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Abstract: Adaptive convergent evolution, which refers to the same or similar phenotypes produced by
species from independent lineages under similar selective pressures, has been widely examined for a
long time. Accumulating studies on the adaptive convergent evolution have been reported from many

ARTICLE HISTORY different perspectives (cellular, anatomical, morphological, physiological, biochemical, and behav-

ioral). Recent advances in the genomic technologies have demonstrated that adaptive convergence can
arise from specific genetic mechanisms in different hierarchies, ranging from the same nucleotide or
amino acid substitutions to the biological functions or pathways. Among these genetic mechanisms,
the same amino acid changes in protein-coding genes play an important role in adaptive phenotypic
convergence. Methods for detecting adaptive convergence at the protein sequence level have been
constantly debated and developed. Here, we review recent progress on using genomic approaches to
evaluate the genetic mechanisms of adaptive convergent evolution, summarize the research methods
for identifying adaptive amino acid convergence, and discuss the future perspectives for researching
adaptive convergent evolution.
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1. INTRODUCTION

Convergent evolution is the independent evolution of the
same or similar phenotypic traits produced by species from
different evolutionary lineages [1]. Different species experi-
ence similar selective pressures from environmental condi-
tions, and thus often produce convergent solutions to cope
with similar evolutionary problems; studying convergence
enables us to understand repeatability and predictability in
evolution [2]. Adaptive convergent evolution can be affected
by a variety of genetic and demographic factors, such as
population size, gene flow, sources of adaptive alleles, and
ancestral starting point [2, 3]. The adaptive phenotypic con-
vergence mainly presents cellular, anatomical, morphologi-
cal, physiological, biochemical, and behavioral similarity,
which displays clearly hierarchical levels [2]. The adaptive
phenotypic convergence is common in many animal and
plant species [4-15]. For example, birds, bats, and insects
possess analogous structures wings to independently evolve
the capacity of flying [6, 7]. Other classic examples are the
echolocating system of bats and marine mammals [8-11],
insect and mammalian audition [12], red and green color
vision in vertebrates [13], and C4 photosynthesis [14]. With
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technological breakthroughs in molecular biology, particu-
larly the development and cost reduction of next-generation
sequencing technology, studies on the genetic mechanisms
of adaptive convergence have expanded and increased rap-
idly [16]. Additionally, the launch of a series of genome pro-
jects, such as EBP (the Earth BioGenome Project), 10KP
(10,000 Plant Genomes Project, https://db.cngb.org/10kp/),
VGP (Vertebrate Genomes Project, https://vertebratege-
nomesproject.org/), BIOK (Bird 10,000 Genomes Project,
https://b10k.genomics.cn/),  BatlK  (BatlK  Project,
http://batlk.ucd.ie/), GAGA (Global Ant Genomics Alliance,
http://antgenomics.dk/), iS5k (Sequencing Five Thousand
Arthropod Genomes, http://iSk.github.io/) and 1KITE (1K
Insect Transcriptome Evolution project, http://1kite.org/),
has resulted in large-scale genome-wide data, providing rich
genomic resources for addressing fundamental questions
about adaptive convergent evolution. These data also enable
studies of adaptive convergent evolution to transition from
hypothesis-driven analyses of candidate genes to discovery-
driven examination on a genomic scale. The former method
is only used to infer adaptive evolution for a few genes
which have been assumed to be potentially related to
adaptive convergence, while the latter method can allow the
discovery of more candidate convergent genes, as well as
further classify these genes according to their functions or
detect gene-gene interactions in specific pathways.

The diversity of beneficial genetic changes fuels conver-
gent adaptation [17]. The research on convergent molecular
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mechanisms has increasingly elucidated that adaptive con-
vergence is hierarchical and may occur at different hierarchi-
cal levels: amino acid substitutions, protein-coding genes,
non-coding regions, gene families, and biological functions
or pathways. Among these, numerous studies have demon-
strated that the same amino acid changes in protein-coding
genes play crucial roles in adaptive phenotypic convergence
[8-11, 13, 18, 19]. Zhang (2006) proposed four criteria to
shed light on the adaptive molecular convergence [20]. Fur-
thermore, methods for detecting adaptive amino acid con-
vergence have been constantly debated, developed, and up-
dated at the genome-wide level [21-27]. Additionally, ge-
nomic studies of many mammals and plants have detected
this type of adaptive convergent signal [26-33]. However,
studies have indicated that adaptive convergence is more
general and pervasive at higher hierarchical levels, such as
occurring in the same proteins, non-coding regions, gene
families and even biological functions or pathways, other
than the same changes at the same amino acid sites [3]. The
extent of adaptive convergence largely reflected in the hier-
archical level may be related to the phylogenetic level.
Closely related species at an appropriate scale tend to share
more similar environments with more similar genetic back-
grounds, enabling them to use similar solutions (e.g. the
same amino acid substitutions) to achieve adaptive conver-
gent phenotypes. In contrast, relatively distant relatives may
not show adaptive convergent changes at the protein se-
quence level but are more likely to show adaptive conver-
gence at functions or pathways [2, 3].

The meaning and usage of two important terms (conver-
gence and parallelism) in convergent evolution have been
debated for many years. Several distinct criteria have been
proposed to distinguish between them, considering whether
homoplastic phenotypes are structurally corresponding, oc-
cur in closely related species, have the same ancestral char-
acteristics, and are caused by similar genetics and, if so, can
be identified as parallelism [34]. Additionally, it has also
been suggested that convergence is used to describe a pheno-
typic pattern, while parallelism describes a shared molecular
explanation [2, 34]. Here, we do not distinguish between
convergence and parallelism, but rather consider both pheno-
typic convergence and molecular convergence. Molecular
convergence may result in phenotypic convergence [35]. In
this review, we focus on the molecular mechanisms of adap-
tive phenotypic convergence independently produced by
species from different lineages. Furthermore, we summarize
some methods for evaluating adaptive amino acid conver-
gence at the protein sequence level and their improvements.
Finally, we provide an outlook for future research of adap-
tive convergent evolution.

2. GENETIC MECHANISMS OF ADAPTIVE CON-
VERGENT EVOLUTION

Here, we present several mechanisms of the adaptive
molecular convergence, research cases, as well as research
advances.

2.1. Adaptive Convergence at Specific Sites

Site-specific variations include nucleotide changes in
coding and non-coding sequences. Nonsynonymous muta-
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tions, which result in amino acid substitutions in protein-
coding regions, are more likely to bring about spatial struc-
ture changes in proteins, in turn causing functional changes
in the protein, such as higher or lower stability or affinity for
substrates. Thus, the same amino acid substitutions may pro-
vide important opportunities for producing adaptive conver-
gent phenotypes.

Hemoglobin proteins (Hb), as the most classic example,
played a major role in the convergent adaptive evolution of
vertebrate species faced with high-altitude hypoxic condi-
tions. The convergent amino acid changes at some specific
sites of hemoglobin contribute to convergent increases in
Hb-O, affinity in multiple high-altitude taxa. In a study of
the hemoglobin evolution of Andean hummingbirds in high-
and low-altitude environments, Projecto-Garcia ef al. (2013)
revealed two repeated amino acid replacements at 3 ;3 and
B 3 (both Gly—Ser), which may have directed convergent
evolutionary changes in Hb-O, affinity increases in high-
altitude species with maximum elevational ranges of >3,000
m from different phylogenetical clades [36]. A similar study
of the molecular evolution of hemoglobin for tit and long-
tailed tit species from high-altitude Qinghai-Tibet Plateau
(QTP) and the mountains of Southwest China, as well as
low-altitude areas of eastern China, showed the same amino
acid substitution at aA34 (Ala—Thr) in Parus humilis and
Lophophanes dichrous and the same amino acid substitution
at a®je (Pro—Ala) in Aegithalos bonvaloti and Anser in-
dicus. Both substitutions were predicted to increase Hb-O,
affinity through opposite allosteric regulation mechanisms
[37].

In addition to the hemoglobin, dozens of the non-neutral
convergent amino acid changes in 13 mitochondrial genes of
snakes and agamid lizards [21], as well as several convergent
amino acid substitutions in ATP a ! of herbivorous insect
taxa [38] and Prestin of echolocating mammals [8-11] were
also detected. Except for studies of adaptive convergent evo-
lution of these few functional genes, with the development
and progress in next-generation sequencing technology and
its cost reduction, comparative genomic and transcriptomic
analyses have been widely used in studies of adaptive con-
vergent evolution for many species on a large scale. For ex-
ample, studies employing these omics approaches, see stud-
ies of echolocation in bats and whales [33], marine mammals
adapted to aquatic environments [28], bamboo-eating giant
and red pandas with specialized bamboo diets and pseudo-
thumbs [29], snub-nosed monkeys adapted to high-altitude
habitats [31], mangroves adapted to aquatic environments
[27], and pitcher plants adapted to carnivorous digestion
[30]. All of these studies independently detected convergent
amino acid substitutions in specific genes. Some substitu-
tions were found by the population genetics studies to be
fixed and were inferred to play a role in adaptive convergent
adaptation according to functional assays [31].

2.2. Adaptive Convergence at Specific Genes, Non-
Coding Regions and Gene Families

Although convergence at specific sites in many cases
played a key role in the adaptive phenotypic convergence,
other studies demonstrated that mutations at different sites in
specific genes and gene families were involved in the adap-
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tive phenotypic convergence [39]. Jawed vertebrates (gna-
thostomes) and jawless vertebrates (agnathans) used differ-
ent convergent precursor globin proteins to transport and
store O,, respectively [18]. Anser indicus and Chloephaga
melanoptera employed substitutions in different subunits of
hemoglobin to achieve convergent increases in Hb-O, affin-
ity [40]. Similarly, high-altitude parid and aegithalid species
from the QTP were more likely to utilize divergent amino
acid substitutions in hemoglobin to produce similar increases
in Hb-O, affinity [37]. Additionally, a comparative analysis
of convergent evolution for hemoglobin function in eight
pairs of high- and low-altitude waterfowl taxa indicated that
convergent protein function did not require the same amino
acid substitutions [41]. Candidate genes under positive selec-
tion or with similar evolutionary rate changes also suggested
adaptive convergence [42-44]. Two positively selected genes
(UBE2D1 and NBN) related to the response to hypoxia and
DNA damage repair were commonly identified in
poikilothermic animals, reflecting convergent adaptation to
the high-altitude environment [42], while hundreds of genes
with convergent shifts under selective pressure occurred in
all three marine mammals adapted to aquatic conditions [43].
Similarly, Castiglione et al. (2017) demonstrated that the
convergent visual systems of Himalayan and Andean cat-
fishes resulted from independent but similar changes in the
evolutionary rate of rhodopsin-coding sequences [44].

Most studies of adaptive convergent evolution have fo-
cused attention on mutations found in protein-coding se-
quences, whereas those found in non-coding regions, such as
cis-regulatory mutations, have usually produced fewer plei-
otropic effects with greater evolutionary flexibility, in addi-
tion to possibly regulating gene expression [45]. Thus, non-
coding regions may be promising targets for the study of
adaptive convergent evolution and changes in these regions
should not be overlooked. Vavouri ef al. (2007) observed
that the highly conserved non-coding elements associated
with the developmental regulatory genes evolved in parallel
in worms, flies and vertebrates [46]. Parallel changes in cis-
regulatory enhancers of the Shavenbaby resulted in morpho-
logical convergence between Drosophila sechellia and D.
ezoana lineages [47]. Optix cis-regulatory mutations were
responsible for a red wing pattern across multiple Heliconius
species [48], while ebony cis-regulatory ones led to conver-
gent male-specific pigmentation across multiple Drosophila
species [49]. A recent genomic study also suggested that cis-
regulatory elements may contribute to convergent pheno-
typic evolution [50]. Sackton et al. (2018) concluded that
regulatory regions, such as conserved non-exonic elements,
were highly associated with flightlessness across multiple
palaeognathous birds [51].

Furthermore, gene families can be another powerful
source of adaptive convergence. Specific gene families can
undergo expansion and contraction when species suffer from
extreme environmental stressors, such as high-altitude hy-
poxia [52]. The recurrent recruitment of NADP-me-1V in the
NADP-me gene family caused convergence of C4 photosyn-
thesis [14]. The repeated deployment of Zn-finger transcrip-
tion factor (TF) family member, Zn-cluster TFs, has been
found to facilitate the convergent evolution of yeast pheno-
types in five different clades [53]. The N-methyltransferase
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gene family contributed to the convergent evolution of caf-
feine production in cacao, tea, and coffee [54].

2.3. Adaptive Convergence in Biological Functions or
Pathways

An increasing number of studies have revealed a low
proportion of shared specific genes or gene families, but a
higher proportion of shared functions or pathways across
different species. They suggested that conserved biological
functions, i.e., function-level convergence of the same GO
terms and KEGG pathways may underlie adaptive pheno-
typic convergence in species. For function-level conver-
gence, the species were not constrained to use the same set
of genes which exhibited positive selection or similar evolu-
tionary rate shifts, but rather followed diverse trajectories
with greater evolutionary flexibility. Thus, function-level
convergence can play a powerful role in adaptive convergent
adaptation. This type of evolutionary pattern was widely
observed in many animal and plant species. Respective mi-
crobial genes related to volatile fatty acids and methane-
yielding pathways were found in the high-altitude yak and
Tibetan sheep [15]. Extensive overlapping functional catego-
ries related to high-altitude adaptation with accelerated evo-
lutionary rates were identified in two highland poikilother-
mic animals [42]. Eusocial insects from different lineages
adopted different genes but conserved metabolic pathways to
evolve adaptive caste phenotypes [55]. Groundsel also re-
cruited different genes but similar biochemical pathways to
adapt to the environment [56]. Similarly, frog and lizard spe-
cies groups along altitudinal gradients showed convergent
and continuous adaptation to the high-altitude environment
by sharing numerous similar functions, such as DNA repair
and energy metabolism [57]. Convergent evolution in high-
altitude environments has commonly suggested that these
functions together with oxygen utilization were generally
used to cope with hypoxia, hypothermia, and strong ultravio-
let radiation across reptiles, amphibians, fishes, birds, mam-
mals, and humans [52, 57-62].

3. RESEARCH METHODS OF ADAPTIVE AMINO
ACID CONVERGENCE IN PROTEIN SEQUENCES

Foote et al. (2015) found that molecular convergence was
relatively common for both adaptive and neutral substitu-
tions, while molecular convergence linked to adaptive phe-
notypic convergence was found to be important but com-
paratively rare [28]. In a study of thylacine and canids hav-
ing adapted extraordinary phenotypic indistinguishability, it
was shown that amino acid convergence was largely in ac-
cordance with the neutral theory of molecular evolution [50].
Therefore, it is essential to distinguish adaptive convergence
from non-adaptive convergence that results from stochastic
processes. Methods for detecting adaptive amino acid con-
vergence at the protein sequence level have been constantly
debated, developed, and updated because of the random and
false convergence unrelated to adaptation [21-27]. Here, we
enumerate several methods for detecting adaptive conver-
gence.

3.1. Data Preparation and Preprocessing

First, we must determine whether our research system is
ideal to investigate adaptive convergent evolution. In an
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ideal system, it should at least include two focal species with
convergent phenotypes or other similar traits and several
control species without these characteristics. Once we con-
firm our study subject, we need to check whether the ge-
nomes or transcriptomes of these species are available. If
they are available, we can download these data from NCBI,
Ensembl or other databases; otherwise, we need to perform
whole-genome sequencing or RNA sequencing. After ob-
taining all of the required data, we can conduct a series of
data preprocessing to obtain well-aligned nucleotide and
amino acid sequences across all species in the research sys-
tem. Details of data preprocessing can be found in Fig. (1)
[63-73].

3.2. Comparison of Sitewise Log-likelihood Support
(A SSLS)

In this method, Castoe et al. (2009) applied Maximum
Likelihood (ML) phylogenetic reconstruction to obtain site-
wise log-likelihood support (SSLS) [21]. First, amino acid
sequences of orthologous alignments from all species are
obtained. Second, the null hypothesis (Hy, phylogeny sup-
ports the known and commonly accepted species tree topol-
ogy) and alternative hypothesis [H;, phylogeny supports the
clustering of species that have target traits (shown in red),
i.e., falsely monophyletic clustering, indicating convergence]
are posited to detect genome-wide convergence (Fig. 2a).
The goodness-of-fit (SSLS) of these two phylogenetic hy-
potheses is obtained for each amino acid site of all ortholo-
gous genes using ML. The difference in SSLS between Hj
and Hj is calculated at each site [ A SSLS (H;) = SSLS (Hy) —
SSLS (H;)]. Third, the ratio of convergent/divergent substi-

Hao et al.

tutions is used to detect whether the pair of focal lineages
exhibits more convergence than other pairs in the “back-
ground” lineages [21, 24]. Non-neutral convergent amino
acid substitutions are determined by comparing with empiri-
cal and model-based expectations of convergence. This
method was used to study convergent evolution between
snakes and agamid lizards at the mitochondrial genome level
[21], Parker et al. (2013) extended it to the whole-genome
level [22]. But unlike in the former example, the average
difference in SSLS between H, and H; is calculated for each
orthologous gene. An average ASSLS (H;) value of the
orthologous gene below 0 suggests a signature of molecular
convergence. In particular, the expected A SSLS distribu-
tions are produced by simulations, and the difference be-
tween the observed and expected mean A SSLS is compared
to confirm the significance of convergent signals by ran-
domization analysis. However, after Parker and his col-
leagues used their method to study convergent evolution in
echolocating bats and dolphins, two subsequent studies criti-
cized this work because of the many random and false con-
vergences determined from their inadequate SSLS method
[23, 24]. Zou et al. (2015) and Thomas et al. (2015) consid-
ered the ASSLS method unsuitable for convergence infer-
ence because it is an indirect and informal test with the inap-
propriate null distributions [23, 24].

3.3. Target Species Specific Amino Acid Substitution
(TAAS)

In this method, amino acid sequences of orthologous
alignments from all species with and without the target trait
are first obtained. Amino acid substitution sites between spe-
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Fig. (1). Pipeline of data preparation and preprocessing for identifying amino acid convergence.
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cies with target trait (i.e. target species) and species without
target trait (i.e. non-target species) are examined to investi-
gate convergent evolution of target species at the amino acid
sequence level. If these amino acid types for target species
(i.e., species A and B in Fig. 2b) are different from those of
non-target species (i.e., species C—G in Fig. 2b) in the same
site for the orthologous gene, it will be considered as con-
vergent gene [25]. This type of site has been termed a “Tar-
get Species-specific Amino Acid Substitution” (TAAS) by
Zhang et al. (2014) [25].

3.4. Adaptively Convergent Genes (ACGs)

In this method, Adaptively Convergent Genes (ACGs)
are defined as those that not only undergo positive selection
but also include nonrandom convergent amino acid substitu-
tions. First, positive selection is analyzed. Based on known
or reconstructed phylogeny using ML or Bayesian inference
which includes all species as a guide tree, paired branch-site
likelihood ratio tests are applied to identify positively se-
lected genes within target lineages (here, target lineages are
species A and B) specified as the foreground branches (Fig.
2¢). Paired branch-site models (Null model: model = 2,
NSsites = 2, o = 1; alternative model: model = 2, NSsites =
2,  # 1), combined with branch-site likelihood ratio tests,
are run for all tests as implemented in CODEML of the
PAML package [74]. Chi-square test with one degree of
freedom is carried out to evaluate the significance of the
compared likelihood ratio tests. The resulting P values are

a)

Species tree Convergence tree

Target A M
Target B M
A’s most recent common ancestor P
B’s most recent common ancestor Q
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adjusted by the false discovery rate method for multiple test-
ing [75, 76]. Second, genomic convergence is detected.
Amino acid alignments of all orthologous genes coupled
with the tree topology are used to reconstruct ancestral
amino acid states using CODEML with Empirical + F
model, the Jones, Taylor, and Thorton (JTT) matrix, and a
discrete gamma model. Three criteria are used to identify the
observed convergent sites: (i) the amino acid residues of the
extant two target lineages are the same (here, target lineages
are species A and B, the amino acid of both species A and B
in one site is M); (ii) amino acid substitutions occur from the
most recent common ancestor between the extant target line-
age and its sister non-target lineage to the extant target line-
age, respectively (here, the amino acids of species A and A’s
most recent common ancestor in this site are different, M #+
P; the amino acids of species B and B’s most recent common
ancestor in this site are different, M # Q); and (iii) if the
amino acid residues of the two most recent common ances-
tors are identical, the site is interpreted to be “parallel” (P =
Q) and if they are non-identical, it can be considered to be
“convergent” (P # Q) (Fig. 2¢). Following the definition
from Zhang and Kumar (1997), both of them are collectively
considered to be convergent [77]. To reduce the impact of
random convergence, JTT-fyene, JTT-fi, or JTT-CAT mod-
els of amino acid substitution are used to further estimate the
expected number of molecular convergences in each protein
alignment [26]. JTT-f,.,. model uses the average of the equi-
librium amino acid frequencies across all sites. JTT-fg,

Species
A [R)]s[a] 1 [c)s [x]
Target
wWilsja| !l [C[M]|V
C A|S|S|P|S|S|P
D S|S(M|[ I |[S|S|P
Non-target
E|S|H| I |[S|M|P
F D|S|V|P|[S|S|P
6 v)slc)rls)s (¢
d) — M1
— N1
— M2
N2
M3
0o
N3
(0}

Fig. (2). (a) Methods for evaluating amino acid convergence in protein sequences. Comparison of site-wise log-likelihood support (ASSLS)
[21, 22] (b); Target Species-specific Amino Acid Substitution (TAAS) [25] (¢); Adaptively Convergent Genes (ACGs) [26] (d); Conver-

gence at Conservative Sites (CCS) [27].



86 Current Genomics, 2019, Vol. 20, No. 2

model uses the equilibrium frequencies at each site. JTT-
CAT model considers the among-site heterogeneities in the
equilibrium frequencies using a Bayesian mixture model.
According to the method described by Zou and Zhang
(2015), a Poisson test is performed to compare the difference
between the observed and expected numbers of molecular
convergences for each protein [26]. The false discovery rate
method is also used to correct for multiple tests [75, 76]. If
the number of observed convergent sites is significantly
higher than that of the expected convergent sites for a gene,
it will be deemed as a convergent gene. Finally, ACGs are
obtained by examining the overlap between the positively
selected genes and the convergent genes.

3.5. Convergence at Conservative Sites (CCS)

In this method, Xu et al. (2017) considered that conver-
gent sites may include various types of noise arising from
multiple sources, including random substitutions without
being subjected to selective pressures, inaccurate inference
of the ancestral characters, and inaccurate nucleotide substi-
tution rates and patterns [26, 27, 77]. Based on these ques-
tions and problems, the method of convergence at conserva-
tive sites (CCS) was proposed to avoid the identification of
random and false convergence across all sites [27]. In the
method, three target species (shown in red) and their respec-
tive controlled non-target species (shown in blue) with an
outgroup species (shown in black) are considered (Fig. 2d).
O, M1-M3 and N1-N3 represent the observed character
state of the outgroup species as the ancestral character state
(shown in black), three target species (shown in red), and
three non-target species (shown in blue), respectively (Fig.
2d). M1 =M2 (= M3) # O and N1 = N2 =N3 = O indicates
convergence at conservative sites in the target species (Fig.
2d). Three target species share the same derived states be-
longing to the most conservative convergence. Two of three
target species share the same derived states belonging to
relatively conservative convergence. For the CCS method,
only conservative sites that meet NI = N2 = N3 = O are used
to infer convergence. Although this may leave out some true
convergent signals, it can more efficiently exclude conver-
gent noise caused by too many random mutations at the same
site, in addition to falsely inferred ancestral states.

4. OUTLOOK FOR FUTURE RESEARCH ON ADAP-
TIVE CONVERGENT EVOLUTION

With the genome-wide data growth in the last decade,
mechanisms of adaptive phenotypic convergence have been
largely investigated at the molecular level. Recent genomic
studies provide many examples of adaptive convergent evo-
lution, which detect more candidate protein-coding genes,
non-coding regions, gene families, and biological functions
or pathways. These results greatly improve our understand-
ing of convergent adaptation. However, some factors should
be taken into consideration in future studies.

(1)  For the identified mutations, it is difficult to distin-
guish adaptive mutations from random or neutral ones.
Experimental evidence can be significantly useful to
address this problem. Functional assays including an-
cestral protein reconstruction and site-directed
mutagenesis have been carried out to confirm adaptive
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amino acid convergence of RNases [20], Prestin [11,
32], and hemoglobin [36, 37, 41]. Turbidity assays
have been performed to verify the function of fast-
twitch muscle protein of calsequestrin 1 in echolocat-
ing mammals [33].

(i)  Although several studies identified specific conver-
gence in non-coding regulatory regions [46-51], these
researches more usually focused on some model spe-
cies, such as worms and fruit flies or a few species
with well-annotated genomes. Studies for non-coding
sequences should be launched in more species.

(iii) Only a few studies have examined convergence at the
gene expression level on a genome-wide scale for wild
species. For example, Gallant ef al. (2014) found that
electric fishes convergently evolved a common gene
expression pattern in TFs and developmental and cel-
lular pathways [78]. Pfenning et al. (2014) demon-
strated that a convergent gene expression pattern in
specific brain regions may contribute to vocal-learning
traits in both birds and humans [79]. Changes at the
gene expression level are considered important for di-
recting variances of phenotypes among species [80].
Additionally, alternative splicing may play important
roles in phenotypic differences [81, 82]. Gene expres-
sion level can be changed by developmental stages,
behaviors and environments [79, 83, 84]. Therefore,
studies of gene expression convergence should attempt
to exclude these confounding factors. Reciprocal
transplant experiments or common garden experiments
might be designed to exclude expression plasticity
when studying convergent local adaptation [85, 86].

With advances in the high-throughput sequencing tech-
nologies, the improvement of analytical tools, and the reduc-
tions in cost, convergent changes in gene expression, alterna-
tive splicing, and regulatory regions will receive increased
attention. The future studies of adaptive convergent evolu-
tion can involve greater numbers of phenotypic features and
more comprehensively include a variety of factors such as
sequence structure (coding sequences and non-coding regu-
latory sequences), gene expression, alternative splicing. Ex-
perimental studies of adaptive molecular convergence should
be also conducted globally to provide direct and precise evi-
dence to support those hypotheses.
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