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Aquaporins (AQPs) are integral membrane proteins that facilitate the transport of water
and small solutes across cell membranes. These proteins are vital for maintaining
water homeostasis in living organisms. In mammals, thirteen aquaporins have been
characterized, but in crustaceans, especially penaeid shrimp, the diversity, structure,
and substrate specificity of these membrane channel proteins are largely unknown. We
here presented the three types of AQPs from Litopenaeus vannamei based on genome
and transcriptome sequencing. Phylogenetic analysis showed that each AQP separately
represented members of aquaglyceroporins, classical aquaporins, and unorthodox
aquaporins, thus they were named as LVAQP3, LvAQP4, and LvAQP11. The LvAgp4
was mostly expressed in hepatopancreas, stomach, and gill, meanwhile LvAgp3 and
LvAqgp11 were separately predominantly expressed in intestine and muscle, respectively.
To investigate possible roles of aquaporins in osmoregulation, MRNA expression
changes in mainly expressed tissues were analyzed after acute exposure or long-
term acclimation to different salinities. The results revealed that the expression levels of
aquaporins genes were significantly decreased in most tissues (except hepatopancreas)
under salinity stress, though the expression patterns were variable among isoforms
and tissues. Moreover, comparative transcriptome analysis indicated the combination
roles of aquaglyceroporin and amino acid metabolism related genes and pathways in
response to acute salinity changes in the intestine. This study opened new windows
for future investigations and provided new insights into the role of aquaporins in
osmoregulation in L. vannamel.

Keywords: aquaporin, aquaglyceroporin, salinity, osmoregulation, shrimp

INTRODUCTION

Aquaporins (AQPs), also referred to as Major Intrinsic Proteins (MIPs), are small transmembrane
channel proteins that mainly facilitate water and solute permeation across cellular membranes
and have been identified in organisms spanning all kingdoms of life (Abascal et al., 2014; Finn
and Cerda, 2015). AQPs present as tetramers in cell membranes, and each monomer forms a
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pore composed of six transmembrane domains (TMDs)
connected by five loops (two intracellular and three extracellular),
with the N- and C-termini facing the cytoplasm (Bienert et al.,
2012). The pore is regulated by two conserved selectivity filters.
One is formed by two asparagine-proline-alanine (NPA) motifs
that establish hydrogen bonds with the water molecule and
create an electrostatic repulsion of protons (Murata et al., 20005
Sui et al,, 2001). The other selectivity filter is aromatic/arginine
(Ar/R) domain, which usually consists of four amino acids
including an aromatic amino acid and an arginine, creating the
narrowest section of the pore and recognize diverse substrates
(Fuetal., 2000). Extensive studies have reported the involvement
of AQPs in various physiological processes in animals. To date,
12-15 mammalian AQPs have been identified to cluster into 13
subfamilies (AQP0-12) and divide into three groups according
to their selective permeability and tertiary structure: the classical
AQPs (AQPO, 1, 2, 4, 5, 6, and 8) that are considered primarily
selective to water, the aquaglyceroporins (AQP3, 7, 9, and 10),
which mediate the transport of glycerol, urea, and other small
non-charged solutes beside water due to their larger pore size,
and the unorthodox AQPs (also called superaquaporins) (AQP11
and 12), the pore selectivity and function of which are still under
investigation (Benga, 2012; Ishibashi et al., 2017). Crustaceans
represent another excellent animal models for investigating the
regulation of AQPs expression due to their wide distribution
in waters of different salinities, including freshwater, marine,
estuarine, and intertidal habitats with some decapod species able
to move among ecotypes within their own life times (Zhang et al.,
2019; Cui et al., 2021). Therefore, efficient osmoregulation is the
main physiological mechanism that maintains the hydromineral
homeostasis of these animals. In decapods, the roles of ion
transporters and ion channels in coping with environmental
stressors are heavily studied, such as V-type H' ATPase,
Na®/K*-ATPase, Na™ channel, Na™-K™-2Cl~ cotransporter,
and CI7/HCO3~ exchanger (McNamara and Faria, 2012; Thabet
et al., 2017). Nevertheless, studies focusing on the function of
AQPs in responses to osmotic challenge were only carried out in
limited crustacean species (Gao, 2009; Chung et al., 2012; Boyle
etal., 2013; Foguesatto et al., 2017, 2019; Moshtaghi et al., 2018).

The Pacific white shrimp (Litopenaeus vannamei) is one of
the most important farmed penaeid shrimps in the world. As a
typical euryhaline penaeid species with strong osmoregulatory
capacity, L. vannamei can inhabit waters of salinity around
0.5-78 (Zhang et al, 2019; Li et al., 2020). Nowadays, it has
become not only an emerging aquaculture species in low-salinity
water in inland but also a popular cultivar in high-salinity
water (40-70%o) along the coast of Shandong province in China
(Cheng et al., 2006; Shen et al, 2020). Thus, it can serve as
a good model to investigate salinity adaptation mechanisms of
euryhaline crustaceans. However, extensive studies on the salinity
adaptation of L. vannamei also mainly focusing on the function of
ion transporters and ion channels in osmoregulation (Pan et al.,
2014; Liu M. et al,, 2015). Therefore, many aspects regarding
the functions and osmoregulation of aquaporins remain to be
elucidated in L. vannamei. In addition, several studies have
used transcriptomic and proteomic approaches to reveal the
involvement of genes and pathways during the osmoregulation

in the gill, hepatopancreas, and muscle of L. vannamei (Chen
et al.,, 2015; Hu et al.,, 2015; Wang et al., 2015; Xu et al., 2017;
Lietal., 2020). Beyond that, the intestine of crustaceans is also an
osmoregulatory organ responsible for regulating the flow of water
and ions (Croghan, 1958; McGaw and Curtis, 2013). Nonetheless,
few studies have explored the pathways and genes that are
required for the osmoregulation in the intestine of L. vannamei
under salinity stress.

The current study is aimed at investigating the putative roles
of AQPs in the salinity adaption of L. vannamei. We first
screened putative Agp genes based on genome and transcriptome
data and provided the expression profiles of Agp mRNAs in
different tissues. To further clarify the responses of AQPs to
salinity stress, their expression changes under salinity stress were
detected in tissues with higher Agp expression levels. Moreover,
we employed high-throughput RNA sequencing (RNA-seq)
technology to examine transcriptomic responses of the intestine
from shrimp exposed to acute salinity stress. This study provided
valuable information for understanding the mechanism of AQPs
in osmoregulation in decapod shrimps and highlighted the
genes and pathways related to salinity stress in the intestine of
L. vannamei.

MATERIALS AND METHODS

Experimental Maintenance of

L. vannamei

Juvenile shrimp (3.0 & 0.5 g; 8.6 & 0.3 cm) were obtained
from a farm in Binzhou, China. They were transported to the
School of Marine Science and Engineering, Qingdao Agricultural
University. The shrimp were acclimated to laboratory culture
conditions in plastic tanks (200 L) containing aerated natural
seawater (salinity 30%o, pH 8.0) at 28 + 0.5°C for 10 days. They
were fed four times a day (8:30, 13:00, 18:00, and 22:30) with
dry pellets. Dissolved oxygen was maintained above 6.0 mg/L.
The culture water was exchanged at a daily rate of 1/3 tank
volume. The feces and uneaten feed were removed daily with
a siphon tube. All treatments in this study were strictly in
accordance with the guidelines of the Animal Experiment
Ethics Committee of Qingdao Agriculture University, which also
approved the protocol.

Salinity Exposure Experiments and
Tissue Sampling

Before the salinity exposure experiment, six individuals
acclimated at 30%o salinity were randomly selected as the control
group (CTR) and different tissues (intestine, hepatopancreas,
muscle, epidermis, gill, and stomach) were dissected, flash frozen
in liquid nitrogen, and kept in -80°C for further analysis.

For the acute salinity exposure experiment, 180 shrimps were
divided into two groups (90 shrimp per group) and each group
had three replicates (30 shrimp per replicate). Then, the two
groups were directed transferred from natural seawater of 30%o
salinity to artificial seawater of 10 or 50%o salinity. The pH
(pH 8.0) and water temperature (28 =+ 0.5°C) of the artificial
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seawater was set consistently with the natural seawater during
the experimental period. Six shrimp (2 shrimp/replicate x 3
replicates) per group were randomly selected and the tissues
described above were sampled at 2, 4, 8, 12, and 24 h (hours) after
salinity challenge, respectively.

For the long-term salinity stress experiment, 480 shrimp were
also randomly divided into two groups, which were separately
acclimated from natural seawater of 30 to 50%o through daily four
increments in salinity by the addition of artificial high-salinity
seawater and from 30 to 10%o through daily four decrements
in salinity by the addition of freshwater. Each group had 240
shrimp with three biological replicates (each replicate having
80 individuals). All treatment groups reached the experimental
salinity on the fifth day (5 d) after salinity challenge. The pH and
water temperature of the high- or low-salinity seawater were kept
constant as described above. Six shrimp (2 shrimp/replicate x 3
replicates) per treatment were sampled at 5, 15, 25, and 35 days
after salinity challenge, respectively.

RNA Extraction and cDNA Synthesis

Total RNA was extracted from the sampled tissues by using
TRIzol Reagent (Vazyme, China). The purity and concentration
of the extracted RNA were determined by OD260/0D280 value
obtained with a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, United States). RNA integrity was checked on a
1% agarose gel. RNA samples of the two individuals per replicate
were pooled together in equal amounts to generate one mixed
sample for each replicate and three mixed samples for each group.
Then, first-strand cDNA was generated from 1 g mixed RNA of
each replicate with PrimeScript™ RT Reagent Kit with gDNA
Eraser (Vazyme, China).

Identification of LvAgp Genes

Unigenes annotated as AQPs were first identified by screening
the previously generated Illumina transcriptome (SRA accession
No. PRJNA649598) from our laboratory using human and
Drosophila AQPs as the query sequences. Then, amplification
primers were designed to verify the open reading frames (ORFs)
(Supplementary Table 1). The complete coding regions of
the LvAqp genes were amplified and Sanger-sequenced. The
gene structures of LvAqp were further analyzed based on
the genome of L. vannamei database using the BLASTX and
BLASTN program' and illustrated by IBS software (Liu W. et al.,
2015).

Bioinformatics Analysis of LvAqgp Genes

For the naming process of the L. vannamei AQPs (LvAQPs),
phylogenetic trees were generated by the maximum likelihood
method with 1,000 bootstrap replications in MEGA X software
(Kumar et al., 2018). We used ModelGenerator (Keane et al.,
2006) to choose the best model for generating phylogenetic
tree. The conserved motifs of protein sequences were analyzed
with the program Multiple Em for Motif Elicitation (MEME;
version 5.3.3) at http://meme-suite.org/tools/meme. Then,
the phylogenetic tree and conserved MEME domains were

Thttp://www.ncbi.nlm.nih.gov/BLAST/

visualized using Interactive Tree of Life (iTOL) version 6
(Letunic and Bork, 2021). Additionally, multiple alignment
of crustacean AQPs sequences was built using MUSCLE
method in MEGA X software and visualized through Jalview
software (Waterhouse et al., 2009). Transmembrane regions
were predicted with TMHMM 2.0.°> Protein structures were
simulated by Phyre2’ and visually edited by Chimera 1.15
software (Pettersen et al., 2004).

qPCR Analysis of LvAgp mRNAs Under

Salinity Exposure

The specific primer sequences of the target and reference genes
were designed using Primer Premier 5.0, and were listed in
Supplementary Table 1. The tissue distribution of LvAgp mRNAs
was first examined, and then their expression changes under
salinity stress were detected in tissues with high LvAgp expression
levels. qPCR was performed in a 96-well plate, and the reaction
mixture (10 wL volume) consisted of 5.0 WL of 2 x ChamQ
Universal SYBR qPCR Master Mix (Vazyme, China), 1.0 pL of
c¢DNA (10 ng/pL), 0.2 nL each of 10 uM forward and reverse
primers, and 3.6 pL of RNase-free water. qPCR was carried
out on a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, United States) as follows: 95°C (30 s) for pre-incubation,
followed by 40 cycles at 95°C (10 s) and 60°C (30 s). Finally,
the melting curve was analyzed to verify amplification specificity.
The accumulation of fluorescence signals from the SYBR Green
dye was recorded in the 60°C (30 s) phase during each
cycle. A negative control (no-template reaction) was included
throughout. Each sample was analyzed in triplicate, along with
the two reference genes ubiquitin (Ub) and ribosomal protein
§12 (S12) according to previous studies (Li et al., 2022), and the
expression level was normalized to the geometric mean of the
two reference genes (Vandesompele et al., 2002). The relative
gene expression levels were calculated by the comparative Ct
method using the formula 2722t (Livak and Schmittgen, 2001).
qPCR data were statistically evaluated by one-way analysis of
variance (ANOVA), followed by Tukey’s post-hoc test in SPSS 21.0
(SPSS, IL, United States), wherein p < 0.05 denoted a statistically
significant difference.

Transcriptome Sequencing of Intestine

Under Acute Salinity Stress

The RNA integrity of intestine tissues sampled at 2 h
after salinity exposure was assessed using the RNA Nano
6000 Assay Kit and the Agilent Bioanalyzer 2100 system
(Agilent Technologies, United States) and was expressed as
an RNA Integrity Number (RIN). According to the results,
RNA samples with high quality (OD260/0OD280 = 2.0-2.2,
0D260/0D230 > 2.0, RIN > 8.0, and 285:185 > 1.0)
were used for library construction. For the RNA sample
preparation, 3 g of RNA per sample was used as input
material (3 replicates per group at salinity 10, 30, and 50%,
named S10, S30, and S50 group). Sequencing libraries were

Zhttp://www.cbs.dtu.dk/services/ TMHMM
3http://www.sbg.bio.ic.ac.uk/phyre2
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generated using NEBNext® Ultra™ RNA Library Prep Kit
(NEB, United States), and were then sequenced on an Illumina
HiSeq 2500 platform.

Functional Analysis of Differentially
Expressed Genes

Raw reads in fastq format were initially processed using Perl
scripts. Clean reads were obtained by the removal of reads
containing adapters, reads containing poly-N, and low-quality
reads from the raw data. At the same time, Q20, Q30, and
GC contents of the clean data were calculated. Reference
genome and gene model annotation files for L. vannamei
were downloaded from genome website.* An index of the
reference genome was built and clean reads were mapped to
the reference genome using Hisat2 v2.2.4 (Kim et al, 2015).
The mapped reads of each sample were assembled by StringTie
v1.3.1 (Pertea et al, 2015, 2016). Then, the fragment per
kilobase of transcript per million mapped reads (FPKM) of each
gene was calculated to quantify its expression abundance and
variations.

Differential expression analysis of genes was performed
between the two groups by DESeq2 R package (1.16.1)
(Love et al, 2014). The resulting p-values were adjusted by
the Benjamini-Hochberg procedure. Genes with an adjusted
p-value < 0.05 and | log; (Fold Change)] > 1.0 were
regarded as differentially expressed. To assess changes in
gene expression patterns upon two types of salinity stress,
expression pattern analysis was performed using Short Time-
series Expression Miner (STEM, version 1.3.8) (Ernst and
Bar-Joseph, 2006) based on all Differentially Expressed Genes
(DEGs). Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses of DEGs were
implemented by means of the clusterProfiler R package, in
which gene length bias was corrected (Yu et al, 2012). GO
terms or KEGG pathways with corrected p-value less than
0.05 were considered significantly enriched in a set of DEGs.
To validate the Illumina sequencing data, twelve DEGs were
chosen for qPCR analysis by using the same RNA samples for
transcriptome sequencing.

RESULTS

Molecular Characteristic and

Evolutionary Analysis of LvAgp Genes

Three L. vannamei aquaporins (LvAqps) with complete ORFs
were identified and further confirmed by PCR, cloning, and
sequencing. Those mRNA sequences were submitted to GenBank
with the accession numbers MW915485, MW915486, and
MW0915487. The complete ORFs and derived amino acid
sequences were shown in Supplementary Figure 1. Phylogenetic
tree analysis based on the amino acid sequences of vertebrate
and invertebrate AQPs illustrated that one belonged to the
water specific AQPs within the classical aquaporins subfamily

“https://www.ncbi.nlm.nih.gov/genome/?term=penaeus-+vannamei

(named LvAQP4), one belonged to the aquaglyceroporins
(named LvAQP3), and the last one belonged to the unorthodox
aquaporins (named LvAQP11) (Figure 1). A total of six
conserved motifs were predicted in those AQPs protein
sequences via MEME with a length of 6-50 amino acid residues.
The classical aquaporins had three motifs (motif 1, 3, and 4), the
aquaglyceroporins harbored four motifs (motif 1, 3, 4, and 6), and
the unorthodox aquaporins shared three motifs (motif 1, 2, and
5). Therefore, the classification of AQPs by conserved motifs was
consistent with phylogenetic tree clustering (Figure 1).

The genomic organization of the aquaporins genes revealed
that LvAqp3 and LvAqp4 genes were separately located at two
independent scaffolds and both were single copy gene in the
genome, whereas two LvAqp11 genes were found to be arranged
in a tandem array locate at one scaffold (Figure 2). Online
BLAST of the mRNA sequences against the scaffolds showed that
LvAqp3 gene consisted of eight exons with the first exon mapped
into scaffold604 and other exons mapped into scaffold3120
(Figure 2A). Besides the LvAgp3 transcript identified above,
alternative splicing of partial sequence of exon 1 and whole
exon 7 resulted in another LvAgp3 transcript, which had been
presented in the annotated genome database (named LvAqp3-
2). Nevertheless, the ORFs of LvAgp3-1 and LvAgp3-2 mRNA
are still the same (Figure 2A). Similar alternative splicing was
also found for LvAqpll gene. Both LvAqpll genes identified
from the genome had the same coding regions with seven exons
and are transcribed as three splice variants. In both cases the
variation occurs at the N-terminus whereby only one exon of
the first three exons was retained. We therefore named these
isoforms LvAgplI-1, LvAgpll-2, and LvAqplI-3, respectively.
The sequence of LvAgplIl-2 was the same as the obtained
transcript in this study. Nevertheless, the ORFs of the three
LvAqpll transcripts were located at the last four exons and
encoding the same protein (Figure 2C). In contrast with the
LvAgp3 and LvAqpll genes, alternative splicing was not found
in LvAgqp4 gene. The LvAqp4 gene was composed of seven exons
with the first exon mapped into scaffold3009 and other exons
mapped into scaffold1754, and the ORFs was located at the first
five exons (Figure 2B).

Analysis of the Conserved Structural
Features of LVAQP

Multiple sequence alignments among the decapod AQPs showed
that their sequences, especially for the NPA motifs, were
conserved. In contrast to other subtypes of AQPs, the unorthodox
aquaporins had non-canonical NPA motifs, with the N-terminal
cysteine-proline-tyrosine (CPY) and C-terminal asparagine-
proline-valine (NPV) motifs (Figure 3A). Positions for the four
amino acids in the Ar/R constriction motif in the crustacean
AQPs were identified based on protein alignments. The fourth
amino acid residue of constriction motif is considered as the
most highly conserved position, while all decapod AQPs, except
AQP11 subfamily, is an arginine at this site. All decapod AQPs
have an aromatic amino acid at the first position of constrict
motif, except in some AQP4 proteins where it was a valine.
The amino acid residues at the second and third positions
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FIGURE 1 | Molecular phylogenetic classification of the aquaporins and MEME motif distribution of each protein. A phylogenetic tree based on the amino acid
sequences of the AQPs from multiple vertebrates and invertebrates was constructed by using MUSCLE and the maximum likelihood method of MEGA X. The node
value indicates the percentage of 1,000 bootstrap replicates. Red stars indicate the LvAQP3, LvAQP4, and LvAQP11. Other AQPs used in the phylogenetic analysis
were obtained by blast against the genome and transcriptome assemblies at NCBI database or CAT Database. The sources and accession numbers of the AQPs
were listed in Supplementary Table 2.

varied among three decapod AQPs subfamilies. In the second
position, the AQP3 subfamily had a glycine, the AQP4 subfamily
had a histidine, and the AQP11 subfamily had a valine. The
amino acid at the third position was a tyrosine, serine or
alanine, and glycine for the AQP3, AQP4, and AQP11 subfamily,
respectively (Figure 3A).

Results from TMHMM prediction indicated that LvAQP3
and LvAQP4 contained six potential transmembrane helices and
five connecting loops. However, in the case of LvAQP11, the
probability scores for some of the helices were weak. Thus,
four potential transmembrane helices and three connecting
loops were found in LvAQP11 (Figure 3A). In order to obtain
tertiary structures of LvAQPs, in silico homology models were
built for each protein. All LvAQPs showed structural features
that are typical of known AQP pore channels (Figure 3B).
The highly conserved dual NPA motifs were symmetrically
distributed in LvAQP3 and LvAQP4 for pore structure formation
(Figure 3B). Besides, the two predicted weak helices still formed
transmembrane helices in the tertiary structure for LvAQP11,

with the non-canonical CPY and NPV motifs similar to the pore
structure formation function of the NPA motifs (Figure 3B).

Tissue Distribution of LvAgp mRNAs

qPCR analyses characterized the tissue specific expression
patterns of LvAgp3, LvAqp4, and LvAgpll mRNAs in juvenile
L. vannamei at intermolt stage. The expression patterns of
LvAgp3-1 and LvAqp3-2 mRNAs were first examined together
with a pair of primers because the ORFs of both mRNAs were
identical. Therefore, the total expression levels of LvAgp3-1 and
LvAgp3-2 were regarded as the expression of LvAgp3 gene,
and significantly higher levels of expression was observed in
intestine (Figure 4A). Further analysis showed that the LvAgp3-
I mRNA was the predominant isoform expressed in intestine
(Supplementary Figure 2A). The LvAgp4 could be detected in all
examined tissues with varied expression levels in different tissues,
and significantly higher levels of expression were observed in
hepatopancreas, stomach, and gill (Figure 4B). In the case of
LvAgpl1, the three alternative spliced transcripts were quantified
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FIGURE 2 | Gene structures of the LvAgp3 (A), LvAgp4 (B), and LvAgp11 (C). Exons were indicated in arrows and introns by thin lines. The alternative spliced
exons were indicated by pink arrows. The start and stop codons were marked in yellow circles.

together and showed the extremely high expression level in
muscle (Figure 4C). In addition, the LvAgpl1-2 mRNA was
the predominant isoform expressed in muscle (Supplementary
Figure 2B). The total levels of two LvAgp3 mRNAs and three
LvAgpl1 mRNAs was used to represent the expression of LvAgp3
and LvAqp11 genes in the following studies, respectively.

Differential Expression of LvAqgps After

Salinity Stress

As the LvAqp3 and LvAgqpll were separately predominantly
expressed in intestine and muscle, suggesting that the two
genes primarily function in intestine and muscle, respectively.
Thus, we selected intestine and muscle to separately detect the
expression profiles of LvAgp3 and LvAgp11 under salinity stress.
In addition, the expression of LvAqp4 was mostly expressed
in hepatopancreas, stomach, and gill. Thus, the hepatopancreas
was first chosen to detect the expression of LvAqp4 under
salinity stress and the gill was also selected because it is an
important osmoregulatory tissue. Compared with the shrimp of
control group at salinity 30%0, qPCR analysis showed that in the
intestine, the expression level of LvAqp3 significantly decreased
at 2 h and remained at low levels from 2 to 24 h, regardless
of whether they were under acute low- or high-salinity stress

(Figure 5A). The significantly lower expression of LvAgp3 was
also detected in the intestine when the shrimp were exposed
to long-term low- or high-salinity stress (Figure 5B). On the
contrary, the expression levels of LvAgp4 in the hepatopancreas
were significantly up-regulated after acute salinity stress. It
was significantly increased at 4 h, then consistently elevated
and reached the peak at 24 h under acute low-salinity stress
(Figure 5C). Meanwhile, the expression was significantly higher
at 2 h, and no significant changes were found in the following
time points at acute high-salinity stress (Figure 5C). However,
the elevated expression of LvAgp4 in the hepatopancreas was not
observed under long-term salinity stress. It was not significantly
altered after 15 days of low salinity stress, while it decreased
and stayed at a lower level compared to control under high
salinity stress (Figure 5D). The expression profiles of LvAgp4
in the gill showed a similar expression pattern compared to
LvAqp3 (Figures 5E,F). Yet, two major differences were noted.
First, no significant changes in the expression of LvAgqp4 in the
gill were observed since the initial decrease at 2 h after acute
salinity stress (Figure 5E). Second, the reduction was larger in
the expression levels of LvAgp3 than that observed in LvAqp4 in
the gill after long-term salinity stress (Figure 5F). Moreover, the
acute salinity stress caused a gradual decrease in the expression
level of LvAqpll in muscle (Figure 5G). The expression of
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FIGURE 3 | The conserved structural features of LvAQPs. (A) Protein alignments of the aquaporins in crustaceans. The two NPA motifs (or the variants thereof) were
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transmembrane helix. CT: carboxyl terminal. NT: amino terminal. Pink region: NPA/CPY/NPV motifs. The sequence features of the proteins were illustrated based on
the prediction results from TMHMM. Thus, the two predicted weak helices of LvAQP11 formed as transmembrane helices were still painted as green.
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LvAqp11 was also down-regulated during the long-term salinity
stress (Figure 5H).

Functional Analysis of Differentially
Expressed Genes in the Intestine After

Acute Salinity Stress

Nine intestine RNA samples of high quality (three replicates
in each group) were used for the creation of cDNA
libraries, followed by sequencing. The details were listed in
Supplementary Table 3. A total of 440,033,298 paired-end reads
with 150-bp read length were generated and 437,955,694 clean
reads were selected after removing the reads containing adapters
and/or poly-N, and low-quality reads. The average Q20, Q30,
and GC% were 97.45, 93.16, and 44.63%, respectively. Next,
clean reads were aligned to the L. vannamei genome using Hisat2
and the average mapping rate was 82.65% among the samples.
Raw reads were archived in the NCBI SRA (accession No.

PRJNA772775). In total, 1,964 DEGs between different groups
were chosen by means of the following criteria: an adjusted
p-value < 0.05 and | log, Fold Change| > 1.0. A number
of genes were found to be significantly up-regulated in S30
compared to S50 (711) and in S30 compared to S10 (213). The
corresponding numbers of down-regulated genes were 661 and
614, respectively. The qPCR analysis of nine selected DEGs
were compared with the results of the differential expression
analysis. Overall, the differential expression of these genes was
confirmed by the qPCR analysis, indicating the reliability and
accuracy of our differential expression analysis (Supplementary
Figure 3). In addition, to get expression patterns of DEGs upon
different salinity stresses, STEM was performed to classify all
the DEGs according to their abundance changes. The DEGs
were classified into eight clusters according to their expression
patterns, while only three gene expression profiles were
significant (p < 0.05) (Figure 6). Down-regulated profile and
up-regulated profile under both salinity stresses contained 596
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and 435 DEGs, while 331 DEGs in another profile were elevated
at the high salinity stress and not significant changed at low
salinity stress. The results were in accordance with the patterns
shown in the heatmap (Figure 6). Moreover, for the purpose
of the study, we checked the expression of osmoregulatory
genes. The results showed that the 10 highest expressed genes
were hardly significantly changed under acute salinity stresses
(Supplementary Table 4).

In total, 31 and 21 GO terms were significantly enriched
in the intestine of the two comparisons (S30 vs. S10 and
S30 vs. S50), respectively (corrected p < 0.05; Supplementary
Tables 5, 6). The top significantly enriched GO terms were shown
in Figure 7A. Among the significantly enriched terms, half were
belonged to biological processes, including alpha-amino acid

metabolic process (GO: 1901605), cellular amino acid metabolic
process (GO: 0006520), aromatic amino acid family metabolic
process (GO: 0009072), L-phenylalanine metabolic process (GO:
0006558), and erythrose 4-phosphate/phosphoenolpyruvate
family amino acid metabolic process (GO: 1902221) enriched
in both comparisons. In addition, similar results were also
found for the enriched terms of cellular component, such as
Golgi stack (GO: 0005975), Golgi cisterna (GO: 0031985), Golgi
subcompartment (GO: 0098791), and extracellular region (GO:
0005576); molecular function, such as catalytic activity (GO:
0003824), sulfotransferase activity (GO: 0008146), transferase
activity, transferring sulfur-containing groups (GO: 0016782),
and prenol kinase activity (GO: 0052673).

Thirteen and 11 KEGG pathways were significantly enriched
in the intestine of the two comparisons, respectively (corrected
p < 0.05; Supplementary Tables 7, 8) and were shown
in Figure 7B. Most of the significantly enriched pathways
belonged to the metabolism pathway class. Moreover, the results
demonstrated that there were seven pathways enriched in both
comparisons: amino acid metabolism (Tyrosine metabolism,
Phenylalanine metabolism, and Phenylalanine, tyrosine and
tryptophan biosynthesis), carbohydrate metabolism (Amino
sugar and nucleotide sugar metabolism), global and overview
maps (Metabolic pathways), and glycan biosynthesis and
metabolism (Glycosaminoglycan biosynthesis-keratan sulfate
and Mucin type O-glycan biosynthesis) (Figure 7B).

DISCUSSION

Evolution of Aquaporins in L. vannamei
Based on biological characteristics, molecular phylogeny,
and permeation selectivity to water, glycerol, or other
substance, 13 members of human AQP family are divided
into three subfamilies: classical aquaporins, aquaglyceroporins,
and unorthodox aquaporins (Benga, 2012; Ishibashi et al,
2017). Although only three types of AQPs were identified
in L. vannamei, phylogenetic analysis revealed that the
categorization of LvAQPs is consistent with the previous
classification of human AQPs, with each LvAQP corresponding
to a subfamily. Moreover, as we obtained more decapod AQPs
by blast against the NCBI or CAT Database (Nong et al., 2020),
it seems that this classification is common for decapod species.
Apart from the above subfamilies, the classical aquaporins
still includes an arthropod specific subfamily, big brain (BIB)
protein (Finn and Cerda, 2015), which is not characterized in
this study. Thus, further elucidation and verification of other
subgroups are warranted.

In this study, the three splice variants of LvAgpIl encoded
proteins with identical sequences. This is also the case
for LvAgp3. Alternative splicing of aquaporins has been
reported in crustacean salmon louse (Lepeophtheirus salmonis)
(Stavang et al., 2015) and barnacle (Balanus improvise) (Lind
et al., 2017). Furthermore, we analyzed the available genomes
of three crustacean species, and found that transcripts of
aquaporin-11-like genes from the Penaeus monodon (Gene
ID: 119593716), Penaeus japonicus (Gene ID: 122256039), and
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Homarus americanus (Gene ID: 121855104 ) also have N-terminal
splice variants with identical ORFs sequences, created by a similar
splicing mechanism as occurs for the LvAgpl11 transcripts. Such
conserved splicing mechanism indicate that the splice variants
might have some important function. Nevertheless, only LvAgp3-
I and LvAqp11-2 were predominantly expressed in the intestine
and muscle, respectively. Aquaporins variants are expressed sex-
specifically in a copepod, Caligus rogercresseyi (Farlora et al.,
2014) and in an insect Anopheles gambiae (Tsujimoto et al., 2013).

As we do not detect the expression of splice variants in gonads, it
is possible that they might have functions in sex-related organs.
The NPA motifs are the most common conserved signature
of AQPs and play a critical role in the formation of a pore
structure (Ishibashi et al., 2017). Sequence analysis showed that
the identified decapod AQP3 and APQ4 proteins all have the two
conserved NPA motifs. Instead, the AQP11 proteins contain CPY
and NPV motifs. The variations of the NPA motifs in the decapod
unorthodox AQPs are not unusual in comparison to unorthodox
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FIGURE 6 | Hierarchical clustering of DEGs in the intestine. The heatmap of all DEGs was drawn by TBtools (Chen et al., 2020). Colors represent relative mRNA
expression as indicated in the color key. The red color shows high expression, and the blue color represents lower levels of expression. The color from red to blue
represents the logy (FPKM + 1) from large to small. The clustering indicates similar expression patterns among the groups. The DEGs were grouped into three main
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AQPs from other species. The same substitutions are found in
AQPI12L1 and AQPI12L2 from L. salmonis (Stavang et al., 2015).
Moreover, the CPY substitution has been reported in AQP12
from B. improvise (Lind et al., 2017), while the NPV substitution
in AQP of Rhodnius prolixus has been shown to be functional in
in vitro assays (Staniscuaski et al., 2013).

Involvement of Aquaporins in
Osmoregulation

The regulation of AQPs under salinity stress has been well-
reported in fish, where it has also been shown that the expression
patterns and levels of AQPs in different species, tissues, and
environments vary (Madsen et al, 2015). Nevertheless, the
osmoregulatory role of AQPs is little known in crustaceans.
Earlier investigation of the osmoregulatory function of AQPs
is mainly dependent on the findings of transcriptome study
in crustaceans, especially in decapods. The expression of Agps

decreased in the gills of Portunus trituberculatus during 3 days
of acute low salinity stress (Gao et al., 2019) and after 10 days
of hypo-osmotic and hyper-osmotic stress (Lv et al., 2013).
The results were in accordance with the expression patterns
of LvAqp4, which was down-regulated in the gill under acute
and long-term salinity challenges. Similar expression patterns
of Aqps were also reported in Crassostrea gigas (Meng et al.,
2013) and B. improvise (Lind et al, 2017) under long-term
salinity stress. These results indicate that salinity stresses could
induce a reduction of AQPs activities to avoid cell swelling
or shrinkage as a consequence of water influx or efflux. In
contrast, opposite changes in the expressions of LvAqp4 were
found in the hepatopancreas under acute salinity stresses. Gao
et al. (2017) has reported the up-regulation of LvAgp4 in
the hepatopancreas under acute high salinity stress, whereas
its expression was not significantly changed under acute low
salinity stress. It was not completely consistent with our results.
Instead, we observed no significant changes of LvAgp4 in
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FIGURE 7 | Functional enrichment of DEGs. (A) Circular map of the top enriched GO terms in S30 vs. S10 and S30 vs. S50. (B) Comparison of enriched pathways

the hepatopancreas under long-term low salinity stress. This
deviation is probably due to the developmental stage of the
shrimp. Juvenile shrimp are used in this study, which are
much smaller than the sub-adult shrimp in their study. It
is widely accepted that larval or juvenile shrimp are more
tolerable to salinity stresses in aquaculture practices. In blue crab
C. sapidus, the expression of Agpl-like gene was shown to be
related to developmental stages, and it was transcriptionally up-
regulated at early larval stages in the exposure of hypo-salinity
(Chung et al., 2012).

The unorthodox aquaporin of LvAgpll is mostly expressed
in the muscle, whereas its orthologs are mainly expressed in
the mammalian kidney and pancreas (Li and Wang, 2017). As
unorthodox aquaporins are most recently identified, still less
is known about this subfamily than other AQP subfamilies.
Its unique intracellular localization, specifically in the ER of
mammalian cells has made its functional studies challenging
(Ishibashi et al., 2021). To date, functional studies on unorthodox
aquaporins in crustacean has been only reported in salmon louse,

the unorthodox aquaporins of which are localized intracellularly
and difficult to be expressed in Xenopus oocytes as is the
case with mammalian unorthodox aquaporins (Stavang et al.,
2015). In addition, the few studies on unorthodox aquaporins
in fish have reported that these molecules significantly induce
water or glycerol permeability in medaka and zebrafish oocytes
(Tingaud-Sequeira et al., 2010; Kim et al., 2014). The significantly
reduced levels of LvAqpll indicate that it is sensitive to
relative salinity changes. Further immunohistochemistry studies
would be needed to investigate the spatial expression of
LvAQP11 in order to better understand their biological functions
on osmoregulation.

Four members of aquaglyceroporins subgroup (AQP3, 7, 9,
and 10) have been identified in vertebrate (Ishibashi et al., 2017,
2020). Nevertheless, we only obtained one aquaglyceroporin
from L. vannamei and other decapod species. In addition, the
number of members in aquaglyceroporins subfamily differs in
crustaceans. The barnacle has two, while salmon louse has
three and Daphnia has six (Lind et al., 2017). In L. vannamei,
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FIGURE 8 | The hypothetical model based on the expression changes of genes and pathways from the intestine transcriptome challenged with acute low- or
high-salinity stress. NKA stands for the ion transporters and ion channels, the expression of which are not significantly changed.

the LvAqp3 is predominantly expressed in the intestine. Such
expression pattern of aquaglyceroporins have been observed in
its human counterpart AQP10, which is mainly expressed in the
gastrointestinal tract (Li and Wang, 2017). The AQP10 isoform
is also dominantly detected in the intestine of teleost zebrafish
(Hamdi et al., 2009) and medaka (Kim et al., 2014). Moreover,
the lower intestinal mRNA level of LvAgp3 under high salinity
stress is consistent with the trend shown by the AgpI0 ortholog
in medaka (Kim et al.,, 2014) and mandarin fish (Shen et al.,
2021). The results suggest the possible osmoregulatory roles of
aquaglyceroporins in the intestinal organoids.

Taken together, the presences of LvAgps are quite ubiquitously
and sometimes are predominantly expressed at specific tissues.
Our study further showed the effects of acute exposure and
long-term acclimation to different salinities on the expression
levels of LvAqp3, LvAqp4, and LvAql1 in the predominantly or
mainly expressed osmoregulatory tissues. The results revealed
that although the influences of environmental salinities on
LvAgps expression varied among isoforms and tissues, their
expression levels were significantly decreased in most cases. As
to the salinity-dependent patterns of LvAgp4 in hepatopancreas
not in accordance with that observed in gill, we hypothesized
that the function of LvAgp4 may be tissue-specific during the
osmoregulation. Moreover, the synthesis of these findings suggest
that all the LvAQP isoforms collaborate to maintain water
balance within the shrimp and reduce cellular damage resulted
from water shifts.

Osmoregulation of Intestine Under Acute

Salinity Stresses
It is considered that knock-down or overexpression experiment is
required to verify the function of genes. However, it is difficult to

overexpress LvAQPs in mRNA level or protein level in shrimp
due to the lack of suitable shrimp cell line. Nevertheless, the
sharply decreased levels of LvAgp3 mRNA in intestine under
acute salinity stress provided a good model to perform gene
expression assays with LvAgp3 gene, comparable to the effect
of knock-down. Therefore, transcriptome analysis of intestine
under acute salinity stress was conducted to reveal the role of
LvAgp3 during the osmoregulation in intestine. Osmoregulation
requires not only permeation of water but also the transport
of ions. However, although several ion transporters and ion
channels are significantly changed under salinity stresses, the 10
highest expressed osmoregulatory genes were hardly changed,
including Na™/K*-ATPase (NKA), carbonic anhydrase (CA),
and Ca’?" activated Cl~ channel regulator 2/4. NKA and CA
have been shown to play crucial roles during salinity adaptation
in L. vannamei (Pan et al., 2014; Liu M. et al., 2015). It is
possible that as they are important regulatory molecules for
maintaining ion balance, their expression will not dramatically
change in the intestine at the initial stage during the acute
salinity stress. On the contrary, qPCR analysis has revealed
the sharply decreased expression of LvAgp3 at the initial stages
during the acute salinity stress. This result suggested a possible
role of LvAQP3 as a coordinator of water and ion transport
in the cell membrane. As described above, the down-regulated
LvAgp3 may be related to the reduced activities of LvAQP3
to protect against cell swelling or shrinkage caused by water
influx or efflux. The above results suggest the relative stable of
intracellular ion concentration and water volume. However, this
raises the question which osmolytes are used in the intestine cell
for maintaining osmotic balance. Further enrichment analysis
indicates similar GO terms and KEGG pathways related to amino
acid metabolism in the intestine under acute low- and high-
salinity stresses, which is similar to the previous findings in
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crustaceans (Li et al., 2014; Wang et al., 2015; Yuan et al., 2021).
The finding in this study further corroborates the notion that
free amino acids are important intracellular osmotic effectors in
crustaceans (Cobb et al., 1975; McNamara et al., 2004; Augusto
et al., 2007, 2009). Nevertheless, the enriched DEGs are quite
different in those terms and pathways under acute low- or high-
salinity stress. Most of the enriched DEGs are down-regulated
at low salinity, whereas more enriched DEGs are up-regulated
at high salinity (Supplementary Tables 5-8). It is possible
that changes in the gene expression may lead to changes in
free amino acid concentration. The concentrations of arginine,
proline, and alanine were elevated significantly with increasing
salinity in Eriocheir sinensis (Wang et al., 2012). We speculate
that the down-regulated gene expression levels may result in the
decreased concentrations of free amino acid and then reduce the
intracellular osmotic pressure under acute low-salinity stress. In
turn, the concentrations of free amino acid would be elevated
to increase the intracellular osmotic pressure under acute high-
salinity stress. Further metabolome study is needed to confirm
the changes in free amino acid concentration under low- or
high-salinity stress. Thus, based on transcriptomic results, we
establish a hypothetical model of the components involved in
salinity responses in the intestine of L. vannamei. When exposed
to salinity stress, the activities of LvAQP3 will first be inhibited
to stabilize the cell morphology, and then the free amino acid
concentrations are adjusted by regulating the expression of amino
acid metabolism related genes and pathways to maintain osmotic
balance between intracellular region and external environment
in the intestine (Figure 8). Furthermore, transcriptome analysis
would supply new references and benefit future studies on the
function of other LvAgp genes for better understanding their
involvements in salinity adaptation of this euryhaline species.

CONCLUSION

Our analyses first reported three types of aquaporins in
L. vannamei, where two of them, LvAqp3 and LvAgpll, have
splice variants with identical ORFs. The relative gene expression
profiles of three aquaporins revealed remarkable differences and
some consistent expression patterns of those genes over an
experimental time frame under different salinity stresses. On
the whole, the expression of LvAqps was decreased and may
probably contribute to protect cell by preventing the water shifts
that lead to cellular damage in intestine, gill, and muscle upon
salinity challenge. Moreover, we proposed the combination roles
of aquaglyceroporin and amino acid metabolism in responses to
acute salinity changes in the intestine based on the comparative
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