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hwangshanensis) 1224 #4888 N ANMAREAT T 18i4% 2 FEPE RN [R] AU 9 . FEIX PR AMZAEE R A |, PRFTREPI AR I 55
TR IIAZ TR 2 REVE K (5 B g = 0.001 71; 1Lk zg = 0.003 40), {HZ D R B 2T T30, EMNbKER 5
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Abstract

Aims Our objective was to examine population genetic diversity and species divergence of two pine species
(Pinus massoniana and P. hwangshanensis) with overlapping distributions in southeastern China.

Methods We estimated levels of nucleotide diversity and an analysis of molecular variance (AMOVA) of the
two species based on sequence data of two nuclear loci for 88 individuals from 22 populations of the two species
across most of their range of distribution. Gene genealogies of each locus were constructed by coalescent simula-
tions using the Median-Joining model.

Important findings Both species exhibit low levels of nucleotide diversity at two nucleotide loci, and the level
of silent nucleotide diversity is two times higher in P. hwangshanensis (zs; = 0.003 40) than that in P. massoniana
(msii = 0.001 71). The population differentiation (Fst) is also significantly different between the two species (P.
massoniana, 0.059; P. hwangshanensis, 0.339, p < 0.05). These genetic differences in the population structure of
the two species may result from their differences in distribution and habitat preference. Hierarchical AMOVA re-
vealed that the average of variance components between species is 48.86% based on the two loci and is
significantly higher at locus Gl (77.24%) than locus C3H (20.48%). In addition, shared haplotypes were only ob-
served in C3H rather than GI. Thus we speculate that GI (control of flowering time) may have experienced speci-
ation-related selection, which further accelerated its lineage-sorting divergence between the species.

Key words nucleotide diversity, Pinus hwangshanensis, P. massoniana, population genetics structure, species
divergence
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WS R R rp, IR 2 DR R (R AR . AL
ARG BHEITAR  FERGAN DL HARIE PSR ) Hos 3%
W FF A AT AR ) PRI A HF I 22 R PR OKT-, 4K 1T 52 i)
YRR a5 A% 22 B (Arunyawat et al., 2007), [,
X st A 22 B I R T T A 2 ) b
[ RRGE AT LA G Rh 2 18] ()i A 25 A
AT DABIF A 355 25 S o) A0 Pl AR ab A 485 ) 1) 5%
SO EEE A, P FUAN (RIS DR SR A AR A A o3 Ak b
R 2 0 12 TR i (Rieseberg et al., 2007). (1T & fifi
EATERFRABN, TGP PIAE— LB AT
A LA R B BE DR Y, A 5y A — 2B RE A b ] fig
S M 2 18] 58 4 1) 35 4% 3 4K (Belahbib et al.,
2001; Mallet, 2007). [T, WFFEHREIAS [ FE A7
UL 23 AR JEE R0 % 28 95 226 PR 0 xS R A8 ) P ok
T F0 <3 4R AH G 1 H Fh T8 R B TR R A7 1 22 58 X
(Strasburg & Rieseberg, 2008; Li et al., 2010b; Zheng
& Ge, 2010). Py ia) 564 (1) AL B R B AT e o T 30
Tl i) A2 A 56 DR 20 7K1 (9 ] B 434k (Mayr, 1942), {H
S BSOS R AEAT IE R X RO L, T A A
5] 73 A 1R 3k R v A B A7 i DRV A7 A (Orr et al,
2004). TCIRLEMBFMELL N, 5 YIRNIE oA Ok B 1%
Bk DR AT R A A A o0 A I R e DR R A FH
S M T H AT R R AR S, DT A Ao ) P 3% %
6 THCRE T R A A A T A B S (WU, 2001) . H HITAY
A D FE ) ) ol A R 8 AH G ) i DR B
s A R AN B AR A B AL (CMS)
(Chase, 2007) #ZH3 LA AR AL AH AR 4 I myb B % 53¢
[X-f-(Hoballah et al., 2007) LA k& Z4A8 R AH S [
(Bomblies & Weigel, 2007). ‘BT RAS 2 FECH Y
BRI TE R, AT AT BEAS ) A 7 S AR L R | (1) gt A%
S BAYRRE R R, X TS 5 F
TE 1B P T Rt R v 52 380 8 Z1 g £ 1 2k DR (n
S W) T A4 IF 8] ) 5 DR ) 76 40 b 3 3% 0 2 o 16 04
HATIE T b

B DNAFHAR A FE, He T A% LRI
W 3 AL 22 BE M P A 4y A B BIE ST AH 4% L B
(Kado et al., 2003; Ma et al., 2006; Li et al., 2010a),
{HR X BE B T 45 SR A WA R A ) 1) AR a5t A%
g5k 5 CLAE WIF 9 LG B0k 2 1 B XA 4 40 1 9
(Arabidopsis thaliana) fil & >K (Zea mays) %5 A~ [A]
(Wright & Gaut, 2005). SRR A RO
KN B AR 8] LA IR RIS, BUERA 2R
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AR A o D) 5L A7 K = ) s Y DL R AR K P i
ALtk PRk, HEWT SR 34k g s 4
R B ik R (9 AH O T AE R BBk it 1 (Willyard et al.,
2009; Chen et al., 2010), FATX HLIEEEP AT HELE
WA Y R R LA AS TR 0 36 DR R A e AT
TE PRI S8 R P 3% AR TR AR o1

L A (Pinus massoniana) fl % L4 (P. hwang-
shanensis) f& 1/ - 51 28 #4347 T ] 2R F 3 1 A
ARHE AP, PIYIPTAEIEA . A0 LR
it 2 EASANIRL, I BRI A DX R ER ST R ]
SRR )53 B . WA B LR AR R SR (P.
taiwanensis) {54 (Fu et al., 1999), {H &L {A R
S FRERIESE R, &5 G R AR EREA (P, lu-
chuensis)f7-7E B X, FF HoRG o R (5 5 2
FARISES R R TEAT), AR A — NSRS ) B (40 5
¥4, 2003; Chiang et al., 2006). £&id % 4F (1) BF 41
7, RILEIAS AT TH#ERL 000 mEL L, ifi 5 AR
I3 A F700 mELR, £E700-1 000 mth AR 1142
AR AT AT P T RAR AT AR, IX SO AT
P 1 CL 200 BIAE TE A& KT Ry 1K A3 3
AW A 5, 1992; PHHKEE, 2001). XA
BT AR AT 1 = B 2207 T4k, BE A Wk Tt
L, R A R . AR R . R
JERWRSE . H ORI A i B B 2 A . IX LR
BEPR 7 S HE ) A KRS G B 2 OIAR DG, e
Al G R R R OSSR Ak, IOREEIR
SRR (L et al., 2010b). B EAAFIE LA —F A
FFAE 5 A IR 1% 2R 05 16 FH A2 B B% 25 (Li et al., 2010b;
Zhou et al., 2010), s&HlFFUA A A% S5 R AE ) st
B34 5 1% ZR I R . BRATIEH T A 1
o [E] ZR e S A [ A ) D R A B 1L AR 104 [ 46k
I3 A A (B LA T By R A #4551 ) BL R 124> 418 45k
IIATREAR (TN TS JRAN B, SAN T AABEAA) o IEFEIN
PIAZ LD 23 5 JEC3HAIG . C3HJE S A R 2%
TERA G BE TR, 0 A i 25 1) & BCGE A AR
(Ralph et al., 2006). GIZ 5 tHY) TR (] F1H4,
1% R 1A 3 BUT AR I (] A7 7 & 25 2 5 (Hug
etal., 2000). AT H L 1)3EF AL IERAL
AR B LR R S AR AR T R 2 A DL R X e
AT IR 2 51 I RE A B AL 2540, I 55 S A #r
FAANHEAT LR, 1M HE T o LB X 11 ] BE I
B4k 5) Jy; 2) R 2 15 BRI A K BRI AE D RO Ak
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R IIREA T, ST ENIED R R AR 5
ARG AT AR 2257

1 #RFAE

1.1 BREUH

ARSI R T K H 124 5 R A BEAAFIT104N 3
AR AL BBANAN AR IR Ao, G A 4 ] 458 3 A 1)
L AN RIS L RABE R 2554, AR A1 (7S By e fa
FEARFISAN T I AA AR, BEASTEAREURE 22144 ANEE,
WLEA, REMFITE T4 CUKFREAE % o
1.2 BEFLEDNARJIZER. & LUK FF

PR IR P2 T 251K b, 74 CRCE L

&S GS(2011)239%2

O #W¥ P hwangshanensis
@ LRE# P massonina

B LR AR LR T AR AT 3 25 43 A (A) R i A e 7
C3HFIGIIE R R (B, C).

Fig. 1 Sampling localities of Pinus massoniana and P.
hwangshanensis (A) and gene genealogies of nuclear loci C3H
and GI (B, C).

W, F BRI, TR LA CTABIE S HL
JEFL ¥ 21 DNA (Doyle & Doyle, 1987). I KA FI 3
AR AR 2L 5 O A i — O B Ak, BRI,
T 19 U 7L 5 DUE DR W] SR A A [] 1 45 A ik
DR o AT TR 5 R AR FH L L A2 (1) A S DA% B PR e
RLC3HAMIGIBEAT T 70 #r o A 519 BT 4R AF
Primers (Dumolin-Lapégue et al., 1997)¥ it 7 Hi4
FZHE R BEAL I 5 | ) 40, RIS B LR L.

I s ISR > ki e N A FH ABI A W] 4 4k 1Y)
Big Dye Terminator (Applied Biosystems, Foster City,
CA, American)i 7| F1 256 F-1F, I/ 7EABI 3130x1
PCR [ 3 DNA /7 1% (Applied Biosystems, Foster
City, CA, American) b1£47 . Ml13 751 F HIMEGA v.
3.1 (Kumar et al., 2004)#f1CodonCode Aligner v. 3.0
(www.codoncode.com/aligner/download.htm) i 17 Lt
XTI TR IEM IR, 152 R FDNA)FZI 28, /)
NG Rt
1.3 HiESh
131 ZHEHBREZSM

F)FIDnaSP v. 5.0 (Rozas et al., 2003) 15 T
VMR TRZ &S i A8 ES.
WattersonZ: %0, (Watterson, 1975). A% % ketkn
(Tajima, 1983)LA A Ff% A H hHT LA 21 22 4P HG
(Nei, 1987)., X HHudsonFlKaplan (19851 VUM
KrgeE, THE T PR N R AR () g/ g s A S
HH Rm)o
1.3.2 i

FIFDnaSP v. 5.0 (Rozas et al., 2003) /3 i &
T PSP REA FEAL IR A 56 SE T Tajima’s D
(Tajima, 1989). Fu#ILi’s DRIF:il(Fu & Li, 1993)
ZH, VLAWK L e A7 2 15 7 5 rh M
133 B4

FATH Wright 1) [ & 5 st (Wright, 1951)K:
DA A W) T R AR P IR A% 22 S R o Fer 1)L
ARLEQUIN version 3.1 (http://cmpg.unibe.ch/ software/
arlequind/) # #F {4 7 1 AMOVA (analysis of
molecular variance) (Excoffier et al., 2005)73 47 /7%
B85435, F5210 000K LA 52 G v S 40
134 EEILH

5 DR ol 2R s W T AR A A6 R DR ) R 4% 5K R
B ERIESE AR RN BRI S5 R S5E 2
DRI 2250, R DA AAKE DRSPS W A A g sk 25
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A% JEL(Schaal et al., 1998). BRI AT ] Network
4.5 (Bandelt et al., 1999)%f}, i%#+¢Median-joining
IR 308 3 ) AEL AL A S TV ) Tl A e ST 1) i A
R, JFAE T LR B A7 AR ML AL
FATT, [RINHIER T T S A B

2 #ZR

21 HEBRZSM

KM TR SR IZIE R A7 (C3H, GI), AT
BILE AN AL i R BT B RS A (L AR (1) 76 1
PE AR B 76 AR RANE), el #4531 T 1525%
J#41: C3H 794, Gl 73%%. MAHHI 41 A1 349 bp,
Hh951 bp 4t Ix, 398 bpfr T-A4ifid X . ZEKI
B 23N A8 A7 R, 1645k FH C3H (24N i A Bk
K), TR HGI.

FAT 1A FIDnaSP v. 5.0155 T AN F b iy
Witk ZREPE(R2), TR T Hi NGRS 5
FEARFABE AR R A 22 25 PR AT 2043 ) R 114N R 7
Ao A2V, By RAA A s DUERAT Rty
PA S AETR] A a2 as P E I W] AR T3 A
(%) H4: = = 0.000 88, 7 = 0.001 71, 7, = 0.000 48;
#1l1#4: = 0.002 83, 75 = 0.003 40, 7z, = 0.002 21).
P Rh A% R 22 FF 1 22 5 2 B T C3HAE I, %
JEE S AT PR AR S A DU B 1448 S e, SRR A
HETA, MG 14 548, DR T A
A% DR ) A3 R 550 H R LA 7R 2 R MR HG IR P 2
B AR T2 LA (S B #Ah = 3.5, Hg = 0.190; 311
#Ah = 7.0, Hy = 0.516), =% 2 SHJETC3HIER,
5 R ERZ PR E IR — 1.

2.2 W

BATNI A L0 P AN A% 5 DR A7 11 2

B AT T Tajima’s D. FuMiLi’s DFIFuMILi’s Fri

PERTIN(R2). &5 R BN, BARE RAATE A HEL #8
R 247 () Tajima’s D (C3H: -1.334; GI: —1.339),
B 1L Aa 19 G RE AL B &S U #6709 Tajima’s D i
(-1.135), {HJE&: 22 F#0AS 8 (% 2) » BT LAWY 4
KX HE DR A (R A AN 4 rh PR %
2.3 BHKIBRfRLE

PR AZ i DR JRE A () AMOVAGE S L3, 1
JFERAFHEE LA FEAR I8 A% 2340 R £ Fsr 3 731l 240.059
F10.339 (p < 0.01). PHFNIFIE) 2 747 48.86% K
H AR, 11.35%K H Fi A FEARIA], 39.74%K H FEAAR
PN, A A TR AR A7 C3H T G LK 7 4 b b ) 2 S5 1)
BTk 73 51 4 20.48%F177.24%
24 EEERDH

PR A B A7 T S DR % R 4 R B R AN ) (11 1B,
1C). C3HAEN AL NP TN R IL A3 5 T 14
B AR AL, Horh, I AR R FRAG A 40 (H1-H4),
FELIHL &, HARL10FK H 3 142 (H5-H14). 5
7 R A5 L AR, PSR LA ) A5 B
HLIFIH3. GUEEALE N IRI 76N A HE3R15 16
PR AR o 5 B AAT 4PN (H1-H4), EZLIHLA
T WA 2R (H5HIHG), TELIHS A &, A
YIRS AR Y,

3 g

31 HEMZHM

H T UUERAL iU A% 1R 2 A T BE AT & b 1
HEAL,  MCREAR B M B N ) R ) g AR 22 R PR K
(Tajima, 1989). FAIITHE T 5 RAAMIBT (LA P %
SRR R B IR 2 &1k, 45 R BoR A~
(1) T AN I R JRR AT B AA AR AR A I 2 AR, 5 AR 1
SR UTERAL i 2 AR W AR T3 AR (5 R A s =
0.001 71, #iiLikAzg = 0.003 4, p < 0.05), 5 LARTHR

R3 B RAFIHE LR HE R A CIH AN GIAR 1) 431 77 72 (AMOVA) 43T (10 000K L 57)
Table 3 Analysis of molecular variance (AMOVA) of nuclear loci C3H and Gl variation in Pinus massoniana and P. hwang-

shanensis (10 000 permutations)

AR kUit AL LR
Source of variation (%) Coefficient of gene differentiation (Fsy)
FE R A i) ot A A ] REAAP R I/
Gene locus Among species  Among populations within species  Within population P. massoniana P. hwangshanensis
C3H 20.48 15.81 63.71 0.071 0.210"
Gl 77.24 6.99 15.77 0.047 0.467"
FH){E Average 48.86 11.35 39.74 0.059 0.339

* p <0.05; ** p<0.01.
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T8 [ 5E T 2 AL RIIE TR R 2 AR P i 1) ~F- 3
ZAVEMEARLE, BRBOLAA I 2 0w T B R
(Pinus sylvestris, g = 0.001 9, Garcia-Gil et al.,
2003) Fl14R 12 (Cathaya argyrophylla, =g = 0.002 9,
Wang & Ge, 2006)4k, AHE5T AN J8 P Fi v 2
AMEBC T HAR K Z Ha MR R Y, e bz
(Pinus densata, ;= 0.012 2). z B4 (P. yunnanensis,
msi = 0.018 4). WhAA(P. tabuliformis, zg = 0.011 9)
(Ma et al., 2006). FBiZ[41(Juniperus przewalskii,
7= 0.002 92, Li et al., 2011). ‘kJEF2(P. taeda, 7 =
0.006 4, Brown et al., 2004)F14s /2% z 4~ (Picea abies,
s = 0.003 9, Heuertz et al., 2006)%5 . &2, A1
TS FA I, T AN RIS AN RS TP A A2 3 A A
R R 2 KR, SRS BT
AL IR 22 A PER U A (Wang & Ge, 2006).
MR IR 2 FEE AT RIR 2, anat
FUPMP R I 25 s TR U DS B, R DA
RAR. HIRERE. ARG UL RBHAS &S L5
LG R A FH B Ll AR BRI A% 1 R 22 28 1 7K1 7T RE B
T2 FE 2R AR ) B A T 2B 0 s DA R AR 1) SR AR AT K
(Brown et al., 2004). [r]if, HELHZ AL ] 520 )
KR ZAENE, JATTT TR Y A% 5 DR e 47 ) e /)
FAHCH A0, IR I F 4L A] 5ExS W~ Fh
IR E 1R 2 AT — € vk
T 5 AR A (R 7 A A U], 5 A
IIA TR 700 mELR, #2234 T1 000 mE
o TXPI AR AT A A e T R Bk o A,
TP B A 4 A 72 56 Wi 4 AN ) i A% e 7K CF AR B2 1)
P51 55 (Wakeley, 2001), #& (L) v Betb s A 3L A
Ae T SRMNZERZ . 4h, BATRRHA
AP L, AR oA s 1 4 Dl SR
N2 AT TR AR 23 R B AT AZ IR 2 AR 1K
T [#) 22 5% (Abbott & Comes, 2004; Akey et al., 2004) .
AR 7R, Tajima’s D, FuMiILi’s DFIFufi
Li's FIME A IEA 4, i HZE R A2, i bAAS
W PR A A i R e A7 1 S8R A A AT Y 3l 2 v 1
R, DT AT T FH P P9 I A e ERL A7, AR A 0 381
W&k FARIEFAE .
3.2 FhAFNFEIEE DL
FATHHIAMOVA T BT T 1AW A e o IR Jae Ao
RIRF AL G54, AL T 8L A R Fere 4R
Nt Sy RS A N 8 AL A W] WA T AR (B R
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FAFst = 0.059; B ilIFAFst = 0.339), SILAMAAHIZE
FEYIAZIE R A B EAH LG, S RRAA b T A XA 1
Filr P 2 A K, 1 3 L B AT R S R N 2 A 7K
(Ledig, 2000; Li et al., 2010a; Ren et al., 2010; Li et
al., 2011). FAAASSAE W) A RIS A 22 4 AR 1 HE A,
REARTE] 0 22 S 30D, 184638 S 1 B e TR N
(Bouillé & Bousquet, 2005), M fii & T B HIFF
WAL . SR, WA Bl S A BRR 23 A X
K4 m) T T8 s K I Rl 35 AL 3 A (L et al.,
2010a) . AHXS T~ T AR, BLAN A K T4 it
P I Bk oA, X R SR LA B A
B A g AL oAk

FRATT0S L AR M BT LA BEAT (1 AMOVAS) #r 45
SR, PRSP RE T P AN R DR e 7 P Ao ) 222 S
“h148.86% o UT A AN MR W WP T 1 (R BAF 52 B,
T 399 3 A 16 9 1) A7 AR AN 58 4 IR &R O ik
(incomplete lineage sorting), & 115341 a] LL A2 )
B B fE = Ok CEE ful A B TA) [ W B 2k AL
(hybridization) ff 4 Fi [a] £ 71 K & ¥ L == 2 A PRI
/D 1Rf E PE 25 = (Willyard et al., 2009; Chen et al.,
2010; Li et al., 2010b). X B FE AR B LA IX P M
BHEGAMR B, EAITE S A T B AR, 1E
TEA L A LLAORHM il o7 AN, HARAE
e ki R AR A AR OIS AT #6455, 1992; ZHHEZK, 2001),
XL REE BN AE 7 TR ERA SR .

Fihbh, FATERT LU H, GUBERT IR ] 22 5 Bl
5T C3H (C3H: 20.48%, Gl: 77.24%), [Ali}, %
Rl R 45 IR WoR, EC3HIAER L R d s pfr iy
MAEGI LA (E1B, 1C). FEH i R TR, WA
WIRHECIH AT AT I A5 Ay HINIHS (1811C),
Horp I AR T H B 5 M S K AEAA P B AH A,
I HAZ Tnetwork #) g, T HLERA5 R Z 5 e, Uk
BGRUAT E S O I A Y, AN SE A IR RO
P S BUG P Fh ) L5, i S A B H3 T SE i
network [ 755 43 5, UG HT BE 2 1 P AN P oAk
ZJEPARATIE R o AR, PR A B Y AN ) Rl
ZA] [R) o3 A a2 A S B LS00 B N 3, )
T B DI - GIE R #Enetwork [ I 7R e 3
ER AR X LR GTAE AR, AR AR A
Wb 2 TR) RIS AR o3 A RN 28 07 128 A7 A1 S 35 TR Dl o
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