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ABSTRACT

Background & Aims: Understanding the mechanisms underlying the formation of species is a major task of ecological
and evolutionary studies. Aided by the rapid development of sequencing technologies during the last two decades, a
growing body of research has revealed a heterogeneous genomic landscape of divergence with the existence of genomic
islands of divergence between closely related taxa. This pattern was interpreted as evidence for the
speciation-with-gene-flow model, and genomic islands in divergence landscape were hypothesized to be caused by
divergent selection in the face of gene flow. However, genomic islands can also arise from other evolutionary processes,
such as introgression, divergent sorting of ancient polymorphisms, and linked selection. Previous empirical studies
often focused on part of evolutionary processes when discerning the mechanism governing the formation of genomic
islands. Therefore, this paper aims to clarify genomic island of divergence and related concepts, summarize the pros and
cons of different methods of identifying genomic islands, compare the predicted properties of genomic islands of
divergence under different evolutionary processes, and propose a research route for discerning the mechanism
contributing to genomic islands during speciation. This paper may provide a guide for future studies on genomic islands
and their underlying mechanisms.

Progress: In recent years, various empirical and model-based approaches have been proposed to identify genomic
islands. After comparing the pros and cons of these approaches, we think the significance test on observed Fsr using the
null distribution of Fgr under different recombination rate according to the inferred best-fitting demographic model is
the most reasonable. Based on similarities and differences of the predicted properties of genomic islands of divergence
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under different evolutionary processes, we point out the necessity of exploiting multiple indicators, such as
introgression level, absolute divergence (dyy), relative node depth (RND), and recombination rate, when discerning the

mechanism contributing to genomic islands during speciation.

Prospects: We suggest more attention should be paid to the ecological and genetic basis of reproductive isolation after
discerning the mechanism underlying the formation of genomic islands. Meanwhile, future researches should be
standardized to facilitate integrative analysis in a comparative framework, thus improving our understandings of the

frequency of speciation with gene flow in the natural world.

Key words: speciation; gene flow; Fr; genomic landscape of divergence; population genome

Vivh Z R Bk i 2 3 R 2 —, HR Akt
HER BAECLE B (Mora et al, 2011;
Costello et al, 2013), T4 BRI FR A A& AR
M ER R 2 B 0 JE A4S 3 FE (Nosil & Feder,
2012) o H7 R L2 A 25 5 3R ST B 2L H AR,
Hp— g0 O AR R B BRI R
MEERBRAE(E R, 2015, Wolf & Ellegren,
2017) o AL G B AR N B SRIEFAEY MY b
REFHEEAEM . BT A F XIS A Z8OK,
PAEIa] = A B4R B oAk, 1R A R P b
19424F, Ernst Mayr#& AV Promt S, IR
It [R5 A4 A FH BELRS o 38 1) 3 A B A T ol 25 1 T
B8, T s A 5 2t PR s i ok BEL 7 268 KT ) [ o A A
F(Mayr, 1942). PR, SRR A N =2 VIR ik
10 5 AR AL X, 7T 8 3 A A [ JE s Ao A k2 DL
(Rundle & Nosil, 2005; Mallet et al, 2009; Smadja &
Butlin, 2011; Nosil, 2012), X & G4 £ FHAL
Kk 2.

HH204E/7, MoME K AE T E R, R
X (Wu, 2001)$2 H & FFLAFAE T B P (speciation
with gene flow)idt#2, MIEE R KPR A = i i
PRt 7RIS . AN (DAEBGEREEIR T,
TR ) oA A 2 R A KR 2 XSG, (2) 5 0E A
RIADL AR B FE (divergent selection) I{EH T,
AL DLARARI S R 30T %) [5] 5T A RORE (11 A), AT 4 5
PR R RS, (3) 5 S BIE AT R
BRI X Ik, R4 44 4 (divergence hitchhiking) X%
N AR RIS = I AR R (1B (Rl R 2
AN ] DX 2 AR P R R SR, N D o M
H [R 241 731k 5 W (heterogeneous genomic landscape
of divergence/differentiation) (Nosil et al, 2008;
Ellegren et al, 2012), HH1, 7 fLEEFI 4 5 (genomic
island of divergence/differentiation)ixX — [zt My A &,
B T8 AR TR R 20 v o3 AR Rt 1 B EE Y IX

(& 1C) (Harr, 2006; Nosil et al, 2009). U152 51k
AL A )3 B DX 3t BT A R R AR, R4 a4k
T 5 H v A SO B ) XS (0 R DR 2 8 g ik — 2P
1K (Wu, 2001; Nosil et al, 2009; Feder et al, 2012b;
Yeaman et al, 2016). FHEFEHERS, 32 EALGERRAL
BTG, FECEAN TR AR RERR K. &
L o 0 R R S T R T ROl FR T R BRI S R I [
ARk S5, PR A SOKF R R,
M- FBC LRI B AN, 5 250 5 (Wu, 2001;
Feder & Nosil, 2010; Feder et al, 2012a),

21, miE T R R R, R
25 1) FH b i 35k AT ZH 0808 1) e A ATL o 7T 7 1) 0 1)
TGP SO AR, ARSBIER T R ZIA )
BRI ZH oA o A S otk o S 2 07 VR A e
e R RA >, WE sl (Howea belmoreana)
FIFH-ER(H. forsteriana) (Papadopulos et al, 2019).
BT 4y k3R R 2 19 X B W 4% B (Anopheles
gambiae) MBYFISH! (Turner et al, 2005) B Ji ] H 2%
(Helianthus petiolaris)ff) b . R FNHEVD e84 (Andrew
& Rieseberg, 2013; Todesco et al, 2020). & [ —F
(Astatotilapia sp.)fP)IF L FNE AR AL (Malinsky et al,
2015)%%, MW NFF & B IR AFAE T B9 BB 5t
FOFII . AR LERIE T, AR DR 2 B e DA D S
HEERRAAE TR SRR RE—8, B8 7
T AH SR A BE DL, HRAED T A DR Y R s A E H
H 5 EAGEBEAAFERE A X(Wu & Ting, 2004;
Vijay et al, 2016). Bk, 7343k R4 5 10 %5 58 H A
& Be R ORI ) B LAY, U R R TR R
FEAE N I ORI — R0 B IE, X 5] T Bk
Z I R

SR, AR B IR HE — 8 2 L IR AE T
MBI FE (divergent selection in the face of gene
flow) T 2B . AFAEREDIRNS, I s BT
K& (recent selective sweep). K HAMIEH 1% (long-
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HE,
Fig. 1

BRI s IR E S R P R B E R R
CSELE DL EFEE B FSER" D FFE. BB Wu (2001). NosilFlFeder (2012)F1AeschbacherZ(2017).

Speciation with gene flow and genomic island of divergence. (A) Conceptual diagram showing the early stage of the process

REF LT, OFRMEREIURUSTHER

of speciation with gene flow from the genic view. When Pop.1 and Pop.2 start to diverge, only a few loci on the chromosome (here
only one is shown) are under divergent selection, and the exchange of the alleles at these loci between populations is restricted. The
thickness of the double-headed arrows represents the strength of effective gene flow. (B) Variation of the genetic linkage between
neutral loci and divergently selected locus and the effective gene flow at neutral sites along the chromosome. (C) Heterogeneous
landscape of genomic divergence and genomic island of divergence. Sea level separates the genomic island of divergence and the sea
floor. Adapted from Wu (2001), Nosil & Feder (2012), and Aeschbacher et al (2017).

term linked selection). fH%¢ 2 S MEM ZE 70 ik
(divergent sorting of ancient polymorphisms). 3 [X| 4
BRI AR, DA S M L rh e i R ) R DR 2H Y
?T:,p. ¥J(intrinsic genomic architecture)FfiE, 1541 E
HEFM . BAESZIE R S5 B (density of targets
for selection)s, 7] g T Bl (2 2k 73 14k PR 2H 5
JE i (Noor & Bennett, 2009; Han et al, 2017; Ravinet
etal, 2017; Semenov et al, 2019).
DRI, 1] BH 2 5k R 2L 35 1 T B PR 2 4 7~ )
TR AL ) DB, 204 35k (R 4 B T L | E‘Jﬁ@
PRI F TR AL OV L — o RS
HHFFEEE R, l‘ﬂ"?—JiﬁﬁDﬁﬂ)ﬂﬂJﬁ%.Zﬂﬁﬁéﬁﬁ
A FEDRIZH &, aneT 5 50 52 0 4y A ik DR 46 055 T S 114 32
it A2, DL R AR S S TR X o A
DRI ZHL &5 B S ) A5 BB o AR SR g 73 A i IR 40 B T
FSOHLAIAE TSR AL RS, IR X B 2R Ft v B DR AR AE

I R RS A A A AR A B

1.1 S EREE B REXES

Harr (2006) 5 A8 H“/r BRI 4H 55 (genomic
island of differentiation) — if] 3K Fi§ AX /N XK & (Mus
musculus) B ™ X F M. musculus  musculus F1 M.
musculus domesticus3%: K 41 o 73 R B4 1) X 3
Ja R, oA IERIAH B0l E O FE R A AR T
(22l P SO EE I 5 N e R B X 38 T
2[R 41 HAth X 3k (FE (A1 4 15 5%, genomic background)
B LE T B IR ™ (sea floor), FH T AW AL FEE 2
7 30 25 A P B D R A L YT (sea
level) (K11C) (Nosil et al, 2009; Nosil & Feder,
2012)0 BRI 73 PR FE A v P DX 3 DA A B 2 A T
BRI, BT DA 8 DT 20 I AR 4]t B R D R 2 (R

20224 |30 |3 21383 | 3T

I A PR LA



PNBREE: MR LA v (0 70 e 3 PR A B 2 T R L)

2H I (genomic island of speciation) (Turner et al, 2005;

Feder et al, 2012a; Cruickshank & Hahn, 2014; Burri
etal, 2015). FEEINFNHIRN, WFFREATKI
DA 2H &5 FT R 5 R o ok, FLAb ALY, A5 fn K8 )5
Bk P 3 B H X AZ TR 2 A1 N B 7 AL RR
FETH &, Ae T 80001 5 B 20 B 1 % B (Noor &
Bennett, 2009). Pk, Jlfhdt K 4 5 2 Wi o AL 3
A By X — 5 B9 R A5 B (Harrison, 20125
Cruickshank & Hahn, 2014).

Michel 55 (2010) I\ A 24 5 K H A AE > BULA
IX B s 32 B PRI, TS kAT AR RR 9 Ak
FERA &, I P A B AL B 32 BB e %
(Bl 2 A5 B A7) 390 T 7 H v 1 300 B2 0 A oK P I
X LAY AT PATE R 234k FE R 2H B 5 (archipelago) £
% Kfifi(continent). S UL[RIES, fhfi 158, 43402
(A 20 &5 A0 4 4k FE ] 40K Bifi (genomic  continent of
divergence) AN LR, 438 PRI AE Rt T LABE AR A
BRI AR R By o B I (R RS, IR
rh ST R A P 2 R 2B IX 3R] e A AE 9 Tk Bl 48
HI4T N (Wu, 2001; Nosil et al, 2009; Feder et al,
2012b; Yeaman et al, 2016), H K/ %% LK
JIr R L HC A A 3 28 BRE A 2 (Via, 2009; Feder &
Nosil, 2010). Kk, RT3, XH R Michel %%
(2010) 4 H 11 8 5 - Jii i 844 FH 734 ZE DR 2L 54
R, ZIFAG IR A B 1) € SCHTE(Nosil et al,
2009; Nosil & Feder, 2012).
1.2 SUEREBNEERE

DA 252 < TR AL 3 i) v E AR K
F: RABALR T ENE TR INEGERD). R
S0 1 7 VA 8] € /T 8] 7€ 22 ¢ (fixed/nearly fixed

difference) ) Ja) s S S FE B « [#] 32 45 % (fixation index,

Fsp)WI A D8 ZFsp. A8 F SEPR Bt e &
FsrZ A AT R 045 o e TR B O A e B 2R B
FAE A (hidden Markov model, HMM). BayeScan.
FRIE AR E M B0 25 37 5 ECHE T A B A e S 1
BRI Fr ) 0 AT AT LR 55

TSI 7 A [ 2 /30 ] 5 22 e 0 Jm) 8 SR AR AR
JE RS T LRI 4H 5 » Turner®5(2005)7E X BEIE 3%
BCHIM LA S R R 2SS R EHE 9 2 T g, BA
— BB KRS i AT LRI A, AR TT
56 I Wi kA T T PN 5 ) A L E 2 R AR

HHERSRER TS T EAEME, R0
e EWE AN EERA S, &ERKIWA3N
[X 45§, & 2 { =5 (Bonferroni % IE J5 P < 0.05). Harr
(2006)fd 2R ARI 1%, R 7r T Hric R AL (SNP) AN
BEMAKFP < 0.015)HrER. XML T
PR A b HARAR 22 3E [ e /0 [ e 22 R S R, T
R I AN T 20 A B Ta) 5 T ] /30 [ g 22 S b
IR FUAR R

T 52 B IR B AT R A A T A A
RIX— R, 2 5 AR 20 50 A8 F i m i e a] 234k
I Fsr (BE2)BbR AL G I Fsr (ZFsp)S5 280, LASERR
AR T 5T B I Fordy AT 1 28 56 90 {8 R 45 7€ 73 4k
PRI & o A B 5O & Forrt 15 T 25 R H Fgr
[1195% B%.99% 55 5 /&1 (1) H 73 r B AE R ) 5E AR (2
—) (Renaut et al, 2013; Poelstra et al, 2014; Ma et al,
2018; Battey, 2020). 52 2Bl Campagna®5(2017)
THE T B R 200 B F s 2411E.(0.008) FIARHE2£(0.015)
ZJa, R H Ferdt H 2912/ bR it 2 BB E(0.2)
VE o3 A BE DRI A B 1 R 8 2 A 2 — (55 — kA T
WNEM & A Fsr > 0.85[SNP). R A KK 4H For
5118 R0 b 4 22 % 58 &5 [R) T3 FH Z A5 1AL JS 1) Fsr
(ZFsp) %58, RG22 10l 2 ZFsr > 2803 %% A
AMKHE(Han et al, 2017; Wang et al, 2019; Choi et al,
2020; Behrens et al, 2021),

— LLH 5T I S PR A T B B Fer %
I3, S I BB AR A Bk ) A B EE A Ak K
HE A e AR B . il an, B A5G
(permutation test) W A7 £/ T I For@ 75 2 2 i
B P ) B A% BBt L A B A FE R AR ic B AL E
i ) Fgr (Michel et al, 2005; Berg et al, 2015;
Feulner et al, 2015; Motkovsky et al, 2018). Z&{Llih,
MichelZ5(2010)F1 AckissZE(2020) 38 i K5 i 46 i
(exact test)FIWrSEPR I Fsrfe 5 % . HAm B AL T
Bt (i B J&kbootstrap) A It TH @ Fsr Z 5011
(Nadeau et al, 2012; Larson et al, 2017). PA_EAR#EFgr
FRVRL I 73 A1 B B A AT 2 1 For %8 70 AT R 555 “ 71
LR B 1 T e A 5t X 0, K FH ) BRI 30 LA
MR A M S K BRI Py, HAT
fie 5 S BRAGILAH 22 BT, A9 WA RO AR A /N
i, BEHLERIN AT SEFe R E . B, K05
VR %08 25 T REANRE G o0 A AR DR 2H B 5 SO i
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R1 TRISHEREGEEFELER

Table 1 Comparison of different methods for identifying genomic island of divergence

Jrik A B 7B SRR

Methods Pros Cons Example references

ETA2EM 1 Empirical approach

SE /T[] 58 22 5 1 R AR SR 4EFE S Extent

of regional clustering of fixed/nearly fixed

differences

FsrHE %0 Percentile of Fsr

ZHrHEAL )G [ Fsr (ZFsr) K/ Value of

Z-transformed Fir (ZFs7)

A S B TR AL 1 Fror 2 3 AT A B8
WL For ) 2 35 V£ Significance test on
observed Fsr using the null distribution of
Frbuilt by resampling real data

E TR 55 Model-based approach

B /R B R A Hidden Markov model
(HMM)

BayeScan

RAEE MR SIS R MEA R E
JEE T Fsr 22 73 A7 4G 36 W00 Fo 0 5825 14
Significance test on observed Fir using the
null distribution of Fg under different
heterozygosity according to the assumed
population demographic scenario

R T 14 5 I o A 5 T ASE 2 A R s
T Aok W W Py OB
Significance test on observed Fg using the
null distribution of Fsr according to the
inferred best-fitting demographic model
HRLAR HE 7 0 B DL o B0 MR R
BT Forlf) 5 43 A0 b 58 00 Fsr ) 2
# 1% Significance test on observed Fg;
using the null distribution of Fgr under
different recombination rate according to
the inferred Dbest-fitting demographic
model

B HLAESE Very simple and
convenient

A R L HE Very simple and
convenient

e W HESE Very simple and
convenient

fai {4 Simple and convenient

] B R, o W E W E R,
F T AR T AR D 2 [ R
Pzt Simple and convenient;
No need to set the sliding window
size, and the non-independence
among neighboring markers is
modeled

1] #.{f4# Simple and convenient

TRl FPEHE, MRS E T AR
i BE 2 & ) 5t Simple and
convenient; Different population
demographic models are built in
related softwares

1436 Fsr 2 43 A0 I A8 FH ) o B
TH AR B B A A PS8 St The
demographic model used to build
the null distribution of Fsr is more
realistic

136 Fsr® 43 A I A3 F 1) Fo B ¢
I ER ALY R, BET
ﬁ ﬂi%xﬂ‘FST%#ﬁ Hﬁ ,,%2 ul'ﬂj The
demographic model used to build
the null distribution of Fsr is more
realistic, and the effect of
recombination rate on distribution
of Fyris considered

RFE > FHBIPRE G R AR
FH ] 7 /30 [ 5 22 5 K 70T R i R AT
G, 2 TR R A b oK R A
A8 52 {5 H The effect of population
demography is not fully considered;
Only fixed or nearly fixed differences
are used in the analysis, with
numerous differences in the genome
ignored

RFE > FH B GFEI The
effect of population demography is not
fully considered

R HE RIS K The

Turner et al, 2005; Harr,
2006

Renaut et al, 2013; Poelstra
etal, 2014; Ma et al, 2018;
Battey, 2020

Han et al, 2017; Wang et al,

2019; Choi et al, 2020;
Behrens et al, 2021

Michel et al, 2005; Nadeau
et al, 2012; Berg et al,
2015; Feulner et al, 2015;
Larson et al, 2017;
Morkovsky et al, 2018;
Ackiss et al, 2020

effect of population demography is not
fully considered
KT % B G KR The
effect of population demography is not
fully considered

KA H RS MR, &
B AT RLILIIAE () 20 A L /AR
I TKF P R RS SRS B e
MR 75 055 J77 THI AR BEX 26 5E 4
RA — E %W The effect of
population demography is not fully
considered; The identification result is
affected by the assumptions such as
the distribution of observations
corresponding to each hidden state and
whether the transition probability
between the two hidden states of
high/low divergence is 0

Lt G A i ™ BT Michel et al, 2010; Andrew
NIRRT, KRS RAERER & Rieseberg, 2013; Larson
{8 A4 % High false positive rate ©tal2019; McCulloch et
when studied population underwent a al, 2021

strong bottleneck

e MEE s S R AT R 5L
SO ZE R, SRR RS
The assumed population demographic
model may be very different from the
real scenario, resulting in a high false
positive rate

DIRA L EB; KRB IS EAFN Fyr

Turner et al, 2005; Hofer et
al, 2012; Soria-Carrasco et
al, 2014; Marques et al,
2016; Morales et al, 2018

Michel et al, 2010;
Tsumura et al, 2012;
Bradbury et al, 2013;
Hudson et al, 2013

Malinsky et al, 2015; Wang

A3 Somewhat complex; The et al, 2016

effect of recombination rate on the

distribution of Firis ignored

SSIREHT Complicated H 8 i To o SC ik

No example reference is
available yet
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(A) B) ©
A 2 Gene 2

FH 1 Gene 1 FH 3 Gene 3

FST= 1- 7!',w/7[1,
=1—[(zF+ x)))dxy

RND = dxyld,..
= llsz/ II1T4
= T2 /T4

SEEEO FHEX FEEY
OutgroupO PopX PopY

HPHEO
Outgroup O

FiE X
Pop X

MEEY SMEREO FlEX
PopY Outgroup O PopX

Tl Y
PopY

E2 FEAREIRZEMY(r,), MEHEREERF 55 /43 5 AR R, Bidyy) Bl E B (Fs) FIHEXT T SR B (RND)E 7R .
X\ YABRANEESHWHFE /I, ORMNER. YMRER)ARRHIERMERHMIRE). HAAYIFRFEREREIK /)N
SRGIEERERRIELL, g > pe Tiv TLAXSY. O5XYABSChIFEE LT E) RAATIE, T,. THAXSY. O5XYAESH
FOIEESUEE. ) my . dyy Blm) AXFEEA . YHEEA . X5 YHMEHEFAREX FIR TG ERER . FaalRnRA
17, /m SRR . RNDRZIE T psfdt FFI S UEIEN . d,, 205X YidoxHdoyHIME. EEIFEE2H 4%, BEE2
Bz, B/, FtEF,ESAMB). EE2FEREIMNFg,. T,. T,HMRNDIIHEE, BpfE, EE3MdnE/NBHC). KH
CruickshankF1Hahn (2014)F1RosenzweigZ(2016).

Fig. 2 Illustration of within-population nucleotide diversity (), between-population sequence divergence/absolute divergence (7
or dyy), fixation index (Fs7) and relative node depth (RND). X and Y are two diverging populations or species. The gene tree (grey)
of an example gene is contained within the species tree (black). The sizes of species tree and gene tree displayed are both directly
proportional to the mutation rate (i) of the example gene, p,> p,. T and T; are the divergence time or speciation time between X and
Y, and between O and the ancestor of X and Y, respectively. T, and T, are the divergence time of example gene between X and Y,
and between O and the ancestor of X and Y, respectively. 7z, 7, and absolute divergence (dyy) represent the average number of
nucleotide differences of pairwise sequences within X, within Y, and between X and Y, respectively. Fgr is calculated as 1-x,/z, or
similar formulas. RND is an estimate of sequence divergence with the effect of u corrected. d,,, is the average of absolute divergence
between O and X and between O and Y. dyy of gene 1 is the same as that of gene 2, but Fgr of gene 2 is higher due to lower 7, (A
and B). There are no differences in Fsy, T,, T4, and RND between gene 2 and gene 3, but dyy of gene 3 is lower due to lower p (B and
C). Adapted from Cruickshank & Hahn (2014) and Rosenzweig et al (2016).

B P R IX al, 2016; Morales et al, 2018). HEFPERE RSN B A

Iz N TR 3 A FTHMM AR 7] B T 35 58
CHERIH By o BT X8 &R /NMCE, AT R
FAHAR 5> T FRic Z (A SRS 2% &R (Hofer et
al, 2012). HMMHE& & R4 (hidden states). £ 5/
LM E (symbols/observations)~ A~ 7] a2 R 245 8] 1) #%
FEHEZ (transition probabilities) L M2 &% & & IR 74 51 %
LI 4B 1 i HH BE % (emission  probabilities) 4 . %
E o R R By I, B SRS T8 8 W B (A
FERA ). (BRI AT 5) MK =4 oK -F
(Hofer et al, 2012; Soria-Carrasco et al, 2014;
Marques et al, 2016; Morales et al, 2018), HH W5
A5 B N A B 234k 7K ~F (Turner et al, 2005).
LU i N P B8 AT DA 12 O ([ g /0[] 5
A% 515) (Turner et al, 2005), A PL&ESE AR &,
Ulogit(Fsr) (Soria-Carrasco et al, 2014). Fgpf B[]
R ARG 36 PAE S L AB R (Hofer et al, 2012; Marques et

ML S i5 /2 — 7E B 70 A1, AR TR 52 A9 AE,
MR SIRES TEA R AL, REMEAR, X
TEAE S B0 AR 2 2 25 8 L o P 300 B8 A R R A
HIE A WFE R A Yy, IF H 258 HoR I 7 R 21
By RTREAL & 70 AR B AR 2 3 R K
Bt(Hofer et al, 2012; Marques et al, 2016). 4},
HMM R REFR B A RS B ROVLIME 9 20 A« =i/
AR PRI RS EAH I 3 A R 5 N 055
J7 T BB 5L, Ko Jik R 4 B 45 5 5 SR A — 2 1
AP

BayeScan & T & Fh [ 18 4% 7010 ) Forok 48
TETETE SR FRAL 25 (Foll & Gaggiotti, 2008). — LR
Fu ¥4 BayeScan % € H W8 £ 52 B IR A7 AN
A4k F R H 5 (Michel et al, 2010; Andrew &
Rieseberg, 2013; Larson et al, 2019; McCulloch et al,
2021). BayeScant4 &M i (1 Fsrff 73 BRI A A7 53
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FEEL Lo (BAL A ) RIS F R S (R 423 (a2l 23, #

B ol 7 BA F ol 73 (FE A h PR P A SR,

BB Ja— P 1) S 56 AL %5 (prior odds), 2T KX
FBE ML 5 A# Hreversible-jump MCMCHZEAS T
PR 1) )5 5648 %5 (posterior odds), 11 & 152 H T
FI BT ol 73 & 75 3 1) DU 3 ] 1 (Bayes  factor),
YA R a5 B 2 R T0, YORZAL RS2 3
i, SR, PRI FT I A 2 P 7 B )
HAF I, BayeScan )45 RAFAER 2 BB (Foll &
Gaggiotti, 2008),

HR AR A B B A AT AR AL Ok 5 B BT
EA AR, —ERE R A BE DR 2 5 1) % e
Rft T AR T B Kb, @ U R A T
N For) 23 A 5 00 43 A LUK I FE AL S T
¥%:(Beaumont & Nichols, 1996), #¥Z% W5 H T
%8 A B R 20 B (Michel et al, 2010; Tsumura et al,
2012; Bradbury et al, 2013; Hudson et al, 2013), iX—
T VEAEAR T8 1 0 TG B I W A5 28 i s A A S
PRSI 5 T HAT WIS, AR ETHEARIA
[F) 5 & FE N Forf = 5040, 5000 73 A 24T LBk
5, NI RIARREE T REEPHA S, N
BIX— T34 H LOSITAN. Fdist2. Arlequin
o R, BUEMMBISY s KBNS
ma Ffr 7= AR B R 3 AT, AT RE 2 5 BURCE B R M
(Beaumont & Nichols, 1996; Excoffier et al, 2009;
Hofer et al, 2012). TM8adi (Gutenkunst et al, 2009)F!1
Fastsimcoal2 (Excoffier et al, 2013)% & 44 ] A] DLiE
Ik KA AN [A] [ b B 48 v 455 A (demographic model)
(5 B 35 DR A TG B S8R A R 2 75 R 4,
FH ) FH Ao i DR 20 5 40 0 iz H e DA A 7R Ok A i A
FE DT L DA (BB A BOM IR . ZE DR AT TG i e
HFHESH),  ERTTIEER G LB MRS
Y. WRIEEARPME G, 18R
AT DA M S5 A T T B Fsr R 0 AT, 4 AR
B0 BAE, PRI For 5 2 EEBN AT DL %
JE W T R S R A K AL R, B Ak
IR ZH 5 (Malinsky et al, 2015; Wang et al, 2016). SR,
Booker45(2020)i8 i v+ B AL K RIS 78 o 44 2%
T, BHFRAFWMEEMF A R, [KEA
R FEFsr 24 WA, 18 RAE 42 2 R 2H KA
B ForB (B %5 58 B RF 1 2 I, B BV T 2 Ot 1) T

HHEAMEMAX . Bookerss (2020). Stevison Al
McGaugh (2020)#8 & WCHE BT A e T HR 9 2 2H 2 i i
X153 AN [R] X ), s FH A 2% s o 20 22 1) I AE B SO K
PR R B R N Forf F /A, HHEEHEA
RIX 8] R ForftZ oA 503 A, M % 58 H (5
TR & DAS) A R 2 By o JLrp, AT R E AR
WAL A MSMSSE, B 2/ 2 W, oy I AT 2
WIS 2016) 4R .

gx BRIk, 1R 2B Fu e T A S A AR A
TiR S e A AR A B (R 1), E4E RATREAF B s
R PE MR, IR & L BRI BRI & . T
I I LA AN () 4 % T 3 T A P R R T A 2R
FEABEAOL 7= A2 PR o1 22 50 AT -5 0000 21 1R Fs7 53 A 1) 22
S, RS IR R A M Tk, S
R 0 A AT SR R M R ) sk

M ESCR R, ©A BT TR T F s B AR
[ RREE, I LR g7 Ak R 21 B 25 72 4K
Yo ForRAE R 2 A0 ) A28 53 FHLEL AR 57t B RE R RN,
B BN WAL Z R R, 8 T X 4 b dE bR
(K2) (Charlesworth, 1998; Cruickshank & Hahn,
2014)s FERPFH I DR 2 AJF 50 ol A H o/ (g + 7)) BKG
(mp — ) AN AT H Fgp, Homy o, 70 R sFh i
() A% IR P 51 23 Ao (R 1) 99 799 TEC 6 e 71 D A
W2 22 e B« FIE AL T IR 22 R (BRI Y P
xS 7 81 B A% T R 22 5 3948, I i) F dxy RN
(K2) (Hudson et al, 1992; Cruickshank & Hahn, 2014;
Irwin et al, 2018; Tavares et al, 2018). >EZ K R EE
BB A8 A7 0557 1H 7340 W) 2 PR deh ok b (B
NRHE, WAR. AR, AR, BET o TEiER
43 W43 TR (molecular form)%5) & A 7T 1Y 32 2
ARG, NITEERN, TCCA R OB R IT 1R
FEPRIRAFAE T B0 A B 1 (B8 B Ak b, ik DR AL A7
TE N BB A 0 51X — B AR ) W T AR ik A
TR H o A R DR AH B ) TR (B 1) (Turner et al,
2005; Malinsky et al, 2015; Marques et al, 2016; Choi
et al, 2020). PRI, BIELE PR URAN 8] A AFAEZE IR
LT, ok B AR A B RS . B2 SRR
ZERori . IR RSB . KM IEBUE S
BEAG IR 7T e 3 B LA R AR (Fsp) 2
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A (B) © ) B
EIZ]D@ZS%II sagel:%t%;i # AN AL D?gia iicusgft?gﬁo?ancient S AR ER KA
. g Introgression g g Recent selective sweep Long-term linked selection
in the face of gene flow polymorphisms

X Y

e

> > > >
> > >

Yufts{A& {7 & Position along chromosome

E3 AISHSUERARIEENAEHNIEREE. X\ YARNEESMCHME/ M. E_MISEIR®), E5IFHZ
EXBEREEZ, HBEIFZEXRYHEEREEA. C. D\ E). SMIMRASEEANROIERNERER, FaERER

REMHEIARA A F dy (BRIREFBFpEFRME)FIRND (XEXp S REMERISES . X E CruickshankFl
Hahn (2014)#1HanZF(2017).

Fig. 3 Schematic diagram illustrating different evolutionary processes that could lead to the formation of genomic island of
divergence. X and Y are two diverging populations or species. Z is a related species, from which some genetic materials are
introgressed into X in scenario (B) in contrast to the other four scenarios (A, C, D, E). The gene trees of two example genes are
contained within the species tree (black). The colored gene tree represents the locus underlying the corresponding evolutionary
process or its tightly linked loci, and the grey gene tree represents the loosely linked or unlinked loci. The graphs below species trees
show the difference of Fgz, dyy (on the assumption of no variation of p), and RND (without the assumption of no variation of )
between two kinds of loci under various evolutionary processes. Adapted from Cruickshank & Hahn (2014) and Han et al (2017).

Er TR, BRI LR S (K3) (Noor 55, MITZERREE PR L RERE . 528k
& Bennett, 2009; Han et al, 2017; Ravinet et al, 2017, PR AT ) [X 8 52 5 4E 20N (hitchhiking)
Semenov et al, 2019). NICH, FRATKHZRBE3RR) By, o0 RE Bt i i, AT AN B Ak 3 B 7 A
NUF AR 28 5 o3 A B R 20 B T8 A R & Rl JLIRIR R AR DR 20 B (D1, E13) (W, 2001; Feder
il o BT =FIHLE EZIE IS dy M e R EEFE A et al, 2012a). 75 IR, BRI S B IEREYY

Ky, T PR AL A D 3 o Ay, o RAFE BB, SRR 53 RER KT HIAL,
21 EREREFAETHIRLIERS AR 3 B H ARAL s BE DRI A, A1 2k PR 4

DRI AFAE T B A e B 48 2R DR A7 72 1 15 T 5 A RO DRV 5 R R AR A, T 52 0 5 LR 4 1)
BUT, BRI B AR B AT R A ER 4 rh RS 7 R 1) I R AE N B bk 5 3 BRI
AR, T ECE R AN [F] X3 o AR B 1 AR M Foft 18] 4% 5 BR I 51 43 A (dy) SR R WS R 1 40 A A2
o FEBRARAE N B SA RN, 1E P R FE(FE3) o X015 B A7 s AN B Bl 55 3 B 1) o7
J, 5 DR A RS0 4 DX 3 1) 26 DR g A 52 PR, 28 R UM, S5 DR AR 00 2 58 455 M ] () ey PRAIR, T
SRFEIRK, SEArHE DR () A A A X Se XS R Ak, SOl AT R B B S B X I 1) ey PR 25 D 97 52 PR
MM HERFRAR K AL FERE (B, E3). (HAE, FERZA N £/ ¥ 8 & K P (Charlesworth et al, 1997;
TR /D B A i 5 PR E B A KT 52 B AN [R] 7 7] Cruickshank & Hahn, 2014). Kk, 528 40EFEA &S
HIIERE(RI A ), X By pi 1 55 o J2E DR A2 40 52 I BRSNS Fepit 3 @ T A,

PR, A6 280 DR o B PRI, e DRTVA 1) I Joi e 1 FH ¢ H T OA A SRR 7, Hi)iE B FmAAAE
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AR B AT DA 3073 A ik R 2L & BT e IR /S
I 5 38(Corvus corone)Fiet /NYE % F9(C. cornix)ibT
R B, AFEARZEIX o Poelstrads (2014)i8 1
3 T TR ik DR ZE 0t R I, 3K R S A g R R
AAAN J=y BR - H1 /25 5 5E B 4% 22 X (morphological
hybrid zone), %3 X WA [ 47 F 1) R EAE 3 R 41
I 7 AR FEARAIS, (BEEDRZH rh & /b & A A ik
RIZH B o X EE A FE PR 20 B i AL 5 5 L s R AR
SRR R () 32 B P AR TR, R4 1 R R ) [
FiALAER], 4E5F 7 IR S 38 fE R Btk
Malinsky 55 (2015) MR 48 JE R AFAE . 0 A R AT 4H 5
dyy = A A X IR SR AR 45 R, INNEIH e
V. 5 AR e [R]85 A () 4 W . — Fh (Astatotilapia
sp.) H P /> A2 25 28 (RIS 2 28 R AV 2 ) -5 5 RO
R T A PR A B AR AE S IR
TS T A5 G PR I A5 PR, G 5 PR R 5 i =
MEBHKZ WAL . R E2MgO0R
(Metrosideros  polymorpha) W] W A~ & Ff M.
polymorpha var. newellii F1 M. polymorpha var.
glaberrimatt £ AL J7 A B 704k, w0 # it
WA, KT, TR AR, KT
SR HIARIR . Choi%F(2020)1E B 71X B AN AL Fl A
IR W R AFAERR B B DRI, JF B A 2 R 2 1 7
AR B B (Fsrh A 450090.043), H 53 40 5 KT 4H 5
dy e BE 5 T IEGREE S, W NBiitss
BRI [F) 2R3 1 P AN A Ao 1) o PRI 2 234 S5
22 EEHE

RIS 18 I SR A I 2 A2 Ja AR 5
K —RERIZE, 45— (AR AEY) TN

1] 52 S AT R e v i I R Bl #2 (Harrison & Larson,

2014; FEHEAE, 2020)0 AE I R0 A% A S 1) 2
KUz —, FERTTIE AL DL HEAC AN ] B ke
B 7 AT AR (Hedrick, 2013). #illn, e
1H 4y N (Homo neanderthalensis) iz N B LA N (H.
sapiens) W) — L5 R SE AL R, A BT BN &
N AE I 2 Ah B P8 35 (Sankararaman et al, 2014;
Racimo et al, 2015); RPN S KRS (Fundulus
heteroclitus)FIT 45 F I LTS G 5 AL 28 57, i
15 3 52 V5 BHE S M ORI (F grandis), {513
ORI 5 13, BE 06 76 7™ V5 G B PR DT i 38 179 TR oK,
MIARZE T JREE K 44(Oziolor et al, 2019). Al 3 K] #i

7% W] fifi H ABBA-BABA £ 48 #ll TreeMix 55 75 1%, %
ZINENTEHN AT ZH B EFEQOLT) ML FESE
(2020) £

20K B H AT 2 ) Al 1) i 26 S5 A B KB N
IRAR ) Fe v — AN JRIZ M [ 8 I, BB AL R I R A
(AR S i, WO AR R 2L I . B RS
R ST A, 2 B W I i kA A% IR T
H1 53 A (dxy), AT AE 45 For 8t 1 31 22 (1&4]3)
(Guerrero & Hahn, 2017; Choi et al, 2020). A>T
RN R B Ay Py [ea) g ok ol — 7 1) 5 DR 2 AT DA
TR A I = A IX I (Richards & Martin,
2017; Teng et al, 2017). ELIA ZhFE B A (3 2 2 o 5
W7 i M 2EBE R BL 2 By M BE 29300 kme. Richards il
Martin (2017)FIAE L R B7R, kB #2485 i
5 6 J& ¥ Fh Cyprinodon laciniatus () 55 K 1 5 {2
BT EBER L2 B R )& B R G, BN C
laciniatus % PRI B AH G HE D] (ski 56 ) (1) 3824 22 S
BEFEBARNYIKIC. brontotheroidestt, F3(C.
brontotheroides M [F 373 A7 I & WEF1C. desquamator
TEAE TR S RS LR AN, AR
FEDR 2 B e X R >R H C. laciniatus 13 K12
m A A B W dy, BAE For o=, HC
brontotheroidesFC. laciniatusiiiE 7 s i dxy K -
23 HEEZSHWERSIE

I de A 110 ALt A 5 DR 2 rp B S 57 A RT RE T
2 I 7 K WK F #7 1% £ (long-term  balancing
selection) Ifil /7 £ JT 1| 7 53 A% P 350 vy AT A [F) A 2R
B f7 75 3% & 19 #H 56 £ & % (ancient/ancestral
polymorphisms). 151X LEAS [7] (1] 545 Y AE ot
FEH S R 4> % (lineage  sorting) i AN 15155 Hb 43 Fid
B E AR REDBRGRF, W2 B RAE T 2R
/3 1% (divergent sorting) (F3) (Guerrero & Hahn,
2017; Han et al, 2017). Guerrerof1Hahn (2017)% 1%,
T AR GH LI R — 05 5 (sieve), HEZ A
PERE RSP IS R I e . R Z R E Rk IX —
B A i 5 S50 ok A 18] 35 DR 20 vh 234 2k DR 24 05 1)
JE (K] 3) (Guerrero & Hahn, 2017; Han et al, 2017).
FUe iy il AR B AE S 22 25 3 s e R e T A
& 7 51 53 A (doy) D i, AT 52 R Frrf 35 5 T b
HAEE I % (Cruickshank & Hahn, 2014; Guerrero &
Hahn, 2017; Han et al, 2017).
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AR, AN ZEIWEFRIESE T 2 AR 2=
F o> MEAE A R R 4H By T b B4 T« Han%5(2017)
R o e S BT A B 64 B W R Az () BRI
B2 PR R SCHE A R R R S R R, A T 12
VIR BMREXS, R IR TS JR SCHb AR S HEAL 5L
(R —\E HHERT), 55RO TR ANA K1
ALXT M HMGA2 fir. 13 7T B ] 32 31 400 22 4K M 6 ¢
(frequency-dependent selection) i 7EH el A 4E+F T
AN SR Y, I i AN ) B TR e 7 e 7 10 2 30 )
I HIAS R JE AR AR, AT ASE 759 AT AN [R5 IR )
YRR EALXT RN (50) HMGA2GT 5 B dyy P F gt
TR RS 5K, Wang®:(2019) KBTI 8
HIINEE KA T (Boechera stricta) 1P AN ME A 734k
I By dy i imr, H K2 Bk R B 1 Fe 51 7
A T 5T AN Ao 4 23 AR IS ), A g oA 2R R 2
Byt e 2 B E R IR SR
2.4 IEHEARDIESRMEERR

AE B 2 0 £ 1 A7 1T RUAH QB A7 1 32 3 £
BUZ R 2 SR RS ESE,
TEPENETS R A SOE B M X (Cutter & Payseur,
2013; Cruickshank & Hahn, 2014; Rettelbach et al,
2019). R BR AL 8 1E 1% R A0 AR S AR Fh i o
PRI T, 5 2 S AR A A B DR A (R 45 4=
RSB GE BT, S EUEBUT AL TR 2 FEE T R
(Smith & Haigh, 1974); T sik#FLfaH EHFRE
52 Bk P H AR s bR, TS BUE B
R R 2 #EME R F%(Charlesworth et al, 1993).

A Y PR 326 6 P 07 B i 3 B R T B DU AR T I

17 Fh 3 (extant populations/current-day populations),

T AE X L 1 $H 56 P (ancestral population) 14
KA, B SE AR AL T R 22 R It VA S e Bl i
5% (Cruickshank & Hahn, 2014), 55302
R R B BRI AR X 73 (13) o RIS A7 AR
BRIV, o o Aot Jeg el A 450 ) A 28 I 51 2 ) S8 vk
PEIEIE FR R B B 2H B T il (Han et al,
2017). I AT BN R R B A 1A A% 1 2 e 51
I (dyy), T I B Y A% R 2 R A5
FE L [X 35 ) Fopren T A P2 B 22 (813) (Charlesworth,
1998; Cruickshank & Hahn, 2014; Han et al, 2017).

Cruickshank Ff1Hahn (2014) #7387 7 LAAE R E
ZAPFIRE, 159 I3 A DR 2 35 ) ey PN TR A,

B RMdo P A BEZ R, BN ERZ R
PR WA, 8 FH IMa2 3 A 70 B R A A [R] I A
FEAERE DRI, DRI, WA RO A 2 5 AR B SR 3k
& NG| R I e B T B e S BUr M B A B
AR S

2.5 KHIRDEBEEE

K 11 32 B0 02 56 A2 8 0 B 028 R AE AHL S P o i
CORFEER SRR, GFERFE Y 5% £ (ongoing
background selection)5 4l % ¥ 16 354 15 [ (recurrent
selective sweep) (Burri, 2017; Han et al, 2017). 5t
B I B 1 T BR LA AN [, 72 S A B £ v,
FHL 2 N RN LA i A 347 45 88 B0 B R AR I B
F(recurrent bouts of linked selection) N FEAK T
TEWR IR TR F N A% B R 2 A, I FRAR T b ik ol
PRI SE P N A2 B IR 2 e, 3 3 R Fh (R A% R
7 51 A (dxy) AR (F3) (Nachman & Payseur, 2012;
Cruickshank & Hahn, 2014; Han et al, 2017). 4+ H#
() A I 5 5 BRSSP N A R 2 A PR
B T dy PFRARFE BRI, 1% A7 s0F 3R I 8 35 vy
W Fsr, BCNMGIERIZH 5 .

K %) 3 B 0k 5 W DL 3 B A R IR 4L I T G
WL AR 2 T A R BISCRE . Burri®:(2015) &
T W85 & (Ficedula) 2 AT () W) Ff % 88 (7] — 4
RRREERE, I TUF B A W pfoss FRREE X 1) 73 A 2
DRI B Y A AR R A7 B, A R DR 20 5 A
W& dyy m AEZHZ, K E R S EUR R
K 3 B 30 438 AN A 0 A TR 4L I T T 3 R
o AP, WangZ5:(2016) 734 T BRI Ll #(Populus
tremula)FFEPNM(P. tremuloides) I FPHERE DRI ZH £
P, RI = FL A b i A B R A 5t R 30 H
dyy~ m AN E L ZEAMAR I RRAE, ) AP Forfl B 2H 28 1 25
HOAHIE, SRR E SR R IE I AL 1
Jo 1t B DR 2H A3 A oM R R A E A

5 DN ALK 380 A% oAb 38 22 FE RS SR 22
THEWTIR R RE 3 3 0 A R AL B T A AR,
M ESCRAHER B, —LEHLH IR 7 A2 R 4
By AR AL 7 A S8R Z AR VERS R B MR
B, DUk, 5 EPNE LAE SRR A R X
IrFFR e T SOREVEA A28 Un a0 FH e 22 DR 2 4,
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ST 7 A8 DR 2H 5 T B 4% 2 AR LA
TEAFRMLEIT, 45 A 5 1 dy R A 5E
AHIE], — LB I S AR do B 32 R A A%
TR 22 AR RO L ) G A PR e B 14975 e K Y
HEA IR ) HAh =ML X 3 (Malinsky et al,
2015; Ma et al, 2018; Choi et al, 2020). dyyZZasFE]
PP ECXT 7 91 (R B IR 22 5, ARl WA IR
ZREMERIR I, & T4 A de AR, T8 F oy RoR
(Nei, 1987). fE/™ 4% AT T, dyy I A E(dyy)
=20t + 04, SRPBENLIT ]2, RAZR . AR
B AR 2 RO 4 AR (0000 = 4N p, BEAENS™
FON LGP RO AR ); T A A i R I 1) 47
T, dyo'5A BFE R AAE K (Cruickshank & Hahn,
2014). FERIETE H RILLZDNA, FERFAEE R 1k
A3 PP AG SE AL R R (28 3, tHE 2 M ZE 75
AL R AR 04, B, X =FRHLE T 00
IIAGER 2H I 5 LR 2 T S L3 B T R M dy,
I 003 B 12 3 R T PR AR 170,00 117 18 23 A 32 R 2 B
M dyy %, T 8 I BV BRI A 2 S 8
HE TR 2H 5 0 R AH TS 55 (9 doy A7 1E 2 35 22 7 (E13)
(Guerrero & Hahn, 2017; Han et al, 2017).
ERERENR, doZRABZRRIRA(E2), £T
Aoy TRERF X 53358 43 WL A P T 4 AP 82 e 5 DR AL R A
RAFLEF M, A — B HATF A LR
I, AXA AR dy 1T AN 755 5 35 DR 2HL A7 R T) R AR 2 1)
Z5, TRESAF AR . STk, —sER
FHAHXS T 50K ¥ (relative node depth, RND)RHEFR 5

AR R ST LA R SR AR 2 (1812) (Burri et al,

2015; Wang et al, 2016; Wang et al, 2019). RND#H4
T RAEFAL G M dyy, IRWERND = dyyldyuit
B, Hdo= (dyot dyo)2, dyofdyoSdxIRAU, 73
TR IRFIX Y MIANZEREO A 8] P P BE XS 51
PR Z 7 (Feder et al, 2005).

AL 4 B (M RND B 3% i T 36 A =
I, AT DA I T 4 3 33 A4 07 oA R ) ) e i i
XPRIHLEI (K3, Bl4). 8Tk, TRl b ik
DRI B A DR 2E T 5 1 08 R R R DR 2 X
— ML S RRARAE T B R HHEZ SN
ZEFIPIREAT X 7 o AR EE R 2 B B TS 1R
REETRREAR S, —BA A IR E A 8 T
M3 RATE X —HLH S 2, ez, W] DL E

FE R B AN T o A DR 20 5 7% 1 1) = B2 1A (11 4)
(Malinsky et al, 2015; Guerrero & Hahn, 2017; Choi
et al, 2020). Malinsky%5(2015)i# 3T ABBA-BABAK:
% A fineSTRUCTURE 43 #1 & B, 2% 4 W
(Astatotilapia calliptera) {71t 3 4 [ I Ff 3 ) 5y
RN H S R B Astatotilapia sp.WIFERI#TS, (HIY
7 TR R[] 45 AT 0 SRS AV L 73 A TR A B 1 i [R)
BFEE (LA Patterson’s DA P /N 48 b il &) H K 2
Z, Bk, EEETEAZZ A ES R
PRI BT ) SR R . SR, Martin®%(2015)45 t
Patterson’s DfE i FH 4 2k DA 2H 25408 1 S50 mT SE 444
PAsmn, ANIE F TR AR R R AL T s AR B, I
gyt T Bk S e FR 2 HoAh— S FR R (W d RNDpin
St ] T S DR 2T I A R TS AR TR
(Rosenzweig et al, 2016; Pfeifer & Kapan, 2019; F%
¥4, 2020; Malinsky et al, 2021).

B RIRAFAE B Bk £ 558 2 S =
F o 51 EE I 73 A KT 21 B fE dyy (BRRND)  F [K
BRI SEEAr ERRBUEIL. ARBZ, ZERRA
FE N [ A I B AE 3 A0 R DR 20 B % b ile 3 34
FHBSE, db i ol 14 (] 380 (B30T 2 0 ) P B 0 e T 26 AT
RANZHE R, M MOFor2 & T T (BUE R 5)
FRREXT, A SG 2 VR 2 7 0 i 0 A o 3 30X ke
[ 45 B(K14) (Burri et al, 2015; Wang et al, 2019). &
Wz A, TR R o0 T L ek R f A A A5 o 6 A
(derived alleles). [RIEFRHHERT ] 7340355 K 41 5 d oy AH
Xof T 2 DR A8 S AR PR 19 N B2 B S 30M B R (1] B
R IE 38 S 47 5 KA AR N I B £ 3X — L
#l(Burri et al, 2015; Han et al, 2017; Ma et al, 2018;
Wang et al, 2019). #1562 1% 1) 2 7 70 G AE 701k
FRA B 3 FAER, ShiAAh B 1A [
B RUAE b IR A 3 A0 2 Rk © & K WIAFAE T4 5k
Pl A, R o JE DRI A 5 1) A B ) 22 0 2 LT
Wik Fh 43 AL I 1] (Guerrero & Hahn, 2017; Wang et al,
2019) o IX—HRFAE AT A 5 BIRIESE SCRF AR 2 2 5 1E
P AR S A R 2H B T S VR o B IR
A A A A AR G RABRRESHE T
adi. fastsimcoal2 55 HIF L R ) AR FhEESE it
R FEAT IR . AT DR A 5 () 20 A Ta) m] R 2
AT = d,/2uffiTH(Wang et al, 2019), A E] 1) 15 4%
HIR % Ftd, = dyy - (™ + 7, )2 (m, Fim,” 53 Bl H 1k
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S
Genomic islands of divergence
— RND 30
ignificantly higher RND.

= Yes

FEREE (W £5F) i

Higher introgression leve

— RND B
Significantly lower RND

I 3 e
Long-term linked selection

Fyple %th: Fgpym Fgeilo
higher than F™

plin i U'JJ?HH VR
Recent selective sweep

No

J& Yes

Divergent selection in the
face of gene flow

C%[ﬂﬁﬁ&?%&ﬂcﬁﬁ?

Giibiee 2N eI P2 S g
Divergent sorting of ancient
polymorphisms

B4 DUEFELBHRIEIBRITEERIZE. Fo " "MF" 2 S RRIBRMEIEMET . SEMBENHFs. KERRRRT

REIEHR(HBNMIERR L IESD).

Fig. 4 Flow chart illustrating the logic of discerning the mechanism contributing to genomic islands of divergence. Fg;*™ and Fy;""
are abbreviations for Fgy of sympatric and allopatric populations of focal sister species, respectively. Here, only the key pieces of

evidence are listed (see text for complementary evidence).

WFRX . YHIRZERR 2 F£1%) (Cruickshank & Hahn,
2014),
MR S FIRND R 0 3 & T 3 R 22
SO, AR DR 2HL 15 (R T BT A T i A 3 SO P 43¢
P BR B IR I B R (1813, 1514) . EARIX AL
i3] AR IR IR A N AR B IR 2 FE M, (H A
[F )2, 3 3H Ak 2 VT B B FRAARL SE M N 1
BE R Z N e, ITUA S FEdyy (BURND) WA
(Cruickshank & Hahn, 2014; Han et al, 2017). [Alit,
Mo A R A B I RND AR T H &5 K I, ] HERT HY
T AR 3 B 1 T 2 T A0 A 3R IR AL B O R 3
AR T 24 o0 AR DR 2 5 I RND B 35K T 3 PR 20
R, s KR ESUE R SIEH &),
& dyy FIRND AR 2 7k, K IR E Bk 5 5
B3 AL IR 20 B 5 3L R AH S oA L, e mT R A E
H AR BT 5 52 5 B AL 25 B (DA Gm B 7 51 2%
FoE R AT B ) M e SRR o FH TSR BRI R S E A
AR H SR 2R B s % B IEAR O, fEE
AR VLR ST AL A B v Y R R 2 X
12 R 2 R 1 52 K T 1R o B0 e 936 1) 7 T 2 il B 52
(Cutter & Payseur, 2013; Burri, 2017). [Ft, XX
W5 B ARSI AL AU FE AR A XA L,
FLor AR FE SE 25 5 8 R B B oA K1 B BR, gk

MR 3L R 4H 5 (Burri et al, 2015; Vijay et al,
2016; Wang et al, 2016). /- LIE R4 5 HA HH
AR TBAE SRR R B m PRI 2 —
I, T DU D4 BE 5 SR TR I L 35 32 500
LR BT X — 451k . H, EA S 32
AG3FTB, 73R T R R W1 B A e
FEFRE R 4H B4 (Smith & Fearnhead, 2005; Pefialba &
Wolf, 2020), =& FEFTTAEA TR PR 5 T7 H A
JrASE] o AR5 AL B DR 20 B 7% AL AR 7 b, H T
B2 X AR EE, RS P R R A B A o
PRI EAZp (p = 4Ner, HHNIA P
TERUEE, PR, H4b, FERHE & RS E R %
P 5 B T T H TR T N R R T g B B R
ZFabrE N (Burri et al, 2015; Rettelbach et al, 2019;
Wang et al, 2019).

B PP BoR EORAR i 3201, MEE PRI ZH ) AR
A% SR BB A AL 1 B O BE AL A 3 S W T
FAT o BEDRIAUAFAE T AR RO U F T o 8 P ik PR O
FAAE T I e 30X — B I R0 T AR S I
PEE PRI 7 A S ) o A BE TR AH I, R et —
LEHLHI B AL T B LR A B TR K BLA
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(1) SR BIE 5T FF R 2 it 78 43 R E 38 R X 43 AN [RI AL i,
PLZ F 4518 1] {5 FE IS B A &2 (Cruickshank & Hahn,
2014; Guerrero & Hahn, 2017; Semenov et al, 2019).
Bltn, Malinsky%(2015)7EWF 5T Astatotilapia sp.[F)35,
I3 PR RSB 0 A ZE R A B I, TR R
G M dyy 5 m AR AT R, H BT RIIE AL
il IR AE B B IR R B I F AR S5
K GuerrerofllHahn (2017)JF 2 Hr 0 XA EDS
R A R AL 05 BB A AT e A S8 2 SR 2 7
IrIGFEUN . ARSCHBE 770 B R 2H 5 % b A
FLHEWT TV, R FE I IT R AR AL T 25 .

SR, MR Ah e S DR AR DL T R b ik A 234k
FEPRZH B (T LR 5 AN 2 A it 72 i 28 H A
Y o A L R 20 1 A S R 38 A R B A2 R A T 1)
HEREK, HER 2 SR O EHE W o R 24 5
FITE AL 5, FFEARIRNSZ I b IR P 8] 22 57 58
(BN 58 42) AR B bR B8 1 AR 25 5 8 AL L i (Turner et al,
2005; Choi et al, 2020; Hirase et al, 2021). ¥4k [a]
(R IBA% 0 A FR S 36 ) AR 3 /R B 22 e R OR B, RS
Re ELFEUE A B R 20 5 5 AR TE R S I R R G &R
WRTHTIR, e MBI ZE R B IR E— € 5k
R E A IS Ik, RIS 73 J PR 41 B ot H R DR
FAAE N BRI — DL T S BN, HEESn2
Ak R A — 2 #R S AR BE R B A O, A T RE
5T e B B DR R IR A AN, R
4 538 W] Be A7 AE A D ORI D) RE I A1 (Wolf &
Ellegren, 2017). XA HEMFRARATER B RIAS 55
FEFERT R 7 RME, T T e B 1 ) A A 3 2 PR e
Rt T 42 (Poelstra et al, 2014; Todesco et al, 2020;
Wang et al, 2021). AR EALPPHEIE R H 7 552
PEIEFRSLLS  FE S AT DA S 28 R 11 2 DX i 4
FRFEZ 7T B S, DUISUE R B i
Al 12 35 DR E A= B B 28 vh R SR I DI RE, 90 7 b i 1]
AT AR B R B AR RS S s A A

Fiah, FEPIRAFAE T A Ry f2 s, JAE
H AR TR R AR AR W ANE 28 (Nosil, 2008; Smadja
& Butlin, 2011; Wolf & Ellegren, 2017). H BiZr b3
DRI 2H 55 % LA 7 = B A v T /D B LN 68, R
oK T M B2 B SRR R 2R 2 1 I
R, A W DRTAL A AE T PR S A 98 28 SR o 1]
PRI H BT et RAEIER . SR, BT

T B8 A% AR S B0 SR AN 73 M 7 VA SR A AE —
FEREIE I ZE SR, M LR AN R IR RIE FUTBCFE PT LB (R A
BN RHEATREG . BRIk, FEARSREE T, i E
PRUEDHTIRE . Gt BAE AR Jd R . RT3 5
BRIV 45 R R, A 25 2k AL A7 A
SR A B SR S B AL % B )
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