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ET GBS AR ntAE X R HRRZ FRIIEEEN

Ao, GEE, WEH, ZER
ERE, O, B A
(1B T R B E R 7 BE, AKPEREFC AT, Wi BUH 3100245
2. B R, AR A E IR KK = PR IR E AR =, B 201306)

mE: YAREELANF (GBS) HAM = Ad. A%, X Ed kAL TRNER
EMHET AN KR AM GBS H AN Z A A%, REMRELXTAKRFH®
6 AN B B 47 UK DNA 3 A7 W B 47 6 {0 2E B 410 7, £ Stacks # #+ 4 & SNP 1,
MHEELEFAAHFAT M. EREF, 6 MR & clean data 7.01 GB, F 3 & Mf &
1.17 GB; % BT A A A — AN AR 4RAR M SNP & &, 3EA40 01t SNP 4L 2 399 145 A, Jit
WU EAFE SNP L 97911 o ETHRARE TR SNP L g KA, FARHET
ReyFHUMEEEN 03394, FHYMEREGEN 02853, FHELESEELAEN
02737, FHHHFBRSHMR 03727, FHE/DFMEERMRE A 02472, FHT 5 A%
du H Bl N 93.94%. X T AR KN REI IR RGES, HXELNH, ZAH. A
W 5 e RO AR TR B g By 0309 6~0.894 0, AL B A 0.370 5~2.244 3,
ERARAMA ML) ZMENAZH#AUHET, ZAH. A%60. XEHRARLLTK
RoWE. AFXEIN=ZAH. AEH. XeWRELXTREFEEMIN, B A
G e RN AR ETREE LR EFHE

R Z Mgy, AR, REMH; R ERERSASN; EEEN, FELSANF
FHE S Q959.4 kAR S A

i . AR R Y H (Cypriniformes), ML, TE—LE 10 J7 A DI 5 € 3R B A
i F} (Cyprinidae), #1WF} (Cultrinae), )i # 5 P 2016 4E ST, EWTIHIMN . SR EHIX, £
B3 Bl 55 )& (Megalobrama) W) Fh, £ H AL 45 = IRV = A 675 1 R 5 TH AR T 6.67 km™
i 5 (M. terminalis) . 3k fifj (M. amblycephala) . LSRR RKAES Y. &, TR ZER
"M (M. hoffmanni) %5 ; 8O3 ¥ 5 0O R i1 ZWBEAEMAEE FBRZ —, Al UHEEARR
J& (Culter) 141 81)& (Chanodichthys) ¥ #, + % MR GE G B —A2, RIS L R 2% 288 i
FIFRLIEEBA(C. erylhropterus). B B1(C. alburnus) . PO DIAEME R R, i A, FEf
5% 17 B1(C. mongolicus). ik [ 81(C. dabryi) 55", KPP AT T AR, me %4k
AR EE AT IS E P Ty a2k, il (Oreochromis niloticus)< BAFAES (O. aureus)
Hodp, =, Fskss . M A0 SR 8 P4t (Haliotis rubra)=<F- 1 112 (H. laevigata)” il
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2 Ko kAR 0 %

b W 21 5 fE (Salvelinus alpinus)>F] 3C 8 (Salmo
trutta)™ &5, — S e sE AR P R A B T
EEY, OA W8 % 4 S BT 45 R 8 3R
B, 5 iR 60 28 28 ss A B B W 29 A S,
AR RDRER R 2R L L PR BT R L]
B ST B H A B 2 A8 W s AR
SR 3 AT AT AR A BRI, 2 AR5 A S A A
RAPD, SRAP Rl TAFRIC S Hr L, WA T
R Y R 2 A M (single nucleotide polymorphism,
SNP) bric I B 515 870 . A% IR 22 A8 1 A2 5
THRETMRMREL, ERERNATHELZ . 56
I, HEAMX RSB RREN, Y
15 F Fh S st A5 ZREVEVEAL oA 2 AR ™Y,
Fe [ 4 B ¥ (genotyping by sequencing, GBS)
AR 25 F v i SNP A AR BRI T (A . 1
iy — B TR, GBS HiARE A T AR
FhAEY R RREAE 9T . Fh BT S AR B A, M
Ty, GBS LA/ AL 4117 B AR 2
PRUAE R, HRAERE, BT T 00y A, (A
AT ARG R EE R SNP A5 ., s A5 A
GBS $ AR XS 546 B (Cervus nippon). 55 i (Cervus
elaphus) MEZSIRGINE, Ff T 31630 4~ SNP

#ric; Shen &Y FIFH GBS FARXI ¥ A (Ctenophary-

ngodon idella) W ¥ 34% T 43 310 1 SNP 43 ic o

5 1 £ 25RO E R, IR 4L —
ELTEYFZ BT XM BEEER, R7E
SEARALE /N B R 15 B 25 55 (PR A 1 IR 1Y
RAR) eEBE A AL o TR, 2 AR SRR IR
KAE B R, B, AHFSR k£ H SNP 1E
Koy FhRioxt =My R 6 5l iR LA s
TR T B Z AR B, T K = T ) SNP
W GBS $i AR ARAS o JE 2k X = ff 5 . I i |
5 0 8 HL A A8 A SNP ARic 4288, AL &5
IR 5B, DI = At g a5 o0 &R
FeAE TR 0 S AR AL BB AKE , HoKs hy fi i £ 28
() 2 28 1 B PR AL T 22 st AL 2 B, Dy A
VT AL R R AL SNP ARIT, O kR AR SE IR
SNP FRicd 4.

1 MRS 1A

1.1 SR

=5 (SIF). M A1(QZB). 51 fli(MGB)
JRURSEARIR A FAREVL, JFTHUM TR B2
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W 5T B A= W58 B SR G YE rh R AP B H . =
i ()< W& B3V M. terminalis(R)*C. alburnus(3),
ZIFB-1]. = (38 () [M. terminalis(3)x
C. alburnus(Q), ZJFB-3] il =4 fj (?)xZ2 &7 f1(3)
[M. terminalis(2)xC. mongolicus(3), ZJFM] 2% 38 F
&, RN A A ke . S =fMt .
Mg, SEM IR TR L R, Y 3k, (R
it 800~1 000 g, RAEMEE S HICK CBERAE, 5
K 2H DNA 14 SR P AL G2 10 28 B - S 0 S B ™

1.2 XEWME. NFREERE

GBS )y SCPER 2 B UGbS-Flex 341 /5 i
AT, H Pstl/Mspl % 3 K 21 DNA #F 47 XU 1T,
BV I 1 R B g T, 3% 32 8 0 422 3k A barcode,
K PG Bk 1m0 ise 22 4 Il i Be R/, ok [T e e e
& R B E T PCR Y3, &4 1 SO IR
G5, AZH B G A W R BR A w47 I
¥, % % F Tllumina Hiseq Xten #£47, % J5
3 WA S5 1 (paired-end, 2x150 bp). X J5 4
THLEHE (Raw Reads) #E47 £4is 1 o4 i v, o
AR . FIFH FastQC % Raw Reads FEA7#G:,
B DR St o e 2 AT oK s (i H] Stacks B
H1f#Y process_radtags 217, ZFRIEH F4L Raw Reads
A B3P 5 Reads, IR E EHE S bar-
code XFN A P75 M HFE L Raw Reads; fifi FH Fastx-
toolkit ¢ 14Ff W (1) fastx_trimmer £2 7, KB
B SF B LA K 373 FastQC i 4 i 5 43 /M T 20
BT A %L, 15 %] Clean Reads.

1.3 SNP &%k

SNP tbxt A# L Raeg#sE  ffiH] Stacks
BAF Y Ustacks 2 5 Xt & SRR G RIS, Z
] ASUstacks 77 15 X R 45 b 17 ab ¥, 3 i
Blastn Z1F 5 BRAR U KT 98% HIARZs, Jf-1EH
F /0 50% MR bR, H9H SNP LU &%
HH

Hou | g5 RAAE ffH Bowtie2 #4F
¥ Clean Reads [t %} % SNP L xf £ % R K4 |-,
i 3 T R AG A 5 27 S DAL AR R B
— B b X R, AR R, X R AR
1 J5 P9 RT BB S M R 5 5 2 B D A 25 S K R
AT AEANIRTS Y o MR L X 4 SR e RE S
TRIE (S BN SNP HeXF 2% 3L N B 552

SNP #5-) T RE S5 SNP X &% St
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0 47 XBL, fE . JET GBS BRI 7 i £ 28 B H AR A8 AR 38 AL 2 3

H ) He XTS5 R, R GATK 4K 4 Haplotype-
Caller P4 BB MR gVCF S0, Tt GATK
¥ GenotypeGVCFs T2/ 7t THHA SNP Kl X715
F A EEAR SNP £5 18 ] GATK 4k 14 SelectVariants
T3 X TN 25 AT 0 e, A5 BRI SNP Z5 28
b T B AR SNP A A4 5 iR %, i ] VCFtools X
PEPY X 3R AT SNP 2 BUSE S AT 08, s uE 45 1

Admixture i {4: P §2 B K=2~K=10 3 17 B 1K 45 #4
0T, A Pong AKAEPT HEAT R, L EE
R AL 5 1A

AE A AE AT ¥ Fi VCFtools %1 {457 43
SGETTEEAFEARFI AN A ) SNP A s i UL 2% 75 B
(H). MERAE (H). 28BS (PIC), Bif
R ZAEE (P, fae /NS5 3 R R (MAF) F1a] 43

HURE i EL 5] (genotype rate), fii FH R L GenePOP”
4e 1t 53 B A SNP i s 76 T A AR i F-ge it
FBIR (Fis. Fy. Fy), JEAFSEAEGE AL 010 &
M (Fy) 1 Reynolds'ist 1% 5 2 (Reynolds' genetic dis-

Reads SCHFRCART 45 BBk MAF /T 0.01 147
S SR SNP 4B Bl e 25 F 20% (A . 1F
B AR 45 3] SNP /) B 45 5L

14 EEFESHN

tance, RD),

Fotest oAt B RANE SNP ARIE T
BRANTE, WA MR AR, AR -
AT 0 F 5 A IQ-TREE # {4 PV 5 T° Maximum 5 ¢
Likelihood (ML) J5 it i R LB, SHR &
24-m TVM+F -st DNA -bb 1000 -alrt 1000 -pers 0.5 -
nstop 100, 3 Ak B (19 7] 5 14 38 53 Ultrafast Boot-
strap 3% P AT R B8 (B & 1 000 ¥R). F FH iTOL
AR N R G AR AT 34k .

NPl F 443 Hr (PCA) &3 F
ASPRIER A SNP 22 5 B, ¢ RO [A] P bR R AIE
B FE 32 B T RIS O [R A SEE, [Rls H
T A 7 B O BB IE . ] PLINK %141
X3R5 4 SNP bric 4T PCA 438, 45 E52 i iz
KA 2 ANFFAE ] 52

IR AE LE M AT TS X P 4L SNP
rad g, SUEAMFW T . [UGEBSNP fRid; S
Wk 5 /I 25 A7 PRSBE3RAIR T 0.05 B9 A7 g5 8 it B AREAAE R — AR I SNP A8 57, AR
PLINK R IO A2 B B s AU A3 2009 SNP 7 80, X = fffsj . Mg on . 58k

#1 GBSMFHEHKIT
Tab.1 Data statistics after genotyping by sequencing
FERL BUAMTECE EHINFKNGB AR R AR K/NGB

M H4E K SNP 46  Se v

GBS P HASEIFHd (Raw Reads) 7.60 GB,
Hi Q20>96%, Q30>91%. 2% it ik)a ,
531 5 i it reads 51 581 564 4%, = B8 7.01
GB, “F¥H/ RS A 117 GB, FifsJa AL
P 0T R AR A AT A B (GR 1), A9 EHAY SNP [
X} 52 LA I FF 5 155 140 55, B A REA
VEJg— A BERAKG I SNP 25 5, LA HY SNP {7
1399 1454, it i85 7 SNP X &% SE K
24 30 880 £%)7 41 I AL 5] SNP i/ 44 97 911 4>, F
78 53N 0.006 3/kB, A Sk 1 S 200 R ik
# 19U E,

22 BEZHEMESWH

LEXt /% FRIMFRE B %
SmQ20% >=Q30% FE% TRIMTFRE B

sample raw_reads raw_base clean_reads clean_base ratio average depth cover
ZJFB-1 8222 838 1.21 8222 838 1.12 96.74 91.64 64.00 19.34 87.54
ZJFB-3 8838 196 1.30 8838 196 1.20 97.27 92.69 68.23 21.86 88.64
ZJFM 8701 458 1.28 8701 458 1.18 97.32 92.79 60.88 22.26 76.04
SIF 9090 194 1.34 9090 194 1.24 97.53 93.33 68.8 32.18 62.31
QZB 8406 272 1.24 8406 272 1.14 97.24 92.65 64.18 29.13 59.38
MGB 8322 606 1.23 8322 606 1.13 97.08 92.34 54.66 29.58 48.43

VE: ratiofR AR S HOE LU BISNP LUK S B LRI 1 H 73 %, average depthRs T3 FIREE,  coverde e i I 7 54 SNP b ) 2 2 Jk
H] 2HL 1) 7

Notes: average depth represents the average sequencing depth, ratio represents the percentage of sample sequencing data compared to the reference
genome for SNP analysis, and cover represents the coverage of the sample sequencing data for the reference genome for SNP analysis
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4 b S 0%

{1 & H 4252 AR H,. H.. PIC. P;. MAF #
genotype rate #E4T 434, AT MY 5 A S H 4R
(1) 35t 1% 22 16 M DL B 3 AR B L AR 1 43 1
HeF AR R H AR SNP A 5 2B, JEAR
Fe AR Hy o 03394, SEX H, 5 0.285 3,
S PIC J90.2737, P P 4 03727, V-4 MAF
4 0.247 2, V-3 genotype rate 4 93.94% (% 2). M

genotype rate AJ U, F|H] GBS £ KR 3K15 1) SNP 45
e, AT UMARAFHLIX oy =ty . RME . St i
HZ 1A, WA B X 53 B AT LA 3]
93.94%. SNP i si 75K A 2 oY PIC0.273 7>
0.25, FWIHH GBS £ AR 3K 45 1) SNP #5 iL 7E —
Aty . M a0, St o0 M e sE AR R R
[ 2

w2 =R AEH XERRARTTFRIOEESHEN

Tab.2 Genetic diversity of M. terminalis, C. alburnus, C. mongolicus and their hybrids

LI A P W EE ZEMEESE HH R 2 HEE BN R R A 53 B ELA
H, H, PIC P MAF genotype rate
03394 0.2853 0.273 7 03727 0.247 2 93.94%

W AT A BB R I SNPAL i T X 70 AN R i

Notes: genotype rate indicates the probability of distinguishing different samples by SNP

23 BEESUESR

XA, RN A 5 R H e ss AR
HEAT T AT (B 1), SR AW =
W AL Sty B R H 2 5 AR I SR AE R TR A
% T 5 12 52 718 ZIFB-1 Fil ZIFB-3 B 26 5 4515
P, R =AMl M A Sl i R A se
TR AEAE W] W 1 8t A% oAk, T 24 28 748 ZIFB-
1 il ZJFB-3 At i b A& e . T A
[ BEAR ] (9 Fy F1RD BUSE 5, =65 . Mg if

5 B e A2 52 TR Fy o 0.309 6~0.894 0,
RD 4 0.370 5~2.244 3(5% 3), H.haEAqm, HI =
ity . M BRI S B2 18], F A RD ¥4 F
AHXT = K SE, M 0.845 1~0.894 0, RD >1.8, Tfij
2 = AR 55 R AR 2258 A Z RN F A RD
K, =AM Q3 1(3) 2238 FAR M Fy AN
RD WIFS & T = A 5ol 612 D258 740 . i 4h
R5 RGO 1) 3BT 45 R HA— B (B 2), #F
et ir s KR, SRR —, =M

ERSiwiein
Principal Components Analysis
— 050 }
g °
=
g
E 025 }
£
3
g 0.00 45
HE, Group
< |
N3 MGB
=-025t *QZB
3 SJF
~ ZJFB—-1
) ©ZJFB-3
o050 | °ZJEM
0.
<
fﬁ
-0.75 | e
-0.5 0.0 0.5

Fh4r 1 PCL (41.26% TIHAZE  contribution rate )
1 =fYh. BEHH SHARERZFREERS 0

Fig.1 Principal component analysis of M. terminalis, C. alburnus, C. mongolicus and their hybrids
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0 18] XBL, fE . JET GBS BRI 7 i £ 28 B H AR A8 AR 38 AL 2 5

R3 A AEH RERREATTRNERSIUARBFMEEESSE

Tab.3 Genetic differentiations and distance of M. terminalis, C. alburnus, C. mongolicus and their hybrids

ZJFB-1 ZJFB-3 ZJFM SJF QZB MGB
ZJFB-1 0.370 5 0.597 5 0.7516 0.786 4 1.3123
ZJFB-3 0.309 6 0.582 7 0.749 1 0.758 0 1.309 3
ZJFM 0.449 8 0.441 6 — 0.7377 1.164 4 0.727 1
Fedh sample

SJF 0.528 4 0.5272 0.5218 2.056 5 22443
QZB 0.544 5 0.5314 0.6879 0.872'1 1.865 0
MGB 0.730 8 0.730 0 0.516 7 0.894 0 0.845 1

I FEAREMIABE R, L=/ ML, SIFA =AW, QZBJyilMiil, MGBNZ N, ZIFB-18=f#i(Q)<MuiH
(DZAETAR, ZIFB-3 =M< TR, ZIFMA =M (Q)xF H (R Z T, TH

Notes: the lower triangle is the genetic differentiation coefficient between groups, and the upper triangle is the genetic distance between groups, SJF
indicates M. terminalis; QZB indicates C. alburnus; MGB indicates C. mongolicus; ZJFB-1 indicates the hybrids of M. terminalis(2)xC. alburnus(3);
ZJFB-3 indicates the hybrids of M. terminalis(3)xC. alburnus(?); ZJFM indicates the hybrids of M. terminalis(9)xC. mongolicus(3), the same below

0.01+

MGB

SIF
ZJFB-1

QZB

100 ZJFB-3
4 ZAE. BEH. RERKERTTFREORGHLK
Fig. 4 Phylogenetic tree of M. terminalis, C. alburnus, C. mongolicus, and their hybrids
(WS s FREN—K, =M. @8 3 Wik
s B K L2 2 AR SR — K 40 325 fEX B
B B 2 A S WP S T IR 247, 2 I8

KIS SRR A
— 3, ZJR = A QY IA3) Zese TA Ry Pk B RUBLR A STIF R OR ARG T AT 8 95
LRI 5 g B = 6

feitiok, feJm =AM (O)omb (?) 258 7L
XU SRE A6 TT o A Admixture BSR4
CV {H i it K fi, 4 K=6 i il K fH. H
ZEERERAR R, RO KAEN N 3, BIATA 5 &
Oy 3R, IR TR A (5 3), %
AL S5 1R i — 2D AR UE T R SE AR 1Y 53 Hr 45
A, MZET WL, 3 EAK 70 3 A WRE, =
G B 2 AU =Ml R A2 A
PEARSARAT , = A7 (958 1(3) A3 TR
B = Sl B2 A RS 3C 3RS .

FISE T B e SEBTSE R A B b, C A AR E )
AR TR = A B A R b e s T AR S
ROk AERPERE . WL IR o 45 7 ™, i
FE T SNP AR i % = A ) FISHLE 6111 K = £ i 71
S0 AR 2R ST ST M R WARGE o & A A 8 B 52
Ir FARICHF AR S ARE R W], RAPD ARic vl HI T
TG LT B0 Q)< Sk 7 (8) A58 Fy SHACHEA I 2
B SRAP AR IC W oAk B R8 Wi 21 601 Q)< 1A 3k 5
(3) A3 Fy RStk 2™ AE = fhlgy . 1Sk 5

SFRIFUE  Avg. pairwise similarity: 0.999

K=3

MGB QZB SIF

ZJFB-1 ZJFB-3 ZJFM

B3 =Mt MK SHEARARZTFRBEEEHE

Fig.3 Genetic structure of M. terminalis, C. alburnus, C. mongolicus, and their hybrids
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6 Ko kAR 0 %

X e e e ss A, P A bRIE TTF3. TTF4,
TTF10 #1 Mam25 o] H F A1 3k filj . = ff fi . g
fir1, A1k 5 QMg B3 . = 5 Qg B Ry %
S A P Skt SR B 8 2 TR A K Rl 5E T
b, MTEFRC Me. Am. 15, Me.Am._1., TTFO1 .,
Mam?25 7] T F13k 5 (MA). S 8A(CA). Ak
fifj Q> 1342 28 Foy(MC-F,), 3k i QxMC 3 [H]
& Fo(BC1-Fy). 3B 1 9xMCJ3[H] 22 F2 (BC2-F,)
R B 1] D/ B 1= B 7 S O 1 o0 N A AV S-S
SIBEGE, TF 5 68 BE A Y H A2 S A s /R
TR FRICAS R X 53 2% 22 il v 1E 22 2H B Rl A8
HAD, MATFE R T GBS £ RIF & 1Y 97 911
A~ SNP A5 30 I 1T LAAR 4 Hi X 43 = ff 7 . R8s
S B S K258 AR, XA e AR A X 43
JEIRE] T 93.94%. 5 F H GBS BRI &
f) 31 630 4~ SNP AR i XF M AL BE . ThJFE J Ho A sg
Ja AR S ARAR T B A5 R

UGbS-Flex 73 #7175 749, 7T LAAS FH % B 5
VIR B R, 50D KRB S % 3 R 5
B, HIAT AR A R U] SNP a5 . e, A
WEFE AT LR = Sy . WG B Sty B 45 T
PRAE R — A BERAE I SNP A 5 815 Z FE 1
WAL el @t H,. H, T PIC %5 580 4% 2 80 s ke
oM, Zesg TR S A R R, B
HRCE TR 5 1) 28, BT DR X 7k
i Q> ME B3 . = 7 QR B3 1Y) 8L 45 44 4
MraBH, Z2scfifs = faf . A1k 5 Fno s o) 42
ZFREATHESMBEZHEE, BaHE0
ZAL P, T UGDS-Flex 43 77 1k ir 145 2]
) 97 911 /4~ SNP bric 78 = fij . M i, 52k
R g2 FAOh B A B 28, HEAR
Ko L AR 7 o B B D, TR A B
BESE B R, MR R A I
HFR Hy Ko H ABEBFIXT AR . B AR A 5% Hh
FEA S FLF R TR0 7 R S A D, X R A sk
B2 S A — N, (RS,
AWFFE TS 45 Sk 8] T X =ty . EME AT, Sl
1 Hoess PR AL S5 A i H I, gk A5
[ 97 911 1~ SNP Fr i RE 1% 1R 4F Hb X 43 — ff 5 |
Y BETRN 520 B & H 222 TR . i GBS 4
Tk SES S FARC T, i TR IEAE,
HE KA, 3T GBS /M ik i 3k A5 45 1
RS EG o FARIC Tk BT ™, AT
5 Hy Je H AESF8HE S HUm AL, Wil igh T4
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Mr i 22 S . B, GBS 4 #r ik irak
7% SNP fric s £, XL 55 Fhrid, #E
B R AT A a5 S, HILEAE
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Genetic structure analysis of Megalobrama terminalis, Culter alburnus,
Chanodichthys mongolicus andtheir hybrids based on GBS technology

LIU Kai', FENG Xiaoyu', SHEN Yubang’, MA Hengjia
LI Jiale?, GUO Wei!, XIENan"

(1. Institute of Fishery Science, Hangzhou Academy of Agricultural Sciences, Hangzhou 310024, China,
2. Key Laboratory of Freshwater Aquatic Genetic Resources, Ministry of Agriculture and Rural Affairs,
Shanghai Ocean University, Shanghai 201306, China)

Abstract: Distant hybridization is an essential means of breeding among aquatic animal species, genera, subfamil-
ies, and even families, combining parents' dominant traits to obtain excellent new hybrid varieties. Previous stud-
ies on Megalobrama and Culter's distant hybridization show that Megalobrama and Culter's hybrid offspring have
significant heterosis. However, the analysis of the genetic structure of the fish hybridized from Megalobrama and
Culter is still relatively limited, and there is little research on single nucleotide polymorphism markers (SNPs).
This study aims to analyze the genetic structure of Megalobrama terminalis, Culter alburnus, Chanodichthys mon-
golicus, and their hybrids by high-quality SNPs obtained by genotyping by sequencing (GBS) technology. In the
study, the total DNA extracted from the fin strips of 6 individuals included M. terminalis, C. alburnus, C. mon-
golicus, and their hybrids (F,), was double digested. Simplified genome sequencing was performed using Stacks
software to construct a reference genome for SNP comparison. As a result, six individuals produced 7.01 GB of
clean data, with an average of 1.17 GB per sample. All samples were used as a group to detect SNP mutations. A
total of 399 145 SNP sites were detected. After quality control filtering, 99 911 SNP sites were obtained. SNP ana-
lysis indicated that, of parents and their hybrids, the average observed heterozygosity was 0.339 4. The average
expected heterozygosity was 0.285 3. The average polymorphic information content was 0.273 7, average nucle-
otide diversity was 0.372 7, the average minimum allele frequency was 0.247 2, and the average fractionable
sample ratio was 93.94%. The principal component analysis (PCA) showed that M. terminalis, C. alburnus, C.
mongolicus, and their hybrids clustered at different points, but the clustering points of the two hybrids of M. ter-
minalis and C. alburnus were close. The PCA's result indicated that there was apparent genetic differentiation
among M. terminalis, C. alburnus, C. mongolicus, and their hybrids. Based on the genetic differentiation index and
genetic distance between different populations, the results show that the differentiation index between M. ter-
minalis, C. alburnus, C. mongolicus, and their hybrids are 0.309 6~0.894 0, and the genetic distance is 0.370
5~2.244 3. The phylogenetic tree constructed using the maximum likelihood (ML) method shows that M. ter-
minalis, C. alburnus, C. mongolicus, and their hybrids are distinguished. C. mongolicus firstly formed a new
branch. M. terminalis (@) *x C. mongolicus (3) was separated as a single branch. However, M. terminalis, C.
alburnus, and their hybrids formed a board branch. In this big branch, M. terminalis first differentiated and formed
a separate branch. M. terminalis () x C. alburnus () differentiated again. Finally, M. terminalis (3) % C.
alburnus () differentiated. The genetic structure diagram further supports the analysis results of the phylogenetic
tree. The three parents are divided into three subgroups. The hybrids of M. terminalis and C. alburnus are obtained
by crossing M. terminalis and C. alburnus. In comparison, the hybrids of M. terminalis (9) x C. mongolicus (3)
are obtained by crossing M. terminalis (?) and C. mongolicus (3). This study will provide more genetic data for
the hybrid breeding of M. terminalis, C. alburnus, and C. mongolicus, such as providing SNPs for constructing a
high-density genetic map and screening SNP s associated with traits.

Key words: Megalobrama terminalis; Culter alburnus; Chanodichthys mongolicus; hybrid; single nucleotide poly-
morphism; genetic structure; genotyping by sequencing
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