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WE L4 X I (Litopenaeus vannamei) B 77 32 58 (Y IR 538 B2 68 A, X 2R AOK IR A — € B TF %
M, EAR pH., BRAETWFEERARE, HR KT LG I 0K 5 w28 oy R, &
B DR AT B 2 (LSW : 3% B 29 5 4 3 mmol/L, #/E % 6, pH 4 8.1)Fn g a8 i1 41 (AW : F% B;
B N 10mmol/L, #JE X 6, pH & 8.8)F 74 42 d By JL4H V& Xt 4 fif 18 Fn 88 20 2484 4 SL 36 AHKE,
it Mlumina F & #HATHFL N F, S0 FRFBHATHE, B8, ATHE, 2R BETHER
FAEARAEAEH AT ETEPCR B FRE T, 2N AL LR ZFRALAA 2434, HF,
98 Nkik Fifl, 145 NREATH., adZRrExAXEFEEFERRM ., BOKMEWH TR,
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FLARIEXT SR BR IR (CA) . Na'-K'-ATPase 55 &1
PR N 22 e RGK, DABG R B8 1y =k 7 R el
NG i3 V- R4 (4 = A5, 2010, 2012), fHERXT
309 5 B 1 T L i e R g 35 R R 2 A 5 R X 4
o BT, BARFR K LN IR IR 5% 58 O — i),
(A FRFEATIG RAFRE , FLYN X iR R Bl 2k 5 645 )
iH . ENESTEE A WO B 808, #ar T
HETHEMR RN K2R E & BT REAR”
(7K RET, 2010), T R R HREIEDORGEKE S,
2013) ., MHRIR (CFARYESE, 2006) . T Eh (2 PIHRAE,
2021). TR FE B FF4E, 2018) . FRAAAFIG (LA
85, 2017)5%, RS LN IERTIR RAFPA 4T TR
U SR . A ROR R R BE IR, 30 )T B R AL
YRR R ER R B AR, AT PLAA 50T 0 £8 B
IR FE Ml P fee e e

TR A A= Wy it R B VIR 22 56 R AR AR P [ 4
Tl (AR, 2010), Hoor 5w AL E— 2 %0
. B RBL, MR B —E s AR ),
18 Je ¥ W 4 £ (Oreochromis niloticus) . FLICHES i
(Leuciscus waleckii) . 5 & A X (Exopalaemon carinicauda)
AR E AR A T A T Eh il e N (O AN,
2018; Chang et al, 2021; 2=, 2021), {HIIREN
UM NG T o Bl A DR A 2 R AR A R 2 1 e R
J&, e Y R RGBT LR, Iz N T R
HAZHE . 7 FARic ik &[5 55 ST, itk
fie W AL B B ER AL TR RO HOR T B Horr, B
ST ZHL T AT DL XoF % o PR 58 A5 T 14 0 P 4 e 4
SUIEAT el Y, X I 5 SR A T 3 R 5 4 43 Bt
FIIRETERE, HTHREE 551 T A OCHE R  R3A 7KK
P4t 7 AR i P 4% S A 5 ) 107 AL B (Sims et al,
2014) AR il s P EOR T 2 FhALEE T 1Y
FUARTEE T I fizp 30 R 8 20 2 T A 7 e S AL Y 9 4 1B
e BB T 22 S5 e R TR DA K 5 R e 2 A S AR
TG, A AT LA U T I i 8 AL ) £ AL At 4
Pt , [V BS Ry ERBBZK PRI T LN XS R 70+ B & g
BEHLS K

1 #wREFE
1.1 SCIEH

S BT L AN U X R 3 1 A BR 2
2020 4 5 AHE R G10 REFREA . XA 20 4L
PEXTER R RAEATYIME . TiiEE . PObbRidE, AT
96 h EBR A PE M E S28, KRR SCIR AR, TR 42d
e B 0 S . BRI I AR A L AR R e —

BhR L AN I X R A Oy SE g AR, RS IR K R
(7.240.5) cm, {RHE }(4.7+0.6) g

1.2 EREGELTRIEAME SLIG

PR R LR B Wl 5256 T 2020 4F 8 A JFHR, A4
K AP FAS AT — 0 FLANIERT AR 96 2, B
BBOXT HEZH (LS W) Al i B i3 4 (AW), FEALIEE 3 1 F
TTEAFAT 16 B), BAFATHEMEETE 50 cmx
50 cmx50 cm WA FEE . AW 2 FE5E A ZKGE i 3R
A A Na,CO; Fil NaHCO; it il 1 5 (B iR £ 52 Ky
10 mmol/L, £hEEH 6, pH=8.8), LSW £ N XF MR 2H (B
MR iR 3 mmol/L, #hFER 6, pH=8.1). NIk
S0 2 R B K R R R B R A pH RS, AERW 24 h ik
50%. Zeit 42 d WFREE, EE— D RIRBURE R[5
FEATIG 5N (42.5+8.33) % HUFE, LSW 1 AW HAE4H 4
MPATHE 6 BAR[AK 4(9.8£0.8) cm, KA
(9.6£0.9) g], THARMEH], HUELFIZIEHLZUA RNA
PRI ARAE &, Hp, 3 BT ZANY, 3 &
HF A qRT-PCR 5IF

1.3 RNA RENR R ANF

Fi R I Trizol ¥ H2 MU 2 AR 1) 8 1 i) 1 21 21
M RNAL J# b 1% 355 0 %€ ik Fi UK 1 NanoDrop
ND-2000 4356561 (Thermo, £ EN) I RNA i &
T BE A RNA #JEF>250 ng/uL, ODsso nm/OD2s0 nm
AT 1.8~2.2 ZIH], Hiff RNA TCREf% . Tois iy, R,
AT SC AR R 38 1 Y (Hiseq 2500, Illumina,
EH),

14 HREAFINBARRTE

DU J 4 B 23k o i o b, Bl 3k | (IR
N (G E LA ) LK T 10% 9751, 5
P A Trinity FAOFSEATDRE, RASEE LI
FEAT B B A 7 91 S i% 55 %1 (unigene) (Grabherr
et al, 2011), %% 5% 200 ¥ %45l CASAVA Base Calling
A RSEM #4430, IFFI ] HISA2 ¥ Clean Reads
5185 S % F N4 (ASM378908v1-NCBD#AT 41 [t
Xt IRECTE 2% FE P 4 sl 3 R 7 £ 6 DA Rl e
FEARREA 1P FN R B o

15 ERRESTREREEREESN

K FPKM J7 31154 35 [F 6 34 2 (Trapnell et al,
2010), FIH R i 7 DEGseq #4fufifi vt 22 5 ik 3t
[ (DEGs), k@i A fold change >2 Fl 0<0.05
(Anders et al, 2010), %f T DEGs, MKHEM 7255 11
FE A GO (gene ontology) T HE B (Young et al, 2010),
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Jt45E KEGG i e o3 Hr 22 5 1o 35 K 2 5 i A
i j#% (Kanehisa et al, 2008).

1.6 QRT-PCR WiE

R T R S B, R 10 D 2ERA
BUAEKE DEGs AT 2] qQRT-PCR K il /0 #r, H
AL S A FIEA S AT IERIBAFERA . F) A Primer

5.0 BT RS I GE 1), £ TAY TR (L
TR A BR A 714 . qRT-PCR 5235 % Jf] TaKaRa
R EBILH &, DL 18S IRNA NS, &
ANFESD 3 WE R, Bk BT AR A i S50 26 0 A [
D FR A SEATRE S o AP 278CT 30 A RE D] R R X 3k
1 (Schmittgen et al, 2008), 5%E 4 Lk B 1T HE
BT

®1 ATEREREIKIENSIYFT

Tab.1

Genes and primers used for validation of RNA-seq data

FL N ZFR Gene name

5|4 % FX Primer name

JF%1 Sequence (5'~3")

185 rRNA 18S F TATACGCTAGTGGAGCTGGAA
18S R GGGGAGGTAGTGACGAAAAAT

Eip74EF LOC113800214 F CAACCATAGCAAGCGACACAAG
LOC113800214 R CCACCAGGATCAAGGCAAGAG

CAl LOC113803091 F ACGGAGAGCACCACATTGAAG
LOC113803091 R GCAGTCAGCGAACCATAAATCAG

Hex-t2 LOC113805141 F CGTCCGCACAGAATATGATAACAC
LOC113805141 R CACCAGCCGCACGATAACC

UGTS LOC113808551 F CGCTGGTGCTGGTCAACTC
LOC113808551 R CAGGTGCTGGTCGCTCATG

CAI0 LOCI113830158 F TGACCTTCTACCATCTTCACATCC
LOCI113830158 R GCAAGCCACGGACAGACAG

NKAIN LOC113812436 F ATCATCGCCAACTTCTTCAACTTC
LOC113812436 R CCTATCCATACCAGGAGCCAAAC

Nmdarl LOCI113812935 F GCCGCCGACAAGTGGAGAG
LOC113812935 R TCACGCCGTTCGCCTTCAG

NKA-a LOCI113815921 F GTGTAGAATTGGCTGTTGGTGATG
LOCI113815921 R CGGTCTCGTGGATGGATACTTG

MDH LOC113820403 F TCTGCCACCGCTACCTCTG
LOC113820403 R GCTGCCTGACCACGAGTAAC

Rhbg LOC113816830 F GAAGGCAGCAGACGACATCC
LOC113816830 R CACACTCCATTCAGGACATTCATC

2 EEENE 3 1 S 1 S ) R A o 0 4 3 Bk 25 S

2.1 HRANFEIEREITMY

SR P B AL 58 B 12 DMREARIH S %4
M, 3745 75.62 Gb Y Clean data, £5FEARG R E
HAE 5.72~7.01 Gb, BlIE Q30 7F 92.83%~93.47%, F-
Y] GC F N 47.76%, ULEIN T A7 & A Y5 B2
SAATELR, WP AR TR AR 2 iR

22 HFRANF Reads HEHLLXTER

1K Clean reads X RIS % FLH A, 15544
FEA LR 2 XL, XA 80.93%~91.2%
FEF XTSI, T A RS IR R Rk m b . R

VAT B 8 RN g 2 AN 22 5404l LRI 31 0 22 55 3 AL
AT 2480 F1 1699, dhfA] 22 7R IK KL 243 A4~
(1),

XF AW Il LSW 1) 22 5 e 18 JE R i 45 SR 22 11 .k
IHE A 2), g5 RN, fEREBINE AT, MiEd
AUF 1224 PRSI, A 1256 NMEEHFFERIE T
W HRAZUE 613 NELERIE B, 1086 IR
KT 2 AN LR RN E T )22 53 Rk 5L
frede, 2 N8 243 ML R RR R, H
Hr, 98 NI EIHFRIR, 145 IR TR REE, X
243 L[] Y 22 57 R L H AT e m A aa P
Xof R 2 2 ] P ) 4 43 AL %
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Tab.2 Summary of sequencing and transcriptome assembly

A J I B A Ji 46y B A it R AR SR/ 8 A R Q30 GC
Sample Raw reads/M  Raw bases/G  Clean reads/M  Clean bases/G  Valid bases/%  Content/%  Content/%
AWI1 44 .44 6.67 43.21 6.06 90.98 93.00 46.67
AWI2 41.88 6.28 40.74 5.76 91.77 92.98 46.61
AWI3 41.80 6.27 40.64 5.72 91.17 92.88 47.21
AWGI1 46.39 6.96 45.27 6.34 91.09 93.25 47.69
AWG2 46.54 6.98 45.23 6.34 90.85 93.05 49.33
AWG3 43.49 6.52 42.40 5.95 91.25 93.32 47.72
LSWI1 47.11 7.07 45.84 6.39 90.43 93.18 49.02
LSWI2 42.75 6.41 41.58 5.86 91.35 92.83 44.23
LSWI3 48.30 7.24 46.96 6.47 89.30 93.17 47.26
LSWGI 51.76 7.76 50.35 7.01 90.36 93.47 49.35
LSWG2 50.31 7.55 48.94 6.85 90.72 93.20 48.49
LSWG3 50.69 7.60 49.28 6.87 90.32 93.35 49.58

TE: AWIL, AWI2 FIl AWI3 KR i Bl Pa 0 MR B 20 3 DAY B H A, AWGT, AWG2 Fil AWG3 i i Bl e
LHXFUREEZHZY 3 AN R s LSWIL, LSWI2 Al LSWI3 KR x| AT IR iE 41 3 AW~ Hi, LSWG1. LSWG2
I LSWG3 FR7n i BRI IR HEZHZY 3 DA~ 4 5 Q30 Phred BL{ER T 30 MYBHAE L B IR HRIE 11 73 L o

Note: AWI1, AWI2, and AWI3 are three individual intestines of high-alkaline groups. AWG1, AWG2, and AWG3 are three
individual gills of high-alkaline groups; LSWI1, LSWI2, and LSWI3 are three individual intestines of control groups. LSWGI,
LSWG2, and LSWG3 are three individual gills of control groups. Q30: The base of the Phred value greater than 30 accounts for

the percentage of the overall base.

AWI vs LSWI
AWG vs LSWG

(2480)
(1699)

2237 243 1456

B ridn ™ FLGa e Xt 8 i 18 A2 2
25 57 R IRHE P i R
Fig.1 Numbers of differentially expressed genes in intestine
and gills of L. vannamei under high alkaline stress

23 BEMETAMNRNFEFREZER GO HE
S

GO BT IR, 22 5L 78R Y3 FE (biological
process, BP). 40 %43 (cellular component, CC)F143
FIjfE(molecular function, MF)H #4553 4, Hrfr,
DAY EZ ., i, 25Kk ERILE LR
5253 4~ terms, Hrf, AWl 3223 A, 4ifE4H 5
910 4, Z-FIIAE 1120 4>, SIHZUR, ZHRBH
At 5] 3647 4> terms, HiHr, A=Wl 1244 4,
MLy 1185 4>, 70 FIHAE 1218 4> fEA Y i R,

AR L AR . NGRS . B s DR
MU FE S0 7 22 S SE R i 2 (L2 FE A Bl 02
h, 25 5 N A 2 1Y 2 A L2 A AR X RIS 5 T AE
SrFUIgeSETh, A MG X REE T RE W
2= S Pk A 2 b s S WE I ET 10 > GO
terms 17 ER (K 3),

24 BRMBETAAENHRERRIEEREKEGG B
ENH

KEGG HHELZR TR, 2 FhibFAE I8 41240
DEGs ¥ ) 238 4~ %, 7EERZ141H) DEGs ¥} 225
ANiE R, M KEGG &3k BUE 4 /e i 19 20
MRS, 2 KEGG & £SE(E 4), H,
Jp i vh 22 S Bk BN AR TR AERE AR L oKL &
AL, BB . ABC BSfEREis . B9
GaE IR T AR AR, i rh 22 S ARIR LR R EAE P E A Ik
HRARH . kiR S . AR A . B L&
BT is A IR
25 FERAHIER qRT-PCR WIiE

M2 FPASTR] AL BT NLAN T8 X5 0 ) g A 0 08 e G
Y 243 4~ 3L[E DEGs H7, #¥E GO il KEGG & 4%
O BEE 10 D22 550 K DEGs #ET5uE(E 5).
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Fig.2 The volcano plot of differentially expressed genes of L. vannamei under high alkaline stress

a: EARZEFENKINE; b: B4H

SEHER K LA

AR AR 22 SRR, L0 W R RGR R, SRl W R R R GR R
a: The volcanic plot of the differentially expressed genes in intestine; b: The volcanic plot of the differentially expressed
genes in gills; The gray means non-significant different genes, the red and green means a significant different genes,
red means the up-regulated genes, and green means down-regulated genes.

KK qRT-PCR SR ik #a ¥ 55 s Rk e #H—
., Hv, NKA-a. NKAIN. MDH. Rhbg Fl Nmdarl
FERTE S e T 2 LIRS, ZRMRE 1.6~4.1
ZIal; Eip74EF. CAl. CA10. UGT8 Fl Hex-t2 3IA
ETARE, ZRMEETE 1.9~4.4 ZIH],

3 ifip
31 KHSWME T LAENRERAS N

KA 38 T, PR I g 18 rh 25 S 5L N 3
SUR AR . BOKALE Y . RIS WS TE AR R
A DG 8% L N 240 B 0 T S e M G ., e 2 S
PRI 3 2 5 2 70 2 W H AR a8 45 204 Qi A DGl it DA %
Tk R I 12 45 B8 Btz s M Gl B o BRI i 1 2 FLAN
VEXTARER G 15 . B E A A KR A E .
BEZIK A SRR IR AR B, TERIRSCH: . BiEE
S F0 2 R HE A T R HE AR (R A B AR
2019), M FEAUARRY AR TR L B IR DL R i
B A AE TR B EEAEH . MRV, & pH A4
5 gy 38 2H 200 T Ak T T R BT AL T 15 M (Duan
etal, 2019), I, AHFFELITEE ML X R 68 A
JV 18 A AR S S g R R, 3 A v 3 R R S A
T fei B JB0h 3 o0 T 8 00 2R A T e SRR 22 R o ik
P 0 B 25 2 10 o M ) A A RN TR (AR A, 2010
2012; Mp €A, 2016), 1T I )RR BE(Gymnocypris

przewalskii) . FLIRHER i (Leuciscus waleckii). J&%
W (Oreochromis niloticus) %5 A ZSTE B IR EE T,
HAAN SR BE A KB W&, 2017, #HDBL4%, 2021;
R, 2016). AWFFE, FLAIE XS I8 1 1 %
W SR AR A B R T R 22 SRR T, A
A I R S v B 2 B, A A R U i 2 3 A

SO o[RS, LR I 200 A O TR G i ) A2 Ak
P, WA PR AT RE S IR H AR SEBTAH R 5E, U
PEINH] (Xiao et al, 2019).

32 BWIMET MR IREXERRIE

ARG LI, A6 R A = i B, B2 2
NKAIN , NKA-a %55 7558 3 Rhbg Ak is 7 A
LI N EVRHREL, Wi CAI, CA10, Eip74EF “53E N 3%
PR T PR o LA X 7 %o 7 Al 30 %) i 7 B 1
BONE Y, M BB RIREE R, kK B
HCO;. CO3 2585 1 1] EL I8 foh o o 060G At 3 i
FEEBAL, AR BT, BRI Ak R, i

ST U TG o R B R KR R A R Y CO5
HCO; S BUKA Sh iR Nt AL 2 89 HCO;, [FAT, 4k
RSN pH S0 — L8 g (an Na'/H'
CI/HCO;%§), HCO; Kt RN, i Bk A sh ik N iR
BT 1 B IR, e 2 S 8O B (Yao et al,
2015), AHBFFEH, iR NKA RN R FIF, A
F T 1 B R BE T L4 v Xk O A B AR P B 1O A
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Fig.3 Top 30 GO enrichment of differentially expressed genes of intestine and gills of L. vannamei under high alkaline stress

: EHS RN GO WAE; b BASERIEN GO FE
a: GO enrlchment terms of differentially expressed genes in intestine tissue;
b: GO enrichment terms of differentially expressed genes in gills tissue

AR 2 2K 190 Bk 9 T 6 D0 B BRI 9 HC O, 5 8, NN EEXT IR R Rhbg Feik BIE, HEMHATRES S5 T
AT AR B AR 3 FHERIRETE(CAs) KR w0 T2 401 B e shseh K ca®”
TR 7K HF o 157 g B Bk 38 41 AL T A AF 9 A R B TR &Pk i, 5225 s AE 58 1 i 0 28 A5 o S
CAc Ml CAg FEmA S HAAEZWRE S, XM 4 Ca SR, (FIE R S5 7h e D& ol 3 i i g 4
Bl IREE T XTUR A AE TG R AR EZAE R, AR AT S SUNOKIR TR Ca (B IIAE, 2005) #E 1 ] = Bl oA
BUTHEA](Ge et al, 2019), BF5ERM, MBABESE BT, BT Ca¥ Wik, BeRMER, Aw A7EH
mi K AR S A HEM, R LS BV RR. Ur B FERAOBIE R, AT R IR, Eip74EF 1R
BB A HEME (R R KEE, 2017), ARIFFEE L, H A R, X — 35 K 7 I s SR W (Drosophila)
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Fig.4 KEGG enrichment results of differentially expressed genes in intestine and gills of
L. vannamei under high alkalinity stress
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a: KEGG enrichment results of differentially expressed genes in intestine; b: KEGG enrichment results of differentially expressed

genes in gills. The P-value is represented by the color of dots. Red color indicates small P-value.
The number of differential genes contained in each pathway is represented by the size of dots.
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Fig.5 Validation of differentially expressed genes in gills of
L. vannamei using real-time qRT-PCR
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Transcriptomic Analysis of Gene Expression of Litopenaeus vannamei
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Abstract The total saline-alkaline land area in China is approximately 99.13 million hectares,
distributed throughout northern China, coastal areas, and areas along the Huanghe River. About 45.87
million hectares of saline-alkaline water areas are spread around these lands, most of which are athalassic
waters characterized by a high pH value above 8.8, associated with high-carbonate alkalinity and various
types of ions imbalances. The saline-alkaline land and water cannot be directly used for agriculture, and
most of them are arid. The development of aquaculture in saline-alkaline land is not only beneficial to
expanding the aquaculture area but also can restore the saline-alkaline soil, which is of great significance
to food security and ecological restoration. Saline-alkaline aquaculture is one of the main inland
aquaculture models developed in the past ten years. With the maturity of aquaculture technologies, the
saline-alkaline aquaculture area has expanded year by year, which has brought earnings to local farmers.
China has abundant saline-alkaline water resources. The high pH and high-carbonate alkalinity of these
waters restrict the survival, growth, and reproduction of aquatic animals. Litopenaeus vannamei is highly
resistant to stress and has a certain tolerance to saline-alkaline water. Under short-term saline-alkaline
stress, the expression of the carbonic anhydrase (CA), Na' /K -ATPase, and other ion-regulated genes of L.
vannamei were induced, and the acid-base and osmolality balance were determined by strengthening ion
regulation. At present, relatively few studies on gene regulation of L. vannamei under long-term stress
have been performed. Although L. vannamei farming has been successful in saline-alkaline water, the
survival rate is unstable, and there are few reports on the selective breeding of L. vannamei tolerant to
salinity and alkalinity. Through independent innovation, a family-based "multi-trait compound breeding
technology for aquatic animals" has been established in China. These techniques have laid a good
foundation for developing improved L. vannamei strains. To effectively utilize saline-alkaline water
resources, it is urgent to conduct L. vannamei salt-alkali-tolerant breeding and promote the healthy
development of the saline-alkaline aquaculture industry. L. vannamei has strong environmental
adaptability and relatively high tolerance to saline-alkaline water. It is one of the main species of
saline-alkaline aquaculture. However, its survival rate in high pH and high-alkaline environments is not
stable. To explore the response mechanism to long-term high-alkaline stress, L. vannamei was exposed to
low-alkaline water as the control group (LSW, carbonate alkalinity of 3 mmol/L, salinity of 6, pH of 8.1)
and to high-alkaline stress (AW, carbonate alkalinity of 10 mmol/L, salinity of 6, pH of 8.8) for 42 days.
The intestine and gill of L. vannamei raised for 42 days were used as the experimental materials.
Transcriptome sequencing was performed using the Illumina platform. After splicing analysis and gene
annotation, the differentially expressed genes and regulatory pathways regulated under high-alkaline
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stress were screened and analyzed, with further verification by qRT-PCR. The results showed 243
differentially expressed genes in both tissues, of which 98 were up-regulated and 145 were
down-regulated. The differentially expressed genes in the intestine were enriched for glucose metabolism,
carbohydrate digestion and absorption, bile secretion, ABC transmembrane transport, and tight junction
related pathways. The differentially expressed genes in gills were enriched for glutathione metabolism,
bicarbonate transport, arginine synthesis, sugar metabolism, and ion transport related pathways. The ten
most significant differentially expressed genes were further studied and verified by qRT-PCR. Carbonic
anhydrase (CAI, CAI0), ecdysone-inducible protein (Eip74EF), and [-galactosyltransferase (UGTS)
genes in gills were down-regulated. However, the expression of Na /K -ATPase-a (NKA-o), Na' /K"
transporting ATPase interacting (NKAIN), ammonia transporter (Rhbg), and malate dehydrogenase (MDH)
were up-regulated under high-alkaline stress. The transcriptome expression pattern and qRT-PCR results
were consistent. We speculated that these genes may be involved in the shrimp stress response to
high-alkaline stress. L. vannamei showed a relatively strong high-alkaline tolerance, which may be
compensated by down-regulating the expression of CA to prevent alkalosis, up-regulating Rhbg to prevent
ammonia accumulation and NKA-related genes to maintain the osmotic balance. The ecdysone function
was probably affected as the Eip74EF gene was down-regulated. This study provides basic data for
further analyzing the physiological response mechanisms of L. vannamei under long-term highly alkaline
stress.
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