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reconstruction due to its structural conservation, maternal uniparental inheritance, and high copy number. However, the
chloroplast genome cannot effectively reflect pollen-mediated gene flow, is sensitive to genetic drift, and is susceptible
to incomplete lineage sorting and hybridization events. Therefore, in plant identification and population evolutionary
history studies, relying solely on chloroplast genome evidence may lead to biased or incomplete conclusions.

Methods: This study performed whole-chloroplast genome sequencing, assembly, and annotation for seven Pterocarya
individuals, and conducted comparative genomic and phylogenetic analyses incorporating published data.

Results. The chloroplast genome ranged in length from 160,176 to 160,318 bp and exhibited a typical quadripartite
structure, encoding 131 genes (86 protein-coding genes, 8 rRNAs, and 37 tRNAs). The number of simple sequence
repeats (SSRs) loci ranged from 87 to 96, dominated by mononucleotide repeats. Comparative genomic analysis
indicated that chloroplast genomes among Pterocarya species were highly conserved overall. The sequence
conservation of the inverted repeat regions and coding regions was higher than that of the single-copy regions and
non-coding regions. Notably, within the coding regions, the ndhF gene exhibited significantly higher sequence variation
than other protein-coding genes. The results of phylogenetic analysis showed that the phylogenetic trees constructed
based on different data partitions (whole genome, protein-coding sequence, hypervariable regions, and sliding windows)
exhibited various topological structures with two to five major clades. Individuals of species such as P. stenoptera, P.
macroptera var. macroptera, and P. insignis consistently showed lineage admixture and cross-clade distribution across
different analyses.

Conclusion: The chloroplast genome exhibits significant limitations in resolving species identification and
biogeographic history within the genus Pterocarya, and relying solely on its data may lead to systematic bias.
Therefore, future studies on plant phylogenetics should integrate nuclear genomic data and employ multispecies

coalescent methods to achieve more accurate species identification and evolutionary relationship reconstruction.
Key words: chloroplast genome; Pterocarya; phylogenetic analysis; biogeography

SR A T DR 2H A A L A5 M v B AR ST T 2
RPSRIBME . AN HE DI & B 2 TRl Ry
PFs, Ton] Gl sl B YR 2, JUH 2
fif R Jm S U EBY T R G K B R R INE T B (Zhang
et al., 2022). FEAIPPEEE I, LR A TR DR 20 1
LA AR X (AntrnH-psbA. matK. rbclLZ%) 2k i
SO TEYIDNASK RS, RWFR, RE 2 1 2
AT TR B PR A 25 4 (i T S B o) T e A
(Chase et al., 2007; Kress & Erickson, 2007; Zhang et
al., 2012). FETHSAERHAMN KRG K E 515 R
oA, BRI G HERTRRE Y B 4
S REAL 7 S SR AL T OCEEUE Y (Chen et al.,
2025; Li PW et al., 2025).

b & T 3 G0 o 5 A ) e B 2 A R IR
NI S JR R B = A R M R B A Sk
LI #2(Cao et al., 2022; Dong et al., 2024), I
SRARFE R B FH 3 et R AR T IR AR . R 2
TR, R SR AR R Bk e B i R AH T e
T 7K1 () 38 4% 2 B 98 E N — Bl Tz 75 K (Avise,
2000; Yan et al., 2023). XA 70 K@ T B R g%
S B2 S S EA L b RN Bud (2t A NI S ol
R R A%, 2021; FkAEA5KZEHRE, 2024;
Liu et al., 2025). X FpafF 727G A2 B EA T E

Tk 7 —AN B ar i RUE A T K. RES
A S SR R R 2H, FLadE AL P s R R e TR A
JRBRAT I 43 A LT REAEAE 5 2% = DR IAT 1) o A 4 A
ik

SR, A4 IS A 25 DR 4 1 2R 1 B 5 [R) T R R
SERRIE AL 7 R R TH G H 253 2 09 B8 5 B S uE
Pk (Wu et al., 2014; Arredondo et al., 2021). H£R4%
B DR 2H DR G [ R AR P R e, AR R s Rl Ak
SETHAAEARRE AR B, T 2%
AT R 2 B IEE R BB R, LR AN A il
WA FARRR LI, JoiEAER e N T A R ]
WMEAFIEE, 2019; Xu et al., 2020), FHIETH&4E
S DR 2B 4 7 (1%) = DR VA A6 g R 28 O 2 482 A7 AE ™
A 22, AT AT S 2 A b B %) S B gt A 3 i
(Petit et al., 2005). H X, WERREER A A E S
3 B 21 Joi sl AT SR B R /) (effective population
size, Ne)PLil A% R R A1/4, X —HFAEAEH
SRARTE R H B8 5 32 AL TR AR o, DR L s Y
(R P S A8 FT g R B B AR I IR R, TR R
SERFEAL T SR (TVE2E, 2018; WL, 2019). B4R,
TEITIHE bRl 7 A 2R B, i SRR R DR 20 5 4%
H R 1 3l 2 2 8] A 56 45 0 &R 43 1% (incomplete
lineage sorting, ILS)1 HIA—F(O’Donnell et al.,
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2025; Shen et al., 2025), XAMU SRS K E K
FAIPE G, 2 3 B Al A s R AT R A AT )
T 245 58 AR A XS (Wa et al., 2025)0 T SRR A
S 3E ot AR 52 T BRI S ) ok K ST A B (B A4 g o
POYE R gedE— B a5l Nz, Miiifs RSN R
SR ERFRGEYHIHEL(EHESE, 2019; Shen et
al., 2025).

W47 J& (Pterocarya) »2 # Bk Bl A 8] B Lk i 4
AT PR 20 JR) PR 2 5 HE W i 22 I 2 61 . BB &
83 JRHE, FLIACHLBE 4y A 5 I HS ML R (1 2R W =2
iy i AR G [R) W PR A R (2 AT AR, 1979). Hirh,
A H X A W (P. stenoptera) . itk 7 X 1 (P,
tonkinensis) «  H i #A # (P. macroptera var.
macroptera). &4 (P. macroptera var. insignis).
ZF (P, macroptera var. delavayi). #HALHZ(P.
hupehensis) 17K # #k (P. rhoifolia), 1M 3 1 i 4 2%
(BLs & s X8 % 0) A = n & R (P
fraxinifolia) 1™ (Kozlowski et al., 2018). £ f11C
KRR B ARG &2 eIk, A=
B A A5 AR A (G He o 38 DU 20 R IR DK 30 1Y) 31K,
A7 JEAE AL 35« PEAPT AR SRR R K o 11X ot 4527 2K,
R ATE R T R0 — 8 AR AR 1A W e 1) T i e
S A JEi(Song et al., 2020, 2021). - HARF 7 2 4t
DGR R B (AntrnH-psbA), SR 41 5 FE
FEK(Song et al., 2020) . T #HHH LB AL AR
5 S A HAR, 0 Ja ) A Y [ 28 45 37
FH, 7 HIAE 2R - A i (A W o A i Rl S5
o T tHE S A A ¥ R R v S5 B T AH 9% (Yan et all,
2024). TR, BEEWE . WL, HR R,
TR . ZE . BRI LR S = R I
AR S DR 2H AR 4% e 3 (Mu et al., 2020; Yan et al.,
2021; Zhou et al., 2021), ZJE M KRG K B W7 G
TR SR J8 2 — S BB (1) R S A6 45
HYI(Lu et al., 2024), X R MR PR FHIH G4k
DRI 44 322 1) 2R 48 K 8 A R e TC vV A 48 s FL AL
[ 525 0 A SR R A

AHEFUEE T EnlE B P EOR, %R B A R R
ZKEARE . Hl . HETEI = I ) 2 A
AMEEAT TR A R RN T, & 7R T SR EUR
1 JEARTRAE Y Tl () 58 BE SR AR TR R AH, X DL T
MEB: B, EINEYEH, RE VP SRR

X H s AL R B M R oK B R GRK B o R
LELNHRR; Fk, Rty zm, 5T
BRBUHE IR N AR 7T REIE B L 2 D0 S R 2R o6
SRS BAKI S, ABE TR AR R ELR 3
SRR R (DN B J - A ik TR 21 1
G500 5 7 AR AR, ()8 s T i g A R R A
I A JE R K B A K, JFvr Al 5 IUA 7
FIERMZ BN ARG KT HAR, QW LRk
BLxH B2 A A7 Ja P e o A A 2 T A I s 2 2k b
IR 7R o

11 EWFEmRE. DNARBS N

73 T A1 1 98 23 A XA RS K Ak . H
W VIR A = R AR AR A S 34 )
() AERFAMEFEA R 58 B (K0T B A Fr,
FH e P G 45 S o [ SRS S A A7 o5 ), SRR AR A
FECT B R LA e BR A 1E (CSH) -

FIH 24 B ICTABYZ: (Doyle & Doyle, 1987)#
I S DNA, Rl &4 J5 247 WU T W Al
i A3, K alifh 5 IDNA R Bt A7 Rumigifn . £
SREERE . R B s AL APCRY 1Y . R,
I 4= 3 K 40 & kv (Pachter et al., 1999)f4% F-15
K H350 bplIDNASCPE. 2%, ER TR
H B2 78 H lumina NovaSeq6000 (Illumina, San
Diego)*F- & 4T & EDNA I Xt P, readsK A
150 bp, FEAKIEE NS5 GB.

12 MEREERFEMBEAE. FRS5RE

e 88 B 45 21 1) i an R B SR 2
il (base calling) 7 #1(Ewing & Green, 1998)# 4t
R 46 # HE (raw  data), {8 A i UE X 1F SOAPnuke
Toolkit v.1.3.0HEAT IR B3 i I8 LASRAS AT it
(clean data) (Chen et al., 2018). F&TH REHE, 1 H
GetOrganelle v.1.7.6.1 54T I SR A Jk PR 4H 24H 2%
(Jin et al., 2020). {3 FH 3 E E K AEDHEARAE Bl
(National Center for Biotechnology Information,
NCBI)fIBLAST+ v.2.13.07F 28 84 (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) Lb X H3& 7 51], SRAG AL i
EFEERAFS] . LS A, FIH L T4
Xt Sk A R TR AL R A 2% T R B 1 CPGAVAS2
(http://47.96.249.172:16019/analyzer/annotate) i3 17 -
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Table 1 Basic information on field sampling of plant materials of Pterocarya
kb KA %5 L LR W PRA S x5 AR
Species Location Abbreviation Latitude Longitude Altitude (m) Specimen no. GenBank no. Source
TKEARk Niigata University Forest, Sado City, PR_NS 38.23°N 138.40°E 370 NUF3 PV130126  E{ill This
P. rhoifolia Niigata, Japan study
Hif HikE KAKM %)l £ Dangchuan PMM_TS  3427°N 106.06°E 1,503 DM15793-2 PV130121  EHll This
P. macroptera var. Township, Tianshui City, Gansu study
macroptera Province, China
Hif AR TEHRKS Senrong PMM_MN 2835°N 101.98°E 2,620 DM17327  PV130122  EHll This
P. macroptera var. Township, Mianning County, study
macroptera Sichuan Province, China
Hilitz PO )E 1L 5t X Emei Mountain PMM_EM  29.54°N 103.34°E 2,055 LXC00013  PV130125  EHill This
P. macroptera var. Scenic Area, Sichuan Province, study
macroptera China
PR WL TER H 1L West Tianmu PMI TM  28.35°N 118.87°E 950 SYG00006-3 PV130127  Hill This
P. macroptera var. Mountain, Zhejiang Province, China study
insignis
Z R Z R PR A VAN TS PMD_DQ  27.76° N 99.02°E 2,240 DM21298  PVI130123 [l This
P. macroptera var. 475 E. Weixi Lisu Autonomous study
delavayi County, Diging Tibetan Autonomous

Prefecture, Yunnan Province, China
LY ] BRIBRTER B R MU PMD N 28.07° N 98.74°E 2,899 DM21322  PVI30124  Hill This
P. macroptera var. &% A58 Gongshan Derung study

delavayi and Nu Autonomous County,
Nujiang Lisu Autonomous

Prefecture, Yunnan Province, China

FHE R 45 5 PR A A 45 S AR, B, PRNSHF“PRRE D, “NS* R4

Abbreviations in the table consist of species and place name. For example, in PR_NS, ‘PR’ represents the species and ‘NS’ represents a place name.

43 44 IR VE B (Shi et al, 2019). B )5, 1
OrganellarGenomeDRAW (OGDRAW) vl.3.1
(https://chlorobox.mpimp-golm.mpg.de/OGDraw.html)
21| I SR AA 2 DR ZH 8% B (Lohse et al., 2013). ZH359E
AP I T M 2 AR L R 2 e 4145 B 2 A% ENCBIEL
¥ PE, GenBank ¥ 3% 5 JPV130121-PV130127.
1.3 EEFIIS5SSRs R

MIEZL A MIcroS Atellite (MISA, https://webbl
ast.ipk-gatersleben.de/misa/) (Beier et al., 2017) T H:
AHBAT A, FFAEE BB UG XS 174 M S A R ]
2H v i ) 5 5 &2 4 (simple sequence repeats, SSRs)
BEATHEE 7387 - MISARC & U S8 E N B3
HHREZADFI0K, HERAD TSR, =
BERAD T4k, . HAAEERES AT
3R(BI1-104 2-5. 3-4. 4-3. 5-3F16-3) (Zhao et al.,
2019),

F| H 7F 28 1. H Tandem Repeats Finder (TRF,
https://tandem.bu.edu/trf/trf.html) (Benson, 1999) £
W7 J& - AR B R A b K EEAS D T-10 bplf)

H I H & 7 4l (tandem repeat sequences). Match.
MismatchflIndel 3% 58050 ml e B N2 7~ 7,
R AR 55 73 BRI 5 K S 391 93 3l 8 B 9 80AN500.
FIFH Vmatch v2.3.1%8 44 (http://www.vmatch.de/)
O - £ A 2 DR 2 1) #5722 527 47 (dispersed repeat
sequences), U #% IE 1] H & J¥ 1| (direct repeat
sequences, D)All[A] 3 # & ¥ %] (palindromic repeat
sequences, P) (Kurtz, 2003). {EZHridfEd, fH/hE
K E BE B N30 bp (-1 30), FoiF R BIER
B N3 (-h 3) (Liang et al., 2019). Ak, {REEFAE
SF 5 K B AETCRC S, SR (-best 50), FF4i i AR R A
2H B4 3 £ B A5 B (-absolute), PAME G L4115
ARG AT o
1.4 MFREERBEELERSFINESTH
MNCBIEHE P T 80104 TR R KA J& 47 Fi
MR GEERAFH, BFE KRG
(MN262640.1). #IEHUZ(MH188293.1). FiNER
H(MH188291.1) A1 B A% (MH188288.1) 4/ Fk
(B3 1) o S5 G AW TR T I 2 4P Fh (K 5
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Bk H R TGN = ), 825,
X EEAN N S8 BEAT LU R (R A 22 0 B, SR T HL A A
)R AR FE R AR K R

I E 26 T EIRscope (https:/irscope.shinyapps.

io/irapp/) (Amiryousefi et al., 2018)FJ #Ab R4
DRI ZH R e i i 5 B2 ER, 23 #4120 5 X dIRa
(I EH [Xa, inverted repeat a)/LSC (CKH.¥5 IIX,
large single copy) (JLA). LSC/IRb (Jx [ & [Xb,
inverted repeat b) (JLB). IRb/SSC (/NEH#% IIIX,
small single copy) (JSB)FISSC/IRa (JSA)ITJZE[H 43
A, WEIR Y IR 5T O, HBOH SRR R R 20
SER I ZE e

I b5 38 R 40 2% T EmVISTA (https://genom
e.lbl.gov/vista/mvista/submit.shtml) (Frazer et al.,
2004), LAWMHI etk LR H NS H 75, R
Shuffle-LAGANB R BEAT XI55, 5 H AR TR
SR AR 4 DR 20 P 31 AT PTARAK EE T 23 B, PR A %
FE IR A 7 471 2 [) R A AR A 22 S o

I8 I MAFFT v7.487 3K ## (Katoh & Standley,
2013) %] T Wk B i S Ak 4 FE RV 40 7 31 gk AT 2 )5
FIEEXt, #8518 FIDnaSP v.6.12.03% 4 (Rozas et al.,
2017) 1F 5 3 BB B R %2 5 PE (single nucleotide
polymorphism, SNP)F14d A /it 5% (insertion/deletion,
indeDfz it o FiE— B AT & O b (B DK EE
4800 bp, K200 bp), T LRARKEEF 2 (6]
HIAZ IR % % (nucleotide diversity, Pi), ZE& 5T
W 2 A ) v AR S A RUIX3E(Gou et al., 2020) 6
15 RFEELEOH

HNIRAWMMBHEYIFI RG LR R, R
& 1A 2 AAT I & S A R AL (B % 1)
WA . BT ARHURE S —— 2 FE A, EAR
4ih 5 % (coding sequence, CDS). 548 X M 15 5 &
43 M 203 —— >R H & K L 48 ¥ (maximum
likelihood method, ML)#JE KRG K EW . (52
#f (Rhoiptelea chiliantha) M1t (Morella rubra)fE N
SARBENZ ARG KEMEMR . COSEHRAEREIT A E
X Python il 4% (# T Biopython £ ) #4 &, % il A I\
GenBank % A CAF 4 BT A CDSHHIE % H R T
FIFFIC s BRI AR, W OREE IR B bR il . I
IQtree v.2.1. 3R RG K B W, WKk B A5 A
EHK3Pu + F + 1 + G4, bootstrapIi A H & 1,000{KX

(Nguyen et al., 2015). 5 HFigTree v.1.4. 3% 4%}
RGR W BAT AT 2 K

21 WinEMH LR E FE A B AYHIE

Xof e 18 E 45 B 1) A0 2R AT AR5 B A s
Ve G SATH MR, RGN SRR R 4 AT
MR, K45 KA Bk (PRINS) . H il A
(PMM_TS. PMM MN. PMM EM). 7K ¥
(PMI_TM)H1 = F W% (PMD_DQ. PMD NIJ) 744
PRI SRR A TR R . 5 ST s AR A I SR AR L TR
HARL, X TSN B - S A Sk D] 26 350 DR PR BR AR
(Y o445 1), F1LSCy 1MSSCHIZANMR (IRafl
IRb)F4 (BT 1) o A7 SR IX 74NN 1) it 5 Ak 2 R 4.
RS, SR ZERCDN, T 160,176 bp
(PMD_DQ)#]160,318 bp (PMM_EM)x [a], {NAHZ%
142 bp. HHLSCKJETES9,701-89,810 bp 2 [f]; SSC
K JF fE 18,412-18459bp 2 Al ; IR K J¥ 7
26,014-26,031 bpZ [f](#2). EPMM_EMM 444 FE
R 4H I GC & N36.10%41, oAt AN A Frg I 4 k52
K40 GC & & 1 N 36.20% . IR GC & & &
42.54%-42.57% 2 [a], ¥ & & TLSC (&N
33.79%)MSSC (I 1=1929.89%) (#£2).

AHFEA, IR TAS AN (1) S A T DR 20 R B
(1) 5 AL 05 0 1310, L3RR 61 B 1 JoT g i 22 A
(protein-coding genes, PCGs). 37/ iz RNA % [A]
(tRNAs) M8 /MZ B ARNAIE K (rRNAs) (E1, Pt
2)o HAF20 M EERIAEE AN DL, s8N R B R
AL FE R (rps7. rps8. rpsl2. ndhB. rpl2. rpl23.
ycf 1L Flycf2). 8 MMRNAFERF (trnA-UGC. trnl-CAU.
trnl-GAU . trnL-CAA . trnN-GUU . trnR-ACG .
trnS-GCU Al trnV-GAC) fi1 4 > rRNA % [X] (rrn4.5S.
rrnsS. rrnl6SHIrrn23S) (M %2). bk, H 1743 H
SHEANET, KPP REFIMAE T, GHEs
E R E (rpsl 6+ rpl2. rpl16. atpF. petB.
petD. ndhAF1ndhB) Fl6 4~ tRNA 3 [A] (trnA-UGC .
trnG-GCC . trnl-GAU . trnK-UUU . trnL-UAA Fl
trnV-UAC); T HR3NMEH 2N E F(rpsi2. clpP
Alycf3).
22 EEFY

FI FHMIS A FRAEAEIX 174N I S A I [R] 4 rpoAS:
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TKEABRI SR A R 4

Pterocarya rhoifolia chloroplast genome

160,209 bp

W JtA &4 Photosystem I

W Y& RS Photosystem 1T

W ZHu Kb/ H & Cytochrome b/f complex

@ ATP4iff ATP synthase

[0 NADHJjii & NADH dehydrogenase

B SRR LB A T 3 RubisCO large subunit

B RNAZ AT RNA polymerase

e
’""‘C«i v

O Bl A& /NEF Small ribosomal subunit (SSU)

W % F5AZE 1 Ribosomal proteins (LSU)

B #%iZRNA Transfer RNAs

B B {ARNA Ribosomal RNAs

M clpP, matK

W HAh3E A Other genes

O LR Ge4H %5/ 2 M F Photosystem assembly/stability factors [ H-4¢{A{E % #{52HE Hypothetical chloroplast reading frames (ycf)

W £ 2 T4 354 Polycistronic transcripts

E1  RUKEABEAGIR R NG B A A E E H R £ R A EIE (E b6 MM B SRR A F 2B EEHRN) . SMEIR RBRE LR
HEEEH. RBESMIEEREREESR, MEBANEERINEEHESR. EENESXHIRRERX S .
Fig. 1 Genomic map of the Pterocarya rhoifolia chloroplast genome (the chloroplast genome maps of other six individuals are
similar). The outer circle shows the gene structure on the plastome. Genes outside the circle are transcribed counterclockwise, while
genes inside the circle are transcribed clockwise. Genes are color-coded according to their functional categories.

FI87-96 N SSRsAL s, H o B A7 A 4 7 A7 1)
SSRsf £ 5 % (8961, il AL A ISSRs
P B> (871N) . TEFTA MISSRsAZ AT, H(u 8
PERTREERS). &HER. R, U

FRR KA, 17 A% R AN /A% IR S AL AEAN 1]
YpFebh HEL(EI2A) . SSRsZA A #4) H IR ME A (A)
I R P W () 9 o i A ke, LA R ) A/ T il i
Pl P . SSRshL mi E #4341 TLSC (o5 A2
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Table 2 Comparison of chloroplast genomic characteristics of seven newly sequenced individuals in this study

FE PR AR AIE K EA Bk Wikt Hilien  Hi RN SR s
Genome characteristics PR NS PMM TS PMM MN PMM EM PMI TM PMD DQ PMD NJ
4K Genome size (bp) 160,209 160,210 160,238 160,318 160,236 160,176 160,232
K DX KF Large single copy (LSC) length (bp) 89,708 89,731 89,770 89,810 89,768 89,701 89,757
/NEPE DX K Small single copy (SSC) length (bp) 18,459 18,451 18,412 18,446 18,412 18,443 18,443
RIMEE XK Inverted repeat (IR) length (bp) 26,021 26,014 26,028 26,031 26,028 26,016 26,016
GC% 1 GC content (%) 36.20 36.20 36.20 36.10 36.20 36.20 36.20
KEPE N XGCH & GC content of LSC (%) 33.77 33.77 33.78 33.72 33.72 33.77 33.79
NELPE NI XGCH & GC content of SSC (%) 29.86 29.86 29.86 29.85 29.85 29.89 29.87
I FEEXGCH R GC content of IR (%) 42,57 42.57 42.56 42.57 42.57 42.54 4255
ABgIE A L A base content (%) 31.60 31.50 31.60 31.60 31.60 31.50 31.60
THIE 5 EE T base content (%) 32.30 32.30 32.30 32.30 32.30 32.30 32.30
CHigid 5Lt C base content (%) 18.40 18.40 18.40 18.40 18.40 18.40 18.40
G (5 b G base content (%) 17.80 17.80 17.80 17.80 17.80 17.80 17.80

F K48 No. of total genes 131 131 131 131 131 131 131

R AT mILE XA No. of protein coding genes 86 86 86 86 86 86 86
tRNAZE A% No. of tRNA genes 37 37 37 37 37 37 37
rRNAZER £ No. of rRNA genes 8 8 8 8 8 8 8

YFh4E 5 & X W3 1. The abbreviations of species see Table 1.

A) SSRs7# SSRs types
" 100 B2 Mononucleotide
iz A 80 Z#%H# Dinucleotide
5 c.ms Zg =R Trinucleotide
4o PU%EF PR Tetranucleotide
“ 28 Ti#% R Pentanucleotide
% RS \ D o o TR Hexanucleotide
f\“9’ St R A TS
@'&‘.}. GG ogé\' °9' %'\' ol S m
VP
®) 100
2 80 X125 Region types
22 I X LSC
B8 4 RIMEHEIX IRs
“Z 2 /N TX SSC
0 1 1 1 1 1 l I l 1 1 1 1 1 1 1 1 1
Do >N S %
oY W @ Oy NV N D
5 \%’& *@ RS
&
SRR &
© 100
1 © 80 X157 Region types
[75]
2 60 HPFFIX 1GS
% S 40 EFEHHX CDS
z 20 W& T X Intron
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T
f» °, VD IS VN &
@ °;\q \ QQ cb’»ooqg, %'\9039%’\9@@2%@6@ @? QQQ
ST &
/M Individual

B2 17 MRS ERAR B EEFF(SSRY)AHT. (A)TFEISSRsERAIHE; (B)KEENX(LSC), REAELERX(IR9)
B3 X (SSC)HISSRs# &; (C)EEEMRX(1GS). EEMRBX(CDS)RME FIXHISSRHE

Fig. 2 Simple sequence repeat (SSRs) analysis of the chloroplast genomes of 17 individuals. (A) Number of SSRs in different types;
(B) Number of SSRs in the large single copy (LSC), inverted repeats (IRs) and small single copy (SSC); (C) Number of SSRs in the
intergenic spacer (IGS), coding sequence (CDS) and intron regions.
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76%), HRKKNSSC (1516%), IRHD(158%) (K
2B). 73 Ak, SSRsAL mK B 43 43 A T~ i R AR R 4
MR A5 X+, H JE I8 [A] B [X (intergenic spacer,
IGS) 43 fii it % (15 70%), H KA W& F (1 16%),
T 7 32 PR 2 1 X 73 A7 B 2D (15 14%) (E120).
JHi¥Tandem Repeats Finder {4 %5 5& i) & B
B HTE6-1310(K3A), KETES47 bp2 ], FE
£ 7E20-30 bp (E3B). 17 MER G4 T R 4

fy 0 % L R B 4 K 22 K o A T AR e B X, o

EI70% BA b, T A E B B R T B R o A AE
ycR2 B[R X

FIH Vmatch v2.3. 154 % € H I HUE 2 7
HITE32-474, HARICES R R Z(17-271),
1E A R H R (13-2041) (KI3A). BUEEREE 7 HIK
FEFE30-54 bp2 (8], HFE 4345 F30-45 bp (A
3C)e.

(A) HEE 751258 Repeat sequence type
EREETS] FISCER 75 BIEEEL TS HIXER TS
Direct repeat Palindromic Dispersed repeat Tandem repeat
" sequence repeat sequence sequence sequence
Q
Q
mm§ 40
&8 30
R 20
jﬁf{ g 19
H'EH ;:; 0 [l [ | | I 0 L | | | | | | [l [ | |
AT AT
2 ‘;\0?5 ﬁ\(\n;» ,\)\?9 @"W QQQ q, '\, ’19% bb‘ @\ @f’ § Qb
& N
® 9 "r ©
&&@@&& §§§ &
®) 2 HECE & 73 K/ Size of tandem repeat sequences (bp)
g <20bp 20-25 bp 26-30 bp 31-35bp >35bp
I &
55 1
T8 8
S
wWE 2
# g 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
H '\; ) X > o> NN O D
P A °) > P rs, N AR v
5 \,\o, F @\}.&Q %q"» %°9'°’ ‘9’0’ °99 ‘9' @‘ @ b@’»q&» §®@b
Z @ 0 0 9 & & 8 &
&$$$&$§§§§ =

751 K/)N Size of dispersed repeat sequences (bp
© " WAEEEFFIR/D Size of di d
g 30-35bp 36—40 bp 41-45 bp 46—50 bp >50bp
&
I 9
§‘§ 40
8 30
Ha 10
ﬁéé 0 i 1 i 1(» 1'5 1\ Il Ny, i i I i
5] N >
8 > D N O '1' "3 bb‘ o
N o° N
2@\00&&‘% %@%@%@o&@@@ @o &»§e

FEFFTTETEETSEE

M Individual

E3 17 MMM REERAEEFIISM(BREREENHEES). ATEEEFFIXENSHHE, B)FEKES
TEERNEREEFIHNEE, OFNEKENSTEENBEESEFIINHE.

Fig. 3 Analysis of repeat sequences in the chloroplast genomes of 17 individuals, including tandem and dispersed repeats. (A)
Distribution and counts of different repeat sequence types; (B) Counts of tandem repeats across different length ranges; (C) Counts of

dispersed repeats across different length ranges.
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rpl22l rps19 pl2
89,909 bp /, 030

—_——

1145 bp| 27 bp
1bp
rpl22ll rps19 | pl2
89,757 bp _ /

4504b 1145

///wﬂ

BL_MCEZR i, 160,376 bp
/ 18407bp /[T 260506p P. a (MN262640.1)

P

4100tk

=R 160,232 bp

= 1148b
T145 bp |3 bp

1bp
rpl22 W ps19 A
89,768 bp | 1/ %E 4

4491 bp 1158 bp 41bp ¥\lan

/ 18412bp | [T 2602865

P. macroptera var. delavayi (DM21322)

L AEFIA 160,236 bp

D
1158 bp |8 bp

= P. macroptera var. insignis (SYG00006-3)

47 by
4504 bp, 1145 bp P rnH

1bp
——
rpi22 W ps19 pl2 yef1 E
89,731bp | /, / 18,451 bp

5648 bp

HrH 160,210 bp

il 1148b
T145 bp 3 bp

P. macroptera var. macroptera (DM15793-2)

¥\l
PpsbA
T —
mpl2

7k #8k 160,209 bp

™ 4512 bp, 1137 bp aw e
rpi22 W rps19 pl2 yefl 5648 bp \ PpsbA
89,708bp | /I g E / 18,459 bp /[T_260216p | — = |

T Taroei20be

P. rhoifolia (NUF3)

rpl2
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Fig. 4 Analysis of the contraction and expansion of the inverted repeat (IR) region boundaries in the chloroplast genomes of
Pterocarya species: IRa/LSC (JLA), LSC/IRb (JLB), IRb/SSC (JSB), SSC/IRa (JSA). LSC, Large single copy; SSC, Small single

copy; IRa, Inverted repeat a; IRb, Inverted repeat b.
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Fig. 5 Visualization of the eight chloroplast genomes of Pterocarya with Pterocarya stenoptera as a reference using mVISTA. The
gray arrows above show the position of the reference sequence genes, in either the forward or reverse direction. Alignment similarity
percentages are shown on the right side of the figure (vertical axis).
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Fig. 6 Sliding window analysis of chloroplast genome of Pterocarya. The X-axis represents the nucleotide positions and the Y-axis
represents the value of nucleotide diversity (Pi) per window. SNP, Single nucleotide polymorphism.
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e FE DR S, IXARILE L RN DU R S DL
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a8 A ik DR i BRI R B (R 2 B S ARk RE At & A
ERZE (Mo et al., 2020; Luo et al., 2022). ZE&
Z 0 SCHR I E RS B, W JE R I DL AT Re
fE: HinZ@tHtl, K2 RPEERHSHE — A8
AR rps8 2L Al (Hu et al., 2017b; Geng et al., 2019;
Luo et al., 2022), T & KinfARycf152E K] (Yan et al.,
2017; Huang et al., 2024; Z=$E# %5, 2024), fEtRNA
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(Hu et al., 2017a; Yan et al., 2017; Mo et al., 2020).
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BRMMERNEBRHDFSI(CDS); (C)E T MMB MESERXNdhFFS. BR3FFRBY)EMMCTEHUMNMNZ.
Fig. 7 Maximum likelihood phylogenetic trees of Pterocarya based on different datasets. (A) Based on the complete chloroplast
genomes of 17 individuals of Pterocarya; (B) Based on the coding sequences (CDS) of 17 individuals of Pterocarya; (C) Based on
the highly variable ndhF region sequences of 17 individuals of Pterocarya. The bootstrap support values (BS) are labeled at branches
in the evolutionary tree.
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ZEEH . X — RIS R AR R A — 2, BIATE
SRR, FEMIE(Cyclocarya). LIz bk
J& - A E I 1 ISB X 42357 e Al 21 ndhF 2 K 14 47
FE(ZF LTS, 2024).

I mVISTA I DnaSP v6.12.03 % £ 34T 73 #r
RIL, A7 JE - e R 5 R 4 A LSCRISSC P 51 2
FEME R m T IR, IX T 2 k5 DR 2 1) 38 2 AR
(Han et al., 2016; He et al., 2017). 551 L X5t — 2548
7 7 3R] B X (20 ndhC—trnV-UACH petA—psbJ) LA
Je G X (WindhF) £7 75 i 5 A8 5o AR, 508 W
HEM LA EAEXARR, AT FndhFE K 2 H
s R REPD > 0.01), BN NEEN
i, BT WEE N E Y, ndhFEE K T 3
LR SV EAE A R (58014, 2016), K
I FRATTHE I ndhF 26 B5] 1T R 2 XA I 76 i Ak K P
AL IE B R ) B S AR SRR (PRI, 2015),
TR b A SCDNASKIEAS 1 ), SR AT 72
SEREOR, BME I ndnFEE R F AN R AR E
B LA 38 X o A7 S (AN R Fk o 3X — 25 A5 &
WY T RGN IB 25, B2 A S A EHE I
T B FE R FRiC (Fazekas et al., 2008; Jiang et al., 2022;
Ma et al., 2024). Ak, AT —PKndhF5 A0 5T
b g Y 3 AR & A2 X (40 ndhC-trnV-UAC .
petA-psbd)BEAT k& 73 B (i =5%5), (HHAF X 73 BE
TSR PR A NGB, BIEERATR FH 5250
2R B R H BRI AT RGR B B, KRR RE
RX WM @ AR . X — R FI45 R IL[F 5
— AN X TRET S, ki JE R i Bk
B R 0] GEAS 2 Dl T A a1 i 7 sk,
HF5 s Rl R 2B H T EE MRS
REET. B, KRBT IZERREKE KRR,
N e T B AR SR R AR, DUIRECRE &2 2R 1

HER .
33 MREFRFLAEESHERM LA
(4:0)=FN

AR B DR ZH R 5 TR B b PR HL 26 75
B RAGUKEE B, R R 4 22
BENTZ NHGNER RS K E KR R IE
NIE R RS B SF) (Dong et al., 2023). 7R,
2 H BB R I IR, SRR SRR AE RS
BHEW R VAR, AN ERESREERmME, X
—RENM R RS K GRS I . T
Mk, AR TR DR 2 BRI 8 FAZ P R AN AR
)b BE A ) @R AL T OB UEHE (Yang et al., 2021,
2023; Zhou et al., 2021; Yan et al., 2024), {EAHF 5
BT m ke R WA L H S XTI REKE 5
M, HE 7 AR R R A AR
523083 % N SCRE 40 3850, indhFa X S
Window_ 13 J& /% 3 73 >, Window_5 & 7~ 4 43 3¢,
Window 1 BT HS 3. EHATFEERZE, Ba
PN TE 2 805 B b ORRR B /MR, AR Bl an R
MR R AR BAEA R R p . X—8
TR 5 0 5 5 T R DR A B3 T 45 e T A 1
BT R (I 35%6) (Song et al., 2020)——J& F K7
J& 5 B R > v P A Ao UK Bk 4 (Section
Platyptera), G /KEABE. HFWM A =W, W
¥y#H (Section Pterocarya), fL4& =R NAZ « WL
MR . AR, AT SR4K R 40K B WK fg
TSR R R
RS RGERERINEA—EUES
T2 HERIHE SR () SR B, AR Ja AT A )7 SR mT e L
A 73 Ak R T IR B B R % . fEHE) R G,
I S A S A VA R T AN 8 A &R 49 e B el
A B SR AR SR E AL (Rieseberg & Soltis,
1991; Degnan & Rosenberg, 2009; Li XP et al., 2025;
Wau et al., 2025; Zhang et al., 2026). #7 J81/E A X
FACTEDI(Lu et al., 2024), HACH 5 T i
fE4&, JuMplalEE R AR AL 17 54T, X AAEW R
AT BRI A BT REYE . lhn, AHTFTH
AL 5 WA AE - SR AR v v 58y — ST A A%
PRI Hh 23 B RS, 35 5% S FBHER & (Quercus) 55 28
T v AT g 5 35 DAL 52 S0 A% o v R 22 451 AH 8L (Hipp
et al., 2020; Zhou et al., 2022).
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SR, AR AR, AR R SRR
P ] BETCVE X A X e FE ML I B AR DTk . X — &
TV RGBT, RBE— . BERIBE
I S A ke R 26 SR HE W7 A7 Jag 10 0 b 23 A0 I SE A7 AE
A XS LRG0k B W R RETE 22 b s B 1 ad it o
TAERRIIBE R UG R s, T TV th e i =
(VB Fh PR oA T A 2 AR 1 e B kAL B . A
I, AT IR B R AE T 6T JE X AT
REAFAE S AR A B AS (R, B T A R 40 1)
RGBT NAR N — DI R
RS, TAEE B AR FT N B G 1% = 8 4H 2
(LI SNPsER L #%5 ML R LR B R A K B o P&
(Hollingsworth et al., 2016), 454 #iFHAET (Pei et
al., 2020) K HER R AT A 58 21 R ik . BRI SET
FE A TR, AT 25 2 1% i T 56 1 4 i O
AR T FLAE P RO B T 5 o X — B S PR SR IR AN
AN J& 2R 40 K B MERR ) OB, o ou) B 9 At
BRUEY RN YRR R A BEERN T E®R
L.
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