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Abstract

Ecological Character Displacement and Adaptive Mechanisms at Inter-

and Intraspecific Levels in Oaks

Ph.D. Candidate: Min Qi
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Directed by Professor Fang Du

Abstract

Ecological character displacement (ECD) refers to increased trait divergence among specie in
sympatry caused by competition for resources, whereas such divergence is weak or absent in allopatry.
ECD is considered an important basis for the generation and maintenance of biodiversity because it can
shape resource use strategies, promote species formation and divergence, and ultimately influence
community assembly and ecosystem stability. However, empirical studies of ECD in plants, especially in
trees, remain extremely limited. This is mainly because traits directly associated with ECD are difficult
to identify in plants, and the widespread occurrence of gene flow further complicates the delimitation of
sympatric and allopatric distributions. Therefore, this study uses leaf traits as an entry point to investigate
ECD in plants.

As the primary organs of photosynthesis, transpiration, and resource exchange, leaves can reflect
plant trade-offs in the use of light, water, and nutrients, and therefore represent key functional traits for
understanding resource-use strategies, environmental adaptation, and niche differentiation. This study
focuses on leaf traits in oaks, because oaks exhibit substantial leaf morphological variation, weak
reproductive isolation, and frequent interspecific hybridization and introgression, making it an important
model system for studying ecological adaptation and evolutionary processes.

This study focuses on white oaks (section Quercus). By integrating microsatellite molecular markers
and leaf trait data, this study examines genetic and leaf morphological variation patterns at both the
interspecific level, represented by Quercus aliena and Q. dentata, and the intraspecific level, represented
by Q. serrata and its variety Q. serrata var. brevipetiolata, and tests for ECD. Furthermore, after
characterizing the spatial distribution patterns of ECD, whole-genome resequencing data and
environmental variables were integrated to determine whether character displacement was associated with
genetic convergence or genetic redundancy. Genomic regions and key loci potentially involved in
adaptive differentiation related to ECD were then identified, and their possible functions were further
explored. The main findings are as follows:

(1) Based on 12 pairs of microsatellite molecular markers, population genetic analysis of 778
individuals from 47 natural populations of Q. aliena and Q. dentata showed that, compared with allopatric
populations, sympatric populations of Q. aliena and Q. dentata exhibited higher interspecific genetic
differentiation and a lower proportion of admixed individuals (29% vs. 33%). Historical interspecific gene
flow between the two species was significantly lower in sympatric populations (34 vs. 50) than in
allopatric populations (59 vs. 68). In addition, leaf trait analysis based on the geometric morphometric

method (GMM) showed that leaf trait divergence between the two species was significantly greater in
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sympatric populations than in allopatric populations, and Q. aliena exhibited stronger trait variation in
sympatry. These conclusions remained unchanged after controlling for relevant environmental differences.
Combined with the demographic history of the two species, asymmetric historical gene flow was detected
between Q. aliena and Q. dentata, with gene flow occurring mainly from Q. dentata to Q. aliena (64 vs.
49), suggesting that Q. dentata may represent the early species, whereas Q. aliena may represent the later
species. Based on leaf functional traits, Q. dentata exhibited a resource-acquisitive strategy, whereas Q.
aliena exhibited a resource-conservative strategy. These results indicate that Q. aliena and Q. dentata
showed an asymmetric pattern of trait divergence in sympatric populations. This pattern may have resulted
from differential interspecific selection pressures caused by asymmetry in the demographic dynamics of
the two species, thereby driving asymmetric interspecific ECD.

(2) Intraspecific competition may be more frequent than interspecific competition because same
species often show greater similarity in resource use, giving rise to intraspecific ECD. This study focused
on Quercus serrata (in China and Japan) and Q. serrata var. brevipetiolata (found only in China). Based
on 12 pairs of microsatellite molecular markers, population genetic analysis of 208 individuals from 27
natural populations of Q. serrata and Q. serrata var. brevipetiolata showed that Chinese and Japanese
populations of Q. serrata diverged first, followed by intraspecific differentiation within Q. serrata,
leading to the formation of Q. serrata var. brevipetiolata. Genetic differentiation between Q. serrata and
Q. serrata var. brevipetiolata did not differ significantly between sympatric and allopatric populations
(Fst: 0.10 vs. 0.11). However, variation in eight leaf traits (lamina length, petiole length, lobe width, sinus
width, WP, lobe number, leaf mass, leaf area,) of Q. serrata and Q. serrata var. brevipetiolata was greater
in sympatric populations than in allopatric populations. However, specific leaf area (SLA) did not differ
significantly between Q. serrata and Q. serrata var. brevipetiolata in sympatry. A significant allometric
relationship was detected between leaf area and leaf mass: in sympatric populations, the allometric
relationship between leaf area and leaf dry mass was significantly stronger in Q. serrata var. brevipetiolata
than in Q. serrata. An allometric growth relationship between leaf size and leaf mass of Q. serrata and Q.
serrata var. brevipetiolata was found, with the allometric relationship between leaf area and leaf dry mass
in sympatric populations of Q. serrata var. brevipetiolata being significantly stronger than that in Q.
serrata (a: 0.5 vs. 0.9). These results suggests that Q. serrata var. brevipetiolata is progressing towards
ecological divergence from Q. serrata and reveals the potential role of intraspecific ECD in intraspecific
morphological diversification and resource-use strategies.

(3) The causes of ecological character displacement may be dominated by the repeated use of the
same loci, genes, or pathways, namely genetic convergence; or may be jointly driven by combinations of
multiple loci and multiple pathways, namely genetic redundancy. Based on whole-genome resequencing
data from 90 individuals of Q. aliena and Q. dentata, with sequencing depth of 30x, selection scans
revealed that Allopatry QA vs. Sym detected more regions under selection than Allopatry QD vs. Sym
(442 vs. 344 regions), and Allopatry QAL2 vs. Sym detected the greatest number of genomic regions
under selection (556 regions). Comparisons of minor allele frequency between sympatric and allopatric

populations showed that both convergent and redundant signals occur within highly differentiated regions,
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and the number and proportion of redundant loci were higher than those of convergent loci (3567-6976
redundant loci accounting for 56%-70%, 2403-3928 convergent loci accounting for 30%-44%.).
Functional annotation and enrichment analyses showed that both convergent and redundant loci were
mainly enriched in processes related to morphogenesis and development, while redundant loci were
generally associated with a higher number of genes involved in metabolism and transport regulation than
convergent loci.

In summary, this study integrates genetic and leaf trait data to investigate the diversity and
differentiation of oaks represented by Q. aliena, Q. dentata, Q. serrata, and Q. serrata var. brevipetiolata.
It systematically examined ECD patterns in oaks at both interspecific and intraspecific levels, and further
revealed the roles of genetic convergence and genetic redundancy in adaptive evolution at the genomic
level. These findings provide a theoretical basis for a deeper understanding of coexistence mechanisms
and adaptive evolutionary processes in oaks.

Key Words: Quercus, Population genetics, Leaf trait variation, Genetic convergence,

Genetic redundancy
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FREEAX (Character displacement), HAZ M fZ&FE R (Sympatry) 7341 3
GMH T w4 FECR A BCE A SR 10, BRI ERHIE R A T8, B R
1, (Allopatry) 7kt A ASNBH B, FRAEE AR 20 tHh42 50 44X H William L. Brown
A1 Edward O. Wilson VB SEEZN g th LK, SI#E A #H R IN T2 00,
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HHIERMAES RGN E® . FHEB AT RS EF] KB Grant SFE0ET0 Ak K
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FEZA RAEFRHE BB R R R LS, MR 7040 T BE FHAH Rl 8% e Bk 5l BIAEAE
LA A RPEER AR A H & BRI gl &, WK A mT B2 B 2 Ff
ANFEIE LA, RISEE TR,

BRIZ/RSCESL, FHESABESEE 2 W T HARSh 28 . a0, 75 7EMR g
J& (Plethodon Tschudi) H, Ffi[A] 347 0] T 85 Sk B FEL A AH ST A R A 046 78 =3l
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FRINHHE NP, fEWiGJE (Anolis Daudin) ', [FIEILFEYIR 2 8] BT A
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22 MRIS5EE
2.2.1 [FY S I AR T SR o R AR

ST (B 2.02) M, AESCRE T — & THAEZ AT R RN
P51 0 AE R [R) 33 A DX 3k, 3 — 20 X 2l [R380 Al 7e380 (B 2.1b), BIEA
PR e T ATAE B AR v, 787 o8 BE W= R ELAE S I A . EART
=, BARASRREASG, ERHHTA L h (MEFSMNEE, BATHEEEL N 3-5km, IF
(AT 41 T VR S R T AR AE X R AT 428 40 52 o A 7 [ — SR R 2 s Bl 9 [
WERR AR AN, K1) A R PR s 32 76 A0 [R) R 2 Ya Rl 9 SO B A — AN, TRk
WEL R 7 — PSRN B, TR S A B

(a) Classical approach (b) Local approach

Sympatry  Allopatry Microallopatry ~ Microsympatry

2.1 RIAE R B 2T AR B, (ROBED) PR, (a) ZM05k: (FRRIR
SR B P A AR AT S R B AT PR AR 5. (b)) R 7% AR SRR L EIFE
PSR RT BE S A B ELAE R DL R EAT PR e A 56
Fig. 1 Schematic model showing the classical and local (microgeographical) approaches to test
character displacement hypotheses. (a) Classical approach: divergence of traits is tested by contrasting
sympatric vs allopatric populations at a broad regional scale. (b) Local approach: divergence of traits is
tested by contrasting allopatric vs sympatric populations defined at a local scale, i.e. in situations where
the two species can potentially directly interact

= B o A B P E AR AR TE (CVH, https://www.cvh.ac.cn/) U5 FE Y& K %25
COR L HISCHR, GE vt 5 FRARER AR R CE o (5 B A0 A 15 Ol RS (rhEEYE) GF
B, 1999) HXHAR AR A 73 KA, AR R K BRI TR R A (0.
aliena var. aliena), NEFEEEWIER (O. aliena var. acutiserrata) FAL MR (O. aliena
var. pekingensis) o JYIEGAN [FAZFh 2[RI LE I T 28 A st A% 22 S 00 ) AR S e i B
Hrr= R o, A B A% UM AR R A8 M S5 A ARV S A ] LU O R o S B 28 3L IR T 47
AN EIRMEE, B G 8 AN R 39 AN IR, 3% 778 PREGEMARRIH (18] 2.2
L 2.0 [FISAPEE R AN Bh R AR LGS AR BRI, PR 47%, W N
53%, HARGEEIMER 1. KA FEVUEEERE KT 10 em BME, R ERIEAR

13



AR A o B R e P A 25 A0 AT A% =y S AL AR T 7

MEZ IR AT 10 m, DU W] BERE G 7o B SRR AR RO REM s A [R]38 0 A Vi [
e, AR IRAE, MR A I RGL . AR T A PR A B RE A TR
RIS B P AT AR 4-5 et AT DNA $RECHIRE & A 1-
2 Fri BT AR Sk . TR I R AR R ML R E R o TR R AF . A Garmin 621sc
GPS (bxt, FED CRENRIFERNEG K SRER .

"'0 Sympatry
250 500 km : ® Allopatry
Q. ullum distribution . < - 0. denmla dlslrrbunon
Kl 2.2 #ithk (a) %DTEWT (b) fEPIEI’JiME’\%ﬁ&ﬁﬁﬂEIEO 4 é[iﬁ%%T%ﬂ”\ﬁ/al
FEHh SR TEAR (5 B LB R 1

Figure 2.2 Geographical distribution and sampling location of Q. aliena (a) and Q. dentata (b) in China.
Green colors indicate the species range. For the details of sampling locations see Appendix Table 1

R 2.1 WRERAHER RAE R B R

Table 2.1 Sample information of Q. aliena and Q. dentata

YiFh B RA A frE Z2F G MEH
Species Community Code Location Longitude Latitude Individuals
HHHR [F] 3k DL VA& L ERRIR 112.69 33.87 8
Q. aliena [F] 3k GL  1II7AA B2 b Ak 111.32 37.09 14
[F] 3k GS  TFEFA =TI H L 111.25 34.48 14
[ 35, LP [ 75 44 P ek T 2 S 110.18 34.03 17
[EEE LZ WAL F R T RE R 112.03 31.99 6
[F] 42, SF AEHH L IX _EJr L 115.83 39.68 18
[F] 3k WL b MEEE R 117.49 40.66 18
[F] 3k ZG  BREAERE T EAA 11037 33.67 14
I HH  BRPEEEEWETEELM  107.75 34.06 9
R HP i 8 By 107.71 34.09 23
I KA  WWAREMET Earil 121.64 37.28 12
Fi LG  VLVEE UL E R 116.47 29.7
i LY DHlEEamEs L 106.2 30.75
I QA TRIFE 44 A BH T A i L 112.08 33.55 17
i SB Bt 48 74 22 T A iz iy 108.96 35.02 9
I SL SN S BT EIRE 106.68 26.45
I SP TR A BH T AR 112.83 35.22 18
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MnFh BERA R ArE ZE GE Mg
Species Community Code Location Longitude Latitude Individuals
R i SX  WriLA SNl 120.61 28.7 10
Ik TJ e 6 4 7 22 T 4k F 107.76 33.87 9
i TS VLR W Tk L= 118.48 32.73 12
i WX A2 TR 1136 35.73 9
i YF B 24~ R E 25 4 1L 108.87 32.13 5
R i ZA BB LH R 108.55 33.56 12
R i Z] TR T 48 B P T SR 2R e 111.84 33.06 10
ig) [F] 3k DL A& LEKEKE 112.69 33.87 19
Q. dentata  [F] GL  I7aA B2 b AR 111.32 37.09 8
[F] 3k GS WA =TT H L 111.25 34.48 11
[F] 42, LP B VG 48 e i T 2 RS 110.18 34.03 18
[F] LZ b B RET 112.03 31.99 13
[F] SF e L IX B 115.83 39.68 19
[F] 3k WL b MERZ R L 117.49 40.66 19
[F] ZG  BEFERE T MR 11037 33.67 16
i AS IARB BT ZILSFR 117.38 35.56 21
i DG b KT ASES 114.08 31.82 7
SR8 DS SEEES LT DN ES 107.01 34.27 23
SR8 GU  BrAKAEERL 107.24 34.04 20
I A LT PRI L 124.36 40.13 11
i JL AT SR AT 113.33 35.71 24
i KD  WWAREME T Rar 121.64 37.28 20
i LH 8 EEMKIGELSF 11295 34.46 15
I LJ VU1 TE M T 2 KL 105.58 32.45 14
I LS ZRAEHEIRT RE L 116.97 33.9 12
I LT IR B M ITES 116.93 36.44 14
i LW  BRPEE R R 108.27 33.33 5
i MS AR AEEFT L 117.97 35.55 20
i MT  BRPEEEEEEE T 106.85 33.69 22
I QD [ E5H4 R PH T M e 112.08 33.55 20
I SC L THRET AW 122.98 39.52 16
Sk SS WAL R ES T EFL 119.52 40.07 21
i SY  BRIAHAEIMEREINZ  107.14 33.7 21
i XT WA ZHETARMLE 11375 36.17 16
i ZD  PRPEETLTRIRFT 108.55 33.56 16
I ZL LT BRI T B 124.03 42.06 10
3k VA WFA LT SCGE 113.51 33.32 20
I ZY  HEERWARREREKF T  109.77 31.4 8

15



A& WAk 8] R P9 2R 2SR A AT SR Bl AL 7

2.2.2 FEMBERIZH DNA 5 BB A

PRI 15-20 mg, A RRAMRE. (b5 HIRA FR R Y5 R A
DNA G GEATFE M DNA FI3REL. P42 e 1 B 484 E I B0z 2% T il
JEHHEEL DNA. $REUS 1K) DNA FF i 32 S5 B e B ek mi koS . 50 2 1 AN 4l i ik
AT, A5 P AR 58 41 43 606 B2 T (Nanodrop 8000) 4= T4l 't £ OD 1 (260/280
FLAED) A DNA (140 B Rk FE
223 HHPH

T2 2 B 51 P00k 5 C AL HARAR R YA 78 4 B B A% 2 514, S0
P 25 XF 51 Pt ATy g Uos 1O 1, {gi ] MICRO-CHECKER 22U 2000} T sk 45 i
RIBEAT A, 50 B A7 AE TG RS o B DR (R i o e 2 X 12 5% 22 A MR A 1 51 P xf 4
B 778 MARHAT B 0 Y, BARSI (G B WML 2. PCR NAR R 59 %125
Lyu 26101, § 38 7= {8 . ABI Prism 3730 Z£ K40 #71X (Applied Biosystems, Foster City
CA, USA) #t47T BN KA . K H GeneMarker v2.2 (Softgenetics LLC, State College,
PA, USA) BEHCEEAIHLRIEE, JHH#H 0y IH— kg 2.
2.2.4 MEHHEIRI

BRI BB 458 F CanoScan 5600 F HACO L (BKZ5TE I
BATERRIENR . AR FILIRT 3,391 kM S . TR, AR SIL
13 Mrd s (Landmark, LMD, B o0 E K XIRRES M) R RIUR A7 o ot 3
ARG BRI AT (LM1-LM3), R 9 MRS SO RRI A1 £ ) Fo A 3853

(LM4-LM13) P49697. 131 (£ 2 25, f§i [ Image J v1.5 AR Fr 43 46 1 A 4% 18

Kl 2.3 Bros bR & RUBEATARGE , AT A MR AR R LT R . Bl S,
e b 35 R R AR O B 3y 13 0 4B RIRABFR(x, ), FFRALFREAE 5 A\ Morpho
J AN S R A AN . R A Image J v1.5 BN ESE e ()
L BEEPRER N E, IR A (Leaf area per unit of dry leaf weight;
em? ¢!, SLA), et IA=m-T Y/ FH (cm>g .

R 2.2 13 Mhr sk
Table 2.2 The description of 13 landmarks

&R 23

Landmark Description

Landmark 1 Junction of the petiole and branch

Landmark 2 Junction of the blade and petiole

Landmark 3 Apex of the leaf

Landmark 4 The first sinus of the right-hand leaf apex

Landmark 5 The first lobe immediately above the apex of the right-hand leaf apex
Landmark 6 Tip of the lobe at the largest width of the right-hand leaf

Landmark 7 The sinus immediately above the lobes of landmark 6
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P& R ik

Landmark Description

Landmark 8 The first basal lobe of the right-hand leaf starting from the petiole
Landmark 9 The first sinus of the left-hand leaf apex

Landmark 10 The first lobe immediately above the apex of the left-hand leaf apex
Landmark 11 Tip of the lobe at the largest width of the left-hand leaf

Landmark 12 The sinus immediately above the lobes of landmark 11

Landmark 13 The first basal lobe of the left-hand leaf starting from the petiole

Q. aliena Q. dentata
Bl 2.3 AR b 2 e i B

Figure 2.3 Landmark configuration of Q. aliena and Q. dentata

2.2.5 ARz

ST (RSP B DR oAb 389 5 B T i PR IR 5T S DR BN 1) A A RFAE B AR S kR A, T
RESZ 2 AR FEBR B ARG FE CARTHAFE B AR (R2I, A STk — 25 3@ 42 i WL 4 b
AR A T R 2 B LT R 51 RS B A A B TR Be B8 SRR (] LI G, AT X 23 A2 35
REAIE AR A BEARAE B A A ) 434 PRIV FE AR FH o DR AT 5 7 o ) b e T 7 e 0
Jitl (115°48'E, 39°39'N) [ [RHS / A AE HhFF RS2 Wl o iZAE s, At = 22
SARTE LT B FF R AR 5% AR I 2 LT B R e vy, ELAMASS s, TR Ak
FONEH . S8 Crawley A1 Akhteruzzaman!!SWfsid e 75k, ARBFFCRT 15 BRAHER AN
10 BEMA SHEAT M0 s, (e FEI0BA SR8 R, TR DU e R B . LT
e, SRIEARB T T MR, o AER BB S 8] . BRANR A6
R FEH ] SigmaPlot v12.5 BT B s . 27 (R IRh B PN R A 1) 16 34 v i
S, WGP R 1) R AR FE RS B TS, SR AR F PTREAS 2 IR B ) = B R 3R
K2, EHRMESEK, WRALEMEEETRESS T RS E.
2.2.6 AR
(1) BEEZrEME. BAEGE DL REF T

B 12 X A R R > RO, A GenALEX v6.5 B 01T AR % Fif
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AR A o B R e P A 25 A0 AT A% =y S AL AR T 7

BEIOR SO IE RS (Vs AR (Ne) A ETE (He) BRI 4
(Ho) VARGEAZ 230 (Fis). i&H] SPSSv22 (SPSS Inc., Chicago, IL, USA) HEATFHIA
HhS7REA Mann-Whitney U K56k LA [F8UR BRI S8R B2 10138 2 REHEAOT 1022

EL
1o

4 Arlequin v3.5 BAFREAT 42 23 T 7 Z 0 (AMOVAD  SKAS I [ 38R0 5 3
T[] RRR RS A (038 AR 0 Ko FER A 10,000 VB Bk 56 DAt 388 4% 2010 1 i 25 1k

AR I8 AL SR 2R 454, AT STRUCTURE v2.3.4 AT R+
B SR 2R 0T, AT R R S EAMA D R E R E R . WERBE K M1
210, B K AL EFIEAT 20 IR BHKIEAT KA 100,000 kIR A] REESERE RIS
AL (MCMC), H5E 100,000 X burn-in'%!, i#iT STRUCTURE HARVESTER!®]
L THIMHE Pr (XIK)S 4K fabaifie s 52848, 4% STRUCTURE it (1)1R
AR O HATAE MNMER A G AME A E, L0 ENRIME (B 0>0.9 8 0<0.1
NAEAE; 0.1 <0<09 NEEAMME), ZREAERREN T P 2 071200, fif
H distruct v.1.1 A AT R ZREE R TIAL, FR3ETF R KRR 8 1% 55
LA S5 B B3 AT P b Al AHFFEAE A GENALEX v6.5 8, T8 % fh s i
RS 4= AR A 3E4T A AR 73 At (Principal coordinate analysis, PCoA ), Ff-43 51 X [F] 45 Al
SIAMEIEAT R, DUE R AN T8 AR AR AU . it — B BN R AE [ 380F0
SAOR R T AR R AR L, AT 7038 SR — P AR 8 B B (08 70, T AR 4
Fraidt, 76 R v4.0.2 8 MIXSMSN U2 UEE g AP e] 01045 B, AT ELis i
PR AE [F) 38R S 3 SR TN A% B R

AW 5AE F Migrate-n v4.4.3 F3E T4 240 B IS s AR RORPEAl [FI0ORT 2 30 46 14
MR AR (%) 7 sk BE BRI /N R Ty a2 I8) 0 SRR, R BTE AT R < o A
OLRI A RIVYANZE : [RIEAAR (R3O | S Sl AR AR e MRS, o 23 AR B A1 T
SEEGER. RN ONER TSE0HE, BrisirRE 3 &K, SMRE
10,000 %A%, Burn-in &N 10,000, KA R HEE RAZRBA i ko 25 45 3
St fa, SRS HUE 0 CA AR /DI VAR R E) FI M G EFR AR
2D e L 95% fx e Jim 9 5 P X IR) o[RS RA R T = AN [ S RIS 1) (RS 2 (R )
DRIVAL - MAHBEATR 1A ART (1% J5 DR A0 AR MR 1) B R AR, JRa8 0 L bl 4R
([EBvE=S gy Rt

(2) MRS

H By JUATT T A B0 i AL BE S5 R HEALZE Morpho T #PEhse . ®5G, st it
AR B A RRIEAT ) S IR AT 024, IR L TR AR T e R PR b s D b 7
R 22 5, B KA R AR RSB () EE A UL B /S, 2% Klingenberg! 2SI 21,
TR —MARE) 4-5 Bk o AR E S, DREZAMEIF . &S
AR AR 355 R [AR bR FEAE N G B2 TR A i A AP . T R 8,
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5 E R R B dE A L, 8 AMA I E B A S A 5 22 A i R 2 R
SRS FE 7y 5 238 S8 T T, FUN o3 A Fe A e 4L 1) 73 2 22 S 1) RO kU0 [Tt
HeT P AR RARAR, R v4.0.2 ) MASS G208 4T 4tk 4050 73 Hr (Linear
discriminant analysis, LDA). #R#E5 22 F015 75 (LD scores), Ailith & Fiff b4l
B G ARG MR LA, R0 0 45 S R oA B AT T AL R AT, Syt
— S EWRAR N IMAE Y B2 R, AN FEIEN B AN IRARBR3EAT 32 890
43#7 (Principal component analysis, PCA), F£H|H R v4.0.2 H ] vegan £ 282 il % 3
B A3 AR . [, ZMEE i AR, ETHIE PCl MER, H R
v4.0.2 W) MIXSMSN 23R BSOS RIEL 1) 77 20, PR [RISORD S 38 2% A1 R AN
P75 ES R .

Ak, A R v4.0.2 H ggplot2 AU [mI38R1 S48 5% A4 T AN AP I TR AR 57
TR DA B T AR EAT AT ARG LU AR S Gt JE s « A SR PN Ap i AR S e =
FEEERRERER, $UE Niklas!OB H KRB H AR AL BT
- E AR o B FTTE B T [RIAEORT S el 25 A7 TR A0 B i T AR 5 i B AR AL
FRZ TR . W18 A7 A SR I P N B R R I B E A, Rtk v o pr
KHZ logl0 #4108, (£ R v4.0.2 TH IS L H 95% B (51X [H] .

(3) WAL 0t S fige Ry w7 DA R A S RRALE 5 A A
9 VE Al R P OIR 6 AR BT B R, AR BE AT E e AL WorldClim v2
(https://worldclim.org/data/worldclim21.html) IS ECHE HEEL T 19 NMAED)SEAR
&, EFEEN 30 B, fFH R v4.0.2 1 vegan BT B AR, SRA 2
score FEHRNT IR L SAFE AR BT AREAL AL . B BT U TR A DN & 250 LU A
FRAE [R]38OF 3 3SR A TR B T S R B N2, A 23 il AE P S B e 4R B gk AT —
et E AR MA R B S, AR SR RS K E S MAR B
ek B [F) SR S SR R P A S M TS S AN R R BN W 22 , AT FUAE IR AR VG LT 23 01
JEELEL: —aSwyalE, BIFra Wt s e A o H) B AR U Ve L, R LR v
Bl BOASCER BA [R]4ORT S delo o B S R 78 i 38 1) <k DX TR, HEBRAE R 30R e o AR R IR <
1530 BB B S UM o 38 B2 PR ) ZE A [R] PR AU Y L P, P v [l S o
iR AT R

Fe M Adams! 273, 4 UG TEPIAN YDA AE R SBOR A 5 e S0P Hh (P 38 T
53N Deym F1 Daitos 3T — 1 Z 38 Z{H Doym-atioo A [FJIBMEE I FH E] 040 K T 57
AR, W Dsym - ano NIEAE, 3% W [RISOMRE o A7 72 BE s A (A L B a3 . kAt
RGIEIFRSTY CHHARARR ) . BEVE R (R 480 Je — 32 BAE X & MR i
Wi, 7E R v4.0.2 HEH] Imed GLHEATZRIEIR A BN R 73U, Jfd@sd car AH
ANOVA Fa 3 AR B PERT . Hodr, YRR S RVE SRR S B 2, @
EWAE MR B YA R R 32 A Fi it — B R AR T IR S Al & Fs L a5 M,
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A& WAk 8] R P9 2R 2SR A AT SR Bl AL 7

A Z PR AR ARG 96 DA R ABBE: (1) PR PROGS P SREASH: 58 F i J82 £ ) R S Sl e o 2
TAFAEZE SR s (20 PRI AE [RISERT S SRR o R PR 0 (R B 2 15 B A B I 7
IR R RIS ANOVA VFA% 3408 2 2 1

23 R
2.3.1 WAL RENE. AR LB IRIR

FET 12 XA AL A R R 4y T R, A LA R A, R
RIAIZE 5 (Ho) SR (He) 43519 0.58 F1 0.63, T S0 BBk i 00 ] 2%
LRSI A RS TN 0.63 A 0.64, Mk b, FHSFEEIGEAE £ R T S 40 fl
BE(2.3), Jesb, FHRRRER 2 & Tl se W10 T S AdRhBE, 3 W1 Rl A A2 b /T A
TEEE ISR (£ 2.3).

R 2.3 A 12 WAL LA A R SR S SR 1) 3 A% 2 R

Table 2.3 Estimation of genetic diversity in sympatric and allopatric populations based on 12 nSSR loci

RRSM AR : %
P Gowm  amwm POV IURSE O WERSE ETRK

Group A Ne Ho Hg Fis

Sympatry  6.07 3.94 1.35 0.58 0.63 0.08
Allopatry 597 3.93 1.35 0.63 0.64 0.00
All 6.00 3.93 1.35 0.62 0.64 0.02

IR TT 25 W Rtk — DR, RN S S b A () A% AR S 3 ORI TR
FEANES, FEEFEET 86% ML T TREEN, SN 88% (R
2.4). fEBAL AT, PSR MR B A% 7 R B (Fsr) 78 [P S W2 v T
SIMEE (P<0.001) (% S6).

R 2.4 HeT 12 PR R A R HEAT ) RN S R ) 0 2 23 T 2 A
Table 2.4 Analysis of molecular variance (AMOVA) for sympatric and allopatric populations based on
12 nSSRs

Bl P HE RR MEER%

v ‘El J

iiﬁlﬁ variation B A AR N HUEH ;’k o
df SS VC V% Fsr

Sympatry

Between species 1 799 03 6.2 0.14

Among populations within groups 14 203. 04 8.2

Within populations 448 1739 3.9 85.7 P <0.001

Allopatry

Between species 1 979 0.2 3.8 0.13
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HE P HE RR FEEBE

i1y v/ ‘El J

iiﬁfﬁ variation B A AR A SHERH ;’K e
df SS vC V% Fsr

Among populations within groups 37 580. 0.4 9.2

Within populations 1053 4178 4.0 87.0 P <0.001

All

Between species 1 167. 0.2 4.6 0.14

Among populations within groups 53 817. 0.4 8.9

Within populations 1501 5918 3.9 86.4 P <0.001

FF Migrate-n ) DU AL 45 BLE R, MRRATRHR 2 18] 4746 AN X6 R 1 1 5 L [A]
T, H BTG AR AR (63.7 vs. 48.7; 32 2.4). AN, PEANYAN R Fhia] i sh 3k
[RIVRAE [l Rh A v B B T R R (R 2.5),

2R 2.5 WEARATHRAR 76 [R1 380 S 450731 T 1) 7 S 2 AL

Table 2.5 Historical gene flow between Q. aliena and Q. dentata in sympatry versus in allopatry

B HAH BB EE Nom
0 Wk 0. aliena — W 0. dentata —

Sympatry
0. aliena 2.6[0.7,4.7] 49.9 [40.0, 51.2]
0. dentata 2.9(1.1,3.6] 34.3[15.9, 43.7]
Allopatry
0. aliena 3.1[1.6,4.4] 67.8 [55.4, 81.8]
0. dentata 3.4[1.9,4.7] 58.9 [46.2, 66.1]
All
0. aliena 3.2[1.6,4.5] 63.7 [45.5, 79.4]
0. dentata 3.3[1.5,458] 48.7 [45.6, 50.4]

SRR ARB LA R, TS TP IEME R R 95%MEE XA 0: 4 XA X
RN KB A HACRAR; —: P
Note: Bold values indicate the posterior mode, and bracketed values represent the 95% credible

interval; 0: 4 x effective population size X mutation rate per site per generation;—: the source

populations.

2.3.2 R
3T STRUCTURE ) NI Hr SR tr s B IR, SRR E N K=2, RHAF
TEPANBAETE R, 2] SR AR AR ST . (B 2.4),
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(a) (b)
-36Kk - & ¥
L]
150 = é
-37Kk 1 *
P k)
% 100 ) 2
= = -38Kk -
(a) - °
50 -39k 4
0 - - 2 - - * - s -40k Q
2 3 4 5 6 7 8 9 0 2 4 6 8 10
K K

() 00

0.1

K] 2.4 STRUCTURE #fFHIEREBL R . (a) 4K B K (HAZLHIHIZ. (b) WHEAHE K EARLK
M2k, () 2T 12 %F nSSRs oL m [FHSATHE M FE K=2 FJEME. (d) 3T 12 %F nSSRs fif
R SRR ANMASE K=2 (R
Figure 2.4 Population clusters identified with STRUCTURE software. (a) Variation of 4K as a function

of K. (b) Logarithmic probability as a function of K. (¢) K = 2 for sympatric individuals based on 12
nrSSR loci (d) K = 2 for allopatric individuals based on 12 nrSSR loci

B LL 0= 0.9 1EABMEX 3 2iG M S 28 G MEF KL, REF R 2851
PR ELBISAR TSI F e, 050 29% 5 33% (BHER 1). 384545 My i B8 43 A P 35 1
(R o S P b 2 B B v B M RIS AL A K F (] 2.5a, b) o FETAMAIK s
FEBE B HE ) = AR bR AT 45 5 STRUCTURE 2K — 8. 78 [FR B, HiR
AR AU PCL il 2 IS MT IS AE 04k, RGBS, HAMAELE PC1 EH)
BRER oy AT SO R g 2 ) (] 2.5¢). fERIFEET, AR A& AME S 6 G
MEFFAE —ERREES, MADAMELE, MEE PCL EHISR A T Bl 45 1y
(K 2.5d),
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P
=
A 5
, ! AN 7 3 ¢ §
¢ ‘ P 3 \ ¢ A P
o i . 5 i 280 S00km ] L] o . b § Admi
(c) d
20 ( )MJ
b= = w0
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1 -~ - - I
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L L H
o E [T
[ONTR o]
£ lzl = i
i 2 i
-0,
04 .073 0o u'z 04 0 22 44 04 <02 0.0 02 04 a 45 R
PC1 (8%) Count PC1 (8%) Count

B 2.5 (A3 AN S S e rR AR AT R0t o fb o [RIIERIAE (o) MIRIEFRIEE (b)) 1Y
STRUCTURE 45 (K=2) MBHMGE . RAEH e PR 1o [FRE (o) MISFERRE (d)
MR FE 4343 (principal component analysis, PCA) B, #58 E _EJ7 54043 2 1

F— R S B AT KRG . 1S ARRIE R R R R S AR R A
Figure 2.5 Genetic differentiation between Q. aliena and Q. dentata in sympatry and allopatry. The
geographic display of the STRUCTURE results with K=2 at population level for sympatric (a) and

allopatric populations (b). For the details of sampling locations see Appendix Table 1. Principal
component analysis (PCA) plot at individual level in sympatry (c) and allopatry (d), with the
distribution frequency and box plots of the first principal component (PC1) and second principal
component (PC2) values plotted on the top and right sides of the scatter plot. Percentage of total
variance explained by each axis are noted in brackets

233 AR

1518 Klingenberg! 22 771, AHF LRI JUMTFE S Bl AT 7 W s &, JIf
ST 28 Fr IR AW B B RSB RE . BIRJE, BT oW EdEEa
3,363 FIF R, AR B 1 99.2%, AERE AR F MR A BKCE .
B bR & R BT, WRRAE [FAN ST IR A% 1 T (0P S T 25 S ) S5 T e
TEPIFP RIS TE T HIZE SRS (& 2.6).
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(a) (b)

Sympatry
(©) @

Allopatry

Q. aliena 0. dentata
Kl 2.6 JURTEZS 225 RS R S 38000 A R R Ca, o AR (b, ) I-FI34R & fifi
. B SERITAEMN R 13 MeE SR g, 568 RoRSirE S P E
Figure 2.6 The mean landmark output of Q.aliena (a, ¢) and Q.dentata (b, d) in sympatry and allopatry

by geometric morphometric methods (GMMs). The black points indicate the actual positions of the 13
landmarks across all leaves, while the blue points represent the mean position of each landmark.

AT S, AL BERAEDRIX 70 ERABIRE 158 Tt e bnid, &M LE
SEINEERER, 1% LD HEE 87%H M4 &K (LD<1B(LD > 1); ik
TifLAric % STRUCTURE 452R A Q ABMEEER 66% 1 MENAIEME (0 <0.1
50 >0.9) (FfR 1), Hif 401 DMEFRN RS AL 2 1 7 FebriE (2
65%) (% 2.6),

* 2.6 FETIRAFNEAL L E IR 2 A& MEM R &M EE
Table 2.6 Number of pure or hybrid individuals assigned using morphological and genetic data

S HmRA BEaa Mk BAEREME
Group Data type Genetically pure Genetically hybrid
Morphologically pure 106 58
Sympatry . .
Morphologically hybrid 7 6
Morphologically pure 256 111
Allopatry . .
Morphologically hybrid 36 33
All Morphologically pure 362 169
Morphologically hybrid 43 39

T AT RIRIE A 5 R A — B A
Note: The bold indicate that the morphological and genetic criteria matched.
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Figure 2.7 Plot of leaf shape (a), leaf area (b) and specific leaf area (SLA) (c) of Q. aliena and Q.
dentata in sympatry versus allopatry. The box in each boxplot shows the lower quartile, median and

upper quartile values. P < 0.05 according to a linear mixed-effect model

BT A AR Bt 20 3 M it — 2P E S, BRANIIRR I 22 7 B2, iR
PR E B AAE LD <1 B X3k (242 MEERAMAD, W 20442 LD > 1 By IX I (348
AR AN A4 o [RTES , 2 40 1) 23 A S8 3 ) 2% A A LU A9 A (R 3p e I T S SR
53N 8% 16% (4] 2.8a,b; B 1. [HAFT R, M FIFiHE (KA. SC.
ZS 5 7Y) W, ZHREAMEHHHE 50% (K 2.8b) MAMADARIEEE, [RIAHE)
-T2 T L B B S AR X o3 Af 17 S Al R B T B oA (8] 2.8¢, dD e
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Figure 2.8 Leaf geometric morphometric analysis. Geographic display of leaf shape by linear

discriminant analysis (LDA) in sympatric (a) and allopatric (b) populations. For the details of sampling

locations see Appendix Tablel. Principal component analysis (PCA) plot of leaf shape in sympatry (c)

and allopatry (d) at individual level, with the distribution frequency and box plots of the first principal
component (PC1) and second principal component (PC2) values plotted on the top and right sides of the

scatter plot. Percentage of total variance explained by each axis are noted in brackets

Towfil H gL brid ik 2 bR, WANIAE RS T E SRR Y B E KT
Sk, R HARREMEET, WO (FSESE: 004, FEESE: 0.13) B3F
BT AL (FIESE: 016, RIBESE: 03) (K 2.9),
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Figure 2.9 Interspecific divergence along the PC1 axis at genetic markers (a, b) and morphological
markers (c, d) in sympatry and allopatry. The degree of overlap ((11+301) -(12-362)) was estimated
using U (the location parameter) and 0 (the scale parameter) obtained from the distribution

function. Differences in overlap were tested by analyses of variance (ANOVAs)

WAL, ASHIE T A AR AR 1 - T AR 5 o E 52 R S AH OO (0.5 <R2<0.9),
T AR 5 I EE R [ AR o 389/ 1, T AR B T 2 1 00 3 K e gl R T 101,
X F B AR 3G KR REER T B I KO (GR 2.7). TERISR R, MR A
PP TR 5 P E A B G R 0 22 S KT S sl B, LA RR S 300 Hh o i ) 2 i 28

ClEARIERS 51 0.72 F1 0.83); S 3UME oA BT B RErh AR ALY o i T AR
-2 F A AR Z R BN, 735008 0.83 vs 0.84 F1 0.82 vs 0.84 (R 2.7).
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Table 2.7 Standardized major axis regression slopes and elevations (o and logB, respectively) for log-log
linear relationships between leaf area and leaf mass for Q. aliena and Q. dentata in sympatry and

allopatry
[FlF43 Sympatry FIGFEE Allopatry FrEFH#E All
Q. aliena Q. dentata Q. aliena Q. dentata Q. aliena Q. dentata
o 0.72 0.83 0.83 0.84 0.82 0.84
95% CI 0.6,0.9 0.5,0.7 0.7,0.9 0.7,0.9 0.7,0.9 0.7,0.8
logp 2.0 2.0 2.1 2.1 2.1 2.1
R? 0.6 0.6 0.8 0.8 0.8 0.8
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

H: 95%ClL: 95% BEASIXIE, ATt o ERREHM: R2: hE /¥, BUETEREDY 0-1,
M T e B 85 R S P it 31E, 3 P<0.05 NERZE.

Note: 95% CI indicates 95% confidence interval, estimated the precision of the a value. R? is
coefficient of determination and indicates how well a statistical model predicts an outcome. P value
indicates statistical significance at P < (.05.

2.3.4 WTRAR TR S A 1) ] 3

FEMBRR AR (O BEAR M AT VSR Y, BT 19 MEYSURAS 8347 F R W 45
RER, B—EHMS (PCD R T 53%MAFESESS, FIAT A PCl HifE NS
ERIRE R (5K 2.8,

R 2.8 HeF T M T MRAL R 45

Table 2.8 Variance summary of climate using Principal Component Analysis

SRPC1LE SR PC2H A5 PC3 Bl

Climate PC1  Climate PC2 Climate PC3
Standard Deviation 9.6 4.7 2.5
Proportion of Variance 0.53 0.26 0.11
Cumulative proportion of variance 0.53 0.79 0.90

TR —SRBE LR WERATHRHRS £ 18 20 AR AT IS R AR AR, MRS E et
WEARIBONRE; M2, WAREH S SR 2 ] 2 IR F AR R (K
2.10), HE7 PR AR 52 36 A5 AR A S 9B o AR SR SR T, SRR A AR
SIS AER FARAER O, H A AR SR BRI A S 2R A (K
2.10c). SR, FEFRPEREF, XA 5B 7 K (B 2.10b),
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Figure 2.10 Leaf shape variation and correlation coefficient (R) and significance (P) value in all (a),
sympatric (b) and allopatric (c) populations as a function of climatic data. Morphologically pure
individuals in sympatry (175 individuals, 93 Quercus aliena and 82 Quercus dentata) and allopatry (415
individuals, 149 Q. aliena and 266 Q. dentata) were used for the analysis. The P-values for each graph
were calculated using a linear mixed-effect model

S5 WHPRAE [R) BRI SE R T A e L TOMRER T AN R e B 45 5, A
WFFEIN P A B [Tk T 204 JEAS 58 15 6 2 AR SRR AE B AR P oM AR 20 F) T
W (B 2.11a, b)), 15 B AR I 32 5 ) FE PR AR A L (&
2.11¢),

BEAh, AT RKIAERTEA, Dsym - ato JYIEAH, WIS PAd 72 [F] S 7 o i i
oA 5s T S e f e 4 (3R 2.9). [EREERE, Tike SHRESEs
FHTE AR EWNRPN T, X —GHRIREF 3 (R 2.9). N T HIBRAURTE =&
F ORI, AW FUEE— 25 L PR e A [ SR e dop e 3 [ 783 i 1 U vu L Y
CED G B Ak T [RI Ao R 78 i A T B R 0Moe ), A2 U 22 7 Ja T AR WL 2
B [F AR o B B S T A o SR S AN A 2A AT BT, X —
SR G SCHFA Fass (3R 2.9), R 28 5 8dE B BT B /e — E R LRY
Wi RN 5 P, B AN AR TS ] o Uk, AT FAE LA TR A AR R A B R SR
T R TYHAE HAE FIAE /SRR 1% T b ) T 83k 218 2 K7 (3R 2.9), RIS fd
A [FJ SR e SR o B IR AR AP AR BB 2 5
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Figure 2.11 Trait differences between two species in sympatry and allopatry: (a) trait divergence does
not rely on ecological variables and is symmetrical: classical ecological character displacement (ECD);
(b) trait divergence varies along an environmental gradient; (c) trait varies along an environmental
gradient in late-successional (thick dashed lines) species but not in resident species (thick solid lines)
(asymmetric ECD). Note that in all three examples an extreme case is displayed where species traits are
identical in allopatry under similar environmental conditions (thin gray line)
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Table 2.9 Direct tests of leaf shape divergence between sympatric and allopatric populations for whole and common climatic range

Ly 7igtd giit
Leaf shape divergence Statistics
SARTEH AMERTY
R - . . Species x
Climatic range Individual type Species Community Community
Dsym Dallo Dsym - allo
F P F P F P
Whole climatic range All individuals 0.15 0.1 0.05 350 <0.001 5.7 0.02 5.7 0.03
Genetically purebred 0.15 0.13 0.02 340 <0.001 4.9 <0.001 3.6 0.05
Morphologically purebred 0.16 0.12 0.04 427 <0.001 8.1 0.006 3.9 0.04
Common climatic range  All individuals 0.15 0.11 0.04 356 <0.001 6.7 0.01 3.1 0.05
Genetically purebred 0.14 0.12 0.02 407  <0.001 1.5 0.12 1.8 0.09
Morphologically purebred 0.14 0.1 0.04 385  <0.001 7.6 0.01 2.7 0.02

e BEAEAMA: R O HAE 0.1-0.9 ZIHIKIZR &K, MBS MA: FRER LD (EAE-1-1 Z I KIAA M4
Note: Genetically purebred: excluding admixed trees with Q values: 0.1-0.9; morphologically purebred: excluding admixed trees with LD values: -1-1.
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Figure 2.12 Line chart of flowering phenology observations of Q. aliena and Q. dentata in one
sympatric site

2% 2.10 _EJ7 i[RI 3 A FRIHAR AT 4 o 00
Table 2.10 Phenology of Q. aliena and Q. dentata in one sympatric site on Shangfang Mountain

Yol HERE WERE
Species Male flower Female flower
Stage Stage Stage Stage Stage Stage Stage Early Flower Last
bloomin ng flowering
1 2 3 4 5 6 7 g period period

. 3/28-  4/2- 4/5-  4/8-  4/11-  4/16- 4/21- 4/11-
Q. aliena 4/4-4/11 4/18-4/25
4/2 4/5 4/8 4/11  4/16  4/21  4/25 4/18

4/4-  4/9-  4/12- 4/15- 4/18- 4/23-  4/28- 4/18-
Q. dentata 4/11-4/18 4/25-5/2
4/9  4/12  4/15 4/18  4/23  4/28 5/2 4/25
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KA, HIEF4ER BRI R A 21k .
2.4.2 IREEXTHIR AL 20
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BRSBTS bh SR AN AE RIBOR AT B 2 bl BARE R
BB R LS BRI 28 58 O A G4k, BEDW TR B 7 [F]380 70 A [X
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FH T H ] R P9 T 5 = AR A3 0 A X BB AE s CH TR 31 o3 A X A A
A] 23220146, 1471 i H AR B 36 T M4k DNA SHHIERFRETT R T RSt 7481, Ak,
AW FAE A E A H AR 7 A PR SRS X T B AR, ] REFE da MAk M AR
FRATANARAR ) AR X s X T HAPREE, KR O A 20k 2t e g6 R, ik Hae
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AR H AMIRR 32 238 R MR N EL B Bl
of T op [ I MTER AR, Se B G E B AR A TE N BRAE ) 2 RIS B

(GBIF, https://www.gbif. org/) £# P H 5T Mtk S AR B AT AR MIAR K 73 A 10 5% 5
HAFE, W 7S RE AR S o A O B s P . AEE AN A AR R, AR
TEAS . RS . HEEAFE . M BN S5 A8 55 T TR I REAE 0 MO AR A AT AR MR gk
ITHID % 5E o AR E VO R N R AR 27 N H AR EE, 208 RGBS AR FEARCE 3.1),
e E, MOBRAN RN MR AE 22 08 1 X A7 78 [R]E o0 Ar - DR ICAS I 0 12 DX Sl R b il Dy
[FE AR ERFEACOT R E R E L X R 8 AMFEIEFEE, 3t 67 MK, BLACKA
HARH X 19 A Fa80MpRE, 35 141 AAME (58 3.1 il G R A2 21 PT HE ) v M,
FERUFE IS IS S PRUEAS [RI AP 2 18] ) 2 (B PR B AN /N T 30 kms  E[F]—FREEN, SRFEMA
[ PE 2 REF 10 mo SRR SCIBFEMIZ KT 10 em BIRGEAIMAE. BEERPERE 1
o BOBT A B A H T DNA $REL,  [FINEM S EWZR . B P, dEPIA T AR AR
4—5 g R i TS A R A RER S S SLRD B TR i R
f£. A Garmin 621sc GPS (Jbxt, HED g EANFEEH A4 L 5K SIS
o SFHAREE, BTFOEMaETHE 4K DNA X5E 7 H AR 32 2k K048,
ARG LS T 3 DMRESACER G R HAKARAEE, 3 50 MMAME Y H AR
AR (B 3D,

\’k — i -
//_A L™ :
p_— A~ 3 \ .
40°N S - oY S N xr'{“' S g
SandPEe / ; < 5~ ;A
¥ { ¢ 4 2 s &
o S~ ~—rContact zone =~/ >y N ~Tlneg o 8- J
LR A a2 A - Pt
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i \‘\M s g ) / = H“ . e § e >
£ M LANG ,_;1: o f‘f <N . ,fi; W&%ﬁj e ’,-_—a., w,—@f;
. JF 7 Qinling Moyhiigins — SRR Rl 5 .
T g P 1 = S NS .
Jr BY i 3 5 o e . == ¥ 7, “{J’ -
i\....f- e (N Ty &!‘_\ nﬁ%\gﬁ f
e @G RN I A 2 S
.. B o Dr(bn]fmmﬂ'f*rﬁg HS-; e LY .__‘_9;/
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PO < S : o o
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O 7S] S G :
) 9 3, - d P ;f L e 0 300 KM
< n et { / & | —
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K 3.1 R EM AR (SR ED H A E AR AR GO RD BREE R A
Figure 3.1 Sampling sites of Q. serrata (filled black circles) in China and Japan and Q. serrata var.
brevipetiolata (open circles) in China

37



AR A o B R e P A 25 A0 AT A% =y S AL AR T 7

R 3.1 AERRAERHERRRAE RS B R

Table 3.1 Sample information of Q. serrata and Q. serrata var. brevipetiolata

MnFh pic a2 it R ArE 213 GHE M
Species Community Code Location Longitude  Latitude Individuals
MaAR- Gibz7 GW I EFRT RS 106.8 32.67 10
O.serrata- [ 3 XL ek g 106.99 32.72 12
China ]33 WX  @EETMOETPER  108.74 31.96 11
[EEC YF BV E-F R 22500 108.87 32.13 9
35, BY Wl EATH=WL  103.54 33.33 8
Sk JF HREB R mSEL 105.68 33.69 7
35 FM  HRE KK 106.1 34.41 11
i, FT P HEZ T4 ZE  102.88 30.57 6
S LB PUIEENE F2E 103.68 31.5 9
SR 1 HR TR 106.54 34.35 4
S TB DU e 105.37 32.23 5
FEARAEAR [EEC LY  #HRKTARREREZEREN 10936 31.43 5
Q. serrata var.  [F]1, TH [ E§4E & FH T ORI 111.2 33.48 11
brevipetiolata  |g| 15} YQ VU TGET R 108.08 32.17 9
[EEE HQ R4 DURKHR 111.81 33.81 8
SR SX  WhTASMmMIE  120.61 28.7 5
SR HS s Lisl 118.22 30.11 7
T35, HW  {IHEE=BETREE 11947 34.71 6
T35, SM WL TRIEHIL 121.08 29.72 5
T35, LS AR AN T 115.97 29.59 6
Ik NJ WHLANMIKTT SRS 119.07 28.36 7
35, TP WA FEERFIL 110.09 29.77 9
i QJ TS AR T T 110.21 28.89 9
I YZ WA E LR YR 110.06 28.63 9
T35, DT  WIFAEMZH ARG 11255 27.72 5
T35, SJ R A YR EOKIERE - 109.79 28.02 8
Ik YY  WIRgEMRIMTT P 113.48 26.79 7
Mikk-H A& I SS H A E A 55 i 141.37 43.19 11
O.serrata- I NI H AL T 139.57 36.75 20
Japan i TS H A H ot 134.14 35.06 19

3.2.2 FE[KZH DNA $EH 53R 43 7Y

DL B A 25 TR BUZ AL, A )24 R 2H DNA $2EUA & (Tiangen, db
a, PED FRENAE 258 NMMARRIER A DNA, HARERE R 42 08 15 F kAT .
PRI 12 XM AT A5 T DR 40 Y, S 6oy s A0 40 T S T AR AN TR AL AR 1
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S mT AR 191 I AR o [H AR 5T e B R R AF IR X 43 e 7 10- 1500,
JFride 12 X7 ji 3 A AE 8 2k 4utafgk B (B4R 2), HZ Micro-Checker v2.2 il 3K &
LTC RS T DR o VA Bk A7 5 75 i 9 Hh A AR, — 2P R A FDIST2U 1k
THREFEFAT Fst BRI 3 AT AT AL IS o« 45 SR A I 21) 538 B 1A a8 AL AR e AH 5%
(e A (B 3.2) 0 TR R 1Y S5 L R 4 BURRE 225 Lyu 511, §738 7792k H ABI
Prism 3730 £ [K 43 #71% (Applied Biosystems, Foster City, CA, USA) #E4T B4NE H ik
F, f#H GeneMarker v2.2 (Softgenetics LLC, State College, PA, USA) 3 AFi3H17 45
AR Bt B 5 B R AR 1R

o
o

0.3

0.2 0.4 0.6 0.8 1.0
Heterozygosity

3.2 I FDIST2 BAHFE 95% B AF X 18] T~ 4:] 12 ANl B ERAL R Fsr (B B8R & AR AL 70 AT
Figure 3.2 Distribution Fsrvalues from the 12 SSR loci in function of the heterozygosity using FDIST2
with the 95% confidence level

3.2.3 B2V SRE

8 GenAlEx v6.5U YR {11 5383 A% Z AL PEFR A , T EALHEA R SEA7 B R (VA
ARERFENE (Ne) WIEERETE (Hep). WERATE (Ho) LK Shannon % FEME
e (Do NEE =AY ChEFIAR. FRRFEARFN B AMIER) 2 [A138HE 2 R K F
ff)22 5, {3 SPSS v22 (SPSS Inc., Chicago, IL, USA) #f4% 4 Mann-Whitney U #:
B AT 2 A G

S H Arlequin v3.5 BAF 2R 43 |2 5377 22 03 Wil AT VPAL FPBE (RIS 70 4k, IF
I 1,000 KB BAG IV EAE AL B E . RN, TR A AR 1 FE 2L
(Fst)o
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{8 STRUCTURE v2.3PVEAT DU 17 SRS A Ar R HE W b B 18 A 2544, 43 i i A2 o
AGICRFE i B AR RS E R . e BREUEMN 1 2] 10, B4 K HMLE
FIEAT 20 X BB ATELE 100,000 K /R AT REESRF-RIEIEL (MCMO), JF&E
100,000 & burn-in PASRUFEEIFR @IS, S Evanno %1, j@jid STRUCTURE
HARVESTER!M"SIiH 81 AK #Emit K . NXpaid MESREME, KT
STRUCTURE #i th (VR & R4 O 1B R B #& K BRME 0.9 #H4THIE (0> 09 8 Q <
0.1 MELEAME; 0.1 <0<0.9 AZEMME), 1Z%BHEEARE RS AL 20 TR 32
fi U7 1200 3£ 5% F] DISTRUCT vi1.1 £ K AT ik S5 45 51 .

Wb A, T MR AN AR A RR 2 18] PR 8 A% T 7 2 R B AT AR BR AT, HRAE
GenAlEx v6.5 B 6o 22 ] Jif A AN HRAE 1) 5 T RRA 85 A DG RR B
3.2.4 RERFEMHE L

NHEWT %1% 2R B T SR BRI, AN AR F MIGRATE-N v4.4.3 J {25 %4
AT BHIZ SR v sl #2122 180 SR R RFEVE RIS &) S o A il v A~ 24
0 (0=4New, BIARFHEER/INRUFARBA L RER) LEM (M=m/u, EIIERER
PARAR A , BRHRIZAT W B 3 26Kk, B ME 1 E 10,000 1%4K, burn-in &% & 10,000
NELI A T R AN, FIRMREERIEAT 3K, HEIRIE 0 5 M s KRG T
{E S FL 95% B AF X [A] o [F] i A DL 2 IR I AV S5 R A0S 3500 H A R SR, et —
A SR B UL 37 DR DA LA R AR AR 6 B B4R, AT i o B e A AR 1531,

Nt SRR AR 82, {EH DIYABC v2.1 #HE3EAT 7 34 DU it 45

( Approximate Bayesian Computation, ABC) #7154, SNfRILTE R e, AR
STRUCTURE 45 kA = A4 FEMME (Q. serrata-China). FHAE
¥k (Q. serrata var. brevipetiolata) M HAMIFR (Q. serrata-Japan). fEIHEA_FAEE T
PUAH T e it st 185 1. 24 3 20 ARG AL i R AR YO B ASHIRR S AR
FRAT EMRR; 55 4 WS =4 R — I R A0 (B 3.3). BALIAH RS EUL
F 3.20 FFd o 5 I EE L ) 1% R AT, TR &S R R
MR S I 95% B AF X IA], MRS 55 T RE R /418 =055 NI S8 T s
AU 5T 500 MOV E RS, TR EAXT A 4ax R % (Relative median
of absolute errors, RMAE), DLEMSEMIHAT M. &5, FIH DIYABC v2.1 #ff
H1[#) “model checking” ZhREANTHSEM G040, FEiE i LL R EHE 5 0l Hodis
() 23 A — B SRAG BB A B S A R TS,
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Scenario 1 Scenario 2 Scenario 3 Scenario 4
NA| 1P% NA| ” NA s NA %
NI+N2 NI+N3 N2+N3
, N3 +11 N2 +tl NI L1 N2/ N1 N3
\ ‘,/“
NI \ N2 NI N3 N2/ N3 /
“y‘
0 ‘ 0 /
+0 +0 +0 ¢ +0
Q. serrata Q. serratavar. Q. serrata Q. serrata Q. serrata Q. serrata var. ! Q. serratavar. Q. serrata (. serrata Q. serratavar. Q. serrata Q. serrata |
-China  brevipetiolata  -Japan -China -Japan  brevipetiolata brevipetiolata  -Japan ~China brevipetiolata  -China  -Japan

Kl 3.3 thEHIER . BANAARAN H AR =4 AE DIYABC A Hh i B IR DY Mop e g s 1 5t
Figure 3.3 The four scenarios for the population history of the three groups (Q. serrata-China, Q.
serrata var. brevipetiolata and Q. serrata-Japan) in DIYABC

% 3.2 DIYABC H15ei M i S50l &
Table 3.2 Prior distributions of the parameters used by DIYABC

e 24 Pariil B/ME BAE
Parameter Distribution Minimum Maximum

Effective population size

NA (ancestral population) Uniform 10 100000
N1 Uniform 10 100000
N2 Uniform 10 100000
N3 Uniform 10 100000

Time of events (generations)
tl Uniform 10 200000
t2 Uniform 10 200000
ME: N1 P EAPRA SRR N2 FERHIARAA RO RE R/ N3 HARHIRRII A 2
FRBER /N NA: MLSCFRERIA RN 1 o BRI AT A MR 2 18] B A AR TR) CHEARD 5
t2: o EAMIERANRARAR R 3L R Je A0 F AR Z A 2R Ta] CHEARD .

Note: N1: effective population size of Q. serrata-China; N2: effective population size of Q. serrata

var. brevipetiolata; N3: effective population size of Q. serrata-Japan; NA: effective population size of
ancestral population; t1: the divergence time in generations between Q. serrata-China and Q. serrata
var. brevipetiolata; t2: the divergence time in generations between Q. serrata-Japan and the ancestor of
Q. serrata-China and Q. serrata var. brevipetiolata.

3.2.5 MR IEENE

VA TS AR S, AHIE T R SR LRI T 25 25 5 4% G 28 I 2 5 1R 0 R A
FIARAIPRIY 248 DNAMER 1,224 i adiAT 708 IR B ity 480 P 0 )
AP, {#H CanoScan 5600F 34X LA 300 dpi 43 HER AT SRS A - £ LA
BN, SR EAKREDIRE A DRI 7T bR E T BT 1M, 7 Image] v1.5 844
HOR R IR EEAE 13 AN FERRE S, H, LMI-LM3 W R 2R oy
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A7 s ARG R LMA-LM13 LA 2 2000 A A2 P P, I 52 e A 0 B Ok 8 (]
3.4a) VPl SERARE G, RHEE T R HIARE UG BB EDN 13 0 TR RS (x,
v, VERNJUTTEA 7 R 8 i A AN . AL GRS METTH, W& T 6 Wit &k
We AR, ML MR SRR, 3298, ORM AL K. RAEE; [H
I 1 3 W R ZhRe k. T, AR A (B 3.4b)0 b, B
B = AR/ T YRR A F 22 7 5 I ORI R T LA R, BERR
AR R PR IDUEL ) DA IR — AR BT 45 7 i P FR000 5 45 R BDCT-38), VR DRz MR AR
T a8 M.

(a) (b)

Lamina length
Lobes
Lobe width

Sinus width
WP

Petiole length

|
0. serrata Q. serrata var. brevipetiolata Q. serrata Q. serrata var. brevipetiolata

K 3.4 A PRRAE ST . IR AR A 13 MRS R E (), BARAEG I A
PRI (Do 13 MR RHR W3 2.2
Figure 3.4 Morphological measurements for leaf traits. Landmark configuration of leaves (a), showing
the locations of the 13 landmarks, and description of the traditional leaf morphological traits in Q.
serrata and Q. serrata var. brevipetiolata (b). The description of 13 landmarks are shown in Table 2.1

3.2.6 MHEZAE

EJURIESZ 0N H, &6 Morpho J X A Frbr & s di 7T 3G IR
SIS ER L AEBOM BRI BRI v RN AL E AT IR E S, TR KA
I Py AR B4 1 25 FEE U250 I e (R — AR Tk (19 45 1 i B bR 35 AR AR BB J41E
WM bR E R CAITRERY, 5 EEEH R Hbs & S 8EE L,
3 AMA B bR & SIS 5 8250 W i il e 3 (5 Bk, e EER b, (56 A gk
— A AT SAE B P 7 22 HE B AT I SR B ZH TR B o AT o R B A (R 3R e 43 2% A2
NARRA AR BRI LR R, Al 8 A 2500 i) 25 MAAE Morpho T A b it
1T HL A& 73 M1 (Canonical variate analysis, CVA) F1#5] 43 #1 (Discriminant analysis,
DA). Hrr, SuAYAR &4y i kT 1 QR B i fs KA 4 2 TR 1Y) 70 0 R R SR Ao 46 24 ) 22
S, IR R 2 e i B Ml B R I A (PGt RO 10,000 VOB
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o FIR ATl I A IR ) 7y A3 oy BEAT ALIE A, FREIRE UL At BT B
PEREIS CRERAGES 1,000 VX E ) (1251561,

S TAEGIEAS TR, J T 384% 55 58 B A0S A 70 1) EE ORI AR R A M AR LE =] 45T
FEIERAT T R A L ARG R L B BT  RKM SEAL I S R
PLA 5L AR L AR Y 22 5, AR R 5 45 B R FE 2T A R v4.0.2 HH

“ggplot2” 29F1 “ggpubr” WMESERL, FEXISNTUEREASMAR: A K. K
JEo MR TERE . FERE L RO SR AL R BN B AT R b, R v4.0.2
) “vegan” U281 “ogplot2” MM SE AT ST LA . IEAL, Dot de: i fd S 1
HZARBAET RN RERR, RUFFTIUE T Niklas S04 H A E G H A
S ML T T 2 R HE TG S A G M, 2 T E AR AN R AR AR R - T
RS B AR AL T2 Bl R SR AR . 02D [R1A 23 A 3 B i AR R % 2R 1) 00 20
MR R, FEERT I RAZ loglo F#%HE, £/ Rv4.0.2 1HERPR
AR A 95% B AS X [A]

3.2.7 FHEFAR

Dk I A N REIE B ARIL R (R R EAT TR b 3D, ARSI
Adams!I 773, 43 AT SRR AN AT AR ARATR AR (5] 330P A A e 3R (R T 3 i
MRZE 5 Dsym M Dattor  F3E— B 1HE = F I Z1H Dsym -atioo 1EI) Diym - anio 1ELZE W [F] 35 Rl
RE AL S om M N R AL L& S . Dudd i Al e R e 45 R LU RC AT EE A, A
WAL AlE AR R BRI S A IR 22 S K 2 7
3.2.8 AT AT AR AR S R A R Wl

7[5 #8235 30 F2 (1) WorldClim v2 [ #HAS £l o S BURF S e 19 AN
AAEAR g, fTH Rv4.0.2 o “vegan” B 19 ANMURAR B AT F R 0 A28, ik
R TR AR 99% AT /NS PC Hlio @I 3 T8 5 T 22 Tk FE R AL AL &
B ETEM. Z R EE NS PR SRE a4, H T )5 2 0 [R5y
AT MR AL AR ARAR PR —IRBE R 70 M o AR N BENLAR &, 23 7 1P Ay [m] S S
SR R RIS SR A PR R AR o [ e RN S R R E e R AL car”
(ST () 77 22 73 A A B EAT 1E A -

BEAh, ASHIE FEH F 8% 20 S MR PRAl 1 R [R]85 S 8 AT T 2 4% A8 e 0 U Ak Y
U SN E 1 B =) o Y v T e W Lol Y v S (el (= N3 -8 78 AP b =A< pl e sy i
BRI, W s AR 5B Z BIRR R, HRH Rv4.0.2 @724
(o] AR AR Aoy B i AR — SR SR G vt 35 1, S 2Tt A O R LRI B 5k AR A ik
i
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33 &R

3.3.1 BfEZ S 8L 1k

BT 12 AMECTE AT s 3 2 280, AR08 AL 2 A T HE A7 e 2 57 (I
# 3). HAMERFIRER AL ZREVE (Ho=0.61, He=0.69) &2 & T+ EMIBRARE (Ho
=0.56, He=0.64) (P<0.05); FMRHIARITIEAS RE Fis B4 0.01, T EMERS HA
MIRRAIUEAE R Fis (379 0.08 (3% 3.3). 83— B AT v b X 43 A BOARR AN 4G AW
FELAR P [ 380RT S SPP AR IR, R MR ALE [RSsloR B R 38 4% 2 7 1 (Ho=0.53, He=0.63)
BERT RSB (Ho=0.58, He=0.65) (P<0.05); M, AHIBRLE RS AL
[PEtfE Z M (Ho=0.68, He=0.69) &3 & T FIFiiE (Ho=0.59, He=0.65) (P<
0.05) (£3.3),

R 3.3 MUMRATREARAE AR AR R 8 1% 2 ek

Table 3.3 Genetic diversity of Q. serrata and Q. serrata var. brevipetiolata populations

NREA BHEA * WHERE EX

FRiasy TN

O AR mpm gmgm =% 4F B RN
Na Ng Ho Hy Fis
Q. serrata var. brevipetiolata 116 5.1 3.7 1.3 0.62 0.65 0.01
Q. serrata-China 92 5.1 35 1.3 0.56 0.64 0.08
Q. serrata-Japan 50 7.4 42 1.5 0.61 0.69 0.08
Q. serrata (China and Japan) 142 5.6 3.6 1.3 0.57 0.66 0.08
All 258 53 3.7 1.3 0.59 0.66 0.06
Sympatry
Q. serrata var. brevipetiolata 33 5.8 3.9 1.4 0.68 0.69 0.04
Q. serrata 34 5.0 33 1.3 0.53 0.63 0.16
Allopatry
Q. serrata var. brevipetiolata 83 4.8 3.5 1.3 0.59 0.65 0.06
Q. serrata 58 5.2 3.7 1.3 0.58 0.65 0.11

FRAE AMOVA 7341, /A [RIEHE 4R i 18 A5 AR S5 32 BEAUE T-FhoBE 38, b 9 748 S L A3
T 84% (MIERFHE) ] 96% (N HAMIBRMHE) 2 (K 3.4), DLtk ih 5%
(Fst) VLB b E g BT, A EMARFIEER FsrfE (Fst=0.08) B&F&T
HAMBEFEE (Fst=0.04) (P<0.001). 35T A B HLIX 7 A7 A AR AR A AR A
AR P [ 3R S IR AN, A ISR R A A ARLAR PRI A% 234k 22 57 R A B 2 (Fsr=0.10 vs.
0.11) (£ 3.4).
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R 3.4 BRI 73 J2 71 05 Z 0 Wl

Table 3.4 Result of molecular variance (AMOVA) for Q. serrata and Q. serrata var. brevipetiolata

R AEE TR TEAR ERAN HEEBEMRN
Source of variation df SS VC V% Fsr
Q. serrata var. brevipetiolata

Among populations 15 1045 0.2 6.4 0.06
Within populations 216 756.8 3.5 93.4
Q.serrata-China

Among populations 10 99.8 0.4 7.9 0.08
Within populations 173 7147 4.1 92.1
Q.serrata-Japan

Among populations 2 206 0.2 4.1 0.04
Within populations 97 4194 44 95.9

Q. serrata (China and Japan)

Between species 1 75.7 0.5 9.7 0.15
Among populations within species 12 1204 0.3 6.1

Within populations 270 1134 4.2 84.2

All

Between species 2 1114 03 5.7 0.12
Among populations within species 27 248.2 0.3 6.3

Within populations 496 2043 4.2 88

Sympatry

Between species 1 16.3 0.09 2 0.10
Among populations within species 6 56.9 0.3 6.8

Within populations 126 5392 43 91.2

Allopatry

Between species 1 28.6 0.1 3.8 0.11
Among populations within species 17 133.7 03 7.9

Within populations 263 8959 34 88.3

3.3.2 RN

FEREAS K AH FHE4T ) 20 ¥k STRUCTURE HEH 2745 R EoR, & AKUSRELE K=
2 B e, RAEEPAN BRI R, 40 B R A [ O AaARFR R (D A H AR BIHAR
FiEE CEE) (Bl 3.5a). X K=3 I, thEEMRE D RN Hbk GEGD M
FIRMIER (2060 (18 3.5b) . HLAE H [E MOBRAN R AR MR b A7 A2 W 5 ) 2 DR 2 B
B HARKERFREE b B B R TR D
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. serrata O. servata var. brevipetiolata
(@ (b) % | ~ P
Deltak = mean(|L"(K)[) / sd(L(K)) |< Japan » < China =|: ‘l
094 | il i [ HnammEran
300
K=2
200
e 0.14
5
A 0.9
100
K=3
0 e — e - —
3 4 5 6 7 8 9 0 1

T8 8§ & SNSCETAS RO 3045 5
3.5 STRUCTURE #AFIRIE R . (a) 4K B K HAMLIHZ. (b) 7£ K=2 fl K=3 I}, 1
PRI MLAR F) 388 £ SR 2
Figure 3.5 Population clusters identified using STRUCTURE software. (a) Variation of 4K as a function

of K. (b) Genetic assignment of Q. serrata and Q. serrata var. brevipetiolata at K =2 and K =3

KHTHH O = 0.9 [ AREX st ai & 5 A MM, m&ENH 77 ANtk
EAMERE 181 ML A S ANMA . ST R K T I8 AE PR B R 1) R AR BR AT S5 SR 5
STRUCTURE %2845 Bm g —80 . = ANHAE R A F AL bR L 2 IEW 225 (K 3.6),

@re ®)
@ 2 o.' e . °
o O S OO SR
:; Q [+) - ® .. @ QS/ . O”.. 0;.0 "“f ..o... .o b= x
2 g 3 Rt T
o® ¢ ® Q. serrata- Japan ® %o % é .-. ":. o
L @ Q. serrata- China % e .: o.:.
e Q. serratavar. brevipetiolata -
PC1 (27%) PC1 (7%)
3.6 1L GenAlEx v6.5 BAFXMIBRAFERAARAERIE AT (@) FAMAKT (b) #EAT 3 A8AR
VAR ESE S

Figure 3.6 Genetic differentiation between Q. serrata and Q. serrata var. brevipetiolata by principal
component analysis (PCoA) among populations (a) and individuals (b) implemented in GenAlEx v6.5

BE— 0 SR AR T v [ X A MR AT AR A AR AR 1 [RD SR S SR R N, A B RSl e
AL EMARI LB E . ££ QO 09 0.9 BIME TN, [RISAIEERI 2 & MA LG 43%, 1
SRR 30% (PR 30 LM 4 R B TR AR (K 3.7a) I8R5 (&
3.7b) R AR, AR G MR LR AL 2 8] T A7 AR e R AR 5 0 A1« LA,
TR R 3 A% A A 45 SRR WY, MO AT AR AR AR M 196 32 ) 3 A% A e A ] 35K
AN IR e 2 57 (B 3.7¢, d)s
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Figure 3.7 Genetic differentiation between Q. serrata and Q. serrata var. brevipetiolata in China.
Principal component analysis (PCA) plot at individual level in sympatry (a) and allopatry (b).
Relationship between genetic and climatic PC for Q. serrata and Q. serrata var. brevipetiolata in China
in sympatry (c) and allopatry (d) using genetically purebred individuals. The gray shading represents the
95% confidence interval (CI) of the regression line
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SRR = 41 2 AR E ) S O A X AR RE BRI, 5 v WA o [ MR [ AR, DA,
ot [ MR ) H AR RSN, Nem (55351 42.0 1 14.1; 10 5 A 2L RIAHRT 595, M
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Table 3.5 Historical gene flow inferred by Migrate-n between Q. serrata and Q. serrata var.
brevipetiolata populations

FHAREBEB AL Nem
A &Kk o B i ALRAHLER
o Q. serrata-Japan— Q. serrata-China— Q. serrata var.
’ ’ brevipetiolata —
0. serrata-Japan  1.0[0.7, 1.3] 14.1 [12.1, 15.8] 10.2[8.8, 12.9]
0. serrata-China  3.4[2.9,3.6]  5.1[3.2,6.3] 32.5[26.7, 35.2]
Q. serrala Nar. 5 4150951 6752, 8.1] 42.0 [36.4, 42.4]

brevipetiolata

M JRY AT ARB LIRS, DTS P EME R R 95% MBS X 0: 4 X RR
RN XA S HAURA R —: P
Note: Bold values indicate the posterior mode, and bracketed values represent the 95% credible

interval; 0: 4 x effective population size X mutation rate per site per generation;—: the source

populations.

#£ DIYABC el Dimtsrit & dfrdr, EDOAMBGR IS e, AR St B4 1a

5 mABIE, SR RIUE R 1 PSR RS (Bl 3.8), HIGHRMZEN 0.80
(95%B(EIX[A]: 0.79, 0.81), 1% 1 KseE S EWREHR WM EIESE, HEH
FEESH AN ) TR R % (Relative median of the absolute error, RMAE) {HBHAIK, it
ZHfh T A BT RS R S5iett (R 3.6; B39,

IEPREE AL 5 1 R EAEARFI R S5 B AMIBRMOEE ) WL R RE S e A
KA, B G RARMER N B MR o — 2B ok (B 3.8). Bk4h, FE#
PR~ FEARMIERAN H AR A 80 B/ G 38 HR AL 50 3R 6.96x10°, 8.35%10° Al
8.28x10%, T SEHEA A BRI R 5.09%10%, FRIHX =NHENMLFETT T Fh
BEMP 5k (K 3.6; B 3.8) AL UL B vt 55053 B HE W E AR S H AR 2 7] 1) 43
oIS fa A G THE (2D h 4,390 fRZAT (95%BEA5IX[H: 1,640, 8,820 4X); HifH
MIPR5 [ MOBR 8 2040 B TE] Ce1D AL g THE Dy 429 ARZ T (95% B A5 X 18] : 105,
1,380 ) (58 3.6). ZHHKBYIFHI T & FH AR 7] 80 4RI, U rh [ 4AR 5 H
A KA 2Z 18] FR) 53 A0 I TR) AN R AR AR R 5 v EEARIASR £4) 204 BRI TR 40 R RE 2 0.35 1 3 4F
BT (Mya; 95%E {5 X 17]: 0.13, 0.71Mya) f10.034 FH Ji4ERT (95%E.15 X [A]: 0.008,
0.11 Mya) (5£3.6; K| 3.8
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% 3.6 AU SRR SO EE e m R 1 RIS UG THE, B 2.5%H1 97.5% 73 A 800f
JSLI) I SR A DA AR 5 AR 2% (RMAED 1B
Table 3.6 Posterior parameter estimations for the best-supported scenario 1 in ABC. Distribution of
posterior probabilities at 2.5% and 97.5% percentiles are indicated. Relative median of the absolute
error (RMAE) of parameters of scenario 1 are indicated

S| Az TR (2.5%) LR (975%) XA RIRE
Parameter Median Lower bound (2.5%) Upper bound (97.5%) RMAE
NA 5.09 x 10? 1.86 x 10! 2.69 x 103 0.21
N1 6.96 x 103 3.33 x 103 9.75 x 103 0.14
N2 8.35 x 103 5.04 x 103 9.90 x 103 0.11
N3 8.28 x 103 5.15 x 103 9.89 x 103 0.13
tl 4.29 x 102 1.05 x 10? 1.38 x 103 0.27
t2 4.39 x 10° 1.64 x 103 8.82 x 103 0.23
1 6.27 x 10* 323 x 10 9.64 x 10 0.20
p 1.98 x 107! 1.10 x 10! 2.96 x 10! 0.18

VE: NI, N2, N3 Al NA S BI3emF R SRR T AR BR B S AL Je 1o i 2k
FER/DN: 1 P EMIARA AR AR 2 (A B o eI ] (A 20 o E MR AT R A AL AR 3L R 4H
So R AR Z A B A 1] (A pe RARR IR RD: pr |7 XBD R
2L RAZ I .

N1, N2, N3 and NA represent the effective population sizes of Q. serrata-China, Q. serrata var.
brevipetiolata, Q. serrata-Japan and ancestral population; t1 represents the divergence time in
generations between Q. serrata-China and Q. serrata var. brevipetiolata; t2 represents the divergence
time in generations between Q. serrata-Japan and the ancestor of Q. serrata-China and Q. serrata var.
brevipetiolata; | represents the mutation rate per locus per generation; p represents the proportion of
multistep mutations under the generalized stepwise mutation model.

Scenario 1

| Na =509 + 12=219 500
generations
N1+N2
N3 =8280
=1l =21 450
generations
N1=6960 N2 =8350
=0
O. serrata Q. serratavar. Q. serrata
- China brevipetiolata - Japan

P 3.8 A A AL DL P S0 55 DO B 17 55 rhv sk S AR RR AR R AR AR R g D0 RRE D S 5t DA
FEE I S5 5t S BB B K 3.3 RIS 3.2 R AHARER R I I (B RUBE, N A7 3k
HERN
Figure 3.9 Optimal demographic history scenarios of Q. serrata and Q. serrata var. brevipetiolata from
four hypothetical scenarios using approximate Bayesian computation (ABC). Four demographic history
scenarios and parameter settings are shown in Figure S4 and Table S7. t# represents time scale in terms
of the number of generations and N# represents the effective population size
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Figure 3.8 Results from approximate Bayesian computation (ABC). (a) Comparison of posterior
probabilities for four simulated scenarios of species differentiation obtained by logistic and direct
regression. Scenario 1 was found to be the most probable in both the linear direct and logistic regression
tests. (b) Prior and posterior values estimated for scenario 1 were close to the observed dataset,
supporting the certainty of the chosen scenario

3.3.4 SR

256 R UM F AL SR A M T ER i MR A8 e AT VAL o B2 T LT
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T =R RIS, CVI BR 7 BRI 89%, H. b EMEMRAT R A HIAR
Z I EBE/N, PERS O AMPRZ WA NEEES (B 3.9, H 0t —
AAESE P E AR RARMIERRT 0 A MR (B A7 AL B3 K RS 27 (P < 0.001; K&
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and Q. serrata-Japan based on the genetically purebred individuals. (a) Scatter plot of the canonical
variate analysis (CVA) at individual level with 90% confidence ellipses. (b) Discriminant analysis (DA)
for the leaf shape differentiation of Q. serrata var. brevipetiolata vs. Q. serrata-China, (c) Q. serrata-
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Figure 3.9 Leaf geometric morphometric analysis for Q. serrata-China, Q. serrata var. brevipetiolata

China vs. Q. serrata-Japan, and (d) Q. serrata var. brevipetiolata vs. Q. serrata-Japan
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Figure 3.10 Leaf trait difference estimated by traditional method for Q. serrata var. brevipetiolata, Q.
serrata-China and Q. serrata-Japan based on the genetically purebred individuals. (2) lamina length; (b)
petiole length; (c) lobe width; (d) sinus width; (¢) WP; (f) number of lobes; (g) leaf area; (h) leaf mass;
(1) SLA. *** P <0.001; **, P<0.01; *, P<0.05
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Figure 3.11 Leaf trait difference for Q. serrata and Q. serrata var. brevipetiolata in China based on the
genetically purebred individuals. Canonical variate analysis (CVA) plot of leaf shape measured by the
geometric morphometric method (GMM) in sympatry (a) and allopatry (b) at the individual level with
90% confidence ellipses. Principal component analysis (PCA) of six multivariate traits measured by the
traditional method in sympatry (c) and allopatry (d) at the individual level with 90% confidence ellipses
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Figure 3.12 Discriminant analysis (DA) of leaf shape in sympatry (a) and allopatry (b) at individual
level for Q. serrata and Q. serrata var. brevipetiolata based on the genetically purebred individuals
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Figure 3.13 Leaf trait difference of Q. serrata and Q. serrata var. brevipetiolata in sympatry vs allopatry
based on the genetically purebred individuals. (a) lamina length; (b) petiole length; (c) lobe width; (d)
sinus width; (e) WP; (f) number of lobes; (g) leaf area; (h) leaf mass; (i) SLA. Error bars are estimations
of 95% confidence intervals. The blue and red lines represent the difference of leaf traits between
sympatry and allopatry for Q. serrata and Q. serrata var. brevipetiolata, respectively. *** P <0.001; *,
P <0.05, ns indicates no significant difference

FERFEE AR S, BREEH AR AN, HAR A PEIRE Daym-ano 2IVIEAE, K HIIF
SRR A Rl PP IR 22 57t 0 3l K SR R s LR P AR R AR A M, 128
RUSRFFAAE (£ 3.7,

3.7 He T BB AL G AR ELREAG I [ SOR S SRE HARRR A AN AR AR I R A
Table 3.7 Direct tests of leaf traits divergence for sympatric and allopatric populations of Q. serrata and

Q. serrata var. brevipetiolata based on the genetically purebred individuals

IS FIRARE
Sympatry Allopatry
‘lﬂ:‘){ﬁ . . Dsym Dallo Dsym - allo
Trait AR AR HIBE SE AR
0. serrata Q. serrata var. 0. serrata Q. serrata var.
’ brevipetiolata ’ brevipetiolata
Leaf shape CV1 -1.9 1.4 2.1 2.0 34 41 0.7
Area (cm?) 352 18.7 31.0 19.9 16.6 11.0 5.6
Mass (mg) 254.8 130.9 214.5 148.2 123.8 66.2 57.6
SLA (cm?/g) 143.8 142.1 145.6 131.6 1.6 14.1 -12.5
Lamina length (cm) 11.1 8.1 10.6 8.5 3.0 2.1 0.9
Petiole length (cm) 0.8 0.3 0.7 0.3 0.6 0.4 0.2
Lobe width (cm) 2.6 1.8 2.6 1.9 0.9 0.7 0.2
Sinus width (cm) 2.3 1.5 2.2 1.6 0.8 0.5 0.3
WP (cm) 6.1 4.4 6.0 4.8 1.7 1.2 0.5
Number of lobes 11.9 9.8 11.5 11.1 2.1 0.4 1.7
Traditional trait PC1 1.5 -1.6 1.3 -1.0 32 2.3 0.9

Pt 32 A 5] U 25 SR SR B, MORRAR AR ARAGLRR I i T AR S - B 2 (RIS AE G 3
MIREXRR (K 3.8), MHIASHTEEMKMH (0.5<R*<0.9), HrtHRREMHTH
SEIRFRBURAARNT 1, R TRRR PR R A R 3 AT i B A R R B

13E— 210 LU 2 [ AR S Sl o 0 M AR R A A A AR R 1 T AR 5 i 2 (R R E S
BRI LRI, MOBRAIRARARLRR R i T AR R T B A7 OC RAFAE B3 72 7
T 7E S 3F B o, AR AT AR M AR 2 A A ) o AT logB {H (3% 3.8
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3.8 FET AL AL G M T [RIERAE R R S T AR SR AR I [T AR 5 T B0 - 0] 2
AR R PARHEA TR EEREE (o) FI#EEE (logB)
Table 3.8 Estimates of standardized major axis regression slopes () and elevations (logf) for log-log
linear relationships between leaf area and leaf mass for Q. serrata and Q. serrata var. brevipetiolata

based on the genetically purebred individuals

FEFEE Sympatry SFFAE Allopatry

HaAR FUFEAR R FIAR FUFEAAHR

Q. serrata Q. serrata var. brevipetiolata Q. serrata Q. serrata var. brevipetiolata
o 0.9 0.5 0.7 0.7
logp 2.1 1.8 1.9 1.9
95% CI (0.8, 1.0) (0.3,0.7) (0.6, 0.9) (0.6, 0.8)
R? 0.8 0.5 0.7 0.8
P <0.001 <0.001 <0.001 <0.001

HE: 95% CL: 95% EAFX[E], Tt a (ERRSHTE: R?: g R2%L M TR A
XSRS P Gt M, 3 P<0.05 NERZE.

Note: 95% CI indicates 95% confidence interval, estimated the precision of the a value. R? is
coefficient of determination and indicates how well a statistical model predicts an outcome. P value

indicates statistical significance at P < 0.05.
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Figure 3.14 Biplot obtained by principal component analysis (PCA) according to the 19 climate

variables for Q. serrata and Q. serrata var. brevipetiolata in China
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Figure 3.15 Relationship between leaf morphology and climatic PC for Q. serrata and Q. serrata var.
brevipetiolata in China based on the genetically purebred individuals. Variation in leaf shape using the
geometric morphometric method in sympatric (a) and allopatric (b) populations as a function of climatic
PC. Variation in leaf traits using traditional morphological methods in sympatric (c¢) and allopatric (d)
populations as a function of climatic PC
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Figure 3.16 Relationship between leaf morphology and climatic PC for Q. serrata and Q. serrata var.
brevipetiolata in China based on the genetically purebred individuals. (a) lamina length; (b) petiole
length; (c) lobe width; (d) sinus width; (¢) WP; (f) number of lobes; (g) leaf area; (h) leaf mass; (i) SLA
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R OA LR [ B P 5 (R B R 58 5 Ik 70 EARH BB fR S B R PEIR . ARBIE FE it — 25
g A ST E AR . 45 RGN, T2 YT FE AR BRI A2 31 e B8 1
AR, [RI3SOR A r (1 et i AR i B R AR P 3 i T S 3R e . (AR R,
P T AR 5 P B 2 8] 0] AL 7R3 AE AR AT R AR A R A R B H A S i, ARRRI o (L HR
B 0.7 THE 2 R 0.9, MRARAEERRT o (ENIH 0.7 FRIKE 0.5, X4 RKHIE
(RIS A R A AR BN i T ARUXH I B R ) T BN, B i 1 Bt O < 2R SRR
T MR U 5 A 1) 5% 9 U SR ST, S A AR A [ oM B o R DL DT S 204, 7T
IRRLEZS YR RN 1l ) 300 Bl MRIR A B R B SE 5 o TR 04k
FROFLAR B LA B bR ) 2 37 SRS, 0 ) B B AR I o G R A [R] A T RE R 2R AT
XA 22 A AR OR ] REIE I A% [ 5 , B [A)3HERS  SOMPR AN R AN ML PR 2 Ta) 2 — 25 )
.

IR R S AL 7 o Brdt — 2B R, S e B HL 23 A TR 0 R AR AR
X AR A R D H B 5 1 i 8 o MLAR AN R A ML PR AE PR B0 P B ) iy PR AR St 22 e
— D H s L ANAR R AE [RISSR R rh nl e T W B S ) RS 5 o B R BRI S S T &
SEMRRRE IRIBEALTE 70, AT FUHHENURN R 0785 D S ANl (90 Ui S80I /DN 10 22
S8 RIREERE IR A9 5K 5 e S A T O AR, IRt 1 R R o A R
17 A

TR IR, 5 RBIRE P 0 S A 2 e T s R I 25 2R AN R, AT
FOIB LB AL ARSI ARAT I BISEAE S o X Ah 22 57 7] REAFCE PIRPRE o 55— FhidRE 2 UL
KAWL 2R EEYE TR, B [F)— 5 IR AN RIS rh ™ A AN [R] g R A0,
SR IEUNHTSCATE, R R AT ES SR B AR, HeE e @2 A
Pl — BOWE B A 55 AR AT T8 A P RS il i REAS 2 LA
ARG NAE L, DU PRI AL 454 o SR8 5l A 7 (A 5% ) S PR 4L X s CE
PRIALE ) ATRES RS E G NAE UG, M SBUEEZ R, IR BRI —
WU, AR R Bt — 2D T R fa ik DR ZHL N P | 4 ik PR A A 00 e L 52 R B A% 22 A 0T 7T
AR AR 5 DX Ak ) W3 2 P A AE VPR B (AR Y

3.5 IhNGS

ASHIEFC AR BR AR AR OBt TR R, I JRe 178 i HoAE rp [ - H A 32 20 A Vi
FRIBIEE , A8 DX IR B R Ge il AT 1 MR AR A% A 7 S B R L e IR S A 5
FFAE R A 1 3R A T v B (RIS e dsk A PRI ARAR S AR R RARMIAR, BE— DA 1 il
WARFE AR . B F0 45 SR s MOARAE rpy M AR 2 IR AE 2 35 8% 24k, e il
) 2 oy oy BRI 1) AR AL PRI UAT o 1220 DRI S JUAR T e A AR AE 58 DY 28 0K
PR R, R XY T, i fet 7z MR IER SRR BE,
b DX AR AR RE — 20 R 2R I O AR MR R o FESEIEAIE B, 220 R Rl
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4 FSFHEERRNE R A

4.1 5|15

AT, — AKRIATAZ G0 R G R R s — IR, &
NSRRGSR . KB AEM R S Stephen Jay Gould
(1941-2002) U724 HA gk Ak 2 AN o] T () 38, fhh s B0 s2 20 Wb 1 st i i) 29173,
LR Ry SR S A, YRR TR A EE R, XM R
B SR I A R AT R RF S 6 ARSIttt Fe 15 2 7k SR SR, 1E
SRS IR SRRE T, AL AL 8 e 77 22 S BUA A IEAG S 2R 3R A0 [F] 1) 0 R AR 5
o, = R R AR IR KIS R I Hh 3 3R B A 3 4 FR F g /D 199 176 177 AN [
3 W5 P BT 7 o5 4R 8 b S 05 b i R AR A A A TR, AR S A H R R R T SRR
FENTSY, I O 5 B S SR A RE AT BE R A R A BB AR, T REAE I B IA) SR
I AR e A LT,

AR — 25 H T — N E B AR AL SR R TS A A e AR
T REN o 4 AN [R) b B b AEAH ALh izt 438 He 73 T s 520 P A (] ¢ 26 R il 45 o 2 AT A3 2.
AN, 8 R AL R A U 2 o R MR 3 A7 B PR
BN FLAN R B, AN [FRPRE B R AT e S A AR ) s A Ao A 1180 1810 A iz
R FEA R RIPER IS B 2 A FE DRI 1, AN [FM O AT B 38 A (5] 1Y) 225 DR 24 6 S B AH A
& PRSI, PRI IBR Ay g4 T AR S 1820,

FRAEBARA BT bR T e 8 AL S5 B PTE A RIE ) 2 5%, dEIRA 25
FACLERT B Ip i o, MR AR A 32 B2 AR MW IR BE RN Fl (B 845 1 S S5 R 3R 5l
FEA 5655 AEE I B[R 380Pp e, PR 58 4 0] B de— P IRBN IR R AR 4k, R A
HAE . BRtk, i LGB RRLE RIEOR R i MR 2 e, WTDAHIT e e R R 53R
B K. AL, FEREAEET, E RS 3 E R AR — N Fdr, 2R By
TEBAREA AR . BRI, EASHIF ST 58 — 5 28 = S fa s AR IR REAE B AR R 2L A
BHERIEEAE b, AT — 0 R A BE DR 2 S P s, AR IR A KF B i T RE A7
TP ] G R B DR 2H X3 (TR ), MR b B AIE 25 AR 00 B 14 234 2 st A%
& [FE S % TU R T AR 5] o

42 MRt 5R%E
4.2.1 AR E N7
fEREE 2 = PR AR AR AR T 22 A E N7, HA ek
20 ANFREE, 38 MA; MR 28 ANFREE, 52 MR (BHEE 1). FF ik = ZLHEAE DU T R
M B, FET2 2 EWMERA ST E R, PLeEsE Ll O EHM 0.9/0.1 H5IH
BARALA A HR, REE SRR 1 RS S A X, DR UERE S e
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RWYMEA R AR FRBEE R B=, 455 DNA JRENFE M IRIARGL, T
18 DNA ¥ B3 /2 il 7 R 1M

NARIESC RS R, 1 S SE R 4L DNA JEAT IR BE AN SR BRIl o AR & 4%
] DNA ¥ 7E DNBSEQ “F & #£47 DNA /N BOCEM &, FFE T e A E N,
K HI X 150 bp I Fr SR, AN BRI 30% . SR 5 18 H K3 KT R 1Y
SOAPnuker v1.5.4USSEAX] GG I P 7 41 HEAT B4 ) o 1 Se R A0 3 6K Y reads;
NG BRI LG = reads (AIFTEAE < 5 BUBEEE & EEEEIS 50%): e
LR EARMBEEE (ND EUBEIT 1% reads, FRAFHIL B E %65 A 234 (Clean
data).

1 F Burrow-Wheeler aligner (BWA) v 0.7. 174X B4 (S%0: mem-R) i %
J5 1 clean reads WS B 22 FE R 40 1 U8ST 7 L AR i SAM ST , 1 samtools

(8. sort) WLEXTE5E M sam (Sequence Alignment/ MAP) SCAH4% Ay L IR 2H A
FERE S5 1 bam SCAF, IXRBAT A NiF oA RIS 5, NS R E AR A
MgE R, AR bam SCHFEAT A TIALEE, BEEbmideif kR PCR F iG5| NWEE
reads, [ 1E 3k BE9 3Gy SR B BH 1428 57 s B35 14 F samtools view -q 30 Z%0™ 15 ik I,
PGk EEXS A AR T 30 BURPIAS L XS 45 2R, Ia X 2D Ab PR AT DL 25 4R T H e Y
BEMELl, MORAE SAIER I . A5 H GATK v4.2.5.0U8 S AN AN AT 28 S Al
HEIAREA, 192005 FrE MR 2 B R R AR 7 0.

T AR reads KR, HERNHAPETIFIERZ, K 5I1EMK reads HiiR
B, I PP IR 70 AT AN S50t FT RESE AR Sl b BB FH A o D BB PR I 2R 0 3045 1
JiifE SNP, AHE MR GATK B 7 #ERE 1™ A g bt , (1] GATK v4.2.5.0 Xi 4]0
R4S 2 (1) SNP BEATIE 8, BARIIER 2501 B v gatk VariantFiltration -R Reference
Genome.fasta -V SNP.vcf.gz -O SNPfiltered.vcf.gz --filter-name “ExcessHetFilter” --filter-
expression “ExcessHet > 13.0” - filter-name “MissingRateFilter” --filter-expression “AN <
(10*2*0.9)” --genotype-filter name “DPFilter” --genotype-filter-expression “DP < 10.0 ||
DP > 200.0” --genotype-filter name “AF04Filter” --genotype-filter-expression “isHet =1 &
(AD[1]/ (AD[0]+ADJ[1]+0.001)) < 0.4” --genotype-filter-name “AFO06Filter” --genotype-
filter expression “isHet = 1 && (AD[1]/ (AD[0]+AD[1]+0.001)) > 0.6 --genotype-filter-
name ‘“HomoRefFilter” --genotype-filter-expression “isHomRef = 1 & (ADJ[0]/
(AD[0]+AD[1]+0.001)) < 0.99” --genotype-filter-name “HomoAltFilter” --genotype-filter
expression “isHomVar = 1 && (AD[1]/ (AD[0]+AD[1]+0.001)) < 0.99” --genotype-filter
name “ZeroRead” --genotype-filter-expression “AD[0]+AD[1]=0". & /J&ia H PLINK2 fi
XA LR SNP g FRCHAT b B A ], RO IR RIS
FAHIE (minor allele frequency, MIAF) KT 0.05 FIAL s I JEFEAE A FEAS H 2L ]
RIGRRZ AT 5% AL A s D BT O IS SR 3 AT IS, AR 98 2 T B A
17 (linkage disequilibrium, LD) X} SNP #4REL AT L, RAGAH BT AL R A7 A1,
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ZHWEN: --indep-pairwise 50 10 0.2, FJH SNPE SR {45 48 S A7 i AT VRS,
MR 22 B (R 21 R o DRI A 3 8 SO AR A s e
422 BAEZ RN EBUAP AL 451

{81 F VCFTOOLS v0.1.15 #AFIS81L) 10 kbp FIWFEKBE NGB 1, 10 kbp J9B
£, HATAEESWESE T E TR ZFME (Nucleotide diversity, m), SKRIFALFPRE
[REAE Z REPE

UEAN, T DTl M AR AR S 1 AR 00 ik DR 2 KT R IE B A P (Linkage
disequilibrium, LD), #:F MaxDist Z${4 100 kb iz ] PopLDdecay v3.40! 845 {4415
FERPE N R TR A7 ZE R AR G (), “FIFTE 100 kbp & P 45 SR 58
F PopLDdecay 47 i Plot MultiPop.pl JHIASZ: il LD I #h 2k

KJH ADMIXTURE v1.3.0 BN AMA (3844 5 BEAT 20 A IR Al HAE S el
LR (KD WJeiE N 1-10, A KAEEE 20 &k, SHaF—A> K EE 52 X
ik (Cross-validation) 1155 X IGEIRZE (CVerror), LA CV HHAEH K /E NHEAT
RRE . it — BTGB AL R 73 At =), 8T EIGENSTRAT 3/ ) smartPCA
FEHL3E4T 32 84343 8T (Principal components analysis, PCA) [1°U, PCA #iiH 45 5B 7E R
v4.0.2 AFHER geplot2 fLit4T4:EIfE7R (https:/cran.r-project.org/ web/packages/
ggplot2).

4.2.3 FEFShA DS

LR REIFE (Sequentially Markovian Coalescent, SMC++) & — i3 - I i 2 i
Wi 7%, F T HERTM O /N IS [R] AR A g s U192 B TR A8 B SMCH++7 32 HE
WBR AN G SO RN B A . X T SMCHZ AT, ASEIE Y 10°-107 AXHT Y
LA RN, AR B AR (8] 50 45, RRtHAREE MR RAL A u=1
X108,
4.2.4 FEDIYL B A

FER ) (genomic islands) A& FaFE PRI 41 HRAH XS T HR PR TS S Bl 4 2k PR 41 1 357K
KU R IR I X . Nosil 55 (2009) ¥ K 2H 5 O K B3 &
TP TR P R DRI 2EL X 3, H RUBE ] DA BN i BRI 2R G A XA S5 £
YRR e R EE AT T, IR R IX IR AT RE S AL IR B O, (H T RESZIE R &5/ . FP
BRI R N . AR SR AL IR E (Fs) MESHEAE A BUREL (Cross-
Population Composite Likelihood Ratio, XP-CLR) BtA it (FiEFE KA . Fsr vl it
ANTR) PR (R S o i R AR 22 S, FH T AT T R DR A0 S A B 18 A% A )
. XP-CLR i@ GBS B H X I 24> SNPs (58, FIFH “HARIALL” By
SRR T AT RE /T, A )T B DR e 438 B30 4 o7 ke DRI A0 28 i 25 AN E B3 A
AR . BT BTV B S R AR R AR B A S A R, DRGSR F R A R A AR
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ST e i e 52 1R B X I, LASE ey e 4345 5 Aan il RO v A P A AT 5214 15 %8 7E VCFTOOLS
v0.1.15 BRI BE TR B S 1Y) 10 kbp V30 & FHETHEAS FE RN Z (8] 1) SNPs 2547
SRR o 45 (8 AR R 3 i KR/ NEAT TH5 XP-CLR it & . Fst Al XP-CLR ¥
KHHT 5% 0 & HAE G35 5 X4, FF Fsr A1 XP-CLR P77 72k S50 Hi 1 58 46 [X 45
VEufgeide sz ik £ X 4 (FERIH By, R4S EE N I IX TR A7 BAF BN RS Hh S B
16 32 1 B XN BRI AL R A sz fr s AT fa 2200 A

4.2.5 RBIEALEE FFTTRAL A

KA T2 Crawford S 1%, DMBEEAL s7E 2 AN A B (1) (minor allele
frequency, MiAF) &5 SILES A — S0, DU T~ S 3R B () i 25 RE
FRAE, AR A S AL TUR AL A A U TR SNP, T BT f Rl s0Rp B
(1) MiAF 115 95% B A5 X 8], 4 [FERHE 107 00 MIAF Y& 7T A [RIEM #E MiAF
1] 95% B A5 X [N, [EIIHAL TS 38R0 MIAF YO 2 AR, IACAZAL A [ 3 Fh i
R ILF H S22 AL R AR mfe, RIS BN . A D SNP B/ —A>
[FAE ) MIAF V& 78 53 38070 B N A 8L TUAR AL /L. HR4% ADMIXTURE HEWTI
WAL, 3 NN B SR A vs. [FHEATHE (Allopatry_ QA vs. SymD. 5
MRS &R vs. [FHATEE (Allopatry QAL ws. Sym). SFIMFRRI S 2 ve. [FI4SRN

(Allopatry_QAL2 vs. Sym) . JIT A S 38t s A vs. [R50 (Allopatry_QD vs. Sym).
H 5B VCFTOOLS v0.1.15 HAFU ISR AN Rl DL B> 0 L B T S 35K
FRREE SRR I8 7 RO SO BRI, PR IR /NS B PRI AT o 25 i [R] 1 1 7 A
D[R] A% 57, kU 7E 22 A TR s AR m f) e /> S5 07 R DR A A ARABL B[R]l B 122007
1) i /) S5 A7 2k DR 26 P A BT A [R)SBURR A HR A i e /DN S A R 1) 95% B A X 1]
N o AL TUR I HE AR e 0T T AN 67 i, FEREA [RIIRREE o 5 . e /NS o
DRI 2 5 e M e () 2248, I 5 AR TR R 1 fi /N S5 6r B DRI 38 Z2(E 1EAT EU A
AT SN, WA E AL U e M, SCRFIBMR TR
4.2.6 MG T4 T

J % et (cis-regulatory elements, CREs) A& 3% K28 b 2 535 3£ R KA AT FE
Zifd DNA 731, F Bl s 1S5 A E e a5 & 00 fl,  SEmm AL DR i e 5%
TG PRI S Rk i 1 AR A TR I G A E AR KRB - TSR, AL
Wi B AR B AR A, H P A AR S ATl I DO A SR R A A e ) B P R, gk
R RNRIEE R, RS SEYERE - ATE MR, BRI, ik 52 ik
8 DX B A 0 A 4% o A AT TN, A BT AR R SRk 4 S T AT 32 ke A6 1
2 53& N I EAL A .

AR T8I Fsr A1 XP-CLR 73 B 3[R I H F6) B fie e 52 a6 456 X ek, 2 B
AT EE DR AN Ui X S %k Sk X U AL s, IS 573 A 373 %42 HL 10 bp
HIBE 21, ML SNP AL i) 21 bp FP A1, T FINRE =GR ot . SR AU
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X F A B s 5 M X % DNA gt fF % #5 P NewPLACE
(http://www.dna.affrc.go.jp/PLACE/) #E47 7 FIARALE L, LR H iR mT BEA7EE R 2
SREY I R oA e A1 U3
4.2.7 ‘EESHT
NG 32k B X AN I T A (s iz B R () s BRI e 3103 o BLASTP A2 7 Huxt 2= 40 e 7%
(Arabidopsis thaliana) F:RAHFREAEZE (TAIR, https://www.arabidopsis.org/) HzZHX
[FVR B R . B2 DL B or a2k RV A B DR AR 9 55t 40w o TR U 2 R R 5 &2
PANTHER #(#5/% (https://www.pantherdb.org/) #173EE AL (Gene Ontology, GO)
AT, e FLAE W) IR S5 Sl g . E AR R R B UR R B 3G (Fisher’s
exact tests) 115, FF R RARILFE (False discovery rate, FDR) #4172 EAGIKIE .

43 HR
4.3.1 EFFHAENF SNP A 4Tt

AP R FH 4 22 TR A 2 0 3 A AR AR AR A AT 00, 0 PR B 5 L ko) 45
REIR, BREAT YN FPIREE N 43%, 3 H 95%LL EAMEII TR E T 30x, 5%
FRRI P N ROy 94%. (B A& il AR08 E, AR 2,492,479
> SNPs, H SNPs fEZH RN 12 F Gtk EoarmBOoni5, KBRS
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Figure 4.1 Nucleotide diversity, genetic divergence and linkage disequilibrium (LD) between Q. aliena
and Q. dentata in sympatry and allopatry. (a) Comparison of nucleotide diversity and pairwise genetic
differentiation among the five groups. The number inside each circle indicates nucleotide diversity (1)
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for a given group, and the number associated with each connecting line represents pairwise Fsr. (b)

Linkage disequilibrium decay across the five groups
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Figure 4.2 Demographic history of Q. aliena and Q. dentata inferred by SMC++ analysis. Colored

curves represent the inferred demographic trajectories of each group, depicting long-term population

expansions and/or declines. All trajectories were scaled using a generation time of 50 years and a

mutation rate of 1 X 10 per site per generation
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Appendix Table 1: Details of the 47 natural populations of Q. aliena and Q. dentata

Identification in the Morphology Assignment Genetic Assignment
filed (Q. aliena: LD < -1; Hybrids: -1 <LD <1; Q. (Q. aliena: Q > 0.9; Hybrids: 0.1 < 0 <0.9; Q. dentata:
Populatio dentata: LD > 1) 0<0.1)
n Number of ~ Number of ~ Number of Number of Number of Number of Na Ho Hg Fis
code  Communi . individuals  individuals  individuals °".  individuals  individuals  individuals O
Species . . . Numb . . . Number
ty assigned to ass1gne;d to assigned to or assigned to asmgnf;d to assigned to (WGRS)
Q. aliena hybrids Q. dentata Q. aliena hybrids Q. dentata
DL Sympatric Q. aliena 9 0 0 9 7 1 0 8(2) 3.58 0.47 0.47 -0.01
DL Sympatric Q. dentata 0 1 19 20 0 5 14 19 (2) 7 0.6 0.68 0.12
GL Sympatric Q. aliena 14 0 0 14 11 3 0 14 (2) 6.5 0.63 0.65 0.09
GL Sympatric Q. dentata 0 2 6 8 0 1 7 8(2) 3.42 0.68 0.59 -0.1
GS Sympatric Q. aliena 10 0 0 10 12 2 0 14 6.75 0.5 0.65 0.14
GS Sympatric Q. dentata 0 2 10 12 0 4 7 11 6.42 0.61 0.69 0.09
LP Sympatric Q. aliena 9 1 0 10 16 1 0 17 (2) 8.58 0.6 0.71 0.13
LP Sympatric Q. dentata 0 0 10 10 0 5 13 18 (2) 7 0.53 0.66 0.1
LZ Sympatric Q. aliena 4 1 0 5 3 3 0 6(1) 6.17 0.61 0.72 0.09
LZ Sympatric Q. dentata 0 1 4 5 0 1 12 13(2) 6.58 0.56 0.67 0.11
SF Sympatric Q. aliena 19 0 0 19 8 10 0 18 (2) 7.5 0.6 0.62 -0.03
SF Sympatric Q. dentata 0 3 10 13 0 6 13 19 (2) 6.42 0.56 0.61 0.03
WL Sympatric Q. aliena 20 0 0 20 7 11 0 18 (2) 6.58 0.57 0.6 -0.02
WL Sympatric Q. dentata 0 3 13 16 0 6 13 19 (2) 6.58 0.63 0.63 -0.04
G Sympatric Q. aliena 8 2 0 10 12 2 0 14 (2) 5.67 0.6 0.66 0.1
G Sympatric Q. dentata 0 0 10 10 0 7 9 16 (2) 6 0.48 0.59 0.1
Total 93 (49%) 16 (8%) 82 (43%) 191 76 (33%) 68 (29%) 88 (38%) 232 (27)
AS Allopatric Q. dentata 0 3 16 19 0 10 11 21 (2) 6.83 0.62 0.65 0.06
DG Allopatric Q. dentata 0 3 6 9 0 1 6 7(1) 5.58 0.64 0.62 -0.06
DS Allopatric Q. dentata 0 0 19 19 0 2 21 23 (2) 8 0.68 0.7 0.02
GU Allopatric Q. dentata 0 2 8 10 0 2 18 20 (2) 5.58 0.6 0.64 0.04
HH Allopatric Q. aliena 11 1 0 12 0 9 0 9(2) 6.08 0.67 0.64 -0.08
HP Allopatric Q. aliena 10 0 0 10 22 1 0 23 (2) 7.5 0.58 0.65 0.1
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Allopatric
Allopatric
Total
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Q. dentata
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19
6
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9
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9
10
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5
9
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8
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3
181 (33%)

18
5
279 (51%)

11@2)
24 (2)
12 (2)
20 (2)
6(2)
15 (2)
14 (1)

12
14 (2)
5(1)

4
20 (1)
22(2)
17 2)
20 (2)
9(2)
16 (2)

5
18 (2)
21(2)
10 (2)
21(2)
9(2)
12 2)
9(2)
16 (2)
5(1)

12
16 (2)
10 (2)
10 (2)
20 (2)

8

546 (63)

7.17
7.17
4.92
7.67
4.5
7.33
5.5
5.75
6.08
4.5
4.58
5.67
8.5
7.83
7.33
4.83
6.75
5.83
6.67
5.67
5.25

5.08
4.17
7.58
4.25
7.75
7.25
6.75
5.75
6.83
4.42

0.65
0.56
0.66
0.61
0.71
0.6
0.6
0.61
0.68
0.58
0.71
0.53
0.52
0.63
0.62
0.63
0.65
0.65
0.65
0.61
0.72
0.58
0.68
0.6
0.59
0.64
0.71
0.65
0.61
0.58
0.66
0.61
0.63

0.66
0.68
0.59
0.66
0.66
0.65
0.6
0.58
0.65
0.64
0.67
0.61
0.69
0.63
0.64
0.6
0.64
0.68
0.65
0.61
0.66
0.63
0.69
0.6
0.56
0.68
0.61
0.7
0.63
0.67
0.64
0.65
0.59

-0.02
0.12
-0.15
0.04
-0.1
0.1
-0.02
-0.03
-0.01
0.09
-0.07
0.12
0.13
-0.05
0.01
-0.01
-0.05
0.02
0.08
-0.01
-0.13
0.01
-0.05
-0.09
-0.02
0.06
-0.15
0.03
0.01
0.13
-0.06
0.02
-0.09

VE: Na: ARG FERBE; Ho: W EREE: He: MARERAE; Fis: IERXARE: WGRS: ¢ EREASENF.

Note: Na: number of different alleles; Ho: observed heterozygosity; Fis: inbreeding index; WGRS, whole genome re-sequencing.
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Appendix Table 2: Detailed information of 12 pairs of SSR primers

Allele size

SSR locus Tm (°C) Motif Primer sequence (5'-3') (b Location  Reference Chromosome Start (bp) End (bp)
rang (bp

AGAAAGTTCCAGGGAAAGCA Durand et al.,

GOTO021 56 AT 111-128 3'UTR GWHBRADO00000003 36342643 36342720
CTTCGTCCCCAGTTGAATGT 2010
CTTCATGCACCAATTCCTCA Durand et al.,

FIR026 56 TC 208-217 3'UTR GWHBRADO00000009 4944456 4944627
GGCCATGTATGTGTGCAAAA 2010
AAGAGAACCCATTCCATCCCTGA

QmC00716 56 TC 261-287 5'UTR Ueno et al., 2008  GWHBRADO00000012 5373449 5373672
GTTTCCCGAACAGTGGTTTCTTGA
CCCATATCCCTCTACGAAAGAA Durand et al.,

PORO17 54 CT 140-169 5'UTR GWHBRADO00000006 37289039 37289151
CTGGAGATGACATAGTGTCTCAAA 2010
ACCCTAAAACCCCAATCACC Durand et al.,

FIRO15 56 AC 128-138 5'UTR GWHBRADO00000008 67812081 67812178
CGGATCTTCGGCTATTCTTG 2010
AGGCTCAAAACAAAACCAAACCG

QmC00932 54 TC 247-260 5'UTR Ueno et al., 2008  GWHBRADO00000002 95212351 95212565
GTTTCCCCTTTCCCATAATCAAACCCT
TCTCTTTCTCCGTCCATTATCGC Ueno &

DN950446 56 AG 155-185 5'UTR GWHBRADO00000009 42743165 42743299
GTTTCTCCACAGACCCCATTTCC Tsumura, 2008
TCTGCAACAAAACCAAAACAC Durand et al.,

WAG068 56 AG 165-195 5'UTR GWHBRADO00000010 618854006 61885542
CGGAGGAGAGAGTCAGCAAC 2010
CACACTCACCAACCCTACCC Durand et al.,

PIE271 56 TC 197-247 5'UTR GWHBRADO00000002 90759159 90759345
GTGCGGTTGTAGACGGAGAT 2010
CACACCCAGATCCACAAAACTCC

QmC02052 56 AG 250-300 5'UTR Ueno et al., 2008  GWHBRADO00000003 25606883 25607114
GTTTGCCTCTACGGTCTCCCTCTT
CCCCACCGTCTACTCTCAAA Durand et al.,

GOTO11 56 TC 197-255 5'UTR GWHBRADO00000001 41340691 41340867
GCGTTCACCACGTCCATAAT 2010
AACCTGTTTGGCTTCGTGTG Durand et al.,

WAGO066 56 AG 128-244 3'UTR GWHBRADO00000001 45025949 45026083
AACAAAAGATTGGGAGGTGC 2010
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Appendix Table 3: Details of 30 natural populations of Q. serrata and Q. serrata var. brevipetiolata

Genetic Assignment

(Q. serrata: Q > 0.9; Hybrids: 0.1 < 0 < 0.9; Q. serrata var. brevipetiolata: Q <0.1)

e e gt s ToulNamber ety Mo P

assigned to Q. assigned to  to Q. serrata var. assigned to Q. used in .

serrata-China hybrids brevipetiolata serrata-Japan genotyping
Q.serrata-China
TB Allopatry 6 4 0 0 10 10 6.08 064 070 0.08
GW Symaptry 8 4 0 0 12 12 575 055 0.67 0.08
BY Allopatry 8 3 0 0 11 11 542 047 066 0.07
JF Allopatry 8 1 0 0 9 9 492 055 0.63 0.06
XL Symaptry 7 1 0 0 8 8 5.58 058 0.65 0.09
FM Allopatry 4 3 0 0 7 7 5.17 062 065 0.04
FT Allopatry 11 0 0 0 11 11 5.83 062 065 0.06
LB Allopatry 1 5 0 0 6 6 492 0.61 0.68 0.09
WX Symaptry 2 7 0 0 9 9 5.08 053 065 0.08
17 Allopatry 2 2 0 0 4 4 4.08 0.54 0.61 0.05
YF Symaptry 1 4 0 0 5 5 375 047 055 0.09
Q. serrata var. brevipetiolata
HW Allopatry 0 5 1 0 6 6 5.08 062 069 0.08
TH Symaptry 0 7 4 0 11 11 692 073 075 0.08
YQ Symaptry 0 5 4 0 9 6 5.83 068 070 0.07
SX Allopatry 0 2 3 0 5 5 4.08 0.73 0.64 0.01
LY Symaptry 0 0 5 0 5 3 5.00 0.67 064 0.08
HS Allopatry 0 1 6 0 7 7 475 0.58 0.67 0.02
HQ Symaptry 0 1 7 0 8 8 525 066 069 0.09
SM Allopatry 0 1 4 0 5 5 350 063 056 0.01
LS Allopatry 0 1 5 0 6 6 442 076 0.64 0.08

O
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NJ Allopatry
TP Allopatry
QJ Allopatry
YZ Allopatry
DT Allopatry
SJ Allopatry
YY Allopatry
Q.serrata-Japan

SS Allopatry
NI Allopatry
TS Allopatry

S O O O o o O

0
0
0

W O N W W o N

5
2
0

A 00 LW AN N O W

0
0
0

S O O O o o O

6
18
19

~N 0 W» O O O

11
20
19

4.75
5.25
5.92
6.17
3.50
5.17
5.00

5.75
8.42
8.08

0.58
0.54
0.64
0.59
0.42
0.43
0.59

0.58
0.61
0.60

0.69
0.63
0.70
0.69
0.57
0.63
0.66

0.68
0.73
0.68

0.09
0.09
0.09
0.09
0.09
0.08
0.06

0.07
0.05
0.08

E: Na: DFEIGEAFERBE; Ho: WM ERE: He: HAREREE; Fis: IEZREG

Note: Na: number of different alleles; Ho: observed heterozygosity; Hg: expected heterozygosity; Fis: inbreeding index.
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