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Abstract; Pecteilis susannae and P. hawkesiana are rare and endangered species with important medicine and ornament
value. However, little is known about the genetic information of these two species. In order to understand the basic
characteristics of the chloroplast genome of these two Pecteilis species, and to develop molecular markers for species
identification, conservation genetic and phylogenetic analysis, the genome skimming approach using next-generation
sequencing methods was used to generate chloroplast DNA sequences in this study. The chloroplast genomes were
assembled and annotated by bioinformatics analysis. Simple sequence repeats (SSRs) , single nucleotide polymorphisms
(SNPs), and insertions and deletions ( InDels) were identified. Furthermore, comparative chloroplast genomic and
phylogenetic analyses were conducted with closely related species. The resulis were as follows: (1) The newly sequenced
chloroplast genomes of P. susannae and P. hawkesiana were 154 407 bp and 153 891 bp in size. They comprised a pair of
26 550 bp and 26 523 bp inverted repeats (IR) that separated a large 84 204 bp and 83 756 bp single copy region
(LSC) and a small 17 103 bp and 17 089 bp single copy region ( SSC), respectively. Both chloroplast genomes
contained 111 unique genes, including 77 protein-coding genes, 30 tRNA and 4 rRNA genes. (2) Ninety-four simple
sequence repeats (SSRs) were identified in the P. susannae chloroplast genome and 92 in that of P. hawkesiana. (3)
Comparisons of two chloroplast genomes revealed that there were nucleotide variations including 706 single-nucleotide
polymorphism sites and 152 InDels between the two Pecteilis species, of which several markers ( cpInDel 067) could
discriminate the two Pecteilis species. (4) The one most divergent gene (accD) and the nine most divergent intergenic
regions (rps19—psbA, matK—irnQ-UUG, psbM—psbD , trnT-UGU-ndhJ, accD-psal, ycfd—cemA, clpP—psbB, ndhF -
trnl-UAG , rps15—ycf1) among genomes were detected. (5) The phylogenetic analysis based on the chloroplast genome
sequences revealed that P. susannae, P. hawkesiana and Habenaria dentata are closely related. The molecular markers
(SSRs, InDels and hotspots) developed from the chloroplast genomes of two Pecteilis species in the present study can be
used to identify related species and provide valuable genetic resources in utilizing and conserving natural resources.

Key words: Pecteilis susannae, P. hawkesiana, chloroplast genome, molecular markers, phylogeny
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A3k 2AE B RSk ARk C. stk
A. Flowers of Pecteilis susannae; B. Plant of P. susannae;
C. P. hawkesiana.

B1 REA=ZMIHAIR=

Fig. 1 Pecteilis susannae and P. hawkesiana
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Wt %% 1 Photosystem I
Bt % 1 Photosystem II

W4 R 8 Kb/f5 A4 Cytochrome b/f complex
WATPA i f§ ATP synthase

CONADHJii & ## NADH dehydrogenase

R R A% B R AL B K3 RubisCO large subunit
RS % /5o 8 1k 7 Photosystem assembly/stability factors

BRNAR AR RNA polymerase

A% B4R 8 F /M TE 3 (SSU) Small subunit of ribosomal proteins (SSU)
W% 4 % 5 KT (LSU) Large subunit of ribosomal proteins (LSU)

W3 ZRNA Transfer RNAs

W#% E{ARNA Ribosomal RNAs

McipP, matK

W fth 3 K] Other genes

OB 53 - 4 4K I Ml ik B 352 KE (/) Hypothetical chloroplast reading frames (yef)
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cesq

HNERIE (R 30 I B 1) e R, DN BRI (R DU B g e ) . PN BRI TROIR (30 e Je Sk 22 i SRR R B GC 5 i, R (A FRR
AT Fik, Bi7R T/NAFE LK (SSC) K BB DX (LSC) 2 [ F X (TRa IRb) .
Genes located outside the outer rim are transcribed in a counterclockwise direction, whereas genes inside the outer rim are transcribed in a
clockwise direction. The darker gray in the inner circle indicates GC content of chloroplast genome of P. susannae, and the lighter gray indicates
AT content. Small single copy (SSC), large single copy (1.SC) and inverted repeats (IRa, IRb) are indicated.
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Fig. 2 Chloroplast genome map of Pecteilis susannae and P. hawkesiana
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Table 1 Basic characteristics of chloroplast genomes Table 2 Genes in chloroplast genomes of
WH P g Pecteilis susannae and P. hawkesiana
Item Pecteilis susannae P. hawkesiana N
P LR 24
%]ﬂ?ﬂﬁﬁ 154 407 153 891 Genotype Gene name
Genome size (bp)
RG] psaA, psaB, psaC, psal, psa]
K Photosystem 1
Igii:ﬁ?ﬁ) 84 204 83 756 olosystem
K75 1 psbA, psbB, psbC, psbD, psbE,
SSC XK Ji Photosystem I psbF, psbH, psbl, psb], psbK,
SSC size (bp) 17103 17089 psbL, psbM, psbT, psbZ
IR KA M RE G petA, petB*, petD*, pelG,
IR size (bp) 26 550 26 523 Cytochrome b/f complex peil., petN
S PE TRE TSk ey 77 77 ATP & Wit atpA, aipB, atpE, atpF*
No. of protein coding genes ATP synthase atpH , atpl
rRNA ¥ & 4 4 NADH JIii & i ndhA*, ndhB* (X2), ndhC,
No. of rRNA NADH dehydrogenase ndhD, ndhE, ndhF, ndhG,
- ndhH , ndhl, ndhJ, ndhK
tRNA %t 30 30
No. of tRNA R EERR BRI rbeL
RubisCO large subunit
BGC 36.5 266 g
Total GC content (%) ’ ’ YR G/ FaE AT pafl** | pafll
. . Photosystem assembly/stability
LSC X GC & & 34.0 34.1 factors
GC content in LSC (%) -
RNA R4 rpoA, rpoB, rpoC1*, rpoC2
SSC X GC & RNA polymerase
GC content in SSC (%) 28.9 28.9 PO
e AR /N3 (SSU) ps2, mps3, mpsd, psT (X2),
IR X GC & it 43.0 43.0 Small subunit of ribosomal rps8, rpsll, rps12% (X2),

GC content in IR (%)

RAE H. chejuensis %6 £ RAL  w it (2% ek
2R BRLRR ) S, T b A B P R 2t
H. cruciformis &M T F 2R —DHRRGF L,
3K 2% RGE B KUAE N5t 0 2 I 2R S — S W)
S MG ZE T IR O R, R = H R SR
GORREGE . 2 P22 R i A E XL , R WX
2 JE M SRR B R A B RS R B W A GE
o3It

3 W5 &R

3.1 EREAFFIFELL B S

EERL 2 G ERGEE FR 28 5
S22 IR (Satyrium) | JCHE 22 & (Amitostigma ) | F 25
J& ( Gymnadenia) 55 J& C. A3 2% 4 3k M 21 1) iz 38
FER A K/ A 146 754 ~ 156 120 bp (Kim et al.,
2020) , ASCEHRIE I MAT T LT 24 A
W2 2 P SRR IE N AL I P A AR, e sk 22
FIEC I P8 22 Y i SRR SR TR A 254 5 R 2 80h T
HE Ay P A R DXL 2 25 R AL, 8 Ay S ) B AR

proteins (SSU)

BRERE R (LSU)

Large subunit of ribosomal

proteins ( LSU)

HoAth
Other genes

B I S AR T ROV [ B AE ()
Hypothetical chloroplast reading
frames ( ycf)

Tt RNA
Ribosomal RNAs

32 RNA
Transfer RNAs

rps14, pslS, psl6*, mpsl8,
ps19 (x2)

pl2* (X2), mpll4, mpll6*,
ml20, mi23 (x2), pl32,
ml33, ml36

clpP1**  matK, aceD, ccsA,
infA, cemA

yefl, yof2 (X2)

4.5 (x2), rm5 (x2),
rrml16 (X2), rmn23 (X2)

trnA-UGC * ( x2), trnC-GCA,
trnD-GUC, trnE-UUC,  trnkF-
GAA, imfM-CAU, trnG-GCC *,
trnG-UCC *, trnH-GUG (x2),
trnl-CAU* (X2) , trnl-GAU* ( x
2), trnK-UUU *, trnl-CAA ( x
2), wtnL-UAA *, trnL-UAG,
trnM-CAU, trnN-GUU ( x2),
trnP-UGG,  trnQ-UUG, trnR-
ACG (x2), trnR-UCU, trnS-
GCU, tmS-GGA, trnS-UGA,
trnT-GGU , trnT-UGU , trnV-GAC
(x2), trnV-UAC*, trnW-CCA,
trnY-GUA

T FORENE 1LADANT T o RRERE 2 ANE T

(X2) FRA 2 45 DAY EE A |

Note: * represents gene containing one intron; ** represents

gene conlaining two introns; (X2) indicates gene has two copies.
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Fig. 3 Simple sequence repeats (SSRs) in chloroplast genomes of Pecteilis susannae and P. hawkesiana
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Fig. 4 Patterns of nucleotide substitutions among

#E:3 Transversion

chloroplast genome of Pecteilis susannae

and P. hawkesiana

OTRZERE TR R AL S5 FEFEH GC
a5 DR A B 20 1] 25 R R A 3 P A
MEARMRL, EHGE ) H. cruciformis B [ 22 254
Fh SR R BE P A S gt T 113 e — I A 4
79 A~ H BB 3L 30 4~ tRNA 14 > rRNA, GC
N 36.6% (Kim et al.,2017,2020) ; 7EAWF5E T,

TSk =R R S AR 11 D E— SR g
77 A R GRS I A 30 4~ (RNA KR H A 4 A4
rRNA B, GC & 54300 36.5% F1 36.6% , 1£=%
PP R RS 4 P S NAD (P HR A &
TR ndh FEPRBME B R MBI N 2 0 B IELT
(122 WA AR /D & 4 (Kim et al. [, 2020) , 223K £ XU
eyt SR L A HA 11 4 ndh 3EH (Lin et
al.,2015) , AHIFGE H e Sk 24 A it o e 2% ) i S 4R
SR P T R SRS 11 4 ndh 2,
WA B M ER NG,
32 HRASFEEMRICHIFIE

AHIF 38 1 R 20 1 HE B RE S T 2 b e g 2
JE AR W) T % 5 H K SSRs | InDels FIAZ A B2 51) 5
X AE PR R R B F AR D S E A, A B
I8 R Ik 2L SRR 4 Hh 3 94 4> SSRs, 3t
Pk e 22 i SRR BE A R A 92 4> SSRs, A TE
SSRs $ it FAVAHZE 2 4, oSk 2 ARAETE AL T IR
BEFH, RMAN A I M EETRELZ, ©
38 1 [) i e - 1 e == b e AG I 31 76 4> SSRs A
S ALHE 58 MR IR SSRs 17 > A% IR SSRs
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RI3 EL=NMFHAR=ZMHEFEERHNARE BARKMRER

Table 3 Mutations, InDels, and mutation rates for the chloroplast genomes of Pecteilis susannae and P. hawkesiana

X 5k AR A BR MR % 100 bp 578 100 bp i A itk
Region Mutations InDels Total length Mutations per 100 bp InDels per 100 bp
CDS 210 11 78 915 0.266 11 0.013 94
IGS 381 108 37 865 1.006 21 0.285 22
Intron 136 38 2 180 6.238 53 1.743 12
IR 48 8 26 575 0.180 62 0.030 10
LSC 517 131 84 586 0.611 21 0.154 87
SSC 141 13 17 143 0.822 49 0.075 83
00607 A oosss o s
# 0.0501 4, e
H0.040
;g 0.030
0.020
#o
ix 0.018

KEFEILX LSC & X IR /NEFETLX SSC

i, 0-020 B 0.0189
0,018
& 0.016
& 0.014 7
%0012 oaiis oons
N 0.010 00095 o
& 0.008 ) v
ﬁ: 0.00670 0047 0055 00053 00062
X 0.004 \/\ /\/\_\ A/\
" A A AdN AN AN /)

K HHE K LSC FLES e AN LK SSC
A R R X R TR VR B, IR BB H IR 2 HEE(E

A. Nucleotide diversity values of intergenic spacer; B. Nucleotide diversity values of coding genes.

B S5 RI=MSHAR=MFEERABNZERSHY(P)ELRESHT
Fig. 5 Comparative analysis of nucleotide diversity (Pi) values among
chloroplast genome of Pecteilis susannae and P. hawkesiana

rps3 +318bp|62bp S2bp  2198bp 4266 bp Joosz 03bp

Gl g—E . B ndhF—2750 65
Pecteilis radiata 84833 bp /26 401 b / 17 718 bp / 26 401
155353 bp -
iE N ps3 320 bp, 61 bp 58 bp| 2186 bp 4263bp | 993 bp 01 bp
%= gz ndh—2 221 b5 ,_m_
P. susannae 84204 bp /26 550 bp l / 17103 by /=26 550 ﬂ
1 D
154407 bp c “p N
3 320 bp /6] bp 58 bp) 2186bp | 4245bp | 1002bp, u| bp
YT ,_EM_ ndhF 2 244 bp ,_m_ -
P. hawkesiana 83756 bp / 26 523 bp /, 17 089 by i 523 Il!
153891 bp cn 1008 bp
T o0z p! bp s bp
rps3 1 320bpi6] bp s8bp 2186 bp ) 4233bp | 993 bp u| bp
Habenaria dentata 83963bp / 33 / 17 041 bp / 26 339
153 682 bp Y™ 6bp
rps3 320 bp, @1 bp 2 pR 2198 bp 2 4269 bp 1032bp, 11 bp
5 e [0 p22 B ps19 | /_m_ ﬂ
H. linearifolia 85053 bp // 26 460 L/ 17 680 b /[_‘—zs
155653 bp
ps3 320 bp, @} bp 52 bp| 2198 bp 4269bp | 1032bp /’111 bp

H. cruciformis

’_!_-mzn_m_ R chF 2250 bp /_m_ ,_I_ﬂ
155 708 bp 85131 bp / 26459b i 17 659 bp /,

FL BTy ET U i HESR R 5 L AR AR FE

Boxes above or below the main line indicate genes adjacent to borders.

B6 3MAKR=EMN3IMERNLRMHREEEAD LSC.SSC 71 IR XHAMAFAIELE
Fig. 6 Comparison of the borders between neighboring genes and junctions of LSC, SSC and IR regions

in chloroplast genomes in three Pecteilis species and three Habenaria species
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Fig. 7 Alignment of chloroplast genome sequences of three Pecteilis species and

three Habenaria species, with P. radiata as a reference

A1 A = #AF B2 SSRs (Kim et al., 2017 ), iX 86  2E0PLg K3 R 41 L5 5 152 4> InDels, Hip
SSRs o7 a5 AT i — 25 I & Ry isi AL bric H it 2 4 cpInDel 067 (104 bp) fi TR HLHE DL X trnl-UAA Ji
PRI FT M [R) I 3T 2% R 1) 55 50 A9 20 F AR IC . InDel  RIA trnF-GAA R Z 0], &K1t 100 bp, 1T LAFE
bric RA R el 28 MRS R REL B ENXS 2 MRS T hRe . & T IR
MOTEEY R M B2 WSS Z AN (M & PESN DNA S0E /AT L2 B P X 53 [A] &
4 2016) . EE%(Cwehoms capsularis) MK B TGP (M504 ,2020) . Li % (2020) F] i
JR(C. olitorius) I H T 294 /> InDels, HH SRARFER ZH 10 LSC X A] /3 &% G Ve Ml X B )- 28
cplndel 205 FJ LUKF X 2 BB R @ A 4 X o3 ok AT M % . BOMESE (2015) R psbK—psbl
(Fang et al.,2021) , AHFFTLE e K 2% Rl gt i FBCRT LT A BE 18 A F A it IR Ph . B



134 TERTAE . PIAVESHG 22 (22} ) 2R (R SR D 2 LB B 53

100

NC 026775 2.3 F X4t Habenaria pantlingiana
MN495954 £EE AL H. ciliolaris

100
’7 NC_046821 H. chejuensis

100

100

03 OKO012095 $8FEJXAL H. dentata
100{—— OP439517 BWEMEE Pecteilis hawkesiana

——— 0P439516 B3k P. susannae
MW316693 V&1 4:%% Habenaria aitchisonii

—— KX871237 M- Mt 2% Pecteilis radiata

0.003

R RO FOR SRR

Numbers at nodes are bootstrap support values.

100 | NC_059695 Habenaria cruciformis
NC_059696 215222 H. linearifolia

MN497244 ZF 8 ¢ % Satyrium nepalense var. ciliatum

8 ETHREERAFINENRERER

Fig. 8 Phylogenetic tree conducted based on chloroplast genome sequences
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