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Simple Summary: Aquaporins (Aqps) are a group of membrane proteins. In this study, 166 Aqp genes
were identified in 12 fish species. Gene organization, motif distribution, recombination, and selection
pressure were performed to investigate their evolutionary characteristics. In addition, expression
profiles of Aqps were also examined under pathogens infection and organophosphorus pesticide
stress. This study will provide a useful reference for further functional study.

Abstract: Aquaporins (Aqps) are a class of water channel proteins that play key roles in many
physiological functions and cellular processes. Here, we analyzed 166 putative Aqp genes in 12 fish
species and divided them into four groups. Gene organization and motif distribution analyses
suggested potentially conserved functions in each group. Several recombination events were
identified in some members, which accelerate their divergence in evolution. Furthermore, a few
positive selection sites were identified, and mutations at these sites could alter the stability of
Aqp proteins. In addition, expression profiles of some Aqp genes under pathogen infection and
organophosphorus pesticide stress were also investigated. The result implied that several Aqp genes
may affect different immune responses and osmoregulation. This study provides a comparative
analysis of the fish Aqp gene family to facilitate further functional analyses.

Keywords: intragenic recombination; evolution; selective pressure; expression; organophosphorus pesticide

1. Introduction

Aquaporins (Aqps) are a set of small (26–34 kDa) membrane proteins that specifically transport
water, glycerol, ammonia, and urea across cell membranes [1,2]. They typically consist of six
transmembrane alpha-helices surrounding a central water-transporting pore and two loops forming
hemi-helices. Aqps typically form as a homo-tetramer embedded in the membrane, and each monomer
acts independently as a single channel [3,4]. Aqps contain two conservative NPA (Asn—Pro—Ala)
motifs that form short hydrophobic helices, which constitute the first filter region in substrate
selectivity [3]. Another filter region is located in the extracellular channel and consists of several
aromatic amino acids and an Arg residue (ar/R). This region creates the narrowest section and
determines substrate specificity of this channel [5,6]. These conserved motifs exist in most members of
the Aqp family and create two restriction sites that allow water and some other small solutes to pass [7].
In addition, the least conserved N- and C-terminal domains of the Aqp proteins are also associated
with channel gating, intracellular localization, and membrane trafficking and assembly [8–10].

Aqps are classed into four major subgroups in eukaryotic organisms based on their sequence
characteristics: (1) classical aquaporins (Aqp0, 1, 2, 4, and 5), which only permeate water; (2)
aquaglyceroporins (Aqp3, 7, 9, and 10), which permeate glycerol and urea in addition to water; (3)
Aqp8-type of aquaammoniaporins (Aqp6 and 8), which present low water permeability and different
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phylogenetics from the others; and (4) unorthodox aquaporins (Aqp11 and 12), which have highly
deviated NPA motifs and intracellular locations [11–13]. Aqps are expressed in a wide range of
tissues. For example, fish Aqp1aa, -3a, and -12 are expressed ubiquitously in all examined tissues,
indicating constitutive roles of transporting fluids between cells [14]. Conversely, the expression
profiles of zebrafish Aqp0a and -0b are more restricted in the lens, suggesting that they are necessary
for normal lens development [15]. Some members of the zebrafish Aqp8 gene family (Aqp8a.1,
Aqp8a.2, and Aqp8b) exhibit different spatiotemporal expression patterns during early embryonic stages,
implying that they play distinct roles during embryonic development by regulating organ-specific
intracellular water balance [16]. Moreover, the cellular functions of Aqps are also regulated by
post-translational modifications (PTMs), e.g., acetylation, phosphorylation, methylation, ubiquitination,
and glycosylation. PTMs adjust localization, stability, and activity by altering protein conformation [17].
In teleosts, phosphorylated Aqp8b inserts into the inner mitochondrial membrane of spermatozoa to
facilitate hydrogen peroxide efflux from this compartment, which plays a key detoxification function
under hypertonic conditions [18]. The phosphorylated Ser256 residue of Aqp2 also increases water
migration [19]. In addition, reduced protein ubiquitination and increased protein stability enhance
expression levels of the Aqp1 gene during hypertonic stress [20]. Aqp protein abundance is also affected
by systemic hormones, osmolality, and pH [21–23]. Therefore, Aqps are regulated by many factors,
which may also reflect their extensive involvement in a variety of biological functions.

Whole genome duplication (WGD) is one of the major drivers of vertebrate evolution [24].
Two rounds of large-scale genomic duplication occurred during the early stages of vertebrate
evolution [25]. The third WGD took place in fish and increased the number of Aqp up to 18 paralogs
in zebrafish [26]. Compared to other teleosts, Atlantic salmon and common carp have undergone a
fourth WGD, increasing the number of Aqp genes to 42 and 37, respectively [27,28]. Some duplicated
genes may attain new functions through neofunctionalization and subfunctionalization or become
a pseudogene after WGD [29]. For example, Aqp7 has four pseudogenes in humans, and Aqp10 has
been lost or turned into a pseudogene in some rodents [27,30,31]. Moreover, the Aqp3 and the Aqp10
genes also exist as nonfunctional splice variants that lose a transmembrane domain, which may be a
transitional stage in their way to becoming a pseudogene or becoming deleted. In addition, some Aqp
members, such as Aqp2, Aqp5, and Aqp6, are absent in fish, suggesting that gene losses have occurred
in fish ancestors after the divergence of fish and tetrapods [27,28]. Therefore, WGD and gene loss
together affect the number of Aqp genes in organisms.

The use of organophosphorus pesticides has accelerated agricultural production over the past
30 years. Organophosphorus pesticides combine with cholinesterase on the neurosynaptic membrane,
preventing its catalytic role. Thus, the accumulating acetylcholine overexcites insects and eventually
causes death [32]. However, their use has also brought some pollution problems. Some aquatic
organisms are seriously impacted when organophosphorus pesticides enter a water source [33].
Organophosphorus pesticides widely interfere with physiological processes, including oxidative
metabolism, enzyme activities, and osmoregulation [34] Among them, oxidative metabolism induces
the production of reactive oxygen species (ROS), which affects the immune response [35]. The gills and
the kidney are two important osmoregulatory organs in fish. The gills participate in the exchange of
electrolytes, and some contaminants, including organophosphorus pesticides, affect gill function [36].
In addition, the fish kidney is also associated with maintaining a balance of electrolytes and water.
The kidney also excretes metabolic wastes, including pesticides [37]. Therefore, organophosphorus
pesticides regulate the electrolyte levels of fish by affecting gill and kidney function. A previous
study indicated that osmotic pressure and oxygen level can alter the expression patterns of some Aqp
genes [38].

As an important biological resource and the first group with both innate and adaptive immune
systems, studying fish not only deepens our understanding of immune system evolution in vertebrates
but also helps to enhance environmental monitoring and food supply. Through a comparative
evolutionary analysis, we characterized 166 putative Aqp genes in 12 fish species. Studies of gene
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loss and acquisition, gene organization, phylogeny, recombination, selective pressure, and expression
patterns due to viruses, pathogenic bacteria, and organophosphorus stress were performed to explore
their evolutionary relationships, which will be helpful for further functional studies of this gene family.

2. Materials and Methods

2.1. Identification of Putative Aqp Proteins in 12 Fish

The Hidden Markov Model (HMM) profile of the conserved major intrinsic protein domain
(pfam00230) was used to perform a BLAST search against the Ensembl database (http://www.ensembl.
org/index.html) [39] with E-value cutoff of 1E-1 to identify the putative Aqp genes in some fish. In
addition, all Aqp paralogs reported in zebrafish [26] were used to perform another BLAST search under
the same conditions. Next, all candidates identified by these searches were used for further searches.
Finally, the CDD [40] and the Pfam database [41] were used to verify and confirm the reliability of
these candidates. Moreover, ProtParam [42] and CELLO [43] were used to predict the biochemical
characteristics and the subcellular localization of the Aqp proteins, respectively. Finally, Protter [44]
was used to predict the number of transmembrane regions.

2.2. Estimates of Aqp Gene Gain and Loss

To determine the change in the Aqp gene numbers in different fish species, a gene tree and a
species tree (deduced from the 28S RNA sequences) for each clade were first reconciled, and then the
Notung v2.6 [45] was used to infer gene gain and loss. Notung is a reconciliation analysis software
based on algorithms for tree rearrangement and reconciliation with non-binary trees. It supports the
use of a parsimony-based optimization criterion to predict gene gain and loss events [45].

2.3. Phylogeny, Gene Organization, and Conserved Motif Analysis of the Aqp Gene Family

The MUSCLE method [46] was used to perform multiple sequence alignment of all predicted
Aqp proteins. Next, MEGA6 [47] was used to construct a phylogenetic tree using the neighbor-joining
method, 1000 bootstrap replications, a p-distance substitution model, and pairwise deletion gaps
parameters. Gene organization was inferred from the Ensembl database [39]. Additionally, the MEME
program [48] was used to identify conserved motifs with widths of 6 and 50, and a maximum of eight
motif parameters.

2.4. Recombination Events and Detecting of the Aqp Genes

In this study, RDP v4.8 [49] was used to identify potential recombination events. Three methods
(RDP [50], GENECONV [51], and MaxChi [52]) were used to analyze the CDS of the Aqp genes with a
P-value cutoff of 0.05 and 100 permutations.

2.5. Site-Specific Selection Assessment and Testing

The synonymous rate (Ks) and the non-synonymous rate (Ka) were used to estimate selective
pressure at each site. Here, we used four evolutionary models [M8 (beta+w ≥ 1), M8a (beta+w
= 1), M7 (beta), and M5 (gamma)] to calculate the Ka/Ks values at each site. These models use a
Bayesian inference approach to represent how the characteristics evolve with probabilistic terms [53].
Biological assumptions of different models were used to assume a statistical distribution. Next, eight
discrete categories were used to approximate this distribution. Finally, the expectation of a posterior
distribution was used to calculate the Ka/Ks values [53]. The Aqp protein secondary structure was
predicted by Protter [44]. The Phyre2 Server [54] was used to predict the three-dimensional structure
of the Dre_aqp8b protein in Group III. Finally, I-Mutant2.0 [55] was used to predict the effects of a
point mutation on protein stability.

http://www.ensembl.org/index.html
http://www.ensembl.org/index.html
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2.6. Microarray-Based Expression Analysis of the Zebrafish Aqp Genes under Biotic Stresses

Microarray and RNA-Seq data [56,57] were used to analyze the expression profiles of Aqp genes
under spring viremia of carp virus (SVCV) (GSE63133) and Mycobacterium marinum (GSE76499)
infection stress, respectively. The Genesis (v 1.7.6) program [58] was used to normalize and view their
expression differences.

2.7. Materials, Organophosphorus Pesticide Exposure, and RNA Sequencing and Analysis

Here, we only examined the expression patterns of four fish species, including Danio rerio, Oryzias
latipes, Gasterosteus aculeatus, and Takifugu rubripes, which were obtained from aquaculture farms. Each
mock and experimental group consisted of six fish separately at 22–23 ◦C. After 2 days of environmental
adaptation, an organophosphorus pesticide (dimethoate: O,O-dimethyl methylcarbamoylmethyl
phosphorodithioate; C5H12NO3PS2) was added to the experimental group at a 0.92 µM concentration
for 24 h. The mock group was composed of fish cultured in freshwater. In these experiments, the entire
fish body was used for RNA extraction. An equimolar amount of RNA from three biological replicates
was used for RNA sequencing, as described previously [59,60]. The Illumina Hiseq2000 platform was
used to sequence the library at Shanghai OE Biotech Co., Ltd (Shanghai, China). The Log2 value of
fragments per kilobase of transcripts per million fragments mapped (FPKM) was used to predict the
expression level of each transcript. Some data were deposited at Mendeley Data [61]. The Genesis
(v 1.7.6) program [58] was used to normalize the expression data.

3. Results and Discussion

3.1. Identification and Gene Gain and Loss Events of the Aqp Family Genes in the Twelve Fishes

In this study, we identified 166 putative Aqp genes in 12 fish species (Table S1). Each species
contained 10–19 Aqp genes. They coded 161–336 amino acids with pI values of 4.54–10.36. In addition,
99.4% of the predicted Aqp proteins exhibited highly hydrophobic characteristics. Except the Tno_aqp4l
protein, all others were predicted to be localized in the plasma membrane by CELLO [43]. Furthermore,
all identified Aqp proteins had transmembrane (TM) domains. Among them, 119 Aqps (71.7%) had six
TMs, consistent with their function as specific transporters of small solutes across membranes [1,2].

Some fish, such as D. rerio, had 19 Aqp genes, while O. latipes and L. oculatus only contained
10 members, which was 47.4% lower than that of zebrafish. This finding indicates that the number of
Aqp genes has changed dramatically in different fish species during evolution. To better understand
how the Aqp genes evolved in these fish, we first estimated the number of Aqp genes in the most recent
common ancestor (MRCA). One ancestral Aqp gene was suggested in the MRCA of these fish. Another
40 Aqps were obtained before the appearance of these fish (Figure 1). In total, there were about 41
ancestral Aqp genes in the ancestors of these fish. About 26 genes were lost and 15 were retained
when the zebrafish lineage appeared. After Teleosei, the number of Aqp genes further changed before
divergence with Acanthomorphata. We detected nine gains and 12 losses during this period, which
were inherited unequally in other species (Figure 1). In general, Aqp gene loss was greater than gene
gain in these species. For example, the numbers of lost Aqp genes were approximately 75.6, 65.9, 63.4,
60.9, and 53.6% for medaka, stickleback, cod, tilapia, and zebrafish, respectively (Figure 1).



Animals 2019, 9, 233 5 of 16

Animals 2019, 9, x FOR PEER REVIEW 5 of 16 

 

 
Figure 1. Gene gain and loss of Aqp in the evolution of twelve fishes. The names of internal 
nodes are abbreviated as E: Euteleostomi; Te: Teleostei; A: Acanthomorphata; P: Poeciliinae; 
T: Tetraodontidae; O: Ostariophysi. The numbers of common ancestors are shown at the 
internal nodes. Plus and minus signs indicate the gene gain and loss events, respectively. 

3.2. Phylogenetic Analysis, Gene orGanization, and Motifs Distribution 

We carried out a phylogenetic analysis based on a neighbor-joining (NJ) method to evaluate the 
evolutionary relationship of Aqp family genes in these fish. In addition, maximum likelihood (ML) 
theory was used to generate another phylogenetic tree, which had a very similar topology with the 
NJ tree. Here, we chose the NJ tree for further analysis. The 166 Aqp proteins were divided into four 
families (Group I contained mipa, mipb, aqp4, and aqp1a; Group II contained aqp4l and aqpae; 
Group III contained aqp8a and aqp8b; and Group IV contained aqp3a, aqp3b, aqp7, aqp9a, aqp9b, 
aqp10a, and aqp10b) according to sequence similarity (Figure 2). Other evidence, such as gene 
organization and the motif distribution described below, also supported this classification. According 
to a previous classification [11], Groups I and II are classical aquaporins; Group III is Aqp8-type of 
aquaammoniaporin; and Group IV is aquaglyceroporins. These groups exhibit different functional 
characteristics, as described above. Moreover, aquaglyceroporins have been shown to play an 
important role in cellular arsenic uptake in zebrafish [622]. Group IV consists of 71 members, 
accounting for 42.8% of all Aqp genes. However, Group II contained only four genes. Moreover, we 
also found that some Aqp genes are distributed in tandem on chromosomes. For example, about 52.6% 
of the Aqp genes are linked in tandem, indicating that tandem replication contributed greatly to 
amplification of this gene family in fish (Table S1). 

Figure 1. Gene gain and loss of Aqp in the evolution of twelve fishes. The names of internal nodes are
abbreviated as E: Euteleostomi; Te: Teleostei; A: Acanthomorphata; P: Poeciliinae; T: Tetraodontidae; O:
Ostariophysi. The numbers of common ancestors are shown at the internal nodes. Plus and minus
signs indicate the gene gain and loss events, respectively.

3.2. Phylogenetic Analysis, Gene orGanization, and Motifs Distribution

We carried out a phylogenetic analysis based on a neighbor-joining (NJ) method to evaluate
the evolutionary relationship of Aqp family genes in these fish. In addition, maximum likelihood
(ML) theory was used to generate another phylogenetic tree, which had a very similar topology with
the NJ tree. Here, we chose the NJ tree for further analysis. The 166 Aqp proteins were divided
into four families (Group I contained mipa, mipb, aqp4, and aqp1a; Group II contained aqp4l and
aqpae; Group III contained aqp8a and aqp8b; and Group IV contained aqp3a, aqp3b, aqp7, aqp9a,
aqp9b, aqp10a, and aqp10b) according to sequence similarity (Figure 2). Other evidence, such as gene
organization and the motif distribution described below, also supported this classification. According
to a previous classification [11], Groups I and II are classical aquaporins; Group III is Aqp8-type of
aquaammoniaporin; and Group IV is aquaglyceroporins. These groups exhibit different functional
characteristics, as described above. Moreover, aquaglyceroporins have been shown to play an important
role in cellular arsenic uptake in zebrafish [62]. Group IV consists of 71 members, accounting for 42.8%
of all Aqp genes. However, Group II contained only four genes. Moreover, we also found that some
Aqp genes are distributed in tandem on chromosomes. For example, about 52.6% of the Aqp genes are
linked in tandem, indicating that tandem replication contributed greatly to amplification of this gene
family in fish (Table S1).
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Figure 2. Phylogenetic relationship, gene structure, and motif composition of the Aqp genes in the
twelve fishes. The phylogenetic tree was constructed and classified into four groups. Different motifs
of the Aqp proteins are displayed by differently colored boxes. The abbreviation of species name is
as follows, Poecilia formosa: Pfo; Xiphophorus maculatus: Xma; Gasterosteus aculeatus: Gac; Oreochromis
niloticus: Oni; Oryzias latipes: Ola; Tetraodon nigroviridis: Tni; Takifugu rubripes: Tru; Gadus morhua: Gmo;
Danio revio: Dre; Astyanax mexicanus: Ame; Lepisosteus oculatus: Loc; Latimeria chalumnae: Lch.
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Loss or gain of introns can lead to genetic structural differences and complexity, which is the
basis of the evolution of multiple gene families. Several studies have indicated that introns play
important biological roles regulating gene expression, intragenic recombination, mRNA export, and
exon shuffling [63–65]. To further study the organizational diversity of these Aqp genes in fish, we first
compared their exon-intron structures (Figure 2). The results indicated that the exon-intron structure
was well conserved in each group, suggesting a common origin. Next, we also named 11 introns from
I-a to I-k to describe their loss or gain in each group. Introns I-b, I-d, and I-k existed in most of the
Aqp genes in Group III. Insertion and phase distribution of introns I-a, I-c, I-e, I-g, and I-i were also
conserved in most Aqp genes of Group IV. Introns I-f and I-j were specific to Group I. Interestingly,
the I-h intron shared common insertion sites with Groups I, II, and III, but its phase distribution
was different in Group III and the other two groups (Figure 2). In addition, some intron gain or loss
events were also found in evolution, such as some non-conservative introns located in the variable
domain. Thus, differences in gene structure may have triggered divergence in the Aqp family during
fish evolution.

Next, structural diversity was compared with MEME [48], and eight conserved motifs were found
in the predicted Aqp proteins (Figure 2). In general, a common motif distribution within each group
existed in the majority of members, suggesting similarity in their functions. In addition, we also found
several specific motifs in some groups. For example, motif 4 only occurred in Groups I and II. Motifs
7 and 8 were restricted to Group IV. We also found that two NPAs were located in motifs 2 and 1,
respectively. As part of the central proton exclusion filter, the two NPAs form short hydrophobic
helices and invade the membrane from the opposite direction, participating in substrate selection [3,66].
Moreover, the ar/R selectivity filter, located in conserved motif 1, has been demonstrated to determine
the specificity of molecular substrates passing through the pore [5,6]. In addition to these conserved
motifs, some non-conserved N- and C-terminal regions of mammalian Aqp4 are also associated
with membrane trafficking and assembly [8]. Furthermore, it has been suggested that C-terminal
phosphorylation (S256, S261, S264, andS269) of Aqp2 exhibits the functions of channel gating and
membrane endocytosis or exocytosis [17]. Therefore, these conserved or variable regions play key
roles in the functional divergence of Aqp proteins. Differences in Aqp sequences may increase the
complexity of functionality.

3.3. Detection of Intragenic Recombination Events in the Aqp Genes

Recombination leads to intragenic sequence exchanges, which can affect gene structures and
genetic variation [67,68]. To further explore the evolutionary properties of these fish Aqp genes,
we investigated recombination events using RDP v4.8 software [49]. As summarized in Table 1,
52 Aqp genes were detected to contain recombination signals (p < 0.05 based on 100 permutations).
Among them, seven Aqp genes in Latimeria chalumnae experienced recombination. For the same data,
three different recombination methods gave different results. This may have been due to different
assumptions made by different methods during the data generation process. A previous study
indicated that the MaxChi and the GENECONV methods are more powerful than the RDP method,
and that MaxChi performs the best [69]. Our results also show more recombination signals detected by
the MaxChi method than the others. As an example, we presented a Gac_aqp8a1 and a Gac_aqp10a
recombination event detected in this study (Figure 3; Table S1). Two obvious recombination events
occurred between the 5′- and the 3′-ends of Gac_aqp8a1 and Gac_aqp10a, respectively. A previous study
indicated that the primary structure of transmembrane helices 1–3 is similar to that of transmembrane
helices 4–6 in all Aqp family proteins, suggesting that the two parts of the Aqp protein may be due to
a tandem or an intragenic duplication event [70]. These results suggest that some Aqp genes in fish
undergo frequent recombination events. Intragenic recombination increases the complexity of fish Aqp
genes and plays an important role in the evolution of this gene family.
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Table 1. The predicted recombination events of the Aqp genes in the twelve fishes.

Species
Recombination Methods Genes undergone

Recombination EventsRDP GENECONV MaxChi

A. mexicanus 1 1 4
Ame_aqp3a; Ame_aqp7;

Ame_aqp8a1; Ame_aqp8a2;
Ame_aqp10b; Ame_mipa

D. rerio 1 2 5 Dre_aqp3a; Dre_aqp3

G. aculeatus 3 0 4 Gac_aqp4; Gac_aqp8a1; Gac_aqp9b;
Gac_aqp10a

G. morhua 1 0 2 Gmo_aqp1a; Gmo_aqp10b

L. chalumnae 2 0 3
Lch_aqp3; Lch_aqp4; Lch_aqp4l;
Lch_aqp7; Lch_aqp9; Lch_mipb;

Lch_mipc

L. oculatus 2 0 1 Loc_aqp3b; Loc_aqp9b; Loc_aqp10b;
Loc_mipb

O. latipes 1 0 5 Ola_aqp4; Ola_aqp9b; Ola_10b;
Ola_mipa

O. niloticus 1 0 2 Oni_aqp4; Oni_aqp8a1; Oni_aqp9a

P. formosa 4 0 4 Pfo_aqp1; Pfo_aqp9l; Pfo_aqp9b;
Pfo_aqp10; Pfo_aqp10a; Pfo_mipb

T. nigroviridis 4 1 6 Tni_aqp3a; Tni_aqp4; Tni_aqp7;
Tni_aqp9b

T. rubripes 3 0 5 Tru_aqp1a1; Tru_aqp3a; Tru_aqp7;
Tru_aqp9

X. maculatus 2 0 6 Xma_aqp1a; Xma_aqp3a; Xma_aqp7;
Xma_aqp8a; Xma_aqp9b; Xma_10a2
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3.4. Selective Pressure at Amino Acid Sites of the Aqp Members

Ka/Ks value was used to measure selection pressure on amino acid substitutions. This value
is either greater or less than one, suggesting positive or purifying selection, respectively [71].
Different protein peptides usually undergo different selective pressures, which can further alter
protein structure and function during evolution. Therefore, it is necessary to detect and analyze
these residue sites under positive selection. A previous study showed that duplicated genes
undergo neo-functionalization, sub-functionalization, and pseudogenization [72]. Among them,
sub-functionalized and neo-functionalized genes are usually under purifying and positive selection,
respectively. In this study, to explore which sites had undergone selection after duplication, the
differences in the Ka/Ks values were investigated among different Aqp sites (Table 2). The Ka/Ks values
of Group III were higher than those of the other groups, suggesting a relatively rapid change among
these members. Despite these differences, all Ka/Ks values were below one, indicating that most fish
Aqp genes are negatively selected during fish evolution. However, we also identified several positive
selection sites in Group II and Group III (Table 2). As an example, we described, in detail, the location
of these positive selection sites. There were seven sites in Group III proteins under positive selection
predicted by the M8 model (Figure 4). Among them, five sites were located on the N-terminal, one on
the loop, and the other on the last α-helix transmembrane domain. We did not find any positive sites
on the other transmembrane helices (Figure 4). To further verify whether these positive selection sites
play a role, we used I-Mutant2.0 [55] to assess their effect on protein folding stability. As a result, all
mutants at these sites altered stability of the Aqp proteins (Table S2), which could facilitate functional
diversification of Aqp members. Differential evolution rates of specific residues also contribute to
some new functions of the Aqp genes after divergence. One study indicated that the Aqp4 and the
Aqp8 genes have the longest N-termini [73]. Although the molecular function of the N-terminus is
unknown in fish, its role has been associated with membrane assembly and intracellular localization in
mammals [8,10] and channel gating in plants [9]. In our study, most positive sites were predicted to be
located in the variable regions of the Aqp proteins, indicating functional divergence caused by the
changes in these positive selection residues.

Table 2. Likelihood values and parameter estimates of the Aqp genes.

Gene Branches Selection Models Ka/Ks Log-Likehood Numbers of PSS *

Group I

M8(beta+w ≥ 1) 0.2236 −29,922.3 0
M8a(beta+w = 1) 0.2222 −29,924.8 0

M7(beta) 0.2069 −29,913.2 0
M5(gamma) 0.2279 −29,941 0

Group II

M8(beta+w ≥ 1) 0.2219 −5268.97 0
M8a(beta+w = 1) 0.2185 −5267.87 0

M7(beta) 0.2165 −5265.73 0
M5(gamma) 0.2403 −5279.27 0

Group III

M8(beta+w ≥ 1) 0.2628 −11,574.5 7
M8a(beta+w = 1) 0.2567 −11,572.8 0

M7(beta) 0.2521 −11,580.1 0
M5(gamma) 0.2719 −11,582.4 0

Group IV

M8(beta+w ≥ 1) 0.2141 −37,259.4 5
M8a(beta+w = 1) 0.2096 −37,265.2 0

M7(beta) 0.2004 −37,281.1 0
M5(gamma) 0.2120 −37,277.5 0

* PSS: positive selection site.
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the signal peptide sequence did not appear in the three-dimensional structure of this protein, the two
positive selection sites (18Q and 19Q) thereon are not labeled here.

3.5. Expression Profiles of the Zebrafish Aqp Genes under Some Biotic Stresses

SVCV causes highly infectious viremia associated with hemorrhagic symptoms in fish [74].
An SVCV infection is highly lethal in young fish with mortality rates up to 90%, which causes huge
economic losses to the aquaculture industry [75]. Mycobacterium marinum is a well-known pathogenic
mycobacterium of skin and soft tissue infections of fish [76]. After exposure to an infected aquatic
environment or animals, this pathogen can also infect humans and cause a red or tan skin bump called
an aquarium granuloma [77]. To determine whether zebrafish Aqps are involved in the response to
these biotic stressors, we further analyzed their expression patterns under SVCV and M. marinum
infection stress via microarray and RNA-Seq data [56,57]. The results indicated that the expression
levels of four Aqp genes were enhanced in the spleen post-SVCV infection (Figure 5). More than half
of the analyzed zebrafish Aqp genes showed a higher expression level in the head kidney under the
same stress. In addition, the Dre_aqp3a and the Dre_aqp10b transcripts increased in both SVCV infected
test tissues, implying that these genes may be associated with the pathogenic response. Expression
levels of more than 57% of the detected Aqp genes were increased after the M. marinum infection,
and this trend was particularly evident 4 h post-injection (hpi) (Figure 5). Interestingly, Dre_aqp8a1,
Dre_aqp3a, Dre_aqp10b, Dre_aqp7, and Dre_aqp9b genes were significantly upregulated in SVCV and M.
marinum infected tissues, implying that these genes may be associated with the response to these biotic
stressors. In addition, functional divergence of duplicated genes was also investigated. Three pairs of
duplicated Aqp genes (Dre_aqp1a1/Dre_aqp1a1; Dre_aqp8a2/Dre_aqp8b; and Dre_aqp3a/Dre_aqp3b) (Table
S1) showed different expression patterns under these stressors. For example, M. marinum infection
induced expression of the Dre_aqp8b gene but decreased the transcript level of the Dre_aqp8a2 gene.
Taken together, these findings suggest that functional divergence has occurred among these duplicated
genes, and that their products may play different roles in specific stress responses.
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profiling of the zebrafish Aqp genes in the spring viremia of carp virus (SVCV)-infected tissues by
microarray analysis (GSE63133). (B) Dynamic expression profiles of the zebrafish Aqp genes under the
Mycobacterium marinum infection from GSE76499. Embryos at 4, 6, and 8 h post injection (hpi) and the
uninfected mock were collected for RNA-seq analysis.

3.6. Expression Profiles of the Aqp Genes under Organophosphorus Pesticide Stress based on
Transcriptome Data

To verify whether fish Aqp genes are also affected by organophosphorus pesticides, we first
investigated their expression patterns under dimethoate (an organophosphorus pesticide) stress using
transcriptome sequencing in four fish species, including D. revio, O. latipes, G. aculeatus, and T. rubripe.
Our results indicated that expression levels of about 43.75% of the Aqp genes increased under dimethoate
stress (Figure 6). Among them, expression levels of the Gac_aqp8a2 and the Gac_aqp10b genes increased
9.7 and 7.7 times under dimethoate treatment, respectively, compared with the mock group. However,
the expression level of the Dre_mipb gene decreased about 4.2 times under the same conditions. The
response of some duplicated Aqp genes (such as Dre_aqp1a1/Dre_aqp1a2, Gac_aqp9/Gac_aqp9b, and
Ola_mipa/Ola_mipb) (Table S1) to dimethoate treatment was also significantly different (Figure 6). As a
group of water channel proteins, Aqps are involved in many physiological functions and pathological
processes, such as transepithelial transport [78], tumorigenesis [79], cell migration [80], and neuronal
signal transduction [81]. Furthermore, organophosphorus pesticides have been demonstrated to affect
immunoregulation in fish [82]. Here, the expression levels of some fish Aqp genes were induced under
dimethoate stress, suggesting that these Aqps may be involved in fish immunoregulation.
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4. Conclusions

A comparative analysis of the fish Aqp gene family was performed in this study, which was
divided into four groups by phylogenetic analyses. Gene organization and motif distribution were
highly conserved in each group, implying their functional relevance. During the evolution process,
some fish Aqp genes have experienced intragenic recombination. Selection pressure analysis identified
several sites that might be associated with functional divergence. Differential expression profiles of
some Aqp genes under SVCV and M. marinum infection and dimethoate stress provided insights into
possible functions. This study can provide a useful reference for further functional study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/9/5/233/s1,
Table S1: Aqp genes identified in the twelve fishes, Table S2: Effect of positive selection site mutation on the
stability of Dre_aqp8b protein.
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