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ABSTRACT

Flatfish undergo extreme morphological development and settle to a benthic in the
adult stage, and are likely to be more susceptible to environmental stress. Heat shock
proteins 70 (hsp70) are involved in embryonic development and stress response in
metazoan animals. However, the evolutionary history and functions of hsp70 in flatfish
are poorly understood. Here, we identified 15 hsp70 genes in the genome of Japanese
flounder (Paralichthys olivaceus), a flatfish endemic to northwestern Pacific Ocean.
Gene structure and motifs of the Japanese flounder hsp70 were conserved, and there
were few structure variants compared to other fish species. We constructed a maximum
likelihood tree to understand the evolutionary relationship of the hsp70 genes among
surveyed fish. Selection pressure analysis suggested that four genes, hspa4l, hspa9,
hspal3, and hyoul, showed signs of positive selection. We then extracted transcriptome
data on the Japanese flounder with Edwardsiella tarda to induce stress, and found
that hspa9, hspal2b, hspa4l, hspal3, and hyoul were highly expressed, likely to protect
cells from stress. Interestingly, expression patterns of hsp70 genes were divergent in
different developmental stages of the Japanese flounder. We found that at least one
hsp70 gene was always highly expressed at various stages of embryonic development of
the Japanese flounder, thereby indicating that hsp70 genes were constitutively expressed
in the Japanese flounder. Our findings provide basic and useful resources to better
understand hsp70 genes in flatfish.
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INTRODUCTION

Heat shock proteins (HSPs) are a super family of proteins that are induced by physical,
chemical and biological stressors in all living organisms from bacteria to humans (Kregel,
2002). HSPs were first discovered as genes involved in heat-shock responses in the fruit fly
Drosophila melanogaster (Ritossa, 1962). Based on their roles and expression patterns, HSPs
were categorized into two different types: constitutive heat shock proteins (HSCs) that
are expressed constitutively, and inducible forms that are expressed in response to certain
factors (Boone & Vijayan, 2002). HSCs are expressed early in development and are involved
in cellular activity, in contrast, inducible HSPs are involved in the response to harmful
circumstances and protect the cell from stress (Angelidis, Lazaridis ¢~ Pagoulatos, 1991;
Whitley, Goldberg & Jordan, 1999). HSPs have also been classified based on their protein
molecular weight, where they are divided into HSP90 (83~110 KD), HSP70 (66~78 KD),
HSP60 (58~65 KD) and other small molecular weight proteins (Morimoto, Tissieres ¢
Georgopoulous, 1990). Characterization of HSPs in a species genome will facilitate better
interpretation of how an organism responds to environmental stressors.

HSP70 are the most conserved HSPs across different species (Hunt ¢ Morimoto, 1985;
Mayer ¢ Bukau, 2005). HSP70 proteins have a characteristic N-terminal ATPase domain,
substrate binding domain, and C-terminal domain (Schlesinger, 1990; Kiang ¢ Tsokos,
1998), the N-terminal ATPase domain, and the substrate binding domain are often
more conserved than the C-terminal domain (Munro ¢ Pelham, 1987). Humans, birds,
amphibians, zebrafish, catfish, and medaka contain 17, 12, 19, 20, 16, and 15 hsp70 genes,
respectively (Song et al., 2015). In previous studies, it was shown that hsp70 genes play
fundamental roles as chaperones involved in maintaining cellular function that facilitate
protein-folding, regulate kinetic partitioning, and reduce protein aggregation (Gething ¢
Sambrook, 1992; Pratt & Toft, 1997; Parsell et al., 1994; Morimoto et al., 1997; Pratt, 1993).

HSP70 is a well-known stress protein in aquatic organisms, which is involved in
stress response, including thermo tolerance as well as regulating the immune system
(Gornati et al., 2004; Poltronieri et al., 2007; Bertotto et al., 2011; Wallin et al., 2002; Tsan ¢
Guao, 2009). For example, hyper-thermic treatment of Penaeus monodon increases hsp70
expression and reduces the replication of gill associated virus (GAV) (Vega et al., 2006). In
addition, upregulation of endogenous HSP70 in the Artemia franciscana (Kellogg) occurs
simultaneously when shielding bacterial infection (Sung et al., 2009). Coho salmon infected
with Renibacteriumsal moninarum expressed higher levels of hsp70 in the liver and kidney
when compared with uninfected salmon, highlighting the importance of hsp70 genes
in immune response of fish (Forsyth et al., 1997). Juvenile rainbow trout (Oncorhynchus
mykiss) infected with Vibrio anguillarum has higher hsp70 expression in hepatic and kidney
tissues before showing clinical signs of disease (Ackerman ¢ Iwama, 2001). Therefore,
hsp70 is important for the immune response of aquatic species against diverse infections.

In addition to its role in cellular function, stress response and immunity, HSPs have
also been shown to be involved in embryonic development and extra-embryonic structures
(Morange et al., 1984; Voss et al., 2000; Matwee, 2001; Louryan et al., 2002; Rupik et al.,
2006). During embryonic development, Many HSPs exhibit complex spatial and temporal
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expression patterns (Krone, Lele ¢ Sass, 1997). For example, mouse embryos treated with
anti-HSP70 showed significant reduction in the progression of development (Neuer et al.,
1998). Zebrafish demonstrated low and constitutive hsp90a expression during embryonic
development, and these levels increased when the gastrula and later stage embryos were
exposed to heat (Krone & Sass, 1994). Moreover, hsp47 showed higher expression in
response to stress (Pearson et al., 1996), and was involved in the formation of embryonic
tissues in fish through its interaction with procollagen (Krone, Lele ¢» Sass, 1997). Therefore,
HSPs play an important role during embryonic development in addition to their basic
cellular functions.

Japanese flounder is endemic to the northwestern Pacific Ocean (Minami ¢ Tanaka,
1992). It is the dominant flatfish species in the aquaculture industry because of its rapid
growth rate, delicious taste, and high nutritional value, therefore becoming an economically
important marine species in China, Korea, and Japan (Fuji ef al., 2006). The genome of
Japanese flounder was recently completed (Shao et al., 2017), thereby facilitating the
discovery of hsp70 genes. Here, we identified and characterized the Japanese flounder
hsp70 family and determined whether these genes are involved in stress response to a
pathogen, and embryonic development. Comparative genomics between the other closely
related species offer a chance to understand the evolutionary relationship of hsp70 and the
selective pressures that affect the evolution of these genes. Our findings provide insight
into the function of hsp70 in embryonic development and disease defense in the Japanese
flounder, which may help future improvement of the Japanese flounder for aquaculture.

MATERIALS & METHODS

Ethics statement

The handling of experimental fish was approved by the Animal Care and Use Committee of
the Chinese Academy of Fishery Sciences, and all protocals were performed in accordance
with the guidances of the Animal Care and Use Committee.

Database mining and sequence extraction

A comprehensive search of the sequence database on the NCBI website and Ensemble
website was employed to identify hsp70 orthologs among six different teleost fish, including:
zebrafish, stickleback, medaka, tilapia, platyfish, and tetraodon. Protein sequences of all
chosen species were collected, and HSP70 proteins were selected from zebrafish according
to the accession number, and HSP70 protein sequences from zebrafish were used as
queries to search against the Japanese flounder gene set with an intermediate stringency
of e—10. Redundant gene sequences were removed by setting the identity value and
coverage of the alignment length to 60% and 60%, respectively. All remaining sequences
were manually confirmed for the presence of known HSP70 domains using the software
SMART (Schultz et al., 1998; Schultz et al., 2000) to remove pseudogenes. When applying
a similar method, hsp70 gene sequences were retrieved from the gene set of other
species, including stickleback, medaka, platyfish, tilapia, and tetraodon. The Zebrafish
Nomenclature Guidelines were used as a benchmark to name hsp70 genes in flounder.
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Furthermore, the isoelectric point (pI) of the HSP70 protein was determined using ExPASy

(https://www.expasy.org/).

Phylogenetic analyses

To investigate the phylogenetic relationship of hsp70 genes among the surveyed fish species,
the sequences were processed as follows: protein sequences were aligned using Guidance2
with MAFFT as the MSA algorithm and 100 bootstrap repeats. Ambiguous sites were
manually trimmed while aligning sequences. The multiple sequence alignment was used as
input into MEGA7 to construct a phylogenetic tree (Kumar, Stecher ¢ Tamura, 2016). The
phylogenetic relationships of hsp70 genes of seven teleost fishes were constructed using the
ML method in MEGA?7. In the ML analyses, the maximum composite likelihood model
was used, and a total of 1,000 bootstrap replicates were conducted for each calculation.
Finally, Evolview was used to visualize the phylogenetic tree (Zhang et al., 2012).

Sequence structure analysis and motif prediction of hsp70

To analyze the gene structure of hsp70 in the Japanese flounder, the Gene Structure Display
Server of Peking University (Hu ef al., 2015) was used to display the intron and exon
structure of all hsp70 genes. To identify the motif of hsp70 genes, a structural motif search
was conducted using MEME (Machanick ¢ Bailey, 2011) with a target motif number setting
of 15.

Molecular evolution analysis

Protein sequences from each clade in the phylogenetic tree were retrieved and used for
multiple sequence alignment with Guidance2 (Sela et al., 2015). Unreliable sites were
trimmed in the multiple sequence alignment, and a tree was constructed using IQ-TREE
(Nguyen et al., 2014). Codon alignment of protein sequences was converted by pal2nal
(Suyama, Torrents & Bork, 2006). Using these data, molecular evolution analysis was
conducted to measure the selection pressure within each clade, and the CODEML program
from PAML (Yang, 1997; Yang, 2007) was used to estimate the w value using the branch
site model. The aim of the branch-site test was to identify episodic Darwinian selection
along a prespecified branch in a phylogenetic tree that impacts only a few codons in the
coding sequence of a gene. Using this model, we detected genes under positive selection
and the corresponding sites with a nonsynonymous/synonymous ratio of w > 1 (Yang ¢
Nielsen, 2002; Yang & Reis, 2011; Zhang, Nielsen ¢ Yang, 2005).

Structure modeling

To better understand the protein structure of genes under positive selection in Japanese
flounder, PHYRE2 (Kelley ¢ Sternberg, 2009) was used to predict the protein structure and
secondary structure using the default parameter. The sites under positive selection were
marked by PyMol 2.0.

Immune response expression profile of hsp70 genes against
Edwardsiella tarda infection in the Japanese flounder

RNA-seq data was downloaded from Sequence Read Archive (SRA) database in NCBI,
including the following accession numbers: SRR5713071, SRR5713072, SRR5713073,
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SRR5713074, SRR5713075, SRR5713076, SRR5713077, SRR5713078, SRR5713079, and
SRR5713080. These data represented the Japanese flounder that was challenged with E. tar
at 0 h, 8 h, and 48 h, as well as a control injected with Ringer’s solution (Li et al., 2018).
The data was trimmed and the quota transcripts per million of each gene (TPM) was used
to display the expression profile of hsp70 genes.

Expression pattern of hsp70 genes during embryonic development
of Japanese flounder

The hsp70 gene expression analysis was conducted during early stages of embryonic
development and mature gonads of Japanese flounder. The family of Japanese flounder
with crosses of normal females and males were produced and kept in separate units until
the collection of samples of sperm, oocytes, the 4 cell stage, 32 cell stage, 128 cell stage,
high blastula stage, low blastula stage, early gastrula stage, late gastrula stage, myomere
stage, heart beat stage, and hatched larva stage. RNA-seq was conducted on all the above
developmental samples (Table S1). In addition, raw sequence data of ovaries and testis
were downloaded from NCBI (accession numbers SRR3509719 and SRR3525051). Gene
expression levels were assessed using TPM, then the R package pheatmap (Kolde, 2018)
was used to illustrate the expression patterns at different developmental stages.

RESULTS

Identification of hsp70 superfamily genes

A total of 111 genes were retrieved from seven fish species (Japanese flounder, zebrafish,
stickleback, medaka, tilapia, platyfish, and tetraodon), where the number of hsp70 genes
ranged from 9 to 21, depending on the species. There were 9 hsp70 genes in the tetraodon,
whereas tilapia had 21 hsp70 genes. Fifteen hsp70 genes, including hspala, hspa4a, hspal2a,
hsc70, hspa5, hspa9, hspalb, hspal2b, hspal4, hspal3, hspadl, hspa4b, hspa8a, hspa8b, and
hyoul were identified in the Japanese flounder (Table 1). All genes contained the necessary
domains of hsp70. The length of the corresponding protein ranged from 442 to 1,020
amino acids. The pI of different genes was variable, ranged from 4.97 to 8.17 (Table 1).

Phylogenetic analysis of hsp70 in fish

We next conducted a phylogenetic analysis using 111 hsp70 genes from seven teleost species
(Fig. 1). In our analysis, hsp70 genes were divided into eight subclades, which matched the
known subfamilies of hsp70 genes. However, we observed ambiguous separation between
hspal, hsc70, and hspa8. Not all the fish species had genes from each clade. For example,
tetraodon did not contain hspal4 and medaka did not contain hyoul. All the members of
the flounder hsp70 were split into distinct clades and were grouped with the corresponding

genes from zebrafish and other fish.

Sequence structure analysis and motif prediction of hsp70 gene
family

In general, hsp70 genes are variable in length, ranging from from 1839 bp to 21277

bp (Table 1 and Fig. 2). They have diverse numbers of exons, for instance, hspala and
hspalb contained one exon, hspa4a, hspa4b, and hspa4l that belong to the same subfamily
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Table 1 Summary of hsp70 genes in the Japanese flounder genome.

Name Accession number Gene length (bp) Protein length (aa) pI

hspalb N_000000250.1 1839 613 5.31
hspada N_000000247.1 11776 834 5.13
hspal2b N_000000248.1 11247 673 8.17
hsc70 N_000000245.1 2998 578 5.08
hspa5 N_000000244.1 2767 654 4.97
hspa9 N_000000246.1 7683 716 6.23
hspala N_000000243.1 1923 640 5.42
hspal2a N_000000237.1 21277 655 7.3

hspal4 N_000000249.1 7155 506 5.96
hspal3 N_000000242.1 2934 442 5.5

hspa4l N_000000241.1 8479 1005 5.25
hspa4b N_000000236.1 7353 835 4.98
hspa8a N_000000238.1 10619 1020 6.47
hspa8b N_000000239.1 4364 659 5.32
hyoul N_000000240.1 11459 970 5.12

Notes.

pI indicates the protein isoelectric point.

contained 19-23 exons. Other genes within the same subfamily shared similar number of
introns and exons. The gene structures of hsp70 from the seven species included in this
study are displayed in (Table S2 and Fig. S1). The hsp70 found in flounder had variable
protein motif patterns (Fig. 3). Genes hspal2a and hspal2b contained three motifs, and
hspalaand hspalb contained the maximum number of motifs (15). The motif compositions
of different hsp70 genes are listed in Fig. S2.

Molecular evolution analysis

Although eight subclades can be found, hspal, hsc70, and hspa8 clade show ambiguous
separation, and could not be used for positive selection analysis. Therefore, we only used
data from the other seven hsp70 subclade genes in Japanese flounder to identify signatures
of evolution.We identified four genes, hspa4l, hspa9, hspal3, and hyoul, as having signatures
of positive selection in the Japanese flounder, with P < 0.05. Among them, hspa4l and
hspal3 contained one positively selected site with posterior probabilities values > 0.95,
while hspa9 contained two positively selected sites. The sites were as follows: the Cys in
the protein sequence of gene hspa4l, which was the 235th amino acid; the 582th and 587th
amino acid Thr were present in the protein of hspa9; the His is the 337th amino acid in
gene hspal3 (Table S3).

Protein structure of genes under positive selection

Next, we generated three-dimensional protein structures of HSPA4L, HSPA9, HSPA13, and
HYOU1 using PHYRE2. However, we were unable to predict the structure of HSPA9 and
HYOUI. The site under positive selection in significant level was marked in the predicted
proteins of HSPA4L and HSPA13 (Fig. 4). The predicted secondary structure of HSPA4L
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Figure 1 Phylogenetic tree of hsp70 from flounder, medaka, tilapia, zebrafish, platyfish, tetraodon,
and stickleback. The color in the background indicates the branch of sub-family and corresponds to
the sub-family names marked in the same color as the circle beyond. The hsp70 genes from flounder are
marked with a red star.

Full-size Gal DOI: 10.7717/peerj.7781/fig-1

demonstrates that the Cys under positive selection is located in a a-helix, and the His
under positive selection is located in a B-strand in HSPA13 (Fig. 5).

Immune response expression profile of hsp70 genes against
Edwardsiella tarda infection in Japanese flounder

To test the role of hsp70 in response to an infection, we analyzed previously generated
RNA-seq data of Japanese flounder blood from samples infected with E. far. Overall, the
hsp70 genes showed diverse expression patterns after the E. tar infection. Expression levels
of hspa8b, hspal2a, hspala, hspa8a, hsc70 and hspalb decreased after 48 h of treatment with
E. tar. Other genes, such as hspa9, hspal2b, hspa4l, hspal3, and hyoul showed increased
levels of expression after treatment for 48 h. Only the expression of hspa4a was similar
after 48 h of treatment (Fig. 6). The expression of hspala, hspada, hspa9, hspal2b, hspa4l,
hspal3, and hyoul was dramatically changed in the samples injected with Ringer’s solution
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after 8 h, however, the expression of genes hspal2b, hspal3 and hyoul returned to the
original level of expression at 48 h after injection with Ringer’s solution.

Expression pattern in developmental stages of Japanese flounder

We next investigated the expression profile of hsp70 genes in various developmental stages
of the Japanese flounder. We observed significant differences in gene expression based on
the developmental stage. Differential expression was observed between oocytes and sperm,
where most hsp70 genes, including hspa4l, hspa4a, hspa9, hsc70, and hspalb in oocytes
had higher expression level than the sperm. Comparing expression of hsp70 in sperm and
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Figure 4 Multiple alignments of positively selected sites in hspa4l (A) and hspal3 (B). The amino acid
residue in the red square represents the positively selective site. The secondary structure was predicted by
PHYER?2, and a-helixes were indicated in yellow and B-sheets were indicated in blue. The number on the
top indicates the position of the amino acid residue in the protein.
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Figure 5 The 3D-structural models of HSPA4L (A) and HSPA13 (B). The amino acid under positive se-
lection in HSPAA4L is indicated in black (Cys 235) and located in an «-helix. The site under positive selec-
tion in HSPA13 is indicated in orange(His 337) and located in a B-sheet.
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Figure 6 Expression patterns hsp70 in Japanese flounder. Each column represents a time point, and
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solution control group, whereas E 8h and 48 h indicate a bacteria-challenged experimental group.
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testis, some genes, including hspa4l, hspa4a, hspa9, hspal3, hspala and hspa8a had a higher
expression level in the testis compared to sperm. When comparing the expression of ovaries
and oocytes, some genes, for instance, hspala and hspa8a showed higher expression in
the ovaries compared to oocytes, while other genes, for example, hspa9, hsc70, and hspalb
showed the opposite. In early embryonic development, from oocyte to high blastula stage,
hspa9, hsc70, hspalb, hspadl, and hspa4a had high expression. Interestingly, the expression
of these genes decreased from the low blastula stage to hatching stage. In contrast, the
expression of hspa8b, hspal3, hspa4b, and hspa8a increased during later developmental
stages (Fig. 7).

DISCUSSION

Studies on HSPs have mainly focused on model organisms such as zebrafish, mouse, and
fruit flies (Rupik et al., 2011). With increasing genomic data available for other organisms,
more in-depth studies can be carried out in a variety of species. Here, we identified and
characterized HSPs at the genome level, then explored the evolution of HSPs and its
divergent functions on the immune response and different development stages of the
Japanese flounder.
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Figure 7 Expression profiles of hspa4l, hsp4a, hspa9, hsc70, hspala, hspa8b, hspal3, hspa4b, hsp8a and
hspalb during the life cycle of the Japanese flounder. The panel is split into three parts by the three bars
on the top, from left to right represents the germ cells, embryonic development stages, and mature gonads.
The detailed stages are oocyte, sperm cell, 4 cell stage, 32 cell stage, 128 cell stage, high blastula, low blas-
tula, early gastrula, late gastrula, myomere stage, heart beat stage, hatch stage, testis, and ovary stage. The
relative expression level is indicated by the color bar on the top right.

Full-size Gl DOI: 10.7717/peer;j.7781/fig-7

The hsp70 family genes in Japanese flounder were divided into numbers of branches
containing the following genes: hsc70, hspal, hspa4, hspa5, hspa8, hspa9, hspal2, hspal3,
hspal4, and hyoul. The phylogenetic relationship and topology of hsp70 were consistent
with previous studies (Daugaard, Rohde ¢ Jidtteld, 2007), indicating the confidence of the
retrieved sequences in species that were included in the study. Most hsp70 showed similar
intron-exon boundary patterns, suggesting that these genes were highly conserved in fish.
However, hspa8a (17) had double the number of exons in the flounder compared to other
fish (8), and hspa4l from all the other species had about 19 exons, whereas the flounder
had 23 exons. Interestingly, we found signatures of positive selection in hspa4l, further
indicating the evolutionary difference of hspa4l between flounder and the other species.

New favorable genetic variants sweep population, which is known as positive seletion.
(Wagner, 2007; Darwin, 1912). Genes involved in metabolism, stress response and
reproduction tend to be under positive selection (Oliver et al., 2010; Koester, Swanson ¢
Armbrust, 2013). Among the 15 hsp70 identified in Japanese flounder, we found signatures
of positive selection in four genes, hspa4l, hspa9, hspal3, and hyoul, using the branch site
model in PAML. Genes under positive selection tended to express less than genes subject to
neutral or purifying selection, which tended to be expressed in specific tissues or conditions
(Hodgins et al., 2016). Purifying and neutral selection tended to affect variants that were
deleterious for the organism, and positive selection tended to affect variants that provided
an adaptive advantage to the animal (Rocha, 2006). Interestingly, hyoul was not expressed
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at any of the developmental stages. These findings were consistent with previous studies
that indicated that genes under positive selection had low expression levels.

The functions of hsp70 were determined by their cellular location, and intracellular
hsp70 genes protected the cell from stress, while extracellular hsp70 genes were involved
in the immune system (De Maio, 2014). For example, hsp70 could be the cross-presenters
of immunogenic peptides in MHC antigens or stimulators that induced innate immune
responses (Pockley, Muthana ¢ Calderwood, 2008; Asea et al., 2000). Aeromonas hydrophila
challenged with Labeorohita showed up-regulation of apg2, hsp90, grp78, grp75, and hsc70,
however, hsp70 was down-regulated upon infection (Das, Mohapatra ¢ Sahoo, 2015).
Here, we used RNA-seq data of the Japanese flounder injected with E. tarda or Ringer’s
solution, and we found similar expression patterns as shown in previously published studies
(Li et al., 2018). However, hsc70 expression was decreased in Japanese flounder at 48 h after
injection with E. tarda, which was opposite from the expression pattern of A. hydrophila,
suggesting a species-specific expression pattern of this gene. Interestingly, some genes were
up-regulated shortly after injection with Ringer’s solution, and returned to the baseline
expression levels after 48 h. However, samples injected with E. tarda maintained differences
in gene expression even at 48 h after injection. Such divergent expression pattern suggested
that some hsp70 genes were involved in the response to E. tarda infection.

Recent studies demonstrated that heat shock proteins play an important role in the
sperm—egg recognition and embryonic development (Li ¢ Winuthayanon, 2017; Luft ¢
Dix, 1999). In mouse, hsp70 is constitutively expressed from the two-cell to blastocyst stages
(Hahnel et al., 1986). In this study, from the four-cell stage to the high blastula stage, five
genes, including hspa4l, hspa4a, hspa9, hsc70, and hspalb, were initially highly expressed,
then expression ceased in later stages, besides these five genes also shows highly expression
in the oocyte cell. A reasonable conclusion of such a similar expression pattern between
the oocyte cell and the early stage of embryonic development is an initial, constitutive
burst of hsp70 expression after boosting the zygotic genome from the four cell stage to
the high blastula stage. From the low blastula stage, other genes, for example hspa8b, was
expressed at a high level, then hspal3 and hspa8a, and hspa4b showed highly expresssion in
chronological order. Overall, from the beginning of embryonic development to the sexual
maturation stage, different hsp70 genes are highly expressed in various developmental
stages. In addition, there is always one or more hsp70 genes expressed at high-level in
the different embryonic development stages. This type of expression during embryonic
development has proven that hsp70 genes were constitutive expression in embryonic
development of the Japanese flounder.

CONCLUSIONS

HSP70 constitutes an important group of proteins that respond to stress. Hsp70 in the
Japanese flounder are divided into eight clades, similar as in other species. Structure analysis
of hsp70 showed that these genes were highly conserved among different species. Four genes
were found under positive selection. Genes hspa9, hspal2b, hspa4l, hspal3, and hyoul were
highly expressed in flounders challenged with E. tarda, suggesting that these hsp70 genes
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were induced to protect cells from stress. Expression analysis during the developmental
stages indicated that hsp70 genes were involved in embryonic development of the Japanese
flounder in a temporal manner. In conclusion, hsp70 genes play important roles in both
the immune response and embryonic development of the Japanese flounder.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This study was supported by the National Key R&D Program of China (2018YFD0900301)
and the AoShan Talents Cultivation Program Supported by Qingdao National Laboratory
for Marine Science and Technology (2017ASTCP-ES06), the Taishan Scholar Project Fund
of Shandong of China and the National Ten-Thousands Talents Special Support Program.
The International Scientific Partnership Program ISPP at King Saud University for funding
this research work through ISPP No. 0050. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

National Key R&D Program of China: 2018YFD0900301.

Qingdao National Laboratory for Marine Science and Technology: 2017ASTCP-ES06.
Taishan Scholar Project Fund of Shandong of China.

National Ten-Thousands Talents Special Support Program.

The International Scientific Partnership Program ISPP at King Saud University for funding
this research work through ISPP No. 0050.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Kaigiang Liu performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the paper, approved the final draft.

e Xiancai Hao performed the experiments, approved the final draft.

e Qian Wang and Xiaofang Lai analyzed the data, approved the final draft.

e Jilun Hou performed the experiments, contributed reagents/materials/analysis tools,
approved the final draft.

e Zhiguo Dong conceived and designed the experiments, analyzed the data, approved the
final draft.

e Changwei Shao conceived and designed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, prepared figures and/or tables, authored or reviewed

drafts of the paper, approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

Liu et al. (2019), PeerJ, DOI 10.7717/peerj.7781 13/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.7781

Peer

The handling of experimental fish was approved by the Animal Care and Use Committee
of the Chinese Academy of Fishery Sciences, and all protocols were performed in accordance
with the guidelines of the Animal Care and Use Committee.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:

The transcriptome data available at CNSA: CNP0000304 (https://db.cngb.org/search/
project/CNP0000304/).

The HSP70 gene family sequences are available at CNGB: N_000000236.1, N_000000237.
1, N_000000238.1, N_000000239.1, N_000000240.1, N_000000241.1, N_000000242.1,
N_000000243.1, N_000000244.1, N_000000245.1, N_000000246.1, N_000000247.1,
N_000000248.1, N_000000249.1, N_000000250.1.

Data Availability
The following information was supplied regarding data availability:
The transcriptome data is available at CNSA: CNP0000304.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.7781#supplemental-information.

REFERENCES

Ackerman PA, Iwama GK. 2001. Physiological and cellular stress responses of ju-
venile rainbow trout to vibriosis. Journal of Aquatic Animal Health 13:173-180
DOI10.1577/1548-8667(2001)013<0173:PACSRO>2.0.CO;2.

Angelidis CE, Lazaridis I, Pagoulatos GN. 1991. Constitutive expression of heat-shock
protein 70 in mammalian cells confers thermo resistance. European Journal of
Biochemistry 199:35-39 DOT 10.1111/.1432-1033.1991.tb16088.

Asea A, Kraeft SK, Kurt-Jones EA, Stevenson MA, Chen LB, Finberg RW, Koo GC,
Calderwood SK. 2000. Hsp70 stimulates cytokine production through a cd14-
dependant pathway, demonstrating its dual role as a chaperone and cytokine. Nature
Medicine 6:435—442 DOIT 10.1038/74697.

Bertotto D, Poltronieri C, Negrato E, Richard J, Pascoli F, Simontacchi C, Radaelli
G. 2011. Whole body cortisol and expression of HSP70, IGF-I and MSTN in
early development of sea bass subjected to heat shock. General and Comparative
Endocrinology 174:44-50 DOI 10.1016/j.ygcen.2011.08.003.

Boone AN, Vijayan MM. 2002. Constitutive heat shock protein (HSC70) expression
in rainbow trout hepatocytes: effect of heat shock and heavy metal exposure.
Comparative Biochemistry and Physiology Part C: Pharmacology, Toxicology and
Endocrinology 132:223-233 DOI 10.1016/S1532-0456(02)00066-2.

Darwin C. 1912. On the origin of species. New York: Hurst and Co.

Das S, Mohapatra A, Sahoo PK. 2015. Expression analysis of heat shock protein
genes during Aeromonas hydrophila infection in rohu, Labeo rohita, with special

Liu et al. (2019), PeerJ, DOI 10.7717/peerj.7781 14/19


https://peerj.com
https://db.cngb.org/search/project/CNP0000304/
https://db.cngb.org/search/project/CNP0000304/
https://db.cngb.org/search/sequence/N_000000238.1/
https://db.cngb.org/search/sequence/N_000000237.1
https://db.cngb.org/search/sequence/N_000000237.1
https://db.cngb.org/search/sequence/N_000000238.1
https://db.cngb.org/search/sequence/N_000000239.1
https://db.cngb.org/search/sequence/N_000000240.1
https://db.cngb.org/search/sequence/N_000000241.1
https://db.cngb.org/search/sequence/N_000000242.1
https://db.cngb.org/search/sequence/N_000000243.1
https://db.cngb.org/search/sequence/N_000000244.1
https://db.cngb.org/search/sequence/N_000000245.1
https://db.cngb.org/search/sequence/N_000000246.1
https://db.cngb.org/search/sequence/N_000000247.1
https://db.cngb.org/search/sequence/N_000000248.1
https://db.cngb.org/search/sequence/N_000000249.1
https://db.cngb.org/search/sequence/N_000000250.1
https://db.cngb.org/cnsa/project/CNP0000304/public/
http://dx.doi.org/10.7717/peerj.7781#supplemental-information
http://dx.doi.org/10.7717/peerj.7781#supplemental-information
http://dx.doi.org/10.1577/1548-8667(2001)013<0173:PACSRO>2.0.CO;2
http://dx.doi.org/10.1111/j.1432-1033.1991.tb16088
http://dx.doi.org/10.1038/74697
http://dx.doi.org/10.1016/j.ygcen.2011.08.003
http://dx.doi.org/10.1016/S1532-0456(02)00066-2
http://dx.doi.org/10.7717/peerj.7781

Peer

reference to molecular characterization of Grp78. Cell Stress Chaperones 20:73—84
DOI10.1007/s12192-014-0527-2.

Daugaard M, Rohde M, Jaitteld M. 2007. The heat shock protein 70 family: highly
homologous proteins with overlapping and distinct functions. FEBS Letters
581:3702-3710 DOI 10.1016/j.febslet.2007.05.039.

De Maio A. 2014. Extracellular Hsp70: export and function. Current Protein and Peptide
Science 15(3):225-231 DOI 10.2174/1389203715666140331113057.

Forsyth RB, Candido EPM, Babich SL, Iwama GK. 1997. Stress protein expression
in Coho salmon with bacterial kidney disease. Journal of Aquatic Animal Health
9:18-25 DOI 10.1577/1548-8667(1997)009<0018:SPEICS>2.3.CO:;2.

Fuji K, Kobayashi K, Hasegawa O, Coimbra MRM, Sakamoto T, Okamoto N. 2006.
Identification of a single major genetic locus controlling the resistance to lympho-
cystis disease in Japanese flounder (Paralichthys olivaceus). Aquaculture 254:203-210
DOI 10.1016/j.aquaculture.2005.11.024.

Gething MJ, Sambrook J. 1992. Protein folding in the cell. Nature 355:33—45
DOI 10.1038/355033a0.

Gornati R, Papis E, Rimoldi S, Terova G, Saroglia M, Bernardini G. 2004. Rearing
density influences the expression of stress-related genes in sea bass (Dicentrarchus
labrax, L.). Gene 341:111-118 DOI 10.1016/j.gene.2004.06.020.

Hahnel AC, Gifford DJ, Heikkila JJ, Schultz GA. 1986. Expression of the major heat
shock protein (hsp70) family during early mouse embryo development. Teratogen-
esis, Carcinogenesis, and Mutagenesis 6:493—-510 DOI 10.1002/tcm.1770060603.

Hodgins KA, Yeaman S, Nurkowski KA, Rieseberg LH, Aitken SN. 2016. Expression di-
vergence is correlated with sequence evolution but not positive selection in conifers.
Molecular Biology and Evolution 33:1502—1516 DOI 10.1093/molbev/msw032.

Hu B, JinJ, Guo AY, Zhang H, Luo J, Gao G. 2015. GSDS 2.0: an upgraded gene feature
visualization server. Bioinformatics 31:1296-1297.

Hunt C, Morimoto RI. 1985. Conserved features of eukaryotic hsp70 genes revealed
by comparison with the nucleotide sequence of human hsp70. Proceedings of
the National Academy of Sciences of the United States of America 82:6455—6459
DOI 10.1073/pnas.82.19.6455.

Kelley LA, Sternberg MJE. 2009. Protein structure prediction on the web: a case study
using the phyre server. Nature Protocols 4:363—-373 DOI 10.1038/nprot.2009.2.

Kiang JG, Tsokos GC. 1998. Heat shock protein 70 kDa: molecular biology, biochem-
istry, and physiology. Pharmacology and Therapeutics 80:183-201
DOI 10.1016/50163-7258(98)00028-X.

Koester JA, Swanson WJ, Armbrust EV. 2013. Positive selection within a diatom species
acts on putative protein interactions and transcriptional regulation. Molecular
Biology and Evolution 30:422—434 DOI 10.1093/molbev/mss242.

Kolde R. 2018. pheatmap: pretty heatmaps. R Packag. Version 1.0.10. Available at https:
// cran.r-project.org/ package=pheatmap.

Liu et al. (2019), PeerJ, DOI 10.7717/peerj.7781 15/19


https://peerj.com
http://dx.doi.org/10.1007/s12192-014-0527-2
http://dx.doi.org/10.1016/j.febslet.2007.05.039
http://dx.doi.org/10.2174/1389203715666140331113057
http://dx.doi.org/10.1577/1548-8667(1997)009<0018:SPEICS>2.3.CO;2
http://dx.doi.org/10.1016/j.aquaculture.2005.11.024
http://dx.doi.org/10.1038/355033a0
http://dx.doi.org/10.1016/j.gene.2004.06.020
http://dx.doi.org/10.1002/tcm.1770060603
http://dx.doi.org/10.1093/molbev/msw032
http://dx.doi.org/10.1073/pnas.82.19.6455
http://dx.doi.org/10.1038/nprot.2009.2
http://dx.doi.org/10.1016/S0163-7258(98)00028-X
http://dx.doi.org/10.1093/molbev/mss242
https://cran.r-project.org/package=pheatmap
https://cran.r-project.org/package=pheatmap
http://dx.doi.org/10.7717/peerj.7781

Peer

Kregel KC. 2002. Invited review: heat shock proteins: modifying factors in physiological
stress responses and acquired thermotolerance. Journal of Applied Physiology
92:2177-2186 DOI 10.1152/japplphysiol.01267.2001.

Krone PH, Lele Z, Sass JB. 1997. Heat shock genes and the heat shock response in
zebrafish embryos. Biochemistry and Cell Biology 75:487—497 DOI 10.1139/097-083.

Krone PH, Sass JB. 1994. HSP 90 alpha and HSP 90 beta genes are present in the
zebrafish and are differentially regulated in developing embryos. Biochemical and
Biophysical Research Communications 204:746—752 DOI 10.1006/bbrc.1994.2522.

Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolutionary genetics analysis
version 7.0 for bigger datasets. Molecular Biology and Evolution 33:1870—1874
DOI 10.1093/molbev/msw054.

LiZ, Liu X, Liu J, Zhang K, Yu H, He Y, Wang X, Qi J, Zhang Q. 2018. Transcriptome
profiling based on protein—protein interaction networks provides a core set of
genes for understanding blood immune response mechanisms against Edwardsiella
tarda infection in Japanese flounder (Paralichthys olivaceus). Developmental and
Comparative Immunology 78:100-113 DOT 10.1016/j.dci.2017.09.013.

Li S, Winuthayanon W. 2017. Oviduct: roles in fertilization and early embryo develop-
ment. Journal of Endocrinology 232:R1-R26 DOI 10.1530/JOE-16-0302.

Louryan S, Evrard L, Glineur R, Vanmuylder N. 2002. Heat shock proteins, embryogen-
esis and evolution. Bulletin et Memoires de | Academie Royale de Medecine de Belgique
157:293-298.

Luft JC, Dix DJ. 1999. Hsp70 expression and function during embryogenesis. Cell Stress
Chaperones 4:162—170
DOI10.1379/1466-1268(1999)004<0162:HEAFDE>2.3.CO;2.

Machanick P, Bailey TL. 2011. MEME-ChIP: motif analysis of large DNA datasets.
Bioinformatics 27:1696-1697 DOI 10.1093/bioinformatics/btr189.

Matwee C. 2001. The effects of antibodies to heat shock protein 70 in fertiliza-
tion and embryo development. Molecular Human Reproduction 7:829-837
DOI 10.1093/molehr/7.9.829.

Mayer MP, Bukau B. 2005. Hsp70 chaperones: cellular functions and molecular
mechanism. Cellular and Molecular Life Science 62:670—684
DOI 10.1007/s00018-004-4464-6.

Minami T, Tanaka M. 1992. Life-History cycles in flatfish from the Northwestern Pacific,
with particular reference to their early life histories. Netherlands Journal of Sea
Research 29:35-48 DOI 10.1016/0077-7579(92)90006-7Z.

Morange M, Diu A, Bensaude O, Babinet C. 1984. Altered expression of heat shock
proteins in embryonal carcinoma and mouse early embryonic cells. Molecular and
Cellular Biology 4:730-735 DOI 10.1128/MCB.4.4.730.

Morimoto RI, Kline MP, Bimston DN, Cotto JJ. 1997. The heat-shock response:
regulation and function of heat-shock proteins and molecular chaperones. Essays
in Biochemistry 32:17-29.

Liu et al. (2019), PeerJ, DOI 10.7717/peerj.7781 16/19


https://peerj.com
http://dx.doi.org/10.1152/japplphysiol.01267.2001
http://dx.doi.org/10.1139/o97-083
http://dx.doi.org/10.1006/bbrc.1994.2522
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1016/j.dci.2017.09.013
http://dx.doi.org/10.1530/JOE-16-0302
http://dx.doi.org/10.1379/1466-1268(1999)004<0162:HEAFDE>2.3.CO;2
http://dx.doi.org/10.1093/bioinformatics/btr189
http://dx.doi.org/10.1093/molehr/7.9.829
http://dx.doi.org/10.1007/s00018-004-4464-6
http://dx.doi.org/10.1016/0077-7579(92)90006-Z
http://dx.doi.org/10.1128/MCB.4.4.730
http://dx.doi.org/10.7717/peerj.7781

Peer

Morimoto RI, Tissieres A, Georgopoulous C. 1990. In: Morimoto RI, ed. “The stress
response, function of the protein, and perspectives” in stress proteins in biology and
medicine. Long Island: CSHL Press.

Munro S, Pelham HRB. 1987. A C-terminal signal prevents secretion of luminal ER
proteins. Cell 48:899-907 DOI 10.1016/0092-8674(87)90086-9.

Neuer A, Mele C, Liu HC, Rosenwaks Z, Witkin SS. 1998. Monoclonal antibodies to
mammalian heat shock proteins impair mouse embryo development in vitro. Human
Reproduction 13:987-990 DOI 10.1093/humrep/13.4.987.

Nguyen LT, Schmidt HA, Von Haeseler A, Minh BQ. 2014. IQ-TREE: a fast and effective
stochastic algorithm for estimating maximum-likelihood phylogenies. Molecular
Biology and Evolution 32(1):268-274.

Oliver TA, Garfield DA, Manier MK, Haygood R, Wray GA, Palumbi SR. 2010. Whole-
genome positive selection and habitat-driven evolution in a shallow and a deep-sea
urchin. Genome Biology and Evolution 2:800-814 DOI 10.1093/gbe/evq063.

Parsell DA, Kowal AS, Singer MA, Lindquist S. 1994. Protein disaggregation mediated
by heat shock protein Hsp104. Nature 372:475-478 DOI 10.1038/372475a0.

Pearson DS, Kulyk WM, Kelly GM, Krone PH. 1996. Cloning and characterization of a
cDNA encoding the collagen-binding stress protein hsp47 in zebrafish. DNA and Cell
Biology 15:263-272 DOI 10.1089/dna.1996.15.263.

Pockley AG, Muthana M, Calderwood SK. 2008. The dual immunoregulatory roles of
stress proteins. Trends in Biochemical Sciences 33:71-79
DOI 10.1016/j.tibs.2007.10.005.

Poltronieri C, Maccatrozzo L, Simontacchi C, Bertotto D, Radaelii G. 2007. Quanti-
tative rt-pcr analysis and immunohistochemical localization of hsp70 in sea bass
dicentrarchus labrax exposed to transport stress. European Journal of Histochemistry
51(2):125-135.

Pratt WB. 1993. The role of heat shock proteins in regulating the function, folding
and trafficking of the glucocorticoid receptor. Journal of Biological Chemistry
268:21455-21458.

Pratt WB, Toft DO. 1997. Steroid receptor interactions with heat shock protein and
immunophilin chaperones. Endocrine Reviews 18:306—360.

Ritossa F. 1962. A new puffing pattern induced by temperature shock and DNP in
drosophila. Experientia 18:571-573 DOI 10.1007/BF02172188.

Rocha EPC. 2006. The quest for the universals of protein evolution. Trends in Genetics
22:412-416 DOI 10.1016/j.tig.2006.06.004.

Rupik W, Jasik K, Bembenek J, Widlak W. 2011. The expression patterns of heat
shock genes and proteins and their role during vertebrate’s development. Com-
parative Biochemistry and Physiology. A: Comparative Physiology 159:349-366
DOI 10.1016/j.cbpa.2011.04.002.

Rupik W, Stawierej A, Stolarczyk I, Widlak W. 2006. Promoter of the heat shock testis-
specific Hsp70.2/Hst70 gene is active in nervous system during embryonic develop-
ment of mice. Anatomy and Embryology 211:631-638 DOI 10.1007/500429-006-0125.

Liu et al. (2019), PeerJ, DOI 10.7717/peerj.7781 17119


https://peerj.com
http://dx.doi.org/10.1016/0092-8674(87)90086-9
http://dx.doi.org/10.1093/humrep/13.4.987
http://dx.doi.org/10.1093/gbe/evq063
http://dx.doi.org/10.1038/372475a0
http://dx.doi.org/10.1089/dna.1996.15.263
http://dx.doi.org/10.1016/j.tibs.2007.10.005
http://dx.doi.org/10.1007/BF02172188
http://dx.doi.org/10.1016/j.tig.2006.06.004
http://dx.doi.org/10.1016/j.cbpa.2011.04.002
http://dx.doi.org/10.1007/s00429-006-0125
http://dx.doi.org/10.7717/peerj.7781

Peer

Schlesinger MJ. 1990. Heat shock proteins. Journal of Biological Chemistry
21:12111-12114.

Schultz J, Copley RR, Doerks T, Ponting CP, Bork P. 2000. Smart: a web-based tool
for the study of genetically mobile domains. Nucleic Acids Research 28:231-234
DOI 10.1093/nar/28.1.231.

Schultz J, Milpetz F, Bork P, Ponting CP. 1998. SMART, a simple modular archi-
tecture research tool: identification of signaling domains. Proceedings of the
National Academy of Sciences of the United States of America 95:5857—5864
DOI 10.1073/pnas.95.11.5857.

Sela I, Ashkenazy H, Katoh K, Pupko T. 2015. GUIDANCE2: accurate detection of
unreliable alignment regions accounting for the uncertainty of multiple parameters.
Nucleic Acids Research 43:W7-W14 DOI 10.1093/nar/gkv318.

Shao C, Bao B, Xie Z, Chen X, Li B, Jia X. 2017. The genome and transcriptome
of japanese flounder provide insights into flatfish asymmetry. Nature Genetics
49(1):119-124 DOI 10.1038/ng.3732.

Song L, Li C, Xie Y, Liu S, ZhangJ, Yao J, Jiang C, Li Y, Liu Z. 2015. Genome-wide
identification of Hsp70 genes in channel catfish and their regulated expression after
bacterial infection. Fish Shellfish Immunol 49:154-162 DOI 10.1016/j.£51.2015.12.009.

Sung YY, Ashame MF, Chen S, MacRae TH, Sorgeloos P, Bossier P. 2009. Feeding
Artemia franciscana (Kellogg) larvae with bacterial heat shock protein, protects from
Vibrio campbellii infection. Journal of Fish Diseases 32:675—685
DOI10.1111/j.1365-2761.2009.01046.

Suyama M, Torrents D, Bork P. 2006. PAL2NAL: robust conversion of protein sequence
alignments into the corresponding codon alignments. Nucleic Acids Research
34:W609-W612 DOI 10.1093/nar/gkl315.

Tsan MF, Gao B. 2009. Heat shock proteins and immune system. Journal of Leukocyte
Biology 85:905-910 DOI 10.1189/j1b.0109005.

Vega EDL, Hall MR, Degnan BM, Wilson K]J. 2006. Short-term hyperthermic treatment
of Penaeus monodon increases expression of heat shock protein 70 (HSP70)
and reduces replication of gill associated virus (GAV). Aquaculture 253:82—90
DOI 10.1016/j.aquaculture.2005.07.041.

Voss A, Malberg H, Schumann A, Wessel N, Faber R. 2000. Baroreflex sensitivity,
heart rate, and blood pressure variability in normal pregnancy. American Journal of
Hpypertension 13(11):1218-1225 DOI 10.1016/50895-7061(00)01199-7.

Wagner A. 2007. Rapid detection of positive selection in genes and genomes through
variation clusters. Genetics 176:2451-2463 DOI 10.1534/genetics.107.074732.

Wallin RP, Lundqvist A, Moré SH, Von BA, Kiessling R, Ljunggren HG. 2002. Heat-
shock proteins as activators of the innate immune system. Trends in Immunology
23:342-343 DOI 10.1016/51471-4906(02)02249-4.

Whitley D, Goldberg SP, Jordan WD. 1999. Heat shock proteins: a review of the
molecular chaperones. Journal of Vascular Surgery 29:748-751
DOI10.1016/S0741-5214(99)70329-0.

Liu et al. (2019), PeerJ, DOI 10.7717/peerj.7781 18/19


https://peerj.com
http://dx.doi.org/10.1093/nar/28.1.231
http://dx.doi.org/10.1073/pnas.95.11.5857
http://dx.doi.org/10.1093/nar/gkv318
http://dx.doi.org/10.1038/ng.3732
http://dx.doi.org/10.1016/j.fsi.2015.12.009
http://dx.doi.org/10.1111/j.1365-2761.2009.01046
http://dx.doi.org/10.1093/nar/gkl315
http://dx.doi.org/10.1189/jlb.0109005
http://dx.doi.org/10.1016/j.aquaculture.2005.07.041
http://dx.doi.org/10.1016/S0895-7061(00)01199-7
http://dx.doi.org/10.1534/genetics.107.074732
http://dx.doi.org/10.1016/S1471-4906(02)02249-4
http://dx.doi.org/10.1016/S0741-5214(99)70329-0
http://dx.doi.org/10.7717/peerj.7781

Peer

Yang Z. 1997. PAML: a program package for phylogenetic analysis by maximum
likelihood. Bioinformatics 13:555-556 DOI 10.1093/bioinformatics/13.5.555.

Yang Z. 2007. PAML 4: a program package for phylogenetic analysis by maximum likeli-
hood. Molecular Biology and Evolution 24:1586—1591 DOI 10.1093/molbev/msm088.

Yang Z, Nielsen R. 2002. Codon substitution models for detecting adaptation at
individual sites along specific lineages. Molecular Biology and Evolution 19:908-917
DOI 10.1093/oxfordjournals.molbev.a004148.

Yang Z, Reis MD. 2011. Statistical properties of the branch-site test of positive selection.
Molecular Biology and Evolution 28:1217-1228 DOI 10.1093/molbev/msq303.

Zhang H, Gao S, Lercher MJ, Hu S, Chen WH. 2012. EvolView, an online tool for
visualizing, annotating and managing phylogenetic trees. Nucleic Acids Research
40:569-572 DOI 10.1093/nar/gks576.

Zhang J, Nielsen R, Yang Z. 2005. Evaluation of an improved branch-site likelihood
method for detecting positive selection at the molecular level. Molecular Biology and
Evolution 22:2472-2479 DOI 10.1093/molbev/msi237.

Liu et al. (2019), PeerJ, DOI 10.7717/peerj.7781 19/19


https://peerj.com
http://dx.doi.org/10.1093/bioinformatics/13.5.555
http://dx.doi.org/10.1093/molbev/msm088
http://dx.doi.org/10.1093/oxfordjournals.molbev.a004148
http://dx.doi.org/10.1093/molbev/msq303
http://dx.doi.org/10.1093/nar/gks576
http://dx.doi.org/10.1093/molbev/msi237
http://dx.doi.org/10.7717/peerj.7781

