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B e gg 12 SRR M S N R T
K LI O CQORE 2 0 1 el P AR AL, 48 i
WA SR E T RS S R . & R A R b
P ML, 2 L HE A TR A s B A 85 A AE YOG
B URTZH I T A A ok g AL B s R B,
22 C1UHI HCO: 55 [ B 1 ¥z 1 8 1 50 £ 20
i3 K (solute carrier) SLC4 Al SLC26 Z ik, B 1]
FEIR U B ICHES (i 6 . . SRS R
wEREREE", ARENEECAER D6
(Danio rerio)t"®', W 84(Oncorhynchus mykiss)!'®
H#(Oryzias latipes)!" VEEF S FE FPHIESE, X 8
HHRGZ S HCOsW s, TEAEFRAR N R %-T
oy A EEEEN ., RESAEERY P A
(Oreochromis niloticus)""™ , T WML Gymnocypris
przewalskiin)"VERFFE R FERE R I EANTS S HCO;s
()55 B i o IR 2 0 S0 3 ok L 5 A B A ) T 1k,
RIMAESTL I Z N NaHCO; BB MM A T, 8 TR
FHER fRE S L T B sledad slc26a5 Fl slc26a6
SEIH ek, JRHENN SLC26AS 1 SLC26A6 1]
RE (7 T 68 5 1 20 M T, 2R N HCOs AR G
b 1 P,

Rk, AT 4 T slc26 ZIGAE FLIRHERD M1
SR oA . BT RE, ABFR LT RL IR
2 0 5 35 1 35 DN A e s s, 408 ol T
UESERIN sle26 G, I HAERL R A By sr
i o AR L) F B 00 B AE A RV (1) 43 Ak 2k
TTRAF, TIHZE G e E Y Dite, A~
B DR 27 £ 2 B 81 42 B 7 e A B R B AR A

1 #R5EFEZE

1.1 slc26 RixEREF IR EE

T R A slc26 FEF PN B TE 4,
Ensembl (http://asia.ensembl.org/index.html)Fll NCBI
(http://www.ncbi.nlm.nih.gov/) Wi ™ FC 5 & T 2544
$5 N(Homo sapiens) . B(Mus muscculus) . #(Cyprinus
carpio) . #(Carassius auratus) . BE | — |
(Gasterosteus aculeatus). WL Je% 9L, K
% 60 (Luciobarbus capito) . ¥R M 42 6 (Anguilla
anguilla) X K VG EE(Clupea harengus)S5 3511 10

AR slc26 BHF S, @K slc26 75 45 1L
R 1,

BT ATREU O A 1 U IRHER 1 HE PR 2 Fn i
SEABHE (FFRFR), TR slc26 B i
15 75 [ ML Y sulfate-transp 25 14 B (PF00916) 464
FLIRHED fa S AL sic26 SEFFH, IR P8 BE 5
i F1 N 2E W i 45 725 Ay 44 (https//www.genenames.
org/); SRJE, M T A B, D MY
slc26 F:[H, i TBLASTN I BLASTPP %} I [G
T2t N A AT AT i), e (EARWT R 1e7, RHL
sle26 WEBEIER . B, A HAMPIFIR sic26 3
A, PR B ECOHE 25 0 356 PR 2 v 5 7 mT RE Y slc26
P,

1.2 slc26 ZERRKERBE LD HFER

F 4 B ECHE & 0 56 DR A v A B SR il
sle26 HIYORA B LS B, A TBtools™
it e ek iR R
1.3 REABEWHAE

P ELICHER A slc26 SEH S | ) BE LA
=ilfn aTEE | JER B AR BT | R 68 i
Jo K VG VR R IR UR S kAT B A, R
MEGAT7.0B 347 Z2 M7 5 [R5 LU X, ol Y ek
IR (maximun likehood, ML/ #: RGt & B W .
i FH (Kimura 2-parameter + gamma distributed )# 7,
EAR KB bootstrap=1000, H AL ERINSEL,

1.4 R&KSH

sle26 & R R 5 W 01 22 18] BE [R) 5t A7 78 25 57,
KT HIN slc26 FEP G I DRSS R S 4
B, FFRE T slc26 HERORSFHE T 40T o 4 558 1Y B
RHED . slc26 FER P 5] S HAEIER AL i o7
5 B AT B, i 7F L F MEME (https:/
meme-suite.org/meme/tools/meme)* i1 B {5 5F 4%
sk, SHnT: BEERECRR, NENRE 10
K. (i TBtools {4 d Bt (v RIS B
FfAd H AT A
1.5 AEHEAERKRIESHT

S5 0 Ay 18 LI B DG 25 (TR AR Ak A A
T¥H F39 )2, FIAE(48.7246.8) g, “FHyik
K M (14.61£1.33) cm, 50 mmol/L NaHCO; Wrif
7 do B SR AR, o3 R B 45 S gt A A
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.. L . B WA 7 A, B3 KA
ﬁﬁ@%ﬁAmAM%ﬁE@%E%&§%OC
VKA R A% . {8 TRIzol (Thermo Fisher,
America) 15 2 B B B9 RNA, JF e % R
cDNA T )5 5920t 2 & (RT-PCR) ST o

M VU slc26 FE % mRNA J¥51i
WA RGIMIEE 1), DL 18S NS HEH, Kl
[CHER 1 slc26 BRI FEAS[R) 2H 2 Y Kk 7KK o R
PARR T AT RN, —Fh A SEI 2O e & PCR 5,
4% SYBR Premix Ex TaqTM II (TaKaRa, H#A)
A G UL B HIFE, AT ABI 7500 Fast Real-
Time PCR (Applied Biosystems7500, America)i 17
SLAFHEIEE FE PCR Kill], PCR UM ARIFA: 95 °C
30 s; 40 MEFLHE 95 'C 55,60 C 30s;95 C
155,60 C 1min, 95 C 155, R 224 phbap

®1 REREFTE sic26 EARKSIMER
Tab.1 Primer information of slc26 gene

family in Leuciscus waleckii
EGEE B
A s¥IFHI(5'-3") /C J#/bp
gene sequence of primers (5-3") annealing  size of
temperature segment

sle26al  F: ATGGCGTGAGAGCAAGATT 60 121
R: GACCACCACACAGATCATAGAG 60

slc26a2  F: GTTCTGGCCGTCATCATAGTT 65 111
R: GGTAACCAGCCAGATGATAGTG 60

sle26a3.1 F: GGATTTCTACTTGAGCCGTTGC 57 173
R: GGGCAACGGCTCAAGTAGAA 57

slc26a3.2 F: GAAGACGGCTTTGAAGACGAAC 58 121
R: GTTGCTTGCCCCAAATGCT 55

slc26a4  F: GTCAGCAACATTTTCGAGGA 56 189
R: TGCAGAGGCTGAAGAAAGGG 57

sle26a5  F: CAGAAGAGTGGAAGTGGTTGT 60 108
R: AGCGGTTCAGTCAGGTAAATAG 60

slc26a6l F: TGCCTCCATTGGTTITTGCTC 55 142
R: GAGCAAAACCAATGGAGGCA 55

slc26a6  F: CCCCAAACCAACACAGACTG 57 149
R: GCTGCGTTGACTCTGGATTT 55

sle26al0 F: AGAGAATTGGAGTGGCATCAG 60 103
R: GGTTCTGAGAGGTATGTGGAAAG 60

slc26all F: CTGGTCTAAAGCCGTCAGTATTA 62 111
R: AGTGAATGATACCGGTCAGAAG 60

188 F: GGAGGTTCGAAGACGATCAG 60 183
R: GTGAGGTTTCCCGTGTTGAG 60

BiE, nNh—MARETEAN 7 FI414U0 RNA-
seq KudiE, FIH HISAT2 0653 38R 1Y reads
Hﬂﬂ‘iﬁ [CHER 15 LK 2H, ] StringTie 44120
T3 SEAPHE T TR ik 18 fpkm (fragments
per kllobase of transcript per million mapped reads)
W, rid fpkm {65500 5E i 80 23 i W
LY R S RN IR
1.6 &ML ST
1.6.1 slc26 BFE SNPs (i m4it5 FEItE H
35 Xu 25V Wang %527 % RO BUE, A PIGI{E
B FEAT B P R AR 2 A B P B K DA (23
)RR K FIRE(15 )it 38 LA T A SNPs
Bl . BT T slc26 FEFTE 38 FRHR/K AR K
MAESER A B/ SNPs i, JFgEi HAE 2 1
X . W& FIXE . 3'UTR # S'UTR AYALE A%
LT a5 W SRR TR AR B Fo {8, IR Fy,
top 10% 5 2ERHTT TN Fo (HILE, IfFittT
B R, E ORI RE R B sle26 S5
WY Fo H53 i
1.6.2 slc26 EE SNPs i SEREB S fii

Vcftools (http://vcftools.sourceforge.net/man_latest.

html) B AF 43 B FE i 3 SNPs v 4575 3] vef #8283
RS @ st plink B8P0 vef TR N
ped/map A 3CHF; Hip ped SCHE SNP 3 5 Y
FER A, map SCHF 2 SNP A S i B 15 B . RH
SPSS 19.0 iR Iy K46 647 SNP JE PR B 5 ok ¢
WRAr AT, 255 WE R 0.05,

2 HRESH

2.1 slc26 BEERKERRNEE

XTECECHER (0 sic26 3N K AL 51 5 HAtb )
FiR) slc26 PR HEAT R ELXT, &5 5 7E FUIRHER
0 N 20 rh 5 B 10 4> sle26 B S5 R R (=
2). MR 2 WUEH, HARPAEEN 114
sle26 FEH KGR, BRUT A B B AE Ak, K5y
ARIE LIRS )& H slc26a7. slc26a8 Fl
slc26a9 FEH , #E—F e A B, FLIRHER f slc26
LR ZE IR slc26a3 F slc26a6 55471 WP 544
1K, e sle26a3.1., slc26a3.2. slc26a6 Fi
slc26a6l, %t 10 4> slc26 FeRTE LR HES ML R 20
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R R BTG, SR ER, X 10 slc26
FER A FER K /INE 5029~15491 bp ZJ8], Zwfid )T

IR E R 193~1506 DR IR, ShE TEHTE 4~
21 P2 IE K 3).

T2 slc26 BERAEZ WSt

Tab. 2 Statistics of s/c26 genes in different species

SRR BOKERL 2 g 2k
A A B euryhaline fish freshwater cyprinids catadromous fish  F{ [CHER 1
gene  Homo  Mus =gy arw R kR RO W W WM Apupal Leuciscus
sapiens muscculiss Gy sorostey Oncorhynchu Oreochromis Luciobar Danio  Cyprinus Carassius Anguilla  Clupea waleckii
s aculeatus s mykiss niloticus  bus capito  rerio carpio  auratus  anguilla  harengus

slc26al 1 1 1 1 1 1 1 2 1 1 1 1
slc26a2 1 1 1 1 1 1 1 2 1 1 1 1
slc26a3 1 1 0 1 1 2 2 3 1 0 0 2
slc26a4 1 1 0 1 0 1 1 1 0 0 1 1
slc26a5 1 1 1 0 1 1 1 2 0 1 1 1
slc26a6 1 1 1 2 2 2 2 2 2 1 2 2
slc26a7 1 1 0 0 0 0 0 0 0 0 0 0
slc26a8 1 1 0 0 0 0 0 0 0 0 0 0
slc26a9 1 1 0 1 1 0 0 0 0 0 0 0
slc26al0 0 1 1 1 1 1 1 0 0 1 1 1
slc26all 1 1 1 1 1 1 1 1 1 1 1 1

total 10 11 6 9 9 10 10 13 6 6 8 10

T R AP BT RS FE AR N B A P A4

Note: Figures in the table indicate the unmber of genes in the certain specie.

R3 RRETE&E 260 ERFREELRER

Tab.3 Basic information of s/c26 genes
family in Leuciscus waleckii

i hh L SN 5 dE|

SEE BEPE ALK /bop

gene  genomic length ’q}(%f/aa cdjﬁ?ius nugzigof
slc26al 5568 1506 Complete 4
slc26a2 11268 775 Complete 4
slc26a3.1 5029 225 Complete 19
slc26a3.2 11826 228 Complete 21
slc26a4 6677 252 Complete 18
slc26a5 13859 210 Complete 20
slc26a6l 7605 405 Complete 19
slc26a6 15491 422 Complete 18
slc26al0 10476 265 Complete 19
slc26all 12053 193 Complete 16

2.2 sle26 BEEKRMRBEREM

FE TR B2 S5oR o8 U PUIRHE S £ 3 AR
HEE, RBURH] 10 4 slc26 FEFRTEILF L 1Y
AEAR R, JFEAT 7R AEN BT . R R,
10 /> slc26 FERANSEI S Mo A 7E FLIRHED 419 6
Sy afk b, H, slc26a3.1. sic26a3.2, slc26a4
N slc26a5 53 AR 1E chr6; slc26a6 F slc26al0 534

1E chr19; HAx 4 L4353 E chrs (slc26all) .
chr12 (sic26a6l) . chrl3 (slc26a2)F chrl4 (slc26al)
(K 1),
2.3 sle26 EEAREM ARG LR B MIEE D

FIH SR ARUSR X T Eh Mkt 2 | RoK R} (0
28 A PE 2 sle26 FIERA W AMET &R
BRBRE 2), WHERELERTLIFH, slc26 K
AT LA Ar B 3 KAy 3 S — KA S WA/
32, Horpsle26a5 R slc26a6 ., sic26a6l TR JRTER
5, BRh—3, slc26a3.1. slc26a3.2 F sic26a4 |7
PR, NI — 3 R RS W
ANINGY S, slc26al B sle26a2 VRS, BAE—
AL, slc26al0 Fpph—37; ANFEIFPZEE sic26all A2
F5 = K32,

thG sle26 IR FEAETCIRMED AL R4 -
P EEE . NETMANETFEH, i/ MEME
FELIRAE XS AT TR BT (K 3). B Il 3 AT,
FLICHER 111 10 4> slc26 R R R RS R
Bk E AR SRR 5, HILEE 6 MBI,
4352 Motif 1, Motif 2, Motif 3, Motif 4, Motif 8
F1 Motif 16,
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Fig. 1 Distribution of 10 s/c26 genes in six chromosomes of Leuciscus waleckii
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Fig. 2 Phylogenetic tree of s/c26 genes in different fish species
Ten slc26 genes of Leuciscus waleckii were marked with black dots.
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Fig. 3 Motif analysis of slc26 genes in Leuciscus waleckii
Motif 1-Motif 6 are the common motifs of sic26 genes.

24 ERBETAE sic26 ERERRALARFRIL LA, slc26 FGA NG AE FLEHE D fi AN [ 21 41
SR (R ZRIR G HIEAFALT o slc26 FIEAS W5 TE SR 2

IR A RNA-seq FIS2 I 5865 B 1Y 45 5 1] WA Fik; sle26a3.1. slc26a3.2 F slc26a4 16 Hifp
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hRB R, TENRA PR ERIKE 4);
sle26a5 . sle26a6l T slc26a6 TE WG FhAG I 532 A
FKIRGERF A A, RNA-seq /8 slc26a5 Al

WS 7R 3 ik DR 38 7 i 21 21 b s Rk (] 5);
slc26al | slc26a2 . slc26al0 Fl slc26all 1EWIFPKE
W52 A5 B A5 REEAA L, Hrh slc26al .

slc26al0 1 sic26all & '8 H 4 Kb B E,

slc26a6 EHSH LI h ki, (A5 ER  sle26a2 FENFIE P R A e, HK MEL(E 6).

a b c

260 slc26a3.1 B 0.8 o) 1000 slc26a3.2 ~ 300 .5 40 slc26a4 ~ 4
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G: #8; K: B L M, L. JHF; B: is; Sp: M8 M: LA
Fig. 4 Expression levels of sic26a3.1 (a), slc26a3.2 (b) and slc26a4 (c) in different tissues of Leuciscus waleckii
G: gill; K: kidney; I: intestine; L: liver; B: brain; Sp: spleen; M: muscle.
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G: gill; K: kidney; I: intestine; L: liver; B: brain; Sp: spleen; M: muscle.
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T4 sl ERERRET BR/KMKKMBEEEERES LA SNPs REERFE
Tab.4 Potentially differentiated SNPs and their genotypes of slc26 genes in alkali-adapted and freshwater Leuciscus waleckii populations
FEPIRUTER (IMASD FE PR (AMALD)
S i SR genotype frequency (no.) S o SR genot}fpe frec‘luency (1"10.)
gene locus genotype BKFIER23)  BROKAEE(LS) P gene locus genotype L Kﬁ’ﬁm) BOKFRRR1S) P
alkaline freshwater alkaline freshwater
population population population  population
slc26a5 SNPugisomsis  AA 0.0% (0) 13.3% (2) sic26a6] SNParnioososss TT  13.6% (3) 0.0% (0)
(intron) AC  261%(6) 20.0% (3) 0212 (intron) TC  227%()  200%(3) 0299
CC  739%(17)  66.7% (10) CC  63.7%(14) 80.0%(12)
slc26a6] SNP .10038592 TT 43.5% (10) 13.3% (2) SNP 1210941063 GG 22.7% (5) 6.6% (1)
(intron) TG 43.5% (10) 20.0% (3) 0.003" (intron) GC 50.0% (11)  26.7%(4)  0.055
GG 13.0%(3) 66.7% (10) CC  273%(6)  66.7%(10)
SNPius-10938758 TT 13.0% (3) 66.7% (10) SNPuiz100a124  AA 73.9% (17)  60.0% (9)
(intron) CT  522%(12)  20.0%(3) 0.003" (exon) GA  218%(5)  400%(6) 0376
CcC 34.8% (8) 13.3% (2) GG 43% (1) 0.0% (0)
SNPui2.10038788  CC 34.8% (8) 13.3% (2) slc26al10  SNP 1222035057 TT 43.5% (10) 0.0% (0)
(intron) CA 52.2% (12) 20.0% (3) 0.003" (intron) TG 217%(5)  333%(55)  0.011
AA  13.0%(3) 66.7% (10) GG  348%(8)  66.7% (10)
SNPeyio-10030255 1T 27.3% (6) 66.7% (10) SNP 11922037713 TT 91.4% (21)  93.3%(14)
(intron) GT  40.9% (9) 20.0% (3) 0.059 (intron) AT 43% (1) 0.0% (0)  0.688
GG 31.8% (7) 13.3%(2) AA 4.3% (1) 6.7% (1)
SNPeniz-10030304 GG 13.6% (3) 13.3% (2) SNPu1022030039 ~ AA 43.5% (10)  40.0% (6)
(intron) GA 63.7% (14) 13.3% (2) 0.005° (intron) TA 30.4% (7)  26.7% (4)  0.889
AA  22.7%(5) 734% (11) TT  26.1% (6) 33.3% (5)

* 7R il R AR AE BRI K TP 6] 22 S 3

* represents significant difference between the genotype frequency of the alkaline and the fresh water population.
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Identification, expression, and evolution of slc26 gene family in
Leuciscus waleckii
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Abstract: The high bicarbonate (HCO3 and CO3") and pH in alkali-saline water have a significant impact on fish
growth, reproduction and survival. Amur ide (Leuciscus waleckii) can survive in Lake Dali, Inner Mongolia, with
an alkalinity of more than 54 mmol/L and a pH of 9.6 and become a dominant population. The slc26 gene family
has been extensively studied in humans, mice, livestock, and fish and codes for important proteins which regulate
the transmembrane transport of CI” and HCOj3. The s/c26 gene family in Amur ide was identified to investigate the
mechanism of HCOj transport, and its expression and evolution were studied using genome and transcriptome data
from various tissues and populations. As a result, a total of 10 members of the s/c26 gene family were identified in
Amur ide, which were distributed on 6 chromosomes and named slc26al, slc26a2, slc26a3.1, slc26a3.2, slc26a4,
slc26a5, slc26a6, slc26a6l, slc26al0, and sic26a611. Phylogenetic and motif analysis showed that the clusters of
slc26a3.1, slc26a3.2, and slc26a4, had higher homology than those of sic26a5, sic26a6, and slc26a6l, and of
slc26al, sic26a2, and slc26al0, while slc26all had lower homology with other nine genes and clustered singly;
RNA-seq combined with real-time fluorescence quantitative analysis revealed that with 50 mmol/L bicarbonate
stress, different members of the s/c26 family in Amur ide had tissue expression specificity. Among them, slc26a3.1,
slc26a3.2, and slc26a4 were highly expressed in the intestine; slc26a), slc26a6, and slc26a6l were highly
expressed in the gills and brain; slc26al, slc26al0, and slc26all were highly expressed in the kidney; and slc26a2
was highly expressed in the liver only. The genetic relationships between the sic26 genes were basically consistent
with their expression patterns. Based on the genome resequencing data, the SNP loci of s/c26 genes of Amur ide in
the alkali-adapted population (23 individuals) and freshwater population (15 individuals) were calculated, and 12
potential shared candidate SNPs were identified based on the threshold of the top 10%. The association analysis
between SNP genotypes and traits showed that there was significant genetic differentiation between the
alkali-adapted population and the freshwater population at five SNPs loci (P<0.05). The results of this study will
provide a valid scientific basis for further analysis of the acid-base regulation mechanism in L. waleckii. Taken
together, this study will provide a theoretical basis for the in-depth analysis of the acid-base regulation mechanism
of the s/c26 gene family in Amur ide.

Key words: Leuciscus waleckii; alkali-saline water; slc26 gene family; HCOj transportation; adaptive evolution
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