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Abstract

Background: In aquatic environments, pH, salinity, and ammonia concentration are extremely important for aquatic
animals. NHE is a two-way ion exchange carrier protein, which can transport Na* into cells and exchange out H', and
also plays key roles in regulating intracellular pH, osmotic pressure, and ammonia concentration.

Results: In the present study, ten NHEs, the entire NHE gene family, were identified from Coilia nasus genome and
systemically analyzed via phylogenetic, structural, and synteny analysis. Different expression patterns of C. nasus NHEs
in multiple tissues indicated that expression profiles of NHE genes displayed tissue-specific. Expression patterns of C.
nasus NHEs were related to ammonia excretion during multiple embryonic development stages. To explore the poten-
tial functions on salinity challenge and ammonia stress, expression levels of ten NHEs were detected in C. nasus gills
under hypotonic stress, hypertonic stress, and ammonia stress. Expression levels of all NHEs were upregulated during
hypotonic stress, while they were downregulated during hypertonic stress. NHE2 and NHE3 displayed higher expres-
sion levels in C. nasus larvae and juvenile gills under ammonia stress.

Conclusions: Our study revealed that NHE genes played distinct roles in embryonic development, salinity stress, and
ammonia exposure. Syntenic analysis showed significant difference between stenohaline fish and euryhaline fishes.
Our findings will provide insight into effects of C. nasus NHE gene family on ion transport and ammonia tolerance and
be beneficial for healthy aquaculture of C. nasus.

Keywords: Na™-H* exchangers, Chinese tapertail anchovy, Hypotonic stress, Hypertonic stress, High environmental
ammonia (HEA), Gene expression

Background

Na/H" exchanger (NHE) is a transmembrane protein
that exists in all eukaryotic cells. Nine NHEs have been
identified since human NHEI c¢DNA was successfully
cloned [1]. Based on subcellular localization and phylo-
genic analysis, NHEs can be classified into plasmalem-
mal subgroup (NHE1-5, SLC9A1-5) and intracellular
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subgroup (NHE6-9, SLC9A6-9) in fish [2]. Plasmalem-
mal NHEs usually cooperate with bicarbonate trans-
porter to regulate cytoplasmic pH, cell volume, and
intracellular fluid secretion, thereby maintaining the
balance of acid-base, electrolyte, and cell volume in the
entire life system [3, 4]. Intracellular NHEs can not only
transport Na™, Li*, and K¥, but can also limit the excess
acidification of organelles caused by vacuolar Ht-ATPase
(HA) [4, 5]. NHE1 has been demonstrated to be involved
in cardiac remodeling and myocardial fibrosis [6]. NHEs,
such as NHE6 and NHEY, can inhibit proliferation and
migration in a variety of tumors [7].
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In aquatic environments, pH, salinity, and ammonia
concentration are extremely important for aquatic ani-
mals. NHE is a two-way ion exchange carrier protein,
which can transport Na™ into cells and exchange out HY,
and also plays key roles in regulating intracellular pH,
osmotic pressure, and ammonia concentration [8-11].
In fish, the plasma pH cannot be regulated via excreting
CO,. Thus, H* and HCO;~ transport in fish gills plays a
critical role in acid-base regulation [10, 12]. In hypertonic
environments, fish excrete metabolic acids through the
apical NHE, which is generally believed to play a critical
role in ionocytes [13]. NHE can also coordinate with car-
bonic anhydrase and bicarbonate transporter in Tribolo-
don hakonensis and medaka (Oryzias latipes) at acidic
environment [14, 15]. Salinity in aquatic environment is
an important environmental factor for survival of aquatic
animals. The expression level of NHE3 was higher in
brackish water than seawater in Atlantic stingray (Dasya-
tis Sabina) and bull shark (Carcharhinus leucas) [16, 17].
Besides gills in elasmobranch species, in banded hound
shark (Triakis scyllium), the expression changes of NHE3
were also detected in the kidney and intestine at different
salinity environments [9]. At present, mechanisms of the
ammonia nitrogen tolerance have been studied in fish,
including inhibiting protein and amino acid catabolism,
reducing environmental pH, NH," and NH; continuous
excretion, synthesis of non-toxic glutamine, and synthe-
sis of urea, etc. [18—20]. Ammonia is mainly excreted as
NHj; in zebrafish (Damnio rerio) and medaka embryos [21,
22]. It is essential for NH; excretion to form NH," via
combine H* [21]. Based on the acid-trapping hypothesis
of ammonia excretion [23], NH; excretion was promoted
in acidic environment which would increase the conver-
sion of NH; to NH,". NHE proteins are essential in the
process of ammonia excretion [22] and has a combined
effect with carbonic anhydrase (CA) and Rhesus-type
ammonia transporter (Rh) [2, 24].

The Chinese tapertail anchovy (Coilia nasus) is an
economically valuable fish widely distributed in China,
Japan, and Korea. The sexually mature fish run thou-
sands of kilometers from marine to river [25]. lon uptake
is activated in C. nasus during hypotonic environment,
and ion excretion and water conservation are promoted
in C. nasus during hypertonic environment [26]. Moreo-
ver, excessive ammonia nitrogen could lead to mass death
of C. nasus larvae and juvenile during artificial breeding
[27]. Based on previous studies, NHEs are involved in
osmoregulation [26] and ammonia stress [27] in gills of
C. nasus. To localize NHE genes in the C. nasus genome
and their functions on salinity challenge and ammo-
nia stress, we identified NHE gene family, and detected
their expression levels under salinity and ammonia stress.
Our findings will provide insight into their effects on ion
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transport and ammonia tolerance and be beneficial for
healthy aquaculture of C. nasus.

Results

Identification of NHE genes

The entire NHE gene family, 10 NHE genes, were identi-
fied in C. nasus genome, including NHE1, NHEfS, NHE?2,
NHE2-like, NHE3, NHE5, NHE6a, NHE6b, NHE7, and
NHES. The detail information of C. nasus NHE genes
were displayed in Table 1.

Chromosomal distribution of NHE genes

NHE1, NHE2, NHE2-like, NHE5, NHE6a, NHE6b, NHE?7,
and NHES8 were located on chromosome 19 (LG 19), LG
12,L.G 17,LG 18, LG 20, LG 1, LG 14, and LG 21, respec-
tively (Fig. 1). NHEf and NHE3 were located on LG 6
(Fig. 1).

Phylogenetic analysis

NHEs can be classified into plasmalemmal subgroup
(NHE1-5) and intracellular subgroup (NHE6-9) based
on subcellular localization and phylogenic analysis [4].
Our phylogenic analysis showed that C. nasus NHEs
were categorized into plasmalemmal subgroup (NHEI1,
NHER, NHE2, NHE2-like, NHE3, NHE5) and intracel-
lular subgroup (NHE6a, NHE6b, NHE7, and NHES)
(Fig. 2). Moreover, phylogenic analysis cannot distinguish
C. nasus NHE1 and NHEp.

Structural analysis of the NHE genes

To further explore the characteristics of C. nasus NHE
genes, analysis of gene structure, conserved domains and
motif was performed. The exon numbers of NHEI were
the minimum (6 exons), and the exon numbers of NHE7
owned maximum exons (19 exons) (Table 1, Fig. 3A).
All of C. nasus NHEs contained the Na_H_Exchanger
domain, expect NHE8 which contained the Na_ H_
Exchanger superfamily domain (Fig. 3B). NHEfB, NHES3,
NHE6a, NHE6b, and NHES8 contained only one domain,
while others contained two or more domains. Motif
analysis showed that motif 3, 4, and 6 existed in all of
C. nasus NHEs. Noticeably, motif 5 only existed in plas-
malemmal subgroup (NHE1, NHEB, NHE2, NHE2-like,
NHE3, NHE5), and motif 10 only existed in intracellular
subgroup (NHE6a, NHE6b, and NHE?7) (Fig. 3C). The
sequences of each motif were shown in Supplementary
material: Fig. S1.

Synteny analysis

The syntenic analysis was performed to further explore
the evolutionary relationship of NHE genes between C.
nasus and other fish species. The number of homolog
pairs between C. nasus NHEs and other fish species,
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Table 1 The sequence information of C. nasus NHE gene family
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Gene name Chromosome CDS length (bp) Exon number Protein Protein Isoelectric ID in C. nasus genome
location length molecular point (pl)
(aa) weight (Da)
NHET LG19 2220 6 1076 82,508 5.89 augustus-scaffold8-processed-gene-
12.25-mRNA-1
NHEB LG6 1746 8 581 64,374 8.04 maker-scaffold214-augustus-gene-
3.54-mRNA-1
NHE2 LG12 2610 15 869 98,001 527 maker-scaffold134-augustus-gene-
2.29-mRNA-1
NHE2-like LG17 2322 11 773 87,191 853 augustus-scaffold63-processed-gene-
6.3-mRNA-1
NHE3 LG6 3231 18 1076 120,098 6.42 maker-scaffold60-augustus-gene-
4.23-mRNA-1
NHES5 LG18 3549 12 1182 130,950 9.18 maker-scaffold18-augustus-gene-
8.24-mRNA-1
NHE6a LG20 2142 14 713 78416 6.14 maker-scaffold89-augustus-gene-
4.19-mRNA-1
NHE6b LG14 1584 6 527 57,652 933 maker-scaffold127-augustus-gene-
4.25-mRNA-1
NHE7 LG1 3297 19 1098 121,677 6.05 maker-scaffold241-augustus-gene-
2.55-mRNA-1
NHES8 LG21 2373 12 790 87,695 6.95 augustus-scaffold304-processed-gene-
2.2-mRNA-1
—= — NHES8
=
- — NHEf
< — NHEG6b o —NHEI
= — NHE2 Q -
£ e = = 2 8 I~
= 3 < 8 = 2 3 S 3
& = by & - NHE7 - = = =
s A < =
—2 [ —NHE6a
| 5 __NHE2-lik
5  NHE3 B
s — NHES5
[ =
| =
| =
£
Fig. 1 Chromosomal location of NHE gene family. The chromosomes were characterized by yellow bars. Chromosome numbers are shown on the
left of the chromosomes. NHE genes are marked in red on the right of the chromosomes. LG:the name of chromosomes in C. nasus genome

including channel catfish, Nile tilapia, common carp,
Atlantic salmon, and Atlantic herring, were 7, 8, 2, 7, and
10, respectively (Fig. 4A-E).

Expression profiles NHEs of multiple tissues and embryonic
development stages

Expression profiles of NHEs was detected via qRT-PCR
in C. nasus brain, eye, gill, heart, head kidney, kidney,

intestine, liver, muscle, and spleen (Fig. 5A). NHE2 dis-
played higher expression in brain, gill, and heart. NHE3
displayed higher expression in brain, gill, and kidney.
High expression level of NHE2-like was displayed in
brain, eye, gill, heart, head kidney, kidney, liver, and mus-
cle. High expression level of NHES was displayed in eye,
heart, head kidney, kidney, intestine, and muscle. High
expression level of NHE6a was displayed in eye, heart,
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Fig. 2 Phylogenetic analyses of NHE proteins from representative vertebrates. The tree was contributed by the neighbor-joining (NJ) method in
MEGA X with 1000 bootstrap replications. Bootstrapping values were showed via circles on each branch. C. nasus NHEs were highlighted by the red

star. The plasmalemmal subgroup (NHEB, NHE1-5) and the intracellular subgroup (NHE6-9) were differentiated by red and green branches

and heart. NHE6b displayed higher expression in gill,
liver, and spleen. NHE? displayed higher expression in
head kidney, intestine, liver, muscle, and spleen. NHEf
displayed higher expression in brain, eye, intestine, and
liver. The expression of NHEI and NHES8 were almost
undetectable in all tissues used in our study.

Expression profiles of NHEs was detected via qRT-PCR
at fertilized stage, 2-cell stage, multi-cell stage, midgas-
trula stage, neural stage, muscle burl stage, prehatching,
post-hatching, before first feeding, and after first feeding
(Fig. 5B). NHEp displayed higher expression at fertilized
stage and before first feeding. NHE6a displayed higher
expression at 2-cell stage and before first feeding. NHES

displayed highest expression at post-hatching stage and
before first feeding. High expression level of NHE7 was
displayed in fertilized stage and midgastrula stage. High
expression level of NHE3 was displayed in 2-cell stage.
High expression level of NHES was displayed in 2-cell
stage, multi-cell stage, midgastrula stage, and neural
stage. High expression level of NHE2-like was displayed
in midgastrula stage, neural stage, and muscle burl stage.
NHE? displayed highest expression at neural stage, and
prehatching stage. NHEI displayed higher expression at
midgastrula stage, neural stage, and prehatching stage.
NHEG6bD displayed higher expression at 2-cell stage, neural
stage, muscle burl stage, prehatching.
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Expression of NHEs in response to salinity challenge and NHES8 showed highest expression at 24-h. During
and ammonia stress hypertonic stress, NHEI, NHE2, NHE7 showed lowest
To explore C. nasus NHEs in response to hypotonic stress  expression at 6 h. NHE2-like, NHE3, NHE6a, and NHES8
and hypertonic stress, their expression profiles were showed lowest expression at 12h. NHES, NHES, and
detected under hypotonic stress (F vs C) and hypertonic =~ NHE6b showed lowest expression at 24 h.

stress (S vs C) in the gill via qRT-PCR (Fig. 6). Overall, To explore the potential functions of NHEs of C. nasus
expression profiles of all NHEs were significantly upregu-  larvae and juveniles in response to ammonia stress, their
lated at first, and then significantly downregulated under  expression patterns were detected in the gill via qRT-PCR
hypotonic stress. The converse trend was displayed in  (Fig. 7). In C. nasus larvae, the expression of NHE2, NHE2-
hypertonic stress. NHEs were significantly downregu-  like, NHE3, and NHE6a were significantly enhanced under
lated at first, and then significantly upregulated. During ammonia stress, while other NHEs displayed no significant
hypotonic stress, NHE1, NHE2-like, and NHE3 showed difference. In juveniles, the expression of NHE2 and NHE3
highest expression at 6h. NHE6a and NHE7 showed were significantly enhanced under ammonia stress, while
highest expression at 12h. NHES, NHE2, NHES5, NHE6b,  other NHEs displayed no significant difference.
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Discussion
Ten NHE genes were identified in C. nasus. Based on
analysis of other vertebrates NHE gene family, NHEfS was
only identified in teleost species, and NHE4 is generally
missing in teleost fishes [28—30], which was generally
identified in mammals [2]. In the present study, NHEf
was identified, and NHE4 missed in C. nasus NHE gene
family. Furthermore, C. nasus NHE9 was not identified.
As the oldest NHE gene, NHE9 lost in some fish [31].
Moreover, the syntenic analysis showed that the num-
ber of homolog pairs between C. nasus NHEs and other
fish species, including channel catfish, Nile tilapia, Atlan-
tic salmon, and Atlantic herring, were 7, 8, 7, and 10,
respectively, which indicated that the genetic relationship
between C. nasus and these fish species was close. The
genetic relationship between C. nasus and common carp
is closer than channel catfish and Nile tilapia based on
traditional fish taxonomy, while homolog pairs of NHEs
between C. nasus and common carp is only 2. Common
carp is stenohaline fish, while other fish species are eury-
haline fishes. These results suggested that most of NHEs
between stenohaline fish and euryhaline fish are not con-
served, or most of NHEs has been lost in stenohaline fish
genome.

Based on tissue-specific expression patterns, NHE2 and
NHE3 displayed higher expression levels in C. nasus gills.

NHE?2 and NHE3 are the primary isoforms expressed in
gills of multiple fishes, including zebrafish [32], Pacific
dogfish (Squalus suckleyi) [33], rainbow trout (Onco-
rhynchus mykiss) (34, 35], and Fundulus heteroclitus
[36], which was similar to our results. In winter flounder
(Pseudopleuronectes americanus) and zebrafish, NHE1
displayed high expression levels in red blood cells [32,
37]. Therefore, the expression level of NHEI was almost
undetectable in all tissues used in our study. How-
ever, few research focused on tissue distribution other
NHEs. NHES5 and NHE6 in the brain, and NHE7 in the
testis were three NHEs with higher expression levels in
zebrafish [32]. NHE6b and NHE9 showed higher expres-
sion levels in the spleen, and NHES$ higher expression
levels in the liver of European sea bass (Lateolabrax mac-
ulatus) [2]. These results were different from our results,
which implied that the tissue distributions of NHEs
were different from different fish species considering the
habitats and lifestyle. C. nasus NHEs displayed different
expression patterns during multiple embryonic develop-
ment stages. Yolk proteins and amino acids are the main
energy source in most teleost fish during embryonic
development [38—40]. Their metabolism can continu-
ously produce a waste product, ammonia. NHEs involved
in ammonia excretion and Na%t uptake [41, 42]. NHE3
can induce Rhesus glycoprotein (Rh) proteins to involve
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in ammonia excretion during embryonic development
stage in Coryphaena hippurus [43]. Similar results have
been reported in medaka, zebrafish, and rainbow trout
[42, 44]. Moreover, as a consequence, embryos of ovip-
arous organisms are exposed to high respiratory CO,
within the egg capsule due to their increasing meta-
bolic rate and the egg capsule wall acting as a diffusion
barrier [45, 46]. High respiratory CO, can decrease pH
in the embryo and larvae. In acid-secreting ionocytes,
NHEs are believed to be specialized in the secretion of
acid equivalents [47]. It is proposed that ammonia trans-
porters from the Rh family in combination with NHE3,
expressed in HR cells are key players in mediating the
active secretion of ammonia and protons in seawater tel-
eost [22, 48]. A previous study demonstrated that NHE3
expressing epidermal ionocytes of cephalopod embryos
are also involved in active secretion of acid equivalents
[49]. Together, different expression patterns of C. nasus
NHEs during multiple embryonic development stages
seem to involve in ammonia excretion, Na' uptake, and
maintaining cellular pH homeostasis, or other physiolog-
ical processes.

Gill is an indispensable tissue in fish, playing critical
roles in osmoregulation and ammonia excretion. NHE is
a two-way ion exchange carrier protein, which can trans-
port Na' into cells and exchange out H* (or NH4™") [50,
51]. The expression of NHE3 was increased in the apical
membrane of mitochondria-rich cells of Dasyatis sabina
under low-salinity stress, thereby promoting the absorp-
tion of Na™ [16]. The mRNA expression level of NHE3
in Mozambique tilapia (Oreochromis mossambicus) gills
in freshwater environment is higher than that in seawa-
ter environment [52]. Similar results have been reported
in other fish, including D. sabina [16], zebrafish [32],
banded hound shark [9], and Pacific dogfish [33]. In the
present study, NHE2, NHE2-like and NHE3 with higher
expression in the gills were displayed in C. nasus under
hypotonic stress, which was consistent with other fish
species. However, they were downregulated in the gills
of C. nasus under hypertonic stress. This finding was
also occurred in European sea bass [2]. Besides NHE2
and NHES3, expression levels of other NHE genes were
also detected, and they showed higher expression lev-
els in the gills of C. nasus under hypotonic stress and
lower expression levels in hypertonic stress, which was
similar to European sea bass [2]. These results indicated
that C. nasus NHEs appear to have differing functions
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in hypotonic and hypertonic regulation via exchanging
extracellular Na™ for intracellular H™.

Besides osmoregulation, NHEs are also essential for
ammonia excretion. In the present study, the expres-
sion levels of NHE2, NHE2-like, NHE3, and NHE6a
were significantly upregulated in C. nasus larvae gills
under ammonia stress for 24h. And the mRNA expres-
sion of NHE2 and NHE3 were significantly upregulated
in C. nasus juvenile gills. Similarly, the mRNA expres-
sion of NHE2 and NHE3 were upregulated in Boleoph-
thalmus pectinirostris under ammonia stress [41].
The mRNA expression level of NHE was upregulated
more significantly in B. pectinirostris than Perioph-
thalmus magnuspinnatus subjected to treatment with
high environmental ammonia for 72h [53]. Based on
transport physiology, it is generally believed that NH,
and CO, move across biological membranes to a much
higher degree via membrane channels than simple,
passive diffusion [54]. Ammonia excretion in fishes
occurs via a “Na*/NH,"-exchange metabolon” which
involves NHEs [22, 41, 55]. NH; can diffuse from cells
into water via Rh glycoproteins. As soon as it enters
the water, NH; combines with H* which is pumped
from the gill cell by H-ATPase and/or by one or more
NHE proteins, to form NH4*1 [41]. There is indirect
coupling of NH," efflux to Na* uptake by either of
these H" efflux mechanisms. These results implied
that significant up-regulation of NHE in C. nasus lar-
vae and juveniles promoted NH; to form NH," via
pumping HT into water to reduce ammonia toxicity.
Moreover, the expression levels of Rhcgl, HT-ATPase,
NHE, Na't/Ka™-ATPase (NKA), and Nat/Ka™/Cl™
cotransporter (NKCC) were upregulated in Takifugu
rubripes exposed to high external ammonia, and they
showed combined effects on ammonia excretion [48].
The combined effects between NHEs and other pro-
teins are required to further study in C. nasus under
ammonia stress.

Conclusions

In the present study, 10 NHE genes were systematically
identified from C. nasus genome. Phylogenetic analy-
sis showed that NHE4 and NHE9 were lost in C. nasus
genome. Syntenic analysis showed significant differ-
ence between stenohaline fish and euryhaline fishes.
Different expression patterns of C. nasus NHE genes

(See figure on next page.)

Fig. 6 Expression profiles of NHE genes in C. nasus gills in response to hypotonic (FW vs Control) and hypertonic (SW vs Control) stress at multiple
time points. Different capital letters indicate significant difference among different time points in the same groups at P<0.05. Different lower-case
letters indicate significant difference between different groups at the same time point at P <0.05. FW: salinity ~ 1 ppt, Control: salinity 10 ppt, SW:
salinity 30 ppt. The 0 h sample of Control group was used as the reference sample
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Fig. 7 Expression patterns of NHE genes in C. nasus larvae and juvenile gills responding to ammonia stress. Significant differences were noted by
asterisk (P<0.05). The samples of larvae and juveniles in control group were used as reference sample, respectively

were displayed in multiple tissues. Different expres-
sion patterns of C. nasus NHE genes during multiple
embryonic development stages were related to ammo-
nia excretion. During hypotonic stress, C. nasus NHE
genes were significantly upregulated. During hyper-
tonic stress, they were significantly downregulated.
During ammonia stress, NHE2 and NHE3 were sig-
nificantly upregulated in C. nasus larvae and juveniles.
These studies will provide insights into molecular
mechanism of osmoregulation and ammonia tolerance
in teleost.

Methods and materials

Identification of NHE gene family in C. nasus

To identify NHE gene family in C. nasus, the whole
genome databases (GenBank GCA_007927625.1)
were searched using BLAST GUI Wrapper on TBtools
(v1.0692) according to amino sequences of human (Homo
sapiens), zebrafish, and Atlantic herring (Clupea haren-
gus) downloaded from Ensembl (http://www.ensembl.
org) and NCBI (http://www.ncbi.nlm.nih.gov/) databases
(cutoff value <1e-5). After removing repeated sequences,
the unique sequences were validated via BLASTN against
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NCBI non-redundant protein database. Moreover, the
Na_H_Exchanger domain (PF00999.21) was downloaded
on Pfam database (http://pfam.xfam.org/). The Simple
HMM search on TBtools (v1.0692) was used for seeking
C. nasus NHE proteins with E-value <0.01. The gener-
ated NHE proteins were verified on the Pfam databases.
After removing the repeated sequences sought from the
two methods above, the unique sequences were retained
for further analysis.

The chromosomal location was performed based on
their locations on C. masus genome via Gene Loca-
tion Visualize (Advanced) on the TBtools (v1.0692). the
molecular weight and pI of NHE family were detected on
ExPASy-Compute pI/Mw tool (https://web.expasy.org/
compute_pi/).

Phylogenetic analysis of NHEs

The phylogenetic analysis of NHE sequences between C.
nasus and several vertebrates were performed by MEGA
X software. The accession numbers used for phylogenetic
analysis were listed on Supplementary Table S1. The phy-
logenetic tree beautification was performed beautified on
Interactive Tree of Life (iTOL, http://itol.embl.de/).

Structure analysis of NHEs

The gene structure of NHE genes were analyzed based on
C. nasus genome database (gff3 file). Conserved domains
of NHEs were analyzed via Conserved Domain Search
Service  (https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi). Motifs of NHEs were analyzed via Multi-
ple Em for Motif Elicitation (MEME) (https://meme-
suite.org/meme/tools/meme). Gene Structure View
(Advanced) on TBtools was used for the visualization of
gene structure, conversed domains, and motifs.

Synteny analysis of NHEs

One Step MCScanX on TBtools was used to examine
gene duplication [56, 57]. Homology of NHE genes was
analyzed between C. nasus and other five fishes, includ-
ing channel catfish (Ictalurus Punetaus), Nile tilapia
(Oreochromis niloticus), common carp (Cyprinus car-
pio), Atlantic salmon (Salmo salar), and Atlantic her-
ring. Dual Systeny Plot for MCScanX on TBtools was
used for the visualization of synteny analysis.

Salinity challenge, ammonia stress, and samples collection
Healthy C. nasus (5.54+£0.63cm, 2.25+0.83g) used
in the present study were from Jiangzhiyuan Fishery
Technology Co., Ltd. (Yangzhong, China). Before treat-
ments, the salinity of aquatic environment was kept at
10 ppt for two weeks until salinity challenge experiment
begins using NaCl. After acclimation, 180 C. nasus
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were randomly allocated into three groups (in tripli-
cates): control group (C, salinity 10 ppt), hypotonicity
group (F, salinity ~1ppt), and hypertonicity group (S,
salinity 30 ppt). After exposure for Ohour (h), 3h, 6h,
12h, 24h, 24h, 48h, and 72h, the treated fish were
anesthetized via 70 mg/L buffered tricaine methanesul-
fonate (MS-222) (Greenhengxing, Beijing, China), and
their gills were immediately collected and then stored
at — 80°C for further molecular assays.

Healthy C. nasus larvae (2.334+0.25cm, 1.11+0.21g)
and juveniles (5.12+0.45cm, 2.35+0.47g) were
reared for 10days (27+1.5°C, pH8.0+0.4, salinity
<1.7, ammonia nitrogen <0.005mg/L). After accli-
mation, larvae and juveniles were randomly allocated
into control group (ammonia nitrogen <0.005mg/L)
and ammonia stress group (concentration of ammonia
~280 umole/L) (in triplicates), respectively. Stock solu-
tion (1.0 mol/L) of high purity NH,Cl was used as the
source of the total ammonia. After exposed for 24 hours
(h) (28+2.1°C, pH7.5+0.3, salinity <2.3), gills were
immediately collected and then stored at —80°C for
further molecular assays.

For analysis of tissue distribution, three C. nasus
(24.7£1.68cm, 11.94+0.62g) were anesthetized via
70mg/L buffered MS-222, and then eye, gill, brain,
liver, spleen, intestines, heart, head-kidney, kidney, and
muscle were immediately collected and then stored at
—80°C for further molecular assays. Tissue samples
from all 3 fish were pooled together to make one sam-
ple. For ontogenetic expression profiles, embryos and
larvae during multiple developmental stages were col-
lected following natural spawning of the brood stock.
Every developmental stage was examined by micro-
scope observation. 30 embryos at fertilized egg (0 hour
post fertilization (hpf)), 2-cell (1 hpf), muti-cell (3 hpf),
midgastrula (4 hpf), neural (11 hpf), muscle burl (21
hpf), prehatching (28 hpf), and post-hatching (30 hpf);
20 larvae before first feeding (96 hpf) and after first
feeding (144 hpf) were immediately pooled and frozen
in liquid nitrogen.

Quantification of the NHEs expression by quantitative real
time-PCR (qRT-PCR)

cDNA was synthesized using the PrimeScript’ RT
Reagent Kit (TaKaRa, Tokyo, Japan). Primer Premier 5
software was used to design the primers used for qRT-
PCR (Supplementary material: Table S2). The reac-
tions were carried out on the Bio-Rad CFX96 real-time
PCR system (Bio-Rad, Hercules, CA, USA). The reac-
tion system (20.0uL) included 10.0puL of iTaq  Uni-
versal SYBR® Green Supermix (Bio-Rad), 2.0puL of
c¢DNA, 1.0puL of each primer (10pmol/L), and 6.0 of
PCR-grade DEPC water. Reactions were performed in
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triplicate per sample, and cycling parameter was set as
following: 94°C for 2 min, followed by 40cycles of 155
at 94°C,30s at 60°C, and 45s at 72°C. The geometric
means of S-actin, 18SrRNA, and GAPDH, housekeeper
genes were used to normalize expression levels of NHE
genes [58]. All samples were detected in triplicate and
the relative expression levels of NHE genes were calcu-
lated using the 2-28CT method [59].

Statistical analysis

The data of C. nasus NHEs expression during salin-
ity and ammonia stress were analyzed by two-way
ANOVA. Kolmogorov-Smirnov and Shapiro-Wilk
methods were used to test the normal distribution.
Interactive effect was tested using conversed non-
normally distributed data. When P<0.05, two-way
ANOVA was performed. Data analysis was performed
on SPSS 20.0. All data were displayed as mean =+ SE.
P<0.05 indicates a significant difference. Histograms
were drawn via GraphPad 8.0.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-022-08761-9.

[ Additional file 1. }

Acknowledgements
Not applicable.

Authors’ contributions

PX, GCX, and JG designed the experiment, JG collected the samples, JG and
ZJIN analyzed the data, and prepared the manuscript under supervision of PX
and GCX. All authors read and approved the final manuscript.

Funding

This work was supported by General Program of Natural Science Foundation
of Jiangsu Province of China (No. BK20191145) and the Key Research and
Development (Modern Agriculture) Project of Jiangsu Province (BE2019361).

Availability of data and materials

The datasets generated and analysed during the current study are available
in the NCBI database (https://www.ncbi.nlm.nih.gov/assembly/GCA_00792
7625.1/).

Declarations

Ethics approval and consent to participate

All experimental procedures were performed in accordance with the Guide
for the Care and Use of Laboratory Animals (Ministry of Science and Technol-
ogy of China, 2006) (No.YZ8201134) and approved by the Institutional Animal
Care and Use Committee of Nanjing Agriculture University (Nanjing, China).
The Coilia nasus were anesthetized with 70mg/L MS-222 (Greenhengxing,
Beijing, China). The muscles, eyes, brains, gills, and livers were extracted based
on the Guide for the Care and Use of Laboratory Animals (Ministry of Science
and Technology of China, 2006) (No.YZ8201134). The study is also reported in
accordance with ARRIVE guidelines.

Consent for publication
Not applicable.

Page 12 of 14

Competing interests
The authors declare no conflicts of interest.

Author details

'Key Laboratory of Freshwater Fisheries and Germplasm Resources Utilization,
Ministry of Agriculture, Freshwater Fisheries Research Center, Chinese Acad-
emy of Fishery Sciences, Wuxi 214081, Jiangsu, China. 2Wuxi Fisheries College,
Nanjing Agricultural University, Wuxi 214081, Jiangsu, China.

Received: 7 April 2022 Accepted: 13 July 2022
Published online: 20 July 2022

References

1. Sardet C, Counillon L, Franchi A, Pouyssegur J. Growth factors induce
phosphorylation of the Na*/H™ antiporter, glycoprotein of 110 kD. Sci-
ence (80-). 1990;247:723.LP-726. https://doi.org/10.1126/science.21540
36.

2. LiuY,WenH, Qi X, Zhang X, Zhang K, Fan H, et al. Genome-wided its
involvement in salinity regulation identification of the Na*/H™ exchanger
gene family in Lateolabrax maculatus and its involvement in salin-
ity regulation. Comp Biochem Physiol - Part D Genomics Proteomics.
2018;2019:286-98. https://doi.org/10.1016/j.cbd.2019.01.001.

3. Wakabayashi S, Shigekawa M, Pouyssegur J. Molecular physiology of
vertebrate Na™/H™ exchangers. Physiol Rev. 1997,77:51-74.

4. Wagner CA, Finberg KE, Breton S, Marshansky V, Brown D, Geibel JP. Renal
Vacuolar HT-ATPase. Physiol Rev. 2004;84:1263-314. https://doi.org/10.
1152/physrev.00045 2003.

5. Claiborne JB, Blackston CR, Choe KP, Dawson DC, Harris SP, Mackenzie LA,
et al. A mechanism for branchial acid excretion in marine fish: identifica-
tion of multiple Na*/H* antiporter (NHE) isoforms in gills of two seawater
teleosts. J Exp Biol. 1999;202(Pt 3):315-24.

6. Suleiman M, Abdulrahman N, Yalcin H, Mraiche F. The role of CD44,
hyaluronan and NHE1 in cardiac remodeling. Life Sci. 2018;209:197-201.
https://doi.org/10.1016/j.lfs.2018.08.009.

7. KoM, Quifiones-Hinojosa A, Rao R. Emerging links between endosomal
pH and cancer. Cancer Metastasis Rev. 2020;39:519-34. https://doi.org/
10.1007/510555-020-09870-1.

8. Zimmer AM, Shir-Mohammadi K, Kwong RWM, Perry SF. Reassessing
the contribution of the Na(+)/H(+) exchanger Nhe3b to Na(+) uptake
in zebrafish (Danio rerio) using CRISPR/Cas9 gene editing. J Exp Biol.
2020;223(Pt 2);jeb215111.

9. LiS, Kato A Takabe S, Chen A-P, Romero MF, Umezawa T, et al. Expression
of a novel isoform of Na*/H™ exchanger 3 in the kidney and intestine of
banded houndshark, Triakis scyllium. Am J Physiol Integr Comp Physiol.
2013;304:R865-76. https://doi.org/10.1152/ajpregu.00417.2012.

10. GuhY-J, Lin C-H, Hwang P-P. Osmoregulation in zebrafish: ion transport
mechanisms and functional regulation. EXCLI J. 2015;14:627-59.

11. Perry SF, Wang T. A new model for sodium uptake in the zebrafish gill.
Acta Physiologica (Oxford, England). 2022;234:e13787.

12. Dymowska AK, Hwang PP, Goss GG. Structure and function of ionocytes
in the freshwater fish gill. Respir Physiol Neurobiol. 2012;184:282-92.
https://doi.org/10.1016/j.resp.2012.08.025.

13. Liu ST, Horng JL, Lin LY. Role of the basolateral Na(+)/H(+) Exchanger-2
(NHE2) in lonocytes of seawater- acclimated Medaka (Oryzias latipes).
Front Physiol. 2022;13:870967.

14. Brix KV, Esbaugh AJ, Mager EM, Grosell M. Comparative evaluation of Na+
uptake in Cyprinodon variegatus variegatus (Lacepede) and Cyprinodon
variegatus hubbsi (Carr) (Cyprinodontiformes, Teleostei): evaluation of NHE
function in high and low Na* freshwater. Comp Biochem Physiol -Part A
Mol Integr Physiol. 2015;185:115-24. https://doi.org/10.1016/j.cbpa.2015.
04.002.

15. Liu ST, Horng JL, Chen PY, Hwang PP, Lin LY. Salt secretion is linked to
acid-base regulation of ionocytes in seawater-acclimated medaka: new
insights into the salt-secreting mechanism. Sci Rep. 2016;6:31433.

16. Choe KP, Kato A, Hirose S, Plata C, Sindi¢ A, Romero MF, et al. NHE3 in an
ancestral vertebrate: primary sequence, distribution, localization, and
function in gills. Am J Physiol Integr Comp Physiol. 2005;289:R1520-34.
https://doi.org/10.1152/ajpregu.00048.2005.


https://doi.org/10.1186/s12864-022-08761-9
https://doi.org/10.1186/s12864-022-08761-9
https://www.ncbi.nlm.nih.gov/assembly/GCA_007927625.1/
https://www.ncbi.nlm.nih.gov/assembly/GCA_007927625.1/
https://doi.org/10.1126/science.2154036
https://doi.org/10.1126/science.2154036
https://doi.org/10.1016/j.cbd.2019.01.001
https://doi.org/10.1152/physrev.00045.2003
https://doi.org/10.1152/physrev.00045.2003
https://doi.org/10.1016/j.lfs.2018.08.009
https://doi.org/10.1007/s10555-020-09870-1
https://doi.org/10.1007/s10555-020-09870-1
https://doi.org/10.1152/ajpregu.00417.2012
https://doi.org/10.1016/j.resp.2012.08.025
https://doi.org/10.1016/j.cbpa.2015.04.002
https://doi.org/10.1016/j.cbpa.2015.04.002
https://doi.org/10.1152/ajpregu.00048.2005

Gao et al. BMC Genomics

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

(2022) 23:526

Reilly BD, Cramp RL, Wilson JM, Campbell HA, Franklin CE. Branchial
osmoregulation in the euryhaline bull shark, Carcharhinus leucas: a
molecular analysis of ion transporters. J Exp Biol. 2011;214:2883-95.
https://doi.org/10.1242/jeb.058156.

Ip YK, Chew SF, Wilson JM, Randall DJ. Defences against ammonia toxic-
ity in tropical air-breathing fishes exposed to high concentrations of
environmental ammonia: a review. J Comp Physiol B. 2004;174:565-75.
https://doi.org/10.1007/500360-004-0445-1.

Ip YK, Chew SF. Air-breathing and excretory nitrogen metabolism in
fishes. Acta Histochem. 2018;120:680-90. https://doi.org/10.1016/j.acthis.
2018.08.013.

Souza-Bastos LR, Val AL, Wood CM. Are Amazonian fish more sensitive to
ammonia? Toxicity of ammonia to eleven native species. Hydrobiologia.
2017;789:143-55. https://doi.org/10.1007/510750-015-2623-4.

Shih TH, Horng JL, Hwang PP, Lin LY. Ammonia excretion by the skin of
zebrafish (Danio rerio) larvae. Am J Physiol Physiol. 2008;295:C1625-32.
https://doi.org/10.1152/ajpcell.00255.2008.

Wu SC, Horng JL, Liu ST, Hwang PP, Wen ZH, Lin CS, et al. Ammonium-
dependent sodium uptake in mitochondrion-rich cells of medaka
(Oryzias latipes) larvae. Am J Physiol Physiol. 2009;298:C237-50. https://
doi.org/10.1152/ajpcell.00373.2009.

Wright PA, Randall DJ, Perry SF. Fish gill water boundary layer: a site of
linkage between carbon dioxide and ammonia excretion. J Comp Physiol
B. 1989;158:627-35. https://doi.org/10.1007/BF00693000.

Gilmour KM, Perry SF. Carbonic anhydrase and acid-base regulation in
fish. J Exp Biol. 2009;212:1647-61. https://doi.org/10.1242/jeb.029181.
Gao J, Xu G, Xu P Whole-genome resequencing of three Coilia nasus
population reveals genetic variations in genes related to immune, vision,
migration, and osmoregulation. BMC Genomics. 2021;22:878. https://doi.
0rg/10.1186/512864-021-08182-0.

Gao J, Xu G, Xu P. Full-length transcriptomic analysis reveals osmoregu-
latory mechanisms in Coilia nasus eyes reared under hypotonic and
hyperosmotic stress. Sci Total Environ. 2021;799:149333. https://doi.org/
10.1016/j.scitotenv.2021.149333.

Gao J, ZhuY, Guo Z, Xu G, Xu P. Transcriptomic analysis reveals different
responses to ammonia stress and subsequent recovery between Coilia
nasus larvae and juveniles. Comp Biochem Physiol Part - C Toxicol Phar-
macol. 2020,230:108710.

Kasahara M, Naruse K, Sasaki S, Nakatani'Y, Qu W, Ahsan B, et al. The
medaka draft genome and insights into vertebrate genome evolution.
Nature. 2007;447:714-9. https://doi.org/10.1038/nature05846.

Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C, Muffato M, et al. The
zebrafish reference genome sequence and its relationship to the human
genome. Nature. 2013;496:498-503. https://doi.org/10.1038/natur
el12111.

Tine M, Kuhl H, Gagnaire PA, Louro B, Desmarais E, Martins RST, et al. Euro-
pean sea bass genome and its variation provide insights into adaptation
to euryhalinity and speciation. Nat Commun. 2014;5:5770. https://doi.
org/10.1038/ncomms6770.

Brett CL, Donowitz M, Rao R. Evolutionary origins of eukaryotic sodium/
proton exchangers. Am J Physiol Physiol. 2005;288:C223-39. https://doi.
0rg/10.1152/ajpcell.00360.2004.

Yan JJ, Chou MY, Kaneko T, Hwang PP. Gene expression of Na*/H*
exchanger in zebrafish H-ATPase-rich cells during acclimation to low-
Na™ and acidic environments. Am J Physiol Physiol. 2007,293:C1814-23.
https://doi.org/10.1152/ajpcell.00358.2007.

Guffey SC, Fliegel L, Goss GG. Cloning and characterization of Nat/H*
exchanger isoforms NHE2 and NHE3 from the gill of Pacific dogfish Squa-
lus suckleyi. Comp Biochem Physiol Part B Biochem Mol Biol. 2015;188:46—
53. https://doi.org/10.1016/j.cbpb.2015.06.003.

Ivanis G, Esbaugh AJ, Perry SF. Branchial expression and localization of
SLC9A2 and SLC9A3 sodium/hydrogen exchangers and their possible
role in acid-base regulation in freshwater rainbow trout (Oncorhynchus
mykiss). J Exp Biol. 2008;211:2467-77. https://doi.org/10.1242/jeb.017491.
Blair S, Li X, Dutta D, Chamot D, Fliegel L, Goss G. Rainbow trout (Onco-
rhynchus mykiss) Na™/H* exchangers tNhe3a and tNhe3b display unique
inhibitory profiles dissimilar from mammalian NHE isoforms. Int J Mol Sci.
2021,22:2205.

Edwards SL, Wall BP, Morrison-Shetlar A, Sligh S, Weakley JC, Claiborne JB.
The effect of environmental hypercapnia and salinity on the expression

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 13 of 14

of NHE-like isoforms in the gills of a euryhaline fish (Fundulus heteroclitus).
JExp Zool Part A Comp Exp Biol. 2005;303:464-75.

Pedersen SF, King SA, Rigor RR, Zhuang Z, Warren JM, Cala PM. Molecular
cloning of NHET from winter flounder RBCs: activation by osmotic shrink-
age, CAMP, and calyculin a. Am J Physiol Physiol. 2003;284:C1561-76.
https://doi.org/10.1152/ajpcell.00562.2002.

Fyhn HJ, Serigstad B. Free amino acids as energy substrate in develop-
ing eggs and larvae of the cod Gadus morhua. Mar Biol. 1987,96:335-41.
https://doi.org/10.1007/BF00412514.

Finn RN, Fyhn HJ, Evien MS. Respiration and nitrogen metabolism of
Atlantic halibut eggs (Hippoglossus hippoglossus). Mar Biol. 1991;108:11-9.
https://doi.org/10.1007/BF01313466.

Finn RN, Rennestad |, Fyhn HJ. Respiration, nitrogen and energy metabo-
lism of developing yolk-sac larvae of Atlantic halibut (Hippoglossus
hippoglossus L.). Comp Biochem Physiol Part A Physiol. 1995;111:647-71.
https://doi.org/10.1016/0300-9629(95)00048-C.

Wright PA, Wood CM. A new paradigm for ammonia excretion in aquatic
animals: role of Rhesus (Rh) glycoproteins. J Exp Biol. 2009;212:2303-12.
https://doi.org/10.1242/jeb.023085.

Kumai Y, Perry SF. Ammonia excretion via Rhcg1 facilitates Na™ uptake

in larval zebrafish, Danio rerio, in acidic water. Am J Physiol - Regul Integr
Comp Physiol. 2011;301:R1517-28.

Wang Y, Pasparakis C, Mager EM, Stieglitz JD, Benetti D, Grosell M. Ontog-
eny of urea and ammonia transporters in mahi-mahi (Coryphaena hip-
purus) early life stages. Comp Biochem Physiol -Part A Mol Integr Physiol.
2019;229:18-24.

Zimmer AM, Wilson JM, Wright PA, Hiroi J, Wood CM. Different mecha-
nisms of Na™ uptake and ammonia excretion by the gill and yolk sac
epithelium of early life stage rainbow trout. J Exp Biol. 2017,220:775-86.
https://doi.org/10.1242/jeb.148429.

Cronin ER, Seymour RS. Respiration of the eggs of the giant cuttlefish
Sepia apama. Mar Biol. 2000;136:863-70. https://doi.org/10.1007/50022
70000274.

Rahaman-Noronha E, Donnell M, Pilley C, Wright P. Excretion and distribu-
tion of ammonia and the influence of boundary layer acidification in
embryonic rainbow trout (Oncorhynchus mykiss). J Exp Biol. 1996;199(Pt
12):2713-23.

Lin LY, Horng JL, Kunkel JG, Hwang PP. Proton pump-rich cell secretes
acid in skin of zebrafish larvae. Am J Physiol Cell Physiol. 2006;290:C371-8.
Michele Nawata C, Hirose S, Nakada T, Wood CM, Kato A. Rh glycoprotein
expression is modulated in pufferfish (Takifugu rubripes) during high
environmental ammonia exposure. J Exp Biol. 2010;213:3150-60. https://
doi.org/10.1242/jeb.044719.

Hu MY, Tseng YC, Lin LY, Chen PY, Charmantier-Daures M, Hwang PP,

et al. New insights into ion regulation of cephalopod molluscs: a role of
epidermal ionocytes in acid-base regulation during embryogenesis. Am J
Physiol Regul Integr Comp Physiol. 2011;301:R1700-9.

Hayashi H, Szaszi K, Grinstein S. Multiple modes of regulation of Na™/H™
exchangers. Ann N'Y Acad Sci. 2002;976:248-58. https://doi.org/10.1111/.
1749-6632.2002.tb04747 X.

Inokuchi M, Hiroi J, Watanabe S, Hwang PP, Kaneko T. Morphological and
functional classification of ion-absorbing mitochondria-rich cells in the
gills of Mozambique tilapia. J Exp Biol. 2009;212:1003-10. https://doi.org/
10.1242/jeb.025957.

Chew SF, Ip YK. Excretory nitrogen metabolism and defence against
ammonia toxicity in air-breathing fishes. J Fish Biol. 2014;84:603-38.
https://doi.org/10.1111/jfb.12279.

You X, Chen J, Bian C, YiY, Ruan Z, Li J, et al. Transcriptomic evidence of
adaptive tolerance to high environmental ammonia in mudskippers.
Genomics. 2018;110:404-13. https://doi.org/10.1016/j.ygeno.2018.09.001.
Perry SF, Braun MH, Noland M, Dawdy J, Walsh PJ. Do zebrafish Rh
proteins act as dual ammonia-CO, channels? J Exp Zool A Ecol Genet
Physiol. 2010;313:618-21.

Shih TH, Horng JL, Liu ST, Hwang PP, Lin LY. Rhcg1 and NHE3b are
involved in ammonium-dependent sodium uptake by zebrafish larvae
acclimated to low-sodium water. Am J Physiol - Regul Integr Comp
Physiol. 2012;302:84-93.

Wang Y, Tang H, DeBarry JD, Tan X, Li J, Wang X, et al. MCScanX: a toolkit
for detection and evolutionary analysis of gene synteny and collinearity.
Nucleic Acids Res. 2012;40:e49. https://doi.org/10.1093/NAR/GKR1293.


https://doi.org/10.1242/jeb.058156
https://doi.org/10.1007/s00360-004-0445-1
https://doi.org/10.1016/j.acthis.2018.08.013
https://doi.org/10.1016/j.acthis.2018.08.013
https://doi.org/10.1007/s10750-015-2623-4
https://doi.org/10.1152/ajpcell.00255.2008
https://doi.org/10.1152/ajpcell.00373.2009
https://doi.org/10.1152/ajpcell.00373.2009
https://doi.org/10.1007/BF00693000
https://doi.org/10.1242/jeb.029181
https://doi.org/10.1186/s12864-021-08182-0
https://doi.org/10.1186/s12864-021-08182-0
https://doi.org/10.1016/j.scitotenv.2021.149333
https://doi.org/10.1016/j.scitotenv.2021.149333
https://doi.org/10.1038/nature05846
https://doi.org/10.1038/nature12111
https://doi.org/10.1038/nature12111
https://doi.org/10.1038/ncomms6770
https://doi.org/10.1038/ncomms6770
https://doi.org/10.1152/ajpcell.00360.2004
https://doi.org/10.1152/ajpcell.00360.2004
https://doi.org/10.1152/ajpcell.00358.2007
https://doi.org/10.1016/j.cbpb.2015.06.003
https://doi.org/10.1242/jeb.017491
https://doi.org/10.1152/ajpcell.00562.2002
https://doi.org/10.1007/BF00412514
https://doi.org/10.1007/BF01313466
https://doi.org/10.1016/0300-9629(95)00048-C
https://doi.org/10.1242/jeb.023085
https://doi.org/10.1242/jeb.148429
https://doi.org/10.1007/s002270000274
https://doi.org/10.1007/s002270000274
https://doi.org/10.1242/jeb.044719
https://doi.org/10.1242/jeb.044719
https://doi.org/10.1111/j.1749-6632.2002.tb04747.x
https://doi.org/10.1111/j.1749-6632.2002.tb04747.x
https://doi.org/10.1242/jeb.025957
https://doi.org/10.1242/jeb.025957
https://doi.org/10.1111/jfb.12279
https://doi.org/10.1016/j.ygeno.2018.09.001
https://doi.org/10.1093/NAR/GKR1293

Gao et al. BMC Genomics

57.

58.

59.

(2022) 23:526

Zhu M, Yan B, HuY, Cui Z, Wang X. Genome-wide identification and phy-
logenetic analysis of rice FTIP gene family. Genomics. 2020;112:3803-14.
Dai F, Song L, Gao J, Tai X, Chu L, Zhuang H, et al. Effect of stocking
density on mortality rate, physiological status and nutrient contents of
Chinese mitten crab Eriocheir sinensis during overwintering cultivation.
Aquac Reports. 2020;16:100241.

Gao J, Xu G, Xu P. Comparative transcriptome analysis reveals metabolism
transformation in Coilia nasus larvae during the mouth-open period.
Comp Biochem Physiol - Part D Genomics Proteomics. 2020;36:100712.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Genome-wide identification of the NHE gene family in Coilia nasus and its response to salinity challenge and ammonia stress
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Identification of NHE genes
	Chromosomal distribution of NHE genes
	Phylogenetic analysis
	Structural analysis of the NHE genes
	Synteny analysis
	Expression profiles NHEs of multiple tissues and embryonic development stages
	Expression of NHEs in response to salinity challenge and ammonia stress

	Discussion
	Conclusions
	Methods and materials
	Identification of NHE gene family in C. nasus
	Phylogenetic analysis of NHEs
	Structure analysis of NHEs
	Synteny analysis of NHEs
	Salinity challenge, ammonia stress, and samples collection
	Quantification of the NHEs expression by quantitative real time-PCR (qRT-PCR)
	Statistical analysis

	Acknowledgements
	References


