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Abstract: Objective To uncover the genetic diversity and genetic structure of wild Dianlongdan (Gentiana rigescens Franch. ex
Hemsl.) population in different distribution areas. Methods In the study, genomic sequencing of 147 individuals from 19
populations of Yunan, Sichuan and Guizhou was performed by Genotyping-by-sequencing (GBS) simplified genomic technology
(reduced-representation genome sequencing, RRGS). SNPs data set combined with cluster analysis, principal component analysis,
genetic structure analysis, and mantel test were used to reveal the genetic diversity and genetic structure of wild G rigescens
populations at the whole genome level. Results System clustering, principal component analysis and population genetic structure
analysis showed that the samples collected from different distribution areas had obvious genotypic differences. According to the

geographical origin of those samples, 19 populations could be roughly divided into two sub-populations. One was the Hengduan
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Mountains sub-populations (populations distributed in northwest Yunnan and southwest Sichuan), and the other was the
Yunnan-Guizhou Plateau sub-populations (populations distributed in western Yunnan, central Yunnan, southeastern Yunnan and
Guizhou). It was found that the population genetic diversity in the Yunnan-Guizhou Plateau was higher than that in the Hengduan
Mountain area based on the comparison of observed heterozygosity (Ho), expected heterozygosity (He), polymorphic information
(PIC), Shannon's diversity index (/), Nei’s gene diversity (Nei’s), and nucleotide diversity (z) at the population level (the Genetic
diversity parameters mean value of the Yunnan-Guizhou Plateau populations: Ho = 0.052, He = 0.110, PIC = 0.088, /= 0.164,
Nei’s = 0.127, 7 = 1.677 X 1073; the Genetic diversity parameters mean value of the Hengduan Mountain area populations: Ho =
0.051, He = 0.098, PIC = 0.077, I = 0.144, Nei’s = 0.114, 7 = 1.175X1073). The genetic differentiation index (Fst) and gene flow
(Nm) analysis showed that there were genetic differentiation and gene flows among the populations of G rigescens. Analysis of
molecular variance (AMOVA) showed that intraspecific variation of G rigescens mainly from within populations. Environmental
difference analysis using 23 environmental variables showed various difference between habitats of the Hengduan Mountains
sub-populations and the Yunnan-Guizhou Plateau sub-populations with significant difference of thermal indicators and UV-B
radiation indicators. Mantel test showed the genetic differentiation of G rigescens was mainly caused by environmental difference.
There was a very significant positive correlation between UV-B radiation and Fst of populations (P < 0.01). Conclusion Various
differences of population genetic diversity and genetic structure could be found between the Hengduan Mountains and
Yunnan-Guizhou Plateau sub-populations. And one of the important driving factors for populations genetic differentiation of G
rigescens might be the variation of UV-B radiation in the distribution area.
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Table 1 Sampling information of G rigescens populations

JEHARS JEHE b 28 (B 4 (N AMEE
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WX e R BRI R E 2 99.172° 27.089° 5
FG 1R DT E R ZHARIIMNETEAH RS 98.920° 27.286° 5
PZH SRS PONIE R AE T Hhu B L 2 101.953° 26.640° 5
NN T JE T VBB LSRR E M T E AN S 102.684° 27.266° 10
XC i) yics PUNIZE L e B T T 2 102.098° 27.872° 5
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GM YR AT S 2Pt 2 99.719° 23.645° 10
YX PR =Yy ice B IMETT = B2 100.357° 24.539° 15
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Table 2 Environment factors used in the study

R M5 CXDA R T £
Bio01 PR C Biol3 e A K E mm
Bio02 EHRRHEE C Biol4 T A BRKE mm
Bio03 HhE — Biol5 K BT AL —
Bio04 IR — Biol6 BRI E mm
Bio05 I B e il T Biol7 RTZERFKE mm
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RELERE I (WS) BRI REIE 2
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Fig. 1 Cluster analysis of 147 individuals in 19 populations of G rigescens based on the SNPs data set
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El2 CERHB 19 NERF 147 #R M SNPs BUBSRER S 47
Fig. 2 PCA of 147 individuals in 19 populations of G

rigescens based on SNPs data set
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EIEEIME, Btk K=4 R HETE (K 3),

T AL HAE R, 19 A JERERI R R

1.0
0.8

0.6

LB

04

0.2

HQ YL XC XH NH

YS FGWXPZHHN WS

0.54
S o5 @
Hy \ ®
B 0.50 \ A
s \ &
& 048 e
> 046 ont®
o \ st

0.4 b i

0 2 4 6 g 10
K14

B3 CEMRE 19 MEEE 147 #RMEF SNPs BUESRIE 55105
£ K EfiE

Fig. 3 Optimum K value selection for genetic structure of
147 individuals in 19 populations of G rigescens based on
SNPs data set

HOEE - EILH BB AR (B 4). 4 N, 20
B RIAMA FEAAE TR (HQ) M (YD) 2
ANJEREA R I RIAMA I B A KA LA [P R
X CERACERERID . fRILE T RS, Ri%
ZES U L SR A i C e DR R = ey DY )1
Bttt Rt TRl 3 AN ERHEMRS DASE L
BORE. Rk B &SRR R
ik, HA R RERIR T 2 NS AT

CN SB HT cX GM

B 1 ZFRIRIEAREE 1 BRIEDRAEANMA, AN RIS X R AS [R] A 5 56 PR 28 s 43
Each bar represents a sample of G rigescens and one color correspond to one Ancestral genotype.
El 4 GERAE 19 NERHOIRESHSE K=9)

Fig. 4 Genetic structure analysis of 19 Gentiana rigescens population (K=4)

AU BT8RO AP BT (CN) — 35
PHGAZE (NY) —ZONS, ORI R RS S5 =
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RERJECNEA 4 FhLR Y, JErTRl o ohdeds Gt
10 NERED MRl it o ANE#D 2 4l b
20 B AR AERAINT L X GEPG B 1 P R, ZH S
PRI AR BRI A I 5 Loy re A B A T =

Bt 2GR T AR A IV S Ee .
3.3 EEHEMEZHM

3.3 MWL X EREEE 2R XA TR
WX 10 ANE R IH & B e AL 2 FEvE S 80471
B, SR EIR (R 3), 10 MEEE 6 Ntk 243
4358 Ho=0.051 (¥({E 0.040~0.070), He=
0.098 (#{fH 0.085~0.111), PIC=0.077 (¥4
0.067~0.088), /=0.144 ({4 0.125~0.163),
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Table 3 Genetic diversity parameters of 10 population of G rigescens in Hengduan Mountains and its surrounding areas

Ja B RS Ho He PIC I Nei’s T
(EPNEE HQ 0.058 0.095 0.076 0.141 0.106 1.272X1073
B R XH 0.070 0.111 0.088 0.163 0.130 1.625X1073
EyiA YL 0.070 0.093 0.074 0.137 0.108 1.134X1073
K i Jea YS 0.040 0.105 0.083 0.156 0.120 1.407X1073
oG )5 WX 0.046 0.092 0.072 0.134 0.110 0.951X1073
1R DT R FG 0.043 0.090 0.071 0.132 0.108 0.823X1073
BRI E T PZH 0.048 0.085 0.067 0.125 0.100 0.941 %1073
TR JE A NN 0.043 0.106 0.084 0.157 0.120 1.460 <1073
(i =Yz XC 0.044 0.087 0.069 0.128 0.105 0.886X1073
SRR LS 0.048 0.111 0.088 0.163 0.133 1.251X1073

Nei’s=0.114(¥fH 0.100~0.133), z=1.175X 1073
(B 0.823X1073~1.625X1073),
332 zEnmEEEREZAEE SaT o
JR BE R R RS Z R S Gt A R R (R
4), 9 NEHBESESIE M Ho=0.052 (3
14 0.042~0.072), He=0.110 (¥ 0.088~0.141),
PIC=0.088 (¥fE 0.071~0.113), I=0.164 (H{&
0.132~0.211), Nei’s=0.127 (¥(fH 0.098~0.161),
7=1.677X1073 (Hff 1.209X 103~2.261 X 1073).
19 ME#RL 2RSS R ER, Ho=
0.037, He=0.268, PIC=0.223, [=0.426, Nei’s=
0.279, w=1.399X 1073, & LRI X B LA
=R JERE He. No. I. Nei’s. PIC fll z 6 Nigt
e Z RS EAE A, FEXE 2 AR AT
Mann-Whitney U %6 (B 5). SSEFF A5 LR
RIR, RE WL XUE e IH B s Z AR s i
JREHAS, Horh o HZH R 2 7 53 (Mann-Whitney
U K5 P<0.05).
34 EESUSEER
340 MEBTLXERE BT &SI 10 NE
TeRHJERE Fst MIMEA 0471, Fsr BUEALIEE

0.163~0.580, 3K (HQ) FEESE R (YL) EiE
[f] Fsr{Hf/h, Z84e (PZH) BES5 TR (YL)
JERENA] Fsr ik (£ 5. BRER. T2 Makt,
AEDBIT Ly DX VO AR R Ak 2 0 o 2 A e 7K 11
BAE A

N THELEIR (R 6), HELIX 10 ANEHE
No BUEA T 0.181~1.279; IXVEK (HQ) JEH#HE S
T (YLD JEREE NmfE KT 1.000, HA 44 X
FEM) N 397N 1.0000 N BRSBTS, BRIETE
e H BRSSO 4 F A ] P 26 R 22 Uk
15152 BN AN [FIFE B () LR o
342 =EREEREE mitmR 9 MERIHER
Fst ¥(E 7 0.422, Fst 4 0.227~0.576, #1111 (CX)
JEREE XU (SB) JE B Fsr{E i/, A (NH)
FEHEET (CN) FEREN Fsr K. StMNGh%E
M ERE (NND 525t e J5 e i X 0 5 1 2 0
ANFFEBE AL oA, JEEER Fst {HTE 0.373~
0.495 (K 1.

No WP RN (£ 8), mihm i 9 NERER] N
AR VE . 0.184~0.853; 3 XJEEE Nu fH/NT
0.200, 13 X EHE N {5/ T 0.300, 6 X JEHERE N

x4 mREFEEREIPMEHNEEZHENESH

Table 4 Genetic diversity parameters of nine population of G rigescens in Yunnan-Guizhou Plateau

JEHE 5 Ho He PIC Ji Nei’s T
=N CN 0.050 0.088 0.071 0.132 0.098 1.403X1073
k5 GM 0.052 0.115 0.092 0.172 0.129 2.034%X1073
= EIR YX 0.048 0.128 0.101 0.188 0.150 1.864X1073
R CcX 0.049 0.121 0.097 0.180 0.138 1.940X 1073
XUHA SB 0.072 0.096 0.076 0.140 0.116 1.297 X 1073
AR?:S HT 0.044 0.089 0.071 0.134 0.100 1.330X1073
g HN 0.063 0.093 0.074 0.138 0.110 1.209X 1073
pral] WS 0.042 0.122 0.097 0.182 0.141 1.752X1073
gh7E NY 0.048 0.141 0.113 0.211 0.161 2.261X1073
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Fig. 5 Genetic diversity comparison between the Hengduan Mountains population and the Yunnan-Guizhou Plateau
population of G rigescens

x5 tEETLRELMXERE 10 NEREE Fsr#E

Table 5 Fsr value between 10 population of G rigescens in Hengduan Mountains and its surrounding areas

e Fsr

? HQ XH YL YS WX FG PZH NN XC LS
HQ 0.000 0.519 0.163 0.542 0.538 0.541 0.566 0.559 0.534 0.547
XH 0.000 0.524 0.207 0.325 0.373 0.504 0.371 0.388 0.487
YL 0.000 0.522 0.551 0.556 0.580 0.521 0.548 0.550
YS 0.000 0.322 0.379 0.505 0.436 0.383 0.492
WX 0.000 0.417 0.547 0.392 0.444 0.510
FG 0.000 0.556 0.421 0.488 0.492
PZH 0.000 0.486 0.540 0.548
NN 0.000 0.352 0.486
XC 0.000 0.500
LS 0.000

6 HEMTLR ENEAARRR 10 MNERE No BU{E

Table 6 Nm value between 10 population of G rigescens in Hengduan Mountains and its surrounding areas

Fir Non
HQ XH YL YS WX FG PZH NN XC LS
HQ 0.000 0.232 1.279 0.211 0.215 0.212 0.191 0.197 0.219 0.207
XH 0.000 0.228 0.958 0.520 0.419 0.246 0.423 0.395 0.264
YL 0.000 0.229 0.204 0.200 0.181 0.230 0.206 0.204
YS 0.000 0.526 0.410 0.245 0.323 0.402 0.259
WX 0.000 0.349 0.207 0.388 0.313 0.240
FG 0.000 0.199 0.343 0.262 0.258
PZH 0.000 0.264 0.213 0.206
NN 0.000 0.460 0.265
XC 0.000 0.250

LS 0.000
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fH/NF 0.400, 10 XJEHE N {E/N 0.600, 1A 4 %}
JERE N AEAE 0.603~0.853 ., 51 N 35 Py E R AH JE 7 55
= P N EEBE R BEIA] N (62 /N T 0.400; JE A 4E
T JERE S AR B SO N SN 0.754; 456

IR H

BRI, TR RE Joe A o) 22 DR AR VR b S5 YR 3l X

LG
343 BUERRT EIRIH 19 NEEREHEAR
SONTER (K9, BT R EERET BN,
B ARSI 86.99%; FlR 13.01%H1748 S KYE T
A

®k71 mrEFEERE9INEHEY FaoBE

Table 7 Fsr value between nine population of G rigescens in Yunnan-Guizhou Plateau

i Fst{l
CN GM YX CX SB HT HN WS NY
CN 0.000 0.342 0.421 0.344 0.317 0.354 0.576 0.546 0.495
GM 0.000 0.330 0.301 0.263 0.335 0.525 0.514 0.465
YX 0.000 0.341 0.408 0.425 0.517 0.460 0.373
CX 0.000 0.227 0.329 0.508 0.502 0.442
SB 0.000 0.293 0.566 0.497 0.436
HT 0.000 0.568 0.534 0.483
HN 0.000 0.249 0.445
WS 0.000 0.459
NY 0.000
*8 mREFEELE I NEREA No BUE
Table 8 N value between nine population of G rigescens in Yunnan-Guizhou Plateau
, Nm
TRt CN GM YX CX SB HT HN WS NY
CN 0.000 0.481 0.343 0.477 0.539 0.456 0.184 0.208 0.255
GM 0.000 0.507 0.580 0.701 0.496 0.226 0.237 0.288
YX 0.000 0.482 0.363 0.339 0.233 0.294 0.421
CX 0.000 0.853 0.511 0.242 0.248 0.315
SB 0.000 0.603 0.191 0.253 0.323
HT 0.000 0.190 0.218 0.267
HN 0.000 0.754 0.312
WS 0.000 0.294
NY 0.000
#9 CHAE 19 NEENSTESOMN WA (10AAT). UV-B #@d =442 4k (UV-B
Table 9 AMOVA results of 19 population of G rigescens A2). UV-B &5 &5 H4-F1E (UV-B A3) DL
BRKW AME IE BRES O UV-B f@ it fcii =% B AR (UV-B AS) fEJ&
JERE ] 19 08615 13.01 B 2 5 % (P<<0.05).
RN 127 0.6923 86.99 X ik R R 7 A A BT PCA, 4
&it 146 15538 HEXRE R (B 6), 7 AN i 15 L,

3.5 HIERRE. MMERENEEIEASUHEN
350 MIWMLXE = stmESNEZER 50
Mann-Whitney U & 46 25 & 43 i [X. 23 DN IAEE K T30
(R 2 MR ER, HENLX S =5 &R
VR PEA B E AR FR AR A UV-B 48 54 5 5 T A7 76
REER (R 10), BEFTMEZN (Bio 04). i
A A BRIGEE (Bio 06). HEFERZE (Bio 07).

F W] FIRPREE AR F T4 N X 43 AN A B A AR SR (R AE
s 7 MR8 3 4, Bio 04 5 Bio 07
NE 1A HTEEE 1 RIR), Bio 06 5 10AAT N2
24 GHEE 2 BB, Frfl UV-B 5T E A 3
H OIS 3 B, 454 LR, Bio 04, Bio 07,
Bio 06 5 7 MBS AT L 19 AR R AR 22 5
SAERE, & TR R B
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®10 BEEHUXSZREREREZNMEEE

Table 10 Environmental variables with significant differences between Hengduan Mountains and Yunnan-Guizhou Plateau

. LR SFEHIRR
PRI . — - ———— Pfi
T L X momRE O BELX ZEER
W ZEAT AR 484.00 433.00 13.60 6.00  0.002
4 H BRI/ C -0.50 1.00 725 13.06  0.022
R ZE/C 24.00 22.00 13.30 633  0.006
TE SRR/ C 330135 4401.90 6.90 13.44  0.010
UV-B 3B/ m™2-d ™) 215 744.77 125 737.53 14.20 533 0.000
UV-B &5 5258 A - EHME/(T-m2-d ) 8 565.02 5766.32 13.30 633 0.006
UV-B %58 B ZE A B E S A/ m2d ™) 24 448.37 16 728.96 12.60 7.11 0.035
e =11 BEEEREESHIEEE. FEEEMN Mantel 038 (B
NS TS 4 =
: . BB FHik RBIXFRE)
1.0 Table 11 Mantel tests for the correlation between genetic
) distance and geographic distance, environmental distance
Cl .
3 (Spearman’ s coefficient)
:'. 0 - 2 : e P
) o el | . RAEREES Fsr
g ‘;.gw Q/L V-BA2 72%%[
S —05 L : r P
= ‘BAS@UV-B A3
Lo 1 i #F B GD -0.039 0613
RESHE 2 ED 0262 0.001
-1.5 T - : — e L HER =
15 10 —05 0 05 1o BT IRESR AR T R R B 5 0.126  0.110
P(corn)[1], t(corr)(1] FT UV-B fEstfebn it BB EE 5 0260  >0.01

6 ET 7NIFETER PCA WirE

Fig. 6 Biplot based on PCA of seven environment variables

3.5.2 Mantel 54 Mantel 4 Eon (R 11), b
HERES (GD) HEH Fsr AHRHEA R (P>0.05);
WEBEES S Fer WEMAX (P<0.05). HNidt—»0
HT RS JE B AL A BRI T, R R
10 i 4 NHEFEAR R 3 S UV-B 58 e br it 5
WEERES, H5EE Fsri#47 Mantel 1536 . 250
SR (F 1D, JEREN UV-B 385455 Fsr 4%
BEIEMIE (P<0.01), EIBIRYE Fsr HREMEAR
BF (P>0.05). LESEREKY, #EknhXMs
Bt I IH R B TR ) 35 AR o A TT e S AR BR

UV-B 540 A K.
4 1ig

4.1 ENRBEEEHSEEZEFN

5T GBS bR AN T, 04T =m Y
JUS ST 19 AN FERE 147 RN R 10 A4 25 R A it
FEZREEIEAT 00T o IR0 IR BT A o B R DR TR =
&, HARD (LS). BN (NY). =F
M (CX). i (YX. GM) SHbJEREAE e Fh i

TR . 19 DN EREK IR B AL 450 M 2 R #mT R 43
RS FEEE 2 AN JLERAL A R B A T
JetE il X S N Pa R L X, e SR R R 3 2 A T
mhtE .

A S M H % JE B For F3MED 0N
0.471.0.422; ¥)Fh Fsr{E 526 JeH G lawrencei var.
farreri (1. B. Balfour) T. N. Ho &%k, mT 24k
B G striolata T. N. Hov P33 #/H G atuntsiensis
W. W. Smith, K T4 H G haynaldii Kanitz!3>-361,
LA T 43 B 7R e IH MR ()38 4% 2 PR
AR 13.01%J5 H EHEE, HAR 86.99%H15K
HIE#EN . 24585 IR YA e IHA )1
PR AR 37, JRAENA] N ZUE BT 5
7y TR L X A JEHE N {BAE 0.181~1.279, & 5t5
JEHJERE Nm (ETE 0.184~0.853, 454 AR
IR FEEE BN, T R IE R B A A7 AE — 8 Wit A%
ST AL R, ARAS [8] 23 A X JE 5 R) 28 4% 23 A0 A
JiE B 5 DRI 8 B2 A7 AE 22 37 o

FT 1L Nei'ss n 28N ER, S5HHE
HoAh At EE I, TERARE AL 2 R 0 T
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i, v S R R T L X & R E . SR G
hexaphylla Maxim. ex Kusnez. . =M JEH G ternifolia
Franch fikB73%1, 5 RIETL G straminea Maxim. FIFH
22U G crassicaulis Duthie ex Burk. 55z,
19 AN TEREARYE FLh B4 A0 24T R 40 B, A Ly
JEHES ot R E R RS 2 R 2
TS L X R IS AE 2 AR E SRR T A T s
B e SR R AH
42 FRERIEFIEES U

WP 2 R TR S PR ) T 1 S P
B BV IR AR B T B AT D04 R AT Mantel £ 43
M 7 RE R () 824 R 5 5 M E B B L IR EE
IR s 45 R R R B For BUE 1728 40 5 Hh B R
BARCHE R B (P>0.05), 153K 5E I 25 X% A1
K (P<0.05). Z4E REG/RABEREE (isolation by
environment, IBE) W] BE1E XA E e I E4% 71k
JrHRYE T EEER.

B 2 I TR W] RO J B R A IR A AR R T i

RO, AR IB AL 2 A0 B R R AN A 52

FEIRRON AR, BF RGN FE R A W) Fhir
Al s RS, A F0 R 2 AL RS, AT
X PN 0 S AT L1 5 2 o v A TR A S A PT e R oK L
JKESTATL e LR, SRR AR A A1 3 5
FEURTENEE S HOE B B AAE G, BEAl, Wk
W Acer ginnala Maxim.. %) Populus cathayana
Rehd.. TC& T Sapindus mukorossi Gaertn. 554 Fhiff
TR T AT, AT XS R A AR
25 KRR, RS A 2 5 An X
REE 22 5 T8 U I 48 T A S 244-451 IR I 43 A X
b8 = ot S5 S s R B X, R SR
s AT R A PR PR G, MR AL
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i, AR SISO —BURR AL 8
T LA X 1) UV-B 4500 fE 2 o4, AT
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