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Abstract
Background: Yaks, which are known as “The ship in the Plateau”, play an important role in the life of
people on the Qinghai-Tibet Plateau. There are many potential genetic advantages for Plateau
Adaptation(PA) of Yak to improve breeding and adapt the environment with low oxygen and strong
ultraviolet ray. In this study, in order to �lter the Different Expression (DE) genes and new long non-coding
RNAs (lncRNAs) ,also reveal underlying co-expression and regulation network of these, we sequenced 18
samples (cerebellum and cerebrum) of Bos Taurus, Bos Grunniens  Bos Taurus and Bos Grunniens (3
individuals as replications for each species), ,and compared the relationship between modules and PA
trait basing on the background of crossbreed genetics. Generalized linear model was used to analyze DE
genes, and the different tissues as adjust variations in the model can reduce the noise of population
structure. Results: On average, 50 million clean reads for each sample were obtained by the control of
data quality. 12,072 pseudo lncRNAs were predicted in intersection of three software (CPC2, CNCI and
CPAT). Total 4,257 signi�cant DE transcripts were identi�ed by using Ballgown R package (P<0.01) , 1021
of which were protein coding genes, 14were known lncRNAs, 661 were novel lncRNAs. By WGCNA, a co-
expression network of DE mRNAs and lncRNAs with 6 modules was created to present functional
relationship with PA trait. Our study provided a valuable sub-network composed by 8 hub genes
(GRAMD3, MAST4, MICAL1, TLE1, ERAP1, PINK1, MRPL49 and IL34),.1of them was known lncRNA
(LOC106700748) ,5 were novel lncRNAs (MSTRG247.1, MSTRG431.1, MSTRG422.1, MSTRG327.1 and
MSTRG97.1) in the major module of the whole network. Conclusions: The functions of those hub genes
are associated with blood pressure, reactive oxygen and metabolic process. The analysis of co-expressed
genes with PA trait provides a reference way of the regulation mechanisms in PA of Yak and gets a
reference method of the additive genetics expression detection between crossbreed and parents
population as well.

Background
Long non-coding RNA (lncRNA) is named as a class of non-coding RNA with more than 200 nt which
participate in RNA translation or production proteins1–3. So much research indicated the expression of
lncRNA plays an important role in the expression of the related mRNA in different environments 4.
lncRNA-mRNA association study relies on the co-expression which usually uses general linear model to
explain the network. It has been showed that lncRNA-mRNA network is relevant to environment
adaptation and biological response5,6.

The Yak (Bos Grunniens ) is an only large-scale and much productive livestock in Qinghai-Tibet Plateau
for supplying the living needs of Tibetan7,8. The Yaks named “The ship in the Plateau”, have a powerful
adaptation to low atmospheric  pressure, hypoxia concentration and high ultraviolet radiation in the
Plateau8–10. It is limited by geography environments and religious belief, the genetic improvement of the
productive ability of Yak slowly developed 30 years ago11,12. Recent several decades, the Zang Cattle
which were cross breed by Bos Taurus (Cattle) and Bos Grunniens (Yak) have been developed a large
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population for improvement of the productive ability and adaptation of the Plateau environment13–15. But
the underlying gene expression, regulation and the function of the Plateau adaptation are always not
clear, especially RNA expression level. Most researches were focus on SNP, SVN and other Genome
Variance7,8,12,16. Based on the large gap and different between reference genome of Bos Grunniens and
Bos Taurus, utilization of Zang Cattle genetics resource is an important way for detection of candidate
gene and expression network in Plateau Adaptation17,18. In this study, we design a RNA-seq analysis in
three breeds: Leiwuqi Yak (Bos Grunniens), Zang Cattle (Bos Grunniens  Bos Taurus) and Sanjiang Cattle
(Bos Taurus) that product a gradient for the expression level of Plateau Adaptation (PA) genes. To
identify Different Expression (DE) gene and predict new lncRNA, we performed RNA-seq analysis with
cerebrum and cerebellum tissue of 9 animals. The network of DE mRNA and lncRNA will be conducted to
veal the interactive of expression with regard to their underlying roles in Yak PA.

 

Methods
Sample Collection

Total 18 samples (3 Leiwuqi Yak cerebrum, 3 Leiwuqi Yak cerebellum, 3 Yakow cerebrum, 3 Yakow
cerebellum, 3 Sanjiang Cattle cerebrum and 3 Sanjiang Cattle cerebellum) were collected in Leiwuqi
(Leiwuqi Yak and Zang Yakow) and Wenchuan (Sanjiang Cattle) county, Sichuan, China. They are roughly
identical health, around 4.5 years old, female. This study was approved by the Animal Ethics and Welfare
Association of the Southwest Minzu University(No. 16053). As repetition, each group of 3 individuals in
same breed were random selected from a herd with more than 50 individuals. The Leiwuqi Yak was set M
group, the Sanjiang Cattle were set H group and the Zang Yakow were set Z group. All clean tissue
samples were snap frozen in liquid nitrogen. Using TRIzol® Plus RNA Puri�cation Kit (Invitrogen, USA),
total RNA was extracted from brain tissue. Ribosomal RNA (rRNA) was removed before sequencing by
Epicentre Ribo-zeroTM rRNA Removal Kit.

RNA-Seq and transcript assembly

Basing on Illumina HiSeqTM 4000 platform, we got paired-end sequencing reads of 18 tissue samples.
The sequencing reads were �ltered by fastp (version 0.19.8) software with default parameters. Clean
reads were aligned to the Yak reference genome (GCF_000298355.1 BosGru v2.0)19 with HISAT2 (version
2.1.0) to create Sam �le20. After sorting and converting to bam, we used StringTie (version 1.2.3)21 to
assemble transcripts for each sample. All transcripts of samples were merged together by merge function
of StringTie following all sample �le name and created output �les for Ballgown format22. The merged
�le was annotated with reference genome annotation �le (GCF_000298355.1 BosGru v2.0) by
gffcompare (version 0.10.8).

 



Page 4/18

Identi�cation of lncRNAs

All transcripts in merged transcript annotation �le were identi�ed using four �lters to predict potential
lncRNAs. First, transcripts shorter than or equal 200 nt were removed; Second, transcripts with class code
“u”( unknown intergenic), “x”( exonic overlap on the opposite strand), “i”( fully contained within a
reference intron), “j”(multi-exon with at least one junction match), “o”(other same strand overlap with
reference exons) were kept; Third, transcripts with low expression levels (FPKM ≤1) were �ltered out; And
fourth, transcripts more than 1 exon were retained1,23. The fasta format data was extracted by using
getfasta function of bedtools from reference genome24. Whole remaining transcripts were considered as
new transcripts. Then we used three methods to predict the potential protein coding ability of these new
transcripts. The �rst method is CPC225,which is python function for predicting potential protein coding
ability with fasta data of new transcripts. The second method is CNCI26, which is used SVM (Support
Vector Machine) model for prediction. The last method is CPAT27, which is trained with Hexamer to �t the
logistic regression model. The intersection of these three predicted results was considered as new lncRNA
for downstream analyses.

 

Different Expression of mRNAs and lncRNAs

New lncRNAs, known mRNAs and known lncRNAs were captured from reference genome following
annotation �le and identi�cation of new lncRNAs. Their expressions were calculated in Fragment
PerKilobase Million (FPKM) using Ballgown, which is integrated tool for statistical analysis of assembled
transcriptomes. Because of absolutely opposite adaptation for Plateau between Yak and Sanjiang Cattle,
we �ltered Different Expression (DE) of all lncRNA and known mRNA between Yak group and Sanjing
Cattle group. The species was as covariate factor and the different tissues (cerebellum and cerebrum)
were set as adjust variate factor in the model. The Yakow was used in expression trend and association
module analyses. Thresholds were set |log2FoldChange|≥2 and adjusted P value <0.05 for signi�cant
differentially expressed gene. All FPKMs of different tissues were used to calculate replication
relationship. Heatmap was drawn with all FPKMs of different tissues to show the repeatability validated.

Gene ontology enrichment analysis of DE mRNA were performed in R package “clusterPro�ler” with
database “org.Bt.eg.db”28,29.

 

Co-expression network between DE RNA and PA

All signi�cant DE known lncRNAs, novel lncRNAs and mRNAs between Yak (M) and Sanjiang Cattle (H)
were �ltered by Ballgown. All expression levels of these signi�cant gene and lncRNA among the whole
three population (Yak, Yakow and Sanjiang Cattle) were constructed to create unsigned co-expression
network using the Weighted Gene Co-expression Network Analysis (WGCNA) R package30. The soft power
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was set 1 to 30 lops to optimize association model for co-expression network and the threshold was 60%.
Among all genes and lncRNAs pairwise Pearson’s correlations were calculated to create an adjacency
matrix. The Topological Overlap Measure (TOM) was estimated by the optimum model using adjacency
matrix. Modules of co-expression genes and lncRNAs were identi�ed by using the dynamic tree cut
algorithm. Each module was labelled individual color.

In addition, the trait which related to Plateau Adaptation was set 1, 0,-1 for Yak, Yakow and Sanjiang
Cattle. Comparing the correlation between the trait and modules which were created by our co-expression
network, we selected best correlated module with the PA trait. Heatmap was drawn with the module
eigengenes using the �rst principal component to capture the variation in genes and lncRNA expression.
All genes in each module were used to visualize the network relationship �gure with the Cytoscape31, the
nodes were names of whole genes and lncRNAs, the edges were the distance based on the expression
levels between each genes and lncRNAs. Major hub genes in the most signi�cant module with PA trait
were selected to be forced on with correlated known lncRNA and novel lncRNA. We used hub genes
network to reveal the regulation between hub genes and lncRNA.

A summary pipeline of such experimental work�ow, bioinformatics statistical software is presented in
Fig. 1.

Results
RNA Sequencing

Total 18 samples were sequenced in this study. After quality control and adaptor removal, an average of
50 million clean reads for each sample were obtained (Supplementary Table 1). Using Hisat2, each
sample was totally mapped an average of 91.57% mapping ratio to the reference genome
(GCF_000298355.1 BosGru v2.0). 84.22% of these were unique mapped reads and other 2.98% were
multiple mapped reads.

Total 101,835 transcripts were assembled in the merged assembled result �le of 18 samples, of which
there were 32,667 transcripts expressed in all 18 samples. All transcript expression levels of 18 samples
were presented (Fig. S1) with log2(FPKM+1). We also presented the distribution of transcript count per
known gene (Fig. S2).There were 3,755 genes with only one transcript and the ratio of total gene was
24.16%, which indicated most of gene expressed with multiple transcripts. We designed a smoothed color
density representation (Fig. S3) to validate repeatability and compare the different expression level
between Cerebrum and Cerebellum in each sample. The correlated level (from weak to strong) was
indicated by white, blue, cyan, yellow and red.

 

Identi�cation of lncRNAs
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To identify new novel lncRNAs, we further �ltered the length, exon number, expression level, and class
code of the new transcripts. New transcripts were identi�ed with class codes “i”, “u”, “x”, “j” and “o” from
the whole 100,807 transcripts. Next, we removed transcripts which were shorter than 200 nt, and
possessed only one exon and with a FPKM ≤1. At last, there were 55,542 new transcripts remained for
prediction protein coding with three software (CPC2, CNCI and CPAT). CPC2 predicted 21,642 pseudo
lncRNAs, CNCI reported 16,819 pseudo lncRNAs and CPAT indicated 36,759 pseudo lncRNAs. Of these,
12,072 pseudo lncRNAs were in intersection of three software (Fig 2A), which were considered as novel
lncRNAs. Based on huge different between Yak and Cattle reference, our novel lncRNAs were not matched
into NONCODE dataset. Most of new lncRNAs were unknown intergenic (64.17%), 19.75% of new
lncRNAs were multi-exon match, 10.32% of new lncRNAs were fully contained with intron, 3.98% of new
lncRNAs were overlap with opposite and 1.78% of the new lncRNAs were overlap with exons (Fig. 2B).
Comparing the Transcripts Per Million (TPM) distribution of novel lncRNAs and known lncRNAs was
presented in Fig. 2C. The most of novel lncRNAs and known lncRNAs were low expressed.

Different Expression Analysis

To identify DE genes between Yak (M) and Sanjiang Cattle (H), we used |log2FoldChange| of FPKM to
�lter transcripts. Total 4,257 signi�cant DE transcripts were identi�ed by using Ballgown R package
(P<0.01) with species as covariate factor and tissue as adjust variate factor, 867 of DE transcripts were
upregulated and 1,710 were downregulated (Fig. 3A). Of these, 1,021 were protein coding genes, 14 were
known lncRNAs, 661 were novel lncRNAs from our prediction. Next, we analyzed signi�cant DE
transcripts between Cerebrum and Cerebellum in Yak and Cattle group. There were 2,342 signi�cant DE
transcripts (P<0.01), of these 173 were upregulated and 573 were downregulated (Fig. S4), 778 were
protein coding genes, 10 were known lncRNAs, 350 were novel lncRNAs from our prediction. Based on
signi�cant DE genes, we performed Gene ontology enrichment analysis and used R package
“clusterPro�ler” with database “org.Bt.eg.db”. The signi�cant DE genes were focused on top 5 GO terms
(Fig. 3B), transcription coactivator activity, hormone receptor binding, nuclear hormone receptor binding
and snoRNA binding with more than 5 genes on each term.

 

Co-expression network

Association co-expression network of whole DE genes and lncRNAs (Additional �le
FPKM_allDE_genes_lncRNA.csv)was constructed by WGCNA to reveal underlying regulatory function and
cluster associated expression modules. The R square of �lter criteria was set 0.6 to optimize and select
soft power for creating prediction model (Fig. S5).The associated expression modules were clustered into
6 groups (the grey module was mismatching module), and each group (exclude grey module) contained
more than 50 genes. The hierarchical relationship between the genes and lncRNAs in modules was drew
at Fig. 4A. There were total 944 genes in the largest module with turquoise color. To compare the
relationship between each module and PA trait, we put the PA trait into network as an individual module.
We found our largest module was strongest relationship with PA trait (Fig. 4B). The PA trait was designed
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as threshold trait with 18 samples (see Method). And all modules were clustered into two parties, the one
contained turquoise modules and PA trait, the other contained blue, yellow, grown and green modules. For
all DE genes and lncRNAs in the co-expression network, the 6 modules according to the topological
overlap matrix (TOM) were chosen to visualized the correlation of clusters (Fig.5A, Additional �le
TOM_allDE_genes_lncRNA.csv) by Cytoscape. In this network, the �fth nodes group containing the least
genes and lncRNAs was grey module which was clustered mismatching genes and lncRNAs, The other
�ve nodes groups correspond with �ve modules. The edges showed the functional regulatory relationship
between genes and lncRNAs. The coding genes, novel lncRNAs and known lncRNAs were marked with
red, green and blue (Fig. 5AB).

There were total 979 edges (genes and lncRNAs)in the top signi�cant terms of the �rst related module .,
We selected top 10 hub genes (more than 950 edges), 5 known lncRNAs (more than 750 edges) and 5
novel lncRNAs (more than 480 edges) to describe the underlying regulation functional network focusing
on hub genes (Fig. 6). A sub-network with GRAMD3 (GRAM domain containing 2B), MAST4 (Microtubule
Associated Serine/Threonine 4), RBFOX2 (RNA binding FOX-1 homolog 2), MICAL1 (Microtubule
Associated Monooxygenase, Calponin And LIM Domain containing 1), TLE1 (TLE family member 1),
SFRP4 (Secreted Frizzled Related Protein 4), ERAP1 (Endoplasmic Reticulum Amino Peptidase 1), PINK1
(PTEN Induced Kinase 1), MRPL49 (Mitochondrial Ribosomal Protein L49) and IL34 (Inter Leukin 34)
plays a role in cell structure GO terms, such as nucleus, protein binding, cytoplasm and cytosol. All of
novel lncRNAs participated in the sub-network, but only LOC106700748 played more effect than other
known lncRNAs. Although known gene was with highest edges in whole network, RBFOX2 did not
participated in the sub-network of hub genes.

Discussion
In this study, we performed 18 samples of total RNAs from Yak, Bos grunniens  Bos taurus, Sanjiang
Cattle sequencing to identify DE genes , related lncRNAs and descripting the co-expression network. The
PA trait of Yak is in�uenced by thousands of genes and lncRNAs7,19. Most of these are speci�c from plain
Cattle. Yak and Cattle were estimated to have been diverged approximately 4.9 million years ago,
therefore the F1 crossbreed Yakow between Yak and Cattle presented male sterile which could be restored
gradually by female Yakow backcross to Yak after several generations14. Most of researches about PA
between Yak and Cattle have focused on speci�c DNA or physiological structure, this study is the �rst
time for detection DE genes and lncRNA about PA with Yak, Yakow and Cattle. Consequently, our work
provides an important expression regulation network between hub genes and lncRNAs in PA.

The Genetics Characteristics of Yak, Yakow and Cattle

The method of �ltered DE genes was based on expression levels of different environments under same or
similar genetic background. In most of researches about traits of different animal species, especially the
Cattle or Yak, 3 repetitive individuals were used to reduce the variance in each group. The gaps among
each phenotype group were considered to relate to genetic variance and different expression level of
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genes. In this study, we performed DE genes and lncRNAs analysis in three species (Yak, Yakow and
Cattle). The Yakow shared genetics background with Yak and Cattle, and the phenotype (PA) is similar to
Yak13, so we just compared the different expression levels of Yak and Cattle. We assumed the candidate
gene of PA coming from Yak, therefore, we used Bos Grunniens reference genome to be mapped all RNA-
seq reads, making sure that detected genes and the genetics background in each group were same. The
reads unique mapping ratio (Table S1) showed the ratio of Yak was the highest, of Yakow was the
second and of Cattle was the least, which also indicated the genetics background relationship between
each species and reference genome.

DE Analysis and Co-expression Network

All expression of mRNA surpassed lncRNA, which was the same result as many researches. After �ltered
DE genes and lncRNA, we just got 14 known lncRNAs, which may depend on the reference genome with
425 known lncRNAs annotation quality. Few researches about lncRNAs have perplexed the development
of expression-regulation network in Yak. Our results of novel lncRNAs will prove more information for
detection and identi�cation of lncRNAs.

Most of DE genes enriched on Binding and Activity terms, which indicated the function of DE genes were
not only single pathway. That was a complex expression-regulation network between genes and other
RNA to in�uence the adaptation of organism. Many previous studies explored the complex relationship
between genes and lncRNAs. When we created a predicted functional module to cluster DE genes and
lncRNAs, we used indicator (2,1,0) as PA trait in Yak, Yakow and Cattle. It based on the prior observed
phenotype from previous researches, which helped us to �gure out the relationship between co-
expression module and PA trait32,33,34. Although PA trait of Yak does not show the twice effect with Cattle,
this gradient of phenotype suggested the trend of PA in Yak, Yakow and Cattle.

In the sub-network, there were 10 hub genes, 5 novel lncRNAs and 5 know lncRNAs. Of these hub genes,
ERAP1 is a key gene playing the major function of regulated blood pressure in mammal animal35. The
stress of oxygen levels in the endoplasmic reticulum will drop down, when the ERAP1 is released, and
blood pressure is lowered to maintain balance36. IL34, GRAMP3, PINK1 and MRPL49 were identi�ed as
being associated with regulation of reactive oxygen species and metabolic process37–42. The genes
RBFOX2, MICAL1, TLE1, SFRP4 and MAST4 were identi�ed in protein binding, ATP binding and
magnesium ion binding, they also played function in protein kinase activity and threonine kinase
activity43–49. All hub genes contained more than 950 edges from whole co-expression network. These
evidence suggests that the network of expression and regulation in PA trait is complex and meta-pathway
biological processes. We selected top 10 enriched known lncRNA and novel lncRNA to present the co-
expression relationship between genes and lncRNAs. The expressions of MSTRG.247.1, MSTRG.431.1,
MSTRG.422.1, MSTRG.327.1 and MSTRG.97.1 are correlated with IL34, ERAP1, PINK1, MICAL1, TLE1
and GRAMD3. LOC106700748 is correlated with ERAP1, TLE1, MSTRG.431.1, MSTRG.422.1 and
MSTRG.327.1.
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Conclusions
The result had presented that the PA trait was regulated by many genes and lncRNAs, which were
composed in an underlying functional network. The function of those hub genes was associated with
blood pressure, reactive oxygen and metabolic process. The analysis of co-expressed genes with PA trait
provides a reference way of the regulation mechanisms in PA of Yak and reference method of the additive
genetics expression detection between crossbreed and parents population.
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Figure 1

The experimental design and the pipeline of mRNA-lncRNA co-expressed network. An overview of the
identi�cation for Different Expression gene and lncRNA was divided into four parties for different
analysis. We used whole DE gene, known lncRNA and novel lncRNA to create co-expressed network with
WGCNA.
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Figure 2

Genomic features and classi�cation of novel lncRNA. A the intersection of predictive long noncoding RNA
by three methods (CNCI, CPC2 and CPAT). B classi�cation of novel lncRNA according to “class code”
showing the relationship between a transcript and the closest reference transcript. C the TPM distribution
of Novel lncRNA and known lncRNA.

Figure 3
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The screening and enrichment of Different Expression gene in Yak and Cattle group. A the DE gene were
�ltered between Yak and Cattle with 2 times Fold change. B top 10 GO terms were enriched with whole DE
genes.

Figure 4

Optimum modules with whole coding gene, known lncRNA and novel lncRNA. A total �ve modules were
created with the expression of whole coding gene, known lncRNA and novel lncRNA. B the relationship
between PA trait and �ve modules.
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Figure 5

Co-expression network in modules with whole coding gene, known lncRNA and novel lncRNA. A co-
expression network visualization: nodes show coding gene (red), known lncRNA (blue) and novel lncRNA
(green). B Classi�cation of RNA in whole co-expression network.

Figure 6

Sub-network with most enrichment genes and lncRNAs. The top 10 enrichment hub genes (Blue
Diamond) in whole network, top 5 known lncRNAs (Green Circle) and top 5 novel lncRNAs (Red Triangle)
were selected to build sub-network. The more enrichment line indicated more related regulation of
expression.
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