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Abstract
Aquaporins are integral membrane proteins that exchange water and small solutes. They played an important role in the
colonisation of terrestrial environments by tetrapod ancestors via the appearance of three exclusive paralogs. Like early tetrapods,
mudskippers represent an independent case of amphibious lifestyle evolution that is unparalleled by other extant fish groups.
Given this lifestyle parallelism and that aquaporins were relevant for tetrapod terrestrialisation, this study examines the aquapo-
rins in mudskippers to investigate whether similar changes in aquaporins could have possibly occurred during their water-to-land
transition. We have catalogued aquaporin genes in four mudskipper genomes and studied their diversity and molecular evolution
(including detection of positive selection) in a broad phylogenetic context of vertebrates. Our genomic screening returned 55
aquaporin genes for mudskippers (none of them constituting novel paralogs) that can be assigned to 10 different known classes.
We detected signatures of positive selection in AQP10a and AQP11b in mudskippers (both the entire clade and the clade
containing the most terrestrial species, implying different evolutionary times). This suggests possible alteration of the molecular
function of such paralogs caused by changes at specific protein sequence positions, some of them located in relatively close
proximity to parts of the molecule involved in pore formation and substrate selectivity. Given the importance of aquaporins for
osmotic regulation in fishes, it might be possible that these selective changes (perhaps allowing permeability to new solutes)
could have played a role during the adaptation of mudskippers to an amphibious lifestyle.
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Introduction

Aquaporins (AQPs), also called water channels, are a family
of transmembrane protein channels of the major intrinsic pro-
teins (MIP) superfamily (Agre et al. 1993; Connolly et al.
1998). These proteins have a molecular mass of 24–30 kDa,
and their main function is the transport of water and small
uncharged solutes (e.g. glycerol, ammonia) through the

membranes of the cells (Heymann and Engel 1999; Agre
and Kozono 2003; Jahn et al. 2004; Wu and Beitz 2007;
Laforenza et al. 2016). The first evidence of the presence of
proteins able to transport water through the cell membrane
was documented in bovine lens tissue (Broekhuyse et al.
1976), but the first genuine aquaporin was isolated from hu-
man erythrocytes and renal tubules membranes (Preston and
Agre 1991). Such protein, originally named CHIP28 due to its
molecular mass of 28 kDa, is now clustered within the aqua-
porin class AQP1 (Agre et al. 1993). The reconstruction of the
molecular structure of AQP1 showed that this protein is con-
stituted by monomers of six α-helices (1–6) embedded in the
cell membranes that are connected by five regions (A-B) that
loop at either side of the membrane (loops A, C and E are
extracellular whereas loops B and D are intracellular). Loops
B and E are hydrophobic and present a transmembrane
asparagine-proline-alanine (NPA) domain each, which are re-
lated with pore formation. Besides, there is a selectivity filter,
the aromatic arginine (ar/R), made of two groups of amino
acids that delimit the diameter and the hydrophobia of the
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pore, determining the substrate specificity (Cheng et al. 1997;
Heymann and Engel 2000; Sui et al. 2001). Each monomer
constitutes a water channel and clusters with the other three to
form tetramer structures in the membranes. This basic molec-
ular pore structure remains highly conserved in most of the
different aquaporin paralogs that have been discovered more
recently (Kruse et al. 2006).

Early phylogenetic studies on MIPs found an ancient split
between water and glycerol transporters that occurred early in
the evolution of cell (Park and Saier 1996; Heymann and Engel
1999; Zardoya 2005). This divisionwas later confirmed bymore
recent phylogenetic studies that have also refined the classifica-
tion of aquaporins in four main groups: the aquaglyceroporins
(traditionally containing aquaporin classes/paralogs AQP3,
AQP7, AQP9 and AQP10), AQP8-type or ammonia channel
(containing class AQP8), unorthodox aquaporins (containing
classes AQP11 and AQP12) and water-selective classical aqua-
porins (AQP0, AQP1, AQP2, AQP4, AQP5 and AQP6) (Cerdà
and Finn 2010; Finn and Cerdà 2011, 2015; Abascal et al. 2014;
Finn et al. 2014). Of these classical aquaporins, three classes
(AQP2, AQP5 and AQP6) are exclusive to the tetrapod lineage
(Cerdà and Finn 2010; Tingaud-Sequeira et al. 2010; Finn and
Cerdà 2011).More recently, four new classes of aquaporins have
been reported (at least present in some vertebrate lineages):
AQP13 (clustered with aquaglyceroporins), AQP14 and
AQP15 (clustered with classical aquaporins) and AQP16
(clusteredwithAQP8-type) (Virkki et al. 2002; Finn et al. 2014).

Finn et al. (2014) postulated that aquaporins played an
important role in the colonisation of terrestrial environments
by tetrapods during the Late Devonian (Carrol 2001) thanks to
the appearance of the three new paralogs (AQP2, AQP5,
AQP6) exclusive to the group. Water-to-land transition in-
volves several morphological (biomechanical) and physiolog-
ical (metabolic and biochemical) changes in order to confront
new environmental conditions, including locomotion, vision,
audition, air-breathing and desiccation problems (Graham
1997; Johanson 2011). In this context, aquaporins have been
associated with changes in osmoregulation related to desicca-
tion control (Finn et al. 2014). Apart from early tetrapods, the
achievement of an amphibious lifestyle has evolved indepen-
dently many times in vertebrates, and there are reports of over
200 extant species of fishes (spanning 17 orders) that present
various degrees of terrestrial adaptation (Graham 1997; Ord
and Cooke 2016; Wright and Turko 2016). Among all such
fish groups with amphibious behaviour (e.g. blennies, eels,
bichirs), mudskippers are clearly the ones with the highest
degree of terrestrialisation (You et al. 2014; Wright and
Turko 2016). Their case is likely mirroring more closely what
happened with early tetrapod ancestors during their water-to-
land transition in the Late Devonian. In this sense, mudskipper
species with varying degrees of adaptation to an amphibious
lifestyle could be comparable (although not strictly) to fossil
forms of early tetrapod lineages showing intermediate forms

of terrestriality (Ishimatsu and Gonzales 2011; You et al.
2014; Wright and Turko 2016).

Mudskippers (family Gobiidae; subfamily Oxudercinae) are
amphibious fishes that are able to spend extended periods out
of water. They emerge during low tide and keep very active on
land (i.e. to forage, seek mates and defend territories) for some
portion of their daily cycle (Wright and Turko 2016; Jaafar and
Murdy 2017). However, their dependence on water is still im-
portant for reproduction (they possess aquatic larvae) and to
minimise desiccation. For this latter, mudskippers roll on
mud, immerse in small pools that remain at low tides or fre-
quently move from land to burrows built in the mud that are
submerged at high tides or retain water inside at low tides.
These burrows are also used as refuges to hide from predators
and for laying eggs (Tsuhako et al. 2003; Graham and Lee
2004; Ishimatsu and Gonzales 2011; Wright and Turko
2016). Mudskippers live on mudflats and mangrove swamps,
and have colonised peritidal habitats of tropical and subtropical
Western Africa, the Indian Ocean, and the whole Indo-West
Pacific region (Murdy 2011). Only four oxudercine genera
are strictly considered to be mudskippers, namely
Boleophthalmus, Periophthalmodon, Periophthalmus and
Scartelaos, and they present different degrees of adaptation to
terrestrial conditions. Periophthalmus and Periophthalmodon
are the most terrestrial spending the majority of time out of
water, although their degree of terrestriality gradually varies
among species of these genera. In contrast, Scartelaos is pre-
dominantly aquatic (spending less time out of water) followed
by less water-dependent Boleophthalmus (Zhang et al. 2003;
Graham et al. 2007; Ishimatsu and Gonzales 2011; You et al.
2014; Polgar et al. 2017).Mudskippers have developed specific
adaptations to mudflat life in both aquatic and terrestrial con-
ditions, including aerial respiration (through the skin and highly
vascularised buccopharyngeal epithelium), higher environmen-
tal ammonia tolerance, aerial vision and terrestrial locomotion
using modified pectoral fins, among others (Kok et al. 1998;
Pace and Gibb 2009; Ishimatsu and Gonzales 2011; Zander
2011; Randall et al. 2015).

If aquaporins were relevant for the water-to-land transition
of tetrapods, mudskippers may represent a remarkable case to
investigate whether any changes (in a relatively similar fash-
ion to those occurred in tetrapods) in aquaporins could have
possibly occurred during their terrestrialisation process as
well, either in the form of appearance of new paralogs and/
or change/selection at the sequence level. This study aims to
investigate the diversity and molecular evolution of mudskip-
per aquaporins in the context of water-to-land transitions of
vertebrates taking advantage of the genomic data for four
mudskipper species recently made available by You et al.
(2014). Our specific objectives are summarised as follows:
(1) to find and catalogue the aquaporin classes and paralogs
that occur in mudskipper genomes using similarity searches
with vertebrate comparable data, (2) to reconstruct the
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phylogenetic position and relationships of mudskipper aqua-
porins in the general context of vertebrates, and (3) to detect
branch and site positive selection in the aquaporin classes
present in mudskippers.

Materials and methods

Data mining and sequence identification

We retrieved the complete genome nucleotide sequences of
four mudskipper species from GenBank: Boleophthalmus
pectinirostris (Linnaeus 1758), Periophthalmodon schlosseri
(Pallas 1780), Periophthalmus magnuspinnatus Lee et al.
1995, and Scartelaos histophorus (Cuvier and Valenciennes
1837). These four genomes, sequenced by You et al. (2014),
constitute the only genomic-scale data available for mudskip-
pers thus far. At the time of genome data download (20
January 2017), their assembly and annotation were presented
at the scaffold level, meaning that reconstructed sequence
contigs were connected to get larger structures still unplaced
in specific genomic regions or chromosomes, and that gene
identification, delimitation and location remained limited. In
order to fish the different aquaporin sequences that are present
in the mudskipper genomes, we conducted BLAST searches
(Altschul et al. 1990) with the BLASTX tool v2.2.28 run lo-
cally using eachmudskipper genome (nucleotide level) as que-
ry, and custom-made aquaporin protein databases as target.
Two separate aquaporin protein databases were constructed
using makeblastdb. One of them included all protein se-
quences returned after conducting several searches of terms
related to aquaporins for vertebrates in the GenBank protein
database (Benson et al. 2013): “aquaporin vertebrates”, “water
channel vertebrates”, “aquaglyceroporin vertebrates”, “mem-
brane intrinsic protein vertebrates”, “AQP vertebrates”, as well
as variants of these (i.e. singular vs. plural terms, “vertebrates”
vs. “Vertebrata”). The search results were inspected by eye in
order to remove duplicates and obvious incorrect hits, for ex-
ample those corresponding to other proteins (not aquaporins),
but that contained the term “aquaporin” elsewhere in the re-
cord page (e.g. publication title). A second database was con-
structed including all protein sequences returned after
searching similar terms in UniProt (Apweiler 2009), and was
used as double-check. All sequence data for both aquaporin
protein databases were downloaded on 31 January 2017. After
depuration, the number of protein sequences included in the
GenBank and UniProt vertebrate aquaporin databases was
1123 and 1232, respectively. BLASTX searcheswere conduct-
ed using an E-value threshold > 10−10 that was deemed appro-
priate relative to the genome-wide size of queries and relatively
small size of the databases, and to obtain an output file with all
potential mudskipper aquaporins including the ones with low-
er sequence similarity (due to e.g. accelerated evolution).

BLASTX results from both GenBank and UniProt data-
bases were compared and cross-validated by eye, then ar-
ranged by query scaffold number and unified to exclude re-
dundant matches of the same query scaffold. All BLAST best
matches/hits were inspected by eye, and those that did not
show clear correspondence with proper aquaporin sequences
were discarded. The list of best hits for the valid scaffolds for
each mudskipper genome, after the aforementioned curation
process, was used to assign a preliminary aquaporin identifi-
cation for such scaffold based on the respective annotation of
the target sequence (Table 1). Each sequence of the valid scaf-
folds matching aquaporins was extracted from their corre-
sponding mudskipper genomes to separate files and, in each
case, candidate orthologous coding DNA sequences (CDS) of
teleost fishes (Danio rerio, Oreochromis niloticus and Salmo
salar among others) and mammals (Homo sapiens and Mus
musculus) were aligned against them (as references) using
MAFFT v7.310 (Katoh et al. 2017) with the L-INS-i algo-
rithm. These alignments were used to verify initial aquaporin
identification based on BLAST searches.

Due to computational constraints, long scaffolds had to be
trimmed to remove the excess of sequence data surrounding the
candidate gene containing the aquaporin match (as per the
BLASTX coordinates) before conducting the alignments.
Geneious Pro v9.1.8 (Kearse et al. 2012) was used for trimming
the sequences as well as visualising the resulting alignments and
locate start and stop codons according to the corresponding start/
end positions in the reference sequences. The process of scaffold
trimming and reference alignment was iteratively repeated until
the aquaporin gene in the scaffold had been unambiguously
identified and its sequence isolated. Using the reference align-
ments, we also identified and manually annotated intronic and
exonic regions of each mudskipper aquaporin. We used
Geneious to prepare separate files (available as “Electronic
SupplementaryMaterial”) for entire gene, CDS and protein (de-
duced amino acid) sequences for each mudskipper aquaporin
that could be identified in the genome data (Table 1).

You et al. (2014) also provided information of
transcriptomes of gill and liver tissue of B. pectinirostris
and P. magnuspinnatus. We retrieved raw reads of such
RNAseq experiments from GenBank’s SRA database, and
performed de novo assemblies for each of the two species
separately (pooling together all reads for tissue samples
belonging to the same species). De novo assemblies were
performed with Trinity r20140717 (Grabherr et al. 2011)
using default settings with 60 Gb of RAM (−max_memory
60G). From the reconstructed transcriptomes, candidate
protein-coding genes (CDS) were identified with
TransDecoder 2.0 (Grabherr et al. 2011). The CDS se-
quences for each species were used as query in BLASTX
searches against the custom-made aquaporin protein data-
bases (as target), and using the same steps and E-value
thresholds as mentioned above for the mudskippers’
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genomic data. Transcriptomic information was used to
complement genomic searches, either for identification of
overlooked paralogs or for verification of those already
identified.

Phylogenetic analyses

Amino acid sequences of all identifiedmudskipper aquaporins
were aligned against vertebrate homologous sequences

Table 1 List of the 55 aquaporins identified in the four mudskipper genomes using BLASTX. GenBank accession numbers correspond to the genome
scaffold assembly provided by You et al. (2014)

Genus Species Aquaporin Accession number

Boleophthalmus pectinirostris 0a KN524227
Boleophthalmus pectinirostris 1a KN525001
Boleophthalmus pectinirostris 3 KN521806
Boleophthalmus pectinirostris 4 KN521807
Boleophthalmus pectinirostris 7a KN525596
Boleophthalmus pectinirostris 8ab KN523248
Boleophthalmus pectinirostris 9a KN524979
Boleophthalmus pectinirostris 10a KN523925
Boleophthalmus pectinirostris 11a KN525406
Boleophthalmus pectinirostris 11b KN522455
Boleophthalmus pectinirostris 12 KN522461
Periophthalmodon schlosseri 0a JACM01053832
Periophthalmodon schlosseri 0b KN475480
Periophthalmodon schlosseri 1a KN483096
Periophthalmodon schlosseri 3 KN469198
Periophthalmodon schlosseri 4 JACM01058456
Periophthalmodon schlosseri 7a KN471526
Periophthalmodon schlosseri 8ab JACM01008777/JACM01035013
Periophthalmodon schlosseri 9a KN482823
Periophthalmodon schlosseri 9b KN469413
Periophthalmodon schlosseri 10a KN473499
Periophthalmodon schlosseri 10b KN474915
Periophthalmodon schlosseri 11a KN469785
Periophthalmodon schlosseri 11b KN480662
Periophthalmodon schlosseri 12 KN477140
Periophthalmus magnuspinnatus 0a KN467902
Periophthalmus magnuspinnatus 0b KN466703
Periophthalmus magnuspinnatus 1a JACL01049526
Periophthalmus magnuspinnatus 1b KN465554
Periophthalmus magnuspinnatus 3 KN462285
Periophthalmus magnuspinnatus 4 KN462075
Periophthalmus magnuspinnatus 7a KN468109
Periophthalmus magnuspinnatus 8ab KN464676
Periophthalmus magnuspinnatus 8a1 c67494 (RNAseq data)
Periophthalmus magnuspinnatus 9a KN462368
Periophthalmus magnuspinnatus 9b KN467715
Periophthalmus magnuspinnatus 10a KN468565
Periophthalmus magnuspinnatus 10b KN460469
Periophthalmus magnuspinnatus 11a KN461794
Periophthalmus magnuspinnatus 11b KN460458
Periophthalmus magnuspinnatus 12 KN467541
Scartelaos histophorus 0a JACN01025822
Scartelaos histophorus 0b KN491114
Scartelaos histophorus 1a KN502285
Scartelaos histophorus 1ba JACN01018430
Scartelaos histophorus 3 KN514423
Scartelaos histophorus 4 JACN01023074
Scartelaos histophorus 8ab KN499303
Scartelaos histophorus 8a1 JACN01005585
Scartelaos histophorus 9ba JACN01079684
Scartelaos histophorus 10a JACN01051648
Scartelaos histophorus 10b JACN01031370
Scartelaos histophorus 11aa JACN01020100
Scartelaos histophorus 11ba JACN01076962/JACN01183528
Scartelaos histophorus 12 KN493770

a Partial sequence
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retrieved from the GenBank protein database (Supplementary
Table S1) in order to produce a comprehensive protein align-
ment combining all vertebrate aquaporins with special empha-
sis on the thorough representation of fish aquaporin se-
quences. The alignment was performed with MAFFT using
the L-INS-i algorithm, and Geneious was used to visually
inspect the alignment, trim ends and correct obvious mistakes.
In order to reduce the amount of missing data, we used
Geneious to strip the alignment columns containing at least
95% of gaps. ProtTest v3.4 (Abascal et al. 2005; Darriba et al.
2011) was used to determine the best-fit model of amino acid
substitution using the Bayesian information criterion (BIC).
The model selected was JTT (Jones et al. 1992) + Γ (Yang
1994) + I (Reeves 1992).

The resulting combined alignment (available in TreeBASE
– accession S22429) was analysed using maximum likelihood
(ML; Felsenstein 1978) and Bayesian inference (BI;
Huelsenbeck et al. 2001), which are currently the standard
methods for molecular phylogenetic inference (reviewed in
San Mauro and Agorreta 2010). Analyses were run on the
CIPRES Science Gateway (Miller et al. 2010). ML analyses
were performed with RAxML v8.2.10 (Stamatakis 2014)
using the rapid hill-climbing algorithm, computing 1000 dis-
tinct ML trees starting from 1000 distinct randomised
maximum-parsimony starting trees, and with the Gamma
model of rate heterogeneity for the bootstrapping phase. BI
analyses were performed with MrBayes v3.2.6 (Ronquist
et al. 2012) conducting two independent MCMC runs (with
four chains each) for 20 million generations, sampling every
2000 generations and discarding the first 25% of samples as
burn-in. Adequate convergence of the BI runs was judged by
plots of ln L scores versus generation time and low standard
deviation of split frequencies, as well as convergence diagnos-
tics (Estimated Sample Size [ESS], Potential Scale Reduction
Factor [PSRF]), as implemented in MrBayes. Support for in-
ternal branches was evaluated by non-parametric
bootstrapping with 1000 replicates (RAxML) and posterior
probabilities (MrBayes).

Positive selection analyses

Given that alignment artefacts are one main source for spuri-
ous positive selection signal (Anisimova and Yang 2007), we
did not use the combined alignment for detecting positive
selection. Instead, we conducted positive selection analyses
using individual CDS datasets for each aquaporin class that
is present in mudskipper representatives, namely AQP0,
AQP1, AQP3, AQP4, AQP7, AQP8, AQP9, AQP10,
AQP11 and AQP12 (Table 1). We aimed for similar taxon
sampling in the individual CDS datasets as each aquaporin
subset had in the combined protein dataset (Supplementary
Table S1). For each of the 10 aquaporins, CDS datasets were
constructed with the respective mudskipper sequences

isolated here together with candidate orthologous vertebrate
sequences retrieved fromGenBank, UniProt and Ensembl fol-
lowing the list of species used in the combined protein dataset.
Each individual aquaporin CDS dataset was aligned using
TranslatorX (Abascal et al. 2010) using MAFFT to compute
the protein alignments. Because positive selection analyses
are very sensitive to missing data, we used Geneious to strip
the CDS alignment columns containing 5% or more of gaps
(hence guaranteeing over 95% sequence completeness in all
cases).

Each aquaporin CDS alignment (available from the corre-
sponding author upon request) was used to perform positive
selection analyses with the CODEML module of the PAML
program v4 (Yang 2007). Detection of selective pressure at the
protein level can be achieved using the omega value (ω), a
parameter that measures the ratio between non-synonymous
and synonymous nucleotide substitutions (dN/dS) (Yang
2008). The value of omega can indicate purifying (negative)
selection when < 1, neutral selection when = 1 and positive
(adaptive) selection when > 1. In the latter case (positive se-
lection), the fixation of advantageous mutations can potential-
ly lead to the development of evolutionary innovations due to
the emergence of novel molecular functions (Nielsen and
Yang 1998). In CODEML analyses, we used phylogenetic
topologies for each individual aquaporin CDS alignment
employed. These topologies were inferred using RAxMLwith
the GTR (Tavaré 1986) + Γ model of nucleotide substitution
and the same settings as described above, and branch lengths
were corrected as substitutions per codon.

In order to detect positive selection in mudskipper aquapo-
rins, we performed the branch-site Test 2 (null model MAvs.
model MA; Zhang et al. 2005; Yang et al. 2005). This test
assumes that only some sites on one or more selected branches
(foreground branches) of the phylogeny might have under-
gone positive selection, and it is recommended over previous-
ly described branch-site Test 1 for empirical data (Zhang et al.
2005; Yang 2007). A branch-site test is deemedmost adequate
and robust to answer the question whether episodic positive
selection can be detected on mudskipper (foreground)
branches with respect to other vertebrate (background)
branches (Yang and Dos Reis 2011). The test assumes that
sites on the sequences can be classified into four classes, de-
pending on the type of selection that they undergo: sites under
purifying selection (ω < 1), sites under neutral evolution (ω =
1), sites under positive selection (ω > 1) on the foreground but
under purifying (2a) or neutral (2b) selection on the remaining
branches (background). For bothmodels, some parameters are
fixed: seqtype = 1, model = 2, Nsites = 2, cleandata = 0.
However, for the null MA model, the ω value is fixed to 1,
and, for the MAmodel, the ω value is estimated, starting from
the default 0.4. We calculated Likelihood Ratio Tests (LRTs)
having null MA as null hypothesis and MA as alternative
hypothesis, and computed P values using a mixed χ2
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distribution, which is obtained dividing the value of the χ2

distribution with 1 degree of freedom by 2 (Yang 2007).
For each aquaporin, we performed several branch-site tests

selecting different foreground branches in each case. In par-
ticular, selection was tested for both the stem (ancestral)
branch and entire clade (stem plus all descendant branches)
of the following: (1) mudskippers, (2) tetrapods, (3) mudskip-
pers plus tetrapods, (4) Periophthalmus + Periophthalmodon
clade, (5) Periophthalmus + Periophthalmodon clade plus tet-
rapods. Additionally, we tested the stem branch leading to the
tetrapod-exclusive aquaporins (AQP2, AQP5, AQP6). In the
case of those aquaporin classes with two paralogs for the
mudskippers (all except AQP3, AQP4, AQP7 and AQP12;
see below), additional tests considering each paralog either
separate or together were performed. Because several tests
are conducted using the same tree topology, we performed
multiple-test correction of the LRT P values, and calculated
Q values (corrected P values) for a false discovery rate (FDR)
using the qvalue package of R (R Development Core Team
2016). For those tests where the LRT is significant, we used
the Bayes Empirical Bayes (BEB; Yang et al. 2005) imple-
mented in PAML, which calculates the posterior probabilities
for site classes and identify sites under positive selection.

Results

Catalogue of aquaporin genes in mudskippers

BLAST searches identified a total of 55 different aquaporin
candidate genes that are present in the four mudskipper spe-
cies included in the study, all of which can be assigned to
aquaporin classes AQP0, AQP1, AQP3, AQP4, AQP7,
AQP8, AQP9, AQP10, AQP11 and AQP12 (Table 1). For
all four mudskipper species, we found at least one copy of
each of the aforementioned aquaporin classes, but we were
unable to find AQP7 in the genome data of S. histophorus.
In mudskippers, six aquaporins (AQP0, AQP1, AQP8, AQP9,
AQP10 and AQP11) present two paralog copies, whereas the
remaining classes (AQP3, AQP4, AQP7 and AQP12) only
present a single copy (Table 1 and Figs. 1 and S1). For aqua-
porin classes with more than one paralog for the same species
(i.e. AQP0, AQP1, AQP3, AQP8, AQP9, AQP10, AQP11),
we have named them by assigning copy letters (a, b, a1, a2,
ab) to the corresponding inclusive clades following the
GenBank annotations of D. rerio, Ciprinus carpio and
S. salar. In particular, we identified two paralog copies for
mudskipper AQP0 (present in all species except in
B. pectinirostris), AQP1 and AQP8 (present only in
P. magnuspinnatus and S. histophorus in both cases), AQP9
(two paralogs in P. magnuspinnatus and Pn. schlosseri, and a
single paralog in B. pectinirostris and S. histophorus each),
AQP10 (two paralogs in all species except in B. pectinirostris)

and AQP11 (both paralogs present in all species). In contrast,
we did not identify any of the aquaporin classes 13 to 16 in
mudskippers, nor any new paralog exclusive to the mudskip-
per clade (Table 1, Figs. 1 and S1).

The complete sequences of all mudskipper aquaporin
genes were identified within single scaffolds, except the case
of AQP8ab of Pn. schlosseri and AQP11b of S. histophorus
that were found in two consecutive scaffolds (Table 1). For
B. pectinirostris, Pn. schlosseri and P. magnuspinnatus, it was
possible to identify the complete aquaporin gene sequences
(from start to stop codon) in all cases except in AQP7 that
remained incomplete at both 5′ and 3′ ends in Pn. schlosseri
and P. magnuspinnatus, and incomplete at only the 5′ end in
B. pectinirostris. The complete sequence of AQP8a1 of
P. magnuspinnatus was exclusively extracted from the
RNAseq data. In the case of S. hitophorus, four sequences
were extracted as partial fragments only: AQP1 paralog b (3′
end incomplete), AQP9 paralog b (3′ incomplete) and both
AQP11 paralogs (a: 5′ end incomplete, b: 3′ incomplete)
(Table 1).

Phylogeny of vertebrate aquaporins

The final combined protein alignment includes a total of 313
terminals and 394 amino acid positions, of which 391 are
variable and 383 are parsimony-informative. Both BI (arith-
metic mean of runs: −ln L = 70,778.05) and ML (−ln L =
70,506.04) methods of phylogenetic inference yield highly
similar topologies with differences only in branch lengths
and levels of support (Figs. 1 and S1). Differences in phylo-
genetic relationships between the BI and ML trees only occur
in branches with low support. In general, phylogenetic reso-
lution is higher in the BI tree. The monophyly of each verte-
brate aquaporin class generally receives high support, but phy-
logenetic relationships among them receive lower support in
some cases (Figs. 1 and S1). Several monophyletic groups are
unambiguously recovered and well supported by both BI and
ML: the aquaglyceroporins (clade comprising AQP3, AQP7,
AQP9, AQP10 and AQP13), the AQP8-type (including
AQP16), the unorthodox aquaporins (AQP11 plus AQP12)
and the tetrapod-exclusive aquaporins (clade comprising
AQP2, AQP5 and AQP6). The clade comprising the water-
selective classical aquaporins (AQP0, AQP1, AQP4, AQP14,
AQP15 and tetrapod-exclusive aquaporins) received strong
support from BI only.

Phylogenetic relationships among aquaglyceroporins are in
general poorly resolved. Two agnathan aquaglyceroporins
(AQP3 of Lethenteron camtschaticum and Petromyzon
marinus) are recovered outside the AQP3 class clade, al-
though support is low in this part of the tree. Likewise, the
phylogenetic position of AQP13 (solely represented by the
sequence of Xenopus laevis) remains uncertain within aqua-
glyceroporins. In contrast, the sequence of AQP16 of X. laevis
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is recovered nested within the well-supported AQP8 clade.
Phylogenetic relationships among water-selective classical
aquaporins are generally well supported, in particular by BI.

Within these, the first split separates AQP14 followed by
AQP4, and finally a clade including AQP15 of X. laevis,
AQP1 and AQP0 as sister to the tetrapod-exclusive
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Fig. 1 Bayesian inference cladogram of vertebrate aquaporins based on
394 aligned amino acid positions. Filled bullets on nodes denote support
for both BI and ML methods of phylogenetic inference. Open bullets on
nodes denote support for only one of the methods (either BI or ML).
Absence of bullet on a node denotes no support for any of the methods.
Aquaporin classes are indicated with colour panels and class paralogs

with letters (a, b, a1, a2, ab) on the corresponding branches.
Mudskipper branches and associated node bullets are highlighted in red.
Blue asterisks highlight the branches in which positive selection
signatures are detected. A detailed, fully labelled, metric version of this
phylogenetic tree is shown in Supplementary Fig. S1
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aquaporins. These latter appear to be derived from AQP2-like
sequences present in the coelacanth and lungfish, although the
relevant branch receives support only for BI. Regarding the
phylogenetic relationships among the mudskipper sequences,
in general, a Pn. schlosseri + P. magnuspinnatus clade is re-
covered as sister to a B. pectinirostris + S. histophorus clade,
except in the case of AQP0b and AQP10a, but support is low
for alternative relationships in these two latter cases (Fig. S1).
Our phylogenetic results also highlight that some of the ver-
tebrate aquaporin sequences retrieved from GenBank had an
incorrect annotation. They are indicated in Table S1, and are
used in our phylogeny with the corrected annotation.

Detection of positive selection

Most of the branch-site tests (null model MA vs. model MA)
conducted were not significant (P value of the LRT >> 0.05).
However, we detected positive selection signatures (significant
LRT and ω > 1 in foreground branches) in AQP10a and
AQP11b of mudskippers (both entire clade and stem branch)
and the Periophthalmus + Periophthalmodon clade (AQP10a)
or stem (AQP11b) (Table 2). LRT P values that are significant
(< 0.05) remain also significant after multiple-test correction (Q
values < 0.05) in all cases. The BEB test identified specific
alignment sites under positive selection in the mudskipper
AQP10a clade (positions 15, 149 and 259), the mudskipper
AQP10a stem (position 96), the Periophthalmus +
Periophthalmodon AQP10a clade (positions 55 and 118), the
mudskipper AQP11b clade (positions 38, 52, 112, 167, 183 and
205) and the mudskipper AQP11b stem (positions 72, 89, 182,
183, 190, 205 and 229). Positions under selection are referred
to the AQP10 and AQP11 sequences (paralog a) of D. rerio,
respectively. Additionally, the branch-site test was also signif-
icant for the stem branch leading to the tetrapod-exclusive
aquaporins (AQP2, AQP5, AQP6) (Table 2).

Discussion

Evolution of aquaporin classes in mudskippers

Our genomic screening returned gene matches for 10 different
classes of aquaporins in mudskippers. These include the aqua-
glyceroporins, AQP8-type (also known as aquaammoniaporins),
unorthodox aquaporins and water-selective classical aquaporins.
In our analyses, only AQP7 is missing in the genome of
S. histophorus and this may be related to the lower quality of
its sequence data (You et al. 2014). The corresponding missing
genes may be thus located in genomic regions outside the avail-
able sequenced scaffolds and/or in areas with low sequence
quality (high proportion of N’s) that might have impaired

BLAST searches. We cannot completely rule out that other
aquaporin genes or copies present in the four analysed mudskip-
per genomes have been missed by our BLAST searches.
However, there are reasons that make us confident that the aqua-
porin candidate gene pool identified is accurate and complete
given the genomic and transcriptomic data available. Besides the
matches positively identified as mudskipper aquaporin genes,
our BLAST searches returned hits similar to lens intrinsic mem-
brane protein 2 (LIM2; Church and Wang 1992), which are
more distantly related to proper members of the aquaporin fam-
ily. Thus, it is unlikely that additional aquaporin genes or
paralogs, or even putative new/exclusive aquaporin classes of
mudskippers, could have been overlooked. Even the most dis-
similar aquaporins have a certain degree of conservation
scattered over their entire length.

Like other fishes, mudskippers lack genes for AQP2,
AQP5 and AQP6 (Table 1 and Fig. 1), which are exclusive
to the tetrapod lineage (Cerdà and Finn 2010; Tingaud-
Sequeira et al. 2010; Finn and Cerdà 2011). These three aqua-
porin classes were likely important for the water-to-land tran-
sition of tetrapod ancestors (Suzuki et al. 2007; Konno et al.
2010; Saitoh et al. 2014; Finn et al. 2014). However, no other
instance of similar emergence of novel classes (as occurred in
tetrapods) has been documented for other fishes with terres-
trial (amphibious) lifestyle thus far, and this is also the case of
mudskippers, which lack mudskipper-exclusive paralogs (as
per this study). You et al. (2014) investigated and discussed
about other genes implicated in the terrestrialisation of
mudskippers, such as ammonia excretion in gills, vision or
immune system, but aquaporins were not studied. On the
other hand, we did not identify any of the 13 to 16
aquaporin paralogs in mudskippers either. Finn et al. (2014)
reported AQP14 and AQP15 in some teleost representatives,
but their ubiquity in other fish groups (including gobioids)
remains to be further confirmed. Our phylogenetic tree (Fig.
1) shows that some fishes possess two or more paralogs for
aquaporin classes AQP0, AQP1, AQP3, AQP8, AQP9,
AQP10 and AQP11, most of them due to an extra whole
genome duplication (WGD) on the stem branch of teleosts
combined with tandem duplication events (Taylor et al.
2001; Crow et al. 2006; Finn and Kristoffersen 2007; Cerdà
and Finn 2010; Tingaud-Sequeira et al. 2010; Finn et al.
2014). In the case of mudskippers, we identified two paralog
copies in at least two of the studied species (generally in three
or four) in the aforementioned aquaporin classes with more
than one paralog documented, except in the case of AQP3. In
this latter, only a single paralog could be identified in each of
the four mudskipper species studied (Table 1 and Fig. 1). The
lack of an AQP3 paralog in mudskippers could be due to
failure in identification (but see above) or to gene loss.
Indeed, the loss of aquaporin genes derived from WGD has
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been documented in many species of acanthomorph fishes,
and incidentally such is the case of the loss of one of the
AQP3 copies in D. rerio (Cerdà and Finn 2010; Tingaud-
Sequeira et al. 2010).

As mentioned above, the gene phylogeny of vertebrate
aquaporins (Fig. 1) recovers four main groups of aquaporins
(aquaglyceroporins, AQP8-type/aquaammoniaporins, unor-
thodox aquaporins and water-selective classical aquaporins),
which is in agreement with earlier phylogenetic studies on
aquaporins (Park and Saier 1996; Zardoya 2005; Cerdà and
Finn 2010; Finn and Cerdà 2011, 2015; Abascal et al. 2014;
Finn et al. 2014). The separation between aquaglyceroporins
and all other aquaporins occurred early in the evolution of cell
(Heymann and Engel 1999; Abascal et al. 2014). The
aquaglyceroporin clades contain five well-supported classes
(AQP3, AQP7, AQP9, AQP10 and AQP13), but the phylo-
genetic relationships among them are not resolved, as in
Abascal et al. (2014). In contrast, Finn et al. (2014) were able
to find strong support for the sister group relationship between
AQP7 and the AQP3 +AQP9 clade, and they also indicated
the existence of a new paralog, AQP13. AQP8 types (includ-
ing AQP16) are related with ammonia transport (Saparov
et al. 2007), and AQP11 and AQP12 were named as unortho-
dox aquaporins because their respective functions remain the
least known (Jahn et al. 2004; Wu and Beitz 2007). The clas-
sical aquaporin function is mainly related to water inter-
change, although other molecules (e.g. CO2) may be perme-
able as well (Finn and Cerdà 2015). Phylogenetic relation-
ships among classical aquaporins are relatively well resolved
(strongly supported by BI), and in agreement with the findings
of previous studies (Abascal et al. 2014; Finn et al. 2014).
AQP14 is the first to split from the tree, followed by AQP4,

and the clade comprising AQP15 (whose phylogenetic
position could not be confidently resolved by Finn et al.
2014), AQP1 and AQP0 as the sister-group of the tetrapod-
exclusive aquaporins (AQP2-like first, then AQP5 and
AQP6). An ancestral duplication of AQP0 led to the emer-
gence of these three new classes unique to tetrapods (Abascal
et al. 2014; Finn et al. 2014; Laforenza et al. 2016), being
some coelacanth and lungfish AQP2-like paralogs the precur-
sors of them (Finn et al. 2014). In the gene phylogeny, the
position of agnathan (L. camtschaticum and P. marinus)
AQP3 is not recovered as expected (Figs. 1 and S1).
Assuming that class annotation reported in GenBank is correct
for them, their spurious phylogenetic placement is likely re-
lated to the fact that their sequences are more plesiomorphic
compared to the other vertebrates included in the tree, thus
rendering phylogenetic inference more difficult for them.

Regarding the phylogenetic relationships among the four
mudskipper species used in the study, most aquaporin classes
and paralogs recover a Pn. schlosseri + P. magnuspinnatus
clade (more terrestrial forms) as the sister group of a
B. pectinirostris + S. histophorus clade (more aquatic forms).
The only exceptions are AQP0b and AQP10a, where alterna-
tive branch arrangements are recovered, but all of them with-
out support. The sister group relationship between the more
terrestrial (Pn. schlosseri + P. magnuspinnatus) and more
aquatic (B. pectinirostris + S. histophorus) mudskippers is in
agreement with the results of recent molecular-based studies
(Agorreta et al. 2013; You et al. 2014; Polgar et al. 2017), but
contrasts with the earlier morphology-based cladogram of
Murdy (1989) that did not recover B. pectinirostris and
S. histophorus as sister groups. In any case, both molecular-
and morphology-based studies agree that more terrestrial

Table 2 Results of the branch-site tests that are significant (Q value of the LRT < 0.05) and have ω > 1 in foreground branches. All other tests not
shown in the table are not significant and have ω ≤ 1 in foreground branches

Aquaporin Foreground branch LRT P valuea Q valueb ωc Prop. 2ad Prop. 2be

10a Mudskipper clade 5.633 0.009 0.022 2.566 0.042 0.004

10a Mudskipper clade stem 9.689 9.268 × 10−4 0.005 22.609 0.033 0.003

10a Periophthalmus + Periophthalmodon clade 4.631 0.016 0.026 6.124 0.027 0.003

11b Mudskipper clade 3.571 0.029 0.049 1.690 0.108 0.027

11b Mudskipper clade stem 16.189 2.866 × 10−5 1.433 × 10−4 21.022 0.095 0.025

11b Periophthalmus + Periophthalmodon clade stem 5.201 0.011 0.028 20.140 0.048 0.012

2, 5, 6 Tetrapod clade stem 3.199 0.037 0.037 7.440 0.059 0.001

aUncorrected P value of the LRT
bMultiple-test correction of the LRT P value (False Discovery Rate)
c Omega (dN/dS) ratio of the foreground branch(es)
d Proportion of sites that are under positive selection (ω 2a > 1) on the foreground branch(es) and under purifying selection (ω < 1) on background
branches
e Proportion of sites that are under positive selection (ω 2a > 1) on the foreground branch(es) and under neutral selection (ω = 1) on background branches
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forms of mudskippers (genera Periophthalmodon and
Periophthalmus) share a common ancestry, although even
within these two genera there are varying degrees of adapta-
tion to terrestriality (Ishimatsu and Gonzales 2011).

Positive selection in mudskipper aquaporins
and the water-to-land transition

The main working hypothesis of this study is that if aquapo-
rins were relevant for the water-to-land transition of tetrapods
(Finn et al. 2014), there could be changes (in a similar fashion)
in aquaporins during the terrestrialisation process of mudskip-
pers, either in the form of new paralogs or sequence change.
Our gene search and phylogenetic analyses have shown that
no new paralogs have appeared in the mudskipper lineage
(e.g. by tandem duplication of existing copies) that do not
occur in other vertebrate groups (Fig. 1). In contrast, we were
able to detect that AQP10a and AQP11b might have been
under positive selection in mudskippers, as well as in the
Periophthalmus + Periophthalmodon clade (Table 2), imply-
ing different evolutionary times. This latter clade contains the
two mudskipper species (of the four analysed here) that dis-
play a higher degree of terrestrial adaptation: greater portion of
the daily cycle out of the water, terrestrial activity and loco-
motion (P. magnuspinnatus can even climb onmangrove trees
and rocks), feeding on terrestrial prey, etc. (Ishimatsu and
Gonzales 2011; You et al. 2014; Polgar et al. 2017).

The evidence of positive selection in one of the paralog
copies of aquaporin classes 10 and 11 (AQP10a and
AQP11b, respectively) suggests possible alteration in their
respective molecular function caused by changes at specific
protein sequence positions (i.e. those identified under positive
selection by the BEB tests). The positions identified under
positive selection in the mudskipper AQP10a clade and stem
are not located in any of transmembrane helices (H1–H5) or
loop regions, as per comparison with other aquaporin protein
sequences (following Abascal et al. 2014). However, one po-
sition under positive selection in AQP10a clade is located in
transmembrane helix H6, and the position identified under
positive selection in the mudskipper stem (110 in our protein
alignment) is located by the 5′ end H3 and close to loop B and
the NPA motif contained within (Fig. 2). In contrast, both
positions identified under positive selection in the
Periophthalmus + Periophthalmodon clade are located in
transmembrane helix 2 (H2) and H3, respectively. The posi-
tion located in H2 is only three sites away from an ar/R selec-
tivity filter site, which delimits the narrowest part of the mol-
ecule pore and thus dictates substrate selectivity (Fu 2000).
Since glycerol is a larger molecule than water, modification in
the ar/R region of aquaglyceroporins with respect to other
aquaporins (classical, AQP8-type, unorthodox) takes place
to enlarge pore diameter and achieve glycerol transport
(Laforenza et al. 2016). On the other hand, the position located

in H3 is next to a P1 site, one of the five amino acid residues
(named P1–P5) differentially conserved in aquaglyceroporins
versus other aquaporins, and that is potentially related to glyc-
erol selectivity (Froger et al. 1998). In the case of AQP11b, all
positions under positive selection correspond to the mudskip-
per clade and stem (Table 2), and they are located in either
helices or loops (Fig. 2). Two positions are located one and
two sites away from two ar/R selectivity filter sites, respec-
tively located in loop E and helix H2. More remarkably, an-
other position is found at the NPAmotif of loop B itself, which
is related with pore formation and thus solute specificity
(Cheng et al. 1997; Heymann and Engel 2000; Sui et al.
2001). Given that this motif is highly conserved in vertebrates,
and that it is key for the function of all aquaporins, its modi-
fication in mudskippers likely had substantial impact on the
protein function, suggesting adaptation.

Understanding the precise effects on molecular structure
and function of the selective changes identified at all the afore-
mentioned protein sequence positions requires further insights
from folding simulations and particularly functional studies.
Nevertheless, it is reasonably plausible that selective changes
that have occurred in AQP10a and AQP11b of mudskippers
(magnified in more terrestrialised forms, Periophthalmus and
Periophthalmodon) could possibly be associated to their ad-
aptation to an amphibious lifestyle. Aquaporins appear to have
been crucial in the water-to-land transition of tetrapods (Finn
et al. 2014), and have also played a role in the land-to-water
transition of cetaceans (São Pedro et al. 2015). There is also
evidence that aquaporins were likely important in the terres-
trial evolution of green plants (Anderberg et al. 2011). It is
therefore fairly reasonable to relate our positive selection ev-
idence in mudskipper aquaporins to their terrestrial adaptation.
However, without experimental validation, which is beyond
the scope of this study, we cannot prove causality or otherwise
fully rule out that the selective changes could be related to
other processes/adaptations different from terrestrialisation
or lifestyle traits in general. Notwithstanding, further support
of the terrestrialisation interpretation is found in the fact that
we detected signals of positive selection in aquaporins not
only in the mudskipper clade and ancestral/stem branch, but
also additional signals in the clade containing the most
terrestrialised forms (Periophthalmus and Periophthalmodon)
within mudskippers. This provides certain additional support
that selection is taking place in aquaporins as terrestrialisation
becomes more consolidated, and hence supporting their role in
the water-to-land transition of mudskippers. Although other
explanations are also possible, the interpretation in the context
of the transition to an amphibious lifestyle is certainly
plausible.

Interestingly, positive selection appears to be acting on
aquaporin classes that have retained two paralogs from the
WGD in the teleost ancestor. Positive selection in branches
and sites could be evidence of neofunctionalisation (Force
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et al. 1999; Lynch and Force 2000; Innan 2009), which is a
common process after a gene duplication event (Dehal and
Boore 2005; Escriva et al. 2006; Cerdà and Finn 2010;
Tingaud-Sequeira et al. 2010). Both classes of aquaporins
under selection (AQP10 and AQP11) present two copies in
the mudskipper genomes (a and b), being plausible that one of
the copies could have evolved acquiring a new function,
whereas the other maintains its ancestral function after the
gene duplication. Similar cases of new function acquisition
in one of the duplicated copies after a gene duplication event
are well documented in many groups of organisms (e.g. Han
et al. 2009; Saad et al. 2018) including cases of
neofunctionalisation in teleost fishes after the WGD (Ogino
et al. 2016; Moriyama et al. 2016). As in AQP10a and
AQP11b of mudskippers, we also detected positive selection
signatures for the stem branch leading to the tetrapod-
exclusive aquaporins (Table 2). This provides evidence that,
following the ancestral duplication that separated new
paralogs (AQP2-like first, then AQP5 and AQP6) from the
AQP0 class, positive selection favoured the acquisition of
novel functions that facilitated the colonisation of terrestrial

environments. This is obviously an independent case from
mudskippers, but illustrates that positive selection signatures
are independently found in branches of the vertebrate aquapo-
rin phylogenetic tree that signify neofunctionalisations (in this
case likely associated to water-to-land transitions). Other
branch-site tests performed for the remaining aquaporin clas-
ses (those not exclusive to tetrapods) having the tetrapod
branch as foreground branch do not return signatures of pos-
itive selection. This suggests that, even in the case of tetrapod
ancestors, adaptive selection could have occurred in a single
branch, leading to the emergence of evolutionary innovations
(AQP2, AQP5, AQP6) essential in the water-to-land transition
(Finn et al. 2014). In this context, mudskippers could be seen
as a similar case of that of early amphibious tetrapods before
they evolved new aquaporin classes and transitioned to an
exclusively terrestrial lifestyle.

AQP10 expression is high in fish gill and intestine organs
because it is important for osmotic regulation in fishes (Finn
and Cerdà 2011;Madsen et al. 2015;Wright and Turko 2016).
In seawater fishes, water is lost in the gills due to high ionic
concentration in the outside, but it is recovered in the intestine
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Fig. 2 Sequence alignment and structural annotation of AQP10a and
AQP11b showing positively selected positions in mudskippers
(indicated with triangles and olive green or purple bars, respectively).
The sequences of the corresponding paralogs of D. rerio are included as
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denote the total length of each sequence (asterisk indicates partial
sequence)
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by drinking. In contrast, freshwater fishes gain water through
the gills and the excess is eliminated with the urine (Madsen
et al. 2015). Mudskippers are euryhaline fishes, which means
that they can tolerate great differences in salt concentration
(Ishimatsu and Gonzales 2011; Polgar et al. 2017). It has been
documented that AQP3 is important in water transport in the
gills of euryhaline fishes, being downregulated in gills when
they acclimatise to seawater in order to retain higher amounts
of water (Martinez et al. 2005; Tipsmark et al. 2010; Madsen
et al. 2015). Given its aquaglyceroporin nature, AQP10 could
play a similar role as AQP3 in the fish gills, but no specific
study has confirmed this thus far. In some species, AQP10
appears to be upregulated in the intestine (Martinez et al.
2005; Tipsmark et al. 2010; Madsen et al. 2015), perhaps to
recover water after active drinking. However, gills and intes-
tine ion interchange seems to be low in amphibious fishes
when they are out of the water, and it is the skin and, to lesser
extent, the kidney that perform such function (Wright and
Turko 2016).

Research on Pn. schlosseri has shown that, in emerged
mudskippers, gills are in charge of ammonia (NH4+) excretion
(Chew et al. 2007; Randall et al. 2015), which is performed
with low energy and water waste. Given that AQP10 is able to
transport urea (Finn and Cerdà 2015), it certainly plays an
important role in nitrogen metabolism. However, it is still
unclear whether vertebrate AQP10 is permeable to ammonia
(or whether this function is exclusive to other aquaporin clas-
ses, such as AQP8 type), but some studies suggest this possi-
bility (Tingaud-Sequeira et al. 2010; Tipsmark et al. 2010).
We hypothesise that changes occurring at the positively se-
lected sites identified in mudskipper AQP10a might have al-
tered its normal function in a way that it becomes more per-
meable to ammonia instead of/in addition to urea, which is
more relevant for mudskippers in terms of nitrogen metabo-
lism and excretion (Graham 1997; Ishimatsu and Gonzales
2011). Apart from gills, some studies have reported that
AQP10 of teleost fishes is also expressed in both skin and
kidney (Finn and Cerdà 2011; Madsen et al. 2015), which
are the most important organs for ionic interchange in amphib-
ious fishes. Mudskipper skin is modified in order to minimise
desiccation (Dabruzzi et al. 2011) and it contains a special
type of cells (swollen mid cells) that act as both water-loss
barrier and water warehouse (Zhang et al. 2003). AQP10
could play a role in the regulation of such water storage,
but this remains in need of further research. On the other
hand, some studies have indicated that kidney expression
of AQP10 is low compared to other aquaporins (such as
AQP1), but, like AQP3, it appears upregulated in seawa-
ter conditions in S. salar (Martinez et al. 2005; Tipsmark
et al. 2010; Madsen et al. 2015). This may be related to
water recovery in a dehydrating medium, and it is rea-
sonable that similar regulation may occur in mudskip-
pers’ kidney when they are out of the water.

In the case of AQP11, its specific functions and molecular
properties remain largely unknown, although, like the other
aquaporin classes, a water transporter function has been doc-
umented, as well as permeability to glycerol (Yakata et al.
2007, 2011; Madeira et al. 2014). Besides, the expression pro-
file of AQP11 is not well defined yet, but there is evidence that
it could play an important role in the renal proximal tubule
(Morishita et al. 2005). Due to the general lack of information
about AQP11, we are still unable to provide clearer insights
that relate the positive selection signatures detected in AQP11b
of mudskipper sequences and the specific biochemical and
physiological changes that could have possibly facilitated the
water-to-land transition (e.g. implication in nitrogen metabo-
lism and excretion, water retention in a dehydrating medium).

Because aquaporins are important for osmoregulation, the
different lifestyles of the non-mudskipper fish species includ-
ed in the study (whether freshwater, brackish or marine) could
potentially affect the comparisons. We therefore conducted
additional tests to assess whether the two aquaporins with
signatures of positive selection still show the same results if
only marine or only brackish/euryhaline fish outgroup species
are included for the comparisons. Due to limitations of data
availability, it was not possible to compare mudskipper
AQP10a with any marine or brackish/euryhaline fish counter-
part (only freshwater C. carpio and D. rerio sequences were
available). However, it was possible to conduct the test for
AQP11b since at least one outgroup fish species available
was marine (Larimichthys crocea) and two were brackish/
euryhaline (Fundulus heteroclitus and Oryzias dancena)
(Supplementary Table S1). Branch-site tests were then repeat-
ed as described above for the AQP11b stem branch and entire
clade of mudskippers, as well as the Periophthalmus +
Periophthalmodon clade stem. Results were very similar to
those using all fish outgroup species (Supplementary
Table S2), which highlights the general robustness of our pos-
itive selection results, and that they hold even when the com-
parisons are made against only marine or only brackish/
euryhaline fish species. On the other hand, our dataset con-
tains representatives of two other fish species for which cer-
tain amphibious behaviour (either in adults or larvae forms)
has been documented, namely Anguilla anguilla and
F. heteroclitus (Graham 1997; Wright and Turko 2016).
Such amphibious behaviour is not as noteworthy as in mud-
skippers, but, in order to assess whether positive selectionmay
be occurring in any aquaporin of those two species, we also
performed branch-site tests for them. None of these branch-
site tests were significant (P value of the LRT >> 0.05), hence
we can discard that aquaporins are under positive selection in
these two species.

In this study, we have provided a comprehensive molecular
evolution and phylogenetic assessment of the aquaporin com-
plement in mudskippers.We have focused on copy number and
selective changes in aquaporin sequences that could potentially
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be associated with the physiology of aerial acclimation during
the adaptation of mudskippers to an amphibious lifestyle.
Although our positive selection results highlight the possible
role of aquaporins in mudskipper terrestrial adaptation, proving
causationmay require further experimental research beyond the
scope of this study. There is also the possibility that additional
changes in mudskipper aquaporins may be related to regulatory
elements rather than to the gene sequence itself, but this is
something that remains little studied in other vertebrate groups
as well (see e.g. Müller et al. 2006). Furthermore, protein-
protein interaction analyses (of aquaporins with other nuclear
receptors or cell membrane elements) may also reveal changes
during mudskipper adaptation to an amphibious lifestyle.
Additionally, greater representation of other gobioids closely
related to mudskippers, such as less or entirely non-
amphibious oxudercines (e.g. genera Apocryptes ,
Apocryptodon, Oxuderces, Parapocryptes, Pseudapocryptes
and Zappa) as well as amblyopines, could provide finer and
more precise genomic and comparative insights. The
amblyopines are paraphyletic with respect to the oxudercines,
and there are both completely aquatic (the majority) and am-
phibious species that appear admixtured in the phylogeny
(Agorreta et al. 2013). Testing whether the aquaporins of non-
amphibiuos oxudercine and amblyopine species bear signatures
of positive selection as well could expand the insights on how
the adaptation to amphibious lifestyles took place. All these
open new exciting directions for further investigation.

Concluding remarks

Mudskippers are amphibious fishes that evolved terrestrial
lifestyle independently from tetrapods, and they constitute
an interesting case for investigation of water-to-land transi-
tions. Like tetrapod ancestors, mudskippers also reached
terrestrialisation due to specific modifications in locomotion,
aerial respiration and osmoregulation. For the latter, aquapo-
rins play an important role as they are implicated in water
maintenance and ionic interchange. The appearance of three
new aquaporin paralogs exclusive to tetrapods appears to have
facilitated their colonisation of terrestrial environments. We
have found 55 aquaporin genes in four mudskipper species,
all belonging to 10 known classes. AQP10a and AQP11b
present positive selection signatures in mudskippers (both en-
tire clade and the clade containing the most terrestrial species),
as in the stem branch leading to the tetrapod-exclusive aqua-
porins. Positive selected sites in AQP10a and AQP11b are
located in relatively proximity to (and one even affects direct-
ly) protein motifs involved in pore formation and substrate
selectivity, and might have allowed permeability to new sol-
utes, being a case of neofunctionalisation. Because AQP10a is
important for osmotic regulation (and probably AQP11b as
well), it is reasonably possible that the selective changes

identified here could play a role in the adaptation of mudskip-
pers to an amphibious lifestyle.
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