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W E FHAWAMZEER L CIHAMGI, %8 5 AT P B AR 5 38 0 B AN 8 (Pinus Y1 FI B B AA(P. massoniana)FlI 35 LLIFA(P.
hwangshanensis) 122 FEARSS M ANEIEAT T 18 4% 22 FELEFIFN 8] 73 A BE AT 7L o FEIX PR R R a7 b, PR AT RE A B2 I A
TR IIAZ TR 2 REVE K (S B g = 0.001 71; # ik zg = 0.003 40), {HZ D R E 2T T30, EMNbKER 5
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RN, T A T K% DR 8 A7 0 7 2 5 A 48.86%, 1T G IR J86 Ay L )R IR 2 57 W S8 o T C3HEE V(G 77.24%, C3H:
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Population genetic diversity and species divergence of Pinus massoniana and P. hwang-
shanensis at two nucleotide loci
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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
(msiy= 0.001 71). The population differentiation (Fsr) 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 G/ (77.24%) than locus C3H (20.48%). In addition, shared haplotypes were only ob-
served in C3H rather than GI. Thus we speculate that G/ (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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PRI I R, R 2 RER (R A . AZHRC
REE BHEITAR  FERGAN DL HARIE PSR H 25 5%
M A P RRRE A ) () A T 1R 22 R MR /KT, 4K 521
Y w4 2 #E 1 (Arunyawat et al., 2007), KL,
X )AL 22 BRI ST R] T T I 2 A R R
[ LR AT . EEBGE G Rh 2 B R g A S5 A AN
AT AAIE G AR 355 2 S5 0 P e ToE A st A 45 49 1140 5 ),
SO EEL R, WIRIFTEAN [F) 2 B A AR e o3 A o
[ 2R IR %8 IR 0 (Rieseberg et al., 2007). 1T R I
EATEREFRABN, TG — Lo 5L e fr |
CiiE e El il B S PR Ei ST TR EA 2] M= L% VA ST
S Tl 22 ) 58 42 B 35 4% 73 4K (Belahbib et al.,
2001; Mallet, 2007). [N, FFEHH AIAS [ Fe 6 A7
S PR 23 A R TEE R 28 9 08 R V00 0k B A 40 A O o ied
T2 R 4K A 5C 1 ) B R i PR A R 2
(Strasburg & Rieseberg, 2008; Li et al., 2010b; Zheng
& Ge, 2010). Hyah i) 56 4= 1) LA RR 25 ] g S B
ol 1] AN I PR 20 7K 1R 18] B 234k (Mayr, 1942), {H
SEWIRIE SO R AR JF AR X MR, T AR R
) 73 A 1 3 R p B AT 2 DX A7 AE (Orr et al,
2004), SIRAEMBFFGIL R, L WIRI T RO Ok Bl 1
B %) 5 PR AT BB A 4 A 3 A e R v TR Ay 3k 64 1)
S T B AT BOOR R kA Jd 5, AT A A ) £ 3% R 0
16 T PR TR A A B R B S (W, 2001). H RTAX
A /0B 5 R W R AR T R R O R i PR B AR TE
b A5 A0 SOk P A B R R AN B B (CMS)
(Chase, 2007)~ B WA AR AGAH DAL 5 [ myb A 55
[Xl-f-(Hoballah et al., 2007)LA K Z8A8 RAEAH S ]
(Bomblies & Weigel, 2007). ‘EfI1HIRAZA 2 SEHHY)
FREITE R, AT AT AL M) P SR AS R L i) i A%
A HAT YRR etk o AR, XTS5 5
TV BB ) T B I R v 52 380 5 00k 56 1) 5 PR (A
S W) T 4 IF 8] B 25 DR ) 76 4 b ol 3% 0 e o 1 204
HATE T b

BEAE DNAM P HOR A R, He TR P Fadi
SN ) 35 A% 22 R R0 A0 Fe 23 A B0 T 5 R 4K L B
(Kado et al., 2003; Ma et al., 2006; Li et al., 2010a),
{2 X BB AT 5T 45 SR A8 WAL M A ) 1 AR 28t A
45 K 55 DUAE WE 50 BE B e 2 B0 A A 4 400 7 T
(Arabidopsis thaliana) 1 T K (Zea mays) 55 A~ [A]
(Wright & Gaut, 2005). FAFIZAEY BN AT RO A4
KN B AR 8] LA R RIS, B RA 2R
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AR A o D) 5L A7 K = ) s Y DL R AR K P i
ALt PRk, HEWT SR 1Ak g s 4
R B ik R (P AH O T AE R BBk bk 1 (Willyard et al.,
2009; Chen et al., 2010). FATTIX HLEFE AN AT HELAE
WA Y R R LA AS TR 0 36 DR R A e AT
TE PRI S8 R P 3% AR TR AR o1

Ly A (Pinus massoniana) F g 1LFA(P. hwang-
shanensis) 2 1T T 5 8 1 o3 A T b B 2R w30 ) A
ARHE AP, PIYIPTAEIEA . A0 LR
it 2 EASANIR, I BRI oA DX R ER ST R ]
SRR AR B . WA B LR AR R VSR (P
taiwanensis)1 5t % (Fu et al., 1999), {H &4 AARI
S FRERIESE R, &5 G S ARERIA (P lu-
chuensis)fF7E R X, FFHIRG R RRIE(H YR
FARISES R R TEAT), AR A — AN BT A P (40
%%, 2003; Chiang et al., 2006). Z:id 2 4F (1) B 4
o, RIS AT TR 000 mEL L, i 5 2 AR
34 F700 mBAR, £E700—1 000 m ™t AR 1142
AR AT AT P T RIR A BEAR, IX SO AT
P 1 CL 200 BIAE TE A& KT Ry 1K A3 3
WUFOWA 445, 1992; DHHEKEE, 2001). XA
BT AR AT 1 = B 2207 T4k, BE A Wk Tt
L, REIR T R SRR . R
JERWRSE . H ORI A i B B 2 A . IX LR
BEPR 7 S hE ) A KRS G B B OIAR OG, eI R
A5 R R S A FE R Ak, FERFR D Rh 1)y
SEPERFAE(LI ef al., 2010b). B ERAAFIE ILFA A
FFAE 5 A I 1% R 05 B R AR B BR 25 (Li et al., 2010b;
Zhou et al., 2010), EMFFEAN [FIAZ KL RILE ) i A] a5t
B34 5 1% ZR I R . BRATIEH T A 1
o [E] ZR e S A [ A ) S R A R B LA 104 () 45k
I3 A B R (B LR R 1G FR AR 454N ) A S 124N 4T 3k
IIATRER(T TS JRAN B, ST IIAATEAA) . IEFEI
P ZIE Ry I C3HM GL. C3HA2: SRR %
TERA DG BE TR, 0 A i 25 1 & BCGE A AR
(Ralph et al., 2006). GIZ5FHY)IFACIS A (¥4,
1% R R SEAR 3 BUT AR I (] A7 7 15 2% 7 5 (Huq
et al., 2000). AHFFTH H BFIE: DIETRAMZIERAL
AR B LR R S AR AR T R 2 A DL R X e
AT IR 2 51 BRI RE A B A 2540, 55 SEAb A #r
FAANHEAT LR, 1T HE T o LB X (1 T BE I
B4k 5 Jy; 2)[R1% 2 15 BRI A K BRI AE D R Ak
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WENA, REMFFE T4 CUKFREAE %
1.2 FRFLEDNARYIEEL. # LUK FF

PR IR PR T 251K, 74 CRCE L
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&S GS(2011)239%2

O #W¥ P hwangshanensis
@ LRE# P massonina

BT S RRAR TSR LA B AR A b 7 A (A) AN A% s PR e
C3HFIGIHE A% & (B, C).

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

WG, B EAFIETL, 58 AL I CTABVL S It
JRFL ¥ SIDNA (Doyle & Doyle, 1987). I KA FI 3
AR IR FL S L ON 4 i —FF, #0444, Dk,
TELHEY 580 VR L 5 P DL DRl W] SR AT AN 7] 0 A5 A7 A
o FRATTNS Ty FEAAFT LA B WY A 5 P8 DA i PR e
AL CSHRGLHAT TP o3 Mo R 5190 8L H B
Primers (Dumolin-Lapégue et al., 1997)B¢t T HA™
BB QL 51 e 2, PRAnfE BT

D Js N2 e A s A T ABLZY W) 4 Bt 11
Big Dye Terminator (Applied Biosystems, Foster City,
CA, American)i& /Il 15258 T, WP 7EABI 3130x1
PCR F 3)) DNA il J7> 1% (Applied Biosystems, Foster
City, CA, American) F3£47 . M43 /751 F HIMEGA v.
3.1 (Kumar et al., 2004)H1CodonCode Aligner v. 3.0
(www.codoncode.com/aligner/download.htm) 3 1T Lt
MMNTAZIEN IR, 73 2IA R FIDNA 220, H)
ANTR] ) LA 2
1.3 RS
131 #ZERZEMN

F|FHIDnaSP v. 5.0 (Rozas et al., 2003115 T %
VR R 2SS SRS,
WattersonZ4{0,, (Watterson, 1975). #ZHRZ Fx
(Tajima, 1983)LL Az §LA5 BUKL H hMIFRLA% Y Z A6 Hy
(Nei, 1987). K HHudsonFl1Kaplan (1985)(1 VUM
Rk, vHE T AN R A ) d N g s E A A
HH (Rin)-
1.3.2 A

FFHIDnaSP v. 5.0 (Rozas et al., 2003)453 54t 5.
TP RREEAS P AL K VEAS 56 48 U Tajima’s D
(Tajima, 1989). FuflLi’s DFIFZ it (Fu & Li, 1993)
S, VLAIIRTIZ SRR A7 15 15 A A AR
13.3 BEEH

AT Wright )[4 52 58 Fsr (Wright, 1951)k:
0 g A o AR P IR B8 A 22 AR S o Fsr (R 4E H
ARLEQUIN version 3.1 (http://cmpg.unibe.ch/ software/
arlequin3/) % 4 4 1 ) AMOVA (analysis of
molecular variance) (Excoffier et al., 2005)7H7 /7 7%
EHATR], 10 000K DL B & gk 2 4.
134 EEILH

HEDAI % AR S 1 R4 A5 07 R TR ) R 35 4% G 3R
‘B AREEE AROEE RN BRI SR S51 2
IR 520, AT LAAEE DRI KL S A e Ak [y s 45
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AH5 E\(Schaal er al., 1998). [KIItFATN I Network
4.5 (Bandelt et al., 1999) 1}, %+ Median-joining
F5E 20 3 2o 9 REL RSO A T R o A R )
R, G F TR I B AL A A7 1) kb
FATT, [RINHIER T T S A B

2 #ZR

2.1 HEERESSM

AW TR LRI IE R A (C3H, GI), AT
BIFEREAN AT 5 e BT 5 FE A A LA 1R 764 M
BE ARG 76N AR ANME), SLIFAE1 T 1524
J¥5: C3H 719%, GI 73%% . MAFHITH1EK 1 349 bp,
Hh951 bp W ZtEIX, 398 bpfr T-AL4ifid X . ZEKI
FIP23ANA SR, 162K HC3H (24N i A\ ik
%), 7K HGI.

TATF H DnaSP v. 5055 T AR R A
Witk ZREPE(R2), T AR T Hi NGRS 5
FEARFABE AR R A 22 25 PR AT 2020 0 R 1A R LT
Ao HHER2VTAN, By RAA AT s DUERAT Rimgins
PAAAE [F) XA R, 2 AP S 3 B AR T8 s
(K 7= 0.000 88, 7 = 0.001 71, , = 0.000 48;
AR 7=0.002 83, 7 = 0.003 40, 7, = 0.002 21).
PRAIRR A2 IR 22 FE 1 2 S 80 T C3IHEE N, 1%
JHEASEAE P S A I B 144N e A7 R, S RAA
HATAS, ML 1440 54h, HREMETHA
K% TR 1 B R 50 H R B 28 22 R L 1) 3
W AR T2 LA (S Ak = 3.5, Hy = 0.190; 111
¥Ah = 7.0, Hy = 0.516), EE 2 FHIFETC3HKEEN,
5 ERHRZ R 45 R — .

22 HRam

TATIND A A b 5F PR AN A% i AT e 37 16 2 A

W HEAT T Tajima’s D FuflILi’s DAIFufILi’s Fr

PERTIN(FR2). S5 R BN, HARE RAATE A EE 78
Kl 247 () Tajima’s DIE(C3H: —1.334; GI: —1.339),
oA 1 GIEE 7 AR K W 2] F1 (1) Tajima’s D {i
(~1.135), {HJ& 25 S H0AN fi 35 (3 2) BT AP 4
KX HE DR A (R A AN 4 rh PR %
23 BHKIBRfRLEH

PP L DR R A T AMOVASE B L3, 1
FERAFHEE Ll AA FEAAR B84 3 A R B Fsr 29 1) 2410.059
F10.339 (p < 0.01). PHPIFNIFIIE] 22 747 48.86%K
HAFE, 11.35%K B RN BRI, 39.74%K B FEAR
P, RS R AR A C3HFN GIW 1 P R[] 22 532 1)
TR 1) 420.48%F177.24%
24 ERILERDH

PR A B A7 T S DR % R 45 0 B B AN [ (181 1B,
1C)o CIHPEANLAE NPT 7O S 3L 13 2 T 14
R fE AL, Horh, I AR SRLAE B AT 4Rl (H1-H4),
FHEUHIAFE, HAR10M0k A 53 LA H5-H14).
7 R A5 L AR, PSR LA ) A5 B
HIMH3 . GIFEAI AL AR 76 M AMEh L3R 13 T 6
PR AR SO 5 B AAT 4PN (H1-H4), EZLIHLA
T A 2 M HSFIHG), TELIHS A, A
YIRS AR Y,

3 iht

3.1 HHEHBERS M

BT DB AL S AL IR 2 PR BE AR 6 v 1
HEAk, WCREAR L M R N ) B ) g AR 2 R KT
(Tajima, 1989). ATV T 5 AR LR PN
FERITBRAT SUAZ IR 2 A1k, 45 R o~ P A4 fd
(P AN 2L DR JBE AT AP AEAR A IR 2 e, 5 AR T
SEIUCERAT mi 2 FE I 8 AR T 3 AR (B R A =
0.001 71, ¥ il zg = 0.003 4, p < 0.05). 5 LARTHR

RT3 LR L AAE LD BT C3HA GIAR 51041 77 Z(AMOVA) 73 #1(10 000X FE &)

Table 3 Analysis of molecular variance (AMOVA) of nuclear loci C3H and GI variation in Pinus massoniana and P. hwang-

shanensis (10 000 permutations)

AR kUit AL LR
Source of variation (%) Coeftficient of gene differentiation (Fst)
FE LR 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 0210
GI 77.24 6.99 15.77 0.047 0.467"
SEHIMYH 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
ZAVEMEARLL, BRBCLAA I 2 0w T B R
(Pinus sylvestris, wg = 0.001 9, Garcia-Gil et al.,
2003)F4R 42 (Cathaya argyrophylla, mg = 0.002 9,
Wang & Ge, 2006)5h, AHFTHH AR @ P ) 2
A PEBAR T Al K 2 BokA i 2SR, dn s il
(Pinus densata, ng = 0.012 2) 2 Fd ¥ (P. yunnanensis,
7 = 0.018 4). JMFIA(P tabuliformis, g = 0.011 9)
(Ma et al., 2006) B NI(Juniperus przewalskii,
mgi=0.002 92, Li et al., 2011) ‘KJIEKA(P. taeda, g =
0.006 4, Brown et al., 2004)FI4I§ & =42 (Picea abies,
mg1= 0.003 9, Heuertz et al., 2006)%5. w2, AT
L SR, R AR B8 LA P A 3 [ s
R R 2 KR, SIS BT
AL IR 22 A PER U A ((Wang & Ge, 2006).

MR R TR 2 KPR AR 2, anit
TR R 22 5 . TR UK LR By R
KA. HARILEFE. TRCRGE L ARSI 4%
I AR FI T (AR AR B A% B IR 2 A /K- 7T g
e BT S R B 1) A 3 o DA R AR ) R AR AT R
(Brown et al., 2004). [F]I}, 2 Za A n] 5E 0
RLHTR ZAENE, FATTT TR Y A% 5 DR e 47 1 e /)
FAHCH A0, BRI F 4L A] 5exF W~ Fh
IR E 1R 2 AT — € vk

1T R AR AT AR B A A BN ], o R AR
oA FEEA700 mEL R, s LA 7 A1 000 mLL
o IXFN AT B AAL A B LA ) T R B A AT,
117 7 B 73 A 7 56 Wi BEAN ) b AR e 7K1 AR T 221
[X 3 (Wakeley, 2001), % L1 F2 # F BeAk o A 4 L B
AT SRR TTRZ AN S5, ek
A DI, AP FR A 5 2 1 22 D SR
2 REARY 5K A5 25 5 W B A T AL R 22 AR K
- [f) 25 52 (Abbott & Comes, 2004; Akey et al., 2004),

PRI 2 7R, Tajima’s D, FufliLi’s DAIFufil
Li’s FINMEA IEA B, 1 H 22 A W2, PrbAiAs
W g A A s R e 7 ) A 8 A A 3 25 i 2 v 1
R, AL RAT T Y ) 4 4 A s BRI s AR A 1)
ma Pl BARIEFEAER] .
3.2 FRFIFRENEE 5L

FATH I AMOVA I AT T PN Al 3 BRI e 7
IREAE AL S5 K, M5 T Bk A R Fsro S5 R
N T RS R A A 2 A ] WA T B AR (B R
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FAFsr = 0.059; ¥ 1ILIFAFsr = 0.339), S5IHAlkAM2R
FIYIRZIE A B A L, T AR A TR A 1)
TN A KT, T L ELAT 25 s R Y 23 A K
(Ledig, 2000; Li et al., 2010a; Ren et al., 2010; Li et
al., 2011). FAMAZRHEM) & R AT 22 47 A 4R ),
BEARIA) ) 22 A8/, st AR A8 S F AR e TR A
(Bouillé & Bousquet, 2005), MMk T BAK IR
WAL . BRI, WA Bl S A BRI 23 A X
g ) T8 s KT (9 Bl g 4% > (L er al,
2010a). AHXT T 55 RRAA KL, 2R A Tt
P EIA BN A, X RES SO IiA B A
B AP A5 oA

TRATTRE AR RS 1L A4 BEAT () AMOVA Z3 A7 45
RN, AP IET P A A% I DR JBEAT TR ol ) 22 5
h48.86% o ITAFRAMASSFE YD FN Y LI R,
I 31 0 A 18 W b D) A7 AE AN 58 A TR &R O ik
(incomplete lineage sorting), % [¥] 7344 I 1] LA &2 #)
BlE B JE Wk BE il A L TAD R B A A
(hybridization) {5 ) Flt [0 4776 K 2 [f) 3 52 2 25 PR
Kb (R ] 5 1 22 5 (Willyard et al., 2009; Chen et al.,
2010; Li et al., 2010b) % 5 FEAAFITE LLAAIX AN
BHE R, EAES S T E AR, 176
TER A0 USRS % AN, HARLE
W3k R AR A RO 4255, 1992; DR, 2001),
XEEHT et FE A PR BRI E2 L.

Tiah, BATERT LA H, GIREA ¥ ] 22 57 W]
ST C3H (C3H: 20.48%, GI: 77.24%), [FINF,
DR R 5 AR R, fEC3HIEIN | B AT IL s s g iy
MAEGLERA (KB, 1C). FERE R TR, A
YIMAEC3HPEAT FALA R RS B HIAIHS (810),
Forp St R R H B4 5 AR KIERA P A AHIE,
It HAZ Fnetwork [ A g, T H A5 B MR i ey, b
AR NT BRI B G Y, AN SR A IR R O
P S BUG P Fp ) L5, Tk S A B H3 B AE
network [ #4832, WA AT 62 t1 AP0 R 1k
G RATIE R o HE, PR Y AR B AN
Z RN 3 A A S B L S R AT B N BN, A
Tk 9T . GEER AEnetwork 81 /R B 36
LG XSRS AR B, PIANEE R A
W 2 T80 (1) 5 A o A RN 3R 0 A7 2 2 1R X 3
C3H & SRR U Y SAH DGR BE ], KA 5T 2 11
G CEA N IEVER (Ralph e al., 2006), 4K, 1%
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