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Genetic divergence and demographic history of
Gentiana hexaphylla Maximowicz ex Kushezow complex
( Gentianaceae) in Hengduan Mountains

Fu Peng-Cheng, Tan Jing-Zhou, Wang Hong-Yu, Sun Shan-Shan”

( College of Life Science, Luoyang Normal University, Luoyang, Henan 471934, China)

Abstract. The Hengduan Mountains are a global biodiversity center and hotspot of plant
evolution research. Being endemic to the Hengduan Mountains, Gentiana hexaphyila
Maximowicz ex Kusnezow shows continuous morphological characters with many of its closely
related species. In this study, 21 populations were sampled to distinguish the G. hexaphylla
complex through key morphological characters at the population level, and to explore genetic
divergence and demographic history based on one chloroplast fragment. The number of
haplotypes, average haplotype diversity, nucleotide diversity, and genetic diversity index(Pi)
were 0.444, 0.00732, and 3.73, respectively, indicating high genetic diversity in the complex.
Haplotypes were rarely shared among populations and most genetic variation occurred among
populations (72.74%) rather than within populations (27.26% ). Bayesian analysis indicated
that genetic divergence in the complex occurred within the last two million years. Mismatch
distribution and neutrality tests consistently showed that the G. hexaphylla complex has not
experienced significant population expansion recently. In conclusion, genetic divergence
within the G. hexaphylla complex has been shaped by climatic and environmental changes
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during the Quaternary as well as by geological isolation in the Hengduan Mountains.
Key words: Gentiana hexaphylla; Complex; Genetic divergence; Demographic history;

Hengduan Mountains

BT Ly b DX R TR A ) 2R B i L X,
SR A 2R PE R X — 1 i X AN
ZBH THERZEDER, FIREZ A0
EIEFOE L e R JE ( Gentiana) ' |
JRH-H g ( Saxifraga) 'V 4, Ik, %X — 2
HLPIFIIE AR 7 3RS X0

JeNE 2 M s L 2ERE, ) A T At Ay
Ly DX 7 v i B SH b 408 X sk T RS ) 4
R A oLy, IF HiZ b X P i B 4 it e
SR IR S AR HB DX () oA D s IR ARTE 2 . 7S
RH( G. hexaphylla Maximowicz ex Kusnezow ) J&
ZEREFAMY), SEJE T R E Z 8 4 (section
Kudoa ( Masamune ) Satake & Toyokuni ex
Toyokuni) #1 %& ( series Verticillatae Marquand) ,
ATk 2700 ~ 4400 m LI B | 13 B S |
fe L ) S E A SRR A TREWTILIX ) i
XAREA 2 Hb e Ham, RARMMEE
WEME, HREATEZEESEMM ™,
R E 8N, DIZEAM 3 ~ 7 HdtE
RRAE, X590 T o A i G b 28 B A o e 2 AR
PS80 H o FZERE, e nt R iy = e iR
( G. ternifolia Franchet) . PUM-JEH ( G. tetraphylla
Maximowicz ex Kusnezow) . Tl JEH( G. viatrix
H. Smith) RIS Je BB T2 A H FAFTE2E 5+,
EHIFA R E TR, ZEFN . JRfENE 22
— M EMR LEEEAR S, BN, St e IR 2R A
REN 5 ~ 7 AL, o e Modia k£ %, iy
R R IR B 2R DK, frAid sk, H
I IAAAFAE AL S A2 A ik — 4
TFRe . ARWPRAEE SN EEEh R, SRR
WA =R E | pa e BRI e PR
B HA SRR SRR, HETEFosmt e iig
G L 25 T BB S A B SR IR L R 21 45
AT, RERT RLRZEHEE ) WA WLHEK
WAL F ST R

MER AR TR R RO R, ]
DI B A ) Wi b A% 1800 & AR TR S i S A
U W TR A 2 HAEAS A

VIZEREm 5 Ty 4, HARSHREGS, Rl ZH
PERFE G 4 FARic ™ 2 Dk, AR E 5L
HTIRSIAR, 2A e K 7S i e B A A
INEAIX 735 B LAY 2R AR 200 BER 7314
i, AR A A TR AR T L DX 3t
oA SRS DI, DU S R IR A
SRR ARSI M R L BE 4R =, FF 8
R L3 X R A s AL T SRR B S 5

1 PR

1.1 ##

TERE T LB DX R A 7S it JE IE 13 AN Ja it 139
A R HGT R ERE 8 AN E L 130 MM (%
1), HTZEANHE AR K, RER XAk
P ZER R R B H TS, REEMFT T A
RECPE T4, BB/ —20°CHh,

1.2 DNARE, RE¥B5iNF

KSR A9 CTAB 352V 4R BT F 5 DNA, 3
R B e, 3k A SUE B 2 W tnS-
trnG'*' | BRI A AMASEST PCR U3, ¥ 1A R
120 ul, f13%. 2.0 uL 10 x Buffer (& Mg®") .
1.0 uL dNTP (2.5 mmol/L) , 0.8 L iF. K[ 5]
¥ (10 mmol/L), 0.2 L Tag 4. 0.5 uL
DNA Bt (25 15 ng) . RN &N . 94°CHiAsd
5 min, 94°CAstE 45 s, 53°CiBk 45 s, 72°CiEfi
30 s; ¥ 33 MG, 5 72°CHEAH 6 min,
PCR ¥ $4 =¥ aifb J5 146
1.3 HUEST

W45 5% F Geneious PRO 3.5.6 #f:% t
FrEext, BE S DnaSP5.1 k#4124 5 i o 1
(haplotype) 4%, 7E ARLEQUIN 3.5.1.3 #jf4:1%!
RN Z B (h) | TR 28 () Misfs
ZREVEFREL(PI) . I PERMUTCPSSR #1143
JERE NS 384 Z2 A6 (average within population
diversity, hg) . &histfe Z 4 (total haplotype di-
versity, hy) AR JERESE ML R B G Fl Ngp, IF
YEASH) Gor fl Ngp 4T 1000 WK 5 &2 B 40 56
ARG D B R 1) 43 A e 5 LA I 3 1) 3 AR b B 2



392 AL S N o

%538 %

¥, iz ARLEQUIN 3.5.1.3 6 iy o 1738 5
3y B Bk F (analysis of molecular variance,
AMOVA ) 27 K 38 £ 75 S 7 J 1 ) R FF P 114 4
At oL, HPER I (neutrality test) B Fu's F, il
Tajima’s D', DI K 54345 ( mismatch distribu-
tion) ' 431t 7E ARLEQUIN 3.5.1.3 %kt rh5g 1.
RGBT Tajima's D 5 Fu's F, & PEH N 71
i, BRI &R T R k>,

HEFRAIREE, 78 PhyML 3.0 #ifE ) iy
FH SPR ks G RIZ I RAE KB KR, H
ModelTest 2.1.7 F " 180 i 2% 1 i 45 4 A5 7
HHKY, RIEEMENRELTRRS, LKL
FL ( G. straminea Maximowicz, KJ657732). G.
parryi Engelmann( DQ398765 ) Fl 4 & ¥ 1 ( G.
tongolensis Franchet, MK251985) hAhSHE, 18
72 NETWORK 4.6.1.1 #{4:1%) DU K B 235 4 Ji
DA A B A 2R 1) v o 32 482 ) 2% ] ( Mediian-Joining
Network) 1%

K JH BEAST 2.4.6 Hf4% | 3 DLt 3r Jy ik
(Bayesian) fli% /S M e IH & 5 HE & 0 S AL G &R
FGrAEit ), % ModelTest 2.1.7 /%" i+ 5
HKY #i51 (kappa = 2.8) ., J™#% 7 1 5L 51 Al
Yule #i# . >R e & % JL 4 (section Cruciata
Gaudin) b £ id sk #E AT IE, kA S50k E T

120, aupa O S 4EE
“» G. hexaphylla B 64
£ 90 | Ndisies
Q
(2]
ﬁ"—
5 60
~3
£
z
0

b KU g 919 B o P
N RN LV g\ R
N ¢ \)qp ¢ \Q«Q ¢ \{LQ ?\Qp ¢ \)'LQ
JEEE S
Names of populations

1>
N
I o

80 PR O 3m4eE

G. tetraphylla m 45

£ W5

5 60

2]
g
S g
[
Z

Fu2017171 Fu2017215

Fu2017200

JETEG

Names of populations

TEREL

Favre %% 105k, 47 3 S ig 5y, Mkia i
10 000 000 1, 4@ 1000 1 HL— B4, 25 b
10% ) T b . % Tracer1.5 ( http . /tree. bio.
ed.ac. uk/software/tracer/) #¥ & A %% Kk HL AL
(effective sample size, ESS), f4ilF#4 Kk T 200,
K JH TreeAnnotator 1.7.5 fF > 5 T4 50 = 4
— BRI ST A TR

2 FEREH

2.1 BEAXBESHERSIT

NI NBAER, ZHONA: AR 2R A0t
BHARS R, WA &R A A R4
A H BT, iSRS AR E 2R
EED, ARRWI(IE 1), BARZEAEMS R BB AR
AN YRR ES, (DR RN R ES )
i, AT R A X 5y
2.2 BENEBEESHEMEKESEEN L

ARWFFEH, trnS-trnG F B H X B 5K B
4 532 bp, AL 79 AR A/ BRI | 12 AR
GRAR | kAR A oS R IR A A A R 3 e e B 20
Fi B £ A0 ( GenBank 5 & MN162106  ~
MN162125) , {Xf 3 N mBEm i Z 1R 0
(P12, R2, R3) (& 1), EHFH AR Z R
WAT IR Z2 FEME FIAZ AT R Z FEMEFE £ 7 0.444 |

120 A O 44t
» G. viatrix B 5046
GE) 90 LN RNes
»
E=
= O 60
ES]
Qo
§ 30 I
O — —
Fu2017172 Fu2017201 Fu2017216
JE R
Names of populations
160 = A O 244
” G. ternifolia @ 3k
®
©
9]
Qo
€
>
z

Fu2017199

Fu2017170
JE B

Names of populations

B1 ZEEMREPEAMEESESHEHRINFITER
Fig. 1 Number of stems and leaf whorls in Gentiana hexaphylla complex populations
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0.00732 F13.73, FEJHHENR I BB & 1 imifh 2
FEPEAROE, HAR R IisifE Z ARk s T At
X AYIX IR (] 2) , FEAS IR AR AT S 5 I ok
UE MR AR s AR 2 S R A B 7S i
TeEARIE  JEHEN P8 e 20 hgly 0.443, &
IR AE ZREPE hy ol 0.860, 38t 1% 201k 2% N, Fil
G701 0.752 F1 0.484, H Ng 3 KT Ggr

A H6
73 H2
H3
H5
H1
H4
H20

H7

H9

H11 ¢ p
o B

%t S
Mg iy - . 0
Sl R s SVa

(P <0.01), UtBIAM e BE G B BA W% 1T
FHERLEFY . AMOVA Sl R0, KBtk
ARG (72.74%) KAV A REMERER], DA
(27.26%) KATEEREN ;. 7S M e I8 5 3 2 6 HE [A]
HI BT S Ui B, A 5.35% Mt 28 S A7 A F
FREIR], B 4318t 4% A8 5 AF AE T 2 BE 0 S A )
(68.13%) FIJEHEN (26.52%) (£ 2) .

A BTERBBREMENRLGHRRFELTLRE, B. AT 1 R . DF B AR RRFE 55 b 45
PRI, Py S JEE ( Gentiana hexaphylla) ; T. =M JEJH( G. ternifolia) ; V. T EMH( G.

viatrix) ; R. PR JERH( G. tetraphylla) .

A: Maximum likelihood phylogeny of 20 chloroplast haplotypes.; B: Geographical distribution of haplo-
types across sampled populations. Pie charts display haplotype frequencies in each locality.

B2 AMHEBEESH 20 MHERELAERNMESGTRAEERELETXR
Fig. 2 Geographical distributions and phylogenetic relationships of 20 chloroplast haplotypes
identified in Gentiana hexaphylla complex

F2 AHEEEEE AMOVA 531
Table 2 AMOVA of Gentiana hexaphylla complex

S B spn Y - T AR S A AREHIH(%)
Sour;jgfﬂ\é/ﬁation § jfg Sum:{(jfjj;jllares Variance Percehtallge
components of variation
Rty
JE#EE Among populations 20 1766.245 5.15 72.74
JEHEP Within populations 337 649.716 1.93 27.26
Bt Total 357 2415.961 7.07
SR IS AR
#f 5] Among groups 1 179.52 0.39 5.35
ZH N JEHEIA] Among populations within groups 19 1586.73 4.95 68.13
JEHE Within populations 337 649.72 1.93 26.52
&3t Total 357 2415.96 7.27
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Pie charts display number of each haplotype.
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Fig. 3 Median-joining network of Gentiana hexaphylla complex based on cpDNA data
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Numbers on branches indicate Bayesian posterior probabilities. Node age estimates are marked with black
arrows. Gray bars represent 95% highest posterior densities.
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Fig. 4 Majority rule consensus phylogenetic tree of chloroplast haplotypes detected
in Gentiana hexaphylla complex based on Bayesian inference
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Fig. 5 Mismatch distribution analysis of Gentiana hexaphylla complex



55 3 )

AP RRSE . AT L3t XS IR R AR 5 B AR i AL oA S Rl e s 25 g o 397

AHHFE LU TSR 0 2 dl , R At
SRARTE R 7 BOW SR IR G REEA T R AR B A 2 41
Mr, S5RBIZEGHEARERIX 5Tk, [R5
AN R A 1] it 2 AR ], X Ahist L AR (L
AR S AR B 2 Fhnic B b A oG,
TN B 2 4% 22 1354678 57 AT REJE H T[] sk
G RS ] ) A 2e soms s, JLHUR RS
KBERED R 1% b, N RE S
FEYIRN ] A A A S A FTfE 2t Tl
MRS ME, BT ARSE 2SR B (incom-
plete lineage sorting) , i & iH J& W 4 J& #1781
UM RES . Wk, %R AR R Flar 2
b5 AT e 38 2k G BB DUA% S PR B3 3 4 B PR 4 Y
fe il AR S M i — 2P E

A BT Lt DX ) AR P TR T Ul 2 b 55 R 325 L 1Y)
KIGEAE, 22F T F & H Al LR @ s Y 2,
TAE D s i ok, AT Ll X2 3R = LA ) e
FE AR TS 0 IR S RIS
] DI I PR SR AR AT, 6 T SRR BRI e B
ANHIRNRE AR REAR IR 2E T s R, 28
BREBE N B 2RO, B I A5
2 FEtErh L S oAbl A, Rl B AL A
TR EREN . XA 8 W5 AR A 35245 53 A 20 5 0k
¥ 452 ( Eriophyton wallichii Bentham) | A1 ik &
WARL ( Thalictrum squamiferum Lecoyer) . $#l#E}
3% ( Paraquilegia microphylla (Royle) J. R. Drum-
mond & Hutchinson ), # & & ( Chionocharis
hookeri (C. B. Clarke) |. M. Johnston) ** FI 111
KREHAE Y ( Quercus sect. Heterobalanus) '’ 4% .
B L, 5 4 m LA A e B4R JE ( Sibi-
raea) ™ | 4% 35)E (Spiraea) O A REME P 1A%
ZREPER . SR s A LR — A% g3 A 2R
SN e S T el S| AN o Y| S - Re AP e
FEW S 1 R MR ZE A H IR S th— IR Y
DI REXE T 5 A3 X #1055 S 11 5 e - S A .
fE A 2Z AR B st A% oAk, TR R T N 32
#, RIS A R T L Dk X 0] REAEAE 220
AR REMEPT , X Fh 22 G X A e 5 e LU AT
Yy 1L j§ B2 ( Saxifraga sinomontana J. T. Pan &
Gornall) " HLEE AR, (H 5 #5165 S R & i b
WAFFERALEEXE AT, S e IR A R AL ik 32
BURATESIUZE, U A i RO B Lk L A

RETE R B BE ) 3 LLE shov) s A% Ak i

M ] BE /N TS DU 28 B oK N AR T, VA8 A T L bk i

REFHIEE T2 DX P RN A AL O R DR

WLk s X A RS R 0 i X U 2

14 B3 5 MR A 2 W b A b 7K sl A K L

B R R A, BT LL b KRR

0 s L RS 355 o) TR R Befb i A5, 3 T

V28 A o 0 D) PR R ROV P, DTG i 2 17 b P 9 3t

1534 o 5 IHOARXS B 2 7S I JIE 52 5 1 ) 35t 4% 72

S B R AR ], X 5 i XA A A B dn

412 (95.65%) . A1 R AL E (90.40%) . ULk}

32(96.19% ) FIHR L HE (98.07% ) 1 LA K B AE B 14

( Tuber indicum, 93.71%) "'}, WA H T i

AR S S R A R PR P i e D) A o 1L

JRHH(22.06%) 45, HItL, AMHIEIEE GRS

W5AR A 5 A% 25 R AR AT R VK118 3 R B BRI 5 X

Ao A2 A A W7 L DX A 4 A R /R 45 2R
5 S IR B BAL LRI L, e R

FERORRREIEAL 7 s 20 #7465 SR 3R B HAE T R 22 1

WL R 5k, MEERRE, Mgt i n iz dent

B KA Ry ok, X —45R/RW S ERKGHE

P10 R LR B S A A A B RAR T, H

T R TRy i OB A= N R N i

CABFIERY], BR300 A1 0 el 2%

Wi AR TR RS Rk, e IR R

TEVKIE R R R 5k, (B ARSI —EL

% T BN R 3B A A5 M W] BE 2 WP IBE AR A 3 B A

SO, IR DRI L b DX ) 1 T R BT D s A 0, N

e A A R R RERE AL D S b A i — 2P 5E

Brigt: S IITE BT e R RR A

TERE R RAE RN > T A WA S P O B

SE Lk

[ 1] Marchese C. Biodiversity hotspots: a shortcut for a more
complicated concept[ J]. Global Ecol Conser, 2015, 3.
297-309.

[ 2] Mosbrugger V, Favre A, Muellner-Riehl AN, Packert M,
Mulch A. Cenozoic evolution of Geo-Biodiversity in the
Tibeto-Himalayan region[ M]//Hoorn C, Perrigo A, An-
tonelli A. eds. Mountains, Climate, and Biodiversity. Ne-
therlands: John Wiley & Sons, 2018.

[ 3] Favre A, Michalak I, Chen CH, Wang JC, Pringle JS,

et al. Out-of-Tibet. the spatio-temporal evolution of Gen-
tiana ( Gentianaceae) [ J]. J Biogeogr, 2016, 43: 1967 -



398

(ER7R e 1

%538 %

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

1978.

Ebersbach J, Muellner-Riehl AN, Michalak |, Tkach N,
Hoffmann MH, et al. In and out of the Qinghai-Tibet
Plateau. divergence time estimation and historical bio-
geography of the large arctic-alpine genus Saxifraga L.
[J]. J Biogeogr, 2017, 44(4) . 900-910.

Qiu YX, Fu CX, Comes HP. Plant molecular phylogeogra-
phy in China and adjacent regions. Tracing the genetic
imprints of Quaternary climate and environmental change
in the world” s most diverse temperate flora[ J]. Mol Phylo-
genet Evol, 2011, 59(1) . 225-244.

Liu JQ, Duan YW, Hao G, Ge XJ, Sun H. Evolutionary
history and underlying adaptation of alpine plants on the
Qinghai-Tibet Plateau [ J]. J Syst Evol, 2014, 52 (3):
241-249.

Wen J, Zhang JQ, Nie ZL, Zhong Y, Sun H. Evolutionary
diversifications of plants on the Qinghai-Tibetan Plateau
[J]. Front Genet, 2014, 5. 4.

Hughes CE, Atchison GW. The ubiquity of alpine plant ra-
diations; from the Andes to the Hengduan Mountains[ J].
New Phytol, 2015, 207(2) . 275-282.

Sun H, Zhang J, Deng T, Boufford DE. Origins and evolu-
tion of plant diversity in the Hengduan Mountains, China
[J]. Plant Diversity, 2017, 39(4) . 161-166.

Xing Y, Ree RH. Uplift-driven diversification in the Heng-
duan Mountains, a temperate biodiversity hotspot [ J].
Proc Natl Acad Sci USA, 2017, 114(17) . E3444-E3451.
Ho TN, Liu SW. A worldwide monograph of Gentiana M].
Beijing: Science Press, 2001.

Rybczynski JJ, Davey MR, Mikuta A, eds. The Gen-
tianaceae: Vol. 2. Biotechnology and Applications [ M ].
Berlin: Springer-Verlag, 2015.

Ho TN, Pringle JS. Gentianaceae [ M ]/Wu ZY, Raven
PH, eds. Flora of China. Beijing: Science Press, 1995.
H. T AR Sk AE LN 2 B 41 3 2o e L
FEP ) PR IR Y 43 282 b2 [ D] db st v Rk B
K2, 2017.

Sun SS, Fu PC, Zhou XJ, Cheng YW, Zhang FQ, et al.
The complete plastome sequences of seven species in

Gentiana sect. Kudoa ( Gentianaceae) : Insights into plas-
tid gene loss and molecular evolution[ J]. Front Plant Sci,
2018, 9. 493.

IV, ATIEER. SRR CRAREL) 532 S s [ J ]
PEALAE2#4R, 2019, 39(2) ; 363-370.

Sun SS, Fu PC. Study on taxonomy and evolution of Gen-
tianeae ( Gentianaceae) [ J]. Acta Bot Boreal-Occident
Sin, 2019, 39(2) . 363-370.

Petit RJ, Aguinagalde |, De Beaulieu JL, Bittkau C,
Brewer S, et al. Glacial refugia: hotspots but not melting
pots of genetic diversity[ J]. Science, 2003, 300(5625) .

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

1563-1565.

Li Y, Stocks M, Hemmila S, Kallman T, Zhu HT, et al.
Demographic histories of four spruce ( Picea) species of
the Qinghai-Tibetan Plateau and neighboring areas in-
ferred from multiple nuclear loci[ J]. Mol Biol Evol, 2010,
27(5): 1001-1014.

Meng HH, Su T, Gao XY, Li J, Jiang XL, et al. Warm-
cold colonization; response of oaks to uplift of the Himala-
ya-Hengduan Mountains [ J]. Mol Ecol, 2017, 26 (12):
3276-3294.

Xie C, Xie DF, Zhong Y, Guo XL, Liu Q, Zhou SD. The
effect of Hengduan Mountains Region (HMR) uplift to en-
vironmental changes in the HMR and its eastern adjacent
area: Tracing the evolutionary history of Allium section Sik-
kimensia ( Amaryllidaceae ) [ J]. Mol Phylogenet Evol,
2019, 130: 380-396.

Doyle JJ, Doyle JL. A rapid DNA isolation procedure for
small quantities of fresh leaf material[ J]. Phytochem Bul-
let, 1987, 19(1) . 11-15.

Hamilton MB. Four primer pairs for the amplification of
chloroplast intergenic regions with intraspecific variation
[J]. Mol Ecol, 1999, 8(3) . 521-523.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung
M, et al. Geneious basic: An integrated and extendable
desktop software platform for the organization and analysis
of sequence data [ J]. Bioinformatics, 2012, 28 (12):
1647-1649.

Librado P, Rozas J. DnaSP V5. a software for comprehen-
sive analysis of DNA polymorphism data[ J]. Bioinforma-
tics, 2009, 25(11) . 1451-1452.

Excoffier L, Lischer HEL. Arlequin suite ver 3.5; a new se-
ries of programs to perform population genetics analyses
under Linux and Windows[ J]. Mol Ecol Resour, 2010, 10
(3) . 564-567.

Pons O, Petit RJ. Measuring and testing genetic differen-
tiation with ordered versus unordered alleles [ J]. Gene-
tics, 1996, 144(3) . 1237-1245.

Excoffier L, Smouse PE, Quattro JM. Analysis of molecu-
lar variance inferred from metric distances among DNA
haplotypes: application to human mitochondrial DNA re-
striction data[ J]. Genetics, 1992, 131(2) ;. 479-491.

Fu YX. Statistical tests of neutrality of mutations against
population growth, hitchhiking and background selection
[J]. Genetics, 1997, 147(2) . 915-925.

Rogers AR, Harpending H. Population growth makes
waves in the distribution of pairwise genetic differences
[J]. Mol Biol Evol, 1992, 9(3) . 552-569.

Guindon S. Gascuel O. A simple, fast and accurate me-
thod to estimate large phylogenies by maximum-likelihood
[J]. Syst Biol, 2003, 52(5) ; 696-704.



55 3 )

AP RRSE . AT L3t XS IR R AR 5 B AR i AL oA S Rl e s 25 g o

399

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Darriba D, Taboada GL, Doallo R, Posada D. jModelTest
2. more models, new heuristics and parallel computing
[J]. Nat Methods, 2012, 9(8) . 772.

Bandelt HJ, Forster P, Rohl A. Median-joining networks
for inferring intraspecific phylogenies [ J]. Mol Biol Evol,
1999, 16(1). 37-48.

Bouckaert R, Heled J, Kuhnert D, Vaughan T, Wu CH,
et al. BEAST 2. a software platform for Bayesian evolu-
tionary analysis [ J]. PLoS Comput Biol, 2014, 10(4):
€1003537.

Drummond AJ, Suchard MA, Xie D, Rambaut A, Notes
A. Bayesian phylogenetics with BEAUti and the BEAST 1.7
[J]. Mol Biol Evol, 2012, 29(8) . 1969-1973.

HAEIT. AP ZREIOLGEER | TR ER RS U]
AL REtE, 2016, 24(9) : 979-999.

Hong DY. Biodiversity pursuits needs a scientific and
operative species concept [ J ].
2016, 24(9): 979-999.

Abbott R, Albach D, Ansell S, Amtzen JW, Baird SJE,
et al. Hybridization and speciation[ J]. J Evolution Biol,
2013, 26(2) . 229-246.

Nolte AW, Tautz D. Understanding the onset of hybrid
speciation[ J]. Trends Genet, 2010, 26(2) . 54-58.

Luo D, Yue JP, Sun WG, Xu B, Li ZM, et al. Evolutionary

history of the subnival flora of the Himalaya-Hengduan

Biodiversity Science,

Mountains . First insights from comparative phylogeogra-
phy of four perennial herbs [ J]. J Biogeogr, 2016, 43
(1):31-43.

Fu PC, Gao QB, Zhang FQ, Xing R, Khan G, et al. Re-
sponses of plants to changes in Qinghai-Tibetan Plateau

and glaciations: Evidence from phylogeography of a Sibi-

[41]

[42]

[44]

[45]

raea (Rosaceae) complex[ J]. Biochem Syst Ecol, 2016,
65, 72-82.

Khan G, Zhang FQ, Gao QB, Fu PC, Zhang Y, Chen SL.
Spiroides shrubs on Qinghai-Tibetan Plateau: Multilocus
phylogeography and palaeodistributional reconstruction of
Spiraea alpina and S. Mongolica ( Rosaceae) [ J]. Mol
Phylogenet Evol, 2018, 123, 137-148.

LiY, Gao QB, Gengji ZM, Jia LK, Wang ZH, Gao QB.
Rapid intraspecific diversification of the alpine species
Saxifraga sinomontana ( Saxifragaceae) in the Qinghai-
Tibetan Plateau and Himalayas[ J]. Front Genet, 2018, 9.
381.

Favre A, Packert M, Pauls SU, Jahnig SC, Uhl D, et al.
The role of the uplift of the Qinghai-Tibetan Plateau for the
evolution of Tibetan biotas[ J]. Biol Rev, 2015, 90(1):
236-253.

Muellner-Riehl AN. Mountains as evolutionary arenas: pat-
terns, emerging approaches, paradigm shifts, and their
implications for plant phylogeographic research in the
Tibeto-Himalayan region[ J]. Front Plant Sci, 2019, 10.
195.

Feng B, Zhao Q, Xu JP, Qin J, Yang ZL. Drainage isola-
tion and climate change-driven population expansion
shape the genetic structures of Tuber indicum complex in
the Hengduan Mountains region[ J ]. Sci Rep-UK, 2016,
6. 21811.

Liang QL, Xu XT, Mao KS, Wang MC, Wang K, et al.
Shifts in plant distributions in response to climate warming
in a biodiversity hotspot, the Hengduan Mountains[J]. J
Biogeogr, 2018, 45(6) ; 1334-1344.

(P A %)





