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Abstract HSP90AAI is part of the heat shock protein 90 gene family and has important functions against heat stress.
We report a case of molecular level parallel evolution of the HSP90AA1 gene in high elevation amphibians. HSP90AA1

gene sequences of four high-elevation anurans, Bufo gargarizans, Nanorana parkeri, Rana kukunoris, and Scutiger
boulengeri, were compared along with five of their low-elevation relatives. A total of 16 amino-acid sites were identified
as parallel evolution between N. parkeri and R. kukunoris. We generated both model based (Zhang and Kumar’s test)
and empirical data based (parallel/divergence plotting) null distributions for non-parallel evolution, and both methods
clearly determined that the observed number of parallel substitutions were significantly more than the null expectation.
Furthermore, on the HSP90AAI gene tree, N. parkeri and R. kukunoris formed a strongly supported clade that was
away from their respective relatives. This study provides a clear case of molecular parallel evolution, which may have
significant implications in understanding the genetic mechanisms of high-elevation adaptation.
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1. Introduction

Parallel and convergent evolution is an important
component of the evolutionary process and there are
numerous well-documented examples, such as the wings
of birds and bats. Nevertheless, at molecular level, they
are generally considered uncommon (e.g. Thomas and
Hahn, 2015; Zou and Zhang, 2015a). So far, there are
only a few well-established cases of molecular parallel
and convergent evolution (e.g. Li et al., 2010; Shen et
al., 2010; Shen et al., 2012; Liu et al., 2014). The best-
studied case is probably the echolocation related genes
between echolocating bats and whales. For example,
there are strong signals of molecular parallel and
convergent evolution of the prestin gene (Li et al., 2010;
Shen et al., 2012; Liu et al., 2014). The rhodopsin (RHI)
gene in bats for dim light is perhaps another clear case
(Shen et al., 2010). Furthermore, molecular parallel and

" Corresponding author: Prof. Jinzhong FU, from University of Guelph,
Guelph, Ontario, Canada, with his research focusing on herpetology,
molecular evolution and phylogenetics.

E-mail: jfu@uoguelph.ca

Received: 9 May 2018  Accepted: 8 August 2018

convergent evolution is often considered an indicator of
adaptive evolution (e.g. Castoe et al., 2009; Liu ef al.,
2014; but see Zou and Zhang, 2015b). Although rare,
these evolutionary patterns have significant biological
implications (Rokas and Carroll, 2008; Stern, 2013). For
example, gene trees derived from genes with parallel
or convergent evolution may deviate significantly from
the species tree (e.g. Castoe et al., 2009; Li et al., 2010;
Shen et al., 2012). There are several controversial issues
related to molecular parallel and convergent evolution.
For example, rather than rare, Parker ef al. (2013)
reported widespread molecular parallel and convergent
evolution between echolocating bats and whales in their
genomes. Furthermore, methods of detecting molecular
parallel and convergent evolution are highly contentious.
Most arguments are centered by how to construct a null
distribution for evolution without parallel and convergent
evolution (Zhang and Kumar, 1997; Castoe et al., 2009;
Parker et al., 2013; Thomas and Hahn, 2015; Zou and
Zhang, 2015a,b).

High-elevation adaptation is a classic example of
adaptive evolution and recent works have identified
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several genes that are directly involved in the adaptation
process (e.g. Simonson ef al., 2010; Scott et al., 2011;
Yang et al., 2012). Amphibians are no strangers to high-
elevation environments. For example, more than 14
amphibians have been recorded at elevations above
3 000 m at the Tibetan Plateau region, and many of them
have reduced tympanum and stapes, which are often
considered adaption to high elevation environments
(Zhao and Yang, 1997; Li et al., 2010). Our recent work
detected significant molecular parallel and convergent
evolution of the MYBPC2 gene between three high-
elevation amphibian species, Rana kukunoris, Nanorana
pleskei, and Bufo gargarizans minshanicus, which
may have contributed to their success at high elevation
environments (Yang et al., 2017). During the analysis,
we also detected signals of probable parallel evolution
of another gene, HSP90AAI, which may deserve further
examination.

HSP90AA1 (ENSG00000080824) is the Class A
Member 1 of the Heat Shock Protein 90 Alpha Family.
The gene family encodes a set of chaperone proteins that
assist other proteins to fold properly, stabilize proteins
against heat stress, and aid in protein degradation.
The HSPY90AAI gene encodes the heat shock protein
900 (Hsp90a), a stress-inducible molecular chaperone
protein. The protein promotes the maturation, structural
maintenance, and proper regulation of specific target
proteins involved in cell cycle control and signal
transduction (NCBI, 2018). At high elevations, although
ambient temperature is generally lower than that at low
elevations, it has high UV radiation and large diurnal
temperature variation (Cheviron and Brumfield, 2012). It
is conceivable that this gene family may be involved in
adaptation to high elevations, and a mutation that might
improve the ability to deal with heat stress would be
beneficial in such environments.

In this study, we compared the HSP90AA1 gene of four
high-elevation amphibian species and evaluated potential
parallel and convergent evolution among them. Data
were collected both online and by experiments. Multiple
detecting methods were applied.

2. Materials and Methods

2.1. Species examined We compared four sets of species.
For each set, one high-elevation species and at least
one low elevation close relative were included. High-
elevation species were defined as species predominately
distributed at elevations higher than 3 000 m above
sea level. The four high-elevation species were: Bufo

gargarizans, Nanorana parkeri, Rana kukunoris, and
Scutiger boulengeri. The latter three are exclusively
distributed at high altitudes (3 000 m or higher) and
the samples of Bufo gargarizans were collected from a
high-elevation population (Zoige, 3 340 m). Based on
established phylogeny and availability of data, five of
their low-elevation close relatives, Bufo viridis, Odorrana
margaretae, Oreolalax popei, Quasipaa spinosa, and
Rana chensinensis were selected. They phylogenetic
relationships were summarized based on current anuran
phylogenies (e.g. Duellman and Trueb, 1994; Pyron and
Wiens, 2011), and are depicted in Figure 1A.

Sequence data of the HSPY90AAI gene of two anurans
(Xenopus tropicalis, Nanorana parkeri) were obtained
from previously published genomic data (Hellsten et al.,
2010; Sun et al., 2015). All others were extracted from
transcriptome data: five were from previous published
works, Bufo gargarizans (Yang et al., 2016), Bufo viridis
(Gerchen et al., 2016), Odorrana margaretae (Qiao
et al., 2013), Rana chensinensis (Yang et al., 2012),
R. kukunoris (Yang et al., 2012), and three, Quasipaa
spinosa, Oreolalax popei, Scutiger boulengeri, were
obtained in this study. A mixture of heart, liver, and
muscle tissues from four individuals of each species were
used for mRNA extraction. Paired-end sequencing was
conducted on an Illumina HiSeq 2000 platform. Standard
bioinformatic analysis was conducted and detailed
procedures were provided in Yang et al. (2012). There are
two known variants of transcripts for this gene (NCBI),
and we used the longer one to maximize the information
content and to assume homology.

2.2. Detecting parallel and convergent evolution
Methods of detecting molecular parallel and convergent
evolution are controversial, and the available methods
involve different ways of constructing the null distribution
(Thomas and Hahn, 2015; Zou and Zhang, 2015a,b). We
employed three methods involving both model based null
distribution and empirical null distribution, and by so
doing we strived to avoid false positives introduced by
other evolutionary processes.

We first used Zhang and Kumar’s test (Zhang and
Kumar, 1997) to screen for signals of any parallel and/
or convergent amino-acid substitutions between the
four high-elevation species. This test generates a null
distribution based on a substitution model and tests
whether the observed parallel and convergent amino-
acid substitutions are significantly more than expected by
random chance (Zhang and Kumar, 1997). The amino-
acid substitution model Poisson was used.

We also established an empirical null distribution by
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Figure 1 Species tree of ten amphibian species and the HSPY90AAI gene tree inferred from maximum likelihood analysis. Numbers above
branches are bootstrap values and only values greater than 70 are presented. Species with underline are high-elevations species (> 3 000 m).
A. A composite species tree from published literature. B. Gene tree derived from nucleotide sequences. C. Gene tree derived from amino-acid

sequences.

plotting the pairwise parallel/convergent substitutions
against divergent substitutions using R (R Core Team,
2013). The amount of parallel/convergent substitutions
by chance is expected to be proportional to the amount
of divergent substitutions, and therefore the best-fit line
would represent an empirical null distribution (Castoe et
al., 2009; Thomas and Hahn, 2015). Ancestral amino-acid
sequences for all interior nodes were first reconstructed
using a Bayesian method implemented in CODEML (in
PAML package; Yang, 2007). Reconstructed sites with
posterior probability less than 95% were discarded from
analysis, as its state was deemed unreliable. Numbers
of divergent and parallel/convergent amino-acid
substitutions between all pairs were counted and plotted.
We defined divergent substitution as changes occurring on

both branches and having different end states between the
two branches. Parallel substitution was defined as changes
occurring on both branches and having the same start and
end states between the two branches while convergent
substitution has different start states but same end state.
Finally, we compared the HSP90AAI gene tree to
a species tree (Figure 1A; Duellman and Trueb, 1994;
Pyron and Wiens, 2011). As several previous studies
have discovered (e.g. Castoe ef al., 2009; Li et al., 2010;
Shen et al., 2012; Yang et al., 2017), strong parallel and
convergent evolution could group distantly related species
together on a gene tree, and therefore such comparison
can be used to detect parallel and convergent evolution.
Gene trees were constructed using maximum likelihood
(ML) method separately for amino-acid sequences and
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nucleotide sequences. Xenopus tropicalis was used as
outgroup. All sequences were first aligned using ClustalW
method, and the best-fit models, WAG+G for amino-acid
sequences and GTR+G for nucleotide sequences, were
selected based on the Bayesian information criterion.
A non-parametric bootstrap was conducted with 1000
replicates. All analyses were carried out using RAXML
(Stamatakis, 2014).

2.3. Detecting positive selection Molecular parallel and
convergent evolution is often considered an indicator of
adaptive evolution (e.g. Castoe et al., 2009; Liu et al.,
2014), and therefore we conducted a positive selection
test. The branch-site model (test 2 in Zhang et al., 2005)
implemented in CODEML was used. Each of the four
high-elevation species (Figure 1A) was separately set
as the foreground branch and all other branches as
background. A likelihood ratio test (LRT) was used to
compare the model assuming positive selection to a
null model with neutral evolution. If the P value of the
LRT test was less than 0.05, positive selection may have
occurred on the foreground branch.

3. Results

The final alignment of the HSP90AA!l gene produced a
total of 786 base pairs for each species, which translated
into 262 amino-acid residues (Figure 2). No gap was
introduced.

Zhang and Kumar’s test detected significantly more
parallel substitutions than expected by random chance
between four pairs of high elevation species, including
between R. kukunoris and N. parkeri (P < 0.0001),
between R. kukunoris and B. gargarizans (P = 0.0069),
between R. kukunoris and S. boulengeri (P =0.0074), and
between N. parkeri and S. boulengeri (P = 0.0038).

A total of 94 pairwise comparisons for all terminal and
interior branch pairs were conducted and the numbers
of parallel/convergent substitutions and divergent
substitutions were significantly correlated (Pearson’s
r=0.0621, P = 0.0088; Figure 3), although it was a
low correlation. The low r value was likely due to most
of comparisons having zero parallel/convergent sites.
The best-fit line served as an empirical null expectation
and two outliers were identified. One was between R.
kukunoris and N. parkeri, for which a total of 16 parallel
substitutions were identified (Figure 3). The second one
is between R. kukunoris and B. gargarizans, for which
one parallel substitution was identified (Figure 3). No
convergent site between R. kukunoris and N. pleskei or
between R. kukunoris and B. gargarizans was detected.

The gene tree based on nucleotide sequences (Figure
1B) was very similar to the species tree (Figure 1A).
However, two distantly related high-elevation species,
Rana kukunoris and Nanorana parkeri, were grouped
together and the association was well supported by the
bootstrap analysis (bootstrap value = 100). All other
relationships were the same as the species tree. The
amino-acid gene tree received low nodal support, and
only one node received bootstrap values greater than 70%
(Figure 1C). This was likely due to the limited number
of informative sites. Nevertheless, R. kukunoris, and N.
parkeri were grouped together and the clade received
a bootstrap value of 100. Evidently, strong parallel
evolution between the two species drew them together,
despite the fact that they are distantly related and
belong to two different families (families Ranidae and
Dicroglossidae, respectively).

We did not detect any significant signal of positive
selection. None of the four high-elevation lineages had
dN/dS ratios significantly greater than one (chi’ < 1, P>
0.05).

4. Discussion

There is a strong pattern of parallel evolution of the
HSP90AAI gene between Rana kukunoris and Nanorana
parkeri. All three methods, which involved differently
constructed null distributions, unambiguously detected
significant parallel evolution than random expectations.
A total of 16 amino-acid sites, among 262, appear to be
evolving in a parallel fashion (Figure 2). Interestingly,
no convergent site was identified. Signals of parallel
evolution were also detected between other pairs of high-
elevation species, such as between R. kukunoris and
B. gargarizans. Although detected by both Zhang and
Kumar’s test and the divergence plotting, there was only
one detected parallel site between the two species, and
therefore we consider it suggestive rather than conclusive.
Molecular parallel and convergent evolution often signals
adaptive evolution (e.g. Castoe ef al., 2009; Liu et al.,
2014). Although we did not detect any signals of positive
selection for any high-elevation species, it is functionally
conceivable that the HSP90AAI gene may be involved
in high-elevation adaptation. Strong radiation and large
diurnal temperature variation are among the major
environmental stressors at high-elevations (Cheviron and
Brumfield, 2012). Considering that a primary function
of the encoded protein is stabilizing proteins against heat
stress, some modifications of the gene could be beneficial
in drastically variable thermal regimes at high elevations.
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Figure 2 A section of the final alignment (amino-acid residues 169-202). Sites 174, 183, 192, 195, 198, 199 (bold) are identified as parallel
evolution between two high-elevation species, Nanorana parkeri and Rana kukunoris.
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Figure 3 Correlation between numbers of divergent substitution and numbers of convergent/parallel substitutions between all pairs of the ten
amphibian species. The grey area represents 95% confidence interval. Two outliers show excessive numbers of parallel substitutions.

Further evaluation of how these parallel substitutions
alter the physicochemical properties of the protein may
shed some light on the potential adaptive values of these
parallel substitutions.

Different methods clearly have various levels of
sensitivity. Zhang and Kumar’s test appeared to be most
sensitive and detected multiple occasions of parallel
evolution. On the other end of the spectrum, the gene
tree method is understandably the most conservative. The
parallel and convergent evolution has to be strong enough
to overpower the phylogenetic signal in the data to draw
two distantly related species together. Due to its simplicity
and sensitivity nature, we recommend using Zhang and
Kumar’s test to screen the data first, and then using other
methods to further elaborate the revealed patterns.

There are potential alternative explanations of the
observed molecular parallel evolution of the HSP90AAI
gene. The majority of our data were obtained through

transcriptome sequencing. Alternative splicing or other
process during the transcription process may alter the
genomic data and produce erroneous results. Also, HSP90
is a large gene family and there are several paralogous
copies of the HSP90AAI gene. Inclusion of non-
orthologous genes, or new and unknown isoform could
produce the observed parallel evolution pattern.

Our study added one new case to a short list of known
cases of molecular parallel and convergent evolution.
Whether parallel and convergence evolution at molecular
level is common remains a hotly debated topic. For
example, Parker ef al. (2013) argued a widespread
molecular convergent and parallel evolution between
echolocating bats and whales, but several others disputed
their discovery (e.g. Thomas and Hahn, 2015; Zou and
Zhang, 2015a). With the accumulation of new cases,
we hope that this and other related controversies will be
finally resolved.
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