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ETERE BN F (GBS) BiARSHhEftA& KR H
R T RAVER LG

x|gl, AEE, hEH, LEW,
ERE, WO, #W A
(L B T RN R =TT, KBS AT, Widl B 310024;
2. B RS, LOWRA R AK =M IR E ke, i 201306)

WE: JAAELELENF (GBS) AN = At BB, REo kLT REFAE
GMHAT N AFRRKAGBSH AN Z A A%M. KimALExFRE)#
6 /M b 4 4 42 B % DNA 34T W B 47 %7 b £ B 400 7, {# JF| Stacks 3k {F # 2 SNP 1,
MHHEELEAHATON. EREFR, 6 MR £ clean data 7.01 GB, F 3 & M # &
1.17 GB; 4 fT & A AME 7 —/NEERA M SNP & 5, $h40 1 H SNP fr & 399 145 4, i #%
WHEREFESNPALE 97911 Ao T HFARETFTRINSNPL Ao £, FARHLTF
B H AL 4 4 L (H) % 03394, FH 88 % 4 (H) % 02853, FH 45K &
& & (PIC) 7 02737, FHHH]R LM (P) K 03727, F &/ %M EEHE (MAF)
J 02472, F A o B A& 4] (genotype rate) K 93.94%. 3E & 4 1 38 B 3k 1 FE B o
MERKH, Z s B, ek E 48 F R #2042 0309 6~0.894 0,
MR A 03705~2.2443, EHARAMS ML) EHEN AZH#MKMETR, Z A A
B, FEMAHAERTRE2AE. AFRBRIN=Z A4, A, FEmAHLLER
FRGEGEMON, A e XN AR TRET SR thF 5.

KRR = s, MW, REM, £2%; ERTRLAN, REEN, ZEQENF

FESES:Q959.4;S917.4

i i1 6 S5 3SR J& T Y H (Cypriniformes) fi
Bl (Cyprinidae) 13V B} (Cultrinae), il # 8 f13F
Bl v i J& (Megalobrama) W) #f, F 2 A5 = £
(M. terminalis). B3k %5 (M. amblycephala). | %
i (M. hoffimanni) % ; #0138 & 38 67130 #} b 61 )%
(Culter) FN 41 #1)8 (Chanodichthys) ¥y Fh , £ 5 4
15 418 B01(C. erylhropterus). W& 61(C. alburnus) .
5 17 B1(C. mongolicus). ik K #1(C. dabryi) %",
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R DIAERIBFSE R, g aess, F £ M
EYRANGRS T H KIS, e %
4k . (Oreochromis niloticus)< 3. K| V. %' 4k 4 (O.
aureus)” il (Haliotis rubra)<>F ¥ 1 42 (H.
laevigata)” F1 At W 21 5, (Salvelinus alpinus)<Fl|
X (Salmo trutta)® 5, — 5238 AR PU i M
WA T BEREY, O W 65T 2 2458 it
FEERBRY, G008 FREA B ERN AR
i e 2 S S 7 N 1 P S S e = | S R
Do R I ) Sk 3 9 /> S 0 fEL 0 Bl £ 2
FRAC WAL S5 RE A3 A TS AR XA BRI, R BRI 5E
g3 WA ThTEREALY 3% 2 A5 % DNA (random ampli-
fied polymorphic DNA, RAPD). /&% AH &P 1 £
A M (sequence related amplified polymophism,
SRAP) Flfst B EFRICHESHT -, T T A% R
Z A VE (single nucleotide polymorphism, SNP) 5 ic
MW SRR D BT IR 22 A 1k 02 2 T IR A
MRryRAs, EENAMREZ . 2, HR
A A s A R e, TES W s B Rl X
% ZFEVEVEA oA A AR Y, iR I 4 A
I ¥ (genotyping by sequencing, GBS) 4% AR I 45 K
T 0T SNP AR B AL TR, AR —FhE
WEWN T A, GBS £ RS A T A A H
FREEOESY . FhTSE  RATBI A A, AH L T 5
J¥, GBS LAk P 4LfF SR 2R NAE R,
PRAETIME, BEAR T IF LA, Rl E SCRT D AR A
AR A SNP {5 &L, e it s 55 A I GBS $ER
Xt HEAERE (Cervus nippon). T JEE (C. elaphus) B H:
AR ACHEAT I, 3R4% T 31 630 4> SNPARIC
Shen 55 F| ] GBS £ AR X} H a8 (Ctenopharyngodon
idella) M ¥, AT 43 310 4~ SNP #Fric .

fi 1 £ A N R B R, IR AL —
AL E B YR Z A B X R s B, HAE
SRA [ AFTE /N B A 15 B 22 5 (I A% T IR 1Y
AR S EME A A AL B o AR, M AR AL AT R
A LRIk, Bk, ABFFEER A SNP 1E
Koy FhRioxt =My R 6 5l iR LA s
TR T L Z AR 20 B, T K & /i BT 11 SNP
MR GBS H R34S o WA Xf = ffy . S
5l B0 I Ho 2 52 AR SNP AR i IO 2 48 o i i 4
AR, DI = S . 52 o0 &R
Fe A8 TR S AR AL BB AR, oo Skt i £ 288
() 2% 22 8 AL BT 22 st A 2 B0, T Dy A
1 P AL R R R SNP BRI, i o bR G Bk
SNP FRiC4F o
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1 AR5k

1.1 SCIe#t Rt

=5 (SIF). M f1(QZB). ¢ f(MGB)
JEIR AR B TERIET, I TR iRl
WFIE Be K F= WS T SR A b Y R A B H . =
7 (9> W (S )ZIFB-1). = A 5 ()< W
((ZIFB-3) Fl = ffi j (9)x5¢ i BI(S)ZIFM) 2% 58
T, R AT 2T 343 o & W= 5 |
MM, SR T R, B3 i, (R
i 800~1 000 g, “RAEMI#E 5 FH oK L BERAF, B
[KIZH DNA (42 HUR HIAE 3 00 28 1 - 58 05 4 HU

1.2 XEWE. NFRHERE

GBS 7 SCEF S I UGbS-Flex 43714
#AT, H Pstl/Mspl % 3 [H 2 DNA 47 XU D)
fig V) J5 1 Fr B i F T 3% 42 B8 42 3k A barcode,
K FH w6 2R DS 2 46 e B B /0N, X Il e B
i FH i R B E AT PCR 1, M S 4 (9 SR
G5, SCH IR S A U R A BR A B AT I
B, I R ) Hlumina Hiseq Xten #E17, I 5 J7
2 BOK ¥ 1 ¥ (paired-end, 2x150 bp). X Ji #h
THLEHE (Raw Reads) #4784 (19 B4 ok v, o
25 5 . B F FastQC X} Raw Reads i 17 K I ,
T DR St o e 2 AT 2K s (A Stacks B
T[] process_radtags #27, Z:FRiEI ML Raw Reads
T LTI Reads, I IR & AE 5 bar-
code ¥ R P70 M EEE S Raw Reads; fii ] Fastx-
toolkit #1F A1 o (1 fastx_trimmer £2 7, K FREEY)
D7 55 R B L K 3" FastQC Jot 2 5t & 4 50/ F 20
MR A g, 53] Clean Reads.

1.3 SNP 73 #f7

SNP bt A% e i Stacks
B AE Y Ustacks TP XTREFEM RS, ZJEM0
H ASUstacks J7 35 XT R 45 J gk 47 Ab 2 3 3
Blastn #{4 5 BR AL BE KT 98% MAR%s, JfiEHR
/0 50% MR BRSS9 SNP X &%
FER A,

oo M 48 RAPAE i H Bowtie2 {41
4 Clean Reads [t %f £ SNP M Xt & % S A4 I,
T A L X A A 5 2 2 B D 4 A AR R R B
— L X R, AH LR R R, HE X R R AR
() i DXL R RS2 ) R 5 55 B 4 22 R R ik

R E K P72 22 3240 sponsored by China Society of Fisheries


https://www.china-fishery.cn

8 10 XYL, . FETIEER RGN (GBS) $AR T ) 60 £ 28 B H 2R 58 TR AL 45 40 1309

BAFTEANETS Y MR A XSS BT RE R K 2 ANREAE [
VREE (5 IR SNP Hoxt 2% SR 4 3 36 1 B MM S L 4 SNP HE AT
SNP #53) HTREE 5 SNP a2z IR, UESME: (GEESNP bR AIFR &/
OH B He A 25 R FI T GATK 4 P Haplotype- - PEE PRI <0.05 A (75 5 i ik PLINK 4R 1%
Caller FRIFL: UEAVBER: @VCF SCfF, Mt GATK BN AP AR SR E SR 7 a0 A Admixture 4
B GenotypeGVCFs FRFFHHITREA SNP kol by 1F, 1R K=2-10 EATREIRSSHH 04T, (1] Pong
e SNP B, (i GATK #cfF SelectVariants 1T LEATSRAEIIHT, 2 RS (451 P
B A B AT % . 450125 SNP 45 SeATAE AT R VCFrools (TR
ST K SNP H M B s i VCFools B ETHHET B SNP (00 £ i
PEO DRI SNP A RIGE B ATt u, atak g (o) WIERRIE (o BEMECRER (PIO). Bl
PF. Reads SEHCRMET 4: S MAF<0.01 @ﬁ?#'@ (P). Be/NEA L AT R (MAF) %ﬂﬂéj\
S Bl SNP B A20% it ks o ELO (genotype rate). M R & GenePOP™Y
£ 4L 5] SNP 014 %ﬁfﬁﬂ‘ﬁ’l‘ SNP 1%\&@?‘7@4}12@ B F-48 3t
s S 5KT (Fio. Foo Fo). JFHHERE S B8 AL B
14 BEZESH B (Fy) Fl Reynolds’ izt /£ 5 B (Reynolds’ genetic

RABACH AT A SN prig  disenee, RD)
ERMIE, WRBRABOLL, WA 5 wem
45 1Y )% %) F) ] 1Q-TREE 4K 45" 3£ T Maximum
Likelihood (ML) 7 it i R Gk fb by, Z8iks 2.1 MFBIER SNP & 51t
H-mTVM+F -stDNA. -bb 1000, -alrt 1000, -pers GBS TS FPEE (Raw Reads) 7.60 GB,
0.5. -nstop 100, 36 (9 T 5 4% 38 i Ultrafast — Hoeh Q20>96%, Q30>91%. 2% H i #5545
Bootstrap % 7 HEAT K 4 (52 1 000 ) R 45 0725 Foft reads 51 581 564 4%, 5 KR 7.01
iTOL #RAFP X R Ge kA iR 47 64k GB. M4 /RS BURE 117 GB. JREE 1%k
NPl FIAr BT (PCA) FERE T 4% o Bl S B A W 75 B2 (35 1), M9 EEAY SNP
AMRFER 4 SNP 22 SR, R ORFEMEIRERIE XS % 3L 4L B 51 155 140 4%, ¥4 A REAS
AR F 32 A R 2R O W) B B, TR VB R — A BEARR I SNP A8 55, JLAG I HY SNP 13z
VEFNH A 7 ¥R BEATAH ELS0IE . ] PLINK BR4F5Y 450399 145 4>, Fidsad 8 /5 78 SNP H X 2% 5L
X} 3RAS B SNP bic #E 4T PCA 408, 45 552 Wil i 2H 30 880 45741 A% 3 SNP i1 51 97 911 4>, ~F

#1 GBSMFHEHKIT
Tab.1 Data statistics after genotyping by sequencing

Fed RGN RGN K/ANVGB A R0 F5cE A iy K /NGB >Q20% >Q30% Lext /% “FYIMFIRE i/ %
sample raw_reads raw_base clean_reads clean base - 7 ’ ratio average depth coverage rate
ZJFB-1 8222 838 1.21 8222 838 1.12 96.74 91.64 64.00 19.34 87.54
ZJFB-3 8 838 196 1.30 8 838 196 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
SJF 9090 194 1.34 9090 194 1.24 97.53 93.33 68.8 32.18 62.31
QZB 8 406 272 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 i i I 7 54 X SNP b o) 2 2 Kk
KRG . SIEN=M5, QZBNMMES, MGBNZEE M, ZIFB-128 =5 (Q)<MMEA(3) 238 748, ZIFB-3 9= ()< MM ()44
EFA, ZIEMA =M E IO R FAL TR

Notes: ratio represents the percentage of sample sequencing data compared to the reference genome for SNP analysis, average depth represents the
average sequencing depth, and cover represents the coverage of the sample sequencing data for the reference genome for SNP analysis. SJF indicates M.
terminalis; QZB indicates C. alburnus; MGB indicates C. mongolicus; ZJFB-1 indicates the hybrids of M. terminalis(Q)xC. alburnus(3); ZIJFB-3
indicates the hybrids of M. terminalis(3)xC. alburnus(?); ZJFM indicates the hybrids of M. terminalis(Q)*C. mongolicus(3), the same below
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1310 KopE o R 45 4

FJAZ 53N 0.006 3/kB, A it 14 F 07 R B A
19U L

22 EEZEMSR

W A REAAE Ry — S BEAR K U SNP A5 5
PEASEI A SNP 7 45, X =i . M0, 5k
B J 2w s2 F M H,. H,. PIC. P;, MAF flI
genotype rate #E1T 73 H, AT PEAN SR A S H AR
(38 15 2RI DL RO SRR e PRI 4 B R, 3
F SNP ST R, SRR K H 7R H,
03394, SEH4 H, 2k 0.2853, S PIC 7302737,
SEH P k03727, I MAF 402472, 3 geno-
type rate & 93.94%. M genotype rate ] UL, ] FH
GBS AR KA1 SNP brid, A AR LF# X 4y =
Fd . R0, S B0 AR AR, R EAR
HAPAR B IX 43 BETT LK $193.94% ., SNP 7 45 75 5%
A K HTFAH PIC 0273 7, >0.25, W F] ]
GBS i AR 3K 15 119 SNP 41 ic 76 = ff1 #5 . WE 1 |
Sy B A s AR S B R 2 A Y,
23 BESESH

XF= AR, M AL Sl a0 Ho e AR
PEAT T F o Hr (8 1), SR AT = S
W AL Sy B R H 2 58 AR B SR AE R TR A
% T 15 812 58 F 18 ZIFB-1 Fl ZJFB-3 5 2% i 5515

PG, RWI =AMy, MM a0, 5l i ez
TARIAAFAE B B s AL o4k, T 2228 71X ZJFB-1
M ZIFB-3 Al (L s AL AN &+ B B . BE T AN [
BEURR]Y Fy 1 RD 255, —fathy . % 60,
56 0 X H A 52 FAR B By Fy oM 0.309 6~0.894 0,
RD H 0.370 5~2.244 3(3 2), HizgAMm, H=
Aty MOS0 8], F, R RD ¥ 40T
X AE R KSE, 4 0.845 1~0.894 0, RD >1.8, Tfii
24 = S 5 RSB B 1 2% 58 AR Z BT 1Y) Fy A RD
A, =M Qx5 (D) 2438 TR Fy F
RD W F &5 T = M Mg 0 2 a8 7%, %
S5 R 5 R G R o bT 45 R A — B (E 2).
BB AT A5 R R, Sl Ry —32, =AM
fifj (P)xZ i B1(3) 2258 FARE AN — 3, =,
R 61 5 o232 AR R — R 3. XN KIY
3, SAEIE A k, R — 3,
Z 5 =S85 (Qo8mE (D) 2238 TR,
T = ()< B1(Q) F 28 AR G B
A6 It o AR Admixture #0445, MR 4G CV E i
Pl KB, 24 K=6 B A, HEEAREMNE
B, M KAER N 3, RIFEA RS RIS R 3 4N
B, IRl TRt L5 R (B 3), L g
b — B AEE T RGE A AT s R, Nz B
AL, 3AEARRIIY N 3 DWRE, = i <@

0.50 [
°

025}
0
AR
E= L
- 415
i El > group
R MGB
o= 025t *QZB
KT SIF
R/ D ZIFB-1
H e o/ZJFB—3

£ _os0l «ZIFM

-0.75 |
-0.5 0 0.5
TR 1 (41.26% TTHRER)

PC1 (41.26% contribution rate)
1 =Rt BEiE, SHHEERTFREERS DH

Fig.1 Principal component analysis of M. terminalis, C. alburnus, C. mongolicus and their hybrids
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8 1] XBL, A JETIEE RN T (GBS) BRI i i £ 288 K H 2 52 TR s A5 45 1311

w2 =R AEH RERREATTFREOERSIURBFMEEESSE

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

FEdh sample ZJFB-1 ZJFB-3 ZJEM SJF QZB MGB
ZIFB-1 0.370 5 0.597 5 0.751 6 0.786 4 13123
ZJFB-3 0.309 6 0.5827 0.749 1 0.758 0 1.309 3
ZIFM 0.449 8 0.441 6 0.737 7 1.164 4 0.727 1
SIF 0.528 4 0.5272 0.5218 2.056 5 22443
QZB 0.544 5 0.531 4 0.687 9 0.872 1 1.8650
MGB 0.730 8 0.730 0 0.5167 0.894 0 0.845 1

TE: NEMONRE IS LR B, LR L RS

Notes: the lower triangle is the genetic differentiation coefficient between groups, and the upper triangle is the genetic distance between groups

0.01—

MGB

SIF
ZJFB-1

QZB

100 ZJFB-3
B2 =/, BEHH. FHAREXAZTFRAORZHELR

Fig.2 Phylogenetic tree of M. terminalis, C. alburnus, C. mongolicus and their hybrids

e ss A = A . M A 2 SRS, R Q)< Sk 7 () Ak 38 Fy M HASREAR Y S
=M (<SS A AR i =85 . 52 B, SRAP FRIC IR & BB ME 611(Q)x A1 3k 5 (3)
B2 AR AL RS AR A ZAE FRe S 400, e =Ml A Skt

LA W B0 S s AU, TR FRIC TTF3, TTF4,
3 Mg TTF10 F1 Mam25 o] I F 3k il . = ff f5 . 0%

B BRI R AR W SR O OIF R 24, B 4%
VA1 Sk B3 1R W B 2 A2 T R OF IR TR B 0 4
RO R = A 6 R 81 K = £ B
FISE T SRR 2 S WFFE I AR XD, A il 4 )
AR TR = A R BN H s TR S
FRAE AR R PEBERUULPY & 37 o 55 J7 ™, i
FET SNP HRiC % = A 0 FISH I 60121 K = # ) 7
ST AR SS TS M R ILARGE o AT B A 58
Ir FARICHE A S ARE R W], RAPD ARic vl HI T

1. Ak 5 (ol i (3) . = M (R i
(&) B H B A P S i 0 g fi e FL 2% 22 4R
L X Bl z2 7, B TR #5 i2 Me. Am._15,
Me.Am. 1. TTFO1, Mam25 A J T i3k & (MA).
B BA(CA) . P13k 7 () 81 (&) A58 F, (MC-
Fy). P13k (9)xMC(3) [M15EF, (BC1-F,) . A fif]
OxMCA M58 F2 (BC2-F,) 4 5P, i LA b i 18
Bro = XFE R 2 AR g, S
(Channa argus) Fl1 BE 88 (C. maculata) ) B 22 5 24

SFHIMUE  Avg. pairwise similarity: 0.999

MGB QzZB SIF

ZJFB-1 ZJFB-3 ZJFM

B3 =ZfAth. MK REARARTFREEEDE

ALt B Ot e A AR S R L R B A = 4

Fig.3 Genetic structure of M. terminalis, C. alburnus, C. mongolicus and their hybrids

Red, pink, and blue color blocks represent C. mongolicus, C. alburnus, and M. terminalis
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1312 KopE o R 45 4

TG H, TR AR IC R BE X 43 4% 58 filh v 1E 52
HAE M ZHE, AW 5T GBS H A FF
KB 97 911 /> SNP Fric W vl LAAR 4F 1 X 43 — ff1
fifj M GRS B LA AR, X SR AR L
TARII X A3 BE IR B T 93.94%, {45 2 A
GBS Hi R JF %& 19 31 630 > SNP F5ic X} #f £ FE
I g K Ho s S AR S 3R A5 T B 45 51 .

UGbS-Flex 4317729, v LI % [EAF 58
VIR B R . A5 LL RO TR S % 5 R S
B, HIAT DL R ) SNP v A5 . Rk, A
WF5T AT LK = ff 5 . M B0 580 00 & H A58 1
FRAE g — A BERAS I SNP 728 S 3845 AL 1
WAL Il Hy . Hy Al PIC S5 S50
Fe R &= e e e, B HRGE
R FE 2B BT R XA Sk 5 (Q)x
R B(D) . =M (R 8D A8 1L 4548 43
Mral, Zescffifs = faf . 1k &5 Fod s o) 42
2 FE A T AL R R ) 24 A A
0] LT UGS-Flex 2377122 i 2 97911
A~ SNP BRICHE = M5 . Mg 00 S o0 R H e
ZFRPBEAHBHZEME, HEARRLHET
AR ]I e B o B B D, T RR AR B T R AL S
RS2 LA R, [ AR R AR SO AR
) Hy X H, AEARAEXIRAG . BAR AR I 25 A8 K
HF AR I R S B D, R s AL 24
WS E -2, HARTNE, A0
FETARES IR BN T X = A f . M, S
H 2 R a5 ooy By, Prikfsm
97 911 /> SNP 45 ic BE U8 1R 4 b X 73 — fA fj . 3
W B 5l 0 e H e 2 AR . BT GBS AT
RS Es S TS, WM D ERIEE, A
KA, 3T GBS 40 b7 7 ik BT 3k 45 45 SR 6 vk
5L 0 FARMC T 8 EAZEAT O™, AR
W H, X H A SR A S 80w A%, B nT 58 i T b7
TSN, B, GBS 2 ik T ik 15
SNP fRick %, MHXMES o Thrid, REN 4T
MARREENAMBEEE, HEEAES
TR PR RS E

FIF ML 60 = ff 7 . W 60 . 5t 60 %
HaZFRETRE AW T, @ RE it
TR I T 25 AT UL, = A i o Y 2 438
TR A AL B e d , =85 (x5 i 81 D)
Z= 28 TR a5t A% BE B DR /& T = 5 G 61 2
AFAZ AR, A R BRI SR AR SR AR
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[i) 35 12 PR B 0L o 3t A% 43 s BSORN 35t 4% R 25
Br, DB S5 Al R DL B85 R . %
SRR T R RN = Aty P Sk 5 RS A%
HIAZ TR T8 A, tesh, RS
FERE ] WL, = S B 2 A2 38 AR
TS5 EEARERYE, BNBEEBE LR,
WA E R N EHE 7 b 48 EoR s 1% #E B
i BA, =AM Q)< i1 (D) A4 38+ R i
Il REAS, = ()58 i (Q) 2238 T A I 17)
LA, =M (x5 i1 (3) 2238 TR i 18] 22
A, N fEas i bl EOAEH, =M
(QxZ T 1 (3) 2238 FACHH A ) A0 A . 3 T X =
Fr . MG 0228 FAUE S REER B 48, =
fafoy . M e FRIERW S /2K . BK/4
KRB/ K SR LS HEARZ 2 B E;
X AL TE K AR B IR R B, = A Q)<
81 (3) 2438 F AR (2.07) B 3E FHREA (3.54), i
=85 (D)< i (Q) 2428 TR (1.48) W TE H25k
AR (1.23), 5B UL L A8 U X = 5 (@) M G
(&) 2428 FAR AT BOR AT S R I ST R 0, T
FVEE 2 ADSHER W ACA MR, M2 . Mk -
S AN 2 T 85 3 A PR A ) BEAS ;. AT EMOIRA 7
MR AT B SRR B E 2SS, T4
FeHCH S1.61, T HAR A A, I LAk
2858 TARBE A S8 K, A W 1] T 5%
AR—Tr, FIWEF R ER, XA AR T & 425
RUGE 1) 38 4% 4 T30 1 AR 1 B R AS %o 55 19 2k )
A AT I, 238 TR SR A i g MR R AR K,
EL Ak 7GR A 1) 3845 W) B AEAE 22 Sk, 3X Ol 1)
B RAE T — B B,
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Genetic structure analysis of Megalobrama terminalis, Culter alburnus,
Chanodichthys mongolicus and their hybrids based on
genotyping by sequencing

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,
subfamilies, and even families, combining parents’ dominant traits to obtain excellent new hybrid variet-
ies. Previous studies 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 nucle-
otide polymorphism markers (SNPs). This study aims to analyze the genetic structure of Megalobrama terminalis,
Culter alburnus, Chanodichthys mongolicus, 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 that
included M. terminalis, C. alburnus, C. mongolicus, and their hybrids (F;), was double digested. Simplified gen-
ome 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 filter-
ing, 97 911 SNP sites were obtained. SNP analysis 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 poly-
morphic information content was 0.273 7, average nucleotide diversity was 0.372 7, the average minimum allele
frequency was 0.247 2, and the average genotyping rate 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 clus-
tering points of the two hybrids of M. terminalis and C. alburnus were close. The PCA’s result indicated
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 dif-
ferentiation indexes between M. terminalis, 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. terminalis, C. alburnus, C. mongolicus, and their hybrids are distinguished. C. mongolicus
firstly formed a new branch. M. terminalis (Q) x C. mongolicus (3) was separated as a single branch. However, M.
terminalis, C. alburnus, and their hybrids formed a broad branch. In this big branch, M. terminalis first differenti-
ated and formed a separate branch. M. terminalis (Y) x C. alburnus (3" differentiated again. Finally, M. terminalis
(&) x 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 (?) x C. mon-
golicus (&) are obtained by crossing M. terminalis (Q) 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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