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RIS A EIEN1EX InDels il R HIIZHE 5 5 4

1,2 w2 2 =2
IRES, RAE, & EMHE, I
1 RS2k S e A e e, L 201306,
2. EK R AT ST B R TT KBRS T, WROK 2R A E S 7 B TR S0 3, AP AT BRI A K 7 A 4
ARG AL B S S A, BRIV IR A B A SR TR S PO A SRR R, RV IR /REE 150070

BE: N TR LIRHED i (Leuciscus waleckii)W i Eh SR FR 5 F A& N HLH], R Mo 38 R 4 S a9 ik 5 s, 4331
X PN S R R Ik HLIBN(53.57 mmol/L, pH 9.6) 1K HAMAEYT LAY FUECHE B 1 4% 5 RFEARIEAT T 3R 4
IR, BT S R4 JE K 4H K S B4 A/ B 25 (insertion-deletion, InDels)v S k4T T HL 84T . I 445 3]
486.57 G 1= U AL, 3243686532 4~ clean reads, “F-¥IMFIRE N 51.34 X JFHI LY G #6417 InDels #8 FH 3L 3815 4k
TU4% InDels 137 5 983528 />, R AL 4p M7 345 2% 5 InDels f7 £ 8176 1>, #4255 InDels I /> Ffr 5 35 (K] 2 9 16
FAE 5 X0, LR 5 ER 008 1 A O 1Y InDels 7 55 325 4>, JCBER L 176 4. &AM IR, 176 Ak A
FEAEBE TFEE | BRI 90E G I N A Y R EEAE R . A BasyCodeML . MEME #1 FEL 3 F
IR Ko B s R V- S el R DGR AR A R e BE IR abecl . atp2bl . slcdad . slc7a2 F agp4 4T T
AW RIS R, 455 s b B R X e B S R = RAEH, {5 abecl . atp2bl . slcdad F slc7a2 W%
TERE A A RS [ R 1) I e B, O FLR oS FOCHE DI RE S M b . R S5 0 HT R, SLC4A4 I
SLCTA2 AR /B0 A 5 A28 A 0 a5 F A R e, 000 AR B0 3 PR B3 A T 1) 1 1] B2 4% K 1 3K 2l 1 %
IXEEA AR o ASIIFST AT R BU ECE 2 At b Bl o 46 e 25 DR AR A2 908 B 78 BB B 43 FAR e A R 3R A5 S 2 Al o

KB FICHER M, SILFATNT; HAML; 8Bab N, wEEE); Sk
RESES: S961 XEIREED: A XEHS: 1005-8737—(2022)02—0184—16

TLECHE R f (Leuciscus waleckii) 3 J& T #JE
H (Cypriniformes) . #EF}(Cyprinidae) . H% 17
Fl(Leuciscinae), fEX g, ZREIL T HMA ML
Hs, FEIMG TRV 1D B
I Bt IR K B BRI o BU FCHE 2 HLAG Rk i £
el T 52 BE 1, BB B W 52 NS¢k ik HLW mel R
53.57 mmol/L, pH 9.6 Mt AN R IEE, FHIE B
SR Y 52 0 B 2 0, 1k LA S
KL (11500~7600 CAL.BP)J&— /iR /KW, F1
HALRK R AHE; B TF g 51 (3450 CAL. BP
24, HTARMET I, KD, HT G &R

Yim BHEE: 2021-05-22; 1EiTHHE: 2021-07-07.

PRI, 875 Shy o AT f PRt A A 001 20 T ok
FUECHE % 00 (B Rl ), 4528 7 T el ) 02 i 3
VEFE, TEAN R 1 AR R A] LSBT X 3k L v
B TR pHL PREE I DRt I ) 5 PRy T R A B 2
PERE TS K B, FL IROHE 2 12 K Ao A1) 15 ik

RIRKFNE 1.5 A5 BRI R, FUIR
i %5 £ K AR K R HG B T W R R IR L 45
Fa oAk, 00 s P 5 MRy 483 )V (local - adapta-
tion) AT AE & 15 I — % 4 Ak i R B R U0 R,
FU PR 2 00 0 4 1) e i 9 A P S Ay 4 s S £
A P A i PR 1 20 AL A A9F S I

HEETAR: EZESIIETTRITHQ019YFD0900405); % A RFFHEIATH H (31602136); HEIZK = RFFIFIE B Fh e 28 /3 25 MRt

B BT F AR 55 254 151(2019Z2D0601, 2020TD22).

EEEN EXGE1996-), B, WA, W5y m o a2 AY{E 8%, E-mail: 18266810085@163.com
BEEER: B EM, MFRG, BT 280 T A Y. E-mail: changyumei@hrfti.ac.cn
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ERURAE: FLIRAES 0 R O AR 5C InDels {375 B2 4 -5 73 B 185

T RRAR PSR

4 5 DR A v 3 e 0 R R R I A e, il DA A
2H R Mgt A B0 DQRE 25 £ R B 1 1) 15 A% SE Al A
AIRE . Xu 25058 i o BT FCAHE P #1131k LW A SR g T
FhRESL N AL SNP Z 8 Mt T JH A b dr, &
T —FR) 55 R py £ 3 AR i Bl A S5 R O 1
PEIEH, DIRE AT A BLX LI S 5 T R 6k
W B s AR Y HEM A R A
AT A PR PR B A S T R E R, R
MK FIROK I Fh S B bR dR, Tl 2= 5
) SNP AV i 48 22 1T 21 A2 Eh 0 E ) BEPE Y
frede L R BT i3 BEAIF 5 2 B 3k HL I B 1AL i
0L AR 110 356 DR 2355 I P AL 7] A %o B i R B A 5%

M T SNP, ##i A Bkt % (insertion-deletion,
InDel) /0 57 - dse 7 UL %) 28 R 2 A8 o il ) A
FaEMEMZ T BRI E e, BRT7ES
TP TP IX P o Fhnic © 2746 TR s % 45
Fa) 3 B LA K 3 ik 4 356 PR 21 5 BX T 5T (genome-wide
association studies, GWAS)JFJE 1)/ T & Fp*10
R fa S FE PR 2 v R S 9 2B AR X 3D

AHIF 5% 1R HRUEL TG HE 2 £ 3k LI RIAS AL VT FPRE
RS S, I 45 AL F P HOR, 0 e i
KPR AR KPS 22 57 InDel KA, 4G
8 A Bk 2 30 T | B PN B &I RS B i b vk
ERBRIE (M) e R R InDel v i S HOCHRIEA, IFXt
ik InDel JCHKIEPR HEATHE R R ) S8R A 4t
O AT . B 7R SR EH P2 InDel A8
S, R BL ERHE R a3 0 b st 6 A A B8 1k 42
Y . TR A S RE RS, ok fa 2 Fhor
SrFAmC i IT A SRS AR

1 RS

1.1 ##ZAKIER DNA #2E

FUIRHER #7331 R B N 52k 3k L FIAA A6 7L
IR, IR S RK TS EZ M Chang
0w M RGeS R E 5 R
FEZR, 35 LI ARRE (B K A, DL)F- 344 5 Fik
I35 4(139.18£10.96) g F1(20.90+0.68) cm; FA4E
VLA ROKAD, SHY PRI AR 3510 (125.85+
3.67) g #1(20.10+0.24) cm, ffi{A Z: MS-222 (Sigma-

Aldrich, &[E)FREEE AR MREL R 1.5 mL
TEST 25 R # KR B LR, TN R BRAE 25 1
I LK 2 DNA fifi i DNeasy Blood and Tissue
Kit (Qiagen, 78R GHEATHEIL, 1%89 B b
HECHL UK KL DNA 523, JF4F] Nanodrop
8000 (Thermo Scientific, %[ Kl DNA ¥ & il
4ffE, KA H A DNA B T-20 CIRAFRH.
1.2 DNA XEMBRSEENF

K96 A 4% i) DNA RSN (>1 pg)iiid CovarisS2
BEMLFT T K R 350 bp AYH Bt. R TruSeq
Library Construction Kit (Illumina, 3% [E)iF17 2,
AR AT T B 47 1 R ANAE R . DNA e
KumfEsZ .  ployA & . fimill e 4%k | 4fifk . PCR
T8 S 2D PR S8 RS SO ] A B o M SC
JiE 22 [ A J5 AE Tllumina Hiseq4000 F & [ 4T
PE150 RUA Sl ) o SC 2 A4y el K ey il o )3 fhy b
SO AR B B A A BR 2 W) SR 58 .
1.3 WFHERETFMG

JE AT P H R 254 FastX-Toolkit #f4:(v0.0.14)
(http://hannonlab.cshl.edu/fastx_toolkit/) #4171 €,
PRUEAR AN : (1) o 8 A o sl A1 (i Jt
M 0<20)H reads FF31); (2) i UEERR 0>201H
BRI IERE BN T 50%09 reads 7515 (3) itk
i 3% Q<10 ABREE) T 51, B LRl B A8 52 32/ 1N
T 0.1; (4) DLUEIPTA reads J7 41 1YL T 51,
(5) ok AL R B AN A2 T TG VA TR A B R o
KT 10%07 reads J¥41; (6) 3 <20 bp 11
reads J751 .
1.4 InDel calling #A%Eit+5 47

i | Burrows-Wheeler Alignment #{4:(BWA,
v0.7.17) L BRI 2 B0k 18 08 ) 0 a5 B G A
%10 % % FE 4 (NCBI: GCA_900092035.1) 3
FRHLXS, i NGS QC T H A% i € reads
T —2 B mE#E#; R Samtools #K {7
V1M ) rmdump FBREE F A, fifi IR 41
GATK T HA3(v.3.5)" 1%} InDel J& Bl reads #47
FeXf, H RealignerTargetCreator #4875 b1t
K A0 HE X A9 B 5 S, InDelRealigner X 4) 4 Lo Xt
SCAFHEATRE AR LLRT ;B ) ] BaseRecalibrator i
A B o 0 A5 EERT AR o



186 Hh [ K R

%29 &

1.5 %R InDel i sz 1R

fifi ] Samtools Z /4" mpileup % 5 InDel 75 5
B, A IEFREATR: (1) 0=20; (2) &AM
J¥ 7 35 VR B (QualByDepth)>3; (3) 741 L X i 5
438035 )7 H(RMSMappingQuality)>20.,

i FH SnpEff 4 PF(va. DU AR TL A% 6. 5
2 L DR 2 AN R SO R A AR P, X AR AR 1Y
e Tt InDel 58728 (o s EAT 007 B AU AR B TR o
SERUE RIS, SR I8 B RRA AL VR i [
H AN EARBRARFE R InDel XA, HR
5P AE VTR A ) e 52457 i (JR] — oA 4k 1)
InDel i 52846 —B0) He A, G e ik BLRh A 22
RN VSN B DI 7S B U = iU E S
L AL 5 8 (fixation index, Fo)FMIFhEEAZ 1R %
BEVE LAY 7 ratio (SH/DL)SEAT T ik HLWIFHRE FIAFA
FEVIRDRERE R 20 b e P05 S AGI, K Fy Fl 7 ratio
(SH/DL) 5 R 5% 3843 (F=0.375, x ratio=4.160)
Ve LN 4L BA S PRV 5 5 1 D), 7
AWEFEH, E#H LSRIESFEE 5 X8 Fo Ml 7
ratio (SH/DL)H IS5, U845 207 % X
ik HUWIFPAE InDel 22 57352007 i R HAp e LA
1.6 EEINEEESH

W FE DR 33552 2 KOBAS 3.017! (http:/kobas.
cbi.pku.edu.cn/)#4T GO Fl KEGG & &4 #r!'* 1%,
T Fisher 5 HAK:50 A0 K AL [, R Benjamini-
Hochberg Z H# xS PAEHEATINEE, B5E 0.05
VA
1.7 HLEFEEHNSH

RAE s LI EE R, TS 58 7 MR
B A7 G SR 4 0o R 100 i KR DX mRINA ¥ 81 7 7
VEFE T 1 o0 B o 1 ST HE R Ak DY) 2 A
(http://www.fishbrowser.org/database/amur-ide/)
PATECR HLIBFP R A 2E JE R mRNA JF41, K5 &R
GenBank #{#& J& (www.ncbi.nlm.nih.gov/genbank)
W £ IS 8 (Fundulus  heteroclitus) . Je % % AF fa
(Oreochromis niloticus). KV ¥E#E(Salmo salar) .
K& i (Larimichthys crocea). ¥t i (Danio re-
rio). ®8(Cyprinus carpio). #)(Carassius auratus)

5 12 PR %0 0 R mRNA P95 1), K f

YA T8 58 AP 51 64T Blast [t
X DL B AR 7 50 A LR o G iE MEGA X 3K fF
Clustal W 25O LLERIA X B80T 22 551 He Xt
FOF 25 A TBtools B AFPEA T8 57 ) i i e
KAUSR 1 (maxmium likelihood, ML)/ ## R G K H
W E S RGE LT RER, ARMEBEN
1000 D)5 ik A A i T (5 F2 B o fi FH EasyCodeml
B (v4.8)P2 g Code ML 52 il 345 e ik PR i
FETF] S/ AR A dNIAS (), REEKF W
(.tree) FN &4 S .phy [ 2 5 51 L X SCAAE R s A
BHE o TR A 6 RS R A 6 40 1 PR Y
E [ e, 25 A A e R R T B 6 R AN
[ A2 Ak, R R S8 K B B B9 6] 43 3 52 8
IR SRR TR, A ) 2 B R 6 3 28 1 i e 48 )
AE . AR FEET 4 X AR AL, MO (one ratio)
vs M3 (discrete), Mla (Nearly Neutral) vs M2a
(Positive Selection), M7 (B) vs M8 (8 and w>1)L) }

MS (8 and w>1) vs M8a (8 and w=1), SHK Mla,
MO, M7 HIXFR Y M2a, M3, M8s B5E 2544034 1t
W o> il HRIK LA 55 (LRT) Hh A 1 #5284 Y 421
AR, DIBLRIFf) Bayes Empirical Bayes (BEB)
i R B 2 TE ) e B R I AL A, AR R =
0.95, FHZAL 28 W E N IE M EREE S . It
G, Ry ikt G B BH P O ) B R, AR SY
W% R T [A) AR A T 2 Y AR, L dE
TR A 00 AL (MEME ) ] 22 2800 45 5 (FEL) , 74
PR i i Datamonkey 7F 28 I 55 #% (http://
www.datamonkey.org) 56 i, 1 &2 LT S50 IR 7 15
UEE RIE RSB A (1) f+>a; (2) ISR LKL
P<0.1, ifijd EasyCodeML. MEME Al FEL H
b o L 05 A 7 N A S B I [ e
FE 37 85
1.8 IE [mEFEAL = Th BE T

TR R AZ O T B R IR R A S TR,
FC LG 2 0005 306 6 R A 36 R 15 51 18 FE HMMER™Y
55t )y 5 i T RIEE R, T MEGAX {4
) MUSCLE &5 JE47 e Xt LAR 2 B ECHE R fa1E 7]
PEBEA S AERE S0 i &, A Pfam 7€
23 AT 2 4P s BE S fa [R)IEDT S L s
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£1 AEYF mRNA FHIEFEE

Tab.1 mRNA accession number of different species

L gene
PFp species Sl
abccl atp2bl slc4a4 sle7a2 aqp4
BEH XM_ XM_ XM_ NM_ NM_
Danio rerio 001341859.7 021474965.1 009301742.3 0010085841 001358313.1
i XM_ LHQP LHQP LHQP XM _
Cyprinus carpio 019063140.1 01004580.1 01006640.1 01044284.1 019126192.1
Kk XM_ N.A XM_ XM _ XM _
Oncorhynchus kisutch 0318144241 o 031816383.1 020502083.2 031833596.1
TH il XM_ XM_ XM _ XM _ XM_
Oryzias latipes 020705549.1 020714117.2 023958122.1 011480522.3 011486891.3
Je ¥ Bkt XM_ XM_ XM_ XM _ XM _
Oreochromis niloticus 005461613.4 019346817.2 005451543.4 005460484.4 005476355.4
A2k XM _ XM _ XM _ XM _ XM _
Sinocyclocheilus rhinocerous 016441595.1 016272439.1 016481766.1 016446453.1 016532039.1
i MH XM_ XM_ XM_ XM_
Carassius auratus 420555.1 026236876.1 026211369.1 026281018.1 026195121.1
B 55 SR i XM_ XM XM_ XM _ XM _
Ietalurus punctatus 017490307.1 017494455.1 017452158.1 017474119.1 017455409.1
KA XM _ NA XM _ XM_ XM_
Perca flavescens 028598933.1 o 028577137.1 028589476.1 028592985.1
JIK i XM _ XM_ NA XM _ XM _
Fundulus heteroclitus 012860936.3 021309511.2 o 021318690.2 012875407.3
K XM_ XM_ XM_ XM_ XM_

Larimichthys crocea 010755057.3
EH XM_ XM _

Chanos chanos 030790406.1

027291879.1

030778801.1

010736564.3 010732897.3 010730011.3

XM XM XM _
030772709.1 030765002.1 030770711.1

FUBTRAL T T RE 25 44 Sl 5 T e 4t A Ay o5

AL, 18 R A8 [0 25 F 0 AT IR 55 %% 1-TASSER™®)
T AT B BB vk T 4 326 5 D) ) 1 T
USSR, HE—20 TR R gn S R B DB R L,
BRI PEAL @ 3F C-score FI TM-score €M% . XfT
C-score, FJ{5JE X[ H[-5,2]; XIF TM-score, K
T 0.5 RUHFNGE A BA B = s PE, /T
0.17 F RS M MERR PR A 222020 & B A
J = LS LAY E i PyMOL K44 (https://www.
schrodinger.com/pymol/)#17 /@7~ o

2 HRE5HH

21 MFEESIT

FE S 2k 0 R R 2L 2 AR T 3243686532
/N B i clean reads, fU 8 486.57 G I ¥ &0 dE .
Hr DL 404 1659962056 reads 1 249 G %L,
SH #4047 1583724476 reads il 237.57 G lIEH(F
2). S5¥IUH reads ML, PR TORIWEFE clean

reads i 96.7%, H:H', phred score>20 fJ reads i
97.3%, phred score>30 [ reads (5 92.6%., GC
SEBRAE, 16 39.30~39.88 Z[H]1F5), reads It
YESEZEXRNA)E, Gl R ER, DL 418 W
Mapping reads %N 1364105229, ] H X HE N
82.17%, M FIRE A Ny 54.4 X; SH 4 E K
Mapping reads ${°0 1287038455, SF-HJH X% K
81.27%, “F-XJMFERE 2l 51.34 X (35 2).
2.2 InDel #Mll55%fm%it

DL Fl SH Wi 20 BiF A5 1~ A3 A 983528 /1> InDels
PEORRE ok, EAANYER L, /A InDels £
N 21244~67765 (B 1), BK E&AY @k 5
i/ InDels %A 2= R s mffr, PR @
& F45 Mb 20 2.16~6.89 (& 2), TEAREEHY
983528 4™ InDels 1, DL ZH45 420095 1, SH 44
563433 4~ .InDels £ &£} 1~29 bp, AL T HLE,
FEDL 1~8 bp /N B BB InDels %2,
Hor DL 446 A BRI E053 00 R 294851 A~FI




188 Hh [ K R 5529 &
*2 RREFEZEBHMRILTIMBENENFHBR L ERSE T
Tab.2 Summary of sequencing and mapping statistics of Leuciscus waleckii individuals from Lake
Dali Nor (DL) and Songhua River (SH) populations
FEh I IRIAEEUG SUR/SPaN ERONE S ME— LE X B /% I IR B /X
sample clean bases clean reads mapped reads uniquely mapped reads sequencing depth
DL1 48.49 323299350 265765182 82.20 53.00
DL2 48.22 321441642 263095847 81.85 52.50
DL3 47.74 318252248 261486938 82.16 52.10
DL4 55.94 372930972 307344683 82.41 61.30
DL5 48.61 324037844 266412579 82.22 53.10
41T total 249 1659962056 1364105229 N.A. N.A.
-1 average 49.8 331992411 272821046 82.17 54.40
SH1 48.35 322305900 260945026 80.96 52.00
SH2 47.90 319304476 259156951 81.16 51.70
SH3 46.85 312324164 254561923 81.51 50.80
SH4 46.06 307058642 251545155 81.92 50.20
SHS 48.41 322731294 260829400 80.82 52.00
41T total 237.57 1583724476 1287038455 N.A. N.A.
- average 47.51 316744895 257407691 81.27 51.34
3 o
80000 o £ a
SRR
7000 = S S 2%
— wn n o n
60000 o S -
v
= o~ o © o — — O
g soom0 | Zec.558% ¢ Esd Eg
-~ S T X wvamn 2 ST < a o
& 40000 - T -8 A . o Q
iy AN 208 3
= 30000 - 2 o x S
N N N
20000
10000 [
0
st > &

FFFF SIS

L0 B0 S > DD
S S S SIS

%@,ﬁi chromosome

B 1
Fig. 1

30515 4, SH 414373k 353277 A~ F11 26539 4~ H:
W AEHE InDels, Hi DL 44 A BORB R 5L
435k 18584 /NH1 13097 4>, SH 414351 K 30870
ANF1 21302 4, B % InDels B840 AY 3G 1N, InDels
BRIk R TR B E 3),
2.3 InDelsiE®

DL 4% InDels (&R 420095 1~. K%
InDels {37 T~ 5& A 1] X 12 (328682 1™, 78.24%), /LHE
IE T HE R X 8876289 4>, 18.16%) . KEPA ¥
(8906 1>, 2.12%)FI R iifF(6218 1>, 1.48%), Hrpkk
IR X 48 A 55 Y 55 7 (66173, 86.74%) . M T(6340,

FUIRAES £ 4 25 Y (A b i A/ 2 437 553 (InDeels) 850 A1

The number of insertion-deletion sites (InDels) on each chromosome of Leuciscus waleckii

8.31%) A1 4E ## ¥ X (3'-UTR, 2609 4~, 3.42%;
5'-UTR, 1169 1™, 1.53%). Zi#i% X B4 A 4L
(frameshift insertion)”}y 1818 ~(28.68%), Zwfid[X.
N % 15 i 2 5L %L (frameshift deletion) &y 2191 >
(34.56%), ZWtSX N InDels 58758 3154 1k T M BK
(stop-gain) A 186 1~(2.94%), ZWASIX P InDels %
AR T e 2 1T B (stop-lost) N 280 /1N (4.41%); dF
i X P A5 i 4 A BV (non-frameshift insertion)
FAE g i X N FL A5 Bl 2K %X (non-frameshift dele-
tion)7r 5 793 4~(12.50%) A1 1072 4~(16.91%)
(K 4a),
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{37 & /Mb position

0 20 40 60 80 100 120

Chrl METIFFIEN MO MR E R A RN AT
Chr2 || LI 1 0 R IR LR REE LR LD (NI
Ch3. [N | 00 RO, BT O OV AR OO
Chr4 N L1 L[ R
CheS [T 5 W0 0N OO O 1000 W0 0000 AT
Churt | I S0 ORI A 0
a7 [0  NEYI CA AANT A P TAEE
Chr [REAEMAEE 17 1SS 0O A
Chrd 1IN

g ChrlO NI WA WA DR

= Chrt 1 I R N 0
S Chr12 [0 RPN 1 1O (A O 2 !
5 crt3 I IEEERETTE SRR | : 6
& Corta [N R A N R R 3 .
2 Chrls L LRI I 2%
Chre [N I A 111 T O 55
chrt7 | W 0 FIIE T R
Chr1s. MU R ORTO b 3
Chrlo |21 N N O ) 0 0 % 4
Che20 [0 S AR TN 11T 1H0 £ 4
Che21 NN AATMRMENARNY 010111 011100 0001 50

Chr22 | NI A
Chr23 N O e o
Chr24 [N (0 O A 1IN

Fig. 2
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80001
6000 -
4000 -
2000

B2 4l A /BRI AT (InDels) fE FLFAER #0045 G (LA 53 A 17 B

Insertion-deletion sites (InDels) distribution on the chromosomes of Leuciscus waleckii

= 3k E AN EEE A R4 DL-insertion
3 3k B iR EEE 2k 2845 DL-deletion

1234567 8 9101112131415 1617 18 19 20 21 22 23 24 25 26 27 28 29
1 A/ 5 K B /bp InDel length

= ATEYL AR A 2248 SH-insertion
AT R RS 2278 SH-deletion

123456 7 8 910111213141516 17 18 19 20 21 22 23 24 25 26 27 28 29
1 A/ BE /bp InDel length

B3 AN B 4 A/ A7 45 (InDels) 78 FC FCAHE % # 35 H 40 119 43 A

a. TULIRAHED i 1k HUBI RIS [ 1< 52 InDels JEN 4104155 b, FLIHER A AEVT A REA[R] K JE InDels J& X 21 734
Fig. 3 The distribution of different size insertion-deletion sites (InDels) in Leuciscus waleckii genome
a. The distribution of InDels length in Leuciscus waleckii from Lake Dali Nor (DL) population;
b. The distribution of InDels length in Leuciscus waleckii from Songhua River (SH) population.
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[ R

%29 %

SH 41 & InDel (i~ 563433 4>, 5 DL 4147
AL, KZEC InDels v F A [A] X 35430068
A, 76.33%), DAL TR X 8 (120743 4,
21.43%). LA FI#(7043 4>, 1.25%)F1 T i#(5579
A, 0.99%), Horp B X kA 35 N 5 F-(93709 4,
77.61%). AMEF(20164 4>, 16.70%)FI-EE P& IX
(3"-UTR, 3513 1, 2.91%; 5"-UTR, 3357 1~, 2.78%).

HR3E
upstream
FLHA][X intergenic 6218 (1.48%)
328682 (78.24%) TR

/

FF X genic
76289

. downstream
. 8906 (2.12%)

il X NFE I A BECH 5767 1~(28.60%), ik
X B S BCR 6769 1~(33.57%), Zih X
InDels 28 RAFL LT HECH 645 1(3.20%),
i X N InDel 748 & R L& kT BECH 250 4
(1.24%); AEgmits X N RIS IH A B BCREE SRS X
Rl 2 M7 9 3438 4N(17.05%) 1 3295 4
(16.34%)(# 4b),

23R SN

stop-lost
280 (4.41

Lk
stop-gain
%) 186 (2.94%) FRA
non-frameshift
insertion
793 (12.50%)

P ER
frameshift
deletion

g 2191 (34.56%)

(18.16%) VIR
. 3-UTR2609
, « El322 T3 SN
S'jﬁﬁffﬁhé[z (3 42%) ﬂ‘ﬁ%lz n :
] on-frameshift
5 gg}/l) \ “ exonic deletion
° 6340 831%) 1072 (16.91%)
P& FIX intronic
66173 (86.74%)
5" B X
. 5"-UTR 3357
HWEFX (2.78%)
intronic , N
93709 (77.61%) 3 ﬁf ﬁfg 2113425
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Fig. 4 Functional classification of the detected InDels for different Leuciscus waleckii population groups

a. Functional classification of the detected InDels for Leuciscus waleckii from Lake Dali Nor (DL);
b. Functional classification of the detected InDels for Leuciscus waleckii from Songhua River (SH).
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Fig. 5 GO annotation of candidate genes for alkali-saline adaptation in Leuciscus waleckii from Lake Dali Nor population
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Fig. 6 KEGG pathway analysis of candidate genes for alkali-saline adaptation in Leuciscus waleckii
from Lake Dali Nor populations
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AR (R 3) o Ik S G B 45 2 X i S A
EasyCodeML #F i ATIE#E R J1 4087 o X T agp4,
1E MO R R, ©=0.39436, o {HiZ/NF 1, WA H
FE R R AAAAE IE R (R 4), LB Mla F
M2a, ISR LSS 2AInL=0, P {EH 1, 58] M2a

FFAPET Mla, 4351 e M7 vs M8 Fll M8a vs M8,
ISR LA B0 43 9l 2A1nL=9.44 (P<0.01)Fl
2AInL=0.015 (P>0.5), 18] M8a BiRIFF AT M8,
CEA R agpe FEPH E T Z RN ARSI B2
W, AR RS A T HE N ap2bl, FERERY
MO 1, AR w0o=1.10315, il ap2bl 7EiE4L
ﬂIEP;&IJT FERYIE PR, XF 4 A7 SRR
AT LR HE A 36 R B, M3, M2a il M8 #55 U B i
e T HAR R B BT MO, M1a, M7 5 M8a (P<
0.01)(F 4), T S ZBIMEREIIfEEZESR
H AN sledad . sic7a2. abeel 1) MO F5575 5% 1R
CATHE S A B TR AR AZ B TS R AR B A Ak 1R

*3 ZEHRRETEMBHBENXCBEAZERBNREIACIER
Tab. 3 Thedetailed information of the key regulatory genes and the related InDel loci for alkali-saline
adaptation in Leuciscus waleckii from Lake Dali Nor (DL) populations

IS4 o K LR AR AR A 5 FARE VTR A /B R A F 7 ratio
gene name position (scaffold bp) InDel genotypes in DL InDel genotypes in SH o (SH/DL)

abceel S2372_280895 ins (G->GA) del (GTTTTT->GTTTT) 0.496 6.187
S2457_79727 ins (TG->TGG) del (TG->T)

atp2bl S2457 81204 ins (ATA->ATATACTTACTTA) ins (ATA->ATAT) 0.550 8.135

slcda4 S156_79063 del (GAAT->G) del (GAA->GA) 0.452 6.632
S2183_243547 ins (A->AT) ins (AT->ATT)

sle7a2 $2183 253398 ins (CG->CGG) ins (CGG->CGGG) 0.617 11.743

agp4 S916_402279 del (AC->A) del (ACTCT->ACT) 0.500 7.771

o oins FARIEA, del FIRBELE.

Note: ins indicates insertion; del indicates deletion.



552 4

FEXOGEA: OIS ol iod
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*4 ZEHERETEMBEREENCBFHEERENEELS T
Tab. 4 Adaptive evolution analysis of key regulatory genes for alkali-saline adaptation
in Leuciscus waleckii from Lake Dali Nor (DL) populations

HH gene MO Mla M2a M3 M7 M8 MS8a
abccl ©=0.93169 Po=0.26242 P0=0.23566 po=0.17768 p=0.11023 Po=0.71712 o=0.27672
p1=0.73758 1=0.55983 1=0.49885 ¢=0.02848 p=0.37729 p=1.33245
©0=0.09249 p,=0.20451 1:=0.32346 q=0.22021 4=9.96033
,=1.00000 ©=0.09014 ©0=0.03549 (71=0.28288)  (p,=0.72328)
©,=1.00000 ©=0.76786 ©=1.96411 ©=1.00000
©,=2.19622 ©,=1.91167
atp2bl ®=1.10315 pe=0.22325 P0=0.18519 po=0.22534 p=0.10641 P0=0.80477 po=0.22325
1=0.77675 1=0.66442 1=0.68357 ¢=0.02828 p=0.13154 p=0.00500
0=0.00000 p,=0.15039 2:=0.09109 ¢=0.03480 g=6.06544
,=1.00000 ©=0.0000 ©0=0.00000 (71=0.19523)  (p=0.77675)
©,=1.00000 ,=1.21228 ©=3.17244 ©=1.00000
©,=3.58350 ©,=4.39876
slcdad ©=0.49123 o=0.50319 Po=0.48233 po=0.31338 p=0.42151 0=0.93159 Po=0.66534
71=0.49681 1=0.48557 71=0.52293 q=0.45488 p=0.45765 p=0.65833
©=0.13607 p2=0.03210 p2=0.16369 ¢=0.54920 q=1.86869
®1=1.00000 ©0=0.13430 ©=0.04725 (1=0.06841)  (p1=0.33466)
©,=1.00000 1=0.56022 ©=2.19614 ©=1.00000
©,=3.09276 ©,=1.65694
sle7a2 ©=0.49050 po=0.49617 po=0.47347 po=0.35821 p=0.40579 0=0.93723 o=0.63033
1=0.50383 1=0.48966 1=0.53030 g=0.42093 p=0.43899 p=0.67283
©=0.12074 p2=0.03686 p2=0.11150 q=0.49897 q=2.27849
,=1.00000 ©0=0.11839 ®=0.05744 (1=0.06277)  (p1=0.36967)
©,=1.00000 1=0.65093 ©=2.53772 ©=1.00000
©,=3.46105 ©,=2.06412
aqp4 @0=0.39436 20=0.56763 p0=0.56763 p0=0.53514 p=0.53076 po=0.58813 P0=0.58857
p1=0.43237 1=0.03445 £1=0.09459 ¢=0.63520 p=3.47112 p=4.59178
©=0.12665 p2=0.39791 p2=0.37027 q=20.77246 ¢=28.01053
®1=1.00000 ©0=0.12665 ®=0.10716 (p=0.41187)  (p1=0.41143)
©,=1.00000 ©,=0.84815 ©=1.00000 ©=1.00000
®,=1.00000 ©,=0.84815

T MO R H— % Mla /Rt M2a /R IEERE; M3 RRESHG M7 308 B 4370, M8 F/k f & w>1; M8a /R B & w=1.
Note: MO (one ratio), M1a (neutral), M2a (positive selection), M3 (discrete), M7 (f), M8 (8 & w>1), M8a (8 & w=1).

P (w<1), {H M3, M2a Fil M8 A& HH 5 A T HAH
N AR Y MO, M1a, M7 5 M8a (P<0.01),
R A TR Ak 2 2 b 32 B [R R B A 1k ik
{ATEIX SEEL D] M8 LRI it fE7E 35 A 1E ] i 4
R IER 7 1 FERER M8 1, 4351 L) EasyCodeML |
MEME Fl FEL 11585 T abeel atp2bl slcdad .
sle7a2 F agp4 5 IR FED ) 1E 18] S B 55, 5
FAEIE] 2,16, 16,8 Fl 0 4 5% IF [a] e A o, H
W1 abeel PN SR8 B 3 K, AR
SR 2K (3R 5).

27 EEZEEMNSESMMEAR=ZLEN
Sl

W 3R TE ] S B ST R T 5 S B
£ [R R E A L JE o 1 B IRAE R fa AE B 1 4 0F
] e 7 A5 B R B . abeel BYTRASRILFR (L
SURSRIRE TR K, (R R IS 3 A
KT RE L A8 3 e FLBHE AL s ) 85 X3 atp2b1
B  FEEAE T IEBH B 1542 ATP D) fig ik
A 9 35 (N 35 A C i) LA &2 E1-E2ATP il 3 figds
sledad Z A S 5B S A P HE & X 2 AR
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RAENT 3 AR B HCOs 412 454 3 TEPEA 5 AL T I 32 T B 28k AR B P 4 S B A 4
sle7a2 ZEEEN S FEEPER D AZIREE W4, ﬁtﬁﬁﬁﬁ%ﬁﬂﬁ/\%%ﬁ%@ﬁf?
a5 MR (& 7)o BT slcdad F sic7a2 WIFRAY 2 Y PE2E % 1-TASSER #AT =4 A5 I . 7

®5 EREFRERMS

Tab.5 Amino acid sites undergoing positive selection

MO vs M3 Mla vs M2a M7 vs M8 MS8a vs M8 EasyCodeML (M8)
P-value vs MEME
2AInL vs FEL
abecl 660.16" 126.71"" 138.17" 126.28" 32 128"
atp2bl 144.55™ 80.217" 90.10™ 78.27" 33" 39" 40"
43™h 57 g5t

141" 151" 242"
279" 328" 407"
619" 840™ 877" 972

sledad 1050.6™ 60.43" 79.09" 57.417 4™ 16M 25"
51 74%M 112"
144" 230%™ 309"
506" 5171 530"
536" 660™ 890™ 905"

sle7a2 537.53" 36.22" 46.28™ 37.47" 1 3th 45t 5y
581 125M 224%M 284t
aqp4 126.95™ 0 9.44™ 0.015 not allowed
MO FoR L — H 3 Mla FoRil i M2a FoR IE % EE; M3 F/R B M7 2R B 431, M8 /R B & o>1; M8a Fik f & w=1. **FIR
ISR LA 56 P<0.01.

Note: MO (one ratio), M1a (neutral), M2a (positive selection), M3 (discrete), M7 (8), M8 (f & w>1), M8a (f & w=1). ** indicates likelihood
ratio P<0.01.

BELL 48 Danio rerio (QSRGZ4) ATP2B1

FHES Fi512 ATPEE (N%) E1-E2 ATPR§ PHES FH5i2 ATPHEE (Cii)
cation transporter/ATPase, N-terminus E1-E2 ATPase cation transporting ATPase, C-terminus
FOOD eEmeD s ) SEES e 0
Z iva 7\ 7\ \ \
%Xﬁﬁ%@ﬁuﬁ Sy 53 61 238275 403 873 968
equivalent amino acid sites
BLRAED S IEFEFLE (57 (65) 242) 279)  (407) ®1) 972
Leuciscus waleckii positive sites
REDff Danio rerio (B3DGX8) SLC4A4 WIEHMRE HCO L8 535k,
cytoplasmic domain of band 3 HCO; cotransporter domain
—[ Band_3_cyto
FREHIRAL R 7 D ) — — 2
equivalent amino acid sites 144 230 309 506517 530 536 660 890 905
BLEGHES 8 I [ PV (144)  (230) (309)  (506)(517)(530)(536)(660) (890) (905)

Leuciscus waleckii positive sites

BETh#4 Danio rerio (Q5PR34) SLCTA2 SRRE BRI

amino acid permease domain

— A_permesse 2 B De@m |
o /7 \\ / / /
%ﬁﬁﬁ@mﬁ S 434956 123 222 282
equivalent amino acid sites

FLERHER 46 1E i AL (45)(51)(58) (125) (224) (284)

Leuciscus waleckii positive sites

P 7 BT B IRHE R £ 0 1) 08 9 (57 st FOUII AT 5 1 ) RE 5 4 Bk A5 5 o

Fig. 7 Prediction of equivalent sites of Danio rerio’s functional domains based on positive selection sites of Leuciscus waleckii
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Fig. 8 Positive selection sites and three dimensional structure of SLC4A4 and SLC7A2
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Mining and analysis of InDels in response to alkali-saline stress in
Amur ide (Leuciscus waleckii)
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Abstract: To uncover the adaptative mechanism of the alkaline Amur ide (Leuciscus waleckii) population in Lake
Dali Nor, Inner Mongolia, China, five samples of two populations, including one alkali form from Lake Dali Nor
(DL), and one freshwater form from the Songhua River (SH), Heilongjiang, China, i.e., its historical origin, were
analyzed using whole-genome resequencing technology. A total of 983528 nonredundant short insertions and dele-
tions (InDels, 1-29 base pairs) were obtained. Among them, 8176 InDels that were polymorphic between the DL
and SH populations were identified. Then, using integrated analysis of the known strong positive selection signal
regions between the DL and SH populations, we identified a total of 176 potential candidate genes potentially af-
fecting alkali-saline adaptation. Enrichment analysis showed that the genes were enriched mainly in inflammatory
immune responses, ion transport, and osmotic regulation. Furthermore, the candidate genes abccl, atp2bl, slc4a4,
slc7a2, and agp4 for key regulatory processes of alkali-saline adaptation, such as osmotic regulation and acid-base
balance, were identified via selective pressure analysis using EasyCodeML, MEME, and FEL. Analysis showed
that purifying selection played a dominative role for all of these genes, but a few amino sites could be identified to
be under positive selection in the selection model. Prediction of three-dimensional structure revealed that some
sites of the two proteins SLC4A4 and SLC7A2 coincided or were very close to the ligand-binding sites, indicating
that the positive selection pressure mediated by the alkali-saline stress may contribute to the development of rap-
idly adaptive evolution in Amur ide. Our findings provide a basis for further study and reveal key genes for al-
kali-saline adaptation in Amur ide.

Key words: Leuciscus waleckii; whole-genome resequencing; insertions and deletions (InDels); alkali-saline ad-
aptation; selective pressure; adaptive evolution
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