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Abstract; Paphiopedilum parishii is a rare and endangered species with few localities and fragmented populations found
in China, Myanmar, Thailand and Laos. Environmental changes and over-harvesting have led to a decrease in its wild
populations. It is important to protect endangered species’ genetic diversity since it provides the species with the ability to
adapt and survive. However, little is known about the genetic information of this species. This study aims to detect
intraspecific variation and develop polymorphic genetic markers of P. parishii. The complete chloroplast genome of four
individuals of wild P. parishii was obtained by sequencing, assembling and annotating, then compared with the existing
genomic data of two individuals available from GenBank to detect the intraspecific variation. Further, simple sequence
repeats (SSRs) , single nucleotide polymorphisms (SNPs), and insertions and deletions (InDels) were identified. The
results were as follows; (1) The four new sequencing chloroplast genomes were quadripartite, with a length between
154 403 bp and 154 809 bp, with 129 genes (78 protein coding genes, 39 tRNAs, 8 rRNAs and four pseudogenes). (2)
As a result of comparison of six individuals, 103 - 107 SSR loci were identified in the chloroplast genome of six
individuals of P. parishii, and 21 SSRs were polymorphic. And 60 long repeats were found, including 17-21 forward
repeats, 18—29 reverse repeats, 9—16 palindromic repeats, and 4-9 complement repeats. (3) In addition, a total of 10
SNPs and 60 InDels were uncovered across the plastome. Three of the non-synonymous mutations caused amino acid
changes in functional domains. 19 InDels might be selected for possible chloroplast DNA markers to determine
intraspecific variation. (4) The value of nucleotide diversity (P;) was calculated ranging from 0—0.006 32 suggesting
sequences with low variation. Hyper-polymorphic regions, e.g. intergenic spacers rps3—rpl22, trnl-UAC-rpl32, rpoB-
irnC-GCA and ycf4 gene were identified as potential barcoding regions. (5) The phylogenetic analyses based on the
complete chloroplast genome supported three lineages in Paphiopedilum, and six individuals of P. parishii form a
monophyletic group. SSRs, long repeats, InDels, SNPs and nucleotide sequences showed sufficient intraspecific genetic
variation in P. parishii. The molecular markers developed here will contribute to further evolutionary studies and
conservation of P. parishii.
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[l GRS 1 Photosystem I

B JtARE I Photosystem II

B 4t Zb/fEL 44 Cytochrome b/f complex
O ATP& il ATP synthase

NADH/li%f NADH dehydrogenase
AL R AL K TS RubisCO large subunit

RNA% & RNA polymerase

BB (/N TE%E Small subunit of ribosomal proteins (SSU)
MM (K EEE Large subunit of ribosomal proteins (LSU)
HJZRNA Transfer RNAs

1% FEARNA Ribosomal RNAs

clpP, matK

HAEER Other genes

B 5 SR BSEAE (vef) Hypothetical chloroplast reading frames (yef)
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B M AR R R A
Paphiopedilum parishii

chloroplast genome
154 403~154 809 bp

B2 WHRZMHFREEREAEEL
Fig. 2 Chloroplast genome map of Paphiopedilum parishii
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B2 (P. micranthum) % T EH0 32, 7@ F
/NEA & (Subgenus Parvisepalum ) 3 3C 1L 52 % (P
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Table 1 Basic characteristics of chloroplast genomes of six Paphiopedilum parishii individuals
FE A AR P. parishii_l P. parishii_2 P. parishii_3 P. parishii_4 P. parishii_5 P. parishii_6
Genome characteristic (OP604356) (OP604357) (OP604358) (OP604359) (MW528213) (MN587822)
Rl ENS 154 809 154 660 154 809 154 403 154 689 154 692
Genome size (bp)
LSC XK 86 983 86 834 86 983 86 581 86 863 86 866
LSC length (bp)
SSC X K BF 2 446 2 446 2 446 2 436 2 446 2 446
SSC length (bp)
IR KK & 32 690 32 690 32 690 32 693 32 690 32 690
IR length (bp)
GC &t 35.9 35.9 35.9 35.9 35.9 35.9
GC content (%)
LSC X GC & i 33.4 33.4 33.4 33.4 33.4 33.4
GC content of LSC (%)
SSC X GC 7 i 29.1 29.2 29.1 29.2 29.2 29.2
GC content of SSC (%)
IR X GC & & 39.5 39.5 39.5 39.5 39.5 39.5
GC content of IR (%)
CDS X GC 1 37.5 37.5 37.5 37.5 37.5 37.5
GC content of CDS (%)
tRNA X GC & & 53.2 53.2 53.2 53.2 53.2 53.2
GC content of tRNA (%)
tRNA X GC & i 55.2 55.2 55.2 55.2 55.2 55.2
GC content of rRNA (%)
S B 129 129 129 129 129 129
Total genes
297k 4 4 4 4 4 4
No. pseudogene
i it 4 1 % D 4 78 78 78 78 78 78
No. of CDS
tRNA JE R4 39 39 39 39 39 39
No. of tRNA genes
rRNA JE [N % 8 8 8 8 8 8

No. of rRNA genes

3 Wi E4i

Y0 22 SRR L R 20 4K B 154 403 ~ 154 809 bp,
=

A B T8 11 2 ) B R 2 Jo A A0 1) - o A 2 )

AT I AR v 3 B AR X A 2
A R RS () A A A7 38 J2 S DR AL )y 3 i 4
TR REAG BT g 2=t R 2 A, 6 A
A By it g A 5 DR 2L 19 i DR R Y — 3%, e A
RAEFEHA W EHE S B A A, 6 gk R
L1y it R R TR 2 1 B R Y A3 R S5 A, B IR
X LSC X .SSC X4 ( Jansen et al., 2005) , %

HK/N (Kim et al., 2014; Guo et al., 2021), Z

7 S22 N [R)ASPAR [8] ) i gt A 35 DR A 3 AR b 32
7E LSC [X, 2} 86 581 ~ 86 983 bp; i SSC X Al IR
X EE A PR R — 5, 4300 h 2 436 ~ 2 446 bp FI
32 690~32 693 bp, TR X4 HoAth 4% A 90 47 0 &
4k, SSC DX NG 5 KRR B A e 4 , A AL 7% rpl32
Fl cesA 2 ADHEH X SURE AT 6 0 22 8 i SRR S A
HFFE (Guo et al., 2021) , 5 HAME HiE /Y = F)



8 L 7 44 3%
@ s EL = ZRHRER
A Hexanucleotide repeats Trinucleotide repeats B
W AHRES O -#HmEL
Pentanucleotide repeats Dinucleotide repeats
[ 7oty e 52 PRHRES B rmEgxirk @ KK LsC
Tetranucleotide repeats Mononucleotide repeats
120
P. parishii_6
100
- P. parishii_5
2 80
S P. parishii_4
- 60
il ‘ P. parishii_3
= 40
P. parishii_2
20 P. parishii_l
Ol R ()] o < w o
= o R o s 0 20 40 60 80 100
2 = R =2 4 & Number
= < = = = <
S S S S S S
X & & & & ]
o™ Q LN Y ™ .
A R L | -
E#®msmKE cos Hexanucleotide repeats rinucleotide repeats
N HZHRES HERES
D% Ik X 1GS . Pen/:anucleotide repeats D Din:cleotide repeats
C B » & 7 X Intron D O ot W etmEY
Tetranucleotide repeats Mononucleotide repeats
P. parishii_6 73 [14] 80 IGS
P. parishii_5 73 [14] 6
oy
=
P ishii_4
parishii_ 72 - g
Z 40
P. ishii_3 76
parishii_ - g cDS FEoT
RpariShii-z - - i M I_I_I_I_I_I_
PpariShii-l 76 - O ‘_'I (o] f‘\l vl WI K= —'I o ml V‘ WI K= '—‘I (o] f"ll <r| WI \O‘
| TESE5E §IEsss ¥y sss
0 20 40 60 80 100 120 fggggg £EgggE £8gggE
e 8338 2RI 338833%
¥ & Number O O N N O N

A, ARIFIZEEVE R FITHEE ;. B. SSR A AE SRR SE AL R A5 DLIX (LSC) /NRFEDLIX (SSC) MR M EE X (IR) % ;
C. SSR i i fE CDS IGS ,Intron XS M KHE; D. SSR A7 5 735 7E I xR FE 241 CDS |\ 1GS | Intron DX ICAN [7] 5 42 S0 1 ¥odk 73 A
A. Numbers of SSRs in different types; B. Numbers of SSRs in the LSC, SSC, and IR regions; C. Numbers of SSRs identified in CDS, IGS,
and introns of the c¢p genome; D. Frequency distribution of different types of SSRs identified in CDS, IGS, and introns of the cp genome.

= 6 N MMEMRIKEE A SSR 5 i
Fig. 3 SSR analysis of chloroplast genomes of six Paphiopedilum parishii individuals
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2% ( Cypripedium japonicum, 21 911 bp) ( Kim et
al., 2020; Shao et al., 2020; Tang et al., 2021),
YE22 B A SSC X Wi ™, S BUR A RN A B K
JEILAIR T 22 BHE Y HAB Y D, Rt SSCIX Y S A

R SSC X FE A, A
yefl \psaC .ndhD ¥ %% % IR [X (Kim et al., 2015;
Lin et al., 2015; Niu et al., 2017) ., BWFINN,
H T IR DX 36 B a] DL A [R] 35 3 4 0L o 18 2
DNA #1453, 8K IR XS A 0 T o 4 35 1R 2 1
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Table 2 Polymorphic simple sequence repeats (SSR) in

chloroplast genomes of six Paphiopedilum parishit individuals

P. parishii_1/
P. parishii_2/
SSR KW P. parishii_3/ (VA [X 35
SSR type  P. parishii_4/ Location Region
P. parishii_5/
P. parishii_6
A 0/0/0/10/0/0 trnK-UUU Intron
A 11/0/11/0/0/0  trnK-UUU-1ps16 IGS
T  17/15/17/20/15/15 atpF Intron
T 10/0/10/10/0/0 atpH-aipl 1GS
A 10/11/10/0/11/11 aipl-rps2 IGS
A 0/0/0/10/0/0/0 petN—psbM IGS
T 10/0/10/0/0/0  trnL-UAA~trnF-GAA IGS
T 10/0/10/0/0/0 trnF-GAA-ndhJ 1GS
T  12/10/12/14/10/10 atpB-rbel, 1GS
A 0/10/0/10/10/10 rbel~aceD IGS
T 0/10/0/10/10/10 petA—psh] IGS
T  15/14/15/10/19/20  tmP-UGG-psa] 1GS
T 23/0/23/24/24/24  tmP-UGGpsa] 1GS
T 10/10/10/0/10/10 clpP Intron
T 12/12/12/0/12/12 clpP Intron
T 10/0/10/0/0/0 rpl36—infA IGS
T  15/12/15/10/12/12  rpll4-rpll6 IGS
G 10/10/10/0/10/10 trnl-GAU Intron
TA 8/8/8/6/8/8  trnE-UUC-trnT-GGU IGS
TA 9/9/9/11/9/9 psbB—psbT IGS
GGAAGA  6/6/6/5/6/6 yefl CDS

I P REEEAH

Note: Number indicates SSR repeats.

(Palmer & Thompson, 1982; Wicke et al., 2011)
X [R5 B A 15 50 22 8 SSC X B A R m 2 4%
P, IR 22 52 K, IR 524 ~5 913 bp, 2
B AN TR], HC ol ) 22 A 0 A P ) R E A
FCRATF R B T b % 5 /Y 7r T AR I BT
(Guo et al., 2021),

THE B8 22 0 i % A R R A 3 g 129 A 3
4G 78 N ER g i L ] 39 4~ (RNA JE[A |

84~ rRNA I, DL K 4 B IEN, 5 Guo %5
(2021) HRIE R AR AL, 4 A5 35 PRER 2 PR oK 8 JE TR
Bl e i i B B O Hrh ndhg R R Bk ok
T 3506k PR e 2D 5 0 5 4% 1 T ndhD F yef15 1Y
B E R AE 50% D - B 9 2% S A 5 R 4
FETER B ndh B E K, HARE T ndhB  ndhD
F1 ndhJ , 2 ndhD 1 ndhj MRFEA X 5 SSC X
W RN 2 — . 22 FHR Y i AE 7 ndh SR Y
ERME (Yang et al., 2013; Feng et al., 2016;
Niu et al., 2017 ; Zavala-Paez et al., 2020) ,{H ndh
FER R TR BE AN TR, ANy 52 2% @ i S Ak 35 R 4
HAFFE 12 > ndh F&H (Tang et al., 2021) , % J&
Yy SRR SE R 2] P AFAE 10 A4S ndh JEH (RS,
2020) , f1 ffHE B ndh FEHE RGN ™ E (4
B, 2017) , MR ndh DR 5% 3 R 20 35040
K3 [m 4ih NAD (P) H BAME Gk, 25 3H A
M e sE (CET) @48, FEAE PP b aa v i
FAER ., BR T 2R AN, 78 B F A WA A2 2R
RE R A& B ndh N2 2 ( Braukmann et
al., 2009; Wu et al., 2009) . Lin %5 (2017) B 5%
NN ndh FER B AE AT BEZAG Y B A 554 7 57
AT 7R

ARWFFAETH Y022 6 AR A FE R 41 %
FEF] 103 ~107 4~ SSR i i, Hrh Biid i 2 1) & 5
BHBRER TS, LK e B HREZ I, 2V
A TR EARTELG A6, B T & ERN A/T I
I, 5 Qin 45 (2015) | MRBLZE ARG M5k (2022) 769k
THEY 2 AL R A AR B B I i — 3, HE
JF BN AEAE 1) 5k D] 2 v 49 3 o AR £ R 2 AR PR AR
o TP AR A8 A% RN AR IF 5% vh 28 5 1 FH SR ALY T
Fric (Muraguri et al., 2020) , ARBFFILGHHIES] 21
A~ SSR i B A Z A, X A 5 AT KN T
Fric T PF Al B g0 =2 B st e 2R ML it
Ah ARWESE & IR A5 X[ SSR $ i I £ T 4 Y
DX, U B AR 4 A X He g fh X EL A o i 3 % 2 4,
XA] e BT AE g 65 D I E B OK R BE B R )
(Shaw et al., 2007) , IEMEE JxEE A HHE
SRR SCE S AE 6 /A4 7 I G 4 356 [ S 2 3
T 2R, RFEY R T 5 EE A AT G F
A A A i 2 T 5 B0 AR 4 Y 2R R A AR
nRE SN B A L (Somaratne et al., 2019)

TR AR 5 | e i DR 465 4 1) 22 S 2 st A
A S E SRR, AR AE YA RIS Y A B AR AR Y
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Fig. 4 Repeat sequences analysis of chloroplast genomes of six Paphiopedilum parishii individuals
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Table 3 Summary of variants detected in chloroplast genomes of six Paphiopedilum parishii individuals

Il ABRK InDels BRI RPE 5% SNPs
JER 4
Total EE R IX [ ] i X W& FIX EHSE TS A P 1] i X W& FIX
CDS 1GS Intron CDS 1GS Intron
70 4 43 13 5 4 1

. CDS. 4ifg )55 ; 1GS. JEFE [ FFIX ; InDels. 1 A5t ; SNP. HZ R L1k,

Note; CDS. Coding sequence; IGS. Intergenic spacer; InDels. Insertion or deletion; SNP. Single nucleotide polymorphism.

AE I (Han & Xue, 2003) , Fia] S A 59 it 2 {4
SR 22 ] [l TR G A N RERE
K R MBEIRIBAL 24898 (McCauley, 1995 ; Kersten
etal., 2016) , AHFFETEIH B0 =2 1Y 6 AR it
LR IE R 41 b %5 5% 31 60 1> InDels 1 10 4~ SNPs,
TP AT AL A (R B X, 55 HA Al Ay i {4
RSB AR L, BT 90 24 ) InDels 1 SNPs £ &
I A £, Muraguri % (2020) 7£ B B ( Ricinus
communis) 12 A~/ [ I 23 A 35 PR 4 Hp 4 2 5 31
162 > SNPs Fl1 92 4~ InDels ; Zhang &5 (2020b) 7E

WA ( Quercus acutissima) 3 /A L AG I 2] 77
/> SNPs #1255 /> InDels, Alexander 5% (2014) 7£
LM ( Quercus rubra) 4 PR U E S 8
SNPs Fil 45 4~ InDels, AAFFEILA B 19 i 12
PR N Z 81, 5T mVISTA 3R 4 Hx A% 1 iR
ZRE (P) ETHE, R ARSI X A% H R 2
FEVEIE & T 9 5 X, Horh mps3—rpl22 1 P, {H R 15
(0.006 32) . 7EBUHF Y1 2= - {A KL R 20 A2 AE 1Y
X BB KL P 20 [ 25 40 72 S Rz T A R AR G
R UL LG AE Z R
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Table 4 Summary of InDels (>3 bp) in chloroplast genomes of six Paphiopedilum parishii individuals

AN NN P. parishii_1/P. parishii_2/P. parishii_3/ A [X 3
InDels size (bp) P. parishii_4/P. parishii_5/P. parishii_6 Location Region
18 0/1/0/1/1/1 tnS-GCU-trnG-UCC 1GS
5 0/0/0/1/0/0 atpF Intron
273 1/1/1/0/1/1 apH-atpl IGS
4 1/1/1/0/1/1 trnE-UUC-trnT-GGU IGS
19 1/0/1/1/0/0 psaA=ycf3 1GS
7 1/0/1/0/0/0 trnT-UGU~trnL-UAA 1GS
4 1/1/1/0/1/1 ndh] CDS =
4 0/0/0/1/0/0 atpB-rbel. 1GS
7 0/1/0/0/1/1 atpB=rbel. 1GS
12 1/1/1/0/1/1 aceD CDS
54 1/0/1/0/0/0 aceD Intron
89 1/1/1/0/1/1 aceD-psal 1GS
31 1/0/1/0/1/1 tmP-UGG-psa) 1GS
60 1/0/1/1/0/0 tmP-UGG-psa] 1GS
4 0/0/0/1/0/0 psbB=psbT 1GS
5 1/0/1/0/0/0 rpl14~rpl16 IGS
6 1/1/1/0/1/1 yefl CDS
8 0/0/0/1/0/0 cesA—trnlL-UAG IGS
6 1/1/1/0/1/1 yefl CDS

T DRI 0 IR » IR BEERA

Note: 1 indicates insersion; O indicates deletion; * indicates pseudogene.

181 22 I J2 TEA 0 X 476 5 b 2R 55 35 1/ A
F1 VA RT3 BE 1 0 E B B, B AT a8 A% 22 R 1 D
L% S R I P FR PR AP H G R AT (TR AT AR,
2019) , i A 42 3 R 4L 19 e 00 B, AR F 5T
e T — 2 Z AR 4 0 TARid, N
PG BUHE 0 22 s (S ZREME ST R G R A kb
DL AR 8 A% 2 AR 5T B it 5t A% 2 i

i P EA R G RAR A A A E Sven
Landrein B -F W B M AL = HF 2 ¥ A2 Y
HIRA G RS  EHHE,

SE k.
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