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Abstract

Background: Organisms living at high altitudes face low oxygen and temperature conditions; thus, the genetic
mechanisms underlying the adaptations in these organisms merit investigation. The glyptosternoid fish, Creteuchiloglanis
macropterus mainly inhabits regions with gradual increases in altitudes along the Nujiang River and might serve as an
appropriate evolutionary model for detecting adaptation processes in environments with altitude changes.

Results: We constructed eleven RNA-sequencing (RNA-seq) libraries of C. macropterus collected from five locations at
different altitudes to identify the genetic signatures of high-altitude adaptation. The comparative genomic analysis
indicated that C. macropterus has an accelerated evolutionary rate compared with that of fishes in the lowland,
and fishes at higher altitudes might evolve faster. Functional enrichment analysis of the fast-evolving and positively
selected genes, differentially expressed genes and highly expressed genes, showed that these genes were involved in

many functions related to energy metabolism and hypoxia.

Conclusions: Our study provides evidence of high-altitude adaptation in C. macropterus, and the detected adaptive
genes might be a resource for future investigations of adaptations to high-altitude environments in other fishes.
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Background
Hostile environments, such as high altitudes, cold cli-
mates, low concentrations of oxygen and harsh ultraviolet
radiation, pose a challenge to organism survival [1-3].
However, certain animals living on the Qinghai-Tibetan
Plateau (QTP), such as humans, yaks and Tibetan ante-
lopes, have adapted to these severe conditions. Exploring
these organisms’ adaptations to high altitudes has received
considerable attention in the field of evolutionary biology,
and many genomic characteristics have been detected in
mammals (e.g., wolves [4], Tibetan mastiffs [5] and Ti-
betan pigs [6]).

Due to the rapid development of sequencing techniques,
particularly high-throughput sequencing, the detection of

* Correspondence: clad@ihb.ac.cn

'The Key Laboratory of Aquatic Biodiversity and Conservation of Chinese
Academy of Science, Institute of Hydrobiology, Chinese Academy of
Sciences, Wuhan, Hubei 430072, China

Full list of author information is available at the end of the article

( ) BiolVled Central

genetic adaptive characteristics has become increasingly
accessible. However, compared with the surging number
of genome sequencing studies on endothermic terrestrial
vertebrates, studies exploring adaptations in fishes that in-
habit high-altitude environments are scarce. As the three
main high-altitude fish lineages on the QTP, glyptoster-
noid, schizothoracinae and triplophysa are considered
excellent models with which to study high-altitude envi-
ronments in fishes. Based on a comparison with other fish
species that inhabit lowland areas and a transcriptome
analysis, the genetic adaptation characteristics were suc-
cessively identified in a schizothoracinae species [7], three
triplophysa fish species [8] and three glyptosternoid fish
species [9]. However, all previous studies of fishes only
analysed the evolutionary differentiation between fish
species inhabiting high versus low altitudes, while the evo-
lutionary fluctuations along a gradient of increasing alti-
tudes are still not clear. Previous studies examined only
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one sample of each species, which might induce occa-
sional errors and omit important information related to
high-altitude adaptations. In addition, the previous studies
only focused on calculating and comparing the evolution-
ary rates of genes, and they ignored gene expression,
which is a direct response of the organisms to the envir-
onment. Therefore, a more comprehensive analysis is still
necessary to identify the genetic mechanisms underlying
fish adaptations to high-altitude environments.

C. macropterus, a glyptosternoid fish, has large and flat
pectoral fins and tends to attach to rocks in the rapidly
flowing water. In the present study, C. macropterus is
mainly distributed in limited regions along the Nujiang
River in Yunnan Province in China, which flows above
the Southwest Mountain Region at altitudes of 1000—
2000 m. Through comparisons with two other catfish
species (Pelteobagrus fulvidraco from the lowland (<
100 m) and Glyptosternon maculatum from higher alti-
tudes (3800—4000 m) [9]), C. macropterus could be used
to compare the evolutionary rates of genes among spe-
cies at different altitudes. Therefore, we could utilize the
three fish to investigate whether the evolutionary rates
would be accelerated with the increased altitude. In con-
sideration of the continuous distribution at different alti-
tudes along the Nujiang river of C. macropterus, it might
be appropriate to explore fluctuations of gene expression
at increased altitudes. By estimating the differentially
expressed genes among samples at different altitude, we
might detect relevant genomic signals of high-altitude
adaptation.

Here, to detect the genomic characters of high-altitude
adaptation in C. macropterus, we sampled tissues (ie.,
brain, heart, liver and spleen) from C. macropterus col-
lected in five locations of the Nujiang river in Yunnan
province at an altitude from 874 to 1972 m, and we con-
structed eleven RNA sequencing (RNA-seq) libraries to-
gether. First, a relatively intact transcriptome of C.
macropterus was assembled by integrating all the clean
reads. Second, to investigate the evolutionary rates in dif-
ferent altitudes, we detected the orthologues among C.
macropterus, P. fulvidraco and G. maculatum, and identi-
fied their evolutionary rate respectively, fast-evolving
genes (FEGs) and positively selected genes (PSGs). The
mutual genes (FPGs) of FEGs and PSGs in the C. macro-
pterus lineage would be regarded as putative genes, which
might involve with the high-altitude adaptation of C.
macropterus. Third, to figure out the fluctuations of gene
expression along increased altitude in C. macropterus, we
explored sample clustering and gene expressions, and
then identified differentially expressed genes (DEGs)
among clusters. And in view of genes that related with
high-altitude adaptation might be highly expressed in
organisms at highland [10], we extracted the highly
expressed genes (HEGs) from tissues that sampled from
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high altitudes. Finally, to confirm whether FPGs, DEGs
and HEGs have correlated with high-altitude adaptation,
we performed a gene function enrichment analysis on the
three gene lists, and investigated the genes that were
enriched in functions associated with high-altitude adapta-
tion, which might be important for C. macropterus to sur-
vive at high altitude.

Methods

Fish sampling and sequencing

All animal experiments were approved by the Ethics
Committee of the Institute of Hydrobiology, Chinese
Academy of Sciences. We sampled C. macropterus from
four geographical regions (Yunnan Province, China) in
the Nujiang River Basin. The samples were collected
from Geza (Gz), Pula (Pl), Chenggan (Cg), Denggeng
(Dg) and Mangliu (Ml) (Fig. 1, Table 1). Individuals from
Pl and Gz were sampled in upstream tributaries, while
individuals from Cg and Dg were sampled in the main
stem and an individual from Ml was sampled from a
downstream tributary. The heart, liver, brain, kidney and
spleen from the C. macropterus collected in these loca-
tions were sampled and immediately stored in RNA-
later (Qiagen, Limburg, the Netherlands) according to
the manufacturer’s instructions. In addition, Qiunatong
(Qnt), Gz, Pihe (Ph), Liuku (Lk) and Ml (Fig. 1) were the
localities that were used to construct 2b—RAD libraries
in our previous study.

Total RNA was extracted from each tissue of each
sample using the TRIzol reagent (Invitrogen). The cDNA
libraries were constructed using a TruSeq® RNA sample
prep kit (Illumina) according to the manufacturer’s
protocol. Finally, we constructed seven mixed libraries
(equal quantities of tissues) of samples collected from
each location and four non-mixed libraries (heart, liver,
brain, kidney and spleen) of samples obtained from Gz.
After the quality of the cDNA libraries was assessed,
paired-end sequencing was performed using the Illumina
HiSeq 2500 platform. All sequence reads were deposited
in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive database under biopro-
ject number PRJNA380490.

Transcriptome assembly and annotation
The raw reads were processed to remove reads with se-
quencing adaptors, unknown nucleotides and low quality
(quality scores <20). All subsequent analyses were based
on these filtered reads. The transcriptome was assem-
bled using TRINITY [11] with the default parameters.
Then, the CD-HIT-EST software [12] was used to re-
move the redundancy and all the contigs under 600 bp
with an identity threshold of 95%.

We first combined all the clean reads together to ob-
tain an integrated transcriptome. After removing the
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Fig. 1 Map showing the locations of the 8 sites where C. macropterus samples were involved in this study. Qiunatong (Qnt), Geza (Gz), and Pula
(PI) were located in the up tributaries, Pihe (Ph), Chengan (Cg), Denggeng (Dg) and Liuku (Lk) were located in the mid stem, Mangliu (Ml) was
located in the low tributaries. Among these localities, Gz, Pl, Cg, Dg and Ml have sampled for the constructions of RNA-seq libraries. Map was created
in ArcGlIS version 10.1 and modified in Microsoft Office

(Tetraodon nigroviridis), fugu (Takifugu rubripes), stickle-
back (Gasterosteus aculeatus), cod (Gadus morhua), platy-

redundancy, the unigenes were annotated by searching
against the GenBank non-redundant (nr) database (down-

loaded from NCBI on 29 April 2016) using the BLASTX al-
gorithm. The putative functions of the assembled unigenes
were assigned using BLAST2GO suit [13], and the Trans-
Decoder program (http://transdecoder.github.io/) was ap-
plied to obtain the open reading frames (ORFs) of genes.

Orthology determination and alignment

We used HaMStR v.13.2.6 [14] to construct a core-
orthologue database which included eight species including
zebrafish (Danio rerio), medaka (Oryzias latipes), tetraodon

fish (Xiphophorus maculates), and tilapia (Oreochromis
niloticus) [8]. Of the eight species, 16,472 one-to-one
orthologues were obtained using Biomart [15] in Ensembl
(release 89). The longest transcript was chosen when more
than one corresponding orthologue was identified. Zebra-
fish was used as a representative model to identify the cor-
responding orthologues in three catfish from different
altitudes (C. macropterus, P. fulvidraco and G. macula-
tum). Each orthologous gene set was aligned using Gene-
Wise [16], and trimmed using Gblocks [16] with the

Table 1 Sample collection data of C. macropterus in the Nujiang River Basin, including geographic region, coordinates, collection
date and N (number of individuals sampled per locality), the code is abbreviation for the geographic region

geographic region code coordinates Altitude (m) Collection date N
Pula Pl 27°47"29"N, 98°35'31"E 1972 Oct/2015 1
Geza Gz 27°52"23"N, 98°40'51"E 1621 Oct/2015 3
Chenggan Cg 26°23'11"N, 96°53'50"E 937 Oct/2015 1
Denggeng Dg 25°54"21"N, 98°49'37"E 933 Oct/2015 1
Mangliu MI 25° 08'37"N, 98°50'09"E 874 Oct/2015 1
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parameter “-t=c”. We further deleted all gaps and “N”
from the alignments to reduce the effect of ambiguous
bases on the inference of positive selection. After the trim-
ming process, alignments shorter than 150 bp (50 codons)
were filtered for the subsequent analyses.

Phylogenetic tree construction and estimation of the
evolutionary rate

By performing a maximum-likelihood (ML) analysis
using RAxML 7.0.3 [17], we constructed a phylogenetic
tree of the abovementioned four species with the
concatenated sequences of the orthologues. In total,
1000 nonparametric bootstrap replicates were performed
using the GTRGAMMA substitution model. The best-
scoring ML tree in terms of the branch lengths and
bootstrap support values was obtained and used in the
subsequent analyses.

To estimate the lineage-specific evolutionary rates in
each species, the codeml program in the PAML package
[18] was run on each orthologue using the free-ratio
model (model =1). Based on a previous study [19], the
parameters, including the dN, dS, dN/dS, N*dN, and
S*dS values, were obtained for each branch and the
genes were discarded if N*dN or S*dS<1 or dS>2.
Then, we calculated the dN/dS of the concatenated se-
quence of all orthologs. The mean values of dN/ds were
based on each orthologue and ten randomly chosen
orthologues [7]. Comparisons of the evolutionary rates
in each lineage were conducted using the Wilcoxon rank
sum test. The Gene Ontology (GO) terms that involved
more than five orthologues were retained to calculate
the mean value of Ka/Ks and identify the lineage-specific
accelerated GO categories. The Wilcoxon rank sum test
was used to identify the GO categories with significantly
higher dN/dS values.

Estimation of genes with accelerated evolutionary rates
The fast-evolving genes (FEGs) and positive selected
genes (PSGs) were estimated using the PAML package.
The terminal branch of the three catfish species was re-
spectively set as the foreground branch. We used the
branch model in codeml to detect the FEGs by compar-
ing the null and alternative models. The null model hy-
pothesized that all tree branches evolved at the same
rate (i.e., the same w) and the alternative model assumed
that the foreground branch could evolve at a different
rate. A likelihood ratio test (LRT) with df =1 was used
to discriminate between the null and alternative models
for each orthologue. We corrected for multiple testing
by applying the false discovery rate (FDR < 0.05) method
[20] implemented in R. Genes were considered putative
FEGs if the o values of the foreground branch were
higher than those of the background branches and their
FDR-adjusted P-values were less than 0.05.
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A positive selection analysis was also performed based
on all the orthologues using the branch-site model
(model =2, Nsites=2) [19] in the codeml program of
PAML. A comparison was also conducted between the
null and alternative models. The null model assumed
that no positive selection occurred on the foreground
branch (dN/dS =1, modelAl, fix_omega =1 and omega
=1.5), and the alternative model assumed that sites on
the foreground branch were under positive selection
(dN/dS > 1, modelA2, fix omega=0 and omega=1.5).
An LRT was performed to compare the two models and
to calculate the statistics (221n). After a Chi-square stat-
istical analysis was performed and adjusted according to
the FDR, the genes with an adjusted P-value less than
0.05 were considered candidates for positive selection.

Genes in the overlap of FEGs and PSGs (FPGs) were
considered as adaptive genes for the following functional
enrichment analysis.

Gene expression estimation

The high-quality RNA-seq reads of the samples were in-
dividually mapped against the reference using BOWTIE2
[21] with default parameters for the subsequent expres-
sion estimation using RSEM [22]. The expression levels
were calculated as fragments per kilobase of exon per
million reads mapped (FPKM) using log2-transformed
and a mean-centred normalized read count. As altitude
increasing, some important genes that were related with
high altitude adaptation might express more in highland
than that in lowland. To characterize the expression pat-
terns, the top 500 highly expressed genes (HEGs) in each
sample were utilized to obtain the related expression
profiles using the pheatmap package in R [23]. Based on
the gene expression profile, the top 400 HEGs in the tis-
sues from high altitudes would be considered as putative
adaptive genes. Through the function enrichment ana-
lysis of these genes, we might detect some relative gen-
omic signals that be important for the high altitude
adaptation of C. macropterus.

Clustering analyses of samples

To estimate the clustering of the samples along the
Nujiang River Basin, we performed principal component
analysis (PCA) using DESeq2 [24] based on the gene ex-
pression of all the samples. In consideration of few sam-
ples in the RNA-seq of the present study, we also used
2b—-RAD data of the C. macropterus populations [15] to
identify the population genetic structure, where the as-
semble transcriptome were used as reference. Therefore,
the genetic structure would be estimated through single
nucleotide polymorphism (SNP) of mapped tags, which
were associated with the expressed genes. An IIB
restriction-site-associated DNA (2b—RAD) analysis of
the six populations was performed as described in our
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previous research [25]. All SNP variants were exported
into the PLINK format (PLINK v1.0.7) [26] and used to
estimate the genetic structure using ADMIXTURE v1.23
[27]. The postulated number of ancestral population K
was set to 1-10. In addition, a Discriminant Analysis of
Principal Components (DAPC) was applied to provide a
visual evaluation of the genetic structure of these popu-
lations of C. macropterus, using the R package adegenet
[28]. The sampling localities were used as prior groups,
and all loci that were detected with SNPs were used as
inputs [29].

Differential expression analysis

We searched for pairwise differentially expressed genes
(DEGs) among the clusters using edgeR [30, 31]. This
program applies a Generalized Linear Model (GLM) to
accommodate an experimental design where the count
data are modeled with a negative binomial (NB) distribu-
tion [32]. The components were filtered if they
expressed a minimum of one count per million (CPM)
mapped reads (~8-19 mapped reads per contig) in all
seven samples that were sequenced with the mixed tis-
sues. Genes with an FDR < 0.05 based on the Benjamin-
Hochberg multiple test correction were identified as be-
ing differentially expressed. Only the DEGs in all the
pairwise comparisons were included in the following
analysis. Based on expression level of these mutual
DEGs, we performed a partitioning clustering analysis
using a gap statistic approach to estimate the number of
clusters (K) as implemented in the clusGap function in R
package cluster v1.15.2 [33]. Expression levels of genes
assigned to clusters were plotted using plot_expression_-
patterns.pl script provided by the Trinity pipeline [34, 35].

KEGG pathways and GO enrichment analysis

All the gene functional enrichment analyses of FPGs,
DEGs and HEGs were performed with the DAVID Func-
tional Annotation tool (DAVID 6.8 Oct. 2016) [36, 37].
We focused on genes that were annotated in the Kyoto
Encylopedia of Genes and Genomes (KEGG) pathways
and Gene Ontology (GO) biological process categories.
To deeply investigate the functions of genes, all func-
tions enriched in more than two genes would be
retained and examined regarding whether it was associ-
ated with high-altitude adaptation. Moreover, only the
functions enriched in at least two types of genes (FPGs,
DEGs and HEGs) would be considered as necessary for
environmental adaptation in C. macropterus.

Results

Sequencing output and assembly

The number of reads per mixed sample after adaptor re-
moval and quality trimming ranged from 40,984,398 to
51,811,346 (Additional file 1: Table S1). After filtering
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out the redundancy, the de novo assembled transcrip-
tome contained 59,240 unigenes. To assess the quality of
the reference transcriptome, all 13 mitochondrial
protein-coding genes available for C. macropterus in the
NCBI database were downloaded and mapped to our
reference transcriptome using BLASTN with an E value
cutoff of 1x107'°. Of all the protein-coding genes
present in our assembled transcriptome, only four bases
were lost at the end of Cytochrome c oxidase II (COX2).
In the annotation, 35,408 unigenes exhibited significant
BLAST results against the nr database. In total, 10,190
contigs were successfully annotated with GO terms
using BLAST2GO.

Accelerated evolution of C. macropterus and adaptive
genes detection

C. macropterus, P. fulvidraco and G. maculatum have
1304, 1023 and 948 orthologues with the core-
orthologues database, respectively. In total, there are 747
mutual orthologous genes. After alignment and trim-
ming for quality control, 598 orthologous genes were
kept for the subsequent evolutionary analysis.

Based on the constructed phylogenetic tree (Fig. 2a),
we evaluated the ratio of nonsynonymous to synonym-
ous substitutions (Ka/Ks) in each orthologue to compare
the different selection constraints among the branch of
C. macropterus and the other two catfish species. Using
the free ratio model, we detected that the Ka/Ks value of
C. macropterus was significantly higher than that of P.
fulvidraco (Wilcoxon rank sum test, P=4.29e-06) but
lower than that of G. maculatum (Wilcoxon rank sum
test, P=0.987) (Fig. 2b and c¢). In addition, 1000
concatenated alignments were constructed from ten ran-
domly chosen orthologues, which also indicated the same
results (C. macropterus vs. P. fulvidraco, P <2.2e-16; C.
macropterus vs. G. maculatum, P = 0.8721) (Fig. 2d).

To identify the lineage-specific accelerated GO categor-
ies of the C. macropterus branch, we calculated the mean
Ka/Ks ratios and compared these values to those obtained
for P. fulvidraco and G. maculatum to determine whether
higher altitudes accelerated evolution. Consequently, we
obtained 108 GO terms in which more than five ortholo-
gues were involved. The number of GO categories with a
higher mean Ka/Ks value increased with increasing alti-
tude (Additional file 2: Figure S1). The “mitochondrial
matrix” and “metabolic process” categories in G. macula-
tum were significantly higher than in P. fulvidraco, which
had not been found in the comparison of C. macropterus
and P. fulvidraco.

In the set of 598 orthologous genes, we identified 450
FEGs and 233 PSGs from the C. macropterus branches
after correcting for multiple testing. One hundred
ninety-eight FPGs (genes overlapped in FEGs and PSGs)
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(Additional file 1: Table S2) were used in the subsequent
analysis.

Clustering analyses of samples

Based on the gene expression, PCA indicated that 38% of
the variance could be explained by principal component 1
(PC1) and 20% could be explained by PC2. The results
showed that these individuals could be divided into three
clusters. Gz1-3 and Pl from upstream tributaries belonged
to cluster 1 (High), Cg and Dg from the main stem
belonged to cluster 2 (Mid), and Ml from the downstream
tributary belonged to cluster 3 (Low) (Fig. 3a).

After mapping RAD tags to the assembled transcrip-
tome and merging all the loci from each individual, we
obtained 28,768 consensus loci, and 155 tags with at
least one SNP (the SNP loci must present in all six pop-
ulations) were included in the subsequent population
analyses. The genetic structure revealed that K=6 had
the lowest cross-validation (Additional file 2: Figure S2)
of the five populations. Almost all individuals from the
upper tributaries (Qnt and Gz) had two genetic struc-
tures (red and orange). Most individuals from the mid
stem (Lk and Ph) had two other genetic structures

(purple and blue), and most individuals from the down-
stream tributary (Ml) had only one genetic structure
(green) (Fig. 3b). In fact, all individuals could be grouped
into three clusters, because the components of the gen-
etic structures in Qnt and Gz (or Lk and Ph) were uni-
form. This arrangement was also indicated by the DAPC
plot (Fig. 3c), which shows that the five populations
formed three groups based on the localities.

Examination of differentially expressed genes

By comparing the patterns of differential gene expres-
sion among three clusters (High, Mid and Low), a total
of 15,722 contigs were inferred as differentially
expressed genes (FDR<0.05) in at least one pairwise
comparison (Additional file 2: Figure S3). Of these, 1856
contigs were differential expressed among all compari-
sons, of which 573 were in the list of reciprocal best
BLAST hits with zebrafish (Fig. 4a, Additional file 1:
Table S3). The number of DEGs that highly expressed in
individuals from high altitudes were always more than
mid or low altitude individuals (Fig. 4b, Additional file 2:
Figure S3). Among the mutual 573 DEGs, we found 369
and 423 genes were highly expressed in High when
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compared to Mid and Low (Fig. 4b), and the number of
highly expressed genes were more in Mid than that in
Low (371 vs. 202). We then defined co-expressed sets of
genes using partitioning clustering analysis in the 573 mu-
tual DEGs. For this analysis, the PAM (Partitioning
Around Medoids) clustering algorithm assumed the opti-
mal value of k =3 using 1000 bootstrap replicates resam-
pling (Additional file 2: Figure S4). The results indicated
three major expression patterns in the 573 mutual DEGs
(Additional file 2: Figure S5). Of the three patterns, a pat-
tern showed genes were more expressed in high altitudes
(P, Gzl, Gz2 and Gz3) than that in low altitudes (Mid
(Cg and Dg) and Low (Ml)) (Additional file 2: Figure S5),
which contained maximum number of genes (155 genes,
Additional file 1: Table S4) in the three major expression
patterns. The above 573 mutual DEGs would be applied
into the next gene functional analysis.

Detection of highly expressed genes in high altitude

There were 1377 HEGs after selecting and merging the
top 500 highly expressed genes (HEGs) in each sequen-
cing library. In the expression profiles of these genes
(Fig. 4c), we observed that certain genes appeared to be
strikingly highly expressed in the tissues (spleen, liver,

heart and brain of Gz), and their expressions were pro-
gressively decreasing along altitude decreasing (gene
were higher expressed in highland (Pl, Gz1, Gz2 and
Gz3) than that in lowland (Ml, Cg and Dg)). To obtain
this type of genes as much as possible, we selected the
top 400 HEGs in each tissue, which left 657 unigenes
after removing redundancy. Of these, 220 were the best
reciprocal BLAST hits with zebrafish (Additional file 1:
Table S5), and these 220 HEGs would be used in the fol-
lowing gene functional enrichment analysis to detect the
underlying genomic signals of high-altitude adaptation.

Gene function enrichment analysis

In the KEGG pathways enrichment analysis, we focused
on representative key pathways (top 10 enriched gene
number) in FPGs, DEGs and HEGs (Additional file 2:
Figure S4). In the three gene datasets, HEGs and DEGs
were significantly enriched in 9 and 2 pathways, and
FPGs were not significantly enriched in any pathways.
The results indicated the highest number of genes anno-
tated to the metabolic pathways, and approximately 15%
of the HEGs were significantly involved in oxidative
phosphorylation (P =0.027). It was interesting to find
that six HEGs (e.g, COX8B, COX1 and UGCRG) were
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involved in cardiac muscle contraction (P=0.085). In
addition, we detected genes related to the biosynthesis
of antibiotics in all gene datasets.

To capture genes that might participate in high-
altitude adaptation, we also performed a GO enrichment
analysis to link the FPGs, DEGs and HEGs to underlying
biological processes. The results showed that the three
gene datasets were associated with 254 biological pro-
cesses (enriched at least two genes), and 15 GO terms
(emerged at least two gene datasets) might be associated
with high altitude adaptation (Fig. 5b, Table 2 and
Additional file 1: Table S6). In these genes associated
with the 15 GO terms, a large number of genes were in-
volved in the “oxidation-reduction”, “phosphorylation
process” and “protein phosphorylation”. The other func-
tions, in contrast, were enriched in far fewer genes. For
example, two HEGs (MB and PGK1) and two DEGs
(HSPA5 and PGK1) were annotated to “response to hyp-
oxia”, while nine DEGs and two FPGs were (TGD.2 and
APEX2) enriched for “DNA repair”.

Discussion

In the present study, we sequenced and assembled a com-
parable intact transcriptome of C. macropterus using
eleven RNA-seq libraries. We calculated the evolutionary

rates of P. fulvidraco, C. macropterus and G. maculatum
and then identified the fast-evolving genes and positively
selected genes of C. macropterus. By estimating the gene
expression, we also acquired highly expressed genes
from the tissues of upstream tributaries, and calculated
differentially expressed genes among three C. macro-
pterus clusters. Through function enrichment analysis
of these genes, we identified the underlying genetic sig-
nals that might be responsible for high-altitude adapta-
tion in C. macropterus.

Accelerated evolutionary rates along increased altitude
Through estimating the ratio of nonsynonymous to syn-
onymous substitutions, we found that the C. macro-
pterus lineage exhibited an accelerated evolutionary rate
compared with that of P. fulvidravo in the lowland areas
(< 100 m). However, G. maculatum in the higher alti-
tude (3800-4000 m) showed accelerated evolution rates
relative to C. macropterus. In addition, the number of
GO terms with a higher evolutionary rate were increased
as altitude increase. Therefore, C. macropterus did dis-
play genome-wide accelerated evolution. The evolution-
ary rate might speed up with increased altitude to cope
with the hasher environment at the higher altitude.
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Genetic difference of C. macropterus along the Nujiang
River basin

According to the results of the sample clustering, C.
macropterus along the Nujiang River basin could be di-
vided into 3 clusters (High, Mid and Low). The dN/dS ra-
tio was originally developed for application to distantly
diverged sequences [38—40]. Therefore, the direct com-
parison of the evolution rates of three clusters in a phylo-
genetic tree might result in errors. To investigate the
genetic difference in the three clusters, we calculated the
expression levels of genes to obtain pairwise DEGs.

The GO enrichment analysis indicated that DEGs were
significantly enriched in 12 functional categories. A pre-
vious study showed that positively selected genes of
Rana chensinensis inhabiting higher elevations were sig-
nificantly enriched in “peroxisome organization” com-
pared to the R kukunoris inhabit lower elevation [41].
The DEGs of our study were also associated with “per-
oxisome organization” (3 genes, P =0.0039). And there
were three significant terms (“central nervous system de-
velopment” (7 genes, P=0.0085), “cellular response to
DNA damage stimulus” (9 genes, P =0.0086) and “DNA

Table 2 GO terms associated with high altitude adaptation in C. macropterus

GO terms Gene lists number DEGs FPGs HEGs
Oxidation-reduction process 3 17 13 22
Carbohydrate metabolic process 3 3 4 3
Immune response 2 3 - 2
Glycolytic process 2 2 - 2
DNA repair 2 9 2 -
Protein glycosylation 2 2 2 -
Phosphorylation 2 17 9 -
Angiogenesis 2 6 2 -
Response to hypoxia 2 2 - 2
Hemopoiesis 2 4 - 5
Digestive tract development 2 2 2 -
Protein phosphorylation 2 19 8 -
Innate immune response 2 8 2 -
Heart contraction 2 6 3 -
Heart development 2 3 2 -

The table includes the number of datasets related to this GO term, and the number of genes associated with this GO term in FPGs, DEGs and HEGs. The numbers

in bold represent the significantly enriched genes (P < 0.05)
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damage checkpoint” (3 genes, P =0.05)), which were in-
volved in high altitude adaptation [42, 43]. In the largest
gene expression pattern (cluster 1, Additional file 2:
Figure S5), we have detected 0, 1, 4 and 4 genes associ-
ated with “peroxisome organization”, “DNA damage
checkpoint”, “central nervous system development” and
“celluar response to DNA damage stimulus”, respect-
ively. It seemed that altitude increases might result in
the differentiation of C. macropterus. With the rise of
altitude, oxidation reactions and stress responses are
more and more important to regulate factors in animals,
which might need more expression of relevant genes.

Energy metabolism of C. macropterus

High energy metabolism is necessary to survive in high-
altitude habitats [44—46]. Through enrichment analysis
of the FPGs, HEGs and DEGs, the present study identi-
fied many genes that were directly associated with en-
ergy metabolism processes (e.g., “carbohydrate metabolic
process”, “glycolytic process” and “protein glycosyla-
tion”). In addition, we identified some genes related to
blood circulation and heart functions (e.g., “angiogen-
esis”, “hemopoiesis” and “heart development”).

Of these genes, GAPDHS (glyceraldehyde-3-phosphate
dehydrogenase, spermatogenic) and PGK1 (phosphoglycer-
ate kinase 1) were highly expressed in high-altitude tissues
and differentially expressed among the three clusters,
which were involved in “glycolytic process”. Evidence
shows that GAPDHS encodes a protein belonging to the
glyceraldehyde-3-phosphate ~ dehydrogenase (GAPDH)
family of enzymes, and GAPDHS is post-transcriptionally
regulated and is up-regulation in hypoxia endothelial cells
[47, 48]. For the PGK1 gene, a previous study reported that
it is widely expressed in response to hypoxia [49]. Exclud-
ing PGK1, we also found 2 other genes (MB and HSPA5)
that were annotated in “response to hypoxia” [50, 51] in
HEGs and DEGs, respectively. The related reports indi-
cated a significantly higher MB (myoglobin) protein con-
tent after training in hypoxia [52], and hypoxia decreases
the expression of heat shock proteins 5 (HSPA5) in human
microvascular endothelial cells [53].

Immune response and DNA repair of C. macropterus

The responses to hypoxia and UV radiation are crucial
for organisms to adapt to high-altitude environments. In
C. macropterus, we found 2 HEGs (C9 and BLNK) and 3
DEGs (TNFAIP3, NRROS and BLNK) that were involved
in the “immune response”, as well as 2 FPGs (NFKB2
and PTK2BA) and 8 DEGs (e.g. NRROS, FER and
ANKHD1) associated with the “innate immune re-
sponse”. BLNK (B-cell linker) and NFKB2 (nuclear factor
of kappa light polypeptide gene enhancer in B-cells 2)
are two genes related to B cells, and B cells function in
the humoral immunity component of the adaptive
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immune system by secreting antibodies, which would
help C. macropterus in the adaptation to high-altitude
environments. For BLNK™/~ mice, the mutant B cells
failed to mature and are non-responsive to B cell recep-
tor cross-linking in terms of proliferation [54]. Hypoxia-
inducible factor (HIF)-1la suppression in hypoxic condi-
tions was associated with the down regulation of tran-
scription factor genes (e.g. NFKB2) [55]. Reactive oxygen
species (ROS) produced by phagocytes are essential for
host defence against bacterial and fungal infection.
NRROS (negative regulator of reactive oxygen species),
named the negative regulator of reactive oxygen species,
limits ROS generation by phagocytes during inflamma-
tory responses.

DNA damage induced by hypoxia and UV radiation
might be universal at high-altitudes [56, 57], species in
high altitude need relevant functions to repair the DNA
damages. There were 2 FPGs (APEX2 and TGD.2) and 9
DEGs (e.g., RNF8, MTOR and TONSL) that were re-
lated to “DNA repair”. We identified that 4 DEGs (i.e.,
WRN, RFC1, EMSY and APTX) were highly expressed
in individuals from high-altitude compared to that of
Mid and Low (Additional file 1: Table S4, the cluster 1
in Additional file 2: Figure S5). For example, APTX
(aprataxin) is a 342 amino acid protein that localizes to
the nucleus and nucleolus [58, 59], which is associated
with both the DNA single-strand and double-strand
break repair machinery. Detailed examination of three
distinct domains in APTX elucidated the repair role
played by APTX and its relevance for maintaining gen-
ome integrity in neuronal tissues [60]. Along the altitude
increase, DNA repair in C. macropterus might become
stronger in the harsher environment.

Controversial issue and limitations

The genetic structure revealed that K =6 had the lowest
cross-validation (Additional file 2: Figure S2) in five C.
macropterus populations along the Nujiang River Basin,
which is different from the results obtained in our previ-
ous study (K = 3) [25]. Considering that most transcripts
might be not sequenced because of the absence of a spe-
cial restriction site, we could only obtain 155 tags with
SNPs, which was much fewer than the 1679 tags in our
previous study, which might have resulted in a reduced
resolution. The difference might also have resulted from
some type of complicated interaction due to the biases
associated with transcriptome assembly and RAD-seq.
In addition, the DEGs results might be questionable be-
cause of the small sample size in our analysis. We only
sampled one individual from low-altitude and two individ-
uals from mid-altitude, which might result in occasional
errors. The results would be much more reliable if we
sampled more individuals, especially individuals in the
mid and low clusters. And measuring more environmental
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factors (e.g. oxygen concentration, temperature and com-
ponents of water) might be helpful for elucidating the ex-
pression patterns of genes in these locations.

Conclusions

In this study, we reported that the transcriptome of C.
macropterus, investigated the genetic mechanism of
high-altitude adaptation in C. macropterus, and detected
differentially expressed genes within three clusters. By
comparing the evolutionary rates, we found that species
from higher altitudes might evolve faster than species
from the lowlands. Based on functional enrichment ana-
lysis of the FPGs, HEGs and DEGs, the results indicated
that many genes were involved in energy metabolism
and hypoxia, which might be an important resource to
study adaptations to high-altitude environment.

Additional files

Additional file 1: Table S1. Sequencing output result of all eleven
mixed samples. Q20 represents the percentage of quality score of bases
that above 20. Q30 represents the percentage of quality score of bases
that above 30. Table S2. FPGs (The overlaps of genes of the fast evolving
genes (FEGs) and positively selected genes (PSGs)). Table S3. Mutual
DEGs (differentially expressed genes) that best reciprocal BLAST hits with
zabrafish in all pairwise comparisons (High vs. Mid, Mid vs. Low and High
vs. Low). Table S4. Genes in cluster 1 (the largest gene group in the
resluts of co-expression analysis) which were highly expressed in individuals
from high-altitude. Table S5. Highly expressed gene in tissues from high-
altitude. Table S6. GO terms enriched by genes of FPGs, DEGs and HEGs.
(XLSX 73 kb)

Additional file 2: Figure S1. Scatter plot of the mean Ka/Ks ratio with
more than five orthologues for each GO category in C. macropterus, P.
fulvidraco, G. maculatum, and D. rerio. The slope of oblique line is 45°,
points above this line presented GO terms with higher Ka/Ks ratios in
species of y axis. If not, points presented GO terms with higher Ka/Ks
ratios in species of x axis. Red points with annotated text represent GO
categories with significantly higher Ka/Ks ratios. Black arrows symbolize
the number of genes with higher Ka/Ks ratios. Figure S2. ADMIXTURE
cross-validation approach to choosing the K parameter — the postulated
number of ancestral populations. The error estimates are based on the
10-fold cross-validation. Figure S3. Smear plots showing the number of
differentially expressed contigs (FDR < 0.05) in red in each pairwise
comparison. A smooth scatter was used to convert the number of
points in each plot coordinate into a vector of colours representing
the local point density. Darker shades of blue represent higher density of
points. Only below a specific density or in case of significance the dot is
drawn. Figure S4. Gap statistic for the expression of 573 mutual DEGs using
1000 bootstrap replicates resampling and the PAM clustering alogorithm.
Figure S5. Three major clusters of genes with similar expression pattern.
Expression of genes in cluster T were higher in samples from high altitudes
than that from mid and low altitudes. (DOCX 1132 kb)

Acknowledgements

We are extremely grateful to Huang Fujiang for sample collection, we would
like to thank Yang Liandong for his invaluable help with the analyses. This
work was supported by Pilot projects (Grant No. XDB13020100).

Funding
This work was supported by grants from the Pilot projects (No.
XDB13020100).

Page 11 of 12

Availability of data and materials

All sequence reads were deposited in the National Center for Biotechnology
Information (NCBI) Sequence Read Archive database under bioproject
number PRINA380490.

Authors’ contributions

JK contributed to the sampling, data analysis and wring the manuscript. XM
contributed to the sampling and SH contributed to the research design and
writing the manuscript. All authors have read and approved the final manuscript.

Ethics approval and consent to participate

All animal experiments were approved by the Ethics Committee of the
Institute of Hydrobiology, Chinese Academy of Sciences. The policies were
enacted according to Chinese Association for Laboratory Animal Sciences.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

'The Key Laboratory of Aquatic Biodiversity and Conservation of Chinese
Academy of Science, Institute of Hydrobiology, Chinese Academy of
Sciences, Wuhan, Hubei 430072, China. “University of the Chinese Academy
of Science, Beijing, China. 3Col\ege of Animal Science, Guizhou University,
Guiyang, Guizhou 550025, China.

Received: 3 July 2017 Accepted: 15 November 2017
Published online: 23 November 2017

References

1. Beall CM. Two routes to functional adaptation: Tibetan and Andean high-
altitude natives. Proc Natl Acad Sci U S A. 2007;104:8655-60.

2. WuT, Kayser B. High altitude adaptation in Tibetans. High Altitude Medicine
& Biology. 2006;7(3):193-208.

3. Thompson LG, Yao T, Mosley-Thompson E, Davis ME, Henderson KA, Lin PN.
A high-resolution millennial record of the south Asian monsoon from
Himalayan ice cores. Science. 2000;289(5486):1916-9.

4. Zhang W, Fan Z, Han E, Hou R, Zhang L, Galaverni M, Huang J, Liu H, Silva
P, Li P. Hypoxia adaptations in the grey wolf (Canis Lupus Chanco)
from Qinghai-Tibet plateau. PLoS Genet. 2014;10(7):e1004466.

5 Wang G-D, Fan R-X, Zhai W, Liu F, Wang L, Zhong L, Wu H, Yang H-C, S-F
W, Zhu C-L. Genetic convergence in the adaptation of dogs and humans to
the high-altitude environment of the tibetan plateau. Genome biology and
evolution. 2014,6(8):2122-8.

6. AiH, Yang B, Li J, Xie X, Chen H, Ren J. Population history and genomic
signatures for high-altitude adaptation in Tibetan pigs. BMC Genomics.
2014;15(1):834.

7. Yang L, Wang Y, Zhang Z, He S. Comprehensive transcriptome analysis reveals
accelerated genic evolution in a Tibet fish, Gymnodiptychus Pachycheilus.
Genome biology and evolution. 2015;7(1):251-61.

8. Wang Y, Yang LD, Zhou K, Zhang YP, Song ZB, He SP. Evidence for adaptation
to the Tibetan plateau inferred from Tibetan loach transcriptomes. Genome
Biology and Evolution. 2015;7(11):2970-82.

9. Ma X Dai W, Kang J, Yang L, He S: Comprehensive transcriptome analysis of
six catfish species from an altitude gradient reveals adaptive evolution in
Tibetan fishes. G3: Genes| Genomes| Genetics 2016, 6(1):141-148.

10.  Yu L, Wang GD, Ruan J, Chen YB, Yang CP, Cao X, Wu H, Liu YH, Du ZL,
Wang XP et al: Genomic analysis of snub-nosed monkeys (Rhinopithecus)
identifies genes and processes related to high-altitude adaptation. Nature
genetics 2016, 48(8):947—+.

11, Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |, Adiconis
X, Fan L, Raychowdhury R, Zeng QD, et al. Full-length transcriptome
assembly from RNA-Seq data without a reference genome. Nat Biotechnol.
2011;29(7):644-U130.


dx.doi.org/10.1186/s12862-017-1074-0
dx.doi.org/10.1186/s12862-017-1074-0

Kang et al. BVIC Evolutionary Biology (2017) 17:229

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Li W, Godzik A. Cd-hit: a fast program for clustering and comparing large
sets of protein or nucleotide sequences. Bioinformatics. 2006;22(13):1658-9.
Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M. Blast2GO: a
universal tool for annotation, visualization and analysis in functional
genomics research. Bioinformatics. 2005;21(18):3674-6.

Goodman M, Sterner KN, Islam M, Uddin M, Sherwood CC, Hof PR, Hou ZC,
Lipovich L, Jia H, Grossman LI, et al. Phylogenomic analyses reveal convergent
patterns of adaptive evolution in elephant and human ancestries (vol 106, pg
20824, 2009). Proc Natl Acad Sci U S A. 2010;107(18):8498.

Vilella AJ, Severin J, Ureta-Vidal A, Heng L, Durbin R, Birney E.
EnsemblCompara GeneTrees: complete, duplication-aware phylogenetic
trees in vertebrates. Genome Res. 2009;19(2):327-35.

Castresana J. Selection of conserved blocks from multiple alignments for
their use in phylogenetic analysis. Mol Biol Evol. 2000;17(4):540-52.
Stamatakis A. RAXML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics. 2006;
22(21):2688-90.

Yang ZH. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol
Evol. 2007;24(8):1586-91.

Goodman M, Sterner KN, Islam M, Uddin M, Sherwood CC, Hof PR, Hou ZC,
Lipovich L, Jia H, Grossman LI, et al. Phylogenomic analyses reveal
convergent patterns of adaptive evolution in elephant and human
ancestries. Proc Natl Acad Sci U S A. 2009;106(49):20824-9.

Benjamini Y, Hochberg Y. Controlling the false discovery rate - a practical
and powerful approach to multiple testing. J Roy Stat Soc B Met. 1995,57(1):
289-300.

Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat
Methods. 2012;9(4):357-U354.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC bioinformatics. 2011;12(1):323.
Kolde R: pheatmap: Pretty Heatmaps. R package version 1.0. 2. In,; 2015.
Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
Kang J, Ma X, He S. Population genetics analysis of the Nujiang catfish
Creteuchiloglanis macropterus through a genome-wide single nucleotide
polymorphisms resource generated by RAD-seq. Sci Rep. 2017;7(1):2813.
Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J,
Sklar P, de Bakker PI, Daly MJ, et al. PLINK: a tool set for whole-genome
association and population-based linkage analyses. Am J Hum Genet. 2007;
81(3):559-75.

Alexander DH, Novembre J, Lange K. Fast model-based estimation of
ancestry in unrelated individuals. Genome Res. 2009;19(9):1655-64.
Jombart T. Adegenet: a R package for the multivariate analysis of genetic
markers. Bioinformatics. 2008;24(11):1403-5.

Silva-Brandao KL, Silva OABNE, Brandao MM, Omoto C, Sperling FAH.
Genotyping-by-sequencing approach indicates geographic distance as the
main factor affecting genetic structure and gene flow in Brazilian
populations of Grapholita molesta (Lepidoptera, Tortricidae). Evol Appl.
2015;8(5):476-85.

McCarthy DJ, Chen YS, Smyth GK. Differential expression analysis of
multifactor RNA-Seq experiments with respect to biological variation.
Nucleic Acids Res. 2012;40(10):4288-97.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data.
Bioinformatics. 2010;26(1):139-40.

McCarthy DJ, Chen Y, Smyth GK Differential expression analysis of multifactor
RNA-Seq experiments with respect to biological variation. Nucleic Acids Res.
2012/40(10):4288-97.

Maechler M, Rousseeuw P, Struyf A, Hubert M, Hornik K. Cluster: cluster
analysis basics and extensions. R package version. 2012;1(2):56.

Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden J,
Couger MB, Eccles D, Li B, Lieber M, et al. De novo transcript sequence
reconstruction from RNA-seq using the Trinity platform for reference
generation and analysis. Nat Protoc. 2013;8(8):1494-512.

Ferreira MS, Alves PC, Callahan CM, Marques JP, Mills LS, Good JM, Melo-
Ferreira J. The transcriptional landscape of seasonal coat colour moult in the
snowshoe hare. Mol Ecol. 2017;

Dennis G, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, Lempicki RA.
DAVID: database for annotation, visualization, and integrated discovery.
Genome Biol. 2003;4(9)

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 12 of 12

Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc. 2009:4(1):44-57.
Kimura M. Preponderance of synonymous changes as evidence for the
neutral theory of molecular evolution. Nature. 1977,267(5608):275-6.
Goldman N, Yang Z. A codon-based model of nucleotide substitution for
protein-coding DNA sequences. Mol Biol Evol. 1994;11(5):725-36.

Muse SV, Gaut BS. A likelihood approach for comparing synonymous and
nonsynonymous nucleotide substitution rates, with application to the
chloroplast genome. Mol Biol Evol. 1994;11(5):715-24.

Yang W, Qi Y, Bi K, Fu J. Toward understanding the genetic basis of
adaptation to high-elevation life in poikilothermic species: a comparative
transcriptomic analysis of two ranid frogs, Rana Chensinensis and R.
Kukunoris. BMC Genomics. 2012;13(1):588.

Hornbein TF, Townes BD, Schoene RB, Sutton JR, Houston CS. The cost to
the central nervous system of climbing to extremely high altitude. N Engl J
Med. 1989;321(25):1714-9.

Meller P, Loft S, Lundby C, Olsen NV. Acute hypoxia and hypoxic exercise
induce DNA strand breaks and oxidative DNA damage in humans. FASEB J.
2001;15(7):1181-6.

Qiu Q, Zhang GJ, Ma T, Qian WB, Wang JY, Ye ZQ, Cao CC, Hu QJ, Kim J,
Larkin DM et al: The yak genome and adaptation to life at high altitude.
Nature genetics 2012, 44(8):.946—+.

Ge R-L, Cai Q Shen Y-Y, San A, Ma L, Zhang Y, Yi X, Chen Y, Yang L, Huang
Y. Draft genome sequence of the Tibetan antelope. Nat Commun. 2013, 18584
Wang M-S, Li Y, Peng M-S, Zhong L, Wang Z-J, Li Q-Y, X-L T, Dong Y, Zhu C-
L, Wang L. Genomic analyses reveal potential independent adaptation to
high altitude in Tibetan chickens. Mol Biol Evol. 2015;32(7):1880-9.

Graven KK, Farber HW. Regulation of endothelial-cell Glyceraldehyde-3-
phosphate dehydrogenase expression by hypoxia. J Cell Biochem. 1995:254-4.
Graven KK, Troxler RF, Kornfeld H, Panchenko MV, Farber HW. Regulation of
endothelial-cell Glyceraldehyde-3-phosphate dehydrogenase expression by
hypoxia. J Biol Chem. 1994;269(39):24446-53.

Firth JD, Ebert BL, Pugh CW, Ratcliffe PJ. Oxygen-regulated control elements
in the phosphoglycerate Kinase-1 and lactate-dehydrogenase-a genes -
similarities with the erythropoietin 3" enhancer. Proc Natl Acad Sci U S A.
1994,91(14):6496-500.

Vogt M, Puntschart A, Geiser J, Zuleger C, Billeter R, Hoppeler H. Molecular
adaptations in human skeletal muscle to endurance training under simulated
hypoxic conditions. J Appl Physiol. 2001;91(1):173-82.

Sonna LA, Cullivan ML, Sheldon HK; Pratt RE, Lilly CM. Effect of hypoxia on
gene expression by human hepatocytes (HepG2). Physiol Genomics. 2003;
12(3):195-207.

Terrados N, Jansson E, Sylven C, Kaijser L, Hypoxia I. A stimulus for synthesis
of oxidative-enzymes and myoglobin. J Appl Physiol. 1990,68(6):2369-72.
Oehler R, Schmierer B, Zellner M, Prohaska R, Roth E. Endothelial cells
downregulate expression of the 70 kDa heat shock protein during hypoxia.
Biochem Biophys Res Commun. 2000;,274(2):542-7.

SL X, Tan JEL, Wong EPY, Manickam A, Ponniah S, Lam KP. B cell
development and activation defects resulting in xid-like immunodeficiency
in BLNK/SLP-65-deficient mice. Int Immunol. 2000;12(3):397-404.

Colla S, Storti P, Donofrio G, Todoerti K, Bolzoni M, Lazzaretti M, Abeltino M,
Ippolito L, Neri A, Ribatti D. Low bone marrow oxygen tension and hypoxia-
inducible factor-1 [alpha] overexpression characterize patients with multiple
myeloma: role on the transcriptional and proangiogenic profiles of [CD138.
Sup+] cells. Leukemia. 2010;24(11):1967-71.

Zenoff VF, Sineriz F, Farfas M. Diverse responses to UV-B radiation and repair
mechanisms of bacteria isolated from high-altitude aquatic environments.
Appl Environ Microbiol. 2006;72(12):7857-63.

Lundby C, Pilegaard H, van Hall G, Sander M, Calbet J, Loft S, Mgller P,
Oxidative DNA. Damage and repair in skeletal muscle of humans exposed
to high-altitude hypoxia. Toxicology. 2003;192(2):229-36.

Clements PM, Breslin C, Deeks ED, Byrd PJ, LM J, Bieganowski P, Brenner C,
Moreira MC, Taylor AMR, Caldecott KW. The ataxia-oculomotor apraxia 1 gene
product has a role distinct from ATM and interacts with the DNA strand break
repair proteins XRCC1 and XRCC4. DNA Repair. 2004;3(11):1493-502.

Date H, Onodera O, Tanaka H, lwabuchi K, Uekawa K; Igarashi S, Koike R,
Hiroi T, Yuasa T, Awaya Y, et al. Early-onset ataxia with ocular motor apraxia
and hypoalbuminemia is caused by mutations in a new HIT superfamily
gene. Nat Genet. 2001,29(2):184-8.

Rass U, Ahel I, West SC, Defective DNA. Repair and neurodegenerative
disease. Cell. 2007;130(6):991-1004.



	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Fish sampling and sequencing
	Transcriptome assembly and annotation
	Orthology determination and alignment
	Phylogenetic tree construction and estimation of the evolutionary rate
	Estimation of genes with accelerated evolutionary rates
	Gene expression estimation
	Clustering analyses of samples
	Differential expression analysis
	KEGG pathways and GO enrichment analysis

	Results
	Sequencing output and assembly
	Accelerated evolution of C. macropterus and adaptive genes detection
	Clustering analyses of samples
	Examination of differentially expressed genes
	Detection of highly expressed genes in high altitude
	Gene function enrichment analysis

	Discussion
	Accelerated evolutionary rates along increased altitude
	Genetic difference of C. macropterus along the Nujiang River basin
	Energy metabolism of C. macropterus
	Immune response and DNA repair of C. macropterus
	Controversial issue and limitations

	Conclusions
	Additional files
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

