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High-altitude environments present strong stresses for living organ-
isms, which have driven striking phenotypic and genetic adaptations.
While previous studies have revealed multiple genetic adaptations in
high-altitude species, how evolutionary history (i.e., phylogenetic
background) contributes to similarity in genetic adaptations to high-
altitude environments is largely unknown, in particular in a group of
birds. We explored this in 3 high-altitude passerine birds from the
Qinghai-Tibet Plateau and their low-altitude relatives in lowland
eastern China. We generated transcriptomic data for 5 tissues across
these species and compared sequence changes and expression
shifts between high- and low-altitude pairs. Sequence comparison
revealed that similarity in all 3 high-altitude species was high for
genes under positive selection (218 genes) but low in amino acid
substitutions (only 4 genes sharing identical amino acid substitu-
tions). Expression profiles for all genes identified a tissue-specific
expression pattern (i.e., all species clustered by tissue). By contrast,
an altitude-related pattern was observed in genes differentially
expressed between all 3 species pairs and genes associated with
altitude, suggesting that the high-altitude environment may drive
similar expression shifts in the 3 high-altitude species. Gene expres-
sion level, gene connectivity, and the interactions of these 2 factors
with altitude were correlated with evolutionary rates. Our results
provide evidence for how gene sequence changes and expression
shifts work in a concerted way in a group of high-altitude birds,
leading to similar evolution routes in response to high-altitude
environmental stresses.
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Species inhabiting high-altitude environments are subjected to
severe selective pressure due to adverse environmental con-

ditions, including hypoxia, low temperatures, and strong ultravio-
let radiation (1). The Qinghai-Tibet Plateau (QTP) is the highest
and largest plateau in the world, with an average elevation of
4,500 m above sea level (2). This harsh high-altitude environment
has resulted in the evolution of similar phenotypic adaptations in
humans, mammals, and birds, for example, hypoxic resistance,
cold tolerance, enhanced metabolic capacity, and increased body
masses (3–5). However, despite the substantial similarity of phe-
notypic adaptations identified in these species, genomic studies
have shown that different organisms adapt to high altitudes via
multiple genetic routes (1, 6–9). Considering that the similarity in
genetic adaptations to high altitudes is largely subject to phylo-
genetic context (10–12), comparisons of phylogenetically distinct
species in previous studies may have underestimated the actual
degree of similarity in genomic evolution. Thus, studies on high-
altitude adaptations of closely related species in a robust phylo-
genetic context will largely expand our current understanding of
adaptive evolution to highly selective extreme environments.
A group of passerine birds, tits, provide a unique opportunity to

investigate high-altitude adaptations within a comparative frame-
work (13). Three high-altitude tits, the gray-crested tit (Lopho-
phanes dichrous), the rufous-vented tit (Periparus rubidiventris),
and the black-throated tit (Aegithalos iouschistos), are residents of
the high-altitude mountains on the QTP (over 2,300 m) (13–15).

Their respective low-altitude relatives, the marsh tit (Poecile pal-
ustris), the yellow-bellied tit (Pardaliparus venustulus), and the
rufous-fronted tit (Aegithalos concinnus), are residents of the
lowland from sea level to low-altitude mountains (13–15). Previous
phylogeny revealed that they are closely related species with similar
divergence times between high- and low-altitude pairs (suggested
by the similar genetic distance of mitochondrial nicotinamide ad-
enine dinucleotide dehydrogenase subunit 2 gene, ∼0.11–0.14 be-
tween 3 pairs) (16, 17).
To explore high-altitude adaptations within this phylogenetic

context, we compared transcriptomic data of high-altitude tits
with those of their low-altitude relatives by integrating protein-
coding sequence comparison and gene expression analysis across
multiple tissues. Unlike most comparative studies on high-
altitude adaptation that have only focused on mammals (6, 9,
18–22), fishes (23–26), and plants (27), this work investigated
transcriptomic changes in a group of bird species native to the
high-altitude environment by collecting a large number of tissue
samples (e.g., 128 samples from 5 tissues of multiple individuals
of multiple species). The large-scale analysis presented in this
study has only been conducted for model species like humans,
rats, mice, and monkeys (9, 28–32). Our sequence comparison
revealed that the 3 high-altitude tits were highly similar for
positively selected genes but were different in amino acid sub-
stitutions of convergent genes. The expression profiles in general
revealed a tissue-clustered pattern, but altitude-associated genes
and differentially expressed genes between all 3 pairs have
shifted their expression patterns in an altitude-clustered pattern.
Evolutionary rates were indirectly correlated to altitude via the
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interaction between altitude and gene expression and via the in-
teraction between altitude and gene connectivity. This suggested
that sequence changes and gene expression shifts may work to-
gether in the 3 high-altitude species. Our results provide insightful
understanding of how species respond to high-altitude environ-
ments by combining protein-coding sequence changes and gene
expression shifts.

Results
De Novo Transcriptome Assembly and Quality Assessment. We se-
quenced 128 samples from 5 tissues (cardiac muscle, flight
muscle, liver, lung, and kidney) across 6 tit species (Fig. 1A and
SI Appendix, Tables S1 and S2). These tissues are known to be
critical to metabolic performance and oxygen utilization (33, 34).
After quality control, ∼1,433 gigabase pairs were kept for sub-
sequent analyses. Transcriptional reads were assembled into
transcripts for each species using Trinity (35) and CD-HIT (36).
The contig ExN50 values across the 6 species had similar dis-
tributions, with peak lengths ranging from 2,223 to 3,790 base
pairs and corresponding numbers of transcripts ranging from
27,581 to 36,505 (SI Appendix, Fig. S1 and Table S3). Samples
were aligned with their own transcriptomes, with mapping rates
ranging from 78.75 to 90.81% across 128 samples: the mean
alignment rates were 85.53, 84.61, 85.23, 83.92, 85.28, and
83.54% for L. dichrous, P. palustris, P. rubidiventris, P. venustulus,
A. iouschistos, and A. concinnus, respectively (SI Appendix, Table
S2). Based on 4,915 conserved avian orthologs, our Bench-
marking Universal Single-Copy Orthologs (BUSCO) assessment
(37) of transcriptome completeness identified 4,467 (90.9%)
complete and fragmented BUSCOs in L. dichrous, 4,427 (90.1%)
in P. palustris, 4,404 (89.6%) in P. rubidiventris, 4,344 (88.4%) in
P. venustulus, 4,389 (89.3%) in A. iouschistos, and 4,393 (89.4%)
in A. concinnus (SI Appendix, Table S4). Thus, our results indi-
cated that the 6 transcriptomes were well assembled and relatively
complete. To further filter out erroneous and nonexpressed tran-
scripts, we used RSEM (38) to quantify the expression of each
transcript in each sample. For each species, we kept only tran-
scripts with fragments per kilobase of exon per million fragments
mapped >1 in at least half of all samples from any one tissue.

Ortholog Identification, Annotation, and Phylogenetic Analysis. We
used the reciprocal best-hit method to identify orthologous genes
between the 6 tits and the out-group (zebra finch, Taeniopygia
guttata). We identified 7,915 one-to-one putatively orthologous
genes across 7 species based on the respective best Basic Local
Alignment Search Tool hits between the 6 tits and the zebra
finch. Of them, we identified 7,914 (99.99%) matches in the
National Center for Biotechnology Information nonredundant
protein database (NR), 7,875 (99.49%) in Swiss-Prot, 7,901
(99.82%) in Interpro, 6,574 (83.06%) in Gene Ontology (GO),
and 5,953 (75.21%) in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (SI Appendix, Fig. S2). After sequence

alignment and filtration, the 7,048 high-confidence alignments
were retained for downstream analyses. We constructed a max-
imum likelihood (ML) phylogenetic tree of the 6 tits and the
zebra finch based on 4-fold-degenerate (4D) sites of these gene
alignments. The 6 species were clustered into 3 well-supported
high- and low-altitude pairs (ML bootstrap values = 100% for all
nodes): L. dichrous (high) and P. palustris (low), P. rubidiventris
(high) and P. venustulus (low), and A. iouschistos (high) and A.
concinnus (low) (Fig. 1). The topology of our tree was congruent
with previous phylogenies based on fewer nuclear and mito-
chondrial markers (13, 16, 17), confirming that high- and low-
altitude pairs are closely related.

Coding Sequence Change Involved in High-Altitude Adaptation. We
identified positively selected genes using the branch-site likelihood
ratio test in PAML (39) and obtained 379 genes across all 3 high-
altitude species: 307 in L. dichrous, 294 in P. rubidiventris, and 317
in A. iouschistos (SI Appendix, Table S5). Out of them, 321 genes
(84.7%) were shared between any 2 of the 3 high-altitude species,
and 218 genes (57.5%) were shared among the 3 high-altitude
species (SI Appendix, Fig. S3). We further explored genes with
common amino acid substitutions in the 3 high-altitude species
using Jones, Taylor, and Thorton (JTT)-fgene amino acid sub-
stitution models (40). We identified 280 convergent genes with
common amino acid substitutions in any 2 of the 3 high-altitude
species (SI Appendix, Table S6). Of these genes, we found 99
adaptively convergent genes that not only have been subject to
positive selection but also have undergone nonrandom convergent
changes for any 2 of the 3 high-altitude species (SI Appendix,
Table S7). Of them, only 4 genes, CYP2R1, L2HGDH, HN1L, and
IFNAR2, had common amino acid substitutions in all 3 high-
altitude species (SI Appendix, Table S8). CYP2R1 is involved in
cardiomyocyte proliferation and hypertrophy (41), L2HGDH
contributes to electron transport and glycolysis (42), HN1L affects
the systolic function of the left ventricle (43), and IFNAR2 is re-
lated to angiogenesis (44). Together, by examining coding se-
quence changes of the 3 high-altitude species, we demonstrated
that the convergence more likely occurred on positively selected
genes but less likely in common amino acid substitutions.

Gene Expression Profiles Across Tissues and Species. De novo tran-
scriptome assembly may lead to differences in the transcript
lengths and numbers among different species, which would cause
bias in cross-species gene expression analysis. We thus trimmed
the 7,048 orthologs across the 6 species to the same lengths and
calculated the expression levels using RSEM (38). We normal-
ized gene expression data using trimmed mean of M-value nor-
malization in edgeR (45) to consider variations among biological
replicates and using scaling factors based on comparisons of the
median expression levels of the top 1,000 most conserved genes to
consider variations among tissues and species (see SI Appendix,
Materials and Methods for details). To check if gene expression

A BFig. 1. Localities and phylogenetic relationships
of the 6 tit species. (A) Sampling locations. The
high-altitude species (Lophophanes dichrous, Peri-
parus rubidiventris, and Aegithalos iouschistos)
were sampled from altitudes of 2730–3900 m
above sea level on the Qinghai-Tibet Plateau. The
low-altitude species (Poecile palustris, Pardalipa-
rus venustulus, and A. concinnus) were sampled
from areas below 500 m above sea level in eastern
China. (B) Maximum likelihood phylogeny of the 6
tit species with the zebra finch (Taeniopygia gut-
tata) as an out-group based on 4-fold-degenerate
sites of one-to-one orthologous coding sequences.
Maximum likelihood bootstrap support values for
all high- and low-altitude pairs were 100%. The
scale bar indicates the number of substitutions per site. Red branches indicate the high-altitude species; blue branches indicate the low-altitude
species. Bird illustrations reprinted with permission from ref. 15.
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data after normalization performed better than nonnormalized
data, we compared the coefficient of variance (CV) of gene ex-
pression levels among all samples based on all genes, conserved
genes, and nonconserved genes and found that the normalized
data had a significantly lower CV than the nonnormalized data (SI
Appendix, Fig. S4 and Table S9). Furthermore, Spearman’s cor-
relation coefficients between all pairs of samples for each tissue
were significantly higher in normalized data for the trimmed
orthologs than for the raw orthologs (P = 4.21e-4, Mann–Whitney
U test) (SI Appendix, Fig. S5). These results suggested that the
normalized expression data have significantly reduced bias due to
different assemblies, biological replicates, tissues, and species, and
we subsequently performed gene expression analyses based on the
normalized data.
In general, 2 patterns, tissue-specific expression and species-

specific expression, have been observed in multiple tissues across
different species. The tissue-specific expression pattern suggests
that gene expression should be more similar in the same tissue
among different species than in different tissues within the same
species (30–32, 46, 47). The species-specific expression pattern
suggests that gene expression should be more similar in different
tissues within the same species than in the same tissue among
species (9, 48). We investigated patterns of gene expression across
all tissues with a hierarchal-clustering expression profile analysis
based on Spearman’s correlation coefficients of gene expression
between pairs of samples. Samples of the same tissue from dif-
ferent species clustered together, suggesting a general tissue-
specific expression pattern (Fig. 2A). The principal component
analysis (PCA) also revealed the tissue-specific expression pattern:
samples across all 6 species clustered by tissue (Fig. 2B). This
pattern was further supported by ANOVA (SI Appendix, Table
S10). Our results indicated that differences among tissues were
more significant than those among species, suggesting that tissue
differentiation might precede species differentiation (32). One
exception to this was that samples of flight muscle and cardiac
muscle were clustered together in each species (species-specific
expression), suggesting that muscular tissues (e.g., cardiac and
flight muscles) may have similar expression profiles (Fig. 2A).
We explored the gene expression pattern for each tissue be-

cause previous studies showed that high-altitude environments

can drive expressional changes in these tissues (21, 22). Our
neighbor-joining trees based on pairwise expression distance
matrices revealed that these tissues generally clustered according
to phylogenetic relationship (SI Appendix, Fig. S6). The results of
PCA in these tissues did not detect any clear clustering patterns,
except that high- and low-altitude tits were separated in the lung
and kidney along the second principal component (SI Appendix,
Fig. S7).

Gene Expression Shift Accompanying High-Altitude Environment. To
detect expression shifts in response to the high-altitude envi-
ronment, we identified differentially expressed genes between
each of the 3 high- and low-altitude pairs using a combination of
DESeq2 (49), edgeR (45), reproducibility-optimized test statistic
(ROTS) (50), and limma (51). We identified 69 differentially
expressed genes in the lung (34 up-regulated and 35 down-
regulated in the high-altitude species), 53 in the cardiac muscle
(15 up-regulated and 38 down-regulated in the high-altitude
species), 89 in the kidney (35 up-regulated and 54 down-
regulated in the high-altitude species), 51 in the liver (16 up-
regulated and 35 down-regulated in the high-altitude species),
and 56 in the flight muscle (27 up-regulated and 29 down-
regulated in the high-altitude species) (SI Appendix, Figs. S8–
S10 and Dataset S1). The expression profiles of a combination of
all differentially expressed genes showed a different pattern from
those of all genes (e.g., tissue-specific expression) by separating
high-altitude tits from low-altitude tits (Fig. 2C), suggesting that the
3 high-altitude tits have similarly shifted their expression profiles.
To classify groups of genes interacting at the network level, we

used weighted gene coexpression network analysis (WGCNA)
(52) to determine modules. Module expression was summarized
using the first principal component of gene expression for each
module and regressed against the altitude of the sample. We
identified 28 modules in the lung, 26 in the cardiac muscle, 23 in
the kidney, 24 in the liver, and 25 in the flight muscle. Out of these
modules, 5 in the lung, 3 in the cardiac muscle, 5 in the kidney, 6 in
the liver, and 5 in the flight muscle were significantly correlated
with altitude (SI Appendix, Figs. S11–S14). We considered genes
within the altitude-related modules to be altitude-associated
genes. The expression profiles of these altitude-associated genes
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Fig. 2. Gene expression patterns across the 6 tit
species: Lophophanes dichrous, Periparus rubidiventris,
Aegithalos iouschistos, Poecile palustris, Pardaliparus
venustulus, and A. concinnus. (A) Symmetrical heat map
of Spearman’s correlation coefficients between all pairs
of samples across all genes. (B) PCA of the log-transformed
normalized expression levels of all orthologs across all
species and tissues. Species are represented by point
shape; tissues are represented by point color. (C)
Symmetrical heat map of Spearman’s correlation co-
efficients between all pairs of samples across genes
differentially expressed between all 3 high- and low-
altitude pairs (see SI Appendix, Materials and Methods
for details). Key is as in A. (D) Symmetrical heat map of
Spearman’s correlation coefficients between all pairs
of samples across genes associated with altitude (see SI
Appendix,Materials and Methods for details). Key is as
in A. Data are hierarchically clustered (complete method,
correlation distance) in A, C, and D.
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revealed that muscular tissues deviated from other tissues, with
samples of cardiac and flight muscles being one clade and those of
the remaining tissues (liver, lung, and kidney) being the other
clade (Fig. 2D). Within each clade, high-altitude tits were sepa-
rated from low-altitude tits (Fig. 2D). These results suggested that
muscular tissues and other tissues may have different regulatory
shifts accompanying the high-altitude environment.
Interestingly, we found a significantly higher proportion of

differentially expressed genes in the altitude-related modules
than in the other modules (P < 0.05, Mann–Whitney U test; Fig.
3), suggesting that the high-altitude environment has promoted
expressional changes. Subsequently, we tested correlations be-
tween module expression and phenotypic traits. Most or all of
the altitude-related modules were significantly correlated with
body length and tarsus length (SI Appendix, Table S11), sug-
gesting that genes in these modules may be involved in these
phenotypic changes. A previous study on functional traits
revealed similar phenotypic changes (53), indicating that high-
altitude species generally have a larger body size to increase cold
resistance and a longer tarsus to facilitate locomotion and for-
aging in open habitats at high altitudes (54).

Evolutionary Rate Was Indirectly Correlated with Altitude. The ratio
of nonsynonymous substitutions per nonsynonymous site to
synonymous substitutions per synonymous site (dN/dS) repre-
sents the evolutionary rate of a protein-coding gene (55). We
found that dN/dS ratios did not differ between differentially
expressed genes and nondifferentially expressed genes (P =
0.3588, Mann–Whitney U test) or between altitude-associated
genes and non-altitude-associated genes (P = 0.1228, Mann–
Whitney U test) (Fig. 4A). Likewise, we also did not find sig-
nificant correlation between dN/dS ratio and altitude (P = 0.211,
linear model) (SI Appendix, Table S12), but we identified sig-
nificant negative correlations between gene expression and
dN/dS ratio (P < 2.2e-16, linear model), as well as between
gene connectivity and dN/dS ratio (P = 7.75e-6, linear model)
(Fig. 4 B and C; SI Appendix, Table S12). We found significant
correlations between expression–altitude (the interaction be-
tween expression and altitude) and dN/dS ratio (P = 0.0474, linear
model), as well as between connectivity–altitude (the interac-
tion between connectivity and altitude) and dN/dS ratio (P =
9.31e-3, linear model) (Fig. 4 B and C and SI Appendix, Table
S12). These results indicated that rates of genetic evolution
were correlated with gene expression and connectivity and were
indirectly correlated with altitude via the interactions of these
factors with altitude, thus suggesting that protein-coding se-
quence changes and gene expression shifts may work together
in the 3 high-altitude tits.

Discussion
By systematically investigating 3 high-altitude passerine birds
and their low-altitude relatives within a phylogenetic context, our
comparative transcriptomics expanded our current understand-
ing of how organisms respond to a highly selective environment.
The 3 high-altitude birds were genetically convergent on posi-
tively selected genes (218 genes), but their amino acid substitu-
tions mostly occurred at divergent sites, with only 4 genes sharing
common amino acid changes. In gene expression profiles, we
found that the high-altitude environment may have promoted
substantial expression shifts in the 3 high-altitude birds since
expression profiles of differentially expressed genes and altitude-
associated genes (altitude-clustered pattern) largely differed
from those of all genes (tissue-clustered pattern). Few genes
under positive selection for all 3 high-altitude species (2.3%, 5
out of 218) overlapped with differentially expressed genes, but
the interaction between gene expression and altitude and the
interaction between gene connectivity and altitude were corre-
lated with evolutionary rates. These findings suggested that the 3
high-altitude birds may evolve in a concerted way through both
sequence changes and expression shifts.

Although species evolution relies on random processes like
mutations, the probability of evolving similar adaptive strategies
may also be influenced by evolutionary history. We documented a
high similarity in positively selected genes shared among the 3 high-
altitude tits. In broader comparisons with other high-altitude spe-
cies, we found very few genes shared by the 3 high-altitude tits and
other species (56, 57). This suggested that genetic background (i.e.,
genetic contingency) may constrain subsequent changes during
adaptive evolution.
Previous efforts to study high-altitude adaptation have focused

on genetic changes in the genome, whereas dynamics and
mechanisms of transcriptomic changes have received much less
attention (but see refs. 58 and 59). Our transcriptomic compar-
ison across multiple tissues from 3 pairs of birds with similar
phylogenetic divergence provides insights into how a high-
altitude environment can drive transcriptomic changes in these
organisms. Even though high-altitude adaptation can be an im-
portant factor driving these phenotypic changes, similar expres-
sion variations observed in the 3 high-altitude tits may also be
partially contributed by habitat-specific responses or plastic re-
actions to environmental changes. Currently, evaluating how
gene expression plasticity might have contributed to adaptation
and acclimation to high-altitude environments would require
challenging transplanting experiments and is only possible for
species with broad altitudinal distributions (e.g., deer mice and
rufous-collared sparrows) (60, 61). Future studies integrating
whole-animal physiological measurements and transcriptomic
comparisons based on transplanting experiments in natural
populations could potentially provide us with a more unified
picture of the regulatory circuits driving high-altitude adaptation.
In addition, expressional changes can also be driven by non-

coding regulatory changes, which we could not explore using the
transcriptomic data collected in this study. There is emerging ev-
idence that noncoding regulatory regions, such as cis-regulatory
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Fig. 3. Relative numbers of differentially expressed genes (DEGs) identified
in each module for each tissue. Black bars represent altitude-associated
modules, and gray bars represent all other modules. Altitude-associated
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elements, could be an important factor driving expressional di-
vergence (62, 63). With weaker pleiotropic effects than coding
genes, noncoding regions can have much higher evolutionary
flexibility and have been found to be involved in several cases of
adaptive convergent evolution (64, 65). Future studies with well-
annotated genomes and resequencing data from multiple indi-
viduals could effectively explore adaptive evolution in noncoding
regions more thoroughly. Despite several limitations discussed
above, our study provides a glimpse into this interesting landscape
of transcriptomic rewiring in high-altitude adaptation in avian
species and provides an important basis for many promising
studies in the coming years.

Materials and Methods
Details of the ethics statement, specimen collection, RNA extraction, tran-
scriptome sequencing and assembly, quantification, ortholog determination,
phylogenetic analysis, convergence identification at the sequence level, and
gene expression pattern analysis can be found in the SI Appendix, Materials
and Methods.

Specimen Collection and De Novo Transcriptome Assembly. We captured and
killed 28 male and female adult birds (SI Appendix, Table S1). We sequenced
the transcriptomes of 128 samples, including 5 tissues (cardiac muscle, flight
muscle, liver, lung, and kidney) for 28 birds. We used Trinity (35) to assemble
de novo transcriptomes for the 6 species. Contig ExN50 length was calcu-
lated to estimate the quality of each assembly. After the removal of re-
dundant sequences, we used Bowtie 2 (66) to map reads back to their
respective transcriptomes. We then used BUSCO (37) to determine the
transcriptome assembly completeness based on conserved avian orthologs.
We quantified the expression of each transcript in each sample using RSEM
(38) and retained only those transcripts that were expressed in at least half
of all samples from any one tissue of each species.

Ortholog Identification and Phylogenetic Analysis. Using the reciprocal best-
hit method with an E value cutoff of 1e-10 and a minimum percentage
identity of 30%, we identified genes that were orthologous across all 6
species and the out-group (Taeniopygia guttata). Genes were functionally
annotated against NR, Swiss-Prot, InterPro, GO, and KEGG. Well-aligned
orthologous coding sequences and protein sequences from the 7 species
were obtained using Exonerate (67), Prank (68), and Gblocks (69). A phy-
logenetic tree based on 4D sites from all orthologs was reconstructed us-
ing RAxML (70).

Convergence at the Sequence Level. Positively selected genes were identified
using the branch-site likelihood ratio test, setting 1 to 3 high-altitude species
as foreground branches in PAML (39). Convergent genes were obtained by
using JTT-fgene amino acid substitution models, coupled with Poisson tests,

to examine the convergence between any pair of the 3 high-altitude species
(40). Genes identified as both a positively selected gene and a convergent
gene for any 2 of the 3 high-altitude species were considered adaptively
convergent genes.

Gene Expression Pattern Analysis. Gene expression levels for the trimmed
orthologs from the 5 tissues across all 6 species were calculated using RSEM
(38) and normalized and then log transformed for principal component
analysis. We identified differentially expressed genes within each high- and
low-altitude pair using DESeq2 (49), edgeR (45), ROTS (50), and limma (51).
Especially, we used DESeqDataSetFromMatrix and DESeq in DESeq2 (49) to
conduct differential expression analysis. For edgeR (45), we used calcNorm-
Factors to calculate normalization factors, estimateDisp to estimate common
dispersion and tagwise dispersion, and exactTest to determine expression
differentiation. For ROTS (50), we used calcNormFactors in edgeR (45) to
calculate normalization factors, voom in limma (44) to transform data and
ROTS to perform differential expression analysis. For limma (51), we used
lmFit to fit a linear model and eBayes to compute moderated t statistics for
differential expression. A weighted gene coexpression network analysis was
performed using the R package WGCNA (52) to classify genes into modules.
Genes in altitude-related modules were considered altitude-associated
genes. We determined the correlation in gene expression levels between
each pair of samples using Spearman’s correlation. This analysis was per-
formed for all genes, differentially expressed genes, and altitude-associated
genes. We performed the hierarchical clustering of Spearman’s correlation
coefficients for each pair of samples for each gene set using the complete-
linkage agglomerative method and the correlation distance metric. Sym-
metrical heat maps were generated. We determined the correlations be-
tween phenotypic traits (including body length, body weight, wing length,
tail length, tarsus length, and culmen length) and the expression levels of
the altitude-related modules.

Comparison of Evolutionary Rates and Detection of Explanatory Variables. We
used Mann–Whitney U tests to compare evolutionary rates between each
gene set and its complementary gene set, that is, differentially expressed
genes and the remaining genes and altitude-associated genes and the
remaining genes. We also used linear models to test the effects of altitude,
gene expression, and gene connectivity, as well as altitude plus gene ex-
pression and altitude plus gene connectivity, on evolutionary rates.
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