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Abstract: In order to clarify the phylogenetic relationship between the chloroplast genome characteristics of three

medicinal plants, Panax japonicus var. major, P. japonicus var. bipinnatifidus, P. pseudoginseng var. elegantior in Qinba
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Mountains, we analysed the chloroplast genome characteristics and codon usage preferences by using bioinformatics
techniques. The results were as follows: (1) The chloroplast genomes of three species of Panax were typical tetrad
structure, the genome full size was between 156 071 to 156 104 bp, and the total GC-content was 38.10% with a high
degree of genome size similarity. (2) A total of 133 coding genes were annotated, including 88 protein coding genes
(PCGs), 37 tRNA genes, and 8 rRNA genes with a high degree of genome size similarity. (3) The chloroplast codon
usage preferences of the three medicinal plants were comparable, with the third base of codon predominantly ending in
A/U. Despite being affected by mutations, the codon usage patterns of the three medicinal plants were found to be
mainly influenced by natural selection. (4) The phylogenetic results showed that the three Panax species were closely
related, and P. pseudoginseng var. elegantior was more closely related to P. japonicus var. bipinnatifidus. In conclusion,
this study presents a significant relationship between P. pseudoginseng var. elegantior and the original pharmacopeial
plants of P. japonicus var. major. This finding has great importance for the development, utilization, and molecular
identification of traditional Chinese medicinal material resources from P. japonicus var. major, and provides an important
basis for further studies on the classification, phylogeny and evolutionary mechanisms of Panax species.

Key words: Panax japonicus var. major, P. japonicus var. bipinnatifidus, P. pseudoginseng var. elegantior, chloroplast

genome, structural characteristics, codon preference
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Chloroplast genome map of three medicinal plants of Panax
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Table 1

genomes from the three medicinal plants of Panax

Characteriistics analysis of the chloroplast

- wps AL HWEAZ

27D P . P. japonicus  P. pseudo-
. japonicus .. .

Index . var. bipinna- ginseng
var. major . .

tifidus var. elegantior

B R AN 156 104 156 071 156 071

Genome size (bp)

RELPE VLXK BE 86 114 86 097 86 097

Length of LSC (bp)

ANEAEE DL XK 18 012 17 986 17 986

Length of SSC (bp)

Sz 1) 1 A XK 25 989 25 994 25 994

Length of IRs (bp)

GC i 38.10 38.10 38.10

GC Content (%)

SUHE PR HORE 133 133 133

Total number of genes

tRNAs/rRNAs % 37/8 37/8 37/8

Number of tRNAs/TRNAs

A 1 e PR 88 88 88

Number of protein-

coding genes

RPN IX GC & 36.30 36.30 36.30

GC content of LSC (%)

ANBRPEDLIX. GC 5 & 32.20 32.20 32.20

GC content of SSC (%)

RINEE X GC & 43.00 43.00 43.00

GC content of IRs (%)
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Table 2 Chloroplast genome gene types of three medicinal plants of Panax
s3] LK A HE A £ Bk Ko
Gene calegory Gene group Gene name Number
[ 3% 5 il LA AR RNAs rrn16S,  rm23S, rmn4.5S, rmnl6S, rmS5S, rmSS, 8
Self replication genes Ribosomal RNAs rrm4.5S, rrm23S
12 RNAs tmH-GUG, tmK-UUU* , trmQ-UUG, rnS-GCU, tmG-UCC*, 37
Transfer RNAs tmR-UCU , trnC-GCA, trnD-GUC , tmY-GUA, tmE-UUC,
trnT-GGU, trnS-UGA, trnG-GCC, trnfM-CAU, trnS-GGA
tmT-UGU, trnl-UAA *, tnF-GAA, tmV-UAC*, trnM-
CAU, trnW-CCA, trnP-UGG, trnl-CAU, trnL-CAA, trnV-
GAC, trnl-GAU *, trnA-UGC *, rnR-ACG, trnN-GUU ,
trnl-UAG , tirnN-GUU , irnR-ACG , trnA-UGC* | trnl-GAU* ,
trnV-GAC, trnl-CAA, trnl-CAU
WA TR (R W 3 plld, mpll6%, pl2* ml2%, ml20, pl22, ml23, mpl23, 11
Large subunit of ribosomal protein ml32, ml33, mpl36
W MR AR 1 /N T 3 rps11, rps12%%  rps12%%  rpsl4 | rpslS, rps16%*, rps18, 14
Small subunit of ribosomal protein mps19, ms2, mps3, rpsd, rpsT, mpsT, ps8
RNA B4 poA, moB, oCl*, rpoC2 4
RNA polymerase
AR P ATP & i B atpA, atpB, atpE, atpF*, atpH, atpl 6
Photosynthesis genes ATP synthase
HE&RG psbA | psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb], 15
Photosystem 1T psbK, psbL, psbM, psbN, psbT, psbZ
NADH Jit & i ndhA*, ndhB*, ndhB *, ndhC, ndhD, ndhE, ndhF, 12
NADH dehydrogenase ndhG, ndhH, ndhl, ndhJ, ndhK
R b/ 2 petA, petB*, petD* petG, petL, petN 6
Cytochrome b/f complex
B RG psaA, psaB, psaC, psal, psa],ycf3**, ycf4 7
Photosystem [
TR R R M I B rbel. 1
RubisCO large subunit
FAb L SR A FR AL HE YL aceD 1
Other genes Acetyl-CoA carboxylase subunit
C Bt R A R cesA 1
C-type cytochrome synthesis
AR H A cemA 1
Envelop membrane protein
E AR clpP** 1
Protease gene
iR R T infA 1
Translation initiation factor
TRt B matK 1
Maturase gene
KA ReEE A s i S A ) {2 A yefl, yefl, yef15, yefl5, yef2, ycf2 6
Genes of unknown function ~ Hypothetical chloroplast reading frames
T BR—ANE T = RRWANE T,
Note: * indicates one intron; ** indicates two introns.
GRRF PR 19 Fh TN Ay 1) i L Ak IH 21 0 A i AR 3R O — RS, T s ) 9 2R

GIHATRE KB KRR, R B 715 L
%&%%‘%m%ﬁi‘i%i‘i%% 3'2%%%7 100% ANtk
M) PR, NS HE RS R R L

N — K3, W B REE W JE A R W E B ( Hedera

nepalensis ) § B0 5 Sy —

o Hh  ASE 5 HA

J%thﬂfﬂthiﬁﬁﬁﬂiﬁﬁﬁ’]k HRER; RN WETH
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50 77 B FWiMA% Panax pseudoginseng var. elegantior
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Fig. 2 Nucleotide types of three medicinal plants of Panax
matK poB psbC.
tmH-GUG tmK-UUU 1ps16 tmQ-UUG tmS-GCU tmR-UCU atpF atpH atpl 1ps2 1poC2 1poCl tmC-GCA  tmD-GUC tmE-UUC  pshD tmS-UGA tmfM-CAU
( — petm—— g g - —— — b)) < « ) = 4> 4
p psbK tmG-U atpA pet psbMtmY-GUA trnT- 'C _psbZipsl4
#T%
Panax japonicus var. major
=
P. japonicus var. bipinnatifidus
HWHAL
P. pseudoginseng var.elegantior
A% P. ginseng

{8 A2 P. pseudoginseng
=k P. notoginseng

4k 8k 12k 16k 20k 24k 28 k 32k 36k
psaA atpB PSF tmW-CCA clpP psbB_ psbNpetB
— (mS-GGA  tmL-UAA < < e b 4
wsl4_ psaB yef3 _ndh] ndik | EmV-UAC mM-CAU  thel _ accD sl cema i 1ps12 psbT psbH
< —— G— ) qm ( =y ) @dmdapEem) < — ) — ] R

tmT-UGU 1ps$4 tmF-GAA  ndhC yel PpetA

40k et a4k EYS 52k 56 k 60k 64k 68k T 72k 76 k
etB 1poA 1psl1infA rpll4 rps3 ipl22 pl2 23 yef2 trnL-CAA dhB  1psT tmV-GAC  trnl-GAU mm238 mnss  yefl p32  cesA
L4< L<—<«<r-p 44“’—2—1-’24—“’1 = — ) L >
petD 36  1pll6  1psl9 tml-CAU yefl5  1ps12 mml6s  tmA-UGC md.5s tmR-ACG ndhF tmL-UAG

80k 84k 88k 92k 96 k 100 k 104 k 108 k 12k 116k
cesA ndhD ndhE ndhl  pdhA 1ps1s yefl  tmN-GUU trnSs tmA-UGC ~ rml6s
> qummmq o dr <sgummm= (KK,
psaC ps12 (mR-ACG ~ tm23s  tml-GAU  tmV-GAC )ycﬂS
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Grey arrows indicate gene orientation; vertical axis indicates percentage of similarity (50%—100% ).
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Fig. 3 Comparative analysis of chloroplast genomes of Panax



6 1 CRSTE . RO =R SR 25 AT S R 2 5 A 20 A 1145

®3 3IMASELRAEVHMREZRETFEREE

Table 3  Basic characteristics of chloroplast codons in three medicinal plants of Panax

Wit e i Ge. e Gl AMEBTHR
Species name GC, content (%) GC, content (%) GC, content (%) GC,, content (%) ENC
%
Ek%'& . . 45.71 39.12 30.59 38.47 49.30
P. japonicus var. major
SR
# 1“*{: .. . 47.27 39.63 29.77 38.89 47.89
P. japonicus var. bipinnatifidus
T\ S
FEmENS 47.27 39.63 29.77 38.89 49.23

P. pseudoginseng var. elegantior

R4 3THASEHRAEDEEERR RSCU &

Table 4 RSCU values of amino acids in three medicinal plants of Panax

W1 Fn =k FHmHAS
P. japonicus var. major P. japonicus var. bipinnatifidus P. pseudoginseng var. elegantior
HHER EhF RSCU fH AEEMR HiT RSCU fH HILMR Hig¥ RSCU fi

Amino acid Codon RSCU value  Amino acid Codon RSCU value  Amino acid Codon RSCU value

KNAR uuu 1.31 KNAMR uuu 1.31 HKNER uuu 1.31

Phe uuC 0.69 Phe uuC 0.69 Phe uuC 0.69

SRR UUA 1.82 SRR UUA 1.92 SRR UUA 1.81

Leu UG 127 Leu - 124 Leu uue 127

cuu 1.23 cuu 1.25 Cuu 1.21

cuC 0.45 cuc 0.39 cuC 0.46

CUA 0.84 CUA 0.81 CUA 0.84

cuG 0.40 cuG 0.39 CuG 0.42

SRR AUU 1.40 SSE AR AUU 1.43 SRR AUU 1.39

fle AUC 0.64 le AUC 0.62 fle AUC 0.65

AUA 0.96 AUA 0.94 AUA 0.96

R GUU 1.46 AR GUU 1.48 HAR GUU 1.43

val GuC 0.52 Val Guc 0.49 Val GuC 0.54

GUA 1.41 GUA 1.45 GUA 1.42

GUG 0.61 GUG 0.59 GUG 0.61

225 R ucu 1.65 22 H R UCu 1.71 225 R ucu 1.64

Ser uce 0.95 Ser uce 0.96 Ser uce 0.95

Uce 0.63 uce 0.59 uce 0.64

it 2 R CCU 1.46 it 2 R CCU 1.53 it = R ccu 1.48

Pro cce 0.75 Pro cce 0.77 Pro cce 0.75

CCA 1.16 CCA 1.08 CCA 1.13

cCce 0.63 cCe 0.63 cCG 0.64

TER ACU 1.52 TR ACU 1.59 IR ACU 1.52

Thr ACC 0.76 Thr ACC 0.75 Thr ACC 0.77

ACA 1.24 ACA 1.2 ACA 1.22

ACG 0.49 ACG 0.46 ACG 0.49

AR GCU 1.75 AR GCU 1.77 e GCU 1.75

Ala GCC 0.65 Ala GCC 0.63 Ala GCC 0.63

GCA 1.14 GCA 1.16 GCA 1.15

GCG 0.46 GCG 0.44 GCG 0.47




1146 OO0 W 44 ¥
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%13 Pt =k FmEAS
P. japonicus var. major P. japonicus var. bipinnatifidus P. pseudoginseng var. elegantior
AR GRS RSCU 1§ FIHMR GRS RSCU 1 AR LATES RSCU fi
Amino acid Codon RSCU value Amino acid Codon RSCU value Amino acid Codon RSCU value
% R UAU 1.55 it 2 R UAU 1.59 ik 2 R UAU 1.53
Tyr Tyr Tyr
UAC 0.45 UAC 0.41 UAC 0.47
HA TR CAU 1.54 HEMR CAU 1.54 HE R CAU 1.54
His His His
CAC 0.46 CAC 0.46 CAC 0.46
A 2 ke CAA 1.48 Ea RN CAA 1.50 o2 CAA 1.48
Gln Gln Gln
CAG 0.52 CAG 0.50 CAG 0.52
R A& Tk AAU 1.48 R ATk AAU 1.52 R AT AAU 1.47
Asn Asn Asn
AAC 0.52 AAC 0.48 AAC 0.53
Pk AAA 1.44 R R AAA 1.48 PIENA AAA 1.42
Lys Lys Lys
AAG 0.56 AAG 0.52 AAG 0.58
KEHIR GAU 1.56 K& HIR GAU 1.58 PR AN GAU 1.55
Asp Asp Asp
GAC 0.44 GAC 0.42 GAC 0.45
B AR GAA 1.51 B &R GAA 1.53 BHAR GAA 1.51
Glu Glu Glu
GAG 0.49 GAG 0.47 GAG 0.49
AR UGU 1.40 RS UGU 1.45 2 B R UGU 1.38
Cys Cys Cys
UGC 0.60 UGC 0.55 UGC 0.62
Z kT UGA 1.01 Il T UGA 0.80 I UGA 0.85
TER TER TER
ik CGU 1.17 itk CGU 1.30 kAN CGU 1.18
Arg CGC 0.33 Arg CGC 0.35 Arg CGC 0.34
CGA 1.27 CGA 1.38 CGA 1.26
GG 0.51 GG 0.47 CGG 0.45
2L 7R AGU 1.21 22 R AGU 1.24 22 H R AGU 1.22
Ser AGC 0.40 Ser AGC 0.35 Ser AGC 0.39
ik AGA 1.94 VR AGA 1.81 R AGA 1.95
Arg AGG 0.78 Arg AGG 0.68 Arg AGG 0.82
HAmR GGU 1.30 HAm GGU 1.34 HAmR GGU 1.29
Cly GGC 0.44 Cly GGC 0.45 Cly GGC 0.45
GGA 1.50 GGA 1.51 GGA 1.51
GGG 0.76 GGG 0.71 GGG 0.75

RIS i1

Note: Underline indicates preferred codons.

MBAZ 52T 5 P =L A 8 T L 7
5], FAEAZ SR = LR R RE ,
BTE A2,

3 Wik54#

AWM Z B X 3 B A2 & 25 A 2k
PREE DR 20 A7 7 0 e A4 e 8 L X A, BR T

e Rl i o AT FONE I = 30N S S o Ry
156 071 ~ 156 104 bp, K/N2EFE N SSC X
(26 bp) >LSC X (17 bp )>IRs X (5 bp) , H:Hr SSC
X2k, S EAR2021) TR R—5, 3
Fheh A A Wy s iR SR R 4 5 GC T 3k
38.10% , A IR X5 SC XA L GC & m H
AR, g5 AR SE, 5 R 2 808 1 MY A
(Zhang et al., 2012) . YIRhZ (BSR40 R, %
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Table 5 Determination of optimal codons in the choroplast gnome of three medicinal plants of Panax
5 S = A S % S = TR AZ
%{%}f T P.fip?or%%cus Pﬂj[(jtimmiu P. /;szzflgig)'i\rf:ng %}—fff wT P.iﬁius Pijajii)or;ic'is P.j;szllil?zé{i\rj//jng
: Codon var. var. var. : Codon var. var. var.
acid major  bipinnatifidus elegantior acid major  bipinnatifidus  elegantior
KA uuu — * — i R UAU * — *
Phe uuc ok — — Tyr UAC — — —
SRR UUA ok o ook AR CAU — — —
Leu UuG — — — His CAC — — —
Cuu * _ * @ﬁ%gﬂ CAA Kk Kok EES
cuc — — — Cln CAG — — —
CUA * * * KA AAU — — —
CuG — — — Asn AAC * — *
MEER  AUG — — — AR AAA -
Met Lys
SRR AUU ok ¢ ok AAG — — —
fle AUC — — — PR GAU * — *
AUA — — — Asp GAC — * —
25 54 TR GUU EES ksksk EEES AR TR GAA * * *
Val cue B B B Glu CAG B B -
GUA * okok * SN GCU Hokk ok Hokok
GUG — — — Ala Gee — — —
Q_ﬁ@ UCU sk sk EEES GCA * — *
Ser uce * — — GCG — — —
ucG — — — A CGU ok ok ok
i 22 12 ccu ok o o Arg cGe — — —
Pro cce — * — CGA — o o
CCA — — — CGG — — —
CCG — — — 22 H R AGU — o *
A ACU sk sk sk Ser AGC _ _ _
Thr ACC — * — R AL AGA — — —
ACA — — — Arg AGG — o —
ACG — — — HaEmR GGU — sk sk
P bt R UGU ok etk G Cly GGC — — *
Cys UGC — — — GGA — — —
KLEMT  UGA — — — GGG — — —
TER UAA skokok TS ksk @’ﬁﬁg UGG * — —
Trp

H: * %K 0.08<ARSCU<0.3;
Note; * indicates 0.08<ARSCU<0.3;

B S0 1 (8 i 4P 81 ( Sahoo et al., 2019)
3 B NS Jm 24 A Wy I o A e DR 2L 1) 0 1 i 4
DL A/U S5 R H EEZ 3] B AREFA I, X5
s NS S Wy o 0 i 2 — 50 (A o R K
F,2022) o X RIS AR AR BLER T P Y R s ) b
TEFEAL 1 e Hh AT BE 2 2 = 28 0L B0 % A 0 i

#% 78 0.3<ARSCU<0.8; #=% F7x ARSCU=0.8,
#% indicates 0.3 <<ARSCU<0.8; *#* indicates ARSCU=0.8.

g, Dh pvy e (W] i AR AR T
*E%ﬂféiﬁiﬁl?ﬁfﬂu PR 98 78 < B DX R
AR ) A 3 BRI 2 85 1Y 5t L 1R B (Li et al.,
2018) ;R4 mVISTA ZrHri3 2] 6 4228 5L K A
Bt 5% H] DNA £IEH5 (rbel .matK F1 ITS 45)
(Antil et al., 2023) #H b 26 B0 50 = A9 248 S 1 X
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& sl D6 o B =06 C = 0.6+
e 0.67 =0 0379110126 o g 0.6 10,034 8x+0.433 0 . S ¥=0.011 1y+0.4312 ®
20.5 : 0.5 R*=0.0011 2 0.5 R=0.0011¢
bs =] .
2,0.44 0.4 2,0.4-
3y Q &)
$ 0.3 3 0.3 O 0.3+
18 0.2 Eﬂﬂ 0.2- 18 0.2
i i
<\FE’O.I Uf'().l- <gO,l_
Q Q
O 0 . . . . 9 0 . . . . 0 0 . . : : .
0 0.1 0.2 0.3 0.4 0:5 0 0.1 0.2 0.3 0.4 05 0 0.1 02 03 04 05 0.6
GC, & & GC, content GC,& & GC, content GC.& & GC, content

A BTZ, B. =1, C. FWRAZ, T,

A. P. japonicus var. major; B. P. japonicus var. bipinnatifidus; C. P. pseudoginseng var. elegantior. The same below.
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Fig. 4 Codon neutral mapping analysis of three medicinal plants of Panax
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Fig. 5 ENC mapping analysis of three medicinal plants of Panax
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Fig. 6 PR2-plot mapping analysis of three medicinal plants of Panax

RHBEITHTASEYMEE MRS L TR,
SSR & — 3z FH TR DU A 40 0 o A R 6 a5CF
IR K b g fe 2 251 ) T H ( Taheri et al. |
2018;Ping et al., 2021) , AWFFE P, Ht =L F
FRA S B M R B R R, 2
THZRE R AR, 3 2 FAE Y R

R ALY DL AT IR R i &2, HOR O U A% AP IR
It HBE MG A/T, x5 NS Er =1 P
BRI, (A, 2022) . Niu % (2017) #F
TR, A/T SRS B I FE M BE R L G/
C/ XFEHTH T ANSE 3 F 2 FHIHEY SSR
MRS A/T BRI B 25 SR, A 5% [W] A
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58

54

52

——— IR A2 Panax pseudoginseng var. elegantior OL543606.1

P = P. japonicus var. bipinnatifidus OL543605.1

k-F2 P. japonicus var. major OL543604.1

A2 P. ginseng MZ351771.1

A4 M-S Pentapanax parasiticus ON493679.1

97

96

— RI3BE Trevesia palmata NC073016.1
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——— SRIH-RE B LE Schefflera actinophylla NC049889.1
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L EHEFIN E. sessiliflorus KT153019.1
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Fig. 7
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