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Abstract

Landscape Genomics of Ecological Adaptation in Quercus section
Heterobalanus

Doctor Candidate: Yanjun Luo
(Ecology)
Directed by Fang Du

Abstract
The Qinghai-Tibet Plateau (QTP), characterized by its unique environmental conditions and rich

species diversity, serves as an ideal natural laboratory for investigating species evolution and
diversification. A number of studies found that many species migrated out of the QTP and spread to other
regions under climate change, such as Asia, North America and Europe, which played an important role
in the formation of biodiversity. However, the genetic variation patterns and the genetic mechanisms of
local adaptation are still a lack of alpine plants in QTP region. This study focuses on seven sclerophyllous
oak species of Quercus sect. Heterobalanus in Fagaceae family (Quercus), which mainly distributed in
the QTP and its adjacent high-altitude areas. This study combined with population genomics and
landscape genomics analysis to investigate the genetic diversity, lineage divergence, evolutionary history,
selective sweep and local adaptation using whole-genome resequencing, and explore adaptive candidate
genes in local adaptation. The main results are as follows:

(1) Genetic cluster of seven sclerophyllous oak species is not consistent with the traditional
morphological species boundaries, but showed different geographical regions. The population genetic
structure showed that K = 4 was the optimal value of Quercus sect. Heterobalanus, which could be divided
into four genetic lineages: lineage A in Tibet region; lineages B and C in the Hengduan Mountains; and
lineage D ranging from the Qinling Mountains to East China region. Lineages B and C had higher genetic
diversity, lineage A exhibited a moderate level of genetic diversity, while lineage D had the lowest genetic
diversity. The relative divergence (Fst) between lineages C and D was the highest (Fsr = 0.2), while Fsr
between lineages A and B was the lowest (Fst = 0.04). An asymmetric gene flow was observed between
different lineages, and the direction was mainly from lineage A to lineage B. Demographic history showed
that all lineages was subjected to repeated population expansion and contraction during the Quaternary
glaciations, increasing the possibility of secondary contact. The Mantel test showed that geographical
isolation may be the main factor driving the genetic differentiation of Quercus sect. Heterobalanus
(Mantel r = 0.39, P = 0.0001), and the PCA-env plots showed that low or even no overlap was observed
among different lineage pairs, suggesting that there is an ecological preference in each lineage.

(2) The genome scan revealed significant differences in highly diverged regions (HDRs) between
pairs of different lineages through selective sweep. The process of lineage differentiation may not only
the changes in protein-coding sequences but also regulatory variations play a crucial role in the adaptive
evolution of lineage divergence. The most HDRs were detected between lineage A and B, which had
experienced positive natural selection. More SNPs in positive selection HDRs were located in intergenic

regions in all lineage pairs, while the lower proportion of SNPs were located within the transcripts. A total
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of 910 candidate genes were identified in positive selection HDRs in different lineages pairs, GO
enrichment analysis of the candidate positive selection HDRs were enriched in developmental regulation,
abiotic stress response, and reproductive-related processes. Stress response-related gene, such as
temperature and salt-stress tolerance, were identified between a lineage and all other lineages.
Additionally, homologous genes related to leaf size and morphological development were found only in
three lineages distributed in QTP regions. 11% - 38% of candidate SNPs were located in the upstream and
downstream regulatory regions of the genes, the cis-regulatory elements revealed that a large proportion
of candidate SNPs can be matched with elements related to light response and leaf development. These
results indicated that the lineage differentiation of Quercus sect. Heterobalanus not only depends on
functional conserved genes, but also achieves lineage-specific adaptive evolution by regulating variation.

(3) Each genetic lineage of Quercus sect. Heterobalanus adapted to environmental gradient
variations in mountain ecosystems through lineage-specific environmental response strategies to achieve
local adaptation. Fsr outliers test and genotype-environment association showed that the largest number
of putative selected SNPs was identified in lineage A. The redundancy analysis indicated that genetic
variation was found to be mainly by climatic variables in each lineage. The partial redundancy analysis
showed that the adaptive genetic variation of lineages A and C was driven by both geographical and
climatic factors, while lineages B and D was mainly explained by climatic factors. The gradient forest
indicated that solar radiation was an important environmental factor driving the adaptive genetic variation
of the alpine oak species, and each lineage responded differently to climatic factors. GO enrichment of
candidate adaptive genes were enriched in the category of response to light, abiotic stress response,
metabolic regulation, and regulation of growth, development. Finally, this study found that each lineage
had potential drought-stressed related genes in response to environmental changes through identifying
common genes among positive selection HDRs and putative selected SNPs, which promote the local
adaptation of alpine plants to the arid ecological environment in QTP and its adjacent areas. Therefore,
the drought-tolerant genes and the internal reproductive isolation mechanism of Quercus sect.
Heterobalanus may act synergistically to jointly drive lineage differentiation and adaptive evolution.

This study provides genomic evidence for understanding the species definition, lineage divergence,
and the ecological adaptation mechanisms of complex evolutionary history of the QTP alpine plants. It
also provides important theoretical foundation for the protection and management of alpine forest
ecosystems under the global climate change.

Key Words: Quercus, Qinghai-Tibet Plateau (QTP), Lineage divergence, Ecological
adaptation, Landscape genomic
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54 W) 2 BEVERE TS R B R ARSI =, R IRR MY B AEVE T S i R R B E
AU 1 B L Xk X 7 o B [X AL 22 RE A o B LT LI A 9, A Bh TR
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NFRE WL AES ARG 8, IR E 5N EY 2 R R AR
HERAARTE
1.2.1 H ks A 2 AR ) KB R

T e i B A () o S A R B S o ) AR S PR O 2 R T AR A T
HEKA. PIARERN, HEmE R AR XA E 20000 RFFMFEY, HbE
i e R R T A X, R AR L Bk X B M 2 R, AR REN
R LA PR, T R e A A A b X A A AR B e A 2 AR
NN L /EZ S 2 C e L ErALS N

T, HlE R R R A IR A 2 A T R SR R 2 — . 1E 1B 3)
AN 1 75 9 e i S 0 3t DX P i 22 e A S A A, SRR R T B B A
SEIFIE R, RV 2 YRS R AR IE NP AL R AL T E BRI, R R
Hogr LB R B DAL ], R R K AR B 2 IR BE R S DA IR SR B T EYE
YIRRTE W5 22 FEALOS: 661, — e A 25 1) 6 YR ] R T 7 R v S P T e i A 0 e
BrBL, (B RESS T REFUHFREN, VF2 @ a LB a4 32 2R A e
Bt & 5 Y 20 A [Rjle: ©7 681 i 4, Wang 5915t 2 Rl (Polygonaceae) K &
(Rheum L.) ] 26 MM 224k DNA FBUT 2GR B ot KRB Lt
ALY TMa A A ] T RE N Z RN %k (Asteraceae) HEEHE (Sinacalia
H. Rob. & Brettell) 125 JE (Ligularia Cass.) SR MAEX —HIZ D) T8 E 1Y)
Tl S B 22 43 AHL7)

9, AL RRIR G S A 2 A O YE R ) B IRB R 2 —, fE{R
8 e iR S LRI 1 X R AT S 4 R A AR T B B . A UK - A
VKA SR A AN LA T R ) oAk S 3B 1B IX Vi 2 R 0 K A i
LR oAk, DT 25 b 52 ) 5 55 90 R v SR 3 DX ) 0k 4 A A S R 22 A A 166
01, 2 ROKIH I AL T e e SRR A s X B oK )1 7B 55, AR BRSNS O ) R B 0K
JV 78 i PR Ly b 30 P 5 Fmy o X TS i, i i e JER 2 e 4 AT BT L Pk b [ 552
B EXE RN, DRI, ZE UK 0 TE] 1) 7 e e SR DR AR 1 R 2 Bl ast i),
VULl S A2 (Taxus wallichiana Zuce.)« /KEW (Tetracentron sinense Oliv.) FEAH
(Cupressus gigantea W. C. Cheng & L. K. Fu) 25721, {R[E3E UK 125 50 (8] oK 3H 1)
MBI, AR T b MBEME T e e PR B e 6 R X AT LRI, SR AR
A P B AR RO AR P R AR R, B A R AT RE R AR R H TS, TR
AR o A B HE S W RO P a0, o T SR DY O S (Swertia
tetraptera Maxim.) [J3E ZHWERZ20F FLR B, AZWDF0LE 53T oK 3 8] ] RE A7 AE 2
TS BEXE T (microrefugia), 31X LL8EXE P A Bl 0 4% 2 A6 1 O DR 3R A 1 251, IF
FE S Bl Bz IS S ik 7 Bl sk U, SRIRAT FUAE @ B8 # (Potentilla fruticose (L.)
Rydb.) "HAGH] 45050 KE, HAt 4k DNA 70t i, 2 eI SRk
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2T SER e EAA, R T BRI ST, afkms, #IY
20 AIR 7 I B A oA i RSP EUS AE 540K, dERREEXE T Ah s 2 R,
FEAR P 2 18] 1) — IR B 5 BE DRSSV, E 280 75 7R e JiR A HL AR AT 1 X A ) (1) a8 A%
SER RN 2 R DT TR R % T B EAEA .
1.2.2 = B A A 22 A6 B T AR =X

VZ T RGF MG RH 20 50380, 75 960w IR 1 VF 22 R 4 2R BRIV K it
FoAth s DXL N G 7E i IR R R AR T 3G VR R S . 40 Ebersbach S0 T2 60% 1 )%
HER} (Saxifragaceae) [EHHJE (Saxifraga Tourn. ex L.) MY 5138 B11% J&8 nl G
PR Ab RPN X, FRAE R 4040 S 18] [ e SE PN AN AL VA1, 28 5 7 B 46 i thE I 72 RK
PN o e S5 M X g B, i A 7 R e i P B T A BT 0 A T AT R X ) 4
Lai 25U"#d X%t =% (Orchidaceae) =P (Orchidinae) YR RS K B 5K,
ZIBYVFI ) Z PR T R A I N R AR I B &5 22 R Ty X R TR R
I H R 73 A48 7 A7 29 RPN AEPHFARIH 7] 755K =1 B B9 B, DA A 154R
TR = R AR ECEAT T BB R 2R A R R AR £ 1) 600 54 L
TSR o — LSRR W AT Re U T s IR, IR X AT TRk, T
WREREAEM, EEEEEY HELMMX . W Zhang ZE78% 5t KR (Crassulaceae)
2L RJE (Rhodiola L) 55 MM RG K B FLKIN, %@ 2 NMFHET = R
BT AR A T PR ok, MR AR A SRR T H i R, A e Rk
A Bk H A X . 4o 2R AL AT B 5T I8 B 4E B B 7 Bl (Elaeagnaceae) ¥ il B
(Hippophae L.) ), +74¢%l (Brassicaceae) WIRFJE (Megadenia Maxim.) 18,
% BH £} (Gentianaceae) & JH J& (Gentiana (Tourn.) L.) #B4r it RBU. ZL & Fl
(Caprifoliaceae) H4J& (LoniceraL.) BHSERIFLYFH 4G R] T AHAIKIZE . Bl2EEK
R DL X e 5, $EH Tk s R R 3 (Out-of-Tibet Hypothesis) 82 84,
i 7R SR AN S LI AR ) 2 AR T BRI RE I, AT B A 0 2o DI vy LA P R
RO, XSS RE I f a a wsy  aE JAR [ i 2 X A 500 O Rk, TR SR A
ZFEVETE IR — R, T2 R Ay i N BA R IR A s 2 A AR S [
Wi, Horb R HOE RS R A R B 2 R T Bt R T
HEEH,

13 {R AR A E M A5

1.3.1 #RJE P A A

¢ 1Bl (Fagaceae) #RJE (Quercus L.) s&dbERiEH AL i RS KRG+
[ ELRRAMM Tl , 2ERZH 400-600 FHES). BB FIRRE 732K R0 CAERE 7 AR
g AN )\ ANHB, Hrp, ¥R JE (Subgenus Quercus) 3G 12 /A T AL 3£ AN ER T
K HPRA (Section Quercus) , 43 At 1+ Ak & 1 A1 KR P 1 A< # A% 20 (Section

6



1A0S

Ponticae), 534 TA6E M [EAR4L (Section Protobalanus) ZIAR4 (Section
lobatae) FVERKZAL (Section Virentes); T HIHARIJE (Subgenus Cerris) FH{N /4
TRWNIFH XIH (Section Cyclobalanopsis), KRV KR4 FHHR4H (Section Ilex) Al
T HIHHRA (Section Cerris) B,

LIMPREHEDI MR R Z, 2y 255 M, SEEEREMSET 60%, 3%
AT AR, SRR SR R B oA, Hd SR EE (29 170 Bl MSEE (91
O MBI 2R E A E S, SSUE S 2BRERE Y 38%H (S L,
SN A BR R PR 22 R4 B 22 1) [ R 87 881, S oM 2 A BRAR B A W) I 2 R
X2 —, 296 150 KA, LHeEE8 35%0E, FEER TR R H
WA X3, ER AR B Y 2 P E N E K e — B0, BRINERE A 29 R,
FESA TR PHRROK PRV A S R R A i 52 1L 891
1.3.2 BRJEAEA 1) 50U DR AL 2 70 5t

PRIB AR R = B8 A% 2% BOR BT Y 5lme 71 LA S 1) Fh R] %
L HSEBIR, WA RPAEL M T SEILPOE Y HOMIE N, TR R 2 1
AR ATRERE 20O DR ARRE A FREIREE . FEK. T 158 JORIR I
BEp RS R I B B AR S Ak, A BE N IO I TR A R AR AL S Ry M N () AR
PIRHEWT 920, teAh, MR A 3 A7 AR (R (8] 42 58 5 BB I GON R T B AR IR 3 Ak
R L R R B3 S AR AL T FRARAE 75 a1 R 03), R, Bt AL 22 vk
FRH PSS I RSO E R A F 5, A BT P8 57 51 M0 AR 8 A ) 1 gL
Y APSSEINVAL SR i) AL

B v 8 P BOR B R AN RL A, MR ) 2 R 2H St B R 32 B0, H
Sork PR RACEH X NN E#E (Q. lobata Née) F:RA LK, trEEMREIHEAN
TN AC, B AR B AR R R A 55 58 O R R ARk, WL
X E AR (Q. mongolica Fisch. ex Ledeb.)« ¥ (Q. dentata Thunb.) FIHK =1L
¥k (Q. longispica (Hand.-Mazz.) A. Camus) %5, LR ALSEMME X MmN A8k (0.
lobata). AtFELHKE (Q. rubra L) FlEKE (O. tomentella Engelm. & A.Gray) 25
RIH IR (R 1.1). XELEKIH FIE AR BBV RS K & K< R
SRt 7 E B, ENRME N &N MRS A28 S ThR TR A R B 2 R 21 E
THERH, N I 0 RR 8 R A o) A 248 PR 5 A8 A i 7 ) 3 S A A AL i 4 1t 8 0 A

R 11 BRAAE A G2k R AL A 2

Table 1.1 Genomic resources are available for Quercus

Yo A3 H R FFEHRK/D 2%

Species Section Distribution Genome size (Mb)  Reference

Z ik Q. mongolica FERA R 809.84 Ai et al., 20220
I 145 O. lobata R4 Jb% 810 Sork et al., 20220




BT SUOE DR 20 5 1) e LU AR AR 1 A A T AT ST

Wi 5] Hi A ERAKRDS  BE

Species Section Distribution Genome size (Mb)  Reference

2K O. robur HFRA KM 790 Plomion et al., 2018[%]
LS HEK O. rubra HHR4 b3 739 Kapoor et a., 202317
W O.dentata H R R 893.54 Wang et al., 20231%8]
BRIAE B KR O. suber K HEMA R 953.3 Ramos et al., 2018
AR Q. ilex A HRA i 842.2 Rey et al., 202311001
KA = 1L HR O. longispica AHHRA R 901.31 Ren et al., 20250101
IREF M 0. gilva T XIZH Kl 889.71 Zhou et al., 20221102
T8 X O. sichourensis GE R 848.75 Liu et al., 2024(103]
KEENX Q. rex HMX A ZP 883.46 Liu et al., 202411031
¥R Q. acutissima PR ZH ZRIE 758 Fu et al., 2022[104]

¥e 2k Q. variables JRRBRZH R 791.89 Chang et al., 20230103]
¥k Q. tomentella Fr[a] MRZH b 781 Mead et al., 20241106]
H¥k Q. alba PR b3 794 Larson et al., 2025[107]

SiaZHIERNA, 1O A 5775 7] DS PRl el & i) 4% 2 Fe
R HiE NVE . SR IENE AR AE S ESE o MRS B AT S 2 DR A A A AT Y 2
Martins SFUOSIDUININ R 9225 JE R 4, 97 A 1 4 35k DR 2H %) 55 17 i IX o AR 2L 1) 4
AUk (Q. rugosa Née) HEATHIEFUR W Z Y MAEAE BB BB 40, /7R T =101
KA IR B 7 (Al AL AR S I B A R, IR 20 1 — 28 5 2 b PR IE B AH O () T
Redt[A . B fais HIFAERI S5 3L 4, Gugger 251 In N E #RiEAT ifF 5T 2% BH 72 i ]
FRMBR I 5T, KIARI 2 25 B RE N IR s i B AR & #5201 1 i B8k
& MR 4k, JFEE N RES S EEN FEEERER . AR NS H
RZH, Sun ZEMONKIRLE X (Q. longinux Hayata) BEATHT 3R B IR IERE 2 2 Ik 5h H
TN AL A R ) BB R R, JRRAT B Im e A R T S XU 23 B A AR RS
A AL IE S BE /T - Quijano SEMMIN b S 20 AR IEAT B 70 36 B ¥R B A2 BX 2 L J) Hb 3 o7
03 B PR I A% Ak B B SR R o AERRERAHENFE =T, Mead LN
M ERR NS FEEERA, 63655040 1 By WS HRIFEAT B 70 28 Wb B R < fie 8] L[] 52 i
THBER R, Hrp SR A R s O, T 7 st A PR A .
Ren ZEUONDLKFH S (AR AS HRERIAH, XFIES LR (Q. aquifolioides Rehder & E.
H. Wilson) KT FhidEATHETT, s 1 [RS8 An B3 S b 8] & A T2 22 BX3h )
FhyaE R R S E R R . AN, Meger ZHUBIIB M AS B RKA, XHF
HIHi3R (Sequence capture) X MRIEAT SOUWIEAH 22050, Rkl 7 SHE., A%
MR AR A R I B2 A m, #8717 HIBAER R & N RE 1, FF0PAE T 2 A Va
PN RSB AR AR G 55 P X 3k

SOULEE D BT 78 0 7] LA T2 8 B A, SRR 1 T FEBE A A i
Jr HE BRI AT, RE A AT AR A B R - SR B M R O R e AL AR S AL DAL
TS HZFENHZEM T, Vanhove Z5EM45 Ml b i Hb X BRI B2 4 (Q. suber L.)

=
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A7 S WSk PRI 2H A 76 38 B i P58 R Bk 70 2 R M I s R J L 3 7 ) i e PR 7
FFAIN 7 ARRARAALNE B T B8 AL e 551k«

ST RAR R 1) 503 D A Ak se S 1 BBt g, (H H Al RO o) 32 24k
H IR IE S IX AR IR PR, 10 5& T A< 3t X AR I 1) 37 00 32 LA 20 Ak e 5 2R AR
XD o L, TP A AR AR B S LI R AL 22 7E 6 #8 s SR B 57 s 4% 19
&N AL AT BB R
1.3.3 FRJE e BRI A2 253 LT ST BAR

(1D HUFRAEDERERESE N

FRJE E AR Y B TR R L E AR (Quercus sect. Ilex Loudon) H[]—>
R, AR A P T R ATk v L KR A A 1 R BRI AT A
WA A UESE « M A Bty G5 S TR SRR AT S 0 510 oy 1S, R A0
— B GG T AR RS0 & L AR AR ) SR 1K 73 2R 1) R EAT T A B,
WIRIRAER ) 232 00 7 2 1AM ChEEYE) FE5 1998 TP 22 B %A
WP 10 AR, Rl IRES ILER. mLdR (Q. semecarpifolia Sm.) K
¥k (Q. senescens Hand.-Mazz.) . WE}#¥k (Q. guyavifolia H. Lév.) . & LAk (Q.
monimotricha (Hand.-Mazz.) Hand.-Mazz.). EfkE itk (Q. rehderiana Hand.-Mazz.)
mHEMk (Q. pannosa Hand.-Mazz. ). K&i& LR (Q. fimbriata Chun et Huang). K A#
& W ¥k (Q. longispica (Hand.-Mazz.) A. Camus) ~ Y& ™ & Wb # (0.
pseudosemecarpifolia A. Camus) FUH|H & IR (Q. spinosa David ex Franch.). Fifif5
151999 4F 1) (R EMEME)Y ESUEITHR, FOC) HZA Wkl om0 1 M Fh, 415
NNEEENLAR. Sldk. BAKELAR. KE AR, BB SRR, R AR e LR 20

s BRI AV BV R, b BRI, RKIEEE, Wik T 8 Sh
X I At BT E X R E, s AR S A TV B T R e R R X R FLAR
UL X,  Fer 2 R 2 B ) 2R kT DO ) s b i PR A 2, A TR I L R M
L ik X — B B A1 B S IX ), (L MR AR 5 A AL 1700 m B 4800
m, LA 2400 m F| 3600 m KRSl FEATE AR N 8o Sk, B
i, W URAE, R OB SRR, R AT R TR A
o KIGETE B0 SRIRIE TR stom 24, 5. Doy, FEHET.
A Bk 0 g ag el N, METREAGROERHCERE. BBl
WEER, ZH s AN <BE, o2 BN Gk ERE: 7 RUMNE
BORMIE . HE R IRBEEBEETE ;. WIARONIRIE . KORTE . T BRIE B R0 1200
RIE, e LLARALAE A (R o0 A . T ASREAEARABLRE w3 DA S 1) e S i S s i, A
HAE T RAE PRI RW, N— B & Sk

e L R AL P e Ll S L AR S R G AR B A R R, fE4ERFAES R
GG DIRE LA A Z R T IR E EEAE . S RG4S T, &l

9



BT SUOE DR 20 5 1) e LU AR AR 1 A A T AT ST

PRAEIRIR . T 5 JUF LI om0 MR I BB BOm i 521, g E MR Ll b
B BE IR Ik 5 S AR PR B P ARG . HORTE AR AR AR E (1 AR K354 B T[] e 138
DKL, FFUERRBES S AT A AN AR E AR B rh AR R A b e B AR
ARGREETT T, = ARG AR A, 8 B A B B BB A
W, REnlAES RS EE RIS, W XIS B B ER] [FR,
HFVEY 8 TR AR E A HLTORIR, (et IR 0 AR R AMGUE R L B, i 4
FEBAES ARG RERE! . A SRR, BRI AT K
BN ESTONZ FEY) . KR AR AN B30 5s, R SRS R BTy R A
B RRN Y P ER o B A BN P, geAh, L RRAE A S AR A
RKAGYTHENIUE L8, Mgt M EMZ RN 6. [, & PRa
T DIk AR 2 2 1 o BB S AR S U, ekl b M R A 4

(2) W ILHRA Y TS RRAERT PR 3R AL 138 L SRS

e IDERALE DR B 1 X i s A 58 (1 8 22 G ML RE 77, B A NI RS R U B
Fo [Fh s R AR R E AR B IR R 2 AR, T RO R Y
G BRI ORI, AR R BRI O TR, S 2 BTG U DA S P 85 F i 24,
Sun SEUSIGE TR BUNE S HRBEE WA T v, L T AUMIHHC/ 58 b 55 35 P IRy S A 2 B
KB E IEADS, M0/ 98 AT I 5 AR K H IR UV-B 3RS 3% &2
BE AR . Bai S5UONE RE 0 A A bR B K s LR IR T ST AR B A
PRI P B BRI R AN BN T A, B “ B OR ST PR SES ” Ld N A
BACEST . B INEE (L BRHOBIE 7R, Lt RS AT S ALMEIR B2 R A .
MG SRR SFAT IR R RS 2R e SE 2 Bk ] e R Bl AL IR A AL R %
B PR U7 1281 R LR Iy LU R ) A A LA o3 B ik — 20 3R T TR e LR
X 71 R ) A 3 B B S AT A 5 52 L R e LR D RE MR PR
Wi S AFE 5 R B AN [ A 2 P 3R P v L B RE 1 AN TR] A B0 SR s DL AR AL 34
SEU0L, SR EERIT TSR 1 v LLBRZE AR K 73 < i RE R B A A A PR AR A R
AT T HAE R AR AL T 3G B A 5 R AU

(3) WILHRAEDPRER L AR R HZH R

IEAER A KR FUA ARG AL 22 BOREAR Sk R 2 22 R0 ey LLRR LA 0 10 362 A
S5 B s EhAS o Meng ZEIPURI A 9 AN B 4 FARId A 4 A4 v Bost 40 A T 55
g et J5 R JFG AT b X ) L BR LR ) B AN R AIE S T, ARV AR AR B IR BT o 6 b
FERAL SR BRI, Ju SR TR Ve A s 4 3 B BOW Y (SLAF-seq) A
R WL BRBEAT BT T, A B A7 A P A B A ) L PR 8 (R 4% 1 &R . Du 45015 B4
ST R TARE . SRR B ) A Sk AT Py sk 7E R W, 1B ey LR AE
FE 2 35 B A I8 A% 3 28 0 A0 R R I H W8 B JRy ol B AR AIE o Liu 55005 5 A 12 70
FARIC A 1 iy LR AN - ey LR BEAT WF 72 B A o 25 A £ B S PO o 9 3

10
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e 4k, FEE— A i e PR B - A5 O K 43 B 2 BH L B AN B 7K 43 70 A& P A Bk SR A A
A5 1 R AL S ) GBI R N 1. B R ERR K, Ma Z51PNE 4
FERIH P HEANS 11 A5 (AR ZEAE Y A 70 38 B A7 T35 78 i B 1B X (1 e il e
BT —/ N AR (Syngameon). Ju ZEUTIEET SLAF-seq £ AN & LLARZ A -EA
FREHF TR HH, ANk B] P 824 58 288 ] ) 52 380y 24 P B AN AH SE 8% B 70 B2 o Ren 5§
(OU3Z P 2 ik DR] 25 3600 7 4 AR 7 J 300 ) VL v Ll R 5 G TR0 2 b 2 ) A A 8 1) [
SRR, HE7 T LI RRAE A A A SR R AR AR R R

JVE 4 HTR T m L AR B 7T C AR SRS 73 KPR BRI T R G
FER I AL S R R A 255 2 M FUZ T, ABAE SO R EARFE A R 7 IR Bh i e A%
oA BOE N AL IR AT AR SR = . S SRR R 2. RN SR
J7F i — PR & (AR AR Y I AL AL 2 DRI B o PR 58 AR Ak 1) o B AL
AR L BREAE Y MY O RE 3L 43 AL B ) vy Ll PR ) 38 B SR I
Pt E EHEIR K

L5 tARBNSEARAS
1.5.1 5t H 1Y

v AR E = L MR ) 32 A T i m IR S AR AT X, A2 i X i L AR AR
HENEERGH LA BCEREM . LMY 7] 58 52 2175 76 s i Hh X R 2% 1 Hh
Jo3 [ S AN DU 28 SR IR B IR, A B S0 AR R A A T3 A 65 A6 T2 RO ) 5 A8 i 1 2
[ FRARRF SR, AT T CL s LI AR LR A 1 -EAN R0 R S0 0 B, 78 B35 3 B A it
ITRVEHEERE S, MASRRNARERNFEA, KRR 4 55 500 5 K 4%
()40 HT 7 1 v L R ZELAEL W st 5 0 L BT S A& B MERE AL LB 9, R %k
PRT R B 5 L AR AL AE 0 8% 23k S PR 838 B I G BN o ASHIE FUAUON B AR 52 2%
()l o 77 S8 AN AU AR5 52 M B ARARA Fh 0 b S« % 2R A A R o S L
LT R Y I HE
1.52 FFRRNE

AP B 3ot 4 DR 4 56 00 P 0 2 L R LR (10308 5 S5 H R R B8 BT 7 R
G, BFRA AT

(1) R BRI R 20 2207 e i LU AR 2 A ) B84 22 RE A . 8% 2 M R I sk
EASEANT, T3 Sk e ke L AR LEL R A0 1 e I FRRT B B 31 T AR B B
Bt A E AR Y P A SRR Kl o3 32 A 2 5 4K 3R 5

(2) G5 MIMAVE T, R 2R R AR £ B 5 {08 IR 7 % A28 7
M, SEE A OLIE S ST e L AR AL TR R R AR S Ao R

(3) 3 I 5 PR AL 330 L B AR R R ) v A X I S s B S RS 5, 4 e
GO &4 DIReTER AN AXAE Y me I+ RIS L PR LU, I e P8 7E B 52 B2 [, P4k
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B FOU S R 21 2 10 v LR A ) 2R A IS BT T

H RGPS R L P R S B AW R

(4) 12 HISOME PRI ZH 27 5 R R p XS AN [R5 2R (38 W 1R 35 4% A8 5 ) SC B 34 5 A
T T8 KE A R 2R AR P 5 N A ) SR B I MR B, v L AR A
FELD 14 J M o7 14 308 A B A o

1.5.3 FoR K Z

[g$ﬁmgaﬁ%m%mﬁﬁﬁ%miﬁﬁmﬂﬁj

I I 1
G L HR AL A £ 30 A 25 M T R Em&ﬁﬁ%ﬁﬁﬁﬁﬁﬁﬁ%gmﬁl i L B AR 0 R B R s R 5T

o TR
o LXK

] ! .
I L e EEAMEAKT ) ‘
‘ ‘ o FEDRA PRI BT

T © BB . P B

C RgRERRE O OOAL | S i “
: W+ EEE T e |
o EBUR T e, TR L e SRR
- EAMER | |
s . HEFIER
I o WA R A
, ‘ | ! X
RS E S AL B AL 3 LA 4 J
| |

AR SRR AL B R LR AR (8 R 4 R R L

12



2 e BRI 38 A% 5 K T L )

2 B AEYRR L ST AL E

2.15|5

AL G 1) JE FR AL AL S AE AN [ R R 2 [R) 1R 23 A s JR 158 139, FOOR i 5 4L K5 52 3|
ML AR EER, GFERREG. SUREAR. BAAEEI, g RMEA,
AL 25 KA RE8 S Ay P el JR (b AL 0 5, tHREHE AR PR B AR A N PP B s A% 4k
AVERLPE AL o R, R Rh 8 A% S5 A T B, 0h T R AR A 1R ] B
WRE SR N DS AE ) 2 PRI 4R oA B S

5228 (1) A SR A 22 R A B UM A 55 38 0 2 R AR A0 PR TR B A 5 4 7 A ST
by 2 o 25 FELAHAEL ) P D) PR B R A2 L, PR ) 7 A g A o A4 1921 S A 35 1) A
T REE I IS E AR B IX S AR P PR A 7 A 1 B AL oA, BRI R R B s
Tt B 1) 5 DR R P 8 A% AR U8 KB 0 R VT 2 M W I 8% 25 1 R S2 31 1
H A R A SR A A IS, R R AE T 8 R A L AR M X, ] 27 ) b o g s v
BN D 20 S B s i X R A= A T S, AR eIl 2
FEMETE B B BLOR B PR 3R 2 — (00 51, [RIk, V5 2 32 B0 A0 75 1 ek ey Ji 1 [X 11 vy LA
VI3 B AR A IR0 144 Ak, B B EN TR E, 2
A B 2 N T 3R M AL gk [FIRE, 845 A sH& R gt 53
BE PR 7~ 2 [R] ) 9K F IR N BB 73 AL SR A4 1 W 9 SR G

PRIE & T MR P 1 e LR 2 AR ) 32 B0 A T 5 78 R A H R it X, Jl e AR
FEMF A T LA SR G 26 A SR 2 I L bt X, A [RDPOBE 2 TR A3 43 52 2 B 0 o e A
S IR BERAFE RS &, AT 9B 7 i 24 R 8 AN B 53 22 S 0 gt A% 45 R T 1 1) 2 el 42
fit 7 EAR BT TR R . RIS B 5 B 9 FH DA VR s L AR 228 BE DR AH 1R AT A
IR 2H 36 00 e A s ) e ol B FAZ BT R 2 & 1 (Single nucleotide polymorphism, SNP) 4§
i, X AREAE Y BB Fh AT BME S M R G KB oW, SRS R
X FREEAT ML P s A AR G5 4 5 AR AL AT FT

22 MRS EE
2.2.1 FE iR EE

LI EE 68 NN HARMEER 109 N FHRALF B AR NE, B T ElidRd
TP BRI ZE o [ M X 1) B4 A VE TR Bl 2.1). SRAERT, FhREA A4 A [ BR
BIRREFE R D 100 2K, LU RSB G 00 e BRI AR OSSR . AR BETR Y 2 Mk
AR EE B, BRI AR AT XS R AR A MR g5, T K 2 SR NS
N 45 1 B IR RONGERGHE AT TR . e R EASREE S . SRS
Bo IAh, BAMHEERESGIE 1 MbrA, FEFEACFeRES . M. HIMA RS
EAGEE. 2 (PEEYE) PR M IE S RER R WA AR AT Y5 P Fh
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B FOU L R 2 2 10 e L AR A A ) 2R A IS T 7T

g, FEARRIRAE TSR, HrpITE s AR 18 AVFHEE 24 FRAMA, Iy liAR 18
ANPIRE 25 BRAMA, IR 6 NRIEE 12 BRAMAE, R LdR 7 ANFPEE 12 BRME, Bk
AR 7 ARIEE 14 R, mILER 5 ASFIEE 10 BRAMA, KSR 7 AR 12 BRAMA

(R 2.1 LEFHRIEUT, AR EERFEZ DR, AP A%
FAXTEL D, X CA I FE R B L 2 0 2 A AR Ak R B S e iy st UL A
T A 2 S5 T T R VE A0S 1A% 22 AR IR (1 AT FE Al 145, 1460,

95 °E 100 °E 105 °E 110 °E 115 °E

35°N

30 °N
Jiangxi
{ ; Species
:J T 500 m Hunan © Q. aquifolioides
] — & ® 0. guyavifolia
[ 11000m- 1800 m ® 0. semecarpifolia
i 1800 m - 31 . © Q. senescens
o ALk ® O. monimotricha L 25 °N
25 °N9 [ 3000 m - 5000 m G A o0 Fehilirting
B > 5000 m % S Ranexi 0‘—'2 5'6"' Q. spinosa
T T T T
95 °E 100 °E 105 °E 110 °E 115 °E

B 2.1 7 A AR AR B RAE s A S RSB () JIRERLAR: (b)) MERHR: (o) &
WHR: (D KER: () BEbbk: (O BikmEltk: (g) RIHE LR
Figure 2.1 Sample sites and leaf morphology in natural populations of seven species of Quercus sect.
Heterobalanus. (a) Quercus aquifolioides, (b) Q. guyavifolia, (c) Q. semecarpifolia, (d) Q. senescens,
(e) Q. monimotricha, (f) Q. rehderiana, (g) Q. spinosa

F 2.1 BRI R E B3R

Table 2.1 Sampling information of seven species of Quercus sect. Heterobalanus

Y Tt 7353 G rrE

Species Code Longitude Latitude Location

JIE S LR PW 104.53 32.46 Pg)IE-r R E

(Q. aquifolioides) BMS 95.21 30.06 PHGER H vE X % H

GBX 93.16 29.92 P E VR X LA VLA B
LZA 94.34 29.30 [P A=REIE/ N AN
MLJ 93.38 29.07 PHGER F ¥E XOK AR T
LZ 94.52 29.55 [P A=REIE/ N AN
LZD 93.02 28.37 PEI VA X TR
BMR 95.99 29.75 U H 76 X % B

14
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MFh pLibics SR GE rrE
Species Code Longitude Latitude Location
CYX 97.32 28.61 PUjER F VA X 52 FE A
MKD 98.18 29.57 Py 56 X TR R
MKR 98.47 29.72 Vi, E VR X TR B
BZL 99.15 28.31 AR E
ZD 99.64 27.90 LA BN R
XCR 99.84 28.68 VU)IA 23 E
DCE 100.28 28.95 VY148 FEdm £
YJH 100.69 30.15 VY1) 4 24 S
DMX 101.50 29.71 VY148 Fe e £
JCK 102.06 31.27 VY148 4 )&
FRNS BMXS 99.15 28.31 = B R R
(Q. guyavifolia) ELS 102.26 29.85 VY148 E B
MLXS 98.87 28.45 =B R R
MNP 100.25 27.17 =B E RN AEE
MPS 102.00 23.94 PR AR B
MYL 102.81 31.66 PR
i LA BMXS 99.15 28.31 AR E
(Q. semecarpifolia) FMC 102.26 28.58 VY148 K Bk E 6 B
GSL 101.26 27.17 W) R
MEX 102.48 30.87 VY1148 5 R e
MLXS 98.87 28.45 = B R B
KE R ELS 102.26 29.85 VY14 e B
(Q. senescens) FMC 101.24 27.98 VY1148 A B H va B
JZS 100.36 25.97 nHEEE)IE
MNP 100.25 27.17 ~HEE BRI EE B
PMS 101.96 32.06 V9145 Be e £
XYZ 100.17 26.24 LHEEBKE
ZIY 103.95 25.91 =R s
bk ELS 102.26 29.85 VY14 e B
(Q. monimotricha) GZX 99.78 28.06 pay Ry R A ]
LS 102.26 27.83 )N &
MNP 100.25 27.17 LHE BRI AR E
PMS 101.96 32.06 V9145 Be e £
XZ 99.64 27.90 AEAEK R
ZR 101.38 28.93 Pl E= i) 2=
E Mk E AR ELS 102.26 29.85 )N ER
(Q. rehderiana) FMC 101.24 27.98 IS NEEEE 9 I SRR =
JZS 100.36 25.97 B E)IE
KKZ 103.78 31.67 DY )14 e B
LS 102.26 27.83 P Efi
XYZ 100.17 26.24 B RS R B
ZR 101.38 28.92 )N e
o i = L AR XGJQ 100.04 26.86 = A BRI A B
(Q. spinosa) GZ 99.63 27.91 AEAEM R
ZJH 106.57 33.36 Bl pE 48 i 2
GDS 101.98 30.01 UPIIESYF 3reg =
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MFh pLibics SR GE rrE

Species Code Longitude Latitude Location
SWJ 101.92 31.57 VY148 4 )&
LBZ 103.68 31.50 PNyl E=
1ZG 104.29 33.25 P)IA R PEE
™ 95.10 30.10 (Y-SRI &R ="
TJS 107.76 33.87 PR EER
BDX 109.29 32.15 B 78 48 PR
TDY 110.50 31.79 AL AR BEAR X
DJP 110.38 31.50 WAL PR GEARIX
WDS 111.00 32.40 WALAFHT AT
TMS 110.48 29.05 AR 7K 2 X
WKS 114.96 28.96 AR RTE
SQS 118.06 28.91 VAN TR
CYXC 97.46 28.66 a5 6 X 2l 2
BLLK 98.12 28.58 PEER 5 6 X 2l 2

2.2.2 B

(1) DNA #2HL. SCEME ST

iR CTAB i B REIR TR 0 it SR BRI Z4H DNAMT, S HL )
DNA 8 FH B e b e VKR AT BB A I, 546 J5 1 DNA B ER A T 1 9550 % -20°C
HIVKAE . %18 BGISEQ-500 ~F- 5 bRt SCEEM @R, Hil &4l A KN 150 bp BB
WP SR, FE0SCEEREAT milE My, FORIN IR EIA S 30x. AR5 A7 8 A
BRI (BGD FF &K SOAPnuke 1.5.4M48185 44 Xt vy 38 & I /7 3Rk 45 1 JiR 46 2038
(Raw data) (FASTQ #&3) #EATFLEAEHIMPALIE . B MRS LM reads;
IR G 2 BRARE BE S LU =i 1Y) reads (CUn e EE < 5 OB 5 LU 50%); e 2
BREr AR A (N) WIS 1% B reads, IRISVID GG A % (Clean
data).

(2) Fdm Lok AR i iy

i BWA-MEM 57509, 40k B <-t4 -M-R”, 4 FTA B R H 2 )11
MRS EFL K4, 1E Burrow-Wheeler aligner (BWA) v.0.7.15 A4 k47 P51 &
SIFEEXT . EEXT AL SAM SXEE, B 2EHIH SAMtools v.1.3.1 [ sort iy &4 H % 4
L FE R A AL BRI BAM SCAF, X237 A N5t B8, AR
JRE AR RS R, 0 BAM SCAF#EAT A TR H—, FridEi#FR PCR
IS E S reads, By b JEH A ORIRATER 5 =, M samtools view
-q 30 Z2HUTHELUE, BIEREET i EE (MAPQ) KT 30 MK A5 LT 45 3. 18
X AP AL SR AR S ML, TR AR AE Y. AR5 M A GATK
MarkDuplicates T HARICIH B RER &2 BEILX reads, MMRA E ARG 228 F A I
B REEZ . B G AW S GATK (1) UnifiedGenotyker X #EAAFE AR BT RS PEAR
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R, B RESEEERESESE RN BEE ARG B vef U
(3) SNP ¥¥iid &

AT GATKUSUY SelectVariants T 5 X415 % 72 43 2 1 .vef SO HRELH
SNP ¥(#5 %, SRJ5izH VariantFiltration T X SNP $#fa SE AT 4% (1 o K . i
MR ZE 1 B N: gatk VariantFiltration -R Reference Genome.fasta -V SNP.vef.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 "AFO4Filter" --genotype-filter-expression "isHet = 1 & (AD[1] /
(AD[0]+AD[1]+0.001)) < 0.4" --genotype-filter-name "AFO6Filter" --genotype-filter-
expression "isHet = 1 && (AD[1] / (AD[0]+AD[1]+0.001)) > 0.6" --genotype-filter-name
"HomoRefFilter" --genotype-filter-expression "isHomRef = 1 & (AD[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". # /5izH PLINK2 fiy
XA LIER) SNP Bl FROCGEAT b B A 0], RO ORI
B (Minor allele frequency, MAF) KT 0.05 FIA7 s @i JiE 78 Fr A FEAS b 4k
PRI BRI R 5T 5% AL s @B TIEBIA 1 (Linkage disequilibrium, LD) M4
SR HRIE AR B AE R AL R, SEXE N: --indep-pairwise 50 10 0.2,

(4) SNP A& FHITR S Siit

HIH] SNPESf #2048 e s AT RS, 1 5B AE A SNPESF H Al i 247 T A,
AR 2 25 ik (R 20 2 ik DR AL R SO A R Mt 12 o 2 i AR A 2 4 F i e ot — 2 0t
i ZERE R VCF SCHF AT A e AL R ERE AT, 15 251> SNP HYRARRAL | AR 57 53
FITAER) X 2R DL R 3L 1D 545 8., #E EXCEL W4 e it-4h R K
2.2.3 M TE

(1) WALE5H 58 E 2 FEE D i

izH Admixture v.1.4.0U3 00 S AR AW BB EAT A G AL S50 b . %
BAFERITAREAR B K AMHSEHEE, AR5l 5o KB48 (Maximum likelihood, ML)
AR, 18 H /NS I UESE R1E  (Cross validation error, CV error) #H4THf €
B KAE. AR KAETEEEEN 1~15, 840 KEEF 20K, REHRERNZ
MIAE(CV) IR Z LR AT RER) K H, KX RKP M.Q SUAHE R 432 i T ANk
1A% LB AT R

F 4353 #T (Principal component analysis, PCA) & BEAA I8 4% 22 A 45 TR BEAAR 45 44
R — s R H B B B e 5502, DURR O g F AR R, F 2R R
A EALLTTTHE) SNPs FT & i D B M, 38 5 2 P A i ok 4 1) /0 U LA AR
TR TR Lo SRGIRYE SNPs I R, B MARISNAFBEAM, N
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AR PR K . A ORI PLINK v1.90U55I3E 47 PCA 4347, A2 vec Fl eval ST
£ R 4.3 23401 i AT 25 BT HLAL

iz ] VCFtools v.0.1.15 58T H f)--window-pi i Wi 1 & & L ARZEAE Y HT 4 M R
IR 2 &% (Nucleotide diversity, m), LA 10 kb A E & 0K/, 10 kb NP K

(RIRAHAEESELE 1) AR A E N THESAE DN P IR 2 P
B, VAR B EE 2060 RAMERI A VCFtools v.0.1.15 3 E T 4 4
R MM E & B (Expected heterozygosity, He) « Ml 2% & & (Observed
heterozygosity, Ho)« L3252 %( (Inbreeding coefficient, Fis) £l Tajima’s D {. Tajima’s
D {E A AR 7R P AL TP 0 2 08 1R 3 3 ik B4 IRAS o Tajima’s D{E /2 —
MR g E, Y Tajima’s D KT 00, RIAFEREHEMFEL R, B
A N F A S5 A 5 DR A AR A1, X AT R 2 E R USC 4 B A s R T 3 R . T
Tajima’s D /N O I, RUIFAEREASIRA 7, Wiy SO LRG0, FIRE2 H
TR RBUE IR FE . AR FZE M Pixy v.0.95.005 4 44 3 TR H 3 i 11
10 kb K/NHEAXT 040 (Fst) A7 (dxy) a8 Al 4% 7 U RE RS
(2) RGK B W

BT e e R AL, KA PLINK v1.9USSIE AR -5 fir A AN R] 5 IR
AR (Identity By State, IBS) 138t 4% 1 B A0 R AAFAS MATR FISE G R R . AR
K VCF2Dis v.1.53e! SR 3047 RG R B RIHEE, 1% 15 nJ i 35 b B RSS2 (R 4
SRR, BERSBURIE VCF X, T BEAR R I FEAS AL 42 25 IR 4130 Bl A A7 &% SNP
Bl BB SEAL R IR 22 e, JRRE I IT 5 BN, S 2 AR il — N X PR A Ak A] i
FEFE. R, AW TSNS RER SNP HdREHTIHE, HMH bgzip
T HXT VCF X AT R4 402, SR 54T #7424 VCF2Dis -InPut SNP.vef.gz -OutPut
all _dis.mat, Fx &4 T 5 354 BT B9 BT BE 25 46 B S04 all dis.mat. &5, i
iTOL v.6 (Interactive Tree Of Life) [I7E 28 T HOKG A= i) Newick #% b SCF C.nwk)
A% % iTOL v.6 (Interactive Tree Of Life) fEZV 5T KRG K B WIS FEAL .

(3) B

FEDIRAEFP R B AL oAb ke s R ZEHPE A o A TreeMix v1.120 OO Wy
LI AR 2 RE U 51 1) S5 RIVAL R 7 Im) RS E,  al e AN 22 A P v 0 B8 A7 0 DR A 28 SR Ay
VIR KA . AR5, I MEE RGR B BRI R THE . &5,
MR Ak T AN S BB 2 ] B /N R HE T AP R R B S . TreeMix 1847 I % B
% (Migration edges, M) 4 10, {fH R EF H 1 OptM BUNh 11 TreeMix 45
R LE, AL TS R P & R e R Bl FH A

iZH] DSuite v0.3"21T T ABBA-BABA 7341 (D-statistic) PFAkik 5 ] 13 A
HilEol. D giit &2 P1. P2, P3IAIAMEE (O) 1Y 4 Nr3HBITHIE E RGN
Biti). 2 0. P1. P2 Al P3 Z[AIBEATRA S AR, D Stit &N 0; = P2 1 P3 Z[H)
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o, P1 fl P3 Z [AfFAERE RN, W) D Gt & v s fi .
(4) EHA T
T MaxDist ZH N 100 kb iz ] PopLDdecay V3.26!' 1R A1+ R [F] il R AT 25
AL S Z AN FIAH S R B 2 E, )51 PopLDdecay HAFHEAER Plot MultiPop.pl
Azt LD ZEf Hh 42 K
(5) MEEBhA L
B 5eis A o e Al B R m] R HEAHAR Y (pairwise sequentially Markovian coalescent,
PSMC) Ul 251 2275 A [l BA A 2R £ K/ (Effective population size, Ne) ]
. NS R BN PR R T 30X BIAMAHEAT T8 RO EE R /N AR L 34
BB, AR (1D FIH BWA-MEM &350 1% AN 1) 30 7 50808 70 i Lo 22 2
F AR H A plebam SCIF; (2) B bam KRR 2751, g #E0: (3D
i&H PSMC v.0.6.5-r67 T. H AL 1) fq2psmefa JIACKE fq SCIF5540 R PSMC 4N S
[F).fa #%3; (4) 1817 PSMC F£/¥: /psmc-master/psmc -N25 -t15 -r5 -p "4+25%2+4+6" -
o diploid.psmc diploid.psmcfa; (5) iz PSMC v.0.6.5-r67 . EALH ) psmc_plot.pl JH
ARFATE R ATACAE B . AU AR S S HORE R R K E N 1e-8, i
AT 30 4
B PP SR a] RILAHAERY (Sequential Markov coalescent, SMC++) % /5 LI AR
HEY) &L RIA PR (Ne) [ LA AT 204, SMCH+H-1] LA & RN
PR Z AT O RS E B, RRHE = OM RNk i 2L OST, 3 A
FRWIR: (1) BVIEHHA, i2H vef2sme A & BRI 8 AL B SO vef
AR IR G AR IR 3 e i AT & SMCHH A S .sme.gz #6320, a4 A foriin 1..12
do smc++ vef2sme SNP.vef.gz chr$ i.smc.gz $i S: Samplel,Sample2, ...,Sample* done; (2)
AT AL FETE A 10°-107 A 18] 8 B S0 B0 K/, sme++ estimate --spline cubic --
knots 15 --timepoints 1000 1000000 --cores 20 -o Quercus le-8 *.smc.gz; (3) ¥ bE—
BB 25 AT T AL AL B, sme++ plot ./Quercus.pdf ./Quercus/model.final.json -g 30
--ylim 0 100000 -c.
(6) PREGH A S A 7

M WorldClim version 2.1 Chttps://worldclim.org/data/worldclim21.html) %% [A]

IR 30 MAPHT 19 MEWRURASE . KBHAE S 8 H BEEGE . 2880 H B Eds i
PG HCHE ] FERAREU, FoA e R BHAR S RGN Z ) H BB 2471 3 J5 3R 15
B AHORRARST . UM ZE B8, &1t 22 PIRER R (AS4E. 4iEM
WD . 7E ArGIS 10.8 H1ff) GCS_WGS_1984 R KA & dHRFEN 1 A B K93
R, ARG R S IR AR . gD P AR A M ) s A AR R T R A
4, @I usdm v.2.1.7 AIUEH 7 Z K R 1734t (Variance Inflation Factor, VIF)
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¥ VIF R T 5 (I B S Fr . w8 R /R-IRFI ke % (Kruskal-Wallis test)
PRSP AR B AT 0 A
(7) HuBRRE B2 Hr

AHEFEK 255 /R ka5 (Mantel test) 73 Afr b3 5 BRI PR 22 78 2038 5y LLARZHAE )
¥ =7 ()38 AL 3 A0 TR AR o 8% PR B 4E B 15 Y532 | PGDSpider_2.1.1.0M 8155 {4 £
Linux 544 vef U5 GENEPOP % X131, RG] genepop #2/71HH
BSOS AR ()8 A% AR RS (Fsr JiRE), JRRE— B TH B SO AEENE] Fsr/(1 - Fst)fH,
B3 1 18 A% PR B AR AT AR A S e M O PR B R . M3 PR B9 {4 “geosphere ()]
THRIE T REE S AL AL bR, f#F Haversine A AR HUEE [RIBFIE BS . A% fi
Fi“ecodist”!' Vil ik Bray-Curtis #7548 B W VIR BE 46 0 E . Il it A e
R432MAFTER, M vegan "M iHAT SR /RIGLS, B HRELE N 9999 X,
WENEIKCPREN P=0.05.

(8) AXfMES

iz i Broennimann %5172 W 7E R 5% 23 ) b AT AR 25 47 AH L1 X (Niche
Similarity Tests) 73 #4R FoAN [l AL 5 G 8] () AR A5 67 A 5 AR AUMPERE 0. %07 7548
HSFEE (Schoener’s D) fEARRASMNES, O DR IMELR, DINKAES
RLARRAE:  Warren 25U 3N 4 P AN EEAE A GG 2 [A] A B, Schoener’s D {H
N0, HPEAFREEIL AR RIS 2], Schoener’s D {H N 1. A FH 32 5o 70 T i)
RPN A — A 2R BN, FEH aded! ") dudi.pea bR FRAELL 5 )
WEAR AT REYE, DRE AT T R S E VA S AL A ) FEEYE S, ZER I
BT g5 TR F T A AT (PCA-env) . FfJ5 £ BN N & T % R At H
AN AR (Zi), FHIETIRBIIAFE S FEHRKIH Schoener's D fH. K
H ecospat! "M 1] grid.clim.dyn pREIAT SRR Bk 2, PALATA FEA S 7E PCA %
BN R 5 e RN B AL o vk AR PR B 2 (R
B IETENL . FALEE D HER N 100X 100 (KRR, @ 4% % A - BN
RTINS BN, RGP AR S A AT T . B E s PR AN AR S A
3 A7 M AR AU TS AS AR S A7 BB 11 Schoener’s D F8 44, 3B EGEEM 0 CEE
&) #1 (GE4RES), Schoener’s DIEEk R NS ESHOK, AETREBAHEL

N — SRS ZE R g B E M, AW AT T AR S SR R e A
& S A N (VN 0 i S o S VA 251 e 2 e sl = 510 L R B U< e T T S DA et o |
[, CARPIAMERSA A E RS UL, #id ecospat.niche.equivalency.test BRI S,
B 1000 R SEA IS FH T3P A A A AL AR 158 tH AL TN, R X
)k e SRS o R RTINS EEE (D 5 100 NMESEAFSAMHTHT
B RIS ARZSALABAEA IR A 2 IS B Gl (M XD & B PR 2 R 22 R B 2 1 T
VA AR BT 18 A% B 7T (R A A A2 B AR AR FUH IS AEAR AL, Horh M IX O R4y
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A B X, AR FE T, Dl St B R B A TR A X P M 56 AR A A 43 BT 1Y
T8, [FEUCHC S AR B M TR T, ST R RUE, AT
W XAEAESA TR M K. BAGIHFIAIGRKTN R, KH WGS84
(EPSG:4326) Ahtys R /MY ZATE, ARG BRI S BRI & 20 A X
BE 53t T 2R EE B, Xz A 50 km FIZEM XY R, TR EEAL A HTE
XI5 M R 4.3.2 H11#) Ecospat 727 4[] ecospat.niche.similarity.test BRE, Btk
#1000 Ko #5 P < 0.05 W BHAEZSALARBUNE 22 & T RENLAK-F, TRemE R A0
[F) 52 AH R PR ERE M o XU R A B 45 S e ) B2, RIS S AL &
WA R, RPRPVERA M ER R RE, NERHSEN PR AR R R .
ZAMHTTE R 4.3 20590 e At

RET
2.3.1 HElFF SNP {7 4t it

A FE DR ZH T ) 109 A IR I RE AR L3R 1S 4153.49 G R 4654 (Raw
data), ZibEEH. LB LR)F I %G 3RE 403598 G A R
(Clean data). MERCEIMFIREE R 32.27%, 52355 KA1 F 35 LX) 314 2
97.96%, MFHE R (MR D. S maEsEtlE, RARE 309547 45 &
SNPs (¥4, X SNPs 7£ 12 &4tk bAoAt irgit 45 R BoR, SNPs i S %)
MO ARTE 12 SRtk B (] 2.2), R E R E EMEREENL, feh &
b sz B I A it 7E 25 B AR DX ) (A8 S A 00, DA ORI e S it 1 n] SR 2R R 4
B 1E DL

i Fl SNPeff #/FXT 309547 AN i & 1) SNPs A7 55 BEA T Th I EBERI GE it/ #1465
BoR, AT REEE X SNPs BE R %, 1A% 182970 /N, (HAHAR R 59%; HiX
WG T Xk (Intronic) ) SNPs 7 s34 49033 4, A AR RN 16%; L T2 H
R 2000 bp 4 SNPs 47 1, LA 44874 4, (HAMAR R 14%; AT K gREY
FPA AR FIX 38, (Exonic) ] SNPs £ 30784 4, (5IERIH A& RH 10%. It
Ab, FZWABTEEAL A (Splicing) MR R /D, LA 18854, Hit 1% (K 2.3),
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()Mb 15Mb 30Mb 45Mb 60Mb 75Mb 90Mb 105Mb 120Mb 135Mb

Cr | DA 0 A T T v
2 NS N0 A
e 0RO e e
0 NI 10O A A
Chr- RGOSR AR T
s 00 0 0O
Cor? AU Y100

o 1AM A0 0 T T I§§
cres AR 1 00 ;;
cho1 ) A
Chrt 11 0 ;;

99
110

Cort2 IR SRR neonw

K 2.2 12 2k e th ik EANR X I ) SNPs % FE ]
Figure 2.2 The distribution of SNPs on 12 chromosomes

1885, 1%
= downstream
= intergenic
= Intronic
= upstream
= Exonic
 splicing

P 2.3 it i SNPs fir s AEJE PRI AL EANR] DXIs A i f o 4 B s iR T 20 b

Figure 2.3 The number and percentage of SNPs in different regions of the genome

2.3.2 WAL AR Sl ai

iz H Admixture 73 #7060 = LI ARALE YD I REAR S50 AT 45 SR B R K = 4 B /Mg X
IFENRE /DN, AR (B 2.4), THEWLARZEAR-Y AT AR N IA 1
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Ao K=2I, SudRAMEIIIE 2R 03 2R AT i B X 5 208 AR K M [X
HIAMAZ IR CBIE 105 K=3 I, 75 5 J5 2R T St DX PR Db L Jhk bt IXC ) A Ak ik —
LA BE IS R (B 2); fERfE K =4 B, &SUdREEDN-EAF5 R T
WUMNAFIIEARE R (A-D), R A (lineage A) BFEIEGE LR LR, TE-}
PRy RIS ER . KEPRAE, FEAT 5 R T X ;1% R B (lineage B)
BFE)INEmILER. 18R B Ldk. BAKE LR KEHR. RIS ILARAME, £
AL T AW L BKIE X s 3 R C (lineage C) BFEHIM & LAR. KIEHR. BIKE L
BRAMA, EZA TR LIk A 1R D (lineage D) BHEHIM & LR BIKE L
PRI, FEA TR BERMX (& 2.5, HE 3D,

3T R R 2 SNPs PEAG & LLARZAE Y IMA ISR & 08 RN L 454, 554
FEFILE (BS) BIHEE 2. AL (Neighbor-Joining tree, NJ) Al 32 5 73 73 Hr
(PCA) [M&5 R BIRAL T ZR U8 2 A8 7 b X IR M4 5 75 58 e TR 1 X A4k 1) 208 4% B 5
B, mHHERAN—ANLR (B 2.6, 2.7). BMKE, SLFRAEY A 2R
HEREEE . REGEK BN LT 7055 Admixture RIS R —3, = LARA
VIR AL SIS F I ROKF AT BE2E, a S IH — € i 320 A7 1) T 20
RE. B, KT E AR AEI AN B AEIE R, X450 5%k
FHRBE AL 7 A% ORI 540 28K

0.75 1
0.70 -
0.65 -
0.60 -

0.55 7

Cross-Validation error

0.50 1

0.45

2.4 Admixture 73 B BUAN[F] KA )58 XIS IE AR 1B
Figure 2.4 The maximum marginal likelihood values and cross-validation (CV) values for different K
values are calculated using Admixture analyses
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Figure 2.5 Genetic structure of Quercus sect. Heterobalanus using Bayesian clustering analysis (K =
2-4). The blue, orange, purple, pink, blue-green, green and yellow of the font represent Q.
aquifolioides, Q. guyavifolia, Q. semecarpifolia, Q. senescens, Q. monimotricha, Q. rehderiana and

Q. spinosa, respectively
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Figure 2.6 The result of phylogenetic tree (a) and principal components analysis (b) of Quercus sect.
Heterobalanus
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Figure 2.7 The result of Identity by State (IBS) of Quercus sect. Heterobalanus. The blue, orange,
purple, pink, blue-green, green and yellow represent Q. aquifolioides, Q. guyavifolia, Q.
semecarpifolia, Q. senescens, Q. monimotricha, Q. rehderiana and Q. spinosa, respectively
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Figure 2.8 Genetic parameters of different genetic lineages of Quercus sect. Heterobalanus. (a)
Nucleotide diversity, (b)Tajima’s D, (c) The decay of LD measured by 12 as a function of physical

distance. (d) The heatmap of relative (Fst) and absolute (dxy) divergence for pairwise comparisons
among different lineages of Quercus sect. Heterobalanus, with blue and purple indicating lower and
higher genetic differentiation, respectively
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Figure 2.9 Gene flow of different lineages of Quercus sect. Heterobalanus using TreeMix. (a) Gene
flow events among different lineages (M best = 3). The direction of gene flow is indicated by an
arrow. The colored arrows show the migration weight from zero to one. (b) Optm fit plots, which
evaluated different m results of the TreeMix, showing the best fit (M = 3)
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Figure 2.10 Demographic history inferred by the PSMC model among different lineages
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Figure 2.11 The historical effective population size of four different lineages was inferred by SMC++.
(a) Historical changes in effective population sizes of lineage A, (b) Historical changes in effective

population sizes of lineage B, (c) Historical changes in effective population sizes of lineage C, (d)

Historical changes in effective population sizes of lineage D
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2.3.4 HiFRRE B HT

ST 7 Z KR 720 A et 22 ANIREEIR 3047 2R IL M E o i 45 G OREE T AR
TMHEEE (R 3), S AREENTELE: FHTRBKZE (Bio02),
R AW RAGREZE (Bio07), & TZEFIRE (Bio09); AR FEKRA IR E:
R A KR (Biol3) AIFF/KEFETHAN (Biols); Kt m lEY A B K
M) [ 4 P38 K BHAE S (Srad) FIAEFE P XGE (Wind) (R 2.2). XHEGANSFEAL S
TEVE F )1 22 St AT W A IR 45 IR o, WA BRI R P8 4 28 & DU AN &
)35 LR M 22 5, Hid Bio02, Bio07, Bio09, Biol5 il Srad SHIMK 212
5 (P <0.001), Biol3 EMEZERER (P <0.04), Wind EEZZR (P=0.69)
(%22, K 212),

22 T EZIKR T (VIF) e 548 B 25 5 K S 22 PR A 6 45
Table 2.3 Results of variance inflation factor (VIF) analysis for screening environmental variables and

their corresponding significance tests

SRR E T EWKEHE T TR HHE BEAE
Climate variables VIF chi-squared df P
Bio02 2.53 34.73 3 1.39E-07
Bio07 2.70 37.38 3 3.82E-08
Bio09 4.62 31.92 3 5.45E-07
Biol3 2.32 8.56 3 0.03572
Biol5 2.10 21.90 3 6.85E-05
Srad 1.43 36.71 3 5.30E-08
Wind 2.67 1.48 3 0.6861
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Figure 2.12 Environmental differences among lineage as measured by the seven retained
climatic factors. The y-axis represents the climatic factor
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Figure 2.13 First two axes of the principal component analysis of seven climatic variables
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TR E R, WAL EE 2 5 Hh 3R 25 /7 7E B 3% IEAHSC (Mantel r=0.39, P=0.0001),
B R B S A IR B AR B IEAH G OR R (Mantel r=0.18, P=0.01) (& 2.14).
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Figure 2.14 Isolation by distance and environment using Mantel test. (a) Pairwise genetic
distance Fsr/ (1 — Fst) is significantly associated with geographic distance and (b)
environmental distance. The significant test using 9999 permutations. Lines show model the
predictions, and the orange shading represents the 95% confidence intervals
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Figure 2.15 Similarity test analysis for four lineages of Quercus sect. Heterobalanus. The six
pairwise comparisons were tested between different lineages, (a) lineage A/B, (b) lineage A/C;
(c) lineage A/D, (d) lineage B/C, (e) lineage B/D, (f) lineage C/D. The PCA-env plots (left) are
shown according to the similarity test. Shaded areas in each plot show the density of the
occurrences of the populations by cell. The solid contour lines illustrate 100% of the available
(background) environment. The green colour represents the niche of the first population and the
red colour the niche of the second population. The purple shaded areas are the niche
intersections among kernel densities of occurrences. The histograms correspond to the results of
equivalency and similarity tests to test for niche divergence. Histograms show the observed
niche overlap D between the two ranges (red lines) and simulated niche overlaps (grey bars) on
which tests of niche divergence are calculated from 100 iterations. The absence of red lines

indicates extremely low ecological overlap or even zero overlap in equivalency tests
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FEAERS IR ) R ARG, (R 1 1% R AL R A, s ZFE PR 4E et 1
BB AL AR R YR o AL AR W L ik kb X 2 I H R R A 2 A B I R AE
% 9 SR R FLAR I M X R A i A I, A N 52 B IXCAE S A3 3 S TR A Dy
UK A IREAE BT A FH A D 1200, 201 2071 3 A T 22 U8 2R e v Ml X )3 22 DRI HH A IR
WA Z AN, S5OHTE T ek B S FL AT b X A T — B, SR AE ZR U P R W 52 )
(PR AR R B4 22 FE 1 PT RE 2 HH T 5 7K ST R A2 A IR 114 228 R 9 0 e 4 12081,

i RAEAE MR (Fsr 5 dxy) BIGREW, SWLARHEEYAFE R 2 E
LI 7BV R REE A, UHRE R D 500175 i X H At i & 2 [8]
[P AL oA FE B ey o SRAL T8 0 e — e m i W R 5 HE (Allium cyaneum
Regel) PY #E11¥ (Pinus armandii Franch.) PYOFIEIN-K3E (Rheum palmatum L.)
IRV B ZR VPP S s SR PR 2 (A A2 AE . fE s U, iR C 5l
F D Z ML RN EE (Fst= 020, dxy = 0.11), RS0 TR 1L K
FAEBEIE 5 C 5040 T ZRIL-Se i X 1 R D 2 8] A B K 152 21 H 28 R 55 1 520,
M PRSI T MR B AR R T ek L 3k, TS 7 RERNACm, Jiedt 7kt Mtk
2N, FESAAT IR R A 546 TR L BKAEE S R B A AE, Hos
e AR R AR . BRIBHE YD 3t HA W Ry « AER A% 76 PR 58 B0 DL S 8] 2 58
BINE SR R, T DUIG A S8 43 Af B R (B] A R DRSS, 55401 R 1) R as AL 0 AL R T
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(1921, 76 FC A AR S8 S b O BRI R, il AR B E AR (Q. robur) 1T
FETERR (Q. petraea) REWEASMELS FOERINHHEZES, HEANFEFEEIK
|H R A A ORI R R A i 212 JE PRI A i 45 SR R AP AR B R B ol &R A )i R
B LR TT M) UERT, Jiang SRV FE AN AT AR IE TR W00 35 56 = R X
b6 o5 5 ) SR B, T AN . Liu SISV & Ll AR AR R g LR AT T s ik
BRI 98 5 TP AP b 350 ELAE AT R e i X PR PR I & 1) AR A R R R TT R, S
AW LRI T M — 3. Bk, AT — 2 kB E AR ALY 10 R 4
fE—ERE LS “ B H#BE R ” (Out of the Qinghai-Tibet Plateau, Out of QTP) 1{f
Ui KPR AEZ A S L EY SRR AR, planttasie)s . IRELR
(Primulaceae) fRFACJE (Primula L.) UL R 5K &S MDA AT 18w R B
AR LUk DR, FERE S 7] 2R MV Atk 1L b X 97 5 l0T 214,

Tajima’s D ()45 KR A R0 R PR LT REAAAEZE S o T T 7 m SR HB X 1)
AR Ay B M C BNIEERHENTRI L 1 MR ds S ek £, X585
e JEAE ST I 2 IR IR T SR R R AR B S AR S R ko R = RS
[66. 701, i FHUE MG R D RFHE L& 7 Ry k. CHEMREH,
o e SRR TR 2 Er i BRI & B 1 R BT AR AR, FRARBEE W R
SN, XL IR A IR ZI SR T i LA ) B o A AR A T e S O ik — B i
B 7 S B R W VYA 1S R A RO RS B ot DRI 2 0 7R R, T
REAE FH T Aot A2 7 7R v 5 P B - d a5 ) I O A B A e T T4k, s B BT
FEE RS R X TR T R R DL RO SR AN R R AR B, S EOE LR
& B E A, AT AR SR NI TAE BN, R A 5i%R
C WAEMF G TR E, MR B AR D WHIEMY K, XREEHTH
i e SR AE SIS S ) B s 2R TP 2%, AU IA AR S RS xR e s o,

2.4.3 W PRGBS 55 5 B VR IR S I 384% 45 0 5 A AL Ak

iy 35 58 B R P S o A 3 A A D A T [ AR FRAE IRAR EE ER . ANHE
FUIR R KA 8 I v L MR 2B YDA B B S5t R R S A7 A 35 IEAH DG (Mantel 1 =
0.39, P = 0.0001), RHUIFF/EH R A PLIG B, FEPISZRZIR. X 4R a4 MK
HbFRRE 2 (Isolation by distance, IBD) FRi$, B[ HbF [R5 2538 i PR i1l 32 Rt A2 12E i e )
AL At Rl R AE R L AEY T, TR S 2 1S MR A DL b B
REJJA PR, HhPRRE S EAAEVE 2R Pl AA £ R, X THRE Y S, Pt
[F) FR) 25 DR A2 V7 32 AR T A8 R AL 4 o R AL R vl DUAE — @ R B SEal
L EE B AL, T B9 O 32 B AR BT AR R R, T R BRI
[F) P 2k R A2 9 52 2 FELAG 210, Ll MR AR A 3 2554 T ek v Jot S LA b X,
[ b P 25 ) T R S 2 PR AR A Ph - IO R A e, AT s BE KR =, FHAS 1 Fh
T [R) PR BE DR A2 i o 75 7R e i AE 3 AR AR LR IR AR B2 3 IR 1 1 52 2% 1) L ik — e 24 1 35
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2 e BRI 38 A% 5 K T L )

W SRy, X BE S O PR M T 45 e R T 8 O3 AT R S B D R LT B Y b TR
TG, AT PR P 2 B PR R DR A0, AR R A% A3 2140 Sy h 280 o 9 Bk 3
B AL G5 A R B EAE 5 8 SR b X B =y LA I AR AR . A, AR FR R I F] T
0 B ERE ' (Isolation by environment, IBE) (Mantel r = 0.18, P =0.01), FHIL
b R 2R AT A OO0 e LU AR ZH AL BB S5 M T s R A 2R . IAE PR S Uil R
RN B 57 3§ S = B vivk & 51y 4 oy oy i ol 21 B G VA 0 © AP A1 B B R
SPRGE TGS, AR AR ZS FREE A (R b mT B R e b 3 B = AR s A% 2 7 BT AR
e R X, TR R . SRR E R RS ERRZE, R
FEAR A R AL 7RI BB T, TR ik IE R oAk . AE T R = B
s L EY T, BRI e e E 2 M EY T AR, ME R
(Picea brachytyla (Franch.) E. Pritz.) P81, [KlIt, 7548 A o [H] ) b3 i 25 AN PR 1 1%
BRI, SRR A [F M TG N G AR ST B A R T, ATRERAE T
BRI 4, TR T 41 8 A% S5 1A% )

5 b P R B AN PR R R B FE RAE R, A AT ag gt — 2l ad AR 28 A7 23 A SE I XS
SRR B & N o BRI 22 i Tl i AR S S TR R T AL A s i
W R — A R RV, [R5 B R A8 I8 T AR A7 2 A SE BN SR A 85
RS B, T PR B Bl AR 1A ) se Sk e,k — 2 s Aon e SRR B R T 5 4
PRGN . AT 3T PCA-env LA T mni BRI A RS RER RS
RS EBEE, SRS ENMESHEUERL, X1 R A AESA 510
W RBAT TR BN, FrA R R 2 A E B 4550 (Schoener’s D) {E I 4b T-HAIK
K, KA IARH &S RERE TR RSN ES AR, BAURRAESASS
%, #FiER2E H OB ERR N X —g5 RIE R A R EE R A i FE
AIREA T T ANF A EEE £ e ), ANITAE S B B T B 1 A Sl ST R AR 25
ASMEMMRESERERRAER B D 24 7 ASMENEREER, &
X AN 1 RAE PRI 2 (B ) A 22 e B 5 . 0K — 22 57 W] R o 02 B b B A B AN )
I 2 R B . HE R B 0 An CEREIT LKL, WAREERE R =X R
SRR E S, SR D EZEAAAERIE BEPHIX, HER A ARHRANE € .
KIRIA A% B 6 ) AT RE AR AT MY 3 500 AN [R A A0 B SR, AMAEAE S AL B R A
WESN ML, RN ZE R TR BT I SRS HE R, 4ERRE RAE R X
AEAF, FFrTRefe gt il R B AL RR R, X ALl s LAY S R 40 i A 7T
SR — 220 21 Hogx 5 AN R0 LU AR S A H AR AR SR, KRR R A FI C R
AIREC @M | S M. X — B SEATHE — 3, RUPEZ R RFEIERE R
TE R IR R FEAS SRR A S R B AR AL, T AR S A A A LN R B
072 200 IS E R B i — PRI T R B 2R R I W )
MRS, HAESMMHEARTIER A, CH D, RUHER B v 1 &Rkl
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L ik A 7S 2t DX 0 PR B A8 A B TR R SRS [ A Al N SR o AR S I 2 R RE S
S SEAN ) i 2R A AR A3 S BE ) DA S B B HBER O3 A T B 22 P R, AR
ARG AR AL R R A A 5 T 3% T BB A

2.5 INGh

252 AT LI AR ALY 109 AN (14 56 T6 4L 76 W P 504 10 4T REAAR R DR 40127 0
S RGR B MBI S T RS, B LR R I oK 1 IR B T A
FIRMEATERY, TRZIHW SN, RN REIER, 20 TRSS
KBTS A% T AR AN SE A B L. L TR LB X i R B Al C A
B IIE Z R, T TR ERFHIX IR D s LRI, B,
R AARTE B B L M, %R C 5 D Z KA TR B, Tk &
A5 B Z TR AL, HAFEW B R A 1] B EEEG . MR R3hS 0
DR, DU R AR o S UM 2 5 T R E IR 5k S I 4
fth, HEINT TUREERIONLS . BRI G 4h 57 8 A% BE 5 5 B R B9 2 ] Pk G
PEBR T 5 PR HE B () (IR 6, TR I B AL G5 K B AR T S R AR
RN, R RS RN R E R, ARSI 4R E R A
MESEREEELES, RHSERBI T ASRIEINSR. Fik, MRS aae
FEBREN i L AR Y BRI A A G R 2, T A A 25 S T R e (i i
F 7 A 3 A A A i B R
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3 B AEYEREBRRERES

3.1518

T (%) 330 Tt A3 0 52 1 o A T R A< 38 30 55 22 b DR 3R R 2L [m] sz 173- 1381, BR85S
S OB A DA D o s ) R R AL PR P B TR 1 A A 5 R b I 8 () B PR 3R 122
2, FEEIMLMAES RS, AR R 27 2 8] R S I B R 3L (A
YER R T R 35 1 2R DR 2H A A Sy (224 2290 R PRI 20 7K 16 20 A AsE SO e ke g st gt
W RS BN AS, Rt | B SR FEAE R & N 5 3% R T R /R B 2200, i
el s PR R R, BOREE 22 (1B 9T 3R WA 2k DR 4H oAb 8 I R AN — 1Y
AR R, RIS 70 DX I L 3025 i s R84 20 A K, i Ak DX 3l U] R 5
I B I8 A% AL R FE 1224 2270 3 2 () St Jo 1 29 A s SR vl BB | T 22 Pt A o R ) 3
FEVEH SRR, SFEEFEMEGERR. B Riks. EHEER DL RRS:E0R] JC i ]
R 20 T AR B R B AL A FE 52 B BRI B 1K X A T R TR R AH T
ML) RO X B, TR “FE R A 7, X XA AT 2 8 4R 5 Ry i B B
A B S A O (1) T e R R 2,

X4 A 1 R R A AT B A I R G AR S, KIS
15 AR Ak S v FE R P 58 5 o 1 1A 3[R VR FH AR ASE AN R 3% AR 32 1T AR AR S IR B R 7T,
FEIE A [B] 1 22 DR a4 Jey (61 700, 53 % iy Ly sty b FEZ I 2 S 1 b BHE 5 25 ] RE B 1] 17 3% 2R
() PR 5 DR S0, T A 8 B A s AT R A 050 22 S U)W e R B 1 R AE AN TR AR
AP ) B A B2 200 Rl AIEDRTZH KT PR 1S 2R TR 04 5 Sk M5 5
oA kg R, A BTk — 0 PR A PR RS 2 5 AR AN IR 4 R D AE TS RTE S 4E R B
XHER

AR T A T 1 R K i FBER AL o e 20 (Fsr) MBS BER 2 & ISR EE
(Cross-Population composite likelihood ratio, XP-CLR) PFNGtit 7 ik AT B i
BRI AT, DAIR 8 £ 52 16 25 () i R AH X 38 figeade 2L Y], 1 — il DI ReiE RS GO
BTN 2 I BN Z 5 FZAEY) FA R . For M vH R AR R S5 A7 5 R A2
()2 SR L 45 508, BS R S A UKt 1 #E G 4 R R AH X I8 21 SNP {5
B, MR SRR E BB i 0 e #2605 S AT gE 7, AR TP P ik £ 2 5
) S5 A7 2 DRI A R Al 28 FLE BN 47 (LD) AR4IBY, jbhbh, ¥REHEY B AT iz,
ARENIEEZ, EHAEK, BEE RE AR MRZR S EREE SR, H
M AFERS AR b AT SR DR D RS IE, B ORBR 1) 7 T Mk JE M A 1) 52 16 45 25k DR T g (X At
TR o AU A5 1% F5 DR LE 4D B T 50 2 v db AT $00 e 7% (RIS ZE IR EEGE, - 4 0 i
LD B DI RES I, AT 8 70 e L MR ) 7E 52 2% 10 1L M PR 53 3 R ke s A P e A
Behil, ONFRAERR AR AR A AL KBTI R 3 TR SR AR AR
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3.2 P AE
3.2.1 R A K531k
iZH VCFtools v.0.1.15 MSOIpEk &y LLARZHAB Y0 1 DUAN 18 4% 1% 2R 1) e AR /K P 1 4%
R % AR Tajima’s D fH, 12 H Pixy v.0.95.005 WA P AN AL 2 (R AH X 40 648
B (Fst)o
3.2.2 BRI AL B
EPEIETERR (Selective sweep) BEHE B 1R A1) 5 18 AR AR S 4H 5 1) 528 (R 2845 5 A&
o R o AL I S B R X, AN FE AN BT il o 25 MK (Q 1H > 0.9 BX
<0.1) BATEER, DA I IR S T E BAE S TP, A2 — BT ERRARTR
EAMR P R B G R 22, BE e S B 2 TR]AH G ASE 1) 70 A X 38 da R A4 aed
&5 R BT B AR R I RAE AR T VAT IR B9, A ST B R A
EEZM 10 kb WBNE H o AT HARGAL IR T7E, B A EL M (Fso
AT R X A 4, SR FHT 5% & DR & 4 X 38 (Highly diverged regions,
HDRs). #RJEXf 7046 (HDRs) 53Ews KX 38 (non-HDRs) #EATSETH0HT, K
H ggplot #EATFILEE T, ggsignif I TURINEZ AR ID, BEMERKRA t 5%
(t-test) TE%. AT HERSE R ERRAE R 738, A 008 AR R 30 & R/ ik
ITERHAE SR (XP-CLR) 73T, [FIAERART 5% M & HE NIE#4E 5 X 35
BEJS, AL AR EN For 5508 H 1 1 20 A DX SOR R A4 R e MR R AR 1 1B 3
& SHAT A Z RIS EE, R AH R S5 RAE Ny IRk £ a0 A X3, T IR 48 5 4 A IX
BN R Nk, s 4R jvenn fE £ W b
(http://bioinfo.genotoul fr/jvenn) HEATIHHE 5 44k .
3.23 BT
W fige e I IR R U TR 7 138 BLASTP #2/7 LUxS =4I (Arabidopsis thaliana)
FERHERBEPEE (TAIR, https://www.arabidopsis.org/) AT [RIVRIERE R, & E E-
value /N T 1e-05 PASRICE 2 VEVLAC I R IR EE IR IR AT, 38 % U = BLAST [LAC4S
Ro bE, KX mIT R EE AR IR E A B WA, I DA e 77 4 5 DR 2H 5L K]
ENT 5, $#25C % PANTHER %04 % (https://www.pantherdb.org/) it 17 & K A 44
(GO &HEAHF, HEWHAYIS R SE Sk . =5 5E MR A s
% (Fisher’s exact tests) #FATUIH, FF{HERKIZ (False discovery rate, FDR)
JPER G R AT R . TG R AR N, 2d ™41 FDR & I1E (FDR <
0.05) JEARERILEZE EHEM GO K. Ft, KRFASHEFIREE S LR 234,
ICARIR G PAE/NT 0.05 B SR HEE A>T 5 ST 20 > GO Rif, 1 AER
Dt @ s,
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3.2.4 WGz e E o Hr

Xf Tl IS Fer AES AR S S RIR LG 73 i AL [F] 25 5 HH A IR 1 3 A0 X ek, AR 9E
BRI A A TR K B Cupstream) ARV (downstream) X3 SNP 7 55,
XA T B KB I SNP, A 570 37 25 2 B 10 bp KR P21 B, 6
TSNP f7 5 21 bp £, H T )5 20K 52 IR IX L8 Fp 51 5 R i =GR 4% o 2
P& %2 NewPLACE (http://www.dna.affrc.go.jp/PLACE/) HEATAAMEFE R LX), PLF3K
CLEN 4% O PP 212500 AR 0k [l 25 AT N Lok 5 8 8, fREE & 2K 1D,
TOE AL E R DIReE R A S B . I 5 A2 el A s A ) PR DR R 3% R 70 R AT Bk
ME RS, BRI —REIEEMIHER T, BFEERL.
KRGS AT 1 — KR AR T, BFEER . FT L F.

33HER

3.3.1 Z:HH K

m LI ARZA DU ANE R B BRI A KPR TR 2SR ERE R A BARK
ST RZFEE, SR D WRHRZ RS, NS REF RO ERRL
LM, BRT R C M DR 9 Sk B PUES K&, HhrE 125
Jetfk ERBR K ZESR (aB-iD = 3.8X10°) (& 3.2-a). & A FEROMAKT E
[f) Tajima’s D Yu[E N 0.36 (2 S4fath) -0.49 (12 SH4tafk), il R B 7E QB AKT
1 Tajima’s D SN 0.38 (2 S4eaik) -0.51 (12 54k, iR CEGOAK
P L1 Tajima’s D YEFIN 0.17 (4 544 4K) -0.32 (10 SHt4k), %R D fEL A4
K- F ) Tajima’s D YG [ 28-0.11 (10 S5 E4E) -0.1 (2 F4¢Efk) (E3.2-b). E
BIRHER AL IR B HIER C EATE R AL 1Y Tajima’s D HHCVIEE, RFIX =
Nk R VR TR PR A AE F AT, (HRIER DA 1. 9. 10, 11, 12 53
o4k 1) Tajima’s DA A UG, I H Tajima’s D FIMEEIEUE, RWERZRDAN T
JE 1A IE PR I S RS sk AT . WEHIAR IR AL /MBI EL (Fsr) FRERE, R C
5 D Z s fE R s, R AL B ZRMEE MU R, Fra R
XIE 1. 20 3 4t fk BRsE A B A Gy o fR = 1) Fsrfd (B 3.2-¢), RUIE
LG AR ] e R AR I BB R R
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(a) (b)

—lineage A lineage B = lineage C == lincage D 0.6 r lineage A —lincage B — lineage C —— lineage D
0.00013 ¢ 05}
0.00012 | 04t \/\/\"""\/—/
0.00011} 03}
T p.0001} 02} \/\/\—\/\—‘
0.00009 W o1l
0000081 7 AN~ — ot /\/\/\
0.00007 } -0.1

Tajima’ D

000006 i gl
1 2 3 4 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12
Chromosome Chromosome
(c) ~——lineage A vs. D ——lineage A vs. B lineage A vs. C
lineage B vs. D ——lincage B vs. C —lineage C vs. D
0.25
0.2
0.15
7
=0l
0.05
{) L " L L L " L " L " )
1 2 3 4 5 6 7 8 9 10 11 12
Chromosome

3.1 LD BRALAEAY) %35 R 25 G ORI IR 2 25BN Tajima’s D 518 2 (8] A8 1% 7L 4R 2
Figure 3.1 Nucleotide diversity (a) and Tajima’s D (b) of each chromosome in different linecages
and genetic differentiation between lineages (c) of Quercus sect. Heterobalanus

3.3.2 mr X 3

N T W B R AT RN AR AT, R B O S RO 2 TR R A
BAE IR (Fst), 5 top 5% E DR E /LXK (HDRs) 25 5$ %0, %
A A5 DA Fsr A 2] 3660 A fbIX 8, iR A5 B Fsr il £ 3676 4
EXIER, R A5 C A Fse /%) 3670 N fLIX 5, %4 B 5 D A/ Fst
Rl 1) 3649 Ao ALIX I, 5 &R B 5 C R Fsrtulll 2] 3654 Mk X 38, % 5
C 5 D A1) Fsr B3] 3576 @A X 3.l it @ o4k 5 36 & a4k X 3skadk 47 g it
SN R BN m LI 6 M R B Fsr B M TaEm i X 3k, &0
XL S A X Be DR B 1 R B4k (B 3.2),

T I LGS [F) 1 Z00 2 ) () s A XSk K B B34y, RBILAE 470 - 1599 ML=
EIX I (B 3.3). X —S5 R, w0 X R A — 50 45 78 A s A% 15 R (]
FAAEST Ak, T 22k BRI 2H B R 70 IX 3 S R P AT R4, 0 B v Ll R ZERE A 7 5 AR LR
i T RAR AR B B R A, AR ] B4 2k R 40 IX 3 2 R %, T A d A [
[ 308 A A S5 B 42 S LT 7 P A
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(a)
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(d)
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(e)
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lineage B vs. C

(c)

1.00
0.75
£ 050

0.25

()

0.9

0.6

FsT

0.3

HDRs Non-HDRs
lineage A vs. C

HDRs Non-HDRs
lineage C vs. D

K 3.2 AR AL A 2o Ta] ) = 7L X 38 (HDRs) 5 Fmi 7046 X5k (non-HDRs) EE#RZ.
(a) ¥ % A5 D Z[i] HDRs M non-HDRs HJ Fsr 73t L: (b) # 5 A 55 B Z[A] HDRs Al non-
HDRs (1) Fst /3 it dt: (o) &R A5 C ZI8] HDRs Al non-HDRs ] Fsr 70 fiffin; (d) &R B
55 D 2 [] HDRs #1 non-HDRs i Fsr 70 Aiiff#t: (e 1% % B 55 C Z[A] HDRs Al non-HDRs H] Fsr
AR (F) W& C 5 D 2 [ HDRs 1 non-HDRs (1] Fsr 734 &

Figure 3.2 Comparison of HDRs and non-HDRs between lineage pairs. (a) Boxplots showing the
distributions of Fst for HDRs and non-HDRs in lineage A/D, (b) Boxplots showing the distributions of
Fsrfor HDRs and non-HDRs in lineage A/B, (¢) Boxplots showing the distributions of Fsr for HDRs
and non-HDRs in lineage A/C, (d) Boxplots showing the distributions of F'st for HDRs and non-HDRs
in lineage B/D, () Boxplots showing the distributions of Fst for HDRs and non-HDRs in lineage B/C,
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FEF SUOE D21 5 1) L AR AR 0 A A B AT 7T

(a) (b) (c) (d)

2785 891 2779 2981 695 2965 3190 486 3168 3082 594 3055

(e) (f) (g) (h)

3206 470 3106 2071 1599 2055 3088 582 3067 2646 1024 2636

(i) () (k) (N

2757 913 2663 3062 598 3056 2087 1573 2076 2741 919 2657

3.3 HWEANATE S0 2 I A ORI E S8R, (a) R AB 5 A/C; (b) & A/B
5 AD; (o) % A/B5B/C; (I &R A/B 5 B/D; () &R ABH C/D; (O &K
A/IC 5 B/C; (g) 1% A/C5 B/D; (b & A/ICH A/D; () & A/CH C/D; () ik
% A/D 5 B/C; (k) W& A/D 5 B/D; (D & A/D5 C/D
Figure 3.3 Comparison of the number of overlapping highly diverged regions between different
lineage pairs. (a) lineage A/B vs. lineage A/C, (b) lineage A/B vs. lineage A/D, (¢) lineage A/B
vs. lineage B/C, (d) lineage A/B vs. lineage B/D, (e) lineage A/B vs. lineage C/D, (f) lineage
A/C vs. lineage B/C, (g) lineage A/C vs. lineage B/D, (h) lineage A/C vs. lineage A/D, (i)
lineage A/C vs. lineage C/D, (j) lineage A/D vs. lineage B/C, (k) lineage A/D vs. lineage B/D,
(1) lineage A/D vs. lineage C/D

3.3.3 I FEMEAE S

I PR S SR LA R T, SRR T A LR LU 5% M JE D5 20
PN Z EIE R IR X 3. 35 R AL DA% E H 1489 M2 IRIEHE X, ERAL
B %E H 2528 MR IR, R A LH CHEEH 2216 MZIFEFEXIE, &R
B 5 D% e 2528 M2 IEIE XN, R B 5 CIM%EH 2216 N2 IEIEFE X,
R CH DIE%eH 2216 M2 IEIRFEIX .

PRI For FNES BER S A ALK LU IEAT S R 1435 Bk 23 BT i 4 1 2R () 52 IE AR B (1) s 204k
KRG R E R (B 3.4): ¥R A5 DA 165 MEEFEE MR, &ma X8

(HDRs) M3t 4.5%, ¥ 5% 7651 SNPs. iX4& SNP 4 486 > SNPs fi7. -3 A 7]

[X (Intergenic region), 280 > SNPs £ T4 FAH (Transcript). i HR A 5 B [
749 AN IEEFEE MO, 5 EaLXIREBE) 19.8%, ¥ &% 3504 4~ SNPs, ixXib
SNPs 1145 2178 4~ SNPs iz T- £ [H 8] [X, 1326 4 SNPs i T3 A T, R A5 ClH
A 459 N IEIEFE S G, s X 12.5%, 3 &% 2020 > SNPs. x4
SNPs 145 1275 /> SNPs A7 T-JE[H 7] [X, 745 4> SNPs fii T#55¢Ah, %% B 5 D IA]
A 396 MEIEFERE IR, SR X BB 10.1%, ¥ &% 2121 4> SNPs. iX4t
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Figure 3.4 Manhattan plot of F'st and XP-CLR analyses for six lineage pairs (a) lineage A/B, (b) lineage

A/C, (c) lineage A/D, (d) lineage B/C, (e) lineage B/D, (f) lineage C/D. The Venn diagram plots with
overlapping windows among HDRs detected by Fst and XP-CLR
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Figure 3.5 Shared segments of positively selected highly diverged regions between different lineage

pairs using Venn diagram

3.3.4 IEEFRNR

JETFRIT 6 ANk AN % 0 IE I K X I AT SR AR (GO) &
ST, AR IR A i R o B M B R AT 20 N H (B 3.6). (EIER A
5 B JH] 9 ERL B A KRR B B 321 AN 2R PR IR, k75 302 AN BB T
AR FE VR AL, GO AR TG R R R 5. (R R WS o, X
BRI R . R I R S R A S R R B R S A . R A S
C [H] ) TE 26 33 5 40 A XA M SV BE 1) 204 A2 I PR IR FE R, 3545 191 A~ B B 1L LAY
(L TF FIVRIE R, GO B4R 4 W s SR AR DG JE R 3 B 3 48 T 1 AR AR e
DL R, EE R AL D MR IEEF &M X8 R E) 67 A2k B fEk
JER, P45 59 DB EMEICE B TRV, GO &AM BRI E %
TR AR TRUH S R BRI T 5 A B e T2 % 20 P o 38 % 5 S 45 40 B i
Lt e, EHER B C MIMIEL BRI SRR S) 237 2 ik PR S,
A3 218 AN BB MV 40 P T RIVEE R, GO B 8240 M7 45 SR e WA AH S S IR R Ty 4
THEWSE RS LBSERMEERE. RE. HRELE THBEREESERE. Fil R
B 5 D [ IE %m0 X I B 3B B 220 ANk Rk IE R, 315 221 N EE
VDL IR (8L TF FIVRIE R, GO B 48 40 Wk SR 28 AR G R 3 380 4 T4 ik e 42
R FERIFIA S i . fEa R ESER. FilR C 5 D RMIEES S
SIS E RS 125 AN R EE, 3R 120 AR S TTRC AL 7F A

46



3w AR A 2R ) 5 AR 5

B, GO BHEAMERRFMRHEF EEEEL T RERE. A, Bhapme, 4
FROGH 38 2 5 A P i B S T R

£ 6 Nl 0 IRk £ S A X P S 3L e 910 M Szi B ey . i
bb T 22 90 B 7 25 DR 2y R s AT RIS R R ik, 3848 864 NEA BEMEILELH)
[F 5 2 AR AT I Sz i B figade B Y], Horp A — A3 e ke B B FIE R A 679
(78.6%) A~, 195 (22.6%) NHERFILZET 24 MAFEIERXS. EEX 195 MEETF
ANTF T Z2 00 Hh A e I RIS R R Dh R 4R, &I 66 MU It [R] U2k PR O AE AH B B
FARILH BARDIRE, %@ H— RV S L BRI J 040 72 v 1) G B g ik JE A
FEW ARG N, GREEmRS . T2 MiE. Sem R, GRS OFERE i
L AR AR ERRKE) . AEEMNENZ (EEEN 2k, P
R MEMEE (P RAARE. R KE) FRER (W& 4. 41 BRSI.
ERDJ3B. CNGC20. PRLI. PRR7 M KOIN 2 5 Wi 3 ) S B IE K, CYP70741.
TLP3. GAUTI0. HPCAI. GPAI. GTLI F1 BRM %5 3& [R5 1 5 b e i) ma B A 5%,
PGX3. AtHSPR. ATC3HI17 M1 MYB3 55585 £ W8 ()0 N.F %, DWF6. SEU.
PSY Al CK1 3L K 56 NG 5, NIP1;2. ANL2 Al PCR2 %53 [K 55 5 4 J@ i 52 14
I, PWOI. ARIS. SEC34. PEP. NDR5. PGM3. BBM Fl PTBI %3 5 & T Hi
VARG B ), TIMS0. TTM2. TAFI3 Fl KUP4 3Nt 5 &1 5 AR VERE B4
x (MR 4). MAh, BRI T ANT. DPA4. PATI4. GVSI M1 DRDI%5MFIIRE
HRIFER, XPOIA. GSL04. I0D22 1 NUDXI9 23R 5% 4k Mid mi NG > (Bt
x4,

47



BT LI DR 2H 2 1) e L AR ZELARL ) P A 2 S

5

L

(a) lineage A vs. B
cellular processigy
phenylpropanoid biosynthetic process. .
secondary metabolite biosynthetic process-
response 1o stimulus
cellular response to stimulus
phenylpropanoid metabolic process:
biosynthetic process:
response to carbohydrate
evelopmental process.
primary metabolic process
metabolic process
anatomical structure development
multicellular organismal process
shoot system development-
cellular response to stress
immune system process
post—embryonic development.
lipid biosynthetic process.
flower development:
cellular response to oxygen—containing compound:

.

0.02 0.04 0.06
Rich factor

(c) lineage A vs. D
. metabolic process i@

primary metabolic process
macromolecule metaboljc process
protein metabolic process
developmental process

cellular response to stimulus
analslwmncail f.truclurc_dcvcilupmcnl
multicellular organismal process
developmental process involved in reproduction
reproductive process

. system development

multicellular organism development
reproductive structure development
reproductive system development
pusl—embry-fpnc development

cell communication

proteolysis
shoot system development

. ower development

reproductive shoot system development

regulation of résponse to stimulus

cellular response to oxygen—containing compound
post—translational protein modification

0.0050.0075 0:010.01
Rich factor
linecage B vs. D

(e)

regulation of biological process.

regulation of primary metabolic process
regulation of biosynthetic process

regulation of macromolecule metabolic process
regulation of macromolecule biosynthetic process
biological regulation

regulation of metabolic process

regulation of cellular process

regulation of gene expression

gynoecium development

floral whorl development

carpel development

i . RNCCMP

regulation of RNA metabolic process
metabolic process{@§

regulation of RNA biosynthetic process
regulation of DNA—templaied transcription
st—embryonic development

multicellular organismal process

multicellular organism development

0.02 004 006
Rich factor

(b)

post—embryonic development-
multicellular organism development+
multicellular organismal process:
developmental process:

anatomical structure development+

mﬁlg( pvalue) . system development{
is regulation of macromolecule biosynthetic process:
4.3 regulation of metabolic process:
4.0 developmental process involved in reproductions
35 regulation of biosynthetic process:
reproductive structure development;

count . reproductive system development:
@ 50 regulation of macromolecule metabolic process{
® 100 . regulation of gene expression{
@ 150 regulation of primary metabolic process:

~log)g(pvalue)

35
3.0
25
2.0
1.5

count

Logm{pvalue)
5.5
5.0
4.5
4.0

count
®25
® 50
e

. __reproductive process-

regulation of RNA biosynthetic process:

regulation of DNA—templated transcription:

regulation of multicellular organismal process-
biological regulation#

0.0

( ) plant organ development]
phyllome development.
shoot system development-
plant organ morphogenesis.
multicellular organism development-
system development-
post—embryonic development;
leaf development;
anatomical structure development: @
evelopmental process|@
regulation of biosynthetic process@
immune system process,
multicellular organismal process.@
monoatomic ion transmembrane transport,
. shoot system mor)i)hogcncsi
regulation of primary metabolic process.g
regulation of gene expression:g
monoatomic cation transmembrane transport
anatomical structure morphogenesis
regulation of macromolecule biosynthetic process#@

H

cell cycle process

DNA-templated transcription

cellular response to stress

regulation of developmental process

metabolic process @

cell eycle

regulation of post—embryonic development
regulation of multicellular organismal development
plant organ development

0.

nucleobase—containing compound metabolic process{ ®
nucleobase—containing small molecule metabolic process
anatomical structure morphogenesis
response to stress; @

cellular response to oxygen—containing compound

Rich factor

02 003
Rich factor

0.

lineage A vs. C
o ]
® {
® {
: | ~logjplpvalue)
® {
[ | e
® p ‘ 5
. {
° |
count
° A | e20
® 30
o | @40
L . @50
60
° | ®
. {
o
10 0.015 0.020 0.025

lineage B vs. C

log g(pvalue)

50
4.5
4.0

3.5

count
e 10
® 20
@30
@ 40

04

lineage C vs. D

~log)g(pvalue)

0.0075 0.010.01250.015

Rich factor

K 3.6 i AR R B0 AR D8] O A2 P 22 R v 25 PR T 20 441 GO AR . R/
FoREA GO RGP E R AR, MUERRONR RS R EERE. (EREEEER
G//ESuris

Figure 3.6 Top 20 of Gene Ontology (GO) enrichment analysis of candidate genes under selection in

biological process for each lineage of Quercus sect. Heterobalanus. Bubble size represents the number

of genes enriched in each GO term, while bubble color indicates the significance level of enrichment.

Only significantly enriched biological processes are shown
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WU TT RS2 B AR FR A IR 530 SNPs A7 5 FF B R BR BE DR BH I, 43 T b T
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ul

B 23 AR PR o e T 5 DR Y IR 5 S R A A U e 5 B i T Vs
(1) FT 1AL Fsr

A8 2L T Logistic [RIAFE A ) DLk 5 35— Bayescan 730 AT iR Bl AL 5, R
FERABCE (5,000 iterations, thinning interval = 10, 20 pilot runs of 5,000 length, burn-in
= 50,000, prior odds for the neutral model = 10) 2%°1, iz H b/ #H1 B a0 51 q 18 DL
IMEEREZE, FER qE <0.05 1 SNPs iIRAA R HE. RFia H 7 — M T 314>
Mr (PCA) K3 BNPHEAT 5 1—PCAdapt 12k 4 A il REAz BIIEPEN SNPs, b4y
Hriz R 15 5 ) PCAdapt WHEATRO, Sl o AR SR PR RS AT 3 e 73 20 A 1Rl S
B AT A B E E R B H e R AL B R U7 7 B m T R LY
By, R EEEERER. WE, BETiEEmTIE T PCAdapt, iHH A
A~ SNP H pfi. /ot R qvalue PEAY q ELEEAT 0 H5 12 KL% (FDR), HUFDR
fEHT 10%[7) SNPs {24 outlier SNPs.

(2) FeTH R -G R B 77 1%
iz FH PR s DR Y -BA 58 5 BB o A A N 0 B 1 AL R DT VR AR R R TR A R
(Latent factor mixed model, LFMM) F170& 41 (Redundancy analyses, RDA) 4T

outlier SNPs % ll. ¥ JG7E R 4.3.2 32 ] LEA B+ T LFMM 4047, R4 2 DL
Wi S AR TR R AT N B AR B AR B g (B A 3 A, DASRBRSEAL B iR
£ PNl R Il e 78 U 2 b AR (B et e Y P R A I s V7 == 2 Y A
T BN B NBEANEERY, A3l IR . FEOKS ERES ARG 7 AN EHAT AT
[F] s 38 s #5 5 AF 5B 4 i (Sparse non-negative matrix factorization, SNMF) Jyykik
BUBEN T3 I L 4t . B e AT B e Edl kg U e #e, K VCF SOk
B 0/1/2 B IFHATERRAE RS, BEE AT S8 E Y. 10000 EACE, Hr
burn-in 4 5000 %, FHHATTHRERIET. AR EERXHAITLRITIERN—FZ 0T
%, DN H &8 e IR R % UIAH G SNPs. AT vegan BLH I rda
PRECHEAT, HAEMERE (N 0, 1, 2) fERmNARE, FrERRTELE
VENMERE AR R, DU HEAS A Ui 2R 228 (R 500 ) IR B A8 A py g 22721 8 7 DR R VR A i Y
HIUR TR R EERE R E N P < 0.001 #E4T 5% ik .

G, AWFFEIET BayeScan. PCAdapt. WEE R &R &AL 5 TUA 4 M i 5
B R A S B4R, DI 2O AR EE RIS SR .
ABBH 1 B[R] R BE AN [RIE A5 5, B FU R FH 22 07 R A8 S AL [R) S0 HY 1) SNPs A Sy
SE W52 1% $F SNPs (Putative adaptive SNPs), JEAEA IR S 5 T04R 0 Hr 3 [F 4 7
H 9 SNPs 1 AIREAI KT SNPs (Climate-associated SNPs ).
4.2.3 JUR5IHT

iz A SNPs. #E5E 321 £ 1) SNPs F15 S5 AH S ) SNPs f7 13043 Al i )33
&, HIEAAEE R AR EIFAT TR MR ILAR (pRDAD 404, EALh BRIRA
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5328 B0 1 L AR AR A [R]3 2R R a8 A A8 e (R R DT RS . 1 Je K .vef STAFI SNP
B4y 0. 1R 2 B, 20 AR W26 5 S5 2K . RDA J77%
T I = b A [F] AR B A 15 R AT X 8L AR S R W HEAT A0 M o 28— PSR DL
HAAG R 7 MR A /s 58 R DI B R oM R AR & 2R M DARIR A 7
N E. A, R B IX o MG SIS o AL AR R MO, A
BIF 552K FH O TU A% 3 B0k b B 466 4 5 A3 R -1 0 Sl EAT #8120 o ZE 451 BT 7 1)
T, BRER AR E, DIVPA IR 20 B AR e 2B RN s AH R,
SRR TR, Rt B R R R &, DLEAL S R S 0 1AL A 7
AT R TTmk . IS ATUAR AR TUR 7 85 R, R G~ B R 25 5 0 58 57 o
PELE I8 3E =y LI MR A A [R) 1 R AL S5k TR AR . i e e s (R 2
HILL VAT 5 IR R, A AR B A M AT & i SR 3o M i e . fi
F vegan H 1] rda B ECHEAT TU AR 79 M1 A1 anova.cca B AT 999 X HES (permutations)
X PR PR A R ) 2 DA 127
4.2.4 B EEARA

K H—FhAES B BINLES 5 2] AR B 7775 —A BEAR AR (Gradient Forest, GF) #£
RIS B 50 N M AL A e 2 1A) () AR e M ORI S oT R AR ST . BRIE R B & 2
PRIEVARIABAY B 0% R 5 o7 Jik DRI AR 2R IR R B 6 2 73 A 1Y) G B A B Tl IRl 12731, Ak
TifF 70 32 T 466 AR AR 1) JE 5 R 80 ( Turnover functions), PFAL I35 48 56 25457 JE K 4
RAH IR ER o B 73 B fE R 4.3.2 H{H gradientForest €158 . 1% 73 0t &4~
SNPs {7 s HEAT R 500 BRIEARE, B )i KR E 240 B maxLevel =10g2(0.368n)/2,
FRH 0.5 WA A RMEBHER TR AR EREEZ N, HRSHURHABRIANEE . &K
WEFC o A 7 HE5E 521845 SNPs H 3 DRI BY -4 53 SC IR 43 B i e HH K 1) 5 <A AH ok
) SNPs, BLA 7 DN SURAR AT I PR S ARMAE R, PR ITAN R T 5 od B % 82 4% A
FEAETRBNAT o AEARE ) E AR A RMEATHE I . [\, A
BT R0 AR B 1 )% B 1R 5 AR B i AT T /B
4.2.5 TENPEARGE I DN 45

NIRFTFENE RIENEBERF T SE 7RISR, AR T &0
RMEERZIEFAM RS 3.2.2 /i IRiE B s ORI AL ST EE . S
SNPs HEAT R RV JG 2R R Dy 80 2 5l N e B iz 5 B Rl G it &
AN R HEE P& Rt SNPs 3% R 440 IX ] (1) 5 B HE R 2 &
4.2.6 I DRI R S & £ 0 M

X T A 52 126 5 PR e e DRI RO B A Al e i ZE R M Th eV ERE S B 4R 0 i, [A
423,
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43 %R
4.3.1 &N R E

BETBE 0 (Fst) 25 WAEAL S BayeScan LB /RERER A 4 EH
2308 /M SNPs, iR B HHAEH 764 N7 H SNPs, i &R C HEEH 270 M HH
SNPs, & D et 441 M55 SNPs (] 4.1). 3T PCAdapt #3475 % (EA7 5
g R BR, EIER A F5EE H 4493 S5 SNPs, 1 & B 4% 5E H 2839 4N
SNPs, il & C g 5709 5% SNPs, iR D r¥sE i 4433 573 SNPs ([
42).

(a) (b)
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@© (0.3
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-1 0 1
(c) log10(PO)

0.5 A |
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I
I
t

0.1+

10 1 2 3 4 10 L2 3
log10(PO) log10(PO)

K 4.1 m AR 51 R ) Bayescan 4528, BB OLAER q HIVEWHE (B qfH
=0.05). (a) R AMRWMAEE: (b) WRBHRWAAEE: (o R CHARFAA
%€ () WER D MREA R E
Figure 4.1 Plot of SNPs of different lineages of Quercus sect. Heterobalanus according to Fsr and
log10(PO), with the indication of the threshold (=1) used to identify the decisive SNPs under
selection. The vertical black line represents the cutoff of q values = 0.05. (a) Outlier loci identified for
lineage A, (b) Outlier loci identified for lineage B, (c) Outlier loci identified for lineage C, (d) Outlier
loci identified for lineage D
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EES E
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Kl 4.2 mIL BRI RS R ) PCAdapt 45 4. (a) R A FIFFALASEE; (b) AR B
FWALEEE: (o) IR CHRFALEE: () R DRI EE
Figure 4.2 Manhattan plots depicting PCAdapt detection of outlier loci for four lineages in Quercus
sect. Heterobalanus. (a) Outlier locus identified for lineage A, (b) Outlier locus identified for lineage
B, (c) Outlier locus identified for lineage C, (d) Outlier locus identified for lineage D

R AR RIB A TR 7 48 5 e PRI &1 2 Bt o7 k3
Table 4.1 Number of candidate SNP loci under putative selection identified by LFMM and RDA of
different lineages of Quercus sect. Heterobalanus

R WAEFRREEE (LFMM) AT
Lineage Bio02 Bio07 Bio09 Biol3 Biol5 Srad Wind Sum RDA
A 1483 2502 2695 2861 2022 2143 2714 12204 11158
B 1279 1588 1134 1495 1902 1730 1318 8118 11824
C 455 427 460 726 408 518 494 2284 12067
D 269 2688 2113 2052 459 1 432 6802 5670

gk FRTR, BETAREPA IR S0 SNPs /B i 1%+ SNPs (Putative
selected SNPs) ZEHLE IR, 1R A P4 EH 3540 NMHEE 2L SNPs, il R BH X E
960 MHEE 2 1%L #E SNPs, &R C HEE H 689 MEE ik SNPs, iR D i
SEH 731 AMHEE 2% HE SNPs (] 4.3) BRANE TR R 2R SRR T A 40 M 3 H]
Y H ) SNPs /E NS BAH S ) SNPs (Climate-associated SNPs) 455 IR, & A
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H 2 E 568 N5 AURM G SNPs, R B W EE H 352 AN 5 IS SNPs,
R C el 123 MESMEMSEN SNPs, &R D P4 el 217 M SHEHEN
SNPs (F 4.3), FREELERERHUERIEIT BayeScan. PCAdapt. VLK ZHIR G
IR TLA A3 M DUA A 5 92 L R S e B SNPs /b, 7R R A ¥R 32 MH
ff) SNPs, i % B 4 H] 2 MEA N SNPs, iR C kA % ERILAa 1 SNP, i
ZDHEES 3 NILAR SNPs (4.3,

(a)  PCAdapt LFMM (b)  PCAdapt LFMM
2085 9111 2402 s
Bayescan 440 RIDA  Bayescan 341 :
10463 11315
82 135
(¢c) PCAdapt LFMM (d) PCAdapt LFMM
5249 2058 3992 ;
Bayescan RDA RDA
Bayescan 212
11543 5292

P 4.3 DYFH T VL 1EAT i LU AR A 51 R X RE Sk B i 5 B S s i 5 JRL A
(@) IR A; (b)) RB; (o) iRC; (D WERD
Figure 4.3 Venn diagram of putative selected SNP and climated-associated SNP were identified
for different lineages of Quercus sect. Heterobalanus using the four methods. (a) lineage A, (b)
lineage B, (c) lineage C, (d) lineage D

4.3.2 B[R-I BRI A

Xf = AR ) 253 R T SNPs A7 ST LR T 45 R W (3R 4.2), TIA
W R AR S S A S A R RELR EM O, SFEEEAEERA. B. CMD
Hr fERE T T 16%, 6%, 17%F0 18%; MBS &40 HIlfFRE 1 A8 5 1)
9%, 3%, T%H1 3%; ARAMMEAFILFE B TR AL By CH D AR
17%; 7%, 18%AM1 19%. AW 51z HI TU AR 70 A ik — 20 D1 Al S BN 05 A8 B A 0T
TURRES, 7EFSH T REARE R, R A, BHMCHBEAERERBELERE
P, R DREBES R SSRALRETLEEMM; EEHSELSEEERER,
R AN CHBEAR S 5 PR B WG, 1 &R B A D LA S A B L
BEMME (£4.2).
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XF % 1 FRAEE B2 R SNPs AL AT TUR T8 W] (R 4.2), UM E R
G AL AR e S HE A AR B 1) BILE A, AUREEAER AL B. CH D
AR T BRI 50%, 19%, 56%F1 63%; HIIEAR &5y BIERE T B R
31%, 11%, 31%AM1 47%; e s FEHRE TR A, B. CH D EER
(1) 52%, 19%, 61%HM 65%. iz TUAR 73 A it — 25 VP Al Hh BN g A2 5 (R A G o1
BRI, fEfEHIHETEEARER, S RNEETER SR EREMR; £
fil TR G AR TR, IBRAMCREAE R ST EREMLR, ERBMD
s e SR AR B IC B A M (R 4.2).

X %1 R 5 AR IS SNPs AL AT TUR I8 KW (R 4.2), TIAE R
i AL A SHE A AR B 1 BILE A, AUEEEAER AL B. CH D
SRR TSR F 41%, 24%, 55%F0 45%; 3RS &S HIARERE T R R
21%, 13%, 26%7F1 29%; A A B[R T i R A B. CHI D oA
(1) 42%, 25%, 57%M 48%. iz F M TUAR 70 B 1 — 22 PP At b 3EURN A fige AR 5 R AN D
BRI, FEREGIHETEESAR DR, SIERNBEETREURRERZEMK; £
FIA ARG RER, ER A BAICHEHMER T SRR R EME, A D
AL e SR AR | I B A M (R 4.2).

X &% R PTA SNPs Az pi HHE5E 321 £ 1) SNPs A N5 AH 5C ) SNPs iz
FOBAT I ICR M AR TUAR 734D 85 RE7E o, HiPE 5 AR & (10 3L (R g e B 35
e T EM ) S B B AR
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#® 4.2 = IR S RIOATA SNPs. #8218 FEAE SAGAH 51 SNPs 11 TUAR 70 A A TT AR 3B 45 5
Table 4.2 Results of RDA and pRDA for all SNPs. putative selected SNPs and climate-associated SNPs among different lineages of Quercus sect. Heterobalanus

BT SNPs (All SNPs) HEE 21 FE SNPs (Putative selected SNPs) SR FCH] SNPs (Climated-associated SNPs)
R2 adjR? P R adjR? P R adjR? P
lineage A RDA
G-Env 0.31 0.16 0.001 0.59 0.50 0.001 0.52 0.41 0.001
G-Geo 0.14 0.09 0.001 0.34 0.31 0.001 0.25 0.21 0.001
G-EnvtGeo  0.37 0.17 0.001 0.64 0.52 0.001 0.56 0.42 0.001
PRDA
G-Env|Geo  0.23 0.08 0.001 0.29 0.22 0.001 0.31 0.21 0.001
G-Geol[Env  0.06 0.02 0.001 0.04 0.02 0.001 0.04 0.02 0.002
lineage B RDA
G-Env 0.24 0.06 0.001 0.35 0.19 0.001 0.39 0.24 0.001
G-Geo 0.08 0.03 0.002 0.16 0.11 0.001 0.18 0.13 0.001
G-EnvtGeo  0.30 0.07 0.001 0.39 0.19 0.001 0.44 0.25 0.001
PRDA
G-Env|Geo  0.22 0.04 0.001 0.23 0.08 0.008 0.26 0.12 0.001
G-GeolEnv  0.06 0.01 0.078 0.04 0.00 0.421 0.05 0.01 0.033
lineage C RDA
G-Env 0.45 0.17 0.001 0.70 0.56 0.002 0.70 0.55 0.001
G-Geo 0.19 0.07 0.003 0.40 0.31 0.005 0.36 0.26 0.001
G-EnvtGeo  0.52 0.18 0.001 0.70 0.56 0.001 0.70 0.55 0.001
PRDA
G-Env|Geo  0.25 0.10 0.004 0.30 0.25 0.002 0.34 0.29 0.001
G-Geo|[Env  0.11 0.07 0.01 0.42 0.46 0.001 0.22 0.20 0.001
lineage D RDA
G-Env 0.54 0.18 0.001 0.79 0.63 0.001 0.69 0.45 0.001
G-Geo 0.24 0.13 0.001 0.53 0.47 0.001 0.38 0.29 0.001
G-EnvtGeo  0.65 0.19 0.002 0.85 0.65 0.001 0.77 0.48 0.001
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4
BT SNPs (All SNPs) HERE 521EFE SNPs (Putative selected SNPs) S {RAH K] SNPs (Climated-associated SNPs)
R2  adiR? P R? adjR? p R? adjR? P
PRDA
G-Env|Geo 0.41 0.06 0.069 0.32 0.19 0.001 0.39 0.19 0.004
G-GeolEnv 0.10 0.01 0.45 0.05 0.02 0.186 0.08 0.03 0.18

e Ge SRR AR Geo: MBHACE; Env: MEARE; R%: AR, adjR?: KRIEAFREE; * P-value <0.05; ** P-value <0.01; ***

P-value < 0.001
Note: G: Dependent matrix of population allele frequencies; Geo: geography variables; Env: environment variables; R?: coefficient of determination; adjR?:

adjusted coefficient of determination; * P-value < 0.05; ** P-value <0.01; *** P-value <0.001
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it — T RE SR R B T A AR S 1) 9 B8 S —HE E 1) 32 4% SNPs iz
MASSARAH G SNPs 7 fi ) 3 EIAE R 2, AHIF 70 R BL BE AR A B4R
B EEEHTH PSR

IR A IHEERISZESE SNPs A7 A rh, B 5 AR AR 43 AT S5 7 K BH 48 5
(Srad) J2& 52 W & BV M 383 A% A8 7 o B B ) SR IR B R 7, 3 IR KU
(Wind), A A RIKIEEZ (Bio07) MlfEKEZHHEAL (Biols) (B
4.4-2); S5AEMKN) SNPs f7 i 45 R 54 ()52 188 SNPs 7 i —5 (B
4.4-b) o PHNEHRE AR 1) S5 A JE DR e M VR PR 55 00 B SR I B SR 5 SR AR A R PR
SHE 14000 - 15000 kWh/m?/yr (X B &4 7 RZE 284k, KGELE 2.0 - 2.5 m/s [F)
X RA T RER, A BRI ZAE 2.6 °Chti RAE T2, FKE
AT AR AEAE 80 - 90 mm Z [BRAE TR (] 4.4-¢0).
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Figure 4.4 Comparison of explanatory variables for putative selected SNPs and climated-

associated SNPs of lineage A and cumulative importance of environmental gradients based on
Gradient Forest analysis. The R? weighted importance of explanatory variables ranked for both

(a) putative selected SNPs and (b) climated-associated SNPs, (c) Cumulative importance of
allelic turnover along environmental gradients for both putative selected SNPs (black solid line)

and climate-associated SNPs (red dashed line) models

FEI 28 B IUHESE 132155 SNPs A7 i, A6 EEARMR 70 A &5 2R i 7s OK BH R 3
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(Srad) &R0 1A% 4 S f B B SR IR B 7, HIGE K EZ=TT RN
(Biol5), Xi# (Wind) Flig TZ=EFHIEE (Bio09); HA M<K SNP
P25 RN ORBRAR S (Srad) 2 5 W45 AR S iy B B2 (1) S IR 3l R
HUGEBEKERTTHEZML (Biols), KiE (Wind) A A 0 G % %=
(Bio07) o 9 /™ Hi 4 82 11 45 o B DR 46 Y R S50 P8 SR 0 B R 2 L AL ] 3
R BHEE ST E 13000 - 15000 kWh/m¥/yr FIIX 8] &4 T B4k, T ERK
BN T2E, RGEAE 2.5 - 3.0 m/s (X B R4 T B3, &A AR
IR ZE4E 24 - 26 °CIAIRAE T2k . HIRAEHERE 321 SNPs i i, #ix
TR A4 - 2 °CIHRA T BB 184k, 55FEAECH SNPs f7 55
S IFRE BB
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Figure 4.5 Comparison of explanatory variables for putative selected SNPs and climated-
associated SNPs of lineage B and cumulative importance of environmental gradients based on
Gradient Forest analysis. The R? weighted importance of explanatory variables ranked for both
(a) putative selected SNPs and (b) climated-associated SNPs, (c¢) Cumulative importance of
allelic turnover along environmental gradients for both putative selected SNPs (black solid line)
and climated-associated SNPs (red dashed line) models

FEVE R C HIHERE A 32IEHE SNPs AL i, BhEEARMR M1 45 AT 7m Xk
(Wind) 2 520015 A2 57t foe BB (1 SARIKAI A 1, FLUGERBHAESS (Srad).
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BB EKE (Biol3) HMiRAH M RIUREZ (Bio07) (K 4.6-a); 55
B AH IS ) SNPs A7 s () &5 R s e 23R (Bio09) A RENEL 38 5 i
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SNPs fi7 g, KFHFESILE 13600 - 14000 kWh/m?/yr [8) &4 T RIZIA AL, H&iE
A OrBKELE 130 mm A4 RAE T HEE; S55EMISH SNPs 78+, K
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Figure 4.6 Comparison of explanatory variables for putative selected SNPs and climated-

Cumulative Importance

associated SNPs of lineage C and cumulative importance of environmental gradients based on
Gradient Forest analysis. The R? weighted importance of explanatory variables ranked for both
(a) putative selected SNPs and (b) climate-associated SNPs, (¢c) Cumulative importance of
allelic turnover along environmental gradients for both putative selected SNPs (black solid line)
and climated-associated SNPs (red dashed line) models
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Figure 4.7 Comparison of explanatory variables for putative selected SNPs and climated-
associated SNPs of lineage D and cumulative importance of environmental gradients based on
Gradient Forest analysis. (a) The R? weighted importance of explanatory variables ranked for
both (a) putative selected SNPs and (b) climated-associated SNPs, (¢) Cumulative importance
of allelic turnover along environmental gradients for both putative selected SNPs (black solid
line) and climated-associated SNPs (red dashed line) models
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Figure 4.7 Top 20 of Gene Ontology (GO) enrichment analysis of putative selected SNPs in different
lineages of Quercus sect. Heterobalanus in biological process. (a) lineage A, (b) lineage B, (c) lineage
C, (d) lineage D. Bubble size represents the number of genes enriched in each GO term, while bubble
color indicates the significance level of enrichment. Only significantly enriched biological processes are
shown

BT I B ARGR D X R X 3 SNPs 15 713847 TG A i =X i 4% oo i
B RRY (E 4.8), iR A M EZIEHA A FA SNPs #, 554 A4
(40%) SNPs K T3 [H b Fi#HF Xk, 73% (405 4~) SNPs A7 T C FIAE P = 0 7%
DNA JefFRIE T, Hr 34%M SNPs 5. Ko db. &S M. 10k filfh
TFREREARE (B 4.8-a). fEIER B HIHEE ZIEFEAL s P FE A SNPs 1, 140
AN (35%) SNPs A T3 ERFIX 8, 84% (118 AN) SNPs £ T L nAe i = 4%
DNA JefFrIE T, Hr 38%M SNPs 5. K4k db. &S M. 10k filfh
FREPEHKE (B 4.8-b). {EE R C B ZIEFEAL I A SNPs H1, 99 4>
(36%) SNPsf7 THF ETFFIXIE, 61% (6041) SNPsHzT CLAIFEYIN 4% DNA
TCAERIFEE S, i 14%0) SNP 5IREE. KAy Ja. M. AR T & B R
KL (] 4.8-¢). fEHE R D BIHEE ZIEFEAL S A SNP 1, 111 4~ (39%) SNP
AFRRE B TRHFEXI, 72% (81 ) SNP AT CAEIN 1% DNA ok 74,
Hor 42%0) SNP 52, /Ko, Ja. B R AR R E IHEHECE (&
4.8-d).

68



4 e LI ARZALAE D T 22 10 R 3 LRI 9

(a)

SNP Numbers
& 2

(c)

SNP Numbers
SNP Numbers
= - 8

= th

P 4.8 TR v LU R ALARL ) % 3 2007 T2 DR 428 DXCask A R T IR T . () iR A5 (b)) 3
#B; (o) AR C; (D) AR D, EEFKMERRECHEDINEE DNA s Bt A 3L
1 A% IR 2 ST AR
Figure 4.8 Predicted functional regulatory elements of putative selected SNPs located within regulatory
regions. (a) lineage A, (b) lineage B, (c) lineage C, (d) lineage D. Blue bars represent the number of
SNPs found in motifs of known plant cis-regulatory DNA elements
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Figure 4.9 The number of Arabidopsis homologous genes between putative selected SNP and positive
selected highly diverged regions for different lineages of Quercus sect. Heterobalanus. (a) lineage A,
(b) lineage B, (c) lineage C, (d) lineage D. Green and yellow color represent the gene in putative

selected SNPs and positive selected highly diverged regions, respectively
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Appendix Table 1: Summary statistics of whole genome resequencing data and population genetic for each individual of Quercus sect. Heterobalanus

y BAZH WXNEM LAE FTHRR THRMER W F CHEX EHE UANE B 3 EX
Species Sample ¥ Bt # Mappin %[ Clean Clean base wOE REBERE N B & & &5 BAE
Mapping g ratio read Depth  Properly Properl Ho B Hy Fis
read paired y paired
read ratio
0. guyavifolia QG BMXS 3 221263159 98.86% 216823750 32523562500  28.342 181831064 83.86% 023 025  0.10
Q. guyavifolia QG_BMXS 4 226524468 98.89% 221688750 33253312500  28.978 183042272 82.57% (.23 0.25 0.07
0. guyavifolia QG ELS 2 265155237 98.80% 259447370 38917105500  33.914 215408858 83.03% (.25 0.26 0.03
0. guyavifolia QG ELS 3 292730471 98.73% 286578738 42986810700  37.46 234399194 81.79% (25 026  0.02
Q. guyavifolia QG_MLXS 5 222592533 98.92% 218024510 32703676500  28.499 183257198 84.05% (.23 0.25 0.10
0. guyavifolia QG MLXS 6 244939040 98.91% 240108704 36016305600  31.386 201913566 84.09% (24 025  0.05
0. guyavifolia QG _MNP_10 207938538 98.44% 204060370 30609055500  26.674 170110196 83.36% 0.1 025  0.17
0. guyavifolia QG MNP 5 218544000 98.59% 214633012 32194951800  28.056 178956438 83.38% 034 025  -036
0. guyavifolia QG MPS 1 242251986 98.50% 237899474 35684921100  31.097 198338286 83.37% 018 026 030
0. guyavifolia QG MPS 8 218851043 98.56% 214893590 32234038500  28.09 178006742 82.83% (.18 026 029
0. guyavifolia QG MYL 3 241317979 98.79% 236405338 35460800700  30.902 198873182 84.12% 024 026  0.07
0. guyavifolia QG MYL 5 243022297 98.46% 239039458 35855918700  31.246 200309326 83.80% 023 026  0.08
O. monimotricha QO _ELS 5 275370409 98.20% 270453496 40568024400  35.352 221881832 82.04% (.25 026  0.04
O. monimotricha QO _ELS 7 243857271 98.39% 238955656 35843348400  31.235 197605674 82.70% 022 026  0.15
Q. monimotricha QO GZX 4 214694418 98.54% 211188228 31678234200 27.605 173709420 82.25% 0.22 0.26 0.12
O. monimotricha QO _LS_1 212663306  95.68% 215248054 32287208100  28.136 170676252  79.29% 022 026  0.12
O. monimotricha QO LS 2 270378259 96.58% 270188968 40528345200  35.318 218740866 80.96% 023 026  0.10
O. monimotricha QO MNP _1 217434374 98.24% 214427414 32164112100  28.029 173243300 80.79% .23 026  0.09
O. monimotricha ~ QO_MNP_7 201378880 98.62% 197785776 29667866400  25.853 163864272 82.85% (.23 026  0.09
O. monimotricha QO PMS_1 222542066 98.13% 219185882 32877882300  28.651 177166546 80.83% 023 026  0.08
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Y HEAZ2K KX ERM KX X FAHAZE FAHARESR W F EHEXY EHE WL H 2 BEX
Species Sample B B ¥ Mappin ¥ Clean Clean base wOE BEEEHE N 2 &5 BFE & 8 &2
Mapping g ratio read Depth  Properly Properl Ho B H: Fis
read paired y paired
read ratio
Q. monimotricha QO PMS 4 278841548 97.96% 274816664 41222499600  35.922 224695088 81.76% (.24 0.26 0.08
Q. monimotricha Q0 X7 2 246949666 98.97% 241106298 36165944700  31.516 198642960 82.39% (.23 0.26 0.08
O. monimotricha QO _ZR_11 ~ 256325835 98.53% 251258096 37688714400  32.843 206014872 81.99% (.34 026  -034
Q. monimotricha QO ZR 5 239948991 83.45% 278779128 41816869200  36.44 196712328 70.56% (.33 0.26 -0.28
O. aquifolioides ~ Qa GBX 2 293953794 98.34% 289635454 43445318100  37.86 247092146 8531% 2] 025 0.7
O. aquifolioides ~ Qa GBX 21 288732832 9321% 300426938 45064040700  39.27 237390922  79.02% .20 025 022
0. aquifolioides Qa LZA 26 205774543 98.52% 202433570 30365035500  26.461 171432134 84.69% .20 0.25 0.20
O. aquifolioides ~ Qa MLJ 5 255304548 98.39% 251491496 37723724400  32.874 213893978 85.05% .20 025  0.19
0. aquifolioides Qa LZ 12 279542837 98.72% 274349092 41152363800  35.861 242081624 88.24% (2] 0.25 0.16
0. aquifolioides Qa LZD 17 214637501 97.71% 212825472 31923820800  27.819 179637680 84.41% .20 0.25 0.20
O. aquifolioides ~ Qa BMR 9 208253034 98.84% 204214316 30632147400  26.694 173382152 84.90% .20 025 022
O. aquifolioides  Qa BMS_ 3 260739646 97.98% 257300196 38595029400  33.633 212027224 82.40% (.19 025 0024
O. aquifolioides ~ Qa CYX 14 286702832 0.9798 283183644 42477546600  37.016 242199348 0.8553 091 025 016
O. aquifolioides ~ Qa CYX_15 268900769 0.9839 264487044 39673056600  34.572 228039462 0.8622 091 025 015
O. aquifolioides ~ Qa MKD 14 238883057 0.9805 235942986 35391447900  30.841 202820592 0.8596 (.26 025  -0.03
O. aquifolioides ~ Qa MKR_15 278985092  0.9903 273197366 40979604900 35711 240355052 0.8798 022 025 011
O. aquifolioides  Qa BZL 19 213556436 0.9818 209978532 31496779800  27.447 175910050 0.8378 (.27 025  -0.08
0. aquifolioides  Qa_ZD 3 339307657 0.9927 330187906 49528185900  43.16 292771056 0.8867 (.24 024 026
0. aquifolioides ~ Qa XCR 6 189526594 0.9909 184831208 27724681200  24.16 160012222 0.8657 (2] 025 017
O. aquifolioides ~ Qa DCE_8 221203731 09912 215914040 32387106000  28.223 185902214 0.861 022 025 012
O. aquifolioides ~ Qa YJH 2 303603641 0.9908 296933602 44540040300  38.813 260595544 0.8776 023 025  0.10
O. aquifolioides ~ Qa YJH 5 254219146 0.9803 251259264 37688889600  32.843 212268758 0.8448 (23 025  0.10
O. aquifolioides ~ Qa DMX_7 246823137 09911 240920886 36138132900  31.492 203603042 0.8451 (.24 026  0.06
0. aquifolioides ~ Qa DMX 8 249906247 0.9885 244506206 36675930900  31.96 205854600 0.8419 (24 026  0.07
O. aquifolioides  Qa JCK_7 287274376 0.9899 280434602 42065190300  36.657 238945994 0.8521 (.22 022 026
O. aquifolioides  Qa JCK 12 296268091 0.9881 290033146 43504971900  37.912 247272228 0.8526 (.23 026  0.10
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/i BEA2Z2%F KXERN KXY E FEHEEZR FHERER U F EHEXY EHAE RWE H 2 EX
Species Sample B B ¥ Mappin ¥ Clean Clean base wOE BiEBEREH N R & * & A

Mapping g ratio read Depth  Properly Properl Ho B Hy Fis

read paired y paired

read ratio

0. aquifolioides  Qa_JCK_14 304303485 0.9866 298097130 44714569500  38.966 252757514 0.8479 (22 025 010
O. aquifolioides ~ Qa_PW_6 236103940 0.8983 255220584 38283087600  33.361 197339182 0.7732 (23 025 008
0. spinosa Qs TM 1 230946538 84.99% 264265746 39639861900  34.543 188343576 7127% 0.1 025 016
0. spinosa Qs TM 3 243482023 9821% 239637564 35945634600 31324 200601516 83.71% 0.0 025 019
0. spinosa Qs CYXC 2 252158298 98.50% 247746774 37162016100  32.384 209865832 84.71% 0.1 025 016
0. spinosa Qs BLLK 9 290648860 98.77% 284711856 42706778400  37.216 243649370 85.58% (.22 022 026
0. spinosa Qs XGJQ 1 261197630 98.56% 256733246 38509986900  33.559 219415256 85.46% (25 028 o1l
0. spinosa Qs XGJQ 3 289949375 98.21% 285670630 42850594500  37.341 241929122 84.69% 0.5 028 010
0. spinosa Qs XGJQ 2 268489177 98.82% 262654124 39398118600 34333 217171454 82.68% 0.6 028 007
0. spinosa Qs_GZ 4 256704476  98.88% 251272332 37690849800  32.845 213213282 84.85% (022 022 026
0. spinosa Qs GDS 8 370248570 98.48% 362399486 54359922900  47.371 306803070 84.66% (.24 024 026
0. spinosa Qs SWJ 2 314182966 98.68% 307630914 46144637100 40212 261313206 84.94% 023 023 026
0. spinosa Qs LBZ 6 291006406 98.50% 285544338 42831650700  37.325 236074446 82.68% (8 025  -016
0. spinosa Qs LBZ 8 220469770 98.51% 216571112 32485666800  28.309 180806940 83.49% 030 025  -021
0. spinosa Qs JZG 2 276390854 98.53% 270799202 40619880300  35.397 226423010 83.61% 023 025  0.07
0. spinosa Qs ZJH 9 295977651 96.71% 295903288 44385493200  38.679 243173652 82.18%  0.19 025 021
0. spinosa Qs ZJH 1 218117300 89.33% 236960106 35544015900  30.974 178231826 75.22% 019 025 022
0. spinosa Qs TJS 3 282522152 96.65% 282344292 42351643800  36.906 231936076 82.15% 019 025 021
0. spinosa Qs TIS 5 280101984 97.62% 277038418 41555762700  36.213 229200030 82.73%  0.20 025 020
0. spinosa Qs BDX 9 235280539 97.96% 232013088 34801963200  30.327 192494590 82.97% 019 025 022
0. spinosa Qs TDY 17 264378723 98.23% 259634468 38945170200  33.938 218603870 84.20%  0.19 025 022
0. spinosa Qs DJP 22 259259378 98.56% 253609760 38041464000  33.15 211927866 83.56%  0.19 025 022
Q. spinosa Qs _WDS 1 297886509  98.98% 290150614 43522592100 37.927 248437828 85.62% 0.19 0.25 0.22
0. spinosa Qs TMS 3 237607961 98.62% 232455222 34868283300  30.385 193138422 83.09%  0.17 024 031
0. spinosa Qs TMS 8 288664087 98.60% 281800222 42270033300  36.835 237604304 84.32% 030 025  -021
0. spinosa Qs WKS_15 287862925 98.49% 282084352 42312652800  36.872 240303386 85.19% 016 025 034
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Vst BEA2Z2%F KXERN KXY E FEHEEZR FHERER U F EHEXY EHAE RWE H 2 EX
Species Sample B B ¥ Mappin ¥ Clean Clean base wOE BiEBEREH N R & * & A
Mapping g ratio read Depth  Properly Properl Ho B Hy Fis
read paired y paired
read ratio
Q. spinosa Qs SQS 3 266046498 98.08% 261569978 39235496700  34.191 220933326 84.46% (.14 0.25 0.42
Q. rehderiana QR _ELS 3 221642850 98.17% 218151744 32722761600  28.516 179656092 82.35% (.23 0.23 0.26
0. rehderiana QR ELS 5 222105181 97.04% 221452610 33217891500  28.947 181414474 81.92% (25 025 026
Q. rehderiana QR FMC 2 226328430 98.93% 221484978 33222746700  28.951 186297812 84.11% .29 0.28 -0.02
0. rehderiana QR FMC 4 194829705 99.00% 190487790 28573168500  24.899 161230860 84.64% 026 028  0.08
0. rehderiana QR JZS 3 242205445 98.98% 236510534 35476580100  30.915 195535056 82.67% 024 028  0.14
Q. rehderiana QR JZS 6 271013887 98.35% 266459386 39968907900  34.83 217987608 81.81% (.25 0.28 0.11
0. rehderiana QR KKZ 1 220320748 98.49% 215847314 32377097100  28.214 177689442 82.32% 029 025 017
Q. rehderiana QR KKZ 2 221153348 98.45% 216887528 32533129200  28.35 179723832 82.86% (.31 0.25 -0.25
Q. rehderiana QR LS 1 201100892  97.99% 198437394 29765609100  25.939 160857964 81.06% (.24 0.28 0.16
0. rehderiana QR LS 4 220579690 98.51% 216423288 32463493200 2829 176911958 81.74% (24 028  0.16
0. rehderiana QR XYZ 2 215784647 98.42% 211995516 31799327400  27.711 174716342 82.42% (.28 028  -001
O. rehderiana QR XYZ 4 223005145 98.45% 218892648 32833897200  28.612 178068940 81.35% (g8 028 001
O. rehderiana QR ZR 4 267407317 98.91% 261336050 39200407500  34.16 225552188 86.31% (2] 021 026
0. rehderiana QR ZR 7 257252364 97.67% 254630598 38194589700  33.284 212989072 83.65% 021 021 026
O. semecarpifoliac QM BMXS 3 234945640 98.97% 230136972 34520545800  30.082 194367604 84.46% 023 025  0.10
O. semecarpifolia QM BMXS_4 254567163  98.88% 249484824 37422723600  32.611 209152154 83.83% (.24 025 004
O. semecarpifolia QM _FMC_5 231041671 99.08% 227223308 34083496200  29.701 194134646 85.44% (.16 025 035
O. semecarpifoliac QM FMC 7 235959194  98.95% 232165640 34824846000  30.347 197453324 85.05% 017 025 033
O. semecarpifolia QM _GSL_ 3 234182027 98.71% 229779116 34466867400  30.035 193704284 84.30%  0.2] 025 016
0. semecarpifoliac QM _GSL 4 241020575 98.87% 235991350 35398702500  30.847 200137476 84.81% (2] 025 015
O. semecarpifoliac QM _MEX_1 230295208 98.32% 226841394 34026209100  29.651 186140634 82.06% 03] 025 022
O. semecarpifolia QM _MEX 2 262833341 98.44% 258298024 38744703600  33.763 215375708 83.38% (.23 025 008
O. semecarpifoliac QM MLXS_1 211399593  98.98% 206917694 31037654100  27.047 171701436 82.98% 023 025  0.09
O. semecarpifolia QM_MLXS_6 222925366 98.93% 218361040 32754156000  28.543 182741076 83.69% (.23 025 010
0. senescens QN ELS 4 216901407 98.48% 213050364 31957554600  27.849 173101872 81.25% 025 025 026
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/i BEA2Z2%F KXERN KXY E FEHEEZR FHERER U F EHEXY EHAE RWE H 2 EX
Species Sample B B ¥ Mappin ¥ Clean Clean base wOE BiEBEREH N R & * & A

Mapping g ratio read Depth  Properly Properl Ho B Hy Fis

read paired y paired

read ratio

0. senescens QN_ELS 6 234459272 98.60% 230008800 34501320000  30.065 192466788 83.68% 025 025 026
0. senescens QN_FMC 3 212394545 98.54% 208539058 31280858700  27.259 171379704 82.18% (.27 028  0.05
O. senescens QN FMC 4 226455225 98.90% 221865396 33279809400  29.001 186725044 84.16% (05 028  0.09
0. senescens QN JZS 3 260078526 9631% 261123016 39168452400  34.133 202044166 77.38% 0.2 022 026
Q. senescens QN MNP 4 234640910 98.82% 230328434 34549265100 30.107 192131148 83.42% 021 0.25 0.15
O. senescens QN MNP 5 237637701 98.58% 233870470 35080570500  30.57 193628760 82.79% 024 025  0.06
0. senescens QN_PMS 2 242147442 98.42% 238303492 35745523800  31.15 196796912 82.58% 0.3 023 026
O. senescens QN PMS 3 221195522 97.83% 218907298 32836094700  28.614 176801378 80.77% 023 023 026
0. senescens QN_XYZ 1 225045491 98.60% 220598790 33089818500  28.835 186865822 84.71% 0.4 028 014
0. senescens QN ZJY 1 282121239 96.96% 280508618 42076292700  36.667 228407498 81.43% (.4 028 015
O. senescens QN ZJY 2 349272991 98.23% 343255934 51488390100  44.868 287736820 83.83% 024 028 015
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B2 2wl BRALEIVY NS R (P P24 P3. AMEIFO) WD SIHEYS 4 t%, R ZME. P
{6, VALK BBAA. ABBA. BABA fiimiit#; PU/NME R ARG ERZNHARM: [(PL,
P2), P3],0
Appendix Table 2: The D statistic and {4 ratio, with z-score and P-value, as well as BBAA, ABBA,

BABA-values that apply to biallelic SNPs across four lineages of Quercus sect. Heterobalanus in
China: P1, P2, P3, and O, related by the rooted tree [(P1, P2, P3), O]

P1 P2 P3 Dstatistic  Z-score p-value fA4-ratio BBAA ABBA BABA

B A D 0.04 16.31 2.30E-16 0.21 6027.3 42247  3898.39
C A D 0.09 19.55 2.30E-16 0.39 585432 4656.94  3899.25
B A C 0.02 543 5.79E-08 0.11 5239.74 4634.52 4454.04
C B D 0.05 11.58 2.30E-16 0.22 5733.63  4390.41 3959.03
Ff$ % 3 WorldClim version 2.1 #1 F# {4 &
Appendix Table 3: Environmental variables were downloaded from WorldClim version 2.1

£ RE Ffr

Name Variables Unit

BIO01  Annual Mean Temperature 5-F-32)< i °C

BIO02 Mean Diurnal Range “F-3< il H#: 2 °C)

BIO03  Isothermality %5 4 -
BIO04  Temperature Seasonality 2= 15 P22 5l R -

BIO05  Max Temperature of Warmest Month #4455 il & °C
BIO06  Min Temperature of Coldest Month % H 1 fe (K I 5 °C)
BIO07  Temperature Annual Range 54 H 3 SRl & % °C)
BIO08  Mean Temperature of Wettest Quarter 552 5 135 iff °C
BIO09  Mean Temperature of Driest Quarter #1255 V- Y3 & °C)
BIO10  Mean Temperature of Warmest Quarter 5 F& 2= 5 - 1518 & °C)
BIOI1  Mean Temperature of Coldest Quarter 7% 2= 5 -3 B °C
BIO12  Annual Precipitation F[#7K & (mm)
BIO13  Precipitation of Wettest Month i 7 13 F% /K & (mm)
BIO14  Precipitation of Driest Month 1 H {7 F#/K & (mm)
BIO15  Precipitation Seasonality F#/K 82515 {4454k (mm)
BIO16  Precipitation of Wettest Quarter # T-2%% 4 /K & (mm)
BIO17  Precipitation of Driest Quarter 2% 5 [£ /K & (mm)
BIO18  Precipitation of Warmest Quarter 5 P& 2= [ /K & (mm)
BIO19  Precipitation of Coldest Quarter % 2= [ /K & (mm)
Srad  Solar radiation A FH#E 5+ (kJ m-2 day-1)
Wind  Wind speed X% (ms-1)
Vapor  Water vapor pressure 7K{< % (kPa)
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Appendix Table 4: Functional annotation of overlap candidate genes was identified in two or more lineage comparison

Bt 4 7E AN B AN F0 o 3 R B B s R DR ) Th REVERE (S

I 1D s E e 5% AR
Gene ID D Gene name Function Reference Lineage pairs
evm8.model.Scaffold48.128 AT5G03730 CTRI regulator of ethylene signaling Kieber et al., 1993 Avs.B;Avs.C;Cvs.D
evm8.model.Scaffold437.14 AT4G37750 ANT Regulation of the size and shape of Jung et al., 2025 Avs.C;Buvs. C;
leaves
evm8.model.Scaffold945.20 AT4G30610 BRS1 response to plant redox regulation and  Zhang et al., 2021 Avs.B;Avs. C;
cold stress
evm8.model.Scaffold534.57 AT4G19230 CYP70741 regulating ABA degradation during Eysholdt-Derzso et al., Bvs. D; Cvs. D;
drought stress 2024; Cai et al., 2024
evmg8.model.Scaffold85.34 AT4G18910 NIPI;2 involved in As tolerance Kamiya et al., 2009 Avs.B;Avs. C;
evm8.model.Scaffold270.8 AT4G16760 ACXI1 response to drought tolerance Ebeed et al., 2018 Avs.C; Bvs. C;
evm8.model.Scaffold267.11 AT4G00730 ANL2 regulator of arsenic tolerance and Koor et al., 1999; Bvs.D;Bvs.C;
anthocyanin biosynthesis Navarro et al., 2024
evm8.model.Scaffold474.12 AT3G62600 ERDJ3B  involved in plant reproduction and Yamamoto et al., 2020 Avs.D;Avs.B;Avs.C
response to heat stress
evmg8.model.Scaffold240.27 AT3G03140 PWOI regulate flower timing Hohenstatt et al., 2018 Avs.C;Bvs. C;
evm8.model.Scaffold199.49 AT2G47900 TLP3 response to drought stress Bano et al., 2022 Avs.B;Avs.C;Bvs.C
evm8.model.Scaffold4.72 AT2G46870 NGAI regulate organ formation and cell Alvarez et al., 2006 Avs.D;Bvs.D;
identit
evm8.model.Scaffold7.78 AT2G46020 BRM regulagon of appropriate water stress Han et al., 2012 Avs.C; Cvs. D;
responses
evm8.model.Scaffold500.60 AT2G38050 DWF6 ligllljt—regulated development Lietal., 1996 Avs.C;Bvs. C;
evm8.model.Scaffold312.74 AT2G20810 GAUTI0  response to drought tolerance Guo et al., 2023 Avs.C; Bvs. C;
evm8.model.Scaffold829.17 AT2G02850 ARPN Involved in another development and Dong et al., 2005 Avs.C; Bvs. C;
pollination
evm8.model.Scaffold448.15 AT2G01660 PDLP6 affect plant growth and starch Lietal., 2024 Avs.B;Avs. C;
accumulation
evm8.model.Scaffold382.46 AT1G75540 BBX21 regulate seedling photomorphogenesis ~ Xu et al., 2014 Avs.B;Avs. C;
evm8.model.Scaffold540.5 AT1G55900 TIMS50 regulate seedling development Kumar et al., 2012 Avs.B;Avs. C;
evm8.model.Scaffold805.23 AT1G43850 SEU response to light and temperature Huai et al., 2018 Avs.C;Bvs. G
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evm8.model.Scaffold678.21 AT1G26190 TTM?2 regulation of seed germination and Ungetal., 2017; Fenget B vs. D; B vs. C;
pathogen defense responses al., 2023
evm8.model.Scaffold474.11 AT1G02680 TAF'13 contribute to seed development Lindner et al., 2013 Avs.D;Avs.B;Avs.C
evm8.model.Scaffold3.115 AT1G65430 ARI8 highly expressed in mature pollen Marin, 2005 Avs.D;Avs.C;Bvs.D
stage
evm8.model.Scaffold22.99 AT1G17440 NOBIROG6  contribute to environment-responsive Kimi et al., 2022 Avs.D;Avs. B;
root growth
evm8.model.Scaffold48.127 AT2G36490 ROS1 regulation of stress tolerance and Jin et al., 2025 Avs.D;Avs.C;Cvs.D
pathogen defense
evm8.model.Scaffold557.36 AT1G47550 SEC3A4 regulation of pollen germination Lietal., 2017 Avs.D; Avs. B;
evm8.model.Scaffold822.19 AT4G18470 SNII response to DNA damage Yin et al., 2023 Avs.D;Avs. B;
evm8.model.Scaffold1.215 AT3G17700 CNGC20  response to cold stress Peng et al., 2024 Avs.B;Bvs.D;
evm8.model.Scaffold24.151 AT4G23640 KUP4 contribute to embryonic growth during Rubén Tenorio-Berrio et A vs. B; A vs. C;
seed maturation al., 2018
evmg8.model.Scaffold50.96 AT5G17020 XPOIA Response to heat and oxidative stress Wu et al., 2010 Avs.B;Avs. C;
evm8.model.Scaffold97.62 AT1G02400 GA20X6  regulation of root growth Kubalova et al., 2025 Avs.B; Bvs.D;
evmg8.model.Scaffold97.80 AT1G48100 PGX3 response to salt stress Zheng et al., 2018 Avs.B;Bvs.D;Bvs.C
evm8.model.Scaffold108.10 AT5G49760 HPCAI response to drought stress Chen et al., 2025 Avs.B;Avs. C;
1
evm8.model.Scaffold120.27 AT4G26000 PEP related to flowering time Xie etal., 2024 Avs.B;Bvs.D;
evm8.model.Scaffold120.34 AT4G29920 AtHSPR response to salt stress and drought Yang et al., 2015 Avs.B; Bvs.D;
evm8.model.Scaffold131.116 ~ AT5G06250 DPA4 regulator of seed size and leaf margin Y. Schroeder et al., 2017 A vs.B;Bvs.C
development
evm8.model.Scaffold188.92 AT4G15900 PRLI responses to plant hormones, sugars Németh et al., Avs.B;Bvs.C
and cold stress 1998;Zheng et al., 2023
evm8.model.Scaffold199.48 AT5G18670 BAM9 responses to cold stress Kaplan and Guy, 2005 Avs.B;Bvs.C
evm.model.Scaffold208.32 AT3G57230 AGLI6 regulate to flowering time, responses Dong et al., 2023 Avs.B;Avs.C
to salt stress and drought resistance
evm8.model.Scaffold246.56 AT2G20470 NDR5 regulate pollen development Yoon et al., 2021 Avs.B;Bvs.D
evm8.model.Scaffold257.5 AT1G23190 PGM3 regulate pollen development Eglietal., 2010 Avs.B; Bvs.D;
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evm8.model.Scaffold486.2 AT1G14870 PCR2 increased resistance to heavy metals Song et al., 2010 Avs.B; Cvs.D;
evm8.model.Scaffold522.46 AT2G02160 ATC3HI17  regulates salt stress tolerance Seok et al., 2018 Avs.B;Avs. C;
evm8.model.Scaffold582.23 AT5G17230 PSY response to light and temperature Sun et al., 2025 Avs.B; Bvs. C;

change
evm8.model.Scaffold584.30 AT2G26300 GPAI respognses to drought stress Chen et al., 2025 Avs.B;Bvs.D;
evm8.model.Scaffold994.1 AT1G19330 AFR2 regulation of photoperiodic flowering ~ Gu et al., 2013 Avs.B; Avs. C;
evm8.model.Scaffold6.75 AT3G14570 GSL04 response to reactive oxygen species Vu et al., 2022 Avs.C;Bvs.D;Bvs. C

stress
evm8.model.Scaffold12.82 AT4G26100 CKl1 regulate blue light signaling Tan et al., 2013 Avs.C; Cvs.D;
evm8.model.Scaffold22.97 AT1G22640 MYB3 response to salt stress Kim et al., 2022 Avs.C; Bvs.D;
evmg8.model.Scaffold236.70 AT4G10090 ELP6 regulation of defense response Anetal., 2106 Avs.C; Bvs. C;

signalin
evm8.model.Scaffold236.71 AT5G02810 PRR7 re%ponseg to low temperature stress Kim et al., 2024 Avs.C;Bvs.D;Bvs.C
evm8.model.Scaffold256.58 AT2G25490 EBF1 response to many stimuli Hao et al., 2020 Avs.C;Bvs.D;
evm8.model.Scaffold350.13 AT5G58300 KOIN response to cold stress Zhang et al., 2025 Avs.C;Bvs.C;Cvs.D
evm8.model.Scaffold360.36 AT1G33240 GTLI regulate drought resistance Chen et al., 2025 Avs.C; Cvs.D;
evm8.model.Scaffold3.102 AT5G17430 BBM regulate early embryo development Boutilier et al., 2002 B vs. D; Bvs. C;
evm8.model.Scaffold15.68 AT4G23060 10D22 response to plant hypoxia Zhao et al., 2025 B vs. D; Cvs. D;
evm8.model.Scaffold77.115 AT3G01470 ATHBI1 regulate leaf margin development Miguel et al., 2019 B vs. D; Bvs. C;
evm8.model.Scaffold108.65 AT5G24870 MRELS57  response to drought stress and ABA Dou et al., 2021 Bvs.D;Bvs.C;
evm8.model.Scaffold181.32 AT5G06600 UBPI2 regulate blue light signaling N. Lindbéck et al., 2022 B vs. D; B vs. C;
evm8.model.Scaffold484.30 AT3GO01150 PTBI involved in pollen germination Wang & Okamoto, 2009 B vs.D;Bvs.C; Cvs. D
evm8.model.Scaffold493.15 AT1G78590 NADK3 response to abiotic stress and ABA Chai et al., 2006 Bvs.D; Cvs.D;
evm8.model.Scaffold522.49 AT5G20070 NUDXI9  response to photooxidative stress Maruta et al., 2016 B vs. D; Cvs. D;
evm8.model.Scaffold616.1 AT3G60800 PATI4 regulation of leaf senescence Zhao et al., 2016 B vs.D; Cvs. D;
evm8.model.Scaffold673.13 AT4G34540 GVSI regulation of leaf senescence Lyuetal., 2018 Bvs.D; Cvs.D;
evmg8.model.Scaffold751.16 AT2G16390 DRD1 regulation of leaf senescence Cho et al., 2016 B vs.D; B vs. C;
evm8.model.Scaffold11.119 AT1G47670 LHT4 involved in reproduction Foster et al., 2008 Bvs.C; Cvs.D;
evm8.model.Scaffold15.95 AT4G11650 OSM34 related to the ABA signaling Park et al., 2021 Bvs.C; Cvs.D;
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Appendix Table 5: Functional annotation of candidate adaptive differentiative genes was identified in each lineage

EHE ID #MEFID ER Thee IhaE ER
Gene ID Arabidopsis Gene name Function Reference Lineage
ID
evmg8.model.Scaffold10.82 AT5G44180 RLT? regulation of development and flowering time Lietal., 2012 A
evm8.model.Scaffold11.186  AT1G20670 BRDI1 repressors of flowering Bardani et al., 2023 A
evm8.model.Scaffold34.136  AT5G03620 TSBT4.15 NA NA A
evm8.model.Scaffold45.37 AT1G19690 NA NA NA A
evm8.model.Scaffold437.5 AT4G25420 GAS regulate the balance between plant height, and response  Zhang et al., 2025 A
to far red light and temperature

evm8.model.Scaffold619.45  AT2G38080 LACH4 cause plants to be dwarf with little lignin Zhao et al., 2012 A
evm&8.model.Scaffold1.215 AT3G17700 CNGC20 response to cold stress Peng et al., 2024 A
evm8.model.Scaffold4.149 AT2G46700 CRK3 defense responses Miyamoto et al., 2019 A
evm8.model.Scaffold11.18 AT1G20180 NA NA NA A
evm8.model.Scaffold11.28 AT1G60420 NRX1 protect plants from oxidative stress Ho Kang et al., 2020 A
evm8.model.Scaffold12.186  AT5G16560 KAN regulate the development of reproductive tissues Hagelthorn et al., 2023 A
evm8.model.Scaffold12.46 AT3G60310 FANCC NA NA A
evm8.model.Scaffold18.31 AT3G13530 MAP3KE] embryo development Chaiwongsar et al., 2012 A
evm8.model.Scaffold22.95 AT5G14750 WER response to prolonged cold Shimizu et al., 2025 A
evm8.model.Scaffold29.88 AT5G43560 TRAF1A4 response to environmental stimuli Qietal., 2017 A
evm8.model.Scaffold30.114  AT5G48100 LACIS regulate the seed color Zhang et al., 2013 A
evm8.model.Scaffold40.109  AT5G23670 LCB2 response to stress Kimberlin et al., 2013 A
evm8.model.Scaffold48.94 AT5G03795 NA NA NA A
evm8.model.Scaffold65.112  AT1G19630 CYP72241 NA NA A
evm8.model.Scaffold65.57 AT4G36360 BGAL3 NA NA A
evm8.model.Scaffold96.15 AT3G61690 NTPS NA NA A
evm8.model.Scaffold97.62 AT1G02400 GA20X6 regulation of root growth Kubalovj et al., 2025 A
evm8.model.Scaffold111.93  AT1G62870 NA NA NA A
evm8.model.Scaffold120.34  AT4G29920 AtHSPR response to salt and drought stress Yang et al., 2015 A
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evm8.model.Scaffold129.41  AT1G17160 RBSK NA NA A
evm8.model.Scaffold131.116  AT5G06250 DPA4 regulator of seed size and leaf margin development Schroeder et al., 2017 A
evm8.model.Scaffold154.8 AT4G32730 MYB3R-1 NA NA A
evm8.model.Scaffold159.56  AT4G28530 KIRI regulate flower development Gao et al., 2018 A
evm8.model.Scaffold169.36  AT4G11090 TBL23 NA NA A
evm8.model.Scaffold220.9 AT5G61540 NA NA NA A
evm8.model.Scaffold226.6 AT1G20110 FREE] enhance salt tolerance Liu et al., 2025 A
evm8.model.Scaffold312.42  AT4G03420 NA NA NA A
evm8.model.Scaffold342.80  AT3G05675 NA NA NA A
evm8.model.Scaffold406.8 AT3G47000 NA NA NA A
evm8.model.Scaffold406.9 AT5G58900 DIVI regulator of seed germination in response to various Lietal., 2024 A
stress
evm8.model.Scaffold437.28  AT1G58520 0SCA2.1 responses to drought stress Yuan et al., 2014 A
evm8.model.Scaffold503.54  AT5G62165 AGL42 regulate flower senescence Chen et al., 2022 A
evm8.model.Scaffold519.18  AT1G65880 BZO1 NA NA A
evm8.model.Scaffold564.1 AT5G21070 NA NA NA A
evm8.model.Scaffold584.30  AT2G26300 GPAI responses to drought stress Chen et al., 2025 A
evm8.model.Scaffold620.10  AT2G16760 NA NA NA A
evm8.model.Scaffold734.11  AT2G33450 PRPL28 NA NA A
evm.model.Scaffold750.9 AT3G50380 NA NA NA A
evm8.model.Scaffold1040.11 AT4G31820 ENP NA NA A
evm8.model.Scaffold1040.2  AT2G25080 GPXI response to oxidative stress Luoetal., 2016 A
5
evm8.model.Scaffold2.129 AT1G50030 TOR regulate embryos development, plant and leaf size McCready et al., 2020 A
evm8.model.Scaffold4.202 AT4G23980 ARF9 NA NA A
evm8.model.Scaffold5.23 AT4G02940 ALKBHI0B  response to salt stress and regulate flower timing Shoaib et al., 2021 A
evm8.model.Scaffold12.50 AT5G56880 NA NA NA A
evm8.model.Scaffold38.29 AT3G11440 MYBG65 regulate multiple aspects of reproductive organ Anand et al., 2023 A

development
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evm8.model.Scaffold53.36 AT4G12080 AHLI response to oxidative stress Shi et al., 2024 A
evm8.model.Scaffold58.54 AT1G80340 GA30X2 modify the appearance of abaxial trichomes as well as  Werner et al., 2025 A
leaf shape
evm8.model.Scaffold113.79  AT1G07870 PBLS NA NA A
evm8.model.Scaffold120.4 AT5G57150 BHLH35 NA NA A
evm8.model.Scaffold136.11  AT1G07650 LMK] NA NA A
evm8.model.Scaffold225.6 AT1G15750 TPL involved in defense responses Causier et al., 2012 A
evm8.model.Scaffold227.66  AT1G76490 HMGI1 NA NA A
evm8.model.Scaffold279.34  AT3G51620 NTP6 NA NA A
evm8.model.Scaffold360.36  AT1G33240 GTLI regulate drought resistance Chen et al., 2025 A
evm8.model.Scaffold386.39  AT3G50120 DUF247-1 regulate plant size Wannitikul et al., 2023 A
evm8.model.Scaffold401.21  AT5G61910 NA NA NA A
evm8.model.Scaffold437.9 AT2G22840 GRF1 responses to cold stress Lantzouni et al., 2020 A
evm8.model.Scaffold558.30  AT4G27310 BBX28 affect flowering on long days Liu et al., 2020 A
evm8.model.Scaffold714.14  AT2G02060 NA NA NA A
evm8.model.Scaffold829.17  AT2G02850 ARPN response to drought stress Yang et al., 2024 A
evm8.model.Scaffold1003.1  AT4G32280 14429 NA NA A
evm8.model.Scaffold1.215 AT3G17700 CNGC20 regulate freezing tolerance Peng et al., 2024 B
evm8.model.Scaffold40.74 AT3G26990 NA NA NA B
evm8.model.Scaffold111.22  AT4G11860 NA NA NA B
evm8.model.Scaffold131.116 AT5G06250 DPA4 regulator of seed size and leaf margin development Schroeder et al., 2017 B
evm8.model.Scaffold256.32  AT5G11160 APTS5 NA NA B
evm8.model.Scaffold512.9 AT5G05340 PRX52 NA NA B
evm8.model.Scaffold756.36  AT3G28345 ABCBI5 NA NA B
evm8.model.Scaffold822.19  AT4G18470 SNI11 promote the DNA damage responsive, including Yin etal., 2023 B
radiation sensitive

evm8.model.Scaffold19.39 AT1G11790 ADTI NA NA B
evm8.model.Scaffold63.132  AT2G46870 NGAI regulate organ formation and cell identity Alvarez et al., 2006 B
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evm8.model.Scaffold77.115  AT3G01470 ATHBI regulate leaf margin development Miguel et al., 2019 B
evm8.model.Scaffold87.41 AT4G14540 NF-YB3 regulate disease resistance Lin et al., 2024 B
evm8.model.Scaffold154.2 AT2G20120 cori NA NA B
evm8.model.Scaffold174.94  AT4G24690 NBRI response to heat and UVB stresses Wan et al., 2023 B
evm8.model.Scaffold360.37  AT1G33230 NA NA NA B
evm8.model.Scaffold418.41  AT5G62680 NPF2.11 NA NA B
evm8.model.Scaffold429.57  AT5G22770 AP241 NA NA B
evm8.model.Scaffold484.30  AT3GO1150 PTBI involved in pollen germination Wang & Okamoto, 2009 B
evm8.model.Scaffold779.10  AT3G23410 FAO03 NA NA B
evm8.model.Scaffold981.12  AT3G24503 ALDH2C4 improve the drought resistance Liuetal., 2024 B
evm8.model.Scaffold1161.1  AT4G32030 NA NA NA B
evm8.model.Scaffold1188.2  AT1G71220 UGGT response to heat and salt stress Blanco-Herrera et al.,, B
2015
evm&.model.Scaffold3.119 AT2G16950 TRNI NA NA B
evm8.model.Scaffold4.172 AT3G61860 RS31 response to cold and red light Koster et al., 2025 B
evm8.model.Scaffold61.37 AT2G27900 NA NA NA B
evm8.model.Scaffold167.31  AT3G18520 HDAIS response to salt stress Tilak et al., 2023 B
evm8.model.Scaffold270.8 AT4G16760 ACXI response to drought tolerance Ebeed et al., 2018 B
evm8.model.Scaffold759.27  AT2G36830 GAMMA- NA NA B
TP
evm8.model.Scaffold968.16  AT4G16760 ACXI response to drought tolerance Ebeed et al., 2018 B
evm8.model.Scaffold42.82 AT1G67260 TCPI NA NA C
evm8.model.Scaffold120.4 AT5G57150 BHLH35 NA NA C
evm8.model.Scaffold968.16  AT4G16760 ACXI response to drought tolerance Ebeed et al., 2018 C
evm8.model.Scaffold4.126 AT2G46770 NSTI regulate the secondary cell wall thickenings in the Mitsuda et al. 2005 C
anther endothecium

evm8.model.Scaffold97.121  AT5G30495 NA NA NA C
evm8.model.Scaffold427.22  AT3G26935 NA NA NA C
evm8.model.Scaffold1175.19  AT5G56180 ARPS NA NA D
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evm8.model.Scaffold11.6 AT1G20160 ATSBTS NA NA D
evm8.model.Scaffold14.28 AT3G21350 MEDG6 NA NA D
evmg8.model.Scaffold15.68 AT4G23060 10D22 response to plant hypoxia Zhao et al., 2025 D
evm8.model.Scaffold48.108  AT5G03770 KDTA NA NA D
evm8.model.Scaffold107.32  AT2G20900 DGKS5 response to water and salt stress Lietal., 2024 D
evm8.model.Scaffold116.18  AT1G22430 NA NA NA D
evm8.model.Scaffold120.34  AT4G29920 AtHSPR response to salt and drought stress Yang et al., 2015 D
evm8.model.Scaffold120.47  AT4G33170 NA NA NA D
evm8.model.Scaffold149.54  AT1G32240 KAN2 NA NA D
evm8.model.Scaffold246.56  AT2G20470 NDRS5 regulate pollen development Yoon et al., 2021 D
evm8.model.Scaffold258.43  AT4G30996 NKS1 NA NA D
evm8.model.Scaffold673.13  AT4G34540 GVS1 regulation of leaf senescence Lyuetal., 2018 D
evm8.model.Scaffold981.12  AT3G24503 ALDH2C4 improves the drought resistance Liuetal., 2024 D
evm8&.model.Scaffold11.119  AT1G47670 LHT4 involved in reproduction, specifically in anther and Foster et al., 2008 D
pollen development
evm8.model.Scaffold795.13  AT5G12920 NA NA NA D
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Appendix Figure 1: Population genetic structure and geographical distribution of Quercus sect.
Heterobalanus at K = 2
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Appendix Figure 2: Population genetic structure and geographical distribution of Quercus sect.
Heterobalanus at K =3
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Appendix Figure 3: Population genetic structure and geographical distribution of Quercus sect.
Heterobalanus at K = 4
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