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Molecular phylogeography of alpine plant Metagentiana striata
(Gentianaceae)
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Abstract Herbaceous plants have a short life cycle and are sensitive to environmental changes. Thus, they may
serve as good models to elucidate historical processes of plant populations since Quaternary glaciations. Molecular
phylogeographic analysis is a powerful tool to reveal the population history of plants and animals. To understand
the geographic history of alpine plants in the Qinghai-Tibet Plateau, which is still poorly known, we surveyed
sequence variation of the chloroplast DNA (cpDNA) noncoding fragment ##rnH (GUG)-psbA intergenic spacer
throughout the range of Metagentiana striata (Maxim.) T. N. Ho, S. W. Liu & S. L. Chen, an annual and herba-
ceous alpine plant in the Qinghai-Tibet Plateau and adjacent areas. Seven haplotypes were detected by analyzing
155 individuals from 13 populations of this species. One haplotype (A) was common and widespread, and three
haplotypes (E, F and G) were unique in their populations. The center of haplotype diversity is located in the
Hengduan Mountains of southeastern Qinghai-Tibet Plateau, with 2-3 haplotypes present in each of four popula-
tions. In populations from the northeastern and eastern Qinghai-Tibet Plateau as well as from adjacent regions,
however, only a single haplotype was found in each population, with different populations having different haplo-
types. An analysis of molecular variance (AMOVA) for populations of M. striata showed that the genetic varia-
tion mainly resided among populations (73.05%), and the estimates of interpopulation differentiation were very
high (Gsr=0.805, Fs1=0.731, Nst=0.859). Further, a significant phylogeographic structure was present (Nsr> Gsr,
P<0.05) whereas the value of average gene flow was low (N,=0.184) in the entire geographical range. Along with
the nested clade analysis (NCA), our results suggested that the Hengduan Mountains of southeastern Qing-
hai-Tibet Plateau served as a possible refugium during the Quaternary glaciations, and the interglacial or post-
glacial range expansion by plants from the refugium followed by allopatric and past fragmentation shaped the
present distribution patterns of haplotypes and populations.

Key words alpine plant, cpDNA, Hengduan Mountains, Metagentiana striata, molecular phylogeography,
refugium, trnH (GUG)-psbA.

FEE SO T AR A A A S DL RO IR AR A R RBURR Y, T e G b4 7S B DU AL DY) AR AR ) S RS HA g sk
Fho 53 PRGN E WS PR SR s RE D 5L A 0 T, AR H A A 10 75 5805 R AR 10 23 1ok G B2 L
S e BRI, A SO RAT 75 8 5 S A AR T X ARG IR — A AR iy LD B AR M 4 SO B IHOA AT S &, R4 T 134 e 155
AR SRR FE R4 (cpDNA)AE GRS v BeornH  (GUG)-psb AFERI A1 75 A8 e kil LR BL7FE AL, b ifE A Hap A
SE AR, TG Hap By Hap FATHap Goa A M REITRAA 1. 15 m 5UR BT8R0 A AR X (R A Js B A
F P R P, T v AR T R LL DX A R A AR A D, B AR AR B . TR SR T (AMOVA) 45 SRR
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AN (X 45 SO 88 T A ) 38 4% A8 3 T SR AR AE T a1 17 (73.05%),  H 5 E 1) ) 3845 2> A6 IR 25 (Gsr =0.805, Fsr=0.731, Ngr

=0.859), 1745 ik 3 IF) 21 Gk M 3 2% 45 K (Nsr>Gsr, P<0.05)FIAAG 1 it T 1] £ 1 1) Bk DR L (N =0.184) . 45 &5 8

ALRIEDHT

(NCA), HR A SC ARBTG5 A T 58 e o AR v P T L X2 2R 25 DY 2 DU I T £ 388 i e, 1 LA (R KU B ok 30 )5
PEBEAE SR B AN I 25 P Bt WIBERE BT 25 2 90 97 9K R 182 i A 2R A PR 3 A1k Sl

KA LAY, HERADNA; BEITILIX; RSURETNE; 2> 7 oR GBS, BEXE DT

A MR REEZRIGE R R, PR E
114000 m, M FiE. K BRI
XA E MR AR RS RS, 2RETR
AERIEIS T I L AR P SR R, B RR N H R AR
T S, 1998) . FiliA5 TR M\ AR B 1) P I L PR
DT i, SRR B KB, 0 7 ek e SR AR R B
TR BF RGBSR AE, TR R
{140 LL AR 7 I 2 b T Jl 4D v 2 AR FCAR At 1 A 7y
A IR o3 W R (PN R, KB, 1998). LEE, T
AR R X R R E R AL, A TR
EIARER LA TGN A, i A 55 =4
DSk 14y e LI TR o5 DU 0 K U 10 e 5 5 7=k 1 b =
PEEEE VIR LIRSS, 1996). FE K i 7%
FEl A2 2 M\ 20tHE 20 304 AR S s o) 5 i v B A 420
X R AR S B AT I, 45 F 2 W55 K o JsUAE
PIX A& 8 8 T Al A, =X RS
s — S SRR X R D), A TR A
TR e SR R AR 1 ) R B D T ) — MR R IX R
(Ward, 1927, 1935; 5:fE4i, 1980, 1987; & Ih%E,
1995); [AII, SEAE4E(1980, 1987)IA A 7 ik i 5t 4%
A S RO T L b [ 65 DU 20 DK o S A 0 2 T B 4
UL M DX AR A0 (R XE BT, UKIYEF ol kg 3 4Rl XA
Vi RIS AR S b — . SR, IX SRR
WHEARI Z X b R 2E . s, AR
FIILACHE DI I R AL A o B T RE DL i)
TV PR B A R R AR A R B, AN W A S A
b DX DX FR AU B 1 Ay A T, DR i A R
TURTIEYE 5V ANEOR AR A A 5700 — ) i, 4F
Sk I R I R 1 4 - 9 & Hh B 2% (molecular
phylogeography) A 1% J7 [ I L& it T+ 20 20
TH, H A7 S0l A AR A F] DN AR
SR ZRAG AT RAR DY) Fh 8 22 AR RN H A
JATRE LR, W AT HE— 2D HEM R 1 5 A4 )
(0 77 S R, R ) Be AR 7S H T2 S DY A0k
) UK 3 S 52 A i ) [ s s, A A3V 2 A
FAE L7 s oA L& Bh AR, 5 UKIYTIE 45 21 X

trnH (GUG)-psbA

(refugium), M7 (A UK BH B OK 3 45 5 Ok A5k
TE IR 53 A 4% Jsi(Cheng et al., 2005; Tkeda &
Setoguchi, 2007; Meng et al., 2007). ZEFHEACE L H
FEAS DN IR 5T 22 b A FH 40 0 2% 5 DR A (32 A df
PRBEPR 21 (cpDNA) FIZ R AR BE PRI 4), T2 PR i ik
RIH g5 i T 5%, Mk 2k 2 . SR 40 i s ik
DRI ZH H AT SRS a8 L (R i, (e A P BB N AN e A
M, AT AR, Pl e zis T AR Y
20 KU DL SR P A i R g s RO A B 4R 1) RIE ST
(Avise, 2000; VLIRZE, 2002; Templeton, 2004; Qu et
al., 2005; Yang et al., 2006; Afzal-Rafii & Dodd,
2007). cpDNATEHL K 2 K4l 1 RW v b BEAA A%,
NG Z AL, St T A E ML — B RIA
(AL AR, fE S S I phy A1~ o 5 D 1)
WL A 225, AEVEZ RN 73 126 G B2 5T
I N o JUH O HEcpDNA 1) AF 4 it X 35,
fe X 23 H A Py 2 Bl B A% 7Y (haplotype) (Mogensen,
1996; Tremblay & Schoen, 1999; Petit & Griver,
2002), HH]BAE RO 28 0GR B, JF4E G
BHI3ATRG Jm) FRAR T W) T B g B2 DL A e 5 R = fie
S P S AT R R A O LT R B 2 (Petit et
al., 2003; Alsos et al., 2005). 4 HT A0 WA A6
SRR ARAKEY) LA AEAR X (1) S A P TR 2
(Hewitt, 1996, 2000; Abbott et al., 2000; Stehlik et al.,
2002; Abbott & Comes, 2004; Schonswetter et al.,
2006; Belaj et al., 2007; Naciri & Gaudeul, 2007), 1H
DL R e Ji DX AP A P A ) 2R AR BRI A
AR 2D AN 1% M DX 43 A B AR A R A A0 B Y AT
Juniperus przewalskii Kom. f175#§ 42 Picea crassi-
folia Kom. FEAT T 43 T 2R M B 2~ T/ 97 (Zhang et al.,
2005; FKPE4E, 2005; Meng et al., 2007), 114 <
e J L X B AR PRI v A DA TE

S8 EE el Metagentiana striata (Maxim.) T.
N. Ho, S. W. Liu & S. L. Chenl)& T JElHF}Gentia-
naceae & $5 S JE Metagentiana(Ho et al., 2002), ‘&
HIHT & A& 1% BB H )& Gentiana (Tourn.) L.BEES4H



sect. Stenogyne Franch. W [1] 4 4L Ji )1 Gentiana
striata Maxim.(Ho & Pringle, 1995). iZFEy £ %
1A T e AR A S AR i X, S — AR
LAY, A KATIEHR2200-4300 mIFIRR K A K
fe L LA v o pR T BASRE A A S IR R DA R ) B
B AR BURE, XA TT R ) 1ok S B 2
FE AT e 2 B A M A% s 5 ek v Js s DX 5 DY 22 vk 30 A
KA Fa ARG P s B o PRI, ASBIF S a4
WA 55 2% SO SN AEA H 38 2 A i [ B 134
FE155 A Mk cpDNAFE G i i Bt ornH (GUG)-psbA
FL [X] 18] [X_ (intergenic  spacer) [ J¥* 41 A8 S5 (435 774,
haplotype), KHEAT 70 T2 Gt 2= 5, 4R
LA AT Y R M B 3 A SR RIS 4 i DL A
VKIS 1 38E ME It S 0K A IS (P4 % 26

1 #RFNA®
1.1 HmEE

KRWFFILIHT T 4 8O S A 13A JE A FE 155
AN, T A . MOEER AT DU
HRAI T H, A JEBEREHLE RS20 R (R 1 K
1), JEEERAMEZ 82/ DAHRES mBL L, Bt bl
KRG, R T, B AL T B R
Bt P I b v S AR I S AR AL (HNWP)
1.2 KWAHZE

fik 12 () i R FH it IR CTABYZ: (Doyle &
Doyle, 1987)$#EHUE DNA . 76X T A i BEANABE T K
FUASEIN P/, 1 503 A s FE A D A B Sz 1 S
A JEBEHE2S AR (BB R BES S ANA) 1) SLDNA
#4731 cpDNA HF 4w 15 v Bt (psbB-psbF «  rpl20-5'
rps12FtrnH (GUG)-psb A& IR 18] X)) F 47 58 R0 57,
DR 5 R REAE RO LR DL 22 R 0 B, X3
AR B 51 7 514 s Hamilton (1999) T3, 4 51
i psbB (5-GTTTACTTTTGGGCATGCTTCG-3')
Hl psbF  (5'-CGCAGTTCGTCTTGGACCAG-3') .
rpl20  (5-TTTGTTCTACGTCTCCGAGC-3") 1 5'
rps12 (5-GTCGAGGAACATGTACTAGC-3"). trnH
(GUG) (5-ACTGCCTTGATCCACTTGGC-3") A
psbA (5'-CGAAGCTCCATCTACAAATGG -3"). Hf
FEERKIN, rnH (GUG)-pshbA Jy BERILH T i i)
Pl P9 AR 5, DRI SR L AO6F 5 1 0t 4 808 388 e R 1) e
HAMRIATY BRI P, Gert A4 B A

MRz mnlE ) S SOREE SR 7 T oR G B AE 0T 575

¥ 8% & W {E Biometra thermal cycler PCR
(Tpersonal 48)4 H{¥ FREAT, SNVAKRZR K25 uL, K
0 2.5 uLIF10xPCRZE M3 (1.5 mmol/L MgCly), 0.5
uL[?J10 mmol/L dNTPs, 5|#jtrnH (GUG)HpsbA+s
1.25 pL (5 pmol/L), 0.5 uL{fIMg>, Tag DNASE AT
0.25 pL (1.25 U), SDNAFEH] uL (1020 ng)PL A
M 75/K17.75 pLo G [ NP A: 94 °C 4 min, %
LA3MIAFAIA94 C 508, 56 ‘C 50's, 72 C 75 s,
BJELA72 °C 7 min&5 . Y49 K FH CASpure
PCR Purification Kiti )& (bl HRF B A= 9085
B I3 A B2 F)2lAK « SlAk 5 (7= 0 R A 1R 1)
5] ¥ rnH (GUG) Fl pshA } Amersham 23 ] ]
DYEnamic Dye Terminator Cycle Sequencing Kitix,
A GREAT I FPPCRY ™1, NAR R N10 uL, HE:
PCRZIAL“#) 41.0-2.0 uL, 51#1#1 uL, 2.5 uL ET,
4.5-5.5 uLXZEK; FEFHN: 95 C 85,95 C 15 s,
50 'C 15 s, 60 C 90 s{EFF31IR, ARJ560 CLd
90 s. ;=¥ H] Autoseq 96 Plates (Amersham /> #) ) 4T
afith,, F£1{FMegaBACES500 DNA Analysis System
(Amersham Biosciences Corp.) FHEATMIF . FF45%5%
PIRe e B 21300 bp, 1F S 4 HE 5 1490% LA
e
1.3 HiESHh

HIClustal X% 4(Thompson et al., 1997)JE1T ¥
FIXIALHES, FINCATF TIE 9. fEITa AR
X IEHA)E, HDnaSP4.0 (Rozas et al., 2003)FE¥ 45 it
cpDNA S A o DUREAN A A [m] B0 2R A48 H
LA EO T SRS R, SRS o S R
HER S 2 FEE (BE Z LR, Hy)(Nei, 1987); 1K
PiPons MIPetit (1996) 3 Hiidk (1) 7532, JET-AH[H] 1) 5
HRUA, cpDNA [ Ja e N 1 24t 4% 22 FEPE (Hg) M
Joh )38 A% 2 R Hy, T R 1] 382 4% 2 4 2R B Gt
(Raymond & Rousset, 1995) fil Ngr i, Hl F& ¢
PERMUT?2 (http://www.pierroton.inra.fr/genetics/labo/
software; 20007/ & #k6: 56) FTHAPLODIV 5 1M 14
UGS J7 0 GorMINs 14T ELAL (Pons &  Petit,
1996), Gsrft TSR U 1 S A, iy
Nt U3 S5 7Y 2 ) ) 2 7 B 25 R AT N o ) T I A 7t
SR AT AR 56 B3 A S5 1 Al B0 X ) e B
)R, AR Nsr B 225 KT GerfH(P<0.05), MK WIR
2 R ZAMAT ) A B AR (R Fa e b ok A, HATE W
SRS H H 22 25 7 H B (Pons & Petit, 1996).
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[ ]-162-837
| 838 - 1826
| 1827 - 2816

. |2817-3805 |

[ 3806 - 4794

B 4795 - 5784

| |5785-6773

[ 8774 -7762 ANt
mECHIT

WA =55 m A AR SOREE MR ) T oR GBS 5T 577

=1 Typ A
___TypeB
N TypeC
BN TypeD
B TypeE
I TypeF
I TypeG
® Sampled Locations
2

. - ; 200 miles S

Bl ZBOREETERR R R S ARDNA SRS R A B Ja i s (1-13) 53R 1M % 5 —BUm.
Fig. 1. The sampled locations of populations and distribution of cpDNA haplotypes within and among populations of Metagentiana striata. All of

the population codes from 1 to 13 are accordant with Table 1.

. ARLEQUIN# /48 (version 3.01; Excoffier
et al., 2006) ' (1) 43142 5773 T AMOVA(Analysis of
Molecular Variance)3Xf}:(Excoffier et al., 1992)45ll
R D) R i B P 7T b it A A S 2 i LA B A 28
AT Fsr PP (Weir & Cockerham, 1984), LLit—
AR NI AL FE (10008 B 3k 560) o [RIINF, )
I ARLEQUIN %% 14 £ v [¥] Mantel 4t 11 2% £ 46
(Mantel, 1967), 737 FLALZ SO EE L HE 4144 3i
A B I 5 L O (20 2 ) 2 TR) R AH DG 1
(B 3 733X P AN R0 B ) 1R A O Ve R 8, JF R AT
100007 # 521 25 A 56 (Smouse et al., 1986).

WK b R J R T )~ 25 25 R (N ) R 7
1 % ¥ P () (Nei, 1987)73 531 ARLEQUIN#R {1
M1 DnaSP4.0 #¢ /7> kAT £ M ; Tajima’s D (Tajima,
1989)L) A2 FuMILi’s D'(Fu & Li, 1993)Py i Jo R 5328
AL s B B o PR A B8 7 VA AR I R B R Oy A
(Mismatch distribution) 73 #T(Rogers & Harpending,
1992) 8,77 DnaSP4.0F2 ¥ 71 58 Ft o

a3 9 BL B ik B2 & 8 I8 Metagentiana  souliei

(Franch.) T. N. Ho, S. W. Liu & S. L. Chen#ll 332 5k
5 v H Metagentiana pterocalyx (Franch.) T. N. Ho &
S. W. Liu& I'MMEE N SRR AT A5 Y R 5¢
KRBT (Chen et al., 2005). A|HPAUP* 4.0b10
(Swofford, 2003) i 5 X fiij £ % (maximum parsi-
mony, MP)7# i, K FI — 20 FOBrdE H TBR 43 5
L. 2 FEIEEFEMULPARS. ACCTRANFAE fi;
Ak, A7 (gap) R ZAE N B SRS, AT A R
K (heuristic search)fx ] ZIH, K H 10007K 5 & ¥ bii
HLII A (random addition of 1000 replicates) -k % {fij
2B I B U5 (islands) 73 41 (Maddison, 1991); [A] i F)
FH#E5 23MT (bootstrap analysis, BS)#E471000/KX E &
RAG 5o B AT R & 43 SO SCFE 2 (bootstrap  values,
BS). Fl|HMrBayes 3.1.1(Huelsenbeck & Ronquist,
2001; Ronquist & Huelsenbeck, 2003)3E4T DL 7
Hr(Bayesian analysis)Hf, 3% & I8 T 901500 4
[FIDNA LKA 7 ) GTRAT+PINVAREL L LLBE ML
B (random  tree) FFAR 74T, [RIINF i S7.45% By /R A R A
(Markov chains), 5 /K A] K85 54 R MCMC) K
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JEEUE 100 J7 4% (generations), %% 113 5 (temperature)
EZHOWEUAA, 73 1 147200 J7 8 (generations),
RELOOFRIE I — BRI DR A7, HLIRTF2 TR, M)
fie 1 (likelihood values) M &5 At vl, 2B 44
A FE2000 2, X ) 4 1) 18000 Vi 2 il FE v 5
50% 22 50— SR, LU UL T S 56 M 22 (Bayesian
posterior probability, BPP){E & VFAli 2 %l (Larget &
Simon, 1999).

cpDNA HL iz B4 2 ] ff) W 2% 5¢ 22 F Network
4.1.1.2FE 7 [f)median-joining (Bandelt et al., 1999)
AT Mo IXFEAT B 1) I 28 ¢ R 2 — P CAR I &R
SRR, &R ) R AR E R . AR R IR
Templeton:(1987, 1992)H 5 Jgi I ) g £ 784 51 2
YR E AN R RmW LS RS — A SRS
TR R (1) S AR B RRR A R S (tip clade), 11—
AN DL S5 Bl A 2R R 1 SR B R O Y
Y (interior clade); MW INK, FEF—Z RN, KX
RN S5 AR T Ak A E B R B 1 5 R Bl
LR (Castelloe & Templeton, 1994). 2 HHFEA
J )2 AERLAS UK TR AR, 4R S5 HAHIE R A 5L
MWW — DR FR ZJa xR — SRR N IR
v WICH B R FR, BT RS KR
BN — AR e R Nk BT RS RE,
W4T 3057 R340 M (nested  clade analysis, NCA):
/e H HGeodis 2.5 F£/7(Posada et al., 2000)t1 57
AR R LRB) A KSR NPT
RS, SN EE B (De), FomHE S R et ips 2
AN 1% 57 FR % A TR M ) AT PO S 34 R
B, MNZSCR M B0 A Bl 18] #E 2 (Dn) %R
B REGE AE B PT MAE S B SRS R
K AT RO TR, BNZ S R 5L
I AHIE SR A R B A0 A G R Ak, R A
FUKPE AL RNIC B N SRR S 35E S
K SRR B M 2 2 (RSS2 RN T-THI De Al
Dn). [F]IF, 381 100007 ) b LGB R A 46 1 iR %L
TE B RN, i, AR Eadk i i i g 45 2R,
Z: [ Templeton (2004)%5 H )] 505 5 EIAN R K
V2 F BE B A% JR) I %R 3K (http://drawin.uvigo.es/
download/geodisKey 11NovO05.pdf), >k #M] 5 £7 #Y
B3 A b e 8 I 52 AT

2 &R

2.1 EEIEELEMNFEITERSH

X 2% BUBE T A3 Ja BE 155 MR REAT T
cpDNA JT BternH (GUG)-psbAZE Rl [1] [X 42 41 ()
5E, FPHKELE220-270 bp2in], HEFPJE K274 bp,
SRS 21 750 AN [R] (1) FLA% 7Y (Hap A-Hap G)o X 7F4 R
£y HE T GenBank 2085 14, VEMHS 2051 4
(QELEEM o B£8R 7 41 Lot} f5 L R B b A% S 7 i :
3ALHH L 2 (substitution) Fl1 5 4b 8 A\ Bk 2K (indels) -
HorR3 AR o Bl 176 bpAbAT — NI IEHE
(transition; C>T)+ 7E211 bpF1225 bphb A — i
FLH e (transversion; A—CHIToG); SAFH A B H K
43 WA T2 75-77 bpZ I3 bp)+ 78-86 bpZ [11)(9 bp)+
87-118 bp 2 [A](32 bp). 218-223 bpZ [Al(6 bp)Fl
245-248 bp 2 If](4 bp)(#2). WML G iHix— BT
MK FEHN IR, BRHEAS T A BT b
151 465.9%, X5 K 2 HH 4 AR DN A JE K] [A] X i
21 15873 #FF(Chiang et al., 2001; Lu et al., 2002).
22 RYURSE R Z IR, BEEHSES
VKb kil

TE4 BUREE IR 13 R BE1S 5NN, 7Fd
cpDNA FLAE BRI H %575l &: Hap A=0.329. Hap
B=0.297. Hap C=0.052. Hap D=0.206. Hap E=0.032.
Hap F=0.065F1Hap G=0.019, HH #i{%Hap Al

R LB SEADNA trnH (GUG)-pshA i Be 7 {5 Al
T5 £ P S0 AR S 1

Table 2 Variable sites of the aligned sequences of the cpDNA
fragments #rnH (GUG)-psbA in seven haplotypes of Metagentiana
striata

trnH (GUG)-psbA

A R 1 2 2 2 2
Variable sites 7 7 8 7 1 1 2 4
5 8 7 6 1 8 5 5

HapA A, A, A; C A - T -

° HapB A A, A; C A Ay T

=0 g HapC — - — T A - T -
2 HapD A, - A; T A T As
L HapE A, - A T A - G As
HapF A, — A; T C - T As

HapG A, - A; T A - T -

FRid(A . Ao Asy Ay AHIDZR TR AN R IR N/BR2
A;: TTT, A, TTCTTCTTT, A;, ATAACACAATTTATTA-
CAATATTGATAACTCA; A4, CATATT; As, TATT.

The marks A, A,, A;, A4, Asand — respectively indicate different
inserts/deletions. A, TTT; A,, TTCTTCTTT; A;, ATAACACAA-
TTTATTACAATATTGATAACTCA; A, CATATT; A5, TATT.



B e, ASTVNMMAIIA AR . SR8URE
EEEAS RIS 22 B () A T B
TR RS WAL, PR R IR B A3 A LI 1 gl
SRR R B AT I, SR Hap A2y
Aide) 1, o 78T 8 SRR AE A S i 44 e
1\ 4. SFHORI T 75 78 e J5L A= o s A BRI L DX 1 e
13 LA — R BpAs A Hap A, RS BT L0 X () 55— A
JERE129047 3 A5 i Hap A Hap BRI AT B A
Hap G, M 40.550.0.300510.150 (Hy =0.585);
O ATAE e B AR e 2 RN 3 HR R A AT A% U Hap B,
JERETH I A58 Hap BRIHap C, AR5 /&
0.933F10.067 (H4=0.125), H.f5% Hap B 4ot 3
T 9 0 5 AR 0 SRS . ORI LOFH A 24 7 Hap
D, Horb B =i (0.750) (1 H A5 Y Hap DA
AT (0.250) [ EAT FLfis i Hap E (Hg=0.375), J&i
9B % Hap B. Hap CHIHap D, BHEAKIK N
0.053. 0.3687%10.579 (Hg=0.527), Ja#E10{f &fg
Hap D; 1M 40 A 75 i B AR Hh X e B 111 s T
A 51 Hap Fo tH o] W, 7EPTOT ST 134 e i,
i JE AR T A T L DX R A P A DL B
Y, e R R 208 BT AT J A v R T8t A 22 4 (Hy ) e
fer, I FEO IR IS AL 22 B (Hy ) IR Z o

il i PERMUT2 #THAPLODIV 2 55 31 5 45 H1
RGOS Je IR JE B A T3 54k ZAEVEHS (se)fE B
WAL Z A Hy (se)fE . JR AL 704 Gst (se) il
Nar (se)fE 4542 0.140 (0.064). 0.715 (0.073) 0.805
(0.081)#10.859 (0.068). Al FHUZE T /51520007 & #t
FOL 0 ) Xof 2% BB SE N A 73 A7 X A% TR AR S (1 1
PRES AT R I6 )5 RNt 0255 KT Gt (P<0.05).
X e gk BLER B T AR 4% S0 SR IH AL /S 21 2y A X
W, JE AR RS AR 2 A KPR 5 (Gs1=0.805), SRS K
FARE I A5 AR R R B rh R 2R, R A E
ISR S B2 25 M . 5 T2 % 53 BT (AMOVA)
(&5 FA R, T ) s AR Sk 73.05%, 1T S
THE PN (R 38E4L 28 5 426.95%, Fsr=0.731 (P<0.001), #&
IR T S GUBES T IR I 35 A% AR S 1 BEAEAE T SR ],
i EL B A 5 1 E A K . Mantel 88 2446 56
W], R REIBAK(r=0.22), HALOkEEIR
Jo B 35t A% 2 5 b 3 R B 2 R A AE IEAH K R
(P<0.05). Y34b, i DnaSP4.0F¢ /7 1 ARLEQUIN
AT AL A3 T AT B R 2 R (o) (R0 S
() FRT~F- 35 55 DRTE (N VEL 53931 2490003 F10.184

I

MRz mnlE) S SO TR 7 FoR G B2 b 579

PR o A B0 A 35 0 (B (Tajima’s D=-0.654,
Fu and Li’s D'=-0.519), {H AR 83 (P>0.10); [,
S5 BUCEE e A TR BT A A K cpDNA B Bt trnH-psbA
SR ) X7 71 404 1 552 5070 A1 (mismatch - distribu-
tion) 73 AT 45 A 40 B3 AT, W 55 3 SR 4 . 1) L
B, AR T AR g Ay A i 2k ], K
BB ES TR I AT B 0 gk e A 3 Y R 5K A ok

o
23 FYFHEEBHAGERENRFEABMERT
ZIE(NCA)D

S BUR B e A 7R cpDNA BAAE Y DL ik gk
SENEAN R OB S NH A AN RBEREA T R R B T
I, FEAKEVE I AE219-279 bp2 i8], HE )G K:296

SR, H P AR TR 29 P W4 (length=17, CI=0.996,
RI=0.991; PE2); VU314 H7(Bayesian analysis);™
"2 1R150% 2 B — B 5 5 K TR 29 MR A A AR TR
FAM R AR ) o BRI 150 BT 159 2 1 R G o
BPPHIBS 5 T-50% M {EREAT T 5o W2 o] LU
H, 7RISR T B K s A5G B Hap A

Hap B. Hap CHlIHap GFA— L CLRFZALT50%),
H f 5 Hap AFIHap BZH IV 4 S2 152 T8¢
T S FE R (BPP=99%, BS=86%); 1] %% % Hap E.
Hap FAlHap DA 59—, XHRFRBAR(BPP=66%,
BS=58%). H.{%%Hap DMIHap GrEdEAL b AHNT 5
.

R 21 S5 Ji D) 15 21 1 4k SUB 8 I 7R cpDNA
AT B S R W AT R, AR RS ek
TR A PER (B2)FEA 5, TR A AL T 32
Y& W5 Hap ASHap BAL T RI-1, H—4
RAFKGERE, %M Hap CHHap G X R1-2,
P AN AR ECE R, 1 5% 8 Hap D Hap ENIHap F
Z N AN AR OE R, AL R-3. X34
—RSLRM LT — A KB S84 S R (Total clade), H
PRANFI—AN SR EG o3 I o FHE AT L, A% 2 Hap
DAHap G BEJ2 fe J5 AR I S A 20, 3xX 55 5% 24 )
RAERE LR 3. NCAS R 1T 45K
S AN SR PRI PR S AR SR PR A0 S 1 P R 2 (B
P9 B 85 De ISR BE 85 Dn), LA 5 2K/ MEL(P) 1)
45 W3R 3 AT R AR A T HEDIAS 2 25 A SR A5 1
B> A0k SR 0 — ZR BT S R L 4 AN S
AR AR-1ME, HEHEY 7K (range expansion)
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Metagentiana pterocalyx
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Fig. 2. The most parsimonious (MP) tree based on cpDNA seven haplotypes (A-G) of Metagentiana striata (length=17, CI=0.996, RI=0.991).
This tree has the same topology as Bayesian 50% majority rule consensus tree. Numbers above the branches respectively indicate Bayesian posterior

probability (BPP) and MP bootstrap values (BS) based on 1000 replicates.
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B3 KOS RNET AT AN A SR ADNA )T BetrnH-psb AJEIR R DX PR FIBOR (KB 3 A Exp, WIEE{H; Obs: MM
Fig. 3. Mismatch distribution for sequences data of the cpDNA fragment #7nH-psbA intergenic spacer from all individuals of Metagentiana striata.
The thin line represents the expectation; the dotted line represents the observed value.
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Fig. 4. The nested cladogram of cpDNA haplotypes (A-G) of Metagentiana striata.

“1- PRIR T WSLR(H RO PSR EISCREUR), AERENER L

One-step clades are indicated by “1-# ”, where # is the

cladistic numbers at one-step clade level; The numbers above or at the right of each connections represent mutational steps.



MRz mnlE) S SO0 TR 7 ToR G BAE 9T 581

®3 LT HAREE), PTELTGeodis 2,50 LUK SN LEAADNA 7H 28 AU(A-G) SR HEAT LA R 4 T (NCA)Y 1 211 P Bl g
Table 3 Two distances obtained with the nested cladistic analysis (NCA) of cpDNA seven haplotypic (A-G) data of Metagentiana striata based on
the nested cladogram given in Fig. 4 and Geodis 2.5 program”

E 4y % Zero-Step clades — 54y 3 1-Step clades
Hap Pos Dc P Dn P Clade  Pos Dc P Dn P
A T 253.082 0.389 294.448" 0.000

S S
B I 117.697 0.000 197.547 0.000 1-1 T 258412 0446 272876  0.017
T —~135.386% 0.000 -96.9015 0.000
C T 54.224 0.276 63.902" 0.005

S

G I 0.000 0.222 40.777 0.005 12 I 57973 0000 240077 0254
T —54.224 0.222 -23.125% 0.005
D I 128.674% 0.000 161.445°% 0.000 1-3 T 187.830° 0.000  226.612°% 0.007
E T 0.000° 0.010 154.663 0.064
F T 0.000°% 0.000 257.570 0.000 I-T -177.402%  0.000 ~17.699 0.277
I-T 128.674"- 0.003 —61.8235 0.000

*1-# CLR)ERA OHRE; Hap, AL L, WG I-T, WECPIRNER B 5 RSP B B3 (2 22; Pos, A T, RS, X HdwilkAT 10000K B
TEBE LUK U S Py 2 25 (Do) sl S5 1) 2H 25 (Dn) S B W KBRS, B PR/ P<0.05 (Pl —ANBENLF= A2 I HERAE, & FR0R 5 WS B AR 45 i
KCEEAN)).

*1-# (Clades) designated in Fig. 4; Hap, haplotypes; I, interior clade; I-T, the average difference between interior vs. tip clades for both distance
measures; Pos, position; T, tip clade. Tests determine whether the within-clade distances (Dc) or nested clade distances (Dn) are significantly large (*)
or significantly small (%) based on 10000 randomizations of the data, with their level of significance P<0.05 where P is the probability of a randomly
generated value being equal to or larger (smaller) than the observed value.

Fa FT R SBORE TN R AEDNA A5 A K ) S R M 45 R (3R3), ] Templeton (2004) 46 2R R 70 #4421 (K — R AHEIR (P, R
I FE PRI -

Table 4 Chain of inference from the nested clade analysis of the cpDNA haplotypes data of Metagentiana striata (Table 3) using Templeton’s
(2004) inference key (P, the values of significant tests)

4337 Clade W% P 1% Clade key & Inferences

1-1 0.000 1-2-11-Yes Ju ¥ 7k Range Expansion

1-2 0.005 1-19-No 538 1 Bifb Allopatric Fragmentation
1-3 0.000 1-2-3-5-15-No it 22 i Bt . Past Fragmentation
Total clade 0.000 1-2-11-Yes Ju ¥ 7k Range Expansion

TE R WAE— 2 R 1-2811-3, 4359 i 38 A Befb B LS F EE m (Clegg et al., 1994). x40

(allopatric fragmentation) Fl it J: J Bt Ak (past frag-
mentation) T 2

3 itig

55 At — 2 b = 1 L A 4 ¥ cpDNA v Bk
MR 2 AEVEAH L, 408U 68 Je IR cpDNAFE 4 5 Bt
trnH (GUG)-psbAFE R 8] X (1R 7 1R 2 #F 1 /K1 AH
XF B AIK (n=0.003), 41 iz HI cpDNA HF 4 5 fr B
truL-trnF A5 Draba  aizoides L. &3, 740.035
(Widmer & Baltisberger, 1999); 1 cpDNAJEGmhS
B trnL-F R trnS-trnG K W 25 17 8 A5 Vaccinium
uliginosum L., &5 R RIZFEDII7450.063 (Alsos et
al., 2005). M-&p ARk R 2 BEAL 1) = 2RI 2 — 2/
Jr B BRI 4 N/t 2R DA R RS T T H B

JENA T cpDNA Jy BRI 45 S I0, 7E A5 247 51 (1)
AR A pi N BRI TS, TR
AN T3IANER2). HILRI T 480 Ju i s
B B4 8] 1) 73 A ARG, Rl gL S 4 T )
INNIETES S TN i D s a2 e S BV 9 [N =
AR (R R 2 2 28 — 40 TPoBr i i 3 11.4-21.4 Ma
(Million years ago, F1Ji4FELARY), 480 EH
NS T IH S 4344 (1) I8 T3] K EA13.3-6.2 Ma (Chen
et al., 2005), FW] T FRLUE TR, Ktk
3 () 2 R W T 2 M ) Aol o 352 4% 23 A 8 )73 (1 I (1)
WA B 25 (1992) 1A FR I (1 AR 4 S5 B i)
R A2 B =0 op T 4, X 5888 Je i s 1)
SIS AR & T2 T R, TR E
FES— RAIL R EEAGTE, Qs DRkl AL
S, BHPS T ok B RS RN, AR A
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4, — e AR In) BT RS B4t K, BATEY)
HINZ#%(Quade et al., 1989; FF %%, 1992), —ik
e E S Lz AT A g W e R e . SRR
J& MR 42 48 J& Primula .25 53 12 58 20 i 4% 55 94k
(Axelrod et al., 1996), 4= T 5 2 (BT Al o [m] I A5 Wy
Ll b X AR 17 22 25 3 A R A2 il s — 28 K s (fudd
JeNH ) B 3 A A 2 FEA O (RAE R, 1979; W,
1980, 1987; F 3K, 1992; Z=83C, 254, 1993),
LA I 4% S0 S50 IH AT B8 A& 71 28 — 4 i Tk U5 T
Hh [ P R AR T L R XS ) B R R R AR
JU B K BT ey L M X (2 2, 2005)

HY)cpDNATE AL 1B NRHLEI Z T 2 FF, 240
M) HAT PRSI AR, MOAS K BE R B 3R &
WAL, BEREME S FEEA, RN R
WAL JAFET U TR . WiMeng5(2007) %}
HiF A2 Picea crassifolia Kom W57 K cpDNATE
XA A R AR (G TRk AL 38 IR T
ZHCT RIS A, cpDNA &I £E R 5%
(BT AL R (1), DT AL 1S 8 1 TR) 5 DR AR AR AR,
AL AL T8 3 FE E (Fujii et al., 2002; Bittkau &
Comes, 2005; Tkeda et al., 2006; Koch et al., 2006),
00— A B AR ) 2% BB EE e I REAS b BE )
AT 134 Fa BE 155 AR 24T cpDNA R g 5 B
trnH (GUG)-psb A& IR 1] DX JEAT R [ RF R B,
TR TR 70 AL 2 AR 155 (Gs1=0.805, Ns1=0.859); 1Ml
HAMOVAZ 7 45 ALK K LSS N H173.05%
[ T AE AR S A7 AE T 5 BE 8] (Fs1=0.731), Mantel gl
R0 6 1) B B 2 5 5t A B B 2 (R R IR AH G OK R
53 FE T 3K — 45 18(P<0.05); [RIINF, WF9Y & B4 40
B APy Fofr 7K P b 0 ) 1~ 32 5 DR AR A
(Np=0.184). H1 T %0, cpDNALEZA Y & LALER
Tt R IR, TR A I e A A ARG 0 3 R 3
FIAR =7 R 5E 45 23 AR 52 1) 2 2 JU PR T 6 A el - o
T AL 3 1 PR R A A PR, DA i ] ) b BB
(Chn vy J5UZR B AR U Ll A4 S B8 RO 5 FR 12 A
i 2 ) FH AR 3555 B AR (v D 408 30 DX P J 1 1) BHL
5 7 JE B A] () JE R A2 I (Slatkin, 1985; Koch et al.,
2006; Ehrich et al., 2007).

MEITRI LA, 754 SUCE Jo IH BEAS 1 2 4
AR BT 134 S A v, B s 280 (1 b 3 93 A A S
FEIN LR A 75 R e AR e S R AR BT L DX A g AR
H R EET . 8 OFI2HR A 6B AR, TAE

e AR b R A0 3 b DX i B v A A S AR
HHEHEW R — 546, IWRGOE TR IRAS R JE 1 st
T8 ZFEBE T B, TR = J5UAR 0 fm e 5tk 2
FERER R, W R B 1210 1504 22 S B 5 (Hg=0.585)
JEREOIR Z (Hg=0.527), T HA7 5 2 B (s A s
B, R R0 R A A 2 Hap Go tH R i
DX S B AT A L e R 1B A% 7 S R B R AT 1 1
Z SR B — N 1) 5 A 2 B AT UK )kt i i
LUK 5 W9 HO S R TR A7 22 S, X T T S R
HAHEGEMEE 2, 1y §h X ) Ja # st 2
FEREAH O AR, 32 AR Ao i) K S sl ok S 3
NI SE T 1) 04 B, T REAE R A BEAE RN,
P2 B — RYDIUE R, 15T 5 10 s #f
8L 2 FE R % (Ibrahim et al., 1996; Avise, 2000;
Hewitt, 1996, 2000). [}, Petit et al. (2003)I\ K 7E
TREXE BT HL DX 0 SR B, AU m s AR e, i A
H AR AT P TR X 440k & B IHcpDNA .
MR RG R G AL RE T (E2.4), 455%
WA ] 52 T e iR A e SR T L DX R R 1) 5 Y Hap
DAFHap G e HEb ol JEUf ) B 05 L, g o
{4 Hap A Hap C. Hap EfllHap FA7 T 32 & K 1) ¢
T, HAR 7 20 B 22 ARG, R X e £ 7Y
IV A% BT A R IR o F I R AT v Ji 2 i
A T Ly X — 5 i 4k SUBR 8 e IE A 55 DY 20 K 9 B
AT B8 A XE ST, 1 v T AR T B i A A
T UK S B UK i 309 AT S 388 i T o 2B 97 5K BT R 1
XS S R (1979, 1987)FE H 175 i e i 4%
T PR R Ly DX S5 D 20 K U0 7 g e DA 4 1
MEFT, LA e J b R R A 2 A ) UK BB OK S B X
AR TR ST e PR R — B

NCAM 2 RRUF M SCRE T FdR WM sk 158, 1@
bR S 8 00 ZR AR I ¥ 4% SBU8ES e IH cpDNA L A5 71!
Hap AMIHap BZH HLR1) SR 1-1HEMIR I, 46 5
7 10 b 3 3 AT RS S 1 SR R PR A el Y L gk
J(Fd)o [, FRATTCAUE B 0 R AT I A Y
75 AH 7] J& B o K AR (Nst>Gst, P<0.05), 1 Fp A7 23
Hap AFIHap BITEAE R 5 DY LUK I O] e k¥ T (1)
T e JR 2 P R I 1L X R 12 R A B, ik
AT DL B E— 5 4 4% 08 S8 0 IH 75 5k = I AR A6 50
MFERE(L 4. 5H16). ERZRFIFEREQ 3MT7)A
o D o P IS 1) S AR (13) A2 7 (R UK S B K i 390 i i
89 TOFI2 7 ()38 X Jir R AR Y T 5K T i, T



ANJE A IR XL IR S K RS SR G A7
(Hap DA!Hap G)I#) i[RI n] G2 th T g sk it #e v
e B 7™ T ST B BE LR RN, (] B R A 1)
PR AR W] BEAHT I 20 Ak HOR [ S A5 T (Hap A
5{Hap BT A (Hewitt, 1996). X 4518 5 i
JE PR P A A A A0 08 32 5 A R 3 2 A (R F 9 &
J& 5 ¥)(Zhang et al., 2005; Meng et al., 2007); ifj
HufE M Hap CHIHap GZH S A1) 32 AR 1-2 R BLA% 2T
Hap D. Hap EfHap FZ4H ) 3 R 1-3%NCA T 5,
W L T s R 43 Sl b T S RN o 2 B B A i
T8RS o KA PR A A o A 1 2 [ 52 Ji 4 s 1 Hap
G) I 751 JU 2R T S A DT 10 DX i i 5 s 8 9 T 4
(IR T L AR LRI DX, 8 55 DU 20 K YA el ] i
R A BE S BT, D) K 380 B ok 0T £ T 32 EE R
(UL ZR) B I, AT A A BT L1 2R b 3 i b X 1)
S A S P BoAk o T 25 A Bk I g s A,
AT A AT 11 2R A 830 S M X ) s BES O[] o
MR A Hap DFIHap E)~ 151 U 2 3810 2% Ja BE 10 [i] 22
5 A Hap D)5 JRUARE s L (7 BN A L) X
FEL1([E 2 4547 P35 M Hap F)2 1), alRE T s =
0 IS S0 vy D T 3 T A 32 o P 5 9 D R 2 3
B ORI LB OR (B 8 2%, 1992), {EF3 4408k
SENOAE X — 5 BV 10 i B R 2R A 58 i Bk,
DABRE R AL (P 1AL 3%) 0 LR i =,
TERCATTRE J5, T R R L L) e 204k e Sk (R e A
Hfr I Hap FHTARER o A8 HBE 20 A1 DX 1) F 5 7Y
CBEASLR) AT w5, e B ko2 =B sk
B, T BATTEAT (0 PR A eb o A 562 (B (Tajima’s D
=0.654, Fu and Li’s D" =—0.519) 1 55 40 A 40 1 45
F(EI3) MR I T 4SO R IR AT G828 1) Ja e 19
Pkl fE, Rkt LR S AT T 350k B
Z, PO 2510 70 75 5 SR PR R OR AR ) A7
15, X i i JE AR R MR W = A2 14 TRkt
PR AE ISR B T e R AR R A2 kDX K I
(%) 38 S JIT, X PR R 420 %) J AR S A UK i B s D
S5 (1 A JIT HHT R R R, AR AT
AT 2 5 ok T AR 8T A B T B R A A I F st
KB (M B %, 2005; Zhang et al., 2005; K745,
2005; Meng et al., 2007). FBA, S5 75 i I R
YIRBEAR )1 T LR AR, I8 75 A0 I B 22 11
TP RAT LAE S

AE RS T AEY R SOREE R I7 T RGBT 5T 583

B 5t KB ARAF A4 (30170066, 30370284,
30670130) %84 .
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