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Abstract

Aims The rapid fluctuations of climate are increasingly altering the fate of species, exacerbating their
vulnerability, leading to the loss of genetic diversity in many species, and even pushing some to the brink of
extinction. Relict plants, having survived extreme climate changes since the Cenozoic era, carry a wealth of
genetic information related to environmental adaptation. Investigating the genetic basis of their population-level
environmental adaptation and their potential to cope with future climate change can provide valuable insights for
biodiversity conservation.

Methods 1In this study, restriction site-associated DNA sequencing (RAD-seq) was performed on 122 individuals
from 18 populations of Pterocarya hupehensis, which is a Cenozoic relict plant distributed around the Sichuan
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Basin in China. Then, the ecological adaptation and genetic vulnerability of P. hupehensis were studied by
landscape genomics. First, we use a latent factor mixed model (LFMM) and Pcadapt to detect selected sites.
Second, a Mantel test based on linear models, redundancy analysis (RDA), gradient forest (GF), and generalized
dissimilarity modelling (GDM) were used to investigate the response patterns of genetic variation to
environmental gradients. Finally, based on the risk of non-adaptedness (RONA), the vulnerability of the P.
hupehensis was predicted for the SSP245 and SSP585 scenarios in 2090.

Important findings A total of 398 single nucleotide polymorphism loci (SNPs) were significantly associated
with the six climatic factors (isothermality, minimum temperature of coldest month, temperature annual range,
mean temperature of wettest quarter, precipitation of wettest month, and precipitation seasonality). In addition,
177 of them were detected as selected SNPs. We found that precipitation seasonality was an important climatic
factor affecting the genetic variation of P. hupehensis. A significant signal of isolation by environment (IBE) was
detected, indicating that environmental factors account for more genetic variation than geographical factors.
Under the SSP585 scenario in 2090, the genetic vulnerability of P. hupehensis was higher than that under SSP126
scenario. The precipitation seasonality has an important effect on the adaptative ability of the population in the
northwest range of P. hupehensis. This study not only provides a theoretical foundation for the management and
conservation strategies of vulnerable species in the face of future climate change, but also offers a new case study
on how relict plants around Sichuan Basin may respond to future climate change.

Key words relict plants; landscape genomics; ecological adaptation; genetic vulnerability; restriction
site-associated DNA sequencing
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A AR AR S 1 A2 A TE N AR Py i ) i i
QLSS R SN S8 4 L A AN il = 2 & C i/ SN
Id K 265545, PR SR AR AL T B firis BOY A
A1 24 4 i 50 VE B #4531 A (Pacifici et al,, 2015;
Urban, 2015; Scheffers et al., 2016). — K, Y
ST R HUR JRy 0 B 1) 7 2R RO S AR AL
SRR R 2R R Bk (Alitken et al., 2008). B = iE
e 1, — T THIE I 39 0 2 B AT 98 4 R S
SORBIASEARAN, 53— 7 I3 5 108 A A8 R MR A R
AR B DR R I R B A R K4 1 XU (Sang et al,
2022). I, I R R Ak 4R s ) AT BAIE
ok e O B AN [ 7255 ) o7 BB P AS (] S5 o DR R g e
BN A AR . B, D SE e A A IRt s (VK 3]
(oK B XS5, 38 B 45 b 3 AR AIE 55 ) T DUIE e a8t A% U5
AR R IGO0 R 28 R R R R R IR B A 2 S
(Hitchings & Beebee, 1997). H T H SR LRI KR
B/ i U SR FS L e £ T REAR A B Y A ) I
B DR, B R T bR S L AR R AR 2
PERIRZ DA RS 73 IR ARG A 22 5 SO AR
RS, PR IS N PRI A8 5 5 P45 2 1) SR I )
SOWE AL SEAE B AR A F R ORGP AR 2 b A EE 3
= Y (Manel et al., 2003; Rellstab et al., 2015).

OB 2405 F P e RS M SRR R, S

PR AL 2, 1l A TRk B RN 5 s
2 [B]ff) 5% & (Storfer et al., 2007; Balkenhol et al.,
2015; T RIAIELSEAE, 2024). SR1M0, UTAERBEE A
FIE BTG 0 e J AR A AL SR B H 2
3, TR E A OC R A B AR NN T IR AR
L R JE R E A T . T — AP AR S
TR IE BB SRR NATT0] DAAE 2 SR 1) 2 R 41
B T EMZ DM B R, I 55 B
7 RE B AN AR 58 G BRAE — i (Pettorelli et al., 2005;
Anderson & Gaston, 2013). Hitt, HoMl3E R 2H 24
K T HTETAA B NS, FEHESIRE & B 2L
S PR T — A SO PR 2H 27,
B F 3 B - 3K 55 B (genotype-environment
associations, GEAs) 5 7F 4 & ¥ i& 5 S8 PR v & W
PEIB AL A7 R 23 [H) 23 AT A SR S BB P 3 I M gk A
F A5 [K 2 (Rellstab et al., 2015; Balkenhol et al.,
2019)0 FHAFFE M0 E 2 AE T AS [P PRI 25 A4 1
JRRBIE L, SN SRR R L b EE A R A R B R
AU R 5 3 R 40 AR 7 2 1) B HLAE 5K 2 (Balkenhol et
al., 2019). M 3 K 2H 5 b LU A% G 119 57 WL i 4% 2%,
WIET REM LA AUE B S S P PR S50,
AT DLSE G Mg 132 28 PR AH K RIS B A
AR, AT SOUSE R 40 2 0 i T B s W fb
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552 2538 I R R FUAE S ) AU 3 A o .
i, fE— W8 TR RSN A A, BN R
Al FH 35 DR B - T 35 S I T v A N 381 A U PR AR AL
UK 5 2175 % (Oncorhynchus  myki ss)fth T J= #4138 5 1)
HERER, FB PG 72 PEAR RS % T R
MGG, JoWh RO 538 A IR J o v A U
AL A (Andrews et al., 2023). A LL T AL R 45
PRI, — LR = IEH 5 7 B RR PR AR R0 =
AL S 0E S| AR A )R TE . & #(Populus
koreana) x& 3 [B 2= A6 I 7 &t el Y 5E AR 1) B ZE AR AR
B, B FEN GURE FL 240 B AR PR AT 4 8 DA 2H =
¥, T AUEIE RGBT, AT S, R
W ) SA5E B T BN KB /N RIS IR 22 i PR A7 i 3%
[F] ¥t %€ (Sang et al., 2022). F BHEYIEAE N AR T A

105°

W2 R B B G A, W AR 2 AR TERE
A5 AL 22 A 2 4 3 745 )7 T (Bai et al., 2016; Cao
etal., 2016; Yin et al., 2021). F BAEH LAAT B2 5 75,
G (0 B T A6 224, L Ja B A A& R A A
Bl 2, T IX A A A R R AR W 2 R R R A ) O
(Fahad et al., 2021; Meng et al., 2021; =K %fi Fl b3
1, 2024).

LA (Pterocarya hupehensis)f& 1 [E 45
BRI, AW, FERLT . GRS
TEARHIE, FEAAMT oM. =R, Wb, BRib.
H R R S T (AU ) 2 ), 7R ARG
253 [ PR () Ly A P veT BV A AR K ([ nT AR A A=
T3, 1979; Kozlowski et al., 2018, 2019) (& 1). HHi
HoamGREEANHR, MEEERD, MzE%%
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Fig. 1 Habitat of Pterocarya hupehensis (A), plant morphology (B—E), and collection sites of P. hupehensis (F). The information of

collection sites is shown in Table 1.
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BN AR BEIR, WA B VE A S 5 fa P
(Kozlowski et al., 2019). [Rlith, T H AR SE NI
R AR, T e A 2 T SN 388 A i 55 4 P A 55 A
KA, A B TR A R TAE .

B S TGS 3 A Y 9 R 18 AN R R,
122N AN AR AT A0 5 DR 41 0 5 (RAD-seq), i FH 55
MR 2H 2200 W T B, TR 1B T L
WA (3 L HEA ) 7 B o BRI LA R 5%
) (1) AEI 2 & BAT A B R 252 (2)i]
JERRZ TR T A A S5 G ) 2 RSS2 2 ()AL N
PR ERAE AR A 1R A G5 PR T2 A 52
A ZI I R4 BLE T A, O B YN
X SABRARAY (1 AR ST R SR 1 210 BRI 55

ETP
1 #rRRnTgE

11 RESMF

HAEE AW E T b E BT AR A E (CVH,
http://www.cvh.org.cn/) . EIr A E R &
(NSII, http://www.nsii.org.cn). 4=ERAW)Z FEVERI 4%
(GBIF, https://www.gbif.org/)i] LB bR AME B, 1 H
Rv4.1L.OFMEHEE . FEEATER. BRI AE
B, WAL B R PR ATE . RGPS

RGN PR HEAT 58 AL I8 RFE TR, SREEFIRE 2
[E] ] AN /N T30 km, A4S 2 8] () SR A T i A
/NTF50 mo AWFIURAE T RRPE. HR . TR WL
R SN EE6ANE T I AL BT 2R Ak ) e
Fr, FETF ISR, 1224 BEANMA, SRAE IS 7 B
THAATEE . fF R TR Fr, B
At B35 A fe BE T F T )G SEDNASR L, EAARFE
KAEFE B WGEELD, BAFRFRARIF AR Lifg
J& 111 A8 4 [iEl A7 A< 7F (Shanghai Chenshan Herbarium,
CSH). TN MEFRENZI0.5 g T4 A, &
R {ICTABZ(Doyle & Doyle, 1987) M T-Jg - A4
SIS HUDNA o R 35 3T 2 b 1) 35 DR 4K/ B R
GCH &5 BT I TN, %+ Tage IPRHIMEN
DIV X G WU 45 4% 1D 55 A o 255 R 2 DNA 4 1) 3347 g
PIsEge . X453 2R V) BU(RADFRZE)IEHP 1k |
TRFE BEHLIT W, Bz (300-500 bp). ZEHP2
MFFHESk PCRY 4. SCHE ke & 4% J5 H1llumina
HiSeqTM “F- & #E 47 Wl #, Wl 5 2% #% 24 Illumina
PE150. faj4b4: 52000 7 B b it 36 5 AR W e 25 R HE,
A PR 7] 5E B
1.2 MFHELES 2% HERZ S M AL (SNPs)
£z

DN AT AR PR 38 A A8 S ) T R B AR F5E 14 i

L BT HED) WA R AL R 1 18 AN T TR FORE AR ST SRR B LA R R Bt
Table 1 Sample coding, sampling locations, and individual numbers of 18 Pterocarya hupehensis populations based on restriction-site associated

DNA-sequnencing (RAD-seq)

Fh#Edn's Code SKFE S Site 2% Longitude (° E) 25 ¥ Latitude (° N) MEEL n
HH BepipiZe Xi’an, Shaanxi 107.93 33.87 6
HXC B % Ankang, Shaanxi 109.49 32.72 3
FLC et % B Ankang, Shaanxi 109.40 31.95 5
DSP B E5S Baoji, Shaanxi 107.49 33.84 4
QDZ /B PH Nanyang, Henan 111.97 33.52 6
HKC JAFgFE B Nanyang, Henan 112.02 33.57 6
TSG VM H P Nanyang, Henan 111.72 33.63 6
LJL VM H P Nanyang, Henan 111.70 33.63 4
LYG H# K7/K Tianshui, Gansu 106.10 34.23 5
YPC HitBer Longnan, Gansu 106.23 33.67 5
HIG Hill L Kang Xian, Gansu 105.51 33.39 5
MYG HNFAMIEL Yangba, Gansu 105.74 33.03 6
SNJ Wb A& 28 Shennongjia, Hubei 110.92 31.65 7
XJz Wb A& 28 Shennongjia, Hubei 110.58 31.59 11
SHJZ L& Enshi, Hubei 109.80 30.16 11
ISz HK4 L4 Jinshan, Chongging 107.14 29.02 7
DFX LMY Bijie, Guizhou 105.88 27.33 12
NYX FEMEEYT Bijie, Guizhou 105.47 26.70 13
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MO FR, A A4S A R R 2H A A2 ok 5 1224
A2 889 SNPs Az i HI T )5 2273 Hr (Lu et al,
2024), IXEAT 1 U SRR (P, stenoptera) A
%2 FL K 41 (Zhang et al., 2022), = % i Stacks
v2.62 (Catchen et al., 2013) fl VCFtools v0.1.16
(Danecek et al., 201 1) #1742 5id .

1.3 $FFMA SN

T ST AR S B T VR AT R R P A A
DL S o A 1t e 138 (R A% AR e A . (A
Ri& & 1 ‘Peadapt’ ST Gk I 2 5 21 A4 2558 M 1Y
WAL bR, 1A G 5T 3 s 7 AT (PCA)
H B R SE P (Luu et al., 2017; Privé et al., 2020).
f# FHPLINK v1.9% {4 (Purcell et al., 2007)¥ VCF#%
B A B # A0N bed kg K. H ‘Peadapt” [F] B 5%
BRI AT F o 400, SR 2T SNPs 5 RTKAS 3
J73 Z AR AR TH LA I8 G T B AT pfiE o ARATT 5 o
KAE #& T ‘Pcadapt’ [IPCA T 25 45 IR, 45 & VR 8l 41 /i
W R R A A7 T B 38 % A5 A AT 1B #E (L et
al., 2024), FF2xiil R RplE N-1gi) 2 MK . i J5 il
I % B Je #% 1E (bonferroni correction) ) 5 ¥4 Sk ik
P 50 BEAE R I () kBB, A B 5T ¥ alpha I AE
0.05.

FLR I T B R Y - PR 858 SC BR J7 VE AT e S 1t A
AU, A B T DUk B R B R BE SRR S
(Bayesian Markov chain Monte Carlo, MCMC)%.7%
78 75 [X 25 7R A 15 21 (latent  factor mixed models,
LEMM) 7 AT TH 5o 1T VEAE R I PR R a5 A
i Z (A AH SR IR [F] B 0] DA e A A % 45 1) S8 7
IR & {540 (van Strien et al., 2015). B 5GHEERIES
T LEAFE 7 £ (Frichot & Frangois, 2015)# VCF X
A2 A A i X 1 S 67 25 DR ST 4 o 183 4% s
FhR 2R B (R R0 T i DR 2H DR IR 9 22 OC HL 2
U, @R LEAFE T AL 1 snmf bR BT B OSSR R
TR 4 o A LEMMBET 10007 B B iz 5
DA IR B3 AR 5 55 S5 A ik R 2 [B) AR G, 3%
ARUCELBE B 9100 000, burn ini E 50 000, R
BRI AL 250 0 HT (Lu et al., 2024), EEK =2, 115
/N SNPAL s ) 35 S Hpf, E#E-1g (p value) >
2 (RMpfl KT 107)FISNPs I RE AL o 525 45
35 D0 T P AT R 5 B B R e AL AT —
HPEVP
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14 SIEREFRIKIS TR

N TH LR R AE PR B B b )i A AR T
TSR AE Y S AR & . 3@ WorldClim v2.1 (Fick
& Hijmans, 2017) (https://worldclim.org/)® 355k 19
AN1970-20004F (AR 24 i I 37 19 05 D51 - A4 250
Wi, PR N2.5 (TEARITBZI4.5 km). N EBRS AR R
T B P v BE AR [AAH G, FHRIE & H “extract’ B
R IR RAE iR 22405 R L PR A A% i, 158
‘usdm’ BB (Naimi et al., 2014)45 5 [ /R BRAH M &R
B, FRRILLMERER T8 E, BRI
6N SR T S M (Bio3)s Feid A E AR AR
(Bio6) . iR H % (Bio7) e inZE AR
(Bio8)~ il H 1 B /K B (Biol3) MPF K & F i AR
(Biol5), HTJ5 85 FE BRI 2 70 #T
15 EERTFXTIMERE R

IR FAE AR S0 T I EE R B e N A,
Sl LT AR S BV LA 5 ) [ VAR 5 1 (e B AR AR
(gradient forest, GF)7r#T(Ellis et al., 2012), L1t
SR IR B AR B 0F T 10 A AR S P AR LU D1 DR ABE AL 8 4% A
it A PR R AR A, o A 1. 3rp 48 i 4 o7 2 [
AR I 2SR i N 18345 H0H A o A5
R SCHF L TR 28 45 B B0 A B 20 A7 s
XTI R 6 A A R - WA s < 20 A i R R T2
FoE 04 AT A B AL BR, AT AR U B 1 3 AL AR
(PCNMs), tHFR A5 2 HRAE 1] & (MEM) K 8 X4
A FE, iz R AE B “vegan” 8, T () penm BR £ 3k 47 11
5 (Gugger et al., 2018). f FRIE 5 3HL LA 3,
8 T “gradientForest” fll “extendedForest” Bf % £
(Liaw & Wiener, 2002; Smith et al., 2011)i217GF 43
B, THEIRETRR I BE G S5 A B R R (1) AR Ak 3,
T 8 5 8% AR i B L (R DA 1

) ISy, A P 2 T R Bl A ) T SO R A
(GDM)#E— Bkl A b ()AL A8 e S b EE . <
15 Rl - [ AR 2R PE R R o 1% 70 M 25T BSORT 1 3 38
INEEHERE, 0T AW 2 AR 0 2% 18] 22 S g AT A A A
& (Ferrier et al., 2007). | F &5 o7 J: PR AL 3 T4
A B S AE B A AL RS FE R .l R
= F i gdm R F (Ferrier et al., 20074} T o ) B
WEBR S A FUHAT LG, JFS sl — AR 1)
PG 2% (I-spline) B o [N DA B4 5 43 LU g5 Y
PNEFEE, Sl S A PR A 1 8 BT
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1.6 HIERESHERES

i B PR B BRI 22 R B R A 2 S S
a7 1RO S T A B . B T 1 2% 5 (Savolainen
et al., 2007). Xt Ad FiMantelf6 56, @it % /R FRAHSE
FR B L B8t R o b R PRI B R A 2 T PR A
5% P SR RS I Hh PR RS 25 (IBD) A1 EE 5% B9 = (IBE)
(Diniz-Filho et al., 2013). 5 5ufd FIPGDSpider# {4
(Lischer & Excoffier, 2012)%% VCE#% = 118t 4% £
AN GENEPOPHE S, i i Genepop v4.6
(Raymond & Rousset, 1995; Rousset, 2008) 1 H Ff
Z A FRIFst/(1 — Fe)HE BEAF 1845 BE B9 45 R o @
I RE 5 H ) “geosphere” £ (Hijmans et al., 2021),
VERFE A S B AR FE R A6 BE .
ecodistPk % (Goslee & Urban, 2007), #4615 K 1
B S NBary-Cutiski g, UM EREER. &5
8 i ecodist BRI HUFAT Hh FH /PR 55 PR B4 [ 5 O Fer
WAL HE M 2 [F] [ Mante IR 56 o [RIAF, 43 J31) 4% i1l 2/
IR EE RS, A fki(partial) Manteld6: 56 11 5 Hh ¥ /34
S8 PR BB FE B AL 5L
1.7 TESH

MantelA5 56 A% 7] RIS I 7 SC g b #3055 5%
WAL MBS, T 22 8RR 1T (RDA)
AL I RS AL B s S R E AR T AT 2 Jn
HEE, DRG0 145 2 (1) b 35 R S5 00 2 (B3 G K S
S S5 R ) 5 84 AR = I AH K 1% (Sork: & Waits,
2010; Lasky et al., 2012; F KH5%E, 2021). &%, i@
I RE & H “LEA”F2 /5 (Frichot & Frangois, 2015)
4V CF ST 48 A AR 7K ST P 8 A7 2 DRI A 2R 4
PREEHE il i RAE 5 BRI SRATE mO0 2 1R S £
P L SR AL R . HRIE S 1 “vegan”
T2 A UA BT R 2SR %E). %
FE B S E T B 5 4 45 P B A7 AR R R ) R 2Rk
MG, AT — DI HE 4 5 15 WK AT IR
43 M (pRDA) (Legendre & Anderson, 1999). 1/ X<,
fige FHEAL B AT B A 50 AVPAS 2 2 1, B4k
FIHCERBCE 9999, Rk 2 /K- 15 B J90.05.
1.8 HSHER

M4 Fr A 0 0 A1 R, A FHMAXENT 3.4.4%K
4 (Phillips et al., 2006), T A JEAR 74 K T 76
TG TN AR R AE oA X3 70 s AR A
WEFE AR 18K i, DAK LI B B (AR ARAE
B MR A9 “dismo” (Hijmans et al., 2017a) 2

TRk A AR AL KRR . FIRE 3 B0 “raster”
(Hijmans et al., 2017b)iE{T W% IRk, FEBR/NT2.5'
2R (B S R I 0 AT A AR LA 715, 3RIN2.573 1]
I HE 2RI 194N A= W S A5 A2 5 A 4RI A A% 204
(Hijmans et al., 2005). A4/ f5 A8 & HALFE AR
20504 (2041-20604F) F1 2K 2K 2090 4 (2081-21004F)
M 4t = 4k & & 5 B 1% (shared  socio-economic
pathways, SSPs) SSP245 1% 5t, I 70 Hl 3 U T
CMCC-ESM2 F1 MIROC6 # Fit 4= Bk < fix #& 7Y
(GCMs)o 1 1.4rh 75 5 HEBR 77 5 25 18] AH G
PR AEAR &, PR B LT A0 B S T R 7
FAPRIRBIol), PR H R ZBio2), [iRZE
TEAS 5 2 A (Biod). T H 4 K E(Biol3). [%
IKEZEHIPERE AL (Biol 5)RIEFK (elev). Hid25% 1%L
Pl FH AR A 56 AE, I H K H bootstrap /5 7%
HAT100 M. ERIEH i Jm, A TFIER)Z avg
VEREE R, #EArcGIS v10.2H i #4321 B4+
EEELR Sy, 4 H SRR BE(Natural Breaks, Jenks)
BB B E N0-0.2, 0.2-1.0, 3 ML ERAIE 4 FliE
4. BJE, TEArCGIS v10.2 i SN I J 1 W Fh
GCM B RS04 L, ¥ 8 8 3 o0 A Sy e AT TE
IIAR DX TR 45 R
1.9 RREFELH TN

{5 FH AR 3E )37 4 XU 43 BT (risk of non-adaptedness,
analysis RONA)XS T Jb A A EAE AR SR SU%E T 1)
I8 N RE 134T 43 T (Rellstab et al., 2016). JEidiH5
555 AH DG I8 % 67 R (1) 8 7 2= IR A 56 11 1 35 A8 4k,
TR FTREAE A RS A5 R A73E 1) 7T BEPE(Rellstab et al.,
2016; Pina-Martins et al., 2019). f# I PYRONA
(Pina-Martins et al., 2019)K SNPAT i fit) &5 {37 i [A 45
SRR RS R I e T 2R v SRl R T A
TRIRGE A FHHERAE 2 I AR 1 S 5 T A i R
SRI AL EERIANEE o 1 5618 F 1.47h (1 7 VE SR I A
B4, AT X 20904 (208121004 ) SSP126 5
SSP585H AR 5t T AR A% i 55 PR kAT Tl . A
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Fig. 2 Abnormal single nucleotide polymorphism (SNP) detected in Pterocarya hupehensis based on Pcadapt (A), Principal
Component Analysis (PCA) (B), and latent factor mixed models analysis based on six environmental factors (C). The red dotted line
represents the threshold of p = 0.01, and the sites above the red dotted line are significantly associated with the environmental factor.
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Table2 Mantel and partial Mantel test results for the entire population of Pterocarya hupehensis

Mantelf 5% Mantel test Mantel’s r p Mantelf6; 56 (5 4~50% [X-F) Mantel test (Each ~ Mantel’s r p
climatic factor)

HiEEFFES Isolation by distance 0.23 0.062 M Isothermality -0.17 0.861

MHEBE B Isolation by environment 0.31 0.002 e A AR SR -0.05 0.668
Minimum temperature of the coldest month

fMantel £ %; Partial mantel test SRR 7 Temperature annual range -0.07 0.675

b B KR B (P PR S B ) 0.08 0.298 T2 P48 0.09 0.212

Isolation by distance (Conditioned with Mean temperature of the wettest quarter

environmental distance)

PR R 5 (P L R PR ) 0.23 0.029 B Ay K& 0.29 0.003

Isolation by environment (Conditioned with Precipitation of the wettest month

geographical distance) Ve K Bk 7 A AL, 034 0.007

Precipitation seasonality
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Fig. 3 Mantel test results showing the relationship between geographic distance and genetic distance, and between environmental
distance and genetic distance across all populations (A), as well as the results of the genetic distance versus environmental distance
for each individual climate factor (B). Red dashed lines represent significant correlations between variables. Fgr/(1 — Fsr), measuring
genetic differentiation between paired populations (genetic distance).
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LEMMYE LA (1) BT A Fh B A 0 21398 5 64
SABAT B AH S [ISNPs o X = 3347 F B 43 4, R IR
A 334N AN N HE R TR R 55 G BESNPs, 113N

RIRAL AL, XONFE R Ar s(B12C)
22 BEETRSTEIMER XK

XA AL 1 BT A A AT Mantel /0BT, &5
3R AT BT A Bl SRR 3 523 1) A8 B B9 IBE
(Mantel’s r = 0.31, p = 0.002), {HA& A KB E K
WAL R B AN B R AR DG (R 2, BI3A). FEFEH]
b F DR 2R R 2R 1 S S5, Mante LR 56 < 248 Ao il 1)
WIACIA LA 2 25 I R B R B 1) 2 Al B i X, T
323 1) b H 9 5 (3R 2) o £ F Mante A6 36 X6 T 64~ < 6%
Kl ¥ 43 AT IBE 3 M, 45 K BHEL 7 5 R
F 5 B K AN K & 2T AR A AU R 2 )
HA BE R IE(E3B; #R2).

BT ZAEIRDAL REW, WAL Rt
AR S 5 S AN B DR 2530 LA R AR DG, AR
BRI B2 R T HE B R 2. A R 13547 T
RO, G RFP AL T 5o & 735 A A
BEMINE(ERS), BT AL R 5200 5 K <%
Rl A A Bk 2 (El4A; R3). ImRDAZRH,
TEPE L/ SRR R G, BE R R 5 SE. H
IR 2RI A O, AR 7 IS ATI AR K T 1
HKE(E4C, 4D; #£3).

23 BETRITTIFMERSE RN

BEE R M 45 BRI, BEKEFET BN
(Bio15) 42 X A b A 183 % A8 S 5 Ml g K 1 <4 B
&, AR AR R T X b R 8L AR

3 WHLH PR R TUAR 2 B A R TUAR 7 B 4 R

FA— B (EI5A) . AR E BEL 2 B
FUE TN, BoKEFRTERL. SRES A AN
B AR B R AR HE A = SR O
FIEVES 59 3.08%. 2.09%F11.86%; REIMAL 5 %
PN 2.23% 1.91%F11.70%). B ITTRE 5% #h 2%
B, WAL AR S b A PR K 2 2= AR 3G K=
70752 [A) B HH B A o B () 2 T, 300 B B AKOnS 3L
WAL AR T AR (BISB) . 25T MR A A 4
IR R TR 2% it 28 0 SR 7E 52 B A Hh I35 4% 2% S 1)
JIZVEETE, 3t — Ui B 5 FKTE S AL
AL AR S 1 EE AR (BI5B).

7 XA R M 4 IR R, K E TR AR
AR R T AL A7 38 A% A8 S 52 1) e K0 S DR 3
117 b 3 K] 26 (Geo) St T30 L AR 18844 28 S5 T 5 il (1)
5C). Ak, BRI RIRA R A 0 KRS
o HEAE RS TR o T SO AR (1 SR AR
HEMML SGF g R—3, BAKEFETHEDR
PREAGTE 3070 26 A5 B, RO PR 35 2 8 0 B 508 T 4
2% ETHASD). 1GDMA I 21 25 5 4 ) B AN B
PEIMZR TG BT BT B 3, 1 B TR T X )5

, SEIRPEBUE PR B T B AR %A B R
(EI5D). AHEGHE B ARAR TR S5 B 28, | SORE S A Y
(1) SRR A gt 4 T S TR T, E IS A
Jee 7 g% 7% S i 2 TR B A P55 T 2 A | B AR A )
X35
2.4 RKHFnF0HESS TN

i Maxent #5847 K K2050 4 F12090 4
SSP245 AN S A5 St T AE 3 A X TR, 5524 152
RE LAERFIE Hh 26 (receiver operating characteristic,

Table3 Redundancy analysis (RDA) and partial RDA analysis results of all populations of Pterocarya hupehensis

I$ A F Environmental factor

JUARSHT RDA

WTUA 43 Hr Partial RDA

PVE  $F{E{H Eigenvalue p PVE FFiE{E Eigenvalue p
3 Geography 0.13 3.54 0.001 0.09 2.54 0.001
S Climate 0.18 4.06 0.001 0.13 3.17 0.001
29581 Isothermality 0.03 3.63 0.001 0.03 4.05 0.001
5% A 4 A%<l Minimum temperature of the coldest month ~ 0.03 3.70 0.001 0.02 2.60 0.001
AIRAERL % Temperature annual range 0.04 5.62 0.001 0.02 2.92 0.001
BB ZEE P50 Mean temperature of the wettest quarter 0.02 2.82 0.001 0.03 4.24 0.001
i 3 BE/K & Precipitation of the wettest month 0.05 6.71 0.001 0.01 1.81 0.001
K B2 A5 Precipitation seasonality 0.01 1.86 0.003 0.02 3.44 0.001

PVE, QR A ZH k.

PVE, explained variance percentage.
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Fig. 4 Redundancy analysis (RDA) of P. hupehensis between genetic variation and six climatic factors (A), and between genetic
variation and geographical factors (B). As well as partial redundancy analysis (pPRDA) between genetic variation and six climatic
factors (C), and between genetic variation and geographical factors (D). The length of the vector represents the contribution of the
environment variable to the explained variance, and the angle between the arrows represents the correlation between the variables.
MEM, Moran’s eigenvector. bio3, isothermality; bio6, minimum temperature of the coldest month; bio7, temperature annual range;

bio8, mean temperature of the wettest quarter; biol3, precipitation of the wettest month; biol5, precipitation seasonality.
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Fig. 5 Environmental variable importance rankings for genetic variation based on Gradient Forest (GF) (A) and Generalized
Dissimilarity Model (GDM) (C) analyses, with I-spline curves illustrating genetic composition shifts along environmental gradients
(B) and cumulative importance curves (D) in GDM analysis. MEM, Moran’s eigenvector. bio3, isothermality; bio6, minimum
temperature of the coldest month; bio7, temperature annual range; bio8, mean temperature of the wettest quarter; biol3, precipitation
of the wettest month; biol5, precipitation seasonality.

31 BETRMNTFIMNESERNmNE R SIRERE N (Holliday et al., 2017). TIEVF 2 AN [FSE R R A H,

BT PR BA B A AR (8], TR PR — 8554 0 A PR B A8 5 o 488 v 2 S ot PRI 3G,
AL I R AR A AR, XAERRAR FAE AR B A HAIE B Y 1 3 55 (Capblancq et al.,
TE R PROE 1 SRS 7 T R A R IR 2020). FRITIXELHA G BR A0 FI A QA& BT,
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Fig. 6 Potential range projections (A, B) and risk of non-adaptedness analysis (C, D) for future climate scenarios. Only the three
climate factors that have the greatest impact on genomic vulnerability are shown in the picture. Data of two global climate models
(MIROC and CMCC) were downloaded from WorldClim v2.1 (https:/www.worldclim.org/data/cmip6/cmip6_clim2.5m.html).
Detailed information of abbreviations for each population is shown in Table 1.
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FIGDM 73 41 2 B AL A7 15 [7) g H AR A7) P 451 i A,
¥+ iR (Pterocarya macroptera) FIHT 57 45 S35
BN, I P AH A5 DR 250 T R AL A S LA —
JE RS, X 0] RE 5 JE A B G RFIER OS(Li et
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