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Diversification of Southeast Asian mammals during the Quaternary
glaciation: insights from the genomic era
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Abstract: Southeast (SE) Asia refers to the region east to the Philippine islands, west to the Indian
subcontinent, north to central China and south to the Sunda islands. This region includes six of the world’s 25
biodiversity hotspots and is of strategic significance in global biodiversity conservation. The complicated
geological and climatological history of this region has resulted in extremely high species diversity and
endemism. Two classic biogeographic boundaries, the Wallace Line and the Isthmus of Kra, divide SE Asia
into the Indochinese province to the north and Sundaic province to the south. Because the Indochinese and
Sundaic provinces are connected today through the Malay Peninsula and the Sunda shelf was exposed for the
majority of time during the Quaternary glaciation, previous biogeographic studies have proposed that gene
flow occurred between mainland and different island populations causing low divergence in the region.
However, recent molecular genetic studies have reported that migration of terrestrial mammal populations
was not as great as previously thought due to ecological restrictions. Thus, deep vicariant divergence was
present in several mammals as early as two million years ago and appeared not to have been affected by gene
flow following the formation of land bridges during later glacial periods. Furthermore, the super eruption of
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the Toba volcano in Sumatra about 73,000 years ago may have intensified divergence. A literature review has
indicated three hierarchical levels present in the formation of mammalian diversity in SE Asia. These include
populations between the Indochinese and Sundaic provinces which diverged millions of years ago,
populations among the Sunda Islands which diverged hundreds of thousands of years ago, and Late
Pleistocene biogeographic events causing demographic changes. Most of the previous population genetic
studies on SE Asia mammals were based on analyses of mitochondrial or nuclear DNA data. Recent advances
in population genomics provide new opportunities to obtain a comprehensive understanding of the
demographic history and speciation processes of SE Asian mammals during the Quaternary glaciation.

Key words: Southeast Asia, biogeography, mammal, population genomics, Quaternary

IS T IV i X Ak 7 DR I s R ) 4 K
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2009). 7E#HriT4l (Neogene) () L #T i (Pliocene, 4
5307 222607 4F 1) 71, AR B PR IX 1 Byl 248 K
B A RIS Ry, T 2 2R R K 22
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2000), 1T AATTxF it K2 BBl R 1) T A R
FATRAEH AR .
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P o M3 4 ol 0% [ 1) % AR 3 T 1859442
(L), P R By, DR
JuH &, HrGbJE T % S (Indomalaya ecozone), %<
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Fig. 1 Major biogeographic divisions and speciation events in
Southeast (SE) Asia. The Wallace Line and Isthmus of Kra
divide SE Asia into Indochinese and Sundaic provinces
(Tougard, 2001). Distribution ranges of the species and
boundaries between the congeneric species are shown (data
from IUCN, 2013): Manis pentadactyla and M. javanica,
Macaca leonine and M. nemestrina, Neofelis nebulosa and N.
diardi, and Pardofelis temminckii and P. badia. Ancestral
populations of each of these pairs of species retracted into
remanent refugia during dramatic geological or geographic
events (e.g., glacial periods), leading to subsequent allopatric
speciation. When suitable climate and habitats returned (e.g.,
interglacial periods), such populations (species) expanded out
of fragmented refugia in the south and north and converged on
current range boundaries, although the exact location of such
boundaries varied by species.

Kra, £7.-7°10°30" N)& 55— LY M BE 73 F 4%, K5 AR M
VB DX 73 Sy BL A R B SN DXORT A 1) SR AIRIX
AT BB X RIS, B RE SO IX R S0 75 H [ F
. . ZA. RHZE. REMgNf . SRfX
R S50 25 By ok P Bk . SO, JEHTER
(W A=W L NE N ERTACR % (VAR R S e w2 A e
U5 SR X 5 B RE SR X AR5 AR NS P2k
WO AT EXAEAEIOR 22 o SRARIX J&8 #0y ’ AR
;1M BRSSO X #Aiy 2= XS A (Whitmore, 1984;
Morley, 2000; Wikramanayake et al., 2001),

ZR e Vb DX AR ) 22 RV ) T 1 12 DX
JHUH S R A SR AN ] 43 . R R4 £95,000 07 4
IR 46 97 1 (Eocene) 7 101, Hhok 2 iy IR 1] i
By JTCRE B R0 S SN P Ak DX 380471 280 T o 2 At K i
28 (Sunda shelf). 7E P A £9500 /5 4F 7 1 Fogr 5
W, SefhAE B O RBUE A RIS R, 2
W)U IR, I 05 2 TRDABZ b 7 28 8 p A 7 1 JRR A
% (Hall, 1998; Gorog et al., 2004). Xt -+ 2 Hi i
it (Miocene, 42,3007 42530 /7 4 i) i B i )
(M, BRI AR5 A T 0, A
I AR 14 R AT B AR 4 75 2—3°C(Robinson et al.,
2008), T [ R ~F-34) v B LG 4 R K 241125 m(Dwyer
& Chandler, 2009). B xR, KEWHKRE L
BAR R R, ARV 2 W LA A Rl Al A 1X
—WE . SEASE DU S, A g B
F3 BN FEV R0, KO TR oK e 2R, Horp
FEVA TR UK (5 K Z790% 1 B[R], 1Ty AH X i B2 1) (] oK
A Ay 2910%, D1tk 12 N S5 -L A Ay 585 DY 42 K] I S5
(Quaternary glaciation). 7£F T H 5, —kikiHS
R UK 30 S8 - 38 B 2 S 4548, 21 T R R4
107 4, A8 BEAS BEE K 29 AR T 50 Yk DK T
(Woodruff, 2010).

2 KT EML AR EALRRITEA NI H
YT HEIR IR A IR B IEIR”

ST UK R TR ok S B B, B Ry
SRR T IR UK o, g~ 1 A 0 25200 5 4
(R RS 23 IS TR B T I A K o FEVKIH, 2Bk 0%
AV, WEEIR B, Bk, RTIE N M
By BB DL K — GG T 1) /)N Iy 22 TR) ) OK it 48 s
HOETE I, T SR At BT (Sundaland) (Voris, 2000).
TG R 24 0, WIS 4 (dispersal) BRI
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PN AN N R AP A SES N Bk M e )
Vi) AR IT A B T HEAE H (Banks, 1949;
Heaney, 1986; Koopman, 1989). &1 5% it & 37,
LA BT AL 5E 2 1 P ol Bl ) ) 35 A% 22 ) o AR 4
e AR RWT IR, i T Al A 2R R R 4,
W FLBh A 1T fig 0 v] RE L DAAE DA A IOAIS, KRG #Y
AEAEFEA — & T BUTHE M K 4 (Ruedi & Fuma-
galli, 1996; Surridge et al., 1999; Hewitt, 2000). F
20 b PR (10 B 2 A SEOR T L ME SR K, i HAS
BRI Ay Ji A DI S0 T 1 1 B AT T P S P R AZ UL o XA
A A W A J3 A1 T 12 DX PR AR PR st A 22 Jl B
B3, KT JIE KR 5 (Gorog et al., 2004; de
Bruyn et al., 2005), #x >4 “Ff & (vicariance) BL g

FETR) UK I~ T A e I, B0 JEE SO DX R S8 A X
A7 9 P I WA, 7Y SR A X1 it bt D0 R 9 B
FEVKIYHE- T AR IR, B2 SO DR SRA X 3% 1 5
ALl . SRR B NS IIRETTIN A, UK Bk
AT Kb T AT (1) AR B I DX AR A AR T A DY
Z 0y W, TN ARTETRR K 252 45 ok (Cannon et all., 2009),
AR T AR T2 20 A T S A K i 0 ) 2 s o it
F17% I #K (Morley, 2000; Gathorne-Hardy et al., 2002;
Meijaard, 2003; Bird et al., 2005; Tougard &
Montuire, 2006). [Alitk, LUK T 1) $24th KBt A
Bl A= B By U5 (R AE B3 T 4548, S A fig e
FSOTAE 5 AR 22 DR 2 AH DG o 6 AT JEL B B 6 P AN i
()b SRR T BEAE UK T HEAT ST AE, 1A £ i i)
V)b BRI AR UK ) S RE SR B T3 T e P, X aE
T MREIR R B, OF H RSO e W] R 2 P Rl
FEL A X B 5 K 45 (Gathorne-Hardy et al., 2002;
Meijaard, 2003; Woodruff, 2010),

VKIS FRE AT 520 T 254 2R B . 1) Sh )R
TOIAGTo WIFCFEA I} 2 BRI ) S 2 5 43 A1 (¥1544F 1
1) oA DX IEA T I A I, A3 152Fh B4 43 A i [ 1)
AL T v pr e LB AR /N 1 X8 Y (11°-13°N)
(Hughes et al., 2003; Round et al., 2003; Woodruff,
2003), XA AP o3 A () e A6 22 S A FL S AR ]
.(Tougard, 2001; Woodruff & Turner, 2009).
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SRR AT AR R M A AT R 2 2
A NERIAIL o dn SR 53 A 5 AN [w] B el ) Ao
Z R OK st 22 S, Ul BHRPORELE ) S0 B A7
PR R IRTRR B, 52 W43 WA R ) AT e 30 aod ok 31 1)
PR REATITAE . O TR IR) 22 e O VRAG, TS
TR 15 A% 27 A de W IR O Vo
31 IHREELMEERFMRER

T 0 o 2 R PR A R, RTRL TR AN [
3 A DR [A] 55 DRI AZ U PR AR 100 LA R vk SRR A
6], AT HEI s A g s o X ARl W L sh 3L T
BALARL I e 2 LR O &R T,
HUESE: VN Sl S N IAL R R L7 E L S vt
57 S A R B AT TR (B ), A )
A AL S BEAFAE AN N 3NN (] ] R A 4k

(L) B SO DX A e b5 5 Ay DX 16 B A 23
o VF 23T 5 Fast AL 2 9T B os — L4 b B
JEE SRS DX N SR A DX (R MR A W 8 204k, oAt
() BT 0 AE BIOE TR ANGE, X L A 45 P
5 EL 8 %) (Maxomys surifer, Leopoldamys sabanus)
(Gorog et al., 2004) . 5t b & f% (Galeopterus
variegatus)(Janecka et al., 2008) . JI\IH: ¥ 7 (Bos
javanicus)(Hassanin et al., 2012). /)MEJH (Hylomys
suillus)(Ruedi & Fumagalli, 1996). &2 kM@ AE
c& s A2k Jb 7 K AR Macaca leoninefl
7 B R SR EM. nemestrina)(Fabre et al., 2009)%5.
T &8 (Macaca fascicularis)(Shiina et al., 2010)
FIR 114 (Paguma larvata)(Patou et al., 2009)[12E4)
T AR B AE I o, B RE SIS DX R SR AR X T B A,
AFAE WY 20 A AR B AT Al S5 B AR 7 A IR T) o g SV
4l (Pardofelis temminckii) A1 2 91 44 (P. badia)
(K43 Ak 1)k B0 5 45 (Johnson et al., 2006), A fg
A T AL A 24N R, BRT A B 25 I ()
AL, B EO&AAE R EER, R OEa XA
[F] R, FEH B A FLEAL T 5 125 I I R 55
Z i) 43T ENSZIX 1) 534 (Neofelis nebulosa) 152
fb=FI(N. diardi), HTHEE-EZFIFA RS, —
B2 R4 A, H 220064F 5T 7+
oA 2 IR s R B 22 0 4858 B R IR 7K F T
BT € 44 (Buckley-Beason et al., 2006; Kitchener et
al., 2006). 34 (Cuon alpinus)(lyengar et al., 2005)7E
AL SRR EARAA e I B R g b 22 5, HERhHE HE
bR S SR VAN RPN RS LS P IR & S DAl RSN



44 W) % # ¥k Biodiversity Science

22 %

FREI . T 2% 11 FY (Manis javanica) A1 [ 2 1L
(M. pentadactyla) ) i - < B V. LA A = AR b X
PRI AT REARER B AL AR I PSR, P o
B B B Al o 2 e, AR IX ) SRR A T
BRI AT . AR A AL AR 2 A X FEBR )
AN A R B8 S R T UK 45 R re A R T o A
B 1 B AN [ BT EC(E ) . W % (Elephas
maximus) FiEEH AE7E A 2 2 B I 2ok AR s
%4 (haplotype), 7351 Ao flp, /AL Al i 200 )7
A, SR D s R R KRR B, AN Ak
JrRRE ) G R AL A PRI &, DRI ELAS T &
() b A O #E A I A7 A5 X N A S ORL AR A R
(Fernando et al., 2000; Fleischer et al., 2001; Vidya et
al., 2009).

(2)SRARIX N U5 2 A R 734 . i 2102 4K,
g 1AL 2E R FUAN W 48 7 HOB K B ) R SRk
Ayt BR 276 Ry, SR A DA [ B 05 (1 42 A i
(AR ROR 22 5, T2 25N () ) P s M 5 A X
W L, W BEB OO 24P Fh
BN 4T B (Pongo pygmaeus) 5 5 [ 14 S 40 6
FEXE(P. abelii))(zhi et al., 1996; Locke et al., 2011;
Mailund et al., 2011). = F & £} 3) ¥ (Maxomys
surifer, M. whiteheadi, Leopoldamys sabanus)(Gorog
et al., 2004). S&fth§FEA%(Janecka et al., 2008). /NE
M (Ruedi & Fumagalli, 1996). $&ft 23 (% A F 0]
B 2 3 R0 B BN 25 3 24 3 ) (Wilting et al.,
2007, 2011)%.

(3) 2 2 Kl LA K S A T W B St 1) 2 4 o 3
Hk, WS ET I (Late Pleistocene)fu 4% b — ¥ iu] vk
FA(IEA 1377 21T AR MUK (B 41107 2=1.2 75
). AERRAATITTERT, I 1N B A2 B
2k 1l1(Toba volcano) & AE B4t , X A& 12,500 )7 4F
ZWHBR A K Ikl g kad sk, BESS 0%
AT 4 e LR A PN 5 5 A RS B N 2 R s
XIAESRGEWMIERE KW, 20 KEKE,
KEY B2 P02 1 Kl B ag Je Kol & R
(volcanic winter), 304>t 2R34Tl AE K g
KGN LA R BEZ3°C, 78— F2E 5 b in Jal F
T ovk Wy #F B (Rampino & Self, 1992;
Oppenheimer, 2002; Williams et al., 2009; Williams,
2011). 2 (LK L R 550 Mg A — e g o i e 22 1 O
il (bottleneck) £ &% X 3k 14 Jay 3 K 4 . B a0, IR

(Panthera tigris) B AR 11 4 W) Rl g S © 422002
JT4, AR A IRAF DR 1) el 35 [RIAH e H RE 1B ) &
KAT7.275 $110.8 7517, Ui W1 P IRIRIRE 85 22 i —
DM 5B I D PRSI S0, a4 22 FE I AR S A,
IR iz DR BT ik, Aeisifbad
(s RS BC B RN U (o N ] S PN VA
2 HI PR 25 AN ST () A0 AR R o TSI () K
;5 Z KB R I TR & (Luo et al., 2004),
A HE AL AL RS T PR MO IR IR SR R . X, g
I3 BT R B BN AT B R AT I (B 46.4 11 ©23.9 07
NS T OB PG, TRE S 2 K
e R S BRI AT 0%, IRl 1B i 40 B AR
AR AL 22 FEE, AT fE & L R 5,
1 i 120 4 DX HHT 3TN (4 &5 R (Steiper, 2006). M
G0 W A 2R A LA B AR B RS K Bl M LA R
HHh R 2 Ry AT 43 A, T AR SR A AT B AL AL,
X Re S 2 KRR G, BTSRRI AT
5 M )5 o LR RS 4L A 5 5% (Fernando et al.,
2000; Fleischer et al., 2001; Vidya et al., 2009). % 2
Kol B I s e R A B8 5N 26 (Homo
sapiens)“ & H AR I AL DI A2 1 (A7 T 4E RN & T
fR) — YR 3 A % (Ambrose, 1998; Li & Durbin,
2011). W52, 2 AKX 2R AR X R
(R, WAERERA BN TE R, DR N A
() R EE (R ITREL IS 7] (coalescent time)d& ik T 22 E4 2k 1L
[R5 o
32 IHREELHWESEFMRER

B 7L 22 e, e Sy E e A b
WERIM T BRI dr . ARSI Y T,
Capricornis(Duckworth et al., 2008a, b) #1 Rusa
unicolor(Timmins et al., 2008b; Leslie, 2011)K] E[1 &
SRR FRAB X AMRAEAE W] W TEA 2 22 5%, 70 AN
[F] %) % R 5P B (Capricornis ', C. milneedwardsii
BV SO X ) Fh, C. sumatraensis A 2 il [X ) #;
Rusa unicolor, R. u. cambojensis A E[l 5 37 A X ¥
i, R. u. equine &y 5 | 125 1 B P4, R. u. brookei k%
BYNEFN) o FIA8, A —LePy b 1) FR At 05 R A
AR A SRRE, TEROERY, W58 05 2 4
f 4% % Y1 I Fh (Dicerorhinus sumatrensis harrissoni)
(van Strien et al., 2008b). Rusa unicolor %% % Ji{ 1.
F(Rusa unicolor brookei)(Timmins et al., 2008b).
JTCIE B 24 (1) 2 B P Fof (3 A7 43, Bos javanicus
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lowi)(Timmins et al., 2008a) LA & & >k A& 1) 4 i 1.
Ff' (Helarctos malayanus euryspilus) (Fredriksson et
al., 2008)% .
33 AEEIHREEIL"NEEZARER
KT AR FLE W5, B T AH 450 1)
TR 7 H A Tl 28 O IR A il 8 b B2 S Ak Ak, A
A AT W] — LEW o 5 2R i VAN 7] e 38 X35
HIRIHE ] 22 AN K, Wikk3Y (Panthera pardus) (1R #E
WAL 2RI TR, B T TCRE AR A, B EE SR XA
S A X0 30 FhORE E) OF A U] W AR
(Uphyrkina et al., 2001).

4 FHERIRMEF B I AL E R E

555 DY 20 DK T IR 510 1R 38 Bl DL RIS TR
STFE, 38 R AR AR IR B I AR IT, O 2R F
DX I L 311 400 11 28 4 b B 93 A 3 R T 92 1R 52 1)
(Meijaard, 2003; Tougard & Montuire, 2006). 1TA
— URUKIA T BRI AR & RGN ik, #A T Re Al
AR AR R A 28 P Mo L 42 K 46 (Louys et
al., 2007), 171 7E UK S35 AF R A 327 1D TR UK, R AAA
SVH PR 7 AL X ) Bl SO T e EOFT T AR AI0RT
PR A JE ok o R A B DU A b S ST IR
(Woodruff, 2010), 1843 7 g 7. 3/142) (1) A= ) b B AIE
A3 8 A%(Tougard, 2001; van den Bergh et al.,
2001; Gathorne-Hardy et al.,, 2002; Tougard &
Montuire, 2006).

B A sh ey BLRCER DU 28 b o Js Ak )
SEWFFTIRAN, NATTR I 2805 A1 T 25 7 P X 1)
Wik, A X35 UK T8 B S A KB+ 23 1)
B, TR T UKIH N )P R i v] LU B )32
IEAE P18 (Banks, 1949; Heaney, 1986; Koopman,
1989). Bl B A% 27 e AR 1, A X [ el AN [
TR 73 T8 AL R I 04T, R BIOK & 43 g LA
TEAN (] 15 W55 R MV K Ji ) P o 06 A 1 B G ) dit 4%
2 5 (B sk, HLast A% 0 A s ) 3z KT R oK BT i
FEMFNINA] . T2 5 I AR AN 1 B 2 B i
PE iR 2R 1 U L 30 4 B B0 A B R 4 g AT
A](Gorog et al., 2004; de Bruyn et al., 2005),
Kl B <A B S DR R 9 5, AH EL R4 RIR S
FR ol & U AN (8] J5, MR 0] 25 77 AR g A% 22
TS R B R o iy P56 1) e A e 25 i Js A
688 28 PR RIORE P CRH A8, i R W) 7 A, U2 EY

T CEAAAEIIEE 7 5 R T P BUE TR B .

FH 352 A% 27 b A 0 AN [R] 23 A1 DX FRfOE A 5570 4k
INFA)JS, 8 3 A IS TR A (R R A o A B (R 4)
B, andb o7 KRB S w5 IR R R (Groves, 2001;
Brandon-Jones et al., 2004; Roos et al., 2007). =%
L5 58 4ih 2 5 (Buckley-Beason et al., 2006; Kitchener
et al., 2006; Wilting et al., 2007). W& 54 %
Y 4= 4 (Johnson et al., 2006; O’Brien & Johnson,
2007) DLACOR & IS AL B 5 M BT AL B
% (Zhi et al., 1996; Groves, 2001; Steiper, 2006). X
LEA Tl (R AHL S b B A T K b B A (an ok ) A AR e
HENEE J7 A A6 TT AN [F] () 3 X By (Gathorne-Hardy et
al., 2002; Tougard & Montuire, 2006), & JI7 1 55 =5
FEFTE R, AEFAEE R (A 18] DK W) S5 R R R
I3 AT, ARAS TR A R R B R LA [F] X 380
(B11). AN, U5 VFZ PR A [R] B 23 A1 DX o
25 57 W AN B e = R RIS, H AT e XA
AV, fRusa unicolor (Timmins et al., 2008b; Leslie,
2011) . EP & ¥¥ 4= (Bos gaurus)(Duckworth et al.,
2008c; Hassanin et al., 2012). JIUH:BF4=(van Strien
et al., 2008a). X% (Tosi et al., 2002; Smith et al.,
2007; Street et al., 2007; Shiina et al., 2010). >k A&
(Meijaard, 2004; Fredriksson et al., 2008)%%, X&)
T n] BEAE#b R IT 2 S5 e I S B A i B e SR
BB Fh, A AT BE H H A AL TR EDIRAS R
IS [A) A FR AT D B S A A1 5 X

5 AFhEER LB MR E AL

Ayl B 2 T ST 5T A ) SR R v 1K 23 AT
oL st DR R Bt I [a) R A ] ) A2 £, 30 K 2
WIAED . WHAENIZ AR L2 M5
Jitk e ISR AP IAE I B A 2 A P 3t
AT 2 05 o (HX R A o (0 T VR P e
FALRIE AR, A REEMER. —L)
PIIHE D B LA LD ) 2 25 10 7T fE 3 BURK
TR IE T, AR AL I TR AR, Ty (0 A
R F AR, J T AR ), S5
PR A TR N o 3% S IR N A L 5 R 2 () 2
SRR AR B AR AL o

LU 0S 25 i IV 5L 30 0 380 A ) o A 20 A 2 T
TN LR LRAADNAR 51 LA S A% 5L DA
A7 RIDNAFFFIHEAT (1, N HT— 28507 30 S Rt
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B AT 2 B I 45 G Al A IS HE RT LU, S b B A
oA (] o IXAE— e FERE B FRATT T A T 4R F
VI FL BN ) A= M B S R B JE, AH X LV
MARAFAEAR KB JR PR o A1 FH e ki A DNA M fig
WeBRE R DIRE, A FAZ R DRI, AN R A7
ZRAEAE AL, AN RAL A TRIAT AT AR AN ] F 3
PR, TN b B ARk, AW BN A% 1 1R 2 7
ANBE S W TSI 1) SEAR T A o MRS IR 1R 45 R A
SR A IS T AT A AN HERS

BEEDNAN P BRI A RE, FERA Ny 4
M. HF A(Gronau et al., 2011; Li & Durbin, 2011).
INTE NS LB S %P U 4L B 2R (Mailund et
al., 2011). V5 KFEAE(Gorilla gorilla)t5 43 #B KA
¥ (G beringei)(Scally et al, 2012) . kK A& B
(Ailuropoda melanoleuca)(Zhao et al., 2013). Jbt%
fiE(Ursus maritimus) 5 £ A€ (U. arctos)(Miller et al.,
2012). LA ¥ (Sus scrofa)(Groenen et al., 2012)%%
(RIRPE AL 2T T o O 4 ik R 4 51 [ XD SNPREAT 73
AT BA 5 e 22 FE DR s SNP 23 A7 () J= R 2, T A [F]
A 18] DRI FE 20 T 3 1l (1) AN () 1R 14K I R A 4 A
BBt THEEREE, A AR A
SNPAL SR 23 AT ER AL T R A ) S0 145 B, Y
FH3E 4 (1) B BRS04 W] DL S S 12 M R ) g s
R BB (LI & Durbin, 2011; Mailund et al.,
2011; Zhao et al., 2013), T7iX L 52 %) F ke Fh e
Py 52 Bl 7 FEHE AR Yy Hh B FR R N = S
DS SN i cbvi i 72 AN N ER AL B RSIE 7/ S e d e
2R VKT IS U 22 R P IR 5 0 AR R AL

iEe = A DAk 5 NI L I £ PN G
(population genomics) ¥ 2% 2k 3k — 4> T g W i 1)
B FEPR AL T IEA . O I 2R B W L S R
TR AL 27 I U RE A R H 2 i A B i% Bk R 22 47 550
HIREAE, Praede gL (5 AR, Bt K2 AL
XS ARE E) PR A IS TR ATk o, I FLOA T [R)— 4
PR Ak vt 85 SRAT AR DR DAy 328 B DR A7, 550 1R AN (8]0 A7 7
et REMRIE DR 2 50 P g 4 Bt 1) as AL A5 R AR
S ALY TS I A VAN A | S B G A TN
(Lemmon & Lemmon, 2013; Steiner et al., 2013), 4
TR A A 5 TR 2 4t 3 A7 M e 2 A0 I 1) 110 A8 oF
(Gronau et al., 2011; Mailund et al., 2011; Scally &
Durbin, 2012), H.iR =4 KRG, F & 4R
LA AT AT Ry s ZhAS 38 i ek mT g, Lo

W A R I S0 AT %M BE B0 (Li & Durbin, 2011;
Mailund et al., 2011), FLIAH SR A e A] J& T A7 AESE A
AE L, RS DAL AR 1) 5 1) RIS ) 2R AT Al 5 (Yang,
2010; Durand et al., 2011; Lipson et al., 2013), F£X}
AT REM 2 Fh Dy st it REEAT G v A 56 S AH N 22
#0471 (Gutenkunst et al., 2009; Gautier & Vitalis,
2013; Siren et al., 2013). IXL6(5 AT B 15 N4>
TH A 7 i W 3L 2 400 565 DU 40 DT I 3 22 4 1 kS
5.

6 /NEFNREEE

AR SL A S5 A5 2R P M FLh ) T A AE AN I
(8] RURE (R 74k, 93 3l S At X R B BT E S8 DX vk
HERZ0 0 1 R 704k, SEALDXAN[R] By 0 R [R]
LR T R 04, VARCR AR T I SR T (1 73
At BEEDIIUT B RE, LA 3 S )
TIRAWHRN, YR T2 1 T AR )
FAER oA, BITRR RN, JF AL L Bl 2
ML RE . AEXAEA R RE R, AT T2 ke
PR R T IR KA.

PR IR > A — AR AR . fEIX
ARERE, SRS AR TE A
T FLRBUKT . s Rilie 2 1] LR Sh P R
55 R AR B TR Y 1) 3 A5 A1 HLAR Y & A5 8 L2 1)
DAL =5 8] i e A BT IR Rl o 8 A i B A 1 ) 52
KA, BATTN I LB PP K (R A K A 75
FOTHFER T RE o fERF XN N2
FEVERY FCAF e Rt WL RO T PR A TG R
WAL T R EEE, FE R AR MR 2
8] e EARA . ARG B KIS Dy B oA, i
AT b AN I TR) e I 8 O3 A ) R A
P s BT RE R A SRR B 1, T B LA (R R, W]
REAERE R X o 2 il AE R & . AR 2 W0 i) 734K
IS TRV K 1 T 4E, AHAE S R I B Al XA Uk
PEIRAZ, IXEEANF] MR AR AT REAE A Jm e il o —
ANYIFR. AN, 1R 2 RATER SRR B B L
AC IRt W] BEAREERR B8, JFAER R AN K
Yokto BTLL, W sl S R AN A R — 3
AMFFER TR FFRAEA T X — i e b
TR A 2 FEE R R O R, 2%
Fo A B 1 2K W AR ) 2 A A R DX ORGP SRS (1)
o
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P NRIAT R RIEY B iRt UG RS €
IR R T ANKSE AL, T 7R RS 26 5 AHIE 16 P P4k
LB R IAR 3N IS [A) RUEE ) 204k, — LS LB ) 25 e
TAFAERA 3 A IS ) 1 4 8T e S AN (5] 4 Al (Bt
1), TXFE AR E S A BE, AR i P DX R
FLANW ) 2 IE H, R EAT T . ST
R, A7 A8 5 R AZ 3 (19 40 B B (speciation with
gene flow)idt FEH, dsi AL /AL S 7E IR A I B 2852
SRIE PRI X IS R A, T J 38 i) AT (X J A
I AEFhRE 73 AL Ik B 8RR S AR AR T R
(Weetman et al., 2012; Feder et al., 2013; Gagnaire et
al., 2013; Sousa & Hey, 2013). % Fg LM FLE2E
FESZ UK 55 TR) DK YT 52 000, 1 o 120 R o PR I B o
AL A, AESRAS R ERE AL B S, T A AR
PRTZEL G R 9 204 ) DX B kAT 23 B, &5 TR P 52 30
R B PN kb DL E NI BRI L VB s T
Ab IR 5 2 W VPATY, O 28 B VI SLBh 0 b
(R o S B 22 A0t (] It Ay BR AR L3 ) 4
AR R R

BU: RALERFE . HERF . AT AP
TP RAR G BE A3 SR LA 0 A 3R B (PTN), Rt
TR F-FH K F A GHFZIE T S (CLS)A AL
TR F A F A ARG L F, AR
xR TT K.
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