibrillar 
assembly, system development, and muscle structure 
development. KEGG enrichment analysis of these 
candidate genes identified 1 significant metabolic 
pathway (Fig 5). Our study results are consistent 
with Jirimutu et al (2012). They reported that these 
changes may underline the insulin resistance typically 

(Sequencing and Consortium, 2012). Candidate 
genes play an important role in regulation of skeletal 
muscle and those candidate genes associated with 
the growth and development of skeletal muscle 
were identified in several genomic regions under 
selective sweep signals analysis, including SMS, 
PHEX (NW-011517570.1), PCYT1B, POLA1, and 
MEGF10 (NW-011515253.1). Previous study showed 
that MEGF10 plays an important role in muscle stem 
cells and can regulate the development of skeletal 
muscle (Park et al, 2014). Because these cells are 
connected with the surface of muscle fibre, which 
is also called satellite cell, which normally are not 
active. Once the muscle muscle fibre is damaged the 
satellite cells are activated, differenced, proliferated 
and regenerate the muscle fibre fusion to repair 
the damaged muscle. PHEX also is an important 
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gene, which can regulate phosphate homeostasis and 
skeletal mineralisation (Quarless, 2003) and EZH1 
can promote skeletal growth (Lui et al, 2016). We also 
found other candidate genes associated with skeletal 
muscle development, for example BCO1 (The enzyme 
β-carotene oxygenase 1) can catalyse the breakdown 
of provitamin A, which can be converted to vitamin 
A. Vitamin A plays an important role in vision (Saari, 
2012), epithelium maintenance (Takahashi et al, 1993; 

Kumar et al, 2017), immune competence (Duriancik 
et al, 2010), reproduction, embryonic growth and 
development (Clagettdame and Knutson, 2011) and 
its neuroprotective nature (Ramani et al, 2017) is 
essential for the life of all animals. So, the BCO1 
function is irreplaceable and could be efficient to 
regulate myogenesis and satellite cell activity in vivo 
(Praud et al, 2017). We also detected some genes 
associated with immune system, such as SASH1 

Fig 4. Selective sweep signals of Alxa Bactrian camel.

Fig 5. GO and KEGG pathways enrichment analysis of candidate genes selection of Alxa Bactrian camel.
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and MS4A genes that play important roles in the 
development and progression of various diseases 
by regulating the cell growth, proliferation and 
apoptosis. (Liang et al, 2001, Lin et al, 2012) AKR1D1 
gene can be repressed in diabetic patients (Valanejad 
et al, 2017). SVOPL gene is one of the SLC22 (solute 
carrier family 22) members. It is expressed in kidney 
and liver and regulates the uptake and excretion of 
environment toxins (Jacobsson et al, 2007). These 
results may explain why Alxa Bactrian camel has 
special functions such as high drought resistance, 
crude feed tolerance and adaptation to cold and dry 
environment compared with other animals.

Conclusion
This study is the first to explore the whole 

genome resequencing of Alxa Bactrian camel. We 
found a large number of SNPs and InDels by whole-
genome resequencing between Gobi camel and 
desert camel. We annotated 14,346 and 13,132 genes 
by specific SNPs of Alxa Gobi and desert camel. 
These specific SNPs contained genes, such as NR3C2, 
IRS1 AQP1, FOXP3, CX3CR1 and CYSLTR2 are 
potentially involved in camel’s system of adaptation 
to the environment. By selective signals analysis, 
we identified 111 genomic regions associated with 
environment adaptability and muscle growth. These 
selected genomic regions contained genes, such 
as BCO1, AKR1D1, SVOPL, SMS, PHEX, PCYT1B, 
POLA1, and MEGF10. It means these genes expressed 
positive selection trend in a long period of evolution 
and artificial selection of Alxa Bactrian camel. The 
detected SNPs and InDels are enough to show genetic 
variations between Alxa Gobi and desert camel.
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