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I AL RAF SNPAR 2537235301, 420 Ui Je 4445 31 5 51 5 SNP A7 5133536/ FH T8 A& Z R i . 4N HEAR
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TG BT GBSHUAR M AL TT b X B FRORMISERE AR 18 4% 22 4 R 70 2

GBS. 2b-RAD. dd-RAD. SLAF%. GBS A&
A T R ZH AR I —Ff, ATARFE B 98 H 1 R % 1
H P 5 R B I S B B (Tags), T3S K
& AUISNPs bRid e X VERARG. RS, £
I JUAESRAK P2 S MR dE 4 183 4% 25 ) 3 A 0 &
HikFEMA R THE. ST 85 (Cyno-
glossus semilaevis)'” . = i1 i (Megalobrama termi-
nalis)« FMEGA(Culter alburnus) %15 #A(Chanodic-
hthys mongolicus)'" K-V-V¥¥8 3 . (Todarodes pa-
cificus) . FLIKIBUE(Umbonium thomasi)' % K 7=
BN SNPAR L BT A At A% 2 FE I 90 . AR A 55
FET-GBS W7 HAR S Bra A [FIBL IR gt 4 1)
WL 2 R FIRAE 2540, B AE R I A6 J7 B IR W ik
BRI 8L Z FE K FISE SO R, N HL IR W) fi5
PR BEIRORT S VRO FIBE AL B SR KR

1 RSk

1.1 SEIesrst

A TR B IR Wk - GBS #r, 2/ IR B
A3 R R T 0] [X IR 5 3 (HAEAAR) AR 3 T
i N X R (LB, HEEA20164E 5] H B EIT X
ZAMREE, LEA2021495] B 710/, XA IMRE
Ho 2P AR TSR 1 R T B M DX YRR (Y
POVFNL 78 AR T KT (BEEAR; & 1), SLif
TE RIS [B] S 56 2, FIMS-222 K i, B B i
TR P, 80 C IR 745
1.2 EFEHDNARZEL

FIH R A AR R A IR 2 5] i sh )
2 25 5 (R ZH DN AR Bt 771 20 52 B (K K o figs 22 TR
HDNA. DNA Ff i 28 1 %% 8 B 5 5 H ik A0 1k
R/ 66 T (NanoDrop One) il 44 5, #F
Ak I DNAKE 5 5B 250 ng/pL, —20°C {774 .
1.3 GBS EHE

Fi B4 (I DNAFE §13% 2 _EHERR 5 4= W 15 24 B
Fi A R oy w47 2 e . R ZH DN B 41

®1 NRAVEHARERER

Tab. 1 Sample information of R. lagowskii

BEE s v
BEE RPERA Ladwde TERELE OREEL
Population Sampling site and e;npe Sampling
longitude 0. position
FEETRE REN WX 39.40°N, ,
FRHBEE) 117.84° 0 Fef
REEGHEE RETTEINX 40.03°N, )
LB F0 11745 28 Jetk
REEVRATHE RETTEIN X 40.19°N,
TRCYRE) 4T 117458 26 Feth
LT RFW L TEAREN  41.13°N, 25 R

BEARBRAR) KT 124.15°E

T 4 ) i PsA-HF F MspTist A7 XU VI, 158 B i V) 41
Ao B ZH, 37°C [ Ni2he ) =4 FH T4 DNAE 2
A 4z Sk, 22°C 4220, 14 H 0765 4 F4 ) Sera-Mag
beads X} IEH AT 4k I, 2 FR/NT300 bpl)
N B XAl G P AT PCRY 1Y, #2 7
N95°C 30s, (95°C 30s, 62°C 20s, 68°C 15s), 161
R, 68°C 5min, 4°C{# 4% . 18 ] Qubit #ll & PCR /=
WDV BE, XF U E K T-5 ng/uL B &A% R S, B 7] 5
i [ DNAJE & & /&, ff F lllumina Novaseq PE150
M- 6 R G T SR AT
1.4 HBIEFIERSNPEE

I FE B JEL 46 B8 (Raw data) 25 (442 5k, i v A
BRAS B A BR 1 9 DI R BT s 1 P 41, SN
T 8% 1 i 2 I %) S AR i i reads, 3k 13 HQReadsH
TG40 47 o 481 Stacks B X 3R 45 1 GBS
s (HQReads)HE AT H 2 LSNP /3 Y, 4 Fveftools
B (version 0.1.14)" %6 3545 (¥ SNP 4 71 &5 5L it 47
g, BIBRAE S A4 A, MAF /N 0.01 FIAL £ AT
SNP /> B i 5k 1 T 20% 0 457 55, 73 BB A () SNP
papitt
1.5 BEEZESH

i FHGCTA R (version: 1.26.0)° % 3543 (1ISNP
Fric BE AT 32 543 43 Mt (Principal Component Analy-
sis, PCA). % IR genepop” it 8 45 AN BEAA 1) £
AL (P) M5 T (H) JHE R &
(H) 285 BE5(PIC), BHARIEHE ML R EU(Fsy)
N I54% #5 B5 (DR), K H veftools A4 (Version 0.1.14)
VLT IR 2 REEP) . FIF] ADMIXTURE#S {4
HHATRHARZE R 34T, A4 CV (Cross Validation Error)
T 52 (IR A K AH, 13 pong B A6 B /s idE 4T
FhEELE IR . 85T treebestih £ (Version: 1.9.2)°"
THELER B HERE, K FH 7% (Neighbor-joining method)
PR AR, JE A 1 ] 52 1438 i bootstrap V2EEAT
K5 56 (FE A 10007%) -
1.6 R MSNPALEFIE

X A FE AR TP e B B SNPA 55 3347 L 8, %
HEZH N — 30 PE 100%53E 47 0 38, BV 4H P9 BT A 4 A 3
KA RAZC N KRS X6 R 0 %k 1) 45 5 14 SNP
LR B FEAR, A5 F veftools B4 i B 44k 8] 4 4 SNP
PR ForffL, 0 3% For{E>0.25 107 55, BI i1 FE 431k

1.7 ThEEFHSETNS O

{ifi H easySFS (https://github.com/isaacovercast/
easySFS)# {4 Fstairway plot (https://github.com/xiao
ming-liu/stairway-plot-v2/tree/master) &4 TFEL T
SN T, A AR A RO AR NN L
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PG W ik 2 1 i 3, TR O 1A TR) e s 1) (@) 242,
TR R T8 0 26 () 5 2% W8 (Cyprinus carpio),
H3.51x10°,

2 #R

2.1 BUERIZRSNPEZE

10947 R W figg A A e il e 315 21 2 s =
70.32 Gb, i 318 22 R AR o SR 5, 15 2 i & 40
56.44 Gb, “F¥EAFEA0.52 Gb, H:H1Q20=96.18%,
Q30=90.08%, £ & # s 7 ok o WP 3L 3R 45
SNPHR 2537235301, “F ¥l 57 IR B 28.01x, &t €
Ja 345 3] SNP 17 413353617,
22 BEZHMSH

ANHE BRI AR I 83 4% 2 FEPEFE AR LR 2.
AN PR H E0.0394—0.0818, H.{£0.0397—0.0884,
T ] PR H s, 07 K I B H B s, R
VAT RS B KPRk . 4N BEIA I PICIE 7
0.0327—0.0717, P 0.0406—0.0908, #i 1~ F&try
DU 7 K P B R e v, RV AR B ik o R
VTR A REURCK, SN0.5480, R T BEAAIT
LRI/, N0.0439, BRKE, I T K FI Bk
IR ] N A 1) T A% 22 RE I K B TR T
TAREAR AN R VA A
23 BAEEESCMERR

A~ T TR 1R 38 A% 4K R B (Fgp)TE 0.0039—
0.8148 (7 3), Ho A1 R ¥ 7 Y] FHF A AR I ] | A

2 NERAMESHERSHEMESH
Tab. 2 Index of genetic diversitv of the R. lagowskii populations
Bk WINREMERE 28ER MHRZ LR
Population  JE¥H, EH, 4&8®PIC FMP,  BF,
FETHHE 00613  0.0643  0.0548 0.0655  0.0567

PRHEEAR)
REEFEMEE 0.0818 0.0854  0.0717 0.0872  0.0636
PR(LEEAR)
REWFAEE  0.0394  0.0397  0.0327 0.0406  0.5480
PRCY BEAE)

TR 0.0761  0.0884  0.0740 0.0908 0.1517
FRBREAE)

=3 RERAMIBEANFGEBET)SERRN,
(Cop: A

Tab. 3 Pairwise Fgr values (below diagonal) and N, (above diago-

nal) among R. lagowskii populations

EEREN ST KT T T R T A T TR T
Population #EABHEA) MAMAEA) RLEE) WA

SU R N ST — 0.0883 0.0883 0.0662
TR BEEE)
TR T 0.7390 — 63.8526  0.0587
PRHEEAR)
TR ) 0.7390 0.0039 — 0.0568
AR (LEEAK)

PNEEMIEE 0.7907 0.8098 0.8148 —
PROY BEAR)

(B IR A% 3 AL B, ForfEN0.00390 K Tl A
IR ] P FEAA 5 FLAR 2 AN BEAR 1 Fg L 7E0.7390—
0.8098, it & /Al K o 10— A0 HEAT B A4 [R] 2 R
(Np) 7 BT SR 7%, R U8 7 VA A R OV ) ] A ] 1Y)
TR K N63.8526, 3 5107 KT BEAAFIK
VAT AR (] () 22 R R /DS, 7E0.0568—0.0883 .
24 BHAREERSH

15 FHH GCTAFRAF X 3145 1 SNPAR i E 4T = Bl 43
AT, £ BB ERRE S R BRI . a1
FraR, 4 BEAR S 934N B B 1 28, R T AR
IR BB PN FEEAAR AR B — B, 3L 7 K 7] B
R IR Y IRT AR B AR 53 ) R 2 AN AN TR 2

K AR R M B AR, 4N FEAR I MR RN
3R SL, R 7 VA] B AAC RN R 3 i B AR AR 5
— 3, 3L TR TR AR R A Ve AR A AN 43 1)
RRN—(E 2), 5ERD LR

M. ADMIXTURE# 4, #2 4% CV error (Cross
validation error) 5 I 52 %5 B 1 KAE K W € fe B 70
B3, BIETA FE S RI 2 R34 TR, 18 4% 450 I
Kl 3T, ASEEEARR A R AH 2 S, R IR A
W B L BIARR AL F R S L. FH K] 37T
ST, RV e VAT TR A R O R ) N AR () AR SR A )
SR ES (S il a1 = 2 i IS A M s NI S
FHXT ML S LS, 5 R G 1) 50 B 45 SR A
_‘ﬁo
2.5 BT RMESNPARIE O

X4 T A R Y R A AT I 0, FR IR
N — B 100% 47 I e, RIZH N TG AR 3 & A4
RAGARAERE . AL, L7 KR
AR 57 3% 3] 42 contigSTANRE 7 1 SNPA 4, Ho

< OB sk ek (B)
7 o KR (H)
33 010 FEEBETMIEEA (L)
R2 KR EEA (Y)
%E 0.05
HX ©
WS o L.
RS ’
),;3
R~ 005 }
s
fnf®
Il —0.10 f
®
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Fig. 1 Principal Components Analysis of four populations of R.

lagowskii



11 81
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RUORAE TR, AL 5 B R 4. AN H—1 Ty
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SNPA 55, 33E— 25 7 16 24N e A4 8] 735 FE 404k (Fg i
>0.25) 147 £, 45394 contig] 2N SNPAL (2 5)o
R A DL i 3 435 5L v 0 (BIC) A A 2 W B B SYM+
ASCHGAE 3 R Gk, AT DL A b X 43 R T
TR M2 AR . DA IR g AT AR L IR
KA A S 23 b AN R 48 A3 7 T i
2.6 FEEAERNES
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Fig. 2 Phylogenetic tree of four R. lagowskii populations
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Fig. 3 Genetic structure of R. lagowskii populations when K value is three
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Tab. 4 Specific SNP loci of R. lagowskii populations

TR TRHEBRAE) R R (YRHE)

Contig POS REF ALT Contig POS REF ALT
contig8071 169 C G contig67 235 G A
contigl 0725 119 G T contig7242 127 T C
contig12947 272 A C contig14064 239 G A
contigl 6578 177 A G contigl 6578 207 C G
contig16923 148 A G contig1 6868 210 C T

205 A C
contig22163 186 A T contigl1 6923 158 A C
contig32454 207 C T contig20447 121 A G
contig38778 267 A C contig21155 170 C T
contig39454 105 T C contigd0375 100 T A
239 A G
contig40375 204 C T contig41943 126 A T
194 G A
contig41020 215 G C contig48378 195 A C
197 G A
contig41481 142 G A contigd9731 216 C T
contig43328 127 G C contig56419 188 T G
200 C T
208 T C
237 T C
244 C G
contigd5138 151 T C contig58677 102 G T
214 C G
contig48126 229 A G contig63059 164 A C
166 A G
contig49038 204 G A contig71339 151 A G
contig49731 108 T C contig81083 158 C A
contig55825 187 A T contig87654 117 C T
190 G C
contig56419 192 G A contig89634 204 A G
206 T C
contig67697 123 G T contig90055 198 G T
247 A T
contig71027 218 C G contig92214 137 C G
contig76406 161 C T contig98978 176 C T
contig81083 187 A G contigl 16251 199 T C
contig90055 128 G A contigl 18188 217 T C
contig90336 120 G C contig118643 257 T C
177 A G
contig97273 217 T A contigl21453 101 G T
173 C G
contig97435 196 G C contig124088 196 A G
contig105667 151 T G contig129277 114 C A
contig1 09124 118 A G contig130943 211 C T
119 G A
contigl 11190 223 A G contigl31243 108 T C
contigl 13654 195 G A contigl37656 106 A G
193 G T
contigl 15007 142 C G contigl1 51944 138 G C
224 T C
contigl 16322 153 G A contigl 58578 205 C A
158 A C
201 T C
contigl 19589 111 A G
237 T A
contig124088 200 T G
232 T G
244 C T
253 T A




1134 FIbeER S BT GBSHIAR M AL 5 b X i IR W S A 18 4% 22 4 14 43 A 6
GEka
TR RERBREER) KBTI (YREER)
Contig POS REF ALT Contig POS REF ALT
255 A G
261 C T
contig129277 183 G T
contig133179 240 G A
contigl36314 234 T C
contig137656 170 C T
177 C T
contig141515 112 T C
contig1 50612 183 G A
contig1 51944 127 T C

¥: Contig. R MATTE R H S H#F; POS. B RAL AN T5

RATAIE

25 BE R TR (AL B ; REFATALT. 255 3 41 (1) B 38 AR %o 2 AL &

Note: Contig. contig with mutation sites; POS. The position of the mutation site relative to the reference genome; REF& ALT. The base
of the reference sequence and the mutated base at the corresponding position

RS RBTIMEHARMRIZE N B8 For [E>0.25HSNPHLS
Tab. 5 SNP loci of Fgr>0.25 in Ninghe and Jizhou R. lagowskii populations

Contig POS REF ALT R T R M) KRB HEE A LRHE) Fsr {2

contig84061 137 G A AG GG AA AA 0.39

126 A T ATTT AA 0.39

71 A C AC CC AA AA 0.38

134 G A AG AA GG GG 0.37
contig36093 78 T A ATTT AA ATTT AA 0.37
contig4751 202 C A CCAC CCACAA 0.34
contig136154 213 C A AA AC AA ACCC 0.31
contig54411 213 G A GG AG GG AG AA 0.31
contig192971 139 G T TT GG GT TT GG GT 0.28
contig54899 215 T G TT GG GT TT GT 0.28
contig129435 140 C T CCCT CCCTTT 0.26
contig1 18998 271 A G AA AG AA AG GG 0.25

3 g T AT X AN EROK W R 1A 38 4% 22 A PR A 35

3.1 EEZHEM

AL 2R R DA PR SR RO I L B S
R BEARIE E SR A AR B I B R, e 2
FEME = PP R FL AR (7@ N A D5 . GBSH A TE
io i I T DAIR 1S 7 A AN SRR AL AE B K
&SNP B S sif5 B, FEliE & KA R, TSH
R HEE TS 'R S R 8 2 FEE
PP, B A @ GBSE AR T T kv
PP AR BRI R B BRI 0 4% Z RE 1, 45 R I ET 4R
TR 1) AR B A 22 FEPENE o T R BE B, A 9725
B TE AR REA . B B P T GBSHA I ik
1452660 i 5 & I SNPAT 20T 1 75 M i 7K ek
6™ iy BT A T T R ER 1 O AR R A, 25 SRR 6
FEARJE T — A8, FhBESS M — o AW 5 N A
GBSH AR IR 1 13353674 &1 i & (I SNPAL 4, 40 Ht

fedhity. EBEZHIESH, REE. Z2HER
HR(PIC). HIRZ FEIL(P)Y R R AR 2
FEVE R SH. qH > H B, BN TR R AR
LB TN TR FER . ASHE T 4N A
HIWE T H,, Y TC 18 2 B AR AL 1 IR T A A4
A —ER AT . Herh, R AL AL
FH(FYRK, Z25E B GEPIO®, NHEZ
SRR A3 BEAR L A2 R BBV, PICE Y
KTF0.05, Ay 2 S MACE, AN, K
FE IR SR AR R 201645 5] [ BEJRIL, TS
HEVR20214E IL T 3L BH 51 32, Fe SRR #ER 20134 5]
H BRJEIL, WA RER BRI 220k 2 4R 0 N T3R5, A7)
DRATF I v PR A 22 R KT o R VAT REAA ML
TR T AR B R D9 B AR R AR, (B R VAR
REE. ZHEETEPIC). BMHREZ NP
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1053

10° 10" 10> 10° 10* 10° 10° 107

PHA-FIIHIE] (g=2, 1=3.51%107)
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4 PUASDL KM RE (A 2R RN T3 S 324l B
Fig. 4 Historical changes in effective population size of four R.
lagowskii populations

B AL Z FEVEFR bR B AR T TR T A 3k
D2 PR B R UL T R AR D-loop ICyt b
WER T BRI FHAR 7 X R KW R i A
(35345 2 BEE, 5 3 B AR b X s IR W s
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GENETIC DIVERSITY ANALYSIS OF NORTHERN RHYNCHOCYPRIS
LAGOWSKII POPULATIONS BASED ON GENOTYPING BY
SEQUENCING TECHNOLOGY

BAI Xiao-Hui', LIU Ke-Ming', HE Xiao-Xu', YOU Hong-Zheng', LUO Xiao-Nian’, WANG Xiao-Yu',
BO Qi—Kang1 and ZHANG Wei'

(1. Tianjin Fisheries Research Institute, Tianjin 300221, China; 2. Dalian Ocean University, Liaoning 116023, China)

Abstract: Rhynchochypris lagowskii is a small freshwater economic fish species selected by the Ministry of Agricul-
ture and Rural Affairs as one of the top 10 characteristic aquatic germplasm resources in 2022. To investigate the
genetic diversity of the R. lagowskii populations in northern China and provide references for its conservation and
genetic breeding, Genotyping by sequencing (GBS) was used to develop single nucleotide polymorphism (SNP) mar-
kers and analyze genetic characteristics of 109 individuals from four R. lagowskii populations in Ninghe, Jizhou, Juhe
(Tianjin), and Taizihe (Liaoning). Through sequencing, a total of 3723530 SNP markers were obtained, and 133536
high-quality SNP loci were screened for genetic analysis after filtering. The expected heterozygosity (H,) of the four
populations was 0.0397—0.0884, the observed heterozygosity (H,) was 0.0394—0.0818, the nucleotide diversity (P;)
was 0.0406—0.098, the polymorphic information content (PIC) value was 0.0327—0.0717, the genetic differentiation
coefficient (Fgy) was 0.0039—0.8148, and the inbreeding coefficient (Fi,) within population was 0.0567 —0.5480.
Genetic structure analysis showed that four populations clustered into three distinct groups, with individuals from the
Ninghe and Jizhou populations in Tianjin clustered into one branch, and individuals from the Taizihe and Juhe popula-
tions in Liaoning and Tianjin clustered into one branch, respectively. Population specific SNP markers were identified
for all four populations, serving as candidate molecular markers for species identification, population genetics, trait
association analysis, and evolutionary studies. Population history dynamics research indicates that the four populations
of R. lagowskii all underwent a process characterized by a sharp decline in effective population size (V,) during the
Quaternary glacial period.

Key words: GBS; Genetic diversity; SNP marker; Genetic structure; Population dynamics; Rhynchocypris lagowskii
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