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Abstract

Na*/H* exchangers are the most common membrane proteins involved in the regulation of
intracellular pH that concurrently transport Na* into the cells and H* out of the cells. In this
study, the full-length cDNA of the Na*/H* exchanger (NHE) from the Pacific white shrimp (Lito-
penaeus vannamei) was cloned. The LvNHE cDNA is 3167 bp long, contains a 5’-untrans-
lated region (UTR) of 74 bp and a 3-UTR of 456 bp and an open reading frame (ORF) of 2637
bp, coding for a protein of 878 amino acids with 11 putative transmembrane domains and a
long cytoplasmic tail. LVNHE shows high sequence homology with mud crab NHE at the
amino acid level. LYNHE mRNA was detected in the hepatopancreas, gill, eyestalk, skin,
heart, intestine, muscle, brain and stomach, with the highest abundance in the intestine. In the
shrimp intestinal fragment cultures exposed to gradually declining pH medium (from pH 8.0 to
pH 6.4), the LvNHE mRNA expression was significantly stimulated, with the highest response
when incubated in pH 7.0 medium for 6 h. To investigate the functional roles of LWNHE in pH
regulation at the physiological and cellular levels, the LvNHE mRNA expression was silenced
by siRNA knockdown. Upon low-pH challenge, the hemolymph pH was significantly reduced
in the LVNHE mRNA knockdown shrimp. In addition, knockdown of LvNHE mRNA reduced
the recovery capacity of intracellular pH in intestinal fragment cultures after acidification. Alto-
gether, this study demonstrates the role of NHE in shrimp response to low pH stress and pro-
vides new insights into the acid/base homeostasis mechanisms of crustaceans.

Introduction

The Pacific white shrimp, Litopenaeus vannamei, is a penaeid shrimp naturally distributed
along the Pacific coast of the Americas from northern Mexico to northern Peru [1]. L. vannamei
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was introduced to East Asia in 1985 and has become one of the major cultured crustacean spe-
cies in this region [2, 3]. Under a high-density culture condition, the acidity/alkalinity (pH
value) of aquatic environments fluctuates frequently due to acid rain, organic residue decompo-
sition and carbon dioxide release, which may give rise to a harmful stress to L. vannamei [4, 5].
The shrimp may suffer physiological damage, such as suppressed immune activity [6], induced
respiratory burst [7] and disordered ion balance, which consequently result in slow growth,
abnormal behaviors and increased mortality [8].

It has been shown that pH is an important factor affecting crustacean life [9]. During the
changes in environmental pH, the intracellular pH (pHi) in aquatic crustaceans may be kept
stable to maintain an appropriate environment for cellular activities. L. vannamei can adapt to
the change in pH in culture and continue to live and function mainly by transporting ion and
water molecules across the cell membrane [8, 10, 11]. Several ion transport-related proteins
have been demonstrated in L. vannamei with their functions in salinity and/or pH homeosta-
sis, such as Na*/K*-ATPase (NKA) [12, 13], carbonic anhydrase (CA) [14], V-type H" ATPase
(VHA) [15] and Na"/HCOj; cotransporter (NBC) [16].

The sodium/proton exchanger (Na*/H" exchanger or NHE), a member of the solute carrier
(SLC) 9A family that belongs to the cation/proton antiporters (CPA) superfamily, is a mem-
brane ion transport-related protein that concurrently transports Na™ into the cell and H" out
of the cell [17]. The NHE gene was first isolated from the small intestine and kidney of rat [18].
After the first NHE gene was cloned, at least nine more functional mammalian NHE genes
were subsequently identified and named NHE1-9 (SLC9A1-9) [17]. The NHE isoforms contain
a similar topological structure with 11-13 transmembrane (TM) domains at the N-terminus
for ion exchange, and the C-terminus of NHE is a cytoplasmic regulatory region. In most
types of animal cells, NHE localizes in the cytoplasmic membrane and plays important roles in
regulating intracellular pH, and it is involved in cell volume regulation, transepithelial absorp-
tion and electrolyte secretion [19]. In cells at a physiological pH;, the basal activity of NHE is
very low. Upon a decrease in pH;, the NHE activity sharply increases to adjust the acidified
pH; by rapidly extruding protons in exchange for extracellular Na*. In humans, NHE is
involved in several pathophysiologic processes such as ischemia, hypertrophy, hypertension
and arrhythmias [20].

Mediation of pH; by NHE is one of the most ubiquitous and important mechanisms in cell
recovery after an acid pulse [21]. The NHE cDNA has also been identified in aquatic animals
including seawater fishes sculpin and mummichog [22], trout [23] and lobster [24]. However,
NHE has not been investigated in L. vannamei to date. To illustrate the potential roles of NHE
in the regulation of acid-base homeostasis in this widely cultured economic species, in this
study, the full-length NHE cDNA (designated LvNHE) was first isolated from the L. vannamei
intestine. The protein structure and tissue expression profile of LYNHE were further investi-
gated. The change in LvNHE transcript levels in the intestinal fragment culture was analyzed
after exposure of culture medium to gradually decreasing pH. The functions of LvNHE were
further investigated by measuring the capacity of pH regulation in the hemolymph and the
rates of pH; recovery in intestinal fragments after RNA interference (RNAIi).

Materials and methods
Animals and sample collection

For the studies of molecular cloning, tissue distribution, intestine fragment culture and hemo-
lymph collection, healthy L. vannamei about 3-months old with body lengths of 7.0-9.0 cm
and body weights of 9.0-13.0 g were obtained from the Jinyang Shrimp Culture Center,
Maoming, China. Shrimp were acclimated for one week at 28+0.5°C in tanks containing
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aerated seawater (salinity 30%o and pH 8.0) and fed commercial shrimp feed twice daily until
24 h before the experiments began. The hepatopancreas, gill, eyestalk, skin, heart, intestine,
muscle, brain and stomach were collected, frozen immediately in liquid nitrogen and stored at
-80°C for further studies.

Molecular cloning and sequence analysis

Total RNA from the L. vannamei intestine was extracted with the RNA Extraction Kit (Tian-
Gen) and reverse-transcribed into the first-strand cDNA using the PrimeScript RT Kit
(TaKaRa). Primers for LvNHE cDNA cloning (shown in Table 1) were designed based on the
sequence of a transcriptome from L. vannamei previously constructed in our laboratory [25].
To obtain the full-length cDNA sequence of LvNHE, 3’- and 5’-rapid amplification of cDNA
ends (RACE) was applied. The amino acid sequence, protein molecular weight (MW) and iso-
electric point (pI) of LYNHE were predicted using Lasergene 5.1 (DNASTAR, Inc.). The func-
tional sites and TM domains of LvNHE were deduced using the PROSITE program (http://
www.expasy.org/prosite) and TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/
TMHMMY/), respectively.

Tissue distribution of LvNHE mRNA

RNA extracted from the hepatopancreas, gill, eyestalk, skin, heart, intestine, muscle, brain and
stomach of three shrimp was reverse-transcribed into first strand cDNAs using the Prime-
Script RT Kit with gDNA Eraser (Takara). The gene-specific primers QLvNHE-F and
QLvNHE-R (Table 1) were designed based on the obtained cDNA sequences, and the

Table 1. Primers and siRNA sequences used in this study.

Name Sequence (5’-3’)

For cDNA cloning

3’ RACE1 TCTGTGGGTTTACACAATGCA

3’ RACE2 AGGCTGGTGCATTGAGTAGTTT

5 RACE1 AGGGTAAGCGACACCAACAC

5 RACE2 CACCGGAAGGACATGAGGT

C-NHEa-F CACTGTGCTGGATATCTGCAATGTGGAGAGCATGGGCGT
C-NHEa-R TGGTCTAACATGTTGGCCAGAGAGAA

C-NHEDb-F CTGGCCAACATGTTAGACCAAACAATTGACCCAAGGAGGA
C-NHEb-R AGTCCAGTGTGGTGGAATTCTCAAACCACATCCTCATTTTCTGA
For qPCR

QLvNHE-F GGCGGAGCTCTTTCACTTCTC

QLvNHE-R GGTGCCAGATATGGTCTTTGC

Qp-actin-F CCGGCCGCGACCTCACAGACT

Qp-actin-R CCTCGGGGCAGCGGAACCTC

For RNAi

siRNA-1 sense GCAUCCACCUCAUGUCCUUTT

siRNA-1 antisense AAGGACAUGAGGUGGAUGCTT

siRNA-2 sense GCUUUAUUCUCUGGACAAUTT

siRNA-2 antisense AUUGUCCAGAGAAUAAAGCTT

siRNA-3 sense CCCGUCUUCCUGUAUCCAATT

siRNA-3 antisense UUGGAUACAGGAAGACGGGTT

NC siRNA sense UUCUCCGAACGUGUCACGUTT

NC siRNA antisense ACGUGACACGUUCGGAGAATT

https://doi.org/10.1371/journal.pone.0212887.t001
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expression pattern of LNHE mRNA was detected by real-time PCR using SYBR Premix

Ex Taq™ II Kit (TaKaRa) by the following procedure: 40 cycles of 5 seconds at 95°C for dena-
turation and 30 seconds at 60°C for annealing, extension and signal capture. In this case, -
actin was used as an internal control amplified with the specific primers QB-actin-F and
QpB-actin-R designed based on L. vannamei B-actin cDNA sequence (Table 1). The relative

expression levels of LVNHE were calculated using the comparative Ct method with the formula
5-AACE

pH challenge in intestine fragment culture

Intestines were removed from shrimp under sterile conditions. The excrements were dis-
carded, and intestines were washed in PBS containing 1 mg/ml streptomycin and 1000 IU/ml
penicillin for 5 min. After rinsing 5 times with PBS, intestines were cut into 3-mm pieces. The
fragments from 10 shrimp were mixed together, and 12 ml of Sf-900 II cell culture medium
(S£-900 II SFM, ThermoFisher) containing 5% fetal bovine serum (Gibco), 1 mg/ml strepto-
mycin and 1000 IU/ml penicillin was added. The fragments were sequentially passed through
100 uM and 40 puM cell sieves, plated in 12-well plates (Corning) and cultured at 28°C for 12 h
[26, 27]. Then, the intestinal fragments were collected by centrifugation at 1000 rpm for 3 min,
and the supernatants were discarded. The fragment resuspensions were treated with gradient
pH 6.4-8.0 medium for 2, 6 and 12 h. In this case, the fragments were independently cultured
in three wells for each pH at each time point, and the mRNA levels of LvNHE were detected by
real-time PCR as described above.

RNAi-mediated LvNHE gene silencing

Small interfering RNAs (siRNAs) were designed using the siDirect version 2.0 online pro-
gram (http://sidirect2.rnai.jp/). siRNA-1, siRNA-2, and siRNA-3 designed to target LvNHE
mRNA and a nontargeting siRNA (NC-siRNA) used as a negative control (Table 1) were syn-
thesized by Sangon Biotech Company and dissolved in DEPC-H,0. Shrimp about 1-month
old with body lengths of 5.12+0.61 cm and body weights of 3.55+0.82 g were used for RNAi
experiments. To confirm the interference efficiencies of the synthesized siRNAs, three siR-
NAs (siRNA-1, siRNA-2 and siRNA-3) were injected at the concentration of 1 pg/g body
weight (bwt). In this case, DEPC-H,0 and NC-siRNA were injected as the control groups.
Shrimp were cultured at 28°C in the tanks containing aerated seawater (salinity 30%o, pH
8.0). Intestines from 3 individuals in each group were respectively collected 6 and 12 h after
injection. The expression levels of LvNHE were measured by real-time PCR as described
above.

Measurement of hemolymph pH

Shrimp were randomly divided into 10 groups and cultured in 100-L independent tanks.
Shrimp injected with LvNHE siRNA (n = 29 for 6 h and n = 25 for 12 h), DEPC-H,0 (n = 26
for 6 h and n = 24 for 12 h) and NC-siRNA (n = 21 for 6 h and n = 28 for 12 h), or without
injection (n = 24 for 6 h and n = 25 for 12 h) were cultured in pH 5.8-acidified seawater for 6 h
or 12 h. In this case, shrimp cultured in pH 8.0 normal seawater for 6 h (n =19) or 12 h

(n = 20) were used as the control groups. Approximately 0.2 ml of hemolymph was collected
from the ventricles of the shrimp and centrifuged at 1000 g for 3 min. The supernatants were
transferred to a new EP tube, and the hemolymph pH levels were determined by using a micro
pH electrode (P13, Bante Instruments) connected to a pH analyzer (SevenEasy FE20, Mettler
Toledo).
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Measurement of intracellular pH in intestine

The intracellular pH of shrimp intestinal fragment cultures was monitored using the pH-sensi-
tive dye 2°,7’-bis(carboxyethyl)-5(6)-carboxyfluorescein-pentaacetoxymethyl ester (BCEC-
F-AM) (B1150, Invitrogen) as described previously [28]. The fluorescence was measured by
using a Synergy H1 fluorescence spectrometer (BioTek) with an emission wavelength of 535
nm and excitation wavelengths of 440 nm and 490 nm. The calibration curve for the pH; signal
was constructed by the high potassium-nigericin technique [29, 30]. Intracellular pH was acid-
ified using the NH,Cl (20 mM) perfusion technique [28]. Briefly, after the excrements were
removed, shrimp intestine was cut into pieces of 1.0x1.0x1.0 mm® in size with a McILwain tis-
sue chopper (Ted Pella), and fragments of approximately 30 mg per well were placed into the
96-well plate. The intestine fragments were incubated with Na*-free salt solution (Na* was
replaced by N-methyl-D-glucamine), then perfused with a physiological salt solution contain-
ing 20 mM NH,CI (NaCl was replaced by NH,Cl) for more than 10 min, which was then
switched to the NH,Cl free and Na"-free salt solution to produce an acid load [31, 32].
Approximately 5 min later, extracellular Na™ was introduced to initiate Na*/H" exchanger-
mediated intracellular pH recovery. The physiological salt solution contained the following

(in mM): NaCl (125), KCI (5), MgSO, (1.2), CaCl, (1), KH,PO, (2), glucose (5), and Hepes
(32.2), pH 7.4. The rates of pHi recovery (dpH/dt) were determined within 0 to 5 min follow-
ing the addition of extracellular Na*. The pHi of intestinal fragments and the pH recovery rate
of the LvNHE knockdown intestinal fragments were measured by using the method described
above.

Statistical analysis

Data are expressed as the mean+SE and were analyzed with Student’s t-test or one-way
ANOVA followed by Fisher’s least significant difference (LSD) test by using SPSS (IBM
Software).

Results
Molecular cloning and sequence analysis of Lv'NHE

The full-length cDNA sequence of LvNHE was obtained by the 3’-/5’-RACE approach. The
LvNHE cDNA is 3167 bp long, contains a 5’-untranslated region (UTR) of 74 bp, a 3>~-UTR
of 456 bp and an open reading frame (ORF) of 2637 bp that encodes a protein of 878
amino acids. A typical polyadenylation signal (TATAAA) is located 40 bp upstream of the
poly-A tail (Fig 1). The deduced molecular weight of LvNHE was 98 kDa, the predicted iso-
electric point was 6.27, and transmembrane domains were predicted by TMHMM Server
(Fig 2A).

By phylogenetic analysis of NHEs from different animal species, our newly cloned LYNHE
(GenBank No. MK111428) has the shortest evolutionary distance from that of the mud crab
(Scylla olivacea) and is clustered with other crustacean NHEs, insect NHEs, and human NHE3
(Fig 2B).

Tissue expression pattern and pH-induced expression of LvNHE

Quantitative real-time PCR was used to detect LUNHE expression in multiple tissues. The
results showed that LvNHE transcripts were highly expressed in the intestine, stomach, brain,
and muscle, with the highest expression in the intestine (Fig 3A).

The shrimp intestinal fragments were exposed to the pH 6.4-8.0 gradient in the medium
for 2 h, 6 h, and 12 h, and mRNA levels of LvNHE were detected by real-time PCR. The NHE
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1 agtcggtgttgctegaggtgtcacgaggaaacaggtgcttcteotegtcagtegectcacctectegetgagtag
75 atgtggagagcatgggcgtcccgageatgtgtgttggtgtegettaceotgteaggtggctggaaattegtaggcegcggegctagagagcagetceteatggeggegagggcgecgacggcaacgecagegeccatgac
1T MWRAWASRACVLVSLTLWVAGNSWAAALESSSHGGES GGDG GNASAHD
— ™1 |
213 gacgtcaacggcagctgecacagegaggggcatgagggcggcatcecacctcatgtecttecggtggcatgaggtgggegtetactacaccgtcaccaccttegteategtegecgggetetgeaaagttggattccac
4 DV NGSCHSEGHEGGTIHLMSTFRWHEWV IG VYYTVTTFVIVAGLT CKVG FI H
I ™2 1
351 cagatccactggctctccaacaagatccccgagtectgegtectgatcatettgggegtattacttggegttgtegtettottcaccgtegatgatggcaacggaacttectegtgtagettcaacttegaggttect
93 @ T HWL SNKTIPE lS cviiorlioLegviLrLaeGvVvVvVVFFT VI DDGNGTZSSCSFNFEVP
™3
I 1
489 cacttcacgtctgacaagttottotttgtottacteccteccatcatettagagtcagegtactecctecatgacegegecttetttgacaacttaggeacagtectogtetttegcteteattggaacectgttcaac
19 HFTSDKFFFVLLPPIITLESAYSLHDRAFFDN IL G TVLVFAVIGTLTFN
T™M4
I
627 atcttcactataggtccagetctgtatgetettegcacaaggaggtcotaatgggcactattgctattagcttoaccgagaccttagtottetettogotoatotoggccgtegaceccgtegegetectegccatette
18 I F T 1 GPALYGVAQGGLMGTTITAIGFTETTLV lF SSLISAVDPVAVLATITF
T™M5
I
765 caggagcteggogtcaacaaagatotgtatttectggtotttagggaatetetectoaatgacggcgteaccategtogtgtacaccaccttgacetegttogtcaccatggaggtcatoteggcaggtcaatatece
21 Q ELGVNKDLYFLVFGESLLNDG GV Tl [ vvVvyYTTLTSFVTMEVISAGO QYA
T™M6
I
903 ttagccgteogectegttottcategtogtatttgcgggcgcggteateggcattetegttoggctecgtaacggcgctgatcaccaagtacacggctgaagtcagagtggtggageccctggecctecttggectegee
27T L AVASFFIVVFAGAVIAITLFGCVTALITKYTAEVRVVEPLALLGLA
— f ™7 ! B
1041 tacctctgetacctgacggeggagetetttcacttetcaggaatcatcagtotcatcatgtatggactattccaggccaattatgectttcagaatatatctcagaagtcottacacgtgtatcaagtacttcactaag
322 Y LCYLTAELFHFSGTI T SLIMCGLFQANYAFOQNTISQKSYTCOCVKYFTHK
T™8 { —
1179 atggccagtgccacaagegacactatcatcttcatgttcttgggaatggecttagtgagcaaggaccatatetggeaccetggetttattetetggacaattgggttetgettaatettcaggttcattggggtaget
369 M AS AT SDTITITFMFLGMAL VI SKDHTIWHP GI FITLWTTIGFO CLTIFRFTIGVA
T™9 1 I ™10
1317 cttataaccatagtcatgaatcactatcgaatgaagaaaattggectccaagagcagttcatcacagegtacggaggtttaagaggagecgtggccttctetetggecaacatgttagaccaaacaattgacccaagg
415 L I T I VM NHYRMKIKTIOGLOQEQFTTAYGGLRGAVAFSLANMLDOGTTIDTPR

1455 aggatattcatcactacaactcttatggttattttattcacaggettcattcagggaatatcaatcaageccctggtgaacctectcagaatacaaaagaagegctcagaccataagaaactaaatgaagaaatcaac
461 Rll FITTTLMYV %Mh FTGFTQGII SII KPLVNLLRIOQKE KRS SDHE KT KLNETETIN

I 1
1593 gacaccgccatggaccacatcatggegggegtogaggagattettgggeageacggagacttetatettegggagetcatcattcactacaacgacaaatatctcaagaaatggtttgtaaagecatgcagtgaatee
57 DT AMDHTIMAGVEETILGOQOHGDFYLRELTITIHYNDSEKYLEKSE KWFVKPGCGCSES

1731 aaactcacgagactcttcgagaaaattgcaatttcggaacattatgctcatetttatiggtecagtggccatgattgaagataaagtgaagecgttagt tecteotgott gggtccgaactatate
553 K L TRLFEKTIAISEHYAHLY|GPV AMIEDIKVKPLVTKSSASKRVRTTIS

1869[gtetctecticgcacaatgatgagat tttgcticaacccaatitaact ttagaagacgacgaagacgatgagtiigaagaagcggagaccaaggttatccagccegctgagcoagtagagctgagaaggaagcoctc
509 V.- P S HNDETLLOQPNLTLEDDEDDEFEEAETKVIQPAEPVELRREK KPS

2007|tacttacccatdaggaggagtogtetegcatcagaatccagtgccactgaaccgcaggcacageoggtcacatgatgcacaagcactgcggaaagectttagaaacaacccatataataagetccattacaagtacaac
I

645 Y L P RRSRVASESSATEPOGQAQRSHDAQALRKAFRNNPYNKLHYKTYN

2145 ccaaacctcgtgggggaggaggaccaggagetageggageacctgcategecgacacctgaacgeccgecgeatgacgeogtcotegeatectgttecogtottectgtatccaacattgecgagtetttacgacctaaa
691 P N LV GEEDQELAEHLHRRHLNARRMTRLASCSRLPVSNTIAESLTR RTPHK

2283 acagaaatgatttttggtcaccttgaagatggtatcgcagagetggtacaacgtcaccgtgaacgtcggageactatgtecttacgecgacgtoctecttegttgcaagectgcttctetteccectgaacctggacat
7 TEMIFGHLEDGVAELVAO@QRHRERRSTMSLRRRPPSLOQACGCFSSPEPSG GH

2421 cccatggttccatctageatcctgagggagettegagaggtetcagaaccecgetotagecttectgacatcagagattgtgactegeacteccgectaagtegctacaatotetatgoggggagageggcageagttt
3 PMVPSSILRELREVSEPRSSLPDIRD CD SHSRLSATISMRGETRA Q@QOQF

2559 ttcccagacaggtcagagggtgaaaagacaacaagecctgaagtgactttccaaaatgaaaagttggaagaattagttcctatggttgctacatctaacacacagecatcaagtcctaagaaacctgattcagaaaat
829 F PDRSEGEKTTSPEVTFQNEKLEELVPMVATSNTQPSSPKEKPDSEN

2697 gaggatgtggtttgatgaatcataaaaaatctaggagcacagataaaacactgaagaaatatatgggtaacttggtctacttttataccataaataggttttctgtgggtttacacaatgcatatggtacaagtgaga
85 E D V V *

2835 atttagcaatgtttatatttgctatttgacagtgatactaactttaacttgttttgactttctctgaaactgtggatgcaaaactagttatttttttageattctettgtaaaatatttatatcaataattcattcat
2972 gttattaagatgccgetgaggotggtgcattgagtagttttctaaattagtctaatggtaatatgacaatttatattcctattattcaatattacactttttttagacaataccaaatataaatgttgtttaatgaca
3111 ataaaaatatattttctcttgaac

Fig 1. The full-length cDNA sequence and its deduced amino acid sequence of LYNHE. The start codon (ATG) and stop codon (TGA) are
shown in red. The transmembrane (TM) domains are indicated. The NEXCaM regulatory region is boxed. The consensus polyadenylation
(AATAAA) signal is underlined.

https://doi.org/10.1371/journal.pone.0212887.g001

mRNA expression in intestinal fragments significantly increased when incubated at pH 7.0
(Fig 3B). In culture medium at pH lower than 7.2, the NHE expression increased significantly
from 2 h to 6 h, but in culture medium at pH higher than 7.2, the NHE expression level
changed little with time, implying that the culture environment below pH 7.2 probably causes
acidification of the intracellular environment and induces LvNHE expression.
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Fig 2. Structural domains of LvNHE and phylogenetic analysis. (A) Structural domains of LvNHE predicted by using the SMART program.
The 11 transmembrane (TM) domains and the NEXCaM_BD feature with respective locations are indicated. (B) Phylogenetic analysis of NHEs
in various species by using the Neighbor-Joining method with a bootstrap value of 1000. The newly identified LvNHE is marked by a triangle.

https://doi.org/10.1371/journal.pone.0212887.9002

Effect of LvNHE mRNA knockdown on the hemolymph pH upon low pH
challenge

To understand the regulatory effects of LvNHE on hemolymph pH, shrimp were injected with
1 pg/g bwt siRNA-1, -2, -3, NC-siRNA or DEPC-H,0. The results showed that siRNA-2 had
the highest RNAi efficiency, especially 12 h after injection when more than 70% of LvNHE
mRNA was degraded (Fig 4A). At 6 h after challenge, the hemolymph pH of the pH 8.0 con-
trol, pH 5.8 control, pH 5.8 DEPC-H,0O-injected and NC-siRNA injected and LvNHE siRNA-
2 injected groups were 7.57+0.005, 7.58+0.004, 7.59+0.003, 7.57+0.004 and 7.41+0.004, respec-
tively (Fig 4B). At 12 h after challenge, the hemolymph pH of the pH 8.0 control, pH 5.8 con-
trol, pH 5.8 DEPC-H,0O-injected and NC-siRNA injected and LvNHE siRNA-2 injected
groups were 7.56+0.005, 7.59+0.004, 7.61+0.002, 7.61+0.003 and 7.44+0.003, respectively

(Fig 4B).
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Fig 3. Tissue expression pattern and pH-induced expression of LvNHE. (A) Expression profiles of LvNHE mRNA in various L. vannamei
tissues, including the hepatopancreas (Hp), gill (Gi), eyestalk (Es), skin (Sk), heart (Ht), intestine (In), muscle (Ms), brain (Br) and stomach (St).
(B) LvNHE expression levels in the intestines after low pH challenge. The LYNHE mRNA levels were normalized by B-actin expression. The data
are expressed as the mean+SE (n = 3), and experimental groups denoted by the same letter represent a similar level (P>0.05, ANOVA followed
by Fisher’s LSD test).

https://doi.org/10.1371/journal.pone.0212887.9003

Effect of LvNHE mRNA knockdown on pH; recovery in intestinal fragment
culture

In this study, the pH; recovery rates after acidification in the control and NHE-knockdown
shrimp intestinal fragment cultures were determined. The pH-dependent fluorescence ratio
(490 nm/440 nm) was calculated with a high K gradient pH solution, and the calibration
curve was constructed (Fig 5A). In the intestinal fragments without prior intracellular acidifi-
cation by NH,CI, the basal pH was 7.26£0.054. Then, an ammonium bath caused alkalization,
and when ammonium was removed to return to Na*-free buffer, a remarkable acidification
was observed. However, after the addition of Na* to the bath solution, a Na*-dependent pH;
recovery was observed (Fig 5B). Records were obtained from two separate experiments. In the
control intestinal fragments, after Na™ introduction, cells started to recover toward their nor-
mal pH at a rate of 0.123+0.005 (for 6 h control) or 0.111+0.004 (for 12 h control) pH units per
min. In the LvNHE-knockdown intestinal fragments, the dpH/dt values for the 6 h group and
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Fig 4. Effect of LvNHE mRNA knockdown on the hemolymph pH upon low pH challenge. (A) Expression of LvNHE transcripts in shrimp
intestines after injection of DEPC-H,0, NC-siRNA and LvNHE siRNA-1, -2 and -3 at 6 and 12 h. (B) The hemolymph pH of LvNHE-siRNA-
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numbers for all groups were 3. For mRNA and hemolymph pH measurements, the data are expressed as the mean+SE, and experimental groups
denoted by the same letter represent a similar level (P>0.05, ANOVA followed by Fisher’s LSD test).

https://doi.org/10.1371/journal.pone.0212887.9004

12 h group were 0.035+0.004 and 0.021+0.005, respectively (Fig 5C and 5D). These results
showed that the recovery rates in LvNHE-knockdown intestinal fragments were significantly
lower than in the control groups, indicating that the LvNHE-interference affects the realkaliza-
tion process after acidification.

Discussion

Numerous studies have shown that NHEs play important roles in ion transport in animals
[33]. In the present study, a full-length cDNA encoding NHE from L. vannamei was first
cloned. Sequence analysis revealed that LvNHE contained 11 TM domains at the N-terminus
and a NEXCaM regulatory region at the C-terminus, with a coiled-coil structure for binding of
the Ca®*/calmodulin complex [34]. To assess the molecular evolutionary relationship between
LvNHE and its counterparts in other species, a phylogenetic tree was constructed and revealed
a high diversity in the family of Na"/H" exchangers (Fig 2B). Additionally, phylogenetic analy-
sis further indicated that LYNHE was clustered with the NHEs from other crustacean species,
such as mud crab.

The tissue distribution results showed that LYNHE was expressed most abundantly in the
intestine of L. vannamei (Fig 3A). Osmotic and ionic regulation in crustaceans is mostly
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https://doi.org/10.1371/journal.pone.0212887.9005

accomplished by the multifunctional gills, together with the excretory and digestive organs
[35, 36]. Our results provided evidence that the intestine is one of the most important organs
for pH regulation in shrimp based on the highly abundant expression of LvNHE transcripts.
Similarly, the gastrointestinal tract is one of the major sites of NHE expression in mammals,
and the NHE cDNA was first isolated from the brush-border membrane vesicles in the small
intestine and kidney of rat [18].

Previous studies have shown that incubation in acidic medium may increase NHE expres-
sion in mammalian cells, for example, the NHE-3 mRNA expression in opossum kidney
(clone P, OKP) cells [37]. In the euryhaline marine fish Fundulus heteroclitus, significant
increases in both NHE1 and NHE3-like protein levels were induced by environmental hyper-
capnia [38]. In our current study, an inducible expression of intestinal LvNHE was detected
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upon low pH challenge. The upregulated LvNHE expression in the medium with a pH lower
than 7.2 could last from 2 h to 6 h, suggesting that LvNHE was sensitive to a relatively low pH
stress. Very interestingly, the up-regulation of LvNHE mRNA did not follow an acidity-depen-
dent manner, and the maximal response of this gene was activated by pH 7.0. Based on the fact
that the acidity/alkalinity of cells is mediated corporately by multiple ion transporters [39, 40],
we speculate that the when the pH further declines, more pH-regulatory ion transporter genes
may participate to prevent a further acidification of the cells, and the response and effect of
NHE may be reduced.

It is generally believed that epithelial cells in the gut, antennal glands, integument and gill of
crustaceans mediate the ion transportation into and across the tissues and thereby influence
the concentrations of ions in the hemolymph [41]. In this study, we knocked down the LvNHE
mRNA levels in shrimp by the RNAi approach and placed shrimp in an extreme environment
of pH 5.8 to determine the effect of LvNHE on the regulation of circulating pH.

The hemolymph pH was measured in shrimp with/without LvNHE RNAi 6 and 12 h after a
transfer from pH 8.0 to pH 5.8 seawater. At 6 h after the transfer to pH 5.8, the hemolymph
pH values in shrimp without injection or shrimp injected with DEPC-H,0 and NC-siRNA
were highly comparable to that in shrimp kept at pH 8.0. However, the hemolymph pH in
shrimp injected with LvNHE siRNA-2 was significantly lower than in the other groups, indi-
cating that shrimp could not maintain the stability of hemolymph pH in acidified conditions
after silencing of LYNHE expression. A similar phenomenon was observed in shrimp trans-
ferred to pH 5.8 for 12 h. Very interestingly, a slight increase appeared in shrimp transferred
to pH 5.8 without RNAi of LvNHE. We speculate that there was an unknown physiological
response initiated against the harmful acidified environment.

In the normal cells, where pH; was reduced by acidification, the membrane ion transporters
may pump out the protons for the cell realkalization [42]. To investigate the functional roles of
LvyNHE in the cell realkalization after acidification in shrimp, the pH; was detected in the intes-
tinal fragment cultures from shrimp with/without knockdown of LvNHE transcript expres-
sion. BCECF-AM is a nonfluorescent membrane-permeating acetoxymethyl ester, which can
be introduced into the cell where it is easily cleaved by nonspecific esterases into highly fluo-
rescent membrane-impermeable BCECF. Loading with the BCECF-AM ester and subsequent
concentration of de-esterified dye within the cell depend critically on the integrity of intracel-
lular enzymes and of the cell membrane. In a damaged cell, after cleavage of the ester bonds,
the hydrophilic BCECF would diffuse rapidly out of the cell, so it is used as an indicator of pH
in living cells [31]. The basal pHi of shrimp intestinal cells was 7.26+0.054 (Fig 5B), signifi-
cantly lower than the circulating pH. Similarly, the intracellular pH has been reported to be
~0.3 higher than the extracellular pH in humans, rainbow trout and the crab Cancer pagurus
[43]. The NH,Cl perfusion is a classic method for rapid acidification of cells [31], and it was
applied in this study. Cells were incubated in the absence of Na™ solution containing NH,Cl,
leading to cellular accumulation of NH,*. Upon a subsequent shift to an NH,Cl-free solution,
cellular NH," ions left the cells in the neutral NH; form, leaving H* behind, thus resulting in
cytoplasmic acidification [44]. The recovery rate of pH; in the LvNHE siRNA-2-injected group
was much lower than in the control group, indicating that LvNHE participates in the process
of cell realkalization after acidification. The acidification of pH; is normally caused by increases
in pCO, [45], exposure to NH," and subsequent removal [28], and acid exposure [46]. The
acidified intracellular conditions may give rise to a decrease in Na™ conductance and loss of
excitability [47], loss of electrical coupling in early embryonic cells [48] and decreased light
sensitivity in invertebrate photoreceptors [49]. Therefore, realkalization is necessary for cells
to survive after they are acidified. Previous studies have reported the involvement of the Cl'/
HCOj exchanger (AE) [46], V-type H"-ATPase [28] and NBC [50] in pH; recovery in
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mammals. The mechanism of cell realkalization has not yet been developed in L. vannamei,
and our present study is the first to provide the evidence for LvNHE participation in realkaliza-
tion of pH; in the L. vannamei intestine.

In summary, we first identified and characterized a full-length cDNA of the NHE gene
from L. vannamei and analyzed the tissue expression profile and intestinal subcellular localiza-
tion of LUNHE mRNA. The functional roles of LvNHE in pH regulation of L. vannamei were
demonstrated with the evidence that 1) the intestinal LvNHE mRNA levels increased under
the low pH challenge conditions, 2) knockdown of LvNHE mRNA may reduce the hemolymph
pH in shrimp under extreme low pH conditions, and 3) knockdown of LvNHE mRNA may
reduce the realkalization capacity of intestinal cells when they are acidified. Altogether, this
study sheds light on the regulatory effects of the NHE on extracellular (circulating) and intra-
cellular pH regulation of L. vannamei. Our findings also provide the basis for protecting cul-
tured L. vannamei from acidified aquatic environments.

Author Contributions

Conceptualization: Chunhua Ren.

Data curation: Hongmei Li, Ting Chen.

Formal analysis: Hongmei Li, Ting Chen.

Funding acquisition: Xiao Jiang, Wen Huang, Ting Chen, Chaoqun Hu.
Investigation: Yao Ruan, Xin Zhang.

Methodology: Ting Chen.

Project administration: Chunhua Ren, Xiao Jiang, Chaoqun Hu.
Resources: Xiao Jiang, Chuhang Cheng, Xin Zhang, Wen Huang.
Supervision: Chaoqun Hu.

Writing - original draft: Hongmei Li.

Writing - review & editing: Ting Chen.

References

1. Valles-dimenez R, Cruz P, Perez-Enriquez R, editors. Population genetic structure of the pacific white
shrimp, Penaeus (Litopenaeus) vannamei, along pacific coast from Mexico to Panama: DNA microsat-
ellite variation. International Symposium on Genetics in Aquaculture; 2005.

2. LinM.N, TingY.Y, TzengB.S, LiuC.Y. Penaeid parental shrimp rearing: cultured of the third generation in
Penaues vannamei. 1990.

3. LiaolIC, Chien YH. The Pacific White Shrimp, Litopenaeus vannamei, in Asia: The World’s Most Widely
Cultured Alien Crustacean2011. 489-519 p.

4. Datta S. Management of Water Quality in Intensive Aquaculture. 2012.

ChenT, LinT, LiH, LuT, LiJ, Huang W, et al. Heat Shock Protein 40 (HSP40) in Pacific White Shrimp
(Litopenaeus vannamei): Molecular Cloning, Tissue Distribution and Ontogeny, Response to Tempera-
ture, Acidity/Alkalinity and Salinity Stresses, and Potential Role in Ovarian Development. Front Physiol.
2018; 9:1784. Epub 2019/01/09. https://doi.org/10.3389/fphys.2018.01784 PMID: 30618799.

6. PanlL, Jiang L. The effect of sudden changes in salinity and pH on the immune activity of two species of
shrimps. Journal of Ocean University of Qingdao. 2002; 32(6):903—10.

7. WangWN, LiBS, Liu JJ, ShiL, Alam MJ, Su SJ, et al. The respiratory burst activity and expression of
catalase in white shrimp, Litopenaeus vannamei, during long-term exposure to pH stress. Ecotoxicol-
ogy. 2012; 21(6):1609—16. https://doi.org/10.1007/s10646-012-0937-9 PMID: 22678551

PLOS ONE | https://doi.org/10.1371/journal.pone.0212887  February 27, 2019 12/15


https://doi.org/10.3389/fphys.2018.01784
http://www.ncbi.nlm.nih.gov/pubmed/30618799
https://doi.org/10.1007/s10646-012-0937-9
http://www.ncbi.nlm.nih.gov/pubmed/22678551
https://doi.org/10.1371/journal.pone.0212887

©'PLOS|ONE

Pacific white shrimp Na*/H* exchanger

10.

11.

12

13.

14.

15.

16.

17.
18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Han SY, Wang BJ, Liu M, Wang MQ, Jiang KY, Liu XW, et al. Adaptation of the white shrimp Litope-
naeus vannamei to gradual changes to a low-pH environment. Ecotoxicology & Environmental Safety.
2018; 149:203-10.

Pan LQ, Zhang LJ, Liu HY. Effects of salinity and pH on ion-transport enzyme activities, survival and
growth of Litopenaeus vannamei postlarvae. Aquaculture. 2007; 273(4):711-20.

Henry RP, Wheatly MG. Interaction of Respiration, lon Regulation, and Acid-Base Balance in the Every-
day Life of Aquatic Crustaceans. 1992; 32(3):407-16.

Wheatly MG, Henry RP. Extracellular and intracellular acid-base regulation in crustaceans. Journal of
Experimental Zoology. 2010; 263(2):-.

Huong DTT, Jasmani S, Jayasankar V, Wilder M. Na/K-ATPase activity and osmo-ionic regulation in
adult whiteleg shrimp Litopenaeus vannamei exposed to low salinities. Aquaculture. 2010; 304(1):88—
94,

SunH, Zhang L, Ren C, Chen C, Fan S, Xia JJ, et al. The expression of Na, K-ATPase in Litopenaeus
vannamei under salinity stress. Marine Biology Research. 2011; 7(6):623-8.

Liu M, Liu S, Hu Y, Pan L. Cloning and expression analysis of two carbonic anhydrase genes in
white shrimp Litopenaeus vannamei, induced by pH and salinity stresses. Aquaculture. 2015;
448:391-400.

Wang L, Wang WN, Liu Y, Cai DX, Li JZ, Wang AL. Two types of ATPases from the Pacific white
shrimp, Litopenaeus vannamei in response to environmental stress. Molecular Biology Reports. 2012;
39(6):6427-38. https://doi.org/10.1007/s11033-012-1461-y PMID: 22311011

Cai YM, Chen T, Ren CH, Huang W, Jiang X, Gao Y, et al. Molecular characterization of Pacific white
shrimp (Litopenaeus vannamei) sodium bicarbonate cotransporter (NBC) and its role in response to pH
stress. Fish & Shellfish Immunology. 2017; 64:226-33.

Van Dyke RW, lves HE. Na+/H+ exchange: what, where and why? Hepatology. 2010; 8(4):960-5.

Murer H, Hopfer U, Kinne R. Sodium/proton antiport in brush-border-membrane vesicles isolated from
rat small intestine and kidney. Journal of the American Society of Nephrology Jasn. 1998; 9(1):143.
PMID: 9440099

Gralinski M, Neves LAA, Tiniakova O. Na + /H + Exchange: Springer International Publishing; 2016. 1—
13p.

Fliegel L. Regulation of the Na(+)/H(+) exchanger in the healthy and diseased myocardium. Expert
Opinion on Therapeutic Targets. 2008; 13(1):55-68.

Xu H, Chen H, Dong J, Lynch R, Ghishan FK. Gastrointestinal distribution and kinetic characterization
of the sodium-hydrogen exchanger isoform 8 (NHES8). Cellular Physiology & Biochemistry. 2008; 21(1—
3):109-16.

Claiborne JB, Blackston CR, Choe KP, Dawson DC, Harris SP, Mackenzie LA, et al. A mechanism for
branchial acid excretion in marine fish: identification of multiple Na+/H+ antiporter (NHE) isoforms in
gills of two seawater teleosts. Journal of Experimental Biology. 1999; 202(Pt 3):315-24. PMID:
9882643

Malapert M, Guizouarn H, Fievet B, Jahns R, Garcia-Romeu F, Motais R, et al. Regulation of Na+/H+
antiporter in trout red blood cells. Journal of Experimental Biology. 1997; 200(Pt 2):353. PMID:
9050244

Duerr JM, Ahearn GA. Phorbol ester activation of an NHE-like electroneutral Na+/H+ antiporter in iso-
lated E-cells of lobster (Homarus americanus) hepatopancreas. Journal of Experimental Zoology. 1998;
281(2):97-108.

Huang W, Ren C, Li H, Huo D, Wang Y, Jiang X, et al. Transcriptomic analyses on muscle tissues of
Litopenaeus vannamei provide the first profile insight into the response to low temperature stress. Plos
One. 2017; 12(6):e0178604. https://doi.org/10.1371/journal.pone.0178604 PMID: 28575089

Nadala EC, Lu Y, Loh PC. Primary culture of lymphoid, nerve, and ovary cells from Penaeus stylirostris
and Penaeus vannamei. Vitro Cellular & Developmental Biology Animal. 1993; 29A(8):620—-2.

Toullec JY. Crustacean primary cell culture: A technical approach. Methods in Cell Science. 1999;
21(4):193-8. PMID: 10627671

Lang KWC, Haddad G, Burnekova O, Geibel JP. Intracellular pH activates membrane-bound Na+/H+
exchanger and vacuolar H+-ATPase in human embryonic kidney (HEK) cells. Cellular Physiology & Bio-
chemistry. 2003; 13(5):257-62.

Faber S, Lang HJ, Hock FJ, Schélkens BA, Mutschler E. Intracellular pH regulation in bovine aortic
endothelial cells: evidence of both Na+/H+ exchange and Na+-dependent Cl-/HCOS3- exchange. Cellu-

lar Physiology & Biochemistry International Journal of Experimental Cellular Physiology Biochemistry &
Pharmacology. 1998; 8(4):202—11.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212887  February 27, 2019 13/15


https://doi.org/10.1007/s11033-012-1461-y
http://www.ncbi.nlm.nih.gov/pubmed/22311011
http://www.ncbi.nlm.nih.gov/pubmed/9440099
http://www.ncbi.nlm.nih.gov/pubmed/9882643
http://www.ncbi.nlm.nih.gov/pubmed/9050244
https://doi.org/10.1371/journal.pone.0178604
http://www.ncbi.nlm.nih.gov/pubmed/28575089
http://www.ncbi.nlm.nih.gov/pubmed/10627671
https://doi.org/10.1371/journal.pone.0212887

'PLOS|ONE

Pacific white shrimp Na*/H* exchanger

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Prasad H, Rao R. The Na+/H+ exchanger NHE6 modulates endosomal pH to control processing of
amyloid precursor protein in a cell culture model of Alzheimer disease. J Biol Chem. 2015; 290
(9):5311-27. https://doi.org/10.1074/jbc.M114.602219 PMID: 25561733.

Wagner CA, Likewille U, Valles P, Breton S, Brown D, Giebisch GH, et al. A rapid enzymatic method
for the isolation of defined kidney tubule fragments from mouse. Pflugers Arch. 2003; 446(5):623—-32.
https://doi.org/10.1007/s00424-003-1082-3 PMID: 12748863

Speake PF, Mynett KJ, Glazier JD, Greenwood SL, Sibley CP. Activity and expression of Na + /H +
exchanger isoforms in the syncytiotrophoblast of the human placenta. Pfligers Archiv European
Journal of Physiology. 2005; 450(2):123-30. https://doi.org/10.1007/s00424-005-1382-x PMID:
15772858

Wakabayashi S, Shigekawa M, Pouyssegur J. Molecular physiology of vertebrate Na+/H+ exchangers.
Physiological Reviews. 1997; 77(1):51-74. https://doi.org/10.1152/physrev.1997.77.1.51 PMID:
9016300

Koster S, Pavkovkeller T, Kithlbrandt W, Yildiz ©. Structure of human Na+/H+ exchanger NHE1
regulatory region in complex with calmodulin and Ca2+. Journal of Biological Chemistry. 2011; 286
(47):40954. https://doi.org/10.1074/jbc.M111.286906 PMID: 21931166

Freire CA, Onken H, Mcnamara JC. A structure—function analysis of ion transport in crustacean gills
and excretory organs 7. Comparative Biochemistry & Physiology Part A Molecular & Integrative Physi-
ology. 2008; 151(3):272—-304.

Chen T, Ren CH, Wang YH, Gao Y, Wong NK, Zhang LP, et al. Crustacean cardioactive peptide
(CCAP) of the Pacific white shrimp (Litopenaeus vannamei): Molecular characterization and its potential
roles in osmoregulation and freshwater tolerance. Aquaculture. 2016; 451:405—12. https://doi.org/10.
1016/j.aquaculture.2015.10.005

Amemiya M, Yamaji Y, Cano A, Moe OW, Alpern RJ. Acid incubation increases NHE-3 mRNA abun-
dance in OKP cells. Am J Physiol. 1995; 269(1 Pt 1):C126. https://doi.org/10.1152/ajpcell.1995.269.1.
C126 PMID: 7631739

Edwards SL, Wall BP, Morrison-Shetlar A, Sligh S, Weakley JC, Claiborne JB. The effect of environ-
mental hypercapnia and salinity on the expression of NHE-like isoforms in the gills of a euryhaline fish
(Fundulus heteroclitus). Journal of Experimental Zoology Part A Ecological Genetics & Physiology.
2005; 303(6):464.

Guh YJ, Lin CH, Hwang PP. Osmoregulation in zebrafish: ion transport mechanisms and functional reg-
ulation. EXCLI J. 2015; 14:627-59. Epub 2015/11/26. https://doi.org/10.17179/excli2015-246 PMID:
26600749.

Hwang PP, Lee TH, Lin LY. lon regulation in fish gills: recent progress in the cellular and molecular
mechanisms. Am J Physiol Regul Integr Comp Physiol. 2011; 301(1):R28—47. Epub 2011/04/01.
https://doi.org/10.1152/ajpregu.00047.2011 PMID: 21451143,

Ahearn GA, Duerr JM, Zhuang Z, Brown RJ. lon Transport Processes of Crustacean Epithelial Cells.
Physiological & Biochemical Zoology Pbz. 1999; 72(1):1.

Grinstein S, Rothstein A. Mechanisms of regulation of the Na + /H + exchanger. Journal of Membrane
Biology. 1986; 90(1):1—12. PMID: 3009822

Taylor SE, Egginton S, Taylor EW, Franklin CE, Johnston IA. Estimation of intracellular pH in muscle of
fishes from different thermal environments. Journal of Thermal Biology. 1999; 24(3):199-208.

Faber S, Lang HJ, Hock FJ, Schélkens BA, Mutschler E. Intracellular pH Regulation in Bovine Aortic
Endothelial Cells: Evidence of Both Na+/H+ Exchange and Na+-Dependent CI-/HCO-3 Exchange.
Cellular Physiology & Biochemistry International Journal of Experimental Cellular Physiology Biochem-
istry & Pharmacology. 1998; 8(4):202—11.

Boron WF, Weer PD. Intracellular pH transients in squid giant axons caused by CO2, NH3, and meta-
bolic inhibitors. Journal of General Physiology. 1976; 67(1):91-112. PMID: 1460

S G Jr, Jaiswal K, Herndon E, Lopez-Guzman C, Spechler SJ, Souza RF. Acid increases MAPK-medi-
ated proliferation in Barret's esophageal adenocarcinoma cells via intracellular acidification through a
CI-/HCOS3- exchanger. American Journal of Physiology Gastrointestinal & Liver Physiology. 2005; 289
(6):991-7.

Bass L, Moore WJ. The role of protons in nerve conduction. Progress in Biophysics & Molecular Biol-
ogy. 1973; 27:143-71.

Turin L, Warner A. Carbon dioxide reversibly abolishes ionic communication between cells of early
amphibian embryo. Nature. 1977; 270(5632):56—7. PMID: 22047

Lantz RC, Mauro A. Alteration of sensitivity and time scale in invertebrate photoreceptors exposed to
anoxia, dinitrophenol, and carbon dioxide. Journal of General Physiology. 1978; 72(2):219-31. PMID:
690596

PLOS ONE | https://doi.org/10.1371/journal.pone.0212887  February 27, 2019 14/15


https://doi.org/10.1074/jbc.M114.602219
http://www.ncbi.nlm.nih.gov/pubmed/25561733
https://doi.org/10.1007/s00424-003-1082-3
http://www.ncbi.nlm.nih.gov/pubmed/12748863
https://doi.org/10.1007/s00424-005-1382-x
http://www.ncbi.nlm.nih.gov/pubmed/15772858
https://doi.org/10.1152/physrev.1997.77.1.51
http://www.ncbi.nlm.nih.gov/pubmed/9016300
https://doi.org/10.1074/jbc.M111.286906
http://www.ncbi.nlm.nih.gov/pubmed/21931166
https://doi.org/10.1016/j.aquaculture.2015.10.005
https://doi.org/10.1016/j.aquaculture.2015.10.005
https://doi.org/10.1152/ajpcell.1995.269.1.C126
https://doi.org/10.1152/ajpcell.1995.269.1.C126
http://www.ncbi.nlm.nih.gov/pubmed/7631739
https://doi.org/10.17179/excli2015-246
http://www.ncbi.nlm.nih.gov/pubmed/26600749
https://doi.org/10.1152/ajpregu.00047.2011
http://www.ncbi.nlm.nih.gov/pubmed/21451143
http://www.ncbi.nlm.nih.gov/pubmed/3009822
http://www.ncbi.nlm.nih.gov/pubmed/1460
http://www.ncbi.nlm.nih.gov/pubmed/22047
http://www.ncbi.nlm.nih.gov/pubmed/690596
https://doi.org/10.1371/journal.pone.0212887

@ PLOS | o N E Pacific white shrimp Na*/H* exchanger

50. Boedtkjer E, Praetorius J, Aalkjaer C. NBCn1 (slc4a7) mediates the Na+-dependent bicarbonate
transport important for regulation of intracellular pH in mouse vascular smooth muscle cells. Circula-
tion Research. 2006; 98(4):515. https://doi.org/10.1161/01.RES.0000204750.04971.76 PMID:

16439691

PLOS ONE | https://doi.org/10.1371/journal.pone.0212887  February 27, 2019 15/15


https://doi.org/10.1161/01.RES.0000204750.04971.76
http://www.ncbi.nlm.nih.gov/pubmed/16439691
https://doi.org/10.1371/journal.pone.0212887

