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ETHEMEEREZA SNP W XEIEEM
EREWS LD

FRAR 5, M1 3
(BB A ArRREo B, WA I A A S T A 920% T A M 318000 )

& E. RABEW T ERA Y, (R B 6 T LA BN, RO D, A TRE IR e 1%
SCE XY 6 A A SRR (L8 TR TR B RERR ) MR AR 41 (cpDNA ) S IR 2251 (SNP) W58 , I K &
TEEHE R L5045 R G0 0A0, ITEAS WA R B0 , 52 AR R A PR3 SR m . (] TIANGEN 557 &7 $12 B A 4
DNA , A Tllumina NovaSeq 6000 #F47 = 38 S5 , X 345 n Gk ik 2 FL R 4791, [ A28 ¥ OGDRAW il /F
cpDNA 3%, FH DnaSP %R 2 B0, Pop ART FRAFIEAT A5 Y 19 45 44 2, 1 F RAXML 2R £ 4% K
USRA (ML tree) , Fil MrBayes f4% Bayes tree, 45530 . (1) KB REEM LRI ZLE AT H) 5087, KB
KB T A 356 PR RN 2 8 P 271 8 /s 1 10 S %) 2 R P i 4, A6 1) epLTR I 1M F & 32 4~ I SCE & 25
A G E S 22 4~ ;SSR R P FIARIZEA 87 A~ Hh R 2 H0E & A/T, TR EUR 2 . (2)7E cpDNA
HYSTE T 314 2% SNPs, B IR B B n R S R B BB 5 R, 20 K 5 BB B (THS) A 7 B s B
(JST) , R B BALE R 2 ) Ak 5 R B AR AR ST (3) T A TR BERZ AT IR 2 B 028 S 2 551 (P, <0.005) ,
JST JRFEFN THS JEFEAAE A ZREEAIR (H, M 0.5~0.6) , o R GRS EA7E 7 S0 138 2R 85 55 & A R
Yok JE AR S IR A A% o Ak, JE R N B A AR A 5t 1L A8 S 5 TR AR A4 e 1 4 Ak /K SF- . JE X epDNA
SNP [HIFFE , 4878 K 5 R EA 1938 1% 2 FEE RN RS 2R 204k, A W30S A 00 R 5 68 A e I 8 05 B st £ Bk R
HEHB AR
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Abstract: Carpinus tientaiensis is an endangered plant species with sparse population densities and is endemic to
China. The distribution of this species is restricted to the territory of Zhejiang Province and its survival rate is very
low. Based on data of chloroplast genome (cpDNA) single nucleotide polymorphism (SNP) in six natural populations
(including the mother plants of all populations), we investigated genealogical structure and systematic development,
assessed how endangered C. tientaiensis is and put forward relevant conservation strategies. The genomic DNA of C.
tientaiensis was extracted using TIANGEN kit method and a library was constructed for high-throughput sequencing with
[lumina NovaSeq 6000. To obtain the sequence of chloroplast complete genome, cpDNA maps were constructed using the
online program OGDRAW. Nucleotide diversity was analyzed by DnaSP software while PopART was used for haploid
network construction and RAxML was adopted for maximum likelihood ( ML) tree construction. Finally, MrBayes
software was used for construction of Bayes tree. The results were as follows: (1) According to chloroplast complete
genome sequence analysis of C. tientaiensis, most of the protein-coding genes and amino acid sequences showed obvious
codon preference. Moreover, chloroplast long-term relationship ( cpLTR) revealed 32 forward repeats, 25 palindromic
repeats and 22 reverse repeats. We detected 87 simple sequence repeats (SSR) in different types, most of which were
A/T rich and the number of single nucleotides was the largest. (2) A total of 314 SNPs was identified in the cpDNA of
C. tientaiensis. Single-nucleotide substitution indicated that C. tientaiensis was monophyletic and could be categorized into
Tiantai County ( THS) and Jingning County (JST) populations. The evolution of the haplotypes of the population
manifested stellar radiation. (3) The variation of nucleotide diversity was low in all populations ( P;<0.005) and the
haplotype diversity of THS and JST populations was also low (H, 0.5-0.6). This indicated that C. tientaiensis had
undergone historically local expansions after experiencing bottlenecks across its evolution history, with lower genetic
variation within populations and higher level of diversity among populations. The results of SNP of the cpDNA reveal the
genetic diversity and lineage differentiation of C. tientaiensis, and provide theoretical basis for conservation of the genetic
resources as well as rescue of this endangered plant species.

Key words: Carpinus tientaiensis, chloroplast genome (¢pDNA) , single nucleotide polymorphism (SNP) , genealogical
structure, phylogeny

42 3

K E ]G EAMI ( Carpinus tientaiensis ) J& T HEAR R}
( Betulaceae ) #& B4 J& ( Carpinus ) , A+ [E RE A Al
Wil 0 56 = 20 F AR ), R I K R o SO A B
AAEY) (55 ,1993) TR E RS B4 JE AE P
(53 vhts, 2947 33 R 8 AR AR (857 [ ,2003) , I
H 7R P T T 2 6 EL A B A ) — > E A A A X
K ¥ H W (C tentaiensis ) F1 3 ¢ #8 H-
( C. putoensis) 5 AWV X F: A (R 2Z ¥, 1994 )
Hh E A A Y L R B R H 7 T LR (h
FERR 2 e b A P 35 O B 2 51 2%, 1979) , Wi VLAl
WEGET R B REHEAAE 5tk (415855 ,1993) ,
H T AR fe 7 38 2 B A 7 B A5 b AT BT & B, A TH]
Wrorfi THWLAE R ARG E B2l H AR
STE AR BN AR A R 50 B, A 4E
AR AT B AN RS E AR S SR, & A TR
FEARAS . AR BT W Al A 715 B 2 J5 10 A /N K J T T
F18y R 25 R 48400, 3 2 S st 1% 78 S ke Ok T
IR T BNy A K 46 549 XU (Aguilar et al. |

2008; Wei & Jiang,2012) , R #& IUCN ¥ Fh 21 £
25 , R E 1 HA & T % & (critically endangered,
CR)%%, REMGHM G AN 14 £5 1K (2n =
14x=112) , J& MEARBE 1 5 & 1Y 245 AR P (B
Bk ,2020) . K G 1 HA 7RO FAMEAR 726
WYX AR WS LR S5 AT 5 B AR R R BT
WA (FEHSEM T IR $,1993; T B 5 it & 4K,
2007)
EEIRISOPNEE CREREEAY S E et o
XS AR ' i A4 W) R AR 5 RE AL S O T AT T F
T (WRAR R FIRT T4, 2013 5 BRAR 5% 45, 2020) . {H
KEIEHWREE R AL S5 TN RGEKE MR
A, A TS R A A A AT B PR A 2 1 20 B, T
BRI X — e M s R sh S0 T
fift o MERARIE R ZH ( chloroplast genome, cpDNA) FH
T v e PR 0O S I R IR A A5 A AT T E
FEIF AL R W) 0 BF R R, R 0 e 2 A IR
( Birky, 1995;Soltis & Soltis, 2000) , cpDNA i %
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PRI AT . JET -2 RBE DI 4L SNP (19K 5 768 H-W 3% R 454 5 704k o34 1705

£ 5 BAOREAE 1) DNA, i T3 g Fe &2 S L FAd
POpL VAR e SR e S e N IR X N S B
R AR R AT kM) F0FR N Y S % OC R (TS,
2019) . HH, Ha i 4 58 R 20 v i D 7 B R Ry
Rt M it 7 R E AR B AL, B
L FE AR 7 fE G P A HES AR T A
JE T35t A5 G5 40 T T T 52 3l 245 R R 1R) 434k (9
#®,2012; THEE,2015) o AHFTEE IS XK G 1 H
Al AR s PR 2 v e D R Gl G X A IR 2
A (single nucleotide polymorphism, SNP) #ff 5% , 43
BT 223500 mURIAZ TR A2 S, DEAN 5 BE 10 352 46 2 4F
PR e R & R B0 19 1% R 25 F o4k, R
3 38 HA BT B 500 4 5 R O A SR

AR %

1.1 X & BB E A+ b i & R it 4 4

K G REEA H AR JE R G s R T, 3476 890
m DL ) S AT L e S, 38 pH (B R
PRV, AR B 7 o5 8 3 ey, AF B SIS 18 Ry W Rl
SRR AR (R SE S 2020) . RS R W 44 T
FIBeAs AU B R & BTl 2 B py K&
Ly e LR B AR, 5 B OG0 RN 5T & R H
BE LA B A s . Hrh R &G BT 3t
f7 19 %, H BRI 18k, T KRS
sk B9AE 20 em LA 18 B 822 BB N R4
WHEAE 3 R, W LA RSN 1k, B2 H
ANJEREZ [ ABE 20 km Z N, KA HJERS 5T
BIEHEHLEREA 250 km(£ 1),

RERGEMEERE R 6 1> HARERE 26 M E
RS A ERNRRR) (£ 1), HpfTHE
ISk AEHL S0 m X 15 m, BERR 5~6 m SRAE 1 #k, 4L 9
e, P B AR 25.2 em; IA 1 Bk, 23 4300 K g 42
11.1 em, BZERKEI Sl FHHRIRES
R, 4% 20.41 em, 5 HEADRWIRE 1 B,
Jf#% 28.66 cm, K& EARTIILPE PR 45 7 #k,
P AE 43.08 em, 23 FERTIE 3 BRI 20.07
em, FPANRAEHTEE I TS A VRTE Tk T
M A IR AETE - 80 °C B vk AR b LA 45 i S st
5.
1.2 cpDNA I FF (AHES TR

cpDNA 42 B fdi Jil TIANGEN £ DNAsecure
ARURE P HE R 40 DNA $2 B0 & ( DP320) SR 78

Ilumina NovaSeq 6000 “F- 15, LA 150 bp [ X ¥ 132 4K
I B REAR D 6 Gh B IEUR R 8 B
T3k 08 AR B I T R B 5T 1 520 ( Phred 53
B Cutoff-30) ZJi , FATHAF 1 o ik i) Kicdl o X
AT 26 K ARG HA SR 4 B 20 ) 51, R
T &R cpDNA J7 8] (575 . KY174338) 1E =
X %5 ( Yang et al., 2017) , %} DOGMA %4 1:
BEEHE Y cpDNA ( Wyman et al., 2004 ) , fifi F 7F £&
# ¥ OGDRAW ( https://chlorobox. mpimp-golm.
mpg.de/OGDraw. html) i /£ cpDNA &%, [] B X 45
FP I cpDNA FEAMF B TS, A ff JL B 21
RN FERFHIER GC & i,
1.3 EEF IR R 58 57 894 3K ¥ 45 70 % 453
FlREF St

Ay ECE 58 Reputer 20442537,
H cpLTR R7n ; il B8 & J¥ 51| ( sequence of simple
repeat, SSR ) % % ff H] MISA ( http://pgre. ipk-
gatersleben.de/misa/) T.H (Z%(.1-10 2-5 3-4
4-35-3 6-3) 0 #r. BT ¥ SRS DX
(large single copy, LSC) ,/NF45 DI IX ('small single
copy, SSC) FlJz [n] # & [X. (inrerted repeats, IR ) 1< Ji
Kk B4 Ad FAE 28 T. 2 IRscope ( https://irscope.
shinyapps.io/irapp/) 5¢ i IR X 33k 5 i1 B (4 5K Uk
Aoy, i R AR TG IR EIRL
14 RBELEWMOH

J TR A YRR FE X RS L E R
B cpDNA FFFIHEAT R G R T 2047, (] RAXML
8.0 B AT KAUSRA ( maximum likelihood tree,
ML tree)ﬁﬂ}i,%% MrBayes 3.3 B A7 DL
HEWTE M HE Bayes tree, FET cpDNA FF & FLAGAL
iz 11 PopART ¢ {4 # 5 4 A4 ¥ 2% ( Kimura,
1980; Leigh & Bryant, 2015), i i DnaSP v6
(http ://www.ub.edu/dnasp/ ) A3 Hr 41 IR 2+
PESEL il AMOVA 43 J5 22 434, PEAG 38 & (7]
F 08 S R s AL o AR [ SE HR KL F,, o BT A
B3 R 8] 0 o AL FEE

2 HER G

2.1 REBEMMRIEHERIFE

Ilumina NovaSeq 6000 Il &, LA 150 bp AY
X LR, B AEAS ST 247 42 3000 T3 % FE % 32
B, DA 26 AR 5 38 EAD A= i) s Hh i o A o8
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Table 1  Basic conditions of distribution regions of Carpinus tientaiensis
RGNS BEA G A b X EAYai S TR v FEA S
Collecting number Sample size Distribution region Latitude and longitude Altitude (m) Sample 1D
JST 10 TRk 119°37" E,27°46’ N 1520 JST_1~10
Shangshantou, Jingning County
PDS 3 ez BR# L 120°31' E,28°58' N 1130 PDS_1~3
Dapan Mountain, Pan’ an County
PGS 1 Bz Bl 120°32' E, 28°54' N 1140 PGS_1
Gaomu Mountain, Pan’ an County
PQJ 1 Bz LA UIR 120°28' E,28°49' N 1 200 PQJ_1
Qingmingjian, Pan’ an County
QYH 1 T H LK ) 119°59’ E,28°12" N 1246 QYH_1
Yangtianhu, Qingtian County
THS 10 PNER A 121°05' E,29°15' N 890~ 1 000 THS_1~10

Huading Mountain, Tiantai County

B9 cpDNA, K& 5 H 17 56 5 cpDNA H P4 &8 53
A, SIEEME ( Carpinus ) HABHL Y HLL (455
A ,2019; 8 % 4l 45, 2021) . K & k159 281~
159 841 bp,F¥J4 159 616.2 bp, &4~ cpDNA H 1
AN K EFE DX (LSC) (88 360 ~88 711 bp, KK
88 522.35 bp) Al 1 A~/NHLEE DX (SSC) (18 420 ~
18 794 bp, F3I418 634.92 bp) 4L, -l 1 %/
M85 ¥ 5 (IR) FaJF (B4 IR 26 067 ~ 26 451
bp, V#1426 229.46 bp) (£ 2,E 1),

25 By i 98 JE, Q20 i PE 4> (96.46% ~
97.21%) ¥4 96.98%, Q30 JFi £ ¥ 43 (90.81% ~
92.46%) V-1 91.94%, H T ML K1 G211, Bk
GC FH 10 36.41% ,1.8C ,SSC IR X AE 4351 K
34.20% 30.09% .42.37% , IR X GC SHEET
LSC . SSC X4, cpDNA # 131 4~FE K | 4175 86
AEAGL L 37 4~ (RNA FEH T 8 4~ rRNA
R, Hod, 1SC X0 & 60 A2 M 5 4 i Fi 22 4
tRNA & SSC XK & 12 MEA g 1 A4
tRNA FE[H IR K38A 7 4S8 H 45, 7 4> tRNA
A 4 4~ rRNA BERER (F2,K 1),

2.2 cpDNA HEEF I

T Bl 9 R UG I RN B 5T 4 1 AN 3 Y 4 AT
it 5 2 ¥ 41 48 R DNA # HE ( Wicke et al.,
2011) , EEFHREE N BERIC, FPFh &
B BB, HEFH — Al N B EHE S
MR R

W 2 4 ] Reputer #F 0 AT, X LIRATTH
cpLTR KARUGEEIFHNFR, FEREIGHWicpDNA

x2 XAHBEW cpDNA 4L

Table 2 Characteristics of cpDNA of Carpinus tientaiensis

B ARAE {21
Genome characteristic Value
FEH LK/ Genome size (bp) 159 616.2
KL DL XK 1SC length (bp) 88 522.35
JNBAHE DX K SSC length (bp) 18 634.92
S EEFHHE IR length (bp) 52 458.92

B P G i R B 86

Protein-coding gene number

tRNA ZEEUE (RNA gene number 37
rRNA JEF S rRNA gene number 8
FEFEL Gene number 131
GC & GC content (%) 36.41

HRRG I 1 1 1) A S48 32 A R SCE A 25 4 R
e 22 AN (B 2) ik s A i R 2 HCR I
10 2 38 bp Z A, A HEZFF (SSR) )™
24T cpDNA P AEKEN 1~6 bp A 741
(R ER IR B 52, cpDINA TP 1 3K o i e K B 42 02 A
SR AE 1L SR Y, SSRAE K PR 2H 20 A0 HE Ok
PR AR N TERE AR AL R AL o b i AR
F A5 FHRIC ( Zhou et al., 2018) . HK:T SSR fif
TR X BRI R S, R H A EH
Gt HE RS- 208 48 S BRI (RNA S 3 AR 3R
GifIX g 41 AFEN o S gD R 6 A
LK (matK | atpA  rpoB . atpB . cemA .rpl2) B A 1 4~
RIEREE 1A poC2 FEFHA 4 MRKEE 1 4
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PRI AT . JET -2 RBE DI 4L SNP (19K 5 768 H-W 3% R 454 5 704k o34 1707

yofl B EA 2 MHEESR . Hd LSC #l SSC X
WAEAT 25 > rps12 BN BB EE IR A 10 4
rps12 FREXEE S LA

TE cpDNA W 87 AN R[E) SSR KA EE T
10 UL L, o s A7 iR g i 2, F 34 50
A, R 57.47 % ; FOR R U EAT IR, R 14 4,
THEHRBRAN 124, S ER BEARITRS N 4
A WA R KB LD, R 3 A S T R
WA LK 3), 78 cpDNA H & LAY SSR 18
A/T EREAN, R DAE G/IC BEEEE T, Hrp
BT IR A/T BRI AL, o5 92% ,iX 46 SSR £ &
T cpDNA B AT, cpSSR Bl AL & JF 5 H 10 & 4
31.20% .11 4515 16.95% 12 %¢1534.44% 13 %5
5.65% 14 %5 VA I 11.76% (K1 4) . cpSSR 4 X
IRA, IRB % /5 6.58%, LSC (5 68.59%, SSC 5
17.96% ,Hrh LSC EE ¥4 £ (Kl 5), TERA
JEEA cpDNA H %2 5] SSR H A £ & (W It 5
SRNE S A58, W LUAE Oy J B AR A 52 A HH Y it
(LIS
2.3 Bl FRIFES R

ARG S B s R E EEAEA,
IR E AR Z R R, X A 8
i1 cpDNA FE LR 7 51T 51100, K &
FEHEAM cpDNA JF5 10 65.65% & gt 3L ] | 4%
R H AT A, Hoh AUG (UUA |
AGA .GCU ,UCU #3425 , il CUG ,GUG ,AGC |
CUC ,CUG MFREAR (K 6) o FEiX %%+
5T 2 5 35 PR b Bl LT AR R TR R R O TR
(Ile) , HiFE cpDNA B 1 146 WK, AH X R L%
i -1 FH (relative synonymous codon usage, RSCU)
4 7 & W, 6 & B2 (Trp) & A R 4 15 %
RSCU = 1, £ /8 X% T % A Wb 1, H .
47.62% %5 % T #Y RSCU > 1, K £ %1 (28/30, 93.
33%) L A B T(U) 25 ;50.79% % 5T Y RSCU<
1, KRZ%0(30/32,93.75%) LA C B G 452 (1K 6)

TER 58 505 0 Fh i 25 11 5 i 6% cpDNA
20 NEIEFR H 63 DT g b, Ho B K A& =R
(Asp) Sb , R 2B B ER B A 0 b, B
HHE T 40 DEH R 4F, Kb & 19 A>3 5
B2, TEMGEE ) B T | 63.49% ¢ 30 H %5 v 1 D
WR 7), Z&Rit—2BwR T REEEW
cpDNA BYAHRE R <7 14, PR Ay v 25 08 i & 02 5
FREY TR E WIS (W RAEEYT2021)

2.4 cpDNA TR

PAAG AT IR 22 A5 (SNP) 1 KL [R 20 45+ 715 S5 A
YEAL oF B2 b E ¢ B (Britten et al., 2003) .
cpDNA Z5FPEAR S5 4 A /B OG FE 4 | B4
AL EHE, 76 26 K & ] H A cpDNA Hi 4%
FE T 314 2% SNPs, JST JE#f SNPs -3 132 4%,
QYH Jy 126 %< .PDS N 18 4 . PGS Jy 18 4 . PQJ
H 8 4. THS R 12 7%, DAJZ#FM M5 THS _1
cpDNA L XF, &5 5 3% B JST J& B o L A5 e 4%
(transversion, Tv) *F-3J°4 95 4~ . QYH & 90 /> . PDS
A 16 4~ PGS A 15 4~ . PQJ 2 6 4~ THS K 12 4
(F3), WA AT A BT 5 e g 6 I, B 4 ik
B2 T i B B, 3 7E LA 4 ZE B b gk R R
( Stoltzfus & Norris, 2016) ,
2.5 IR Rig 5 R ki 4

ALY cpDNA &5 B PR SF Y, IR X 35k A
FAFE DL (single copy,SC) 1 FIX IR 9 Je Fnili 4 /2
T 5 A cpDNA K AR f 1 FE ZEALH] ( Saina
et al., 2018), % 26 NEBE KGR H W
cpDNA 1Y IR/SC i1 FL X, ke AR T4 & B A
2R, Hri, mp2 LR EHE 1 513 bp,
Hogig AR SE, B JLA L JLB 3 A [R) B X A0 2 71
bp, traN-GUU fIK & 72 bp, B JSB JSA F& [ [i]
Fa X AR AL A 1 516 ~1 864 bp , AN DL 5& K 6] b
XL, ps19 R FE JSB/IRL 31 74k JSB 7]
IRb ZE# 3 bp, yefl FEHE5 8 JSA/IRa X, 4 211~
4 553 bpfii T+ SSC X I A, ] IRb FEH1 192~1 540
bp(E 8), iX 4 4~ cpDNA H1 IR/SC i1 F 4k i) 48 S+
ST A cpDNA JFHIK B 22 5, I e HAAE Y
i 2 & B ( Yin et al., 2018)
2.6 ET5EEH cpDNA F I B K47
2.6.1 AR W %Mk KRG R HEA cpDNA
O3, 38— Bt % 7 B R R T 9 G AR ok IX
41, K gt B 7R ) 2 (haplotype network ) . 7E R 40
R ST AT R B — A i A sk R AR Sy —
AT AT O i 3 AT . R & 3G B4l B A% A
PR ZHEA R LT %A W4 3w
ZEW R fE R KA E
(THS) (H1 ~H3) 5t 7 5 (JST) (H4 ~ H6) &%
HRBI(PDS) (H7~HY) , & & N B A AH [F] 5
fis AL A2 ELF B4R (PQJ) H10 %8 24 B i 1l
(PGS)HI1 M55 HE (PQJ) HI2 ZAE L ABRA
RIMHFAA BAG A HR I e T B A% AU ) 2% 18] (&
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9) &8 T WAL LAY A 7E BUBIE O HORR R W AR 4
THS JEREFTHT PE 241 JST JH A, th 95 12848 4 B b
TF, MG Z 07 S 00 IST JE#ERD THS J& 7 nl A8
DEEFEN L TE ps16-1rnQ JFHNH 3 MEFERIUT,
I3 BIRT—C ('8 275)  A—G (i 299) il TG
(DLHE 1254) K43 T Wiz 2 THS JERE(T A A1 T) Al
WivG2H JST JERE(C .G M G) . MRS EHEN AT fE A
FREE DT s Bk A THS J& BEAT JST i fE B A 7 2 (1]
T ZEAE Jy 95 NI A, SR R 2 SR U 2 [ i 1 G
ZEIECR O AR ST, THS 5 BE i B4 8 3 4k
PDS W#F PQJ WA A PGS R, JE B 4 25 10 22
] 22 540 2 ~ 6 AR FEZEAE , THS FE#ES PDS W Af
F 75 2 [ A R AR B 422 12 7R ] BE A 7E W] PR  JST |
HERY R R AL Y QYH AU | 2 AN B AU 2 ) /b
ZE5(1~2 MRS ) | 7R R 15 R HA) 8 B A
Py s b B B R &R R K

2.6.2 R M E  pDNA HETEFEM RS
REEE, O8I 2 T3k b (| FRp N K F- 1Y
ARG kB EME, i cpDNA B, ik T 5 4 Fil
ARG R E WM S K IGi, T PR R
BROEM RGE AL L ER ] 26 DK G 7 H-WiE
MR SR T AN T RGE KT o, 8 KA
SR (RAxML) A1 D1 7 44 W7 5 ( MrBayes ) 4= il &
BiRE, RGR B AT RS ASUBUT  RAAR
( ML) 32 ¥#{8 ( Bootstrap support, BS) (% ) A1 DL -3t
(BA) J5 % M 2R ( posterior probability, PP) (%)
( Stamatakis, 2014 ;Xie et al., 2018)

FESERE cpDNA JFH Sl RS 0T, 6 1 H
SKJE BE 4> THS J& #f F0JST J& B ( 100BS/
100PP) . THS J& #f 1 & %8 — 4> % THS_10 A0
THS_2~3(65BS/83PP) ; % /33 PQI_1(61BS/
60PP) ,PDS_1(59BS/73PP) ,PGS_1 #l PDS_2~3
(70BS/100PP), THS _1 I THS _4 ~ 9 ( 70BS/
100PP) , JST JEHEAL & 5 —4r 3L JST_7 1 JST_9 ~
10(89BS/100PP) ; 55 — 433 JST_1~6,JST_8
QYH_1(85BS/100PP) (&l 10) ., LSC . SSC ¥4 4
RS 5 W) Fh cpDNA R G B — B0k, 78
R AR A A A T R AR A 2 5 SRR
I NN N
2.6.3 # £ %Mo A I DnaSP 1A & Z 4
PESHL, 8t AMOVA 20 F 05 22 5381, ¥FAG 1% 2 [A]
R R S Y: M s A A DA 5 O A o VR |
TR A AR B, A% T R A RN A A/ R R AR

ST 6 KA EM AKX P12 4
cpDNA FUAERI(N, ) | 33X 2L BB Y 25% 5 7 5
AR A B, JL-F- A %6 31 B 22 [A) i 3
LAY 3 R A A0 AT DL 2o X L A 2 R
PEFS R (H,) SRR REMERR R P,) #4750 HT, H
BB R, 158 B L3k 1% 2 R 1 b v (8 SO, 2014
Nikulin et al., 2020) , 1, PGS WA PQJ A FI
YHS W o P — R AR AL AR, (U B A SR A, JST
J&RE P} 0.000 01, THS & P,250.000 02, PDS J&
#E PN 0.000 03, T4 Jo RER R 22 BEME 1078 e 2
BAK(P,;<0.005) , MHLAERI 2 FEMEFR B0E , IST i
# H, 24 0.6, THS J&H#f H,4 0.511, JST J&H## A1 THS
JERERRAGE T 22 RE P AR X 324G, Jo b PDS EHE H,
1, HF PDS JEHHA 3 bR, BA5 1 Z2 0 M A 25
(F£4),

KE®HEW 6 A JF M H 145 450
(AMOVA) &5 5L 3R | T8 A 1] (14358 1% 70k [ o 46 4L
F, 2} 0.970 9,3 R 8] Ak K, 6 B 78 44 i 1L
AR SRR IR L AR S 97.09% , JEBE N it 15 AR
S 2.91% , JEBE R A8 S K TR RN (3R
5) o KA A FR A R DR R AR BE Y Bk,
b 2O 2 BEL A 1 R R ) 2 PR B2 (AN, 2012
#8#% ,2015; Nikulin et al., 2020) ,

3 i h 4

SEHEN) cpDNA FAI AL E MRS R E 5
BRI, KA R E W cpDNA 1 K JFEF B K
159 616.2 bp,GC F i AHL, 2 36.41% , VL1 IZY)
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MRS 6 2R R 31 AH OC (Pombert et al., 2005;
Zhang et al., 2020) , 7F 4 A~k , SSR i &
A/T EEAB, P R R A/T SREE AL, &
92% , K 22 B0 EE [ I3 4 A 35k TR R EL A R ) 2
Tk, 7R e B B 7, 63.49% F B H K
B AT, M SR R 285 F B 26 = A/T A8
IR LN A AT SR S5EE P8
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P AR A S 08T, A R B R KRG
W 4o K & 5 R B (THS) it s 7 B % B
(JST) , WHERIBE # AL e R — . BRRA
THS JEHEAT JST JE#EELAE B RGN, BRI
T BAAE T 2 A A 2~ 6 D ERIE SR | B ILAN ]
— BV A T b P A ) PR R B R R X
A g T2 X I R T Vi A% I IR A
A PR SR 3 e 1 B (PR 2 0, 1994) . R & 6 H-
Wi ELAG o B A 5 R WA R 22 1) A A AR 3
2R R E AR R VT BE R T BB B S B0
ik 409 PN S B 2 T i PR 22 9 3¢ /0 18 B A ( Nikulin et
al., 2020) . FTA & BEAZ 1Y TR 2 40 1 1 28 S 3
K (P,<0.005) , JST J&RBEF THS J& 7 545 A 2 k¢
PERAK (H, M 0.5~0.6) , #0050 & A 0 |



10 #1

WRAoE S . BT SRR K 4 SNP (R SR HE R 450 5 70k 4 it

1711

JST 1
IST_10
JST 2
JST 3
JST_4
JST 5
JST_6
IST 7
JST 8
IST 9
PDS_1
PDS_2
PDS 3
PGS 1
PQI 1
QYH_1
THS_1
THS_10
THS_2
THS 3
THS 4
THS 5
THS_6
THS_7
THS_8
THS_9

| I | I
20 40 60 80 100

[ Jmra[JmB[Jisc[__]ssc
FH Frequency (%)

K5 KEKHEA SSR 7E LSC IR Fl1 SSC X, i) 4 2=

Fig. 5 Frequencies of identified SSR in LSC, IR and SSC regions of Carpinus tientaiensis

HIXE R L F 4 FIRSCU

| | —— T

QYH_1
JST 9 B 2.5
JST 8
JST_7
JST_6 1.5

JST 5
Lo

JST_4
JST_3 I 0.5
JST_2
JST_1
JST_10
THS_3
THS_10
THS_2
PQJ_1
PGS_1
THS_9
THS_8
THS_7
THS_6
THS_5
THS_4
PDS_1
THS_1
PDS_2
PDS_3

K6 KGRHA XL T (RSCU) {H R LA

Fig. 6 Heat map of the relative synonymous codon usage (RSCU) value of Carpinus tientaiensis



1712 i = 7 245

HR IR S5 %+ FIRSCU

Ala Arg Asn Asp Cys GIn Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

CGT TTG TEn
CGG TTA RG]
GCT | CGC GGT CTI CET | TEEC | ACT GTT
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Fig. 7 Codon contents of 20 amino acids in all protein-coding genes of Carpinus tientaiensis
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Table 3 Chloroplast comparative genome statistical table of Carpinus tientaiensis

PR A A RBRK

JE T Single nucleotide Insertion %}ﬁ% i . :ﬁ/\ ﬁkg&
Population polymorphism and deletion Transition Transversion Insertion Deletion
( SNPs) (INS and DEL) (Ts) (Tv) (INS) (DEL)
JST 132 90 37 95 47 43
QYH 126 99 36 90 39 60
PDS 18 20 3 16 5 15
PGS 18 18 3 15 4 14
PQJ 8 11 2 6 1 10
THS 12 17 0 12 5 12
11 Total 314 255 81 234 101 154

FOV (PR, 2012 B SCIRE,2014) . BT MREE = 79k 2098 W 3 XA ZR AR (BR 2 3, 1994 Qi et
W REEI A S BhG KR, RERHEA  al., 2012),
R 457 B0 /1N X 388 14 388 X T, B 2o v 30 5 AR A SR BRSNS CREN TRy ARSI R S
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Table 4  Statistical table of genealogical diversity parameters

FEA AR i K pprmsppre PORITRER g opepin
Ji Number of Number of Polymorphic Haplotype verage:lnur'r(li er o Nucleotide
Population samples haplotypes sites diversity r]u};, eotide diversity index
(N) (N/,) (S) (H,l) airterences (P,)
(K)
JST 10 3 3 0.6 1.133 0.000 01
PDS 3 3 6 1 4 0.000 03
THS 10 3 9 0.511 3.822 0.000 02
£5 BRATHERRGHE BeRa i, OISR B IR, LA AR K 4396 1
Table 5 Statistical table of genealogical EHEE LR, KGR EA R RSN S
molecular variance lest R R T ) S B 03 1% 43, B
WRIE b 2 275 14 0 i
e e e e PRORD R R KRG, X
Source o} variation df Sum of Variance Per(c;n;age :LE EI/J Eﬁ m }F % Iﬁ /f-g jﬁi jiﬁ , % I /\ [/J\ ’?E *ﬁ j‘j +* ’?F %
squares squares o . . NI
PRI 2 36, B A A Bl s DR R T ik % 35t 4% 2 ol
T B ] 5 662.4  36.80765 97.00 HE4E R R SRS E AR AE AT
Among populations
JETEN 20 22.1 1.105 2.91
Within populations .
- SEHK:
J3T Total 25 684.5 37.912 65
I#i 7 8 4 0.970 85

Fixation index (F,)
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