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AHLL, THERREE RN, NP DS Z , i
AR HAORSF BE i, X SURE f i AR B W A ]
WL 2 ARG IR B b7 T AR T
AU, N 1986 4EH IRATE 1A= A e 1y
2R R FE R 2T 51 LA, ke B 22 1) IS A i PR 26
5 BB NCBI i R

W& ( Cypripedium ) JE T 2B EHR},
= BHEY O AR 2R, R 2y 50 F,
FEA 36 FAn 1 AR, 22 @ AR )AL L%
faFw, BARSMWENE. A, ME=
A DG D) KA SRR AR AT IR, R BLAZ A
ZBEYNAT N H @80, AR e,
2% ( Cypripedium calceolus L.) J&H] %)@ Z4F 4
HAEREY), FEOATRERIL. BA . shEHIK
PHLIX . HHET, ZYFhC s AR AR
(IUCN) WifeFh2rtas 5%, #9225 i SRR Ik
P52 R 3E 2 GenBank Z04E ", 18 H AT
AT KA 24 LA I PRI 2 250 (5 P Al -1k g T
9o AWFFCE T A WE B 25T T =2 sk
DRI 2 3505 B I G, B 7 R =2 iy S A
AR SE S

1 MRS 7k

1.1 EEFF5IFRE

M\ NCBI B8 72 H T 056 B 1A =2 - SR BE A
7% ( GenBank % 5% %5 : MN602053.1), J75l
KN 175122 bp, 5 78 SR AL LA, N
TR AR 22, BERH PRy H R B RS L
KK FE/NT 300 bp IS P4, FcZHR15 53 56457
i ARl AR E T EYs 2 VE R e % e
1.2 EFWBFHEHXSEITE

FIFH EMBOSS #2/F (http://www.bioinformatics.
nl/emboss-explorer ) X453 H 1) GC % 5 1772k
M, BT GC; (RIS X 4% 3 R 9 25 5 1
81, 20 3R LK GC & B T L T,
M as B iE  GC,. GC,. GCso M H# A
CodonW X £~ K [0 2% 85 7 76 5 3 PR 1Y
A. G. C, TEaE#FHHE, HHESES 5N
Az, Gs. Cs. Ty; [RIBEHFHIZER A% 2% 56 K G 2
EMRKE (Laa). ARUENG 5 (ENC). [ X
LT ARXHE HE (RSCU ) M dme i s 1 i 4
K (FOP) #4115,

1.3 ZRFERRFEER
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— R B S PR A S AR A RS T
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flEHEELME S, PR, R SPSS A4y
BT ENC 5 #3845 2 R AH OGP
1.4 HHELESHT

s 5 GC, K GC, BEHIME, i8H GCyy,
PAAS LR GCy AR . GCy A A bR 22 il 1l
ML, I A AT T, A GC3 5 GCyy
WA, NIRRT 3 AN A A BRI EAT AR TR
AR SR, AR R BRI A d P 1 3 25 e
HZ; 4 GC3 5 GCp, MM R, W%
T 3 AL AR A 2 R AR, ST
Pt £ 27 A SR I
1.5 ENC-plot £ E 51

Bs L ) ENC AR . GCy AT A bRes
il s B W, R4 ENC =2 + GC; + 29/
[GCy* + (1-GCy)’] T4 L B B 1S ENC H, JF
LI GCy MR ARSR . S ENC {H AR bR fil b i
BRI, Frufdh£enl LB R ENC & GCy 7E Gk
BRE LIRS B CIRAG O, A 2 7 s ZE B 4 A
AR LR, 05 A0 2 3 s~ ol FH ek g 32 22
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1.7 RMRBBFHIHF

¥ 53 ST ENC 1 thm 2RHEY, i
KAk 10% RUEERIEVE e . ARERIA A . AR 25 5L
[K 9 RSCU LI 1 1 45 B PN 6 i %% 5% - ARSCU>
0.08 By &1 1E h s Rk W+, 4 ARSCU>
0.08 H RSCU>1 Wy T1E A i i+,
1.8 XTRZMESHT

HETAHEAR RSCU E, @it CodonW i
T M, AR 48 AR e A B I AE— > 47 48
] s 28 (A T 50 A0, AN JoE DRI 7 [ 25 () v R A X
G3 A A AT DhFRAT 52 M 25 it I m e R R 2R
FERAES 1, 2 il ( E il ) B R
R RS R) FEAE , RHEWTHR Tf
FHAS SERARIERY S LIS 1 Rl B AR bR . 25 2 Bl g\
A gz O L, AR ] A5 o3 A s 10 T 3 TR
R A

2 HRERMN

2.1 FEFHIHERIFE

) 25 B I S AR S PR A1 25 B BE /N T 300 bp 1Y
E AT LER TG, R4 53 FE A
I, 2K 60618 bp, I A KM 35%,
HE DR i 1) 2 B 1R 7 A K B L 100~2310, F
PR RE 377, X S 3 [R] f) 28 05— 2 s Rl - e
T8t BB, ¥ GC & &k 38%, Hrfr,
GC, (47% ) KT GC, (39%) KT GC; (29% ), F
B GC TE% ST 3 My B EA IS, HAw
mFLL AR T RIESS R . &3 ENCEAN T
37.92~61.00 Z[a], VA% 48.05, ENC {HKT 45
MISERIAT 38 J%, FEBIRY 24 R4 I R 4 25 3 111
A RAF RS (2R 1),

F1 HEMHFEERANEIESH

Table 1 Main parameters in chloroplast genomics of Cypripedium calceolus
[ Gene GC, GC, GG, GC ENC Laa #: [ Gene GC, GC, GG, GC ENC Laa
accD 0.37 0.36 0.26 0.33 43.81 498 psbB 0.54 0.46 0.33 0.44 48.90 508
atpA 0.55 0.40 0.24 0.40 45.08 507 psbC 0.54 0.46 0.33 0.45 45.94 473
atpB 0.56 0.41 0.32 0.43 50.39 498 psbD 0.52 0.44 0.32 0.43 42.67 353
atpE 0.51 0.40 0.29 0.40 49.10 133 rbcL 0.58 0.43 0.31 0.44 48.63 484
atpF 0.49 0.34 0.31 0.38 44.60 184 rpll4 0.53 0.37 0.29 0.40 48.78 122
atpl 0.49 0.37 0.27 0.38 45.87 247 rpll6 0.51 0.54 0.26 0.44 37.92 137
cesA 0.31 0.36 0.27 0.32 48.35 327 pl2 0.51 0.49 0.33 0.44 51.58 271
cemA 0.40 0.28 0.32 0.33 52.71 229 pl20 0.36 0.43 0.26 0.35 51.15 136
clpP 0.58 0.36 0.33 0.43 61.00 204 rpl22 0.44 0.36 0.19 0.33 41.56 120
matK 0.39 0.30 0.27 0.32 49.06 519 rpoA 0.46 0.34 0.29 0.36 51.53 337
ndhA 0.42 0.37 0.23 0.34 44.03 363 rpoB 0.50 0.38 0.28 0.38 47.97 1070
ndhB 0.41 0.40 0.32 0.38 47.28 510 rpoCl 0.50 0.39 0.30 0.40 49.79 681
ndhC 0.50 0.35 0.29 0.38 51.97 120 rpoC2 0.46 0.37 0.28 0.37 49.47 1390
ndhD 0.39 0.37 0.29 0.35 48.05 501 rpsll 0.55 0.53 0.22 0.43 43.62 138
ndhE 0.42 0.33 0.35 0.37 54.85 101 rpsi2 0.52 0.48 0.27 0.43 46.07 123
ndhF 0.36 0.37 0.24 0.33 46.05 739 rpsl4 0.44 0.49 0.29 0.41 41.06 100
ndhG 0.42 0.35 0.28 0.35 44.20 176 rpsl8 0.37 0.44 0.27 0.36 39.57 101
ndhH 0.48 0.36 0.30 0.38 49.19 393 rps2 0.43 0.41 0.32 0.39 52.48 236
ndhl 0.39 0.34 0.21 0.32 40.88 169 rps3 0.45 0.33 0.25 0.34 44.70 218
ndhJ 0.48 0.38 0.31 0.39 58.48 158 rps4 0.49 0.38 0.29 0.39 51.67 201
ndhK 0.44 0.41 0.30 0.39 52.25 259 rps7 0.54 0.46 0.24 0.42 48.50 155
petd 0.54 0.36 0.25 0.38 46.33 320 rps8 0.39 0.38 0.23 0.33 43.24 131
petB 0.48 0.42 0.33 0.41 46.93 215 yefl 0.39 0.31 0.33 0.34 54.30 487
petD 0.50 0.37 0.26 0.38 43.69 163 yef2 0.42 0.35 0.37 0.38 52.71 2310
psad 0.52 0.43 0.34 0.43 52.12 750 yef3 0.47 0.40 0.26 0.38 53.92 168
psaB 0.48 0.43 0.33 0.41 49.95 734 yef4 0.45 0.43 0.35 0.41 50.53 182
psbA 0.49 0.44 0.35 0.43 42.33 353 Average 0.47 0.39 0.29 0.38 48.05 377

SR B T2 SHCZ A M BT (£ 2)
iR B~ GC 5 GC, BB EMHX, HGC, 5

GC; M GC, 5 GC; AW EM K, RPHEHE T
1. 2 7B 82 U SR, s 3 40 b AR It 4
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WREHLER R, 51, 2 (iR i A 25
ENCH GC AR FEMX, BE GC, 2 & it
X, 5 GC; BB FEIEMK, RHEMTH 2.
3 A7 B 2 S P 7 AR 8 B 18 87 P i 412 5 il
WK, GC, Frmllm, B it w1 i ;
GCy & | ML, %85 T 19 10 FH M 40 4 8 ok
ENC 5 Laa tHCR 2, RUIEHF I IR
XoF 4B B~ fofT FE O P 3 R )

RSCU Zr#r (% 3) #EH]: RSCU>1.00 Y%t
TIHAE 344, He, UAM UL EMNA 29
A, b 85%, BN 2% L A L R 4 g 1 il
DL A B U 25 iR ST, RSCU < 1.00 %5
FM£LL C 8 G 4h)E.

*2 EEEBTESHZEMEXES T
Table 2 Correlation analysis between the
indexes of codon use

GC, GC, GG, GC ENC  Laa
GC, 1.000
GC,  0426**  1.000
GC; 0182 0.034  1.000
GC 0.830%*  0.746%* 0463**  1.000
ENC 0109  —0308* 0528% 0094 1.000
Laa  —0.055  -0.153  0307*  —0.013 0172  1.000

e RRBEMEK (p <0.05), “**»RRBEFMK (p <
0.01),

Notes: “*”indicates a significant correlation at p < 0.05 level, “**”
indicates a significant correlation at p < 0.01 level.

®3 MEZMEFEEFRARSERVEXNEXEDFERE
Table 3 Relative synonymous codon usage (RSCU) analysis of genes on chloroplast genome in Cypripedium calceolus
HER HT #H BER T #H B T #H

Amino acid Codon Number I Amino acid Codon Number IS Amino acid Codon Number RS
Phe 19106} 740 128 Ser UCU 425 1.68 TER UAA 70 115
uuc 418 0.72 ucc 259 1.03 UAG 66 1.09

Leu UUA 654 1.83 UCA 305 121 UGA 46 0.76

uuG 457 1.28 UCcG 128 0.51

Cuu 437 122 Pro CCU 306 148 His CAU 380 151

cuc 155 0.43 Cccc 190 0.92 CAC 124 0.49

CUA 299 0.83 CCA 239 1.15 Gln CAA 561 1.50

CUG 148 0.41 CCG 94 0.45 CAG 185 0.50

Ile AUU 821 145 Thr ACU 394 1.63 Asn AAU 681 155
AUC 351 0.62 ACC 175 0.72 AAC 198 0.45

AUA 531 0.94 ACA 284 118 Lys AAA 701 141

Met AUG 463 1.00 ACG 113 0.47 AAG 291 0.59
Val GUU 394 139 Ala GCU 479 178 Asp GAU 623 1.59
GUC 139 0.49 GCC 152 0.57 GAC 161 0.41

GUA 416 147 GCA 328 122 Glu GAA 759 1.44

GUG 186 0.66 GCG 116 0.43 GAG 298 0.56

Gly GGU 436 125 Arg CGU 262 137 Ser AGU 302 1.20
GGC 151 0.43 CGC 69 0.36 AGC 95 0.38

GGA 553 158 CGA 258 135 Az AGA 352 184

GGG 259 0.74 CGG 84 0.44 AGG 121 0.63

Cys UGU 183 143 Tyr UAU 585 1.56 Trp UGG 370 1.00

UGC 73 0.57 UAC 163 0.44

22 HBETFERNPELESH
R B AT (18 1) KRB GCyy HYEREE
4 0.338~0.536, GC; HYIBUE 1 [l &y 0.190~0.372,

FIAT BE AR 04 T i R 2k B 7, GCp 5 GGy
AIAHSC R BN 0.147, MM, KUK 20t
LRI T 3 LA AT A R ZE R, A
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Fig. 1 Analysis of neutrality plot

2.3 ENC-plot %47
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Fig. 2 Analysis of ENC-plot

2.4 PR2-plot 7%
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Fig. 3 Analysis of PR2-plot

2.5 RIEWFHM

PL ARSCU>0.08 A #E 6 i 25 S5+
P22 R R A ) i R A, Ho, U
AR 9N, ULSREMA 814, CHiRMA
54, GHRMA 3 (£4), BENZEMERREE
EAL AR ] SO FH B (3R 3), & iiis
th 16 N EAL B, 5108 GUA. GCA. UCU,
UCC.ACU, CCU, CCA.,GCU, UAU, UAA ., CAU,
AAU. CGA. AGU. AGA. GGA, Hrh, 740U
AR, 8MLLUSRE, 1ML C4ife (£4).
2.6 XTRZPESHT

5T RSCU X R8s R s : 56 1. 2.
3. 4 R T 10.10%, 9.00%. 8.42% Al
6.89% MY 2= 5, P R 2 5 STk RN 34.42%,
551 [ S 5 e R T R A R &
A BEDIE S AELLES 1 2 [l da il A A A 2R 0 THT
B (E4) 5E, witsREEAMIER S5
e, BRI N A3 1 HoA AL (8
B g e R SR s i ik, R
T4 I PR 8 - ()l AU 22
3 it

KR53 P ARTE -G AR 1 ST P A 2 i P
B U, X — G52 2R R R IR
M, HoA, SR B R A AR i ol Y R 22260,
TR T2 3 A AR AR T H AR &5 RS 2
SRR, L, 2R 3 (L AYBRIEZ B REE )
AT/ IS o] LAAE R 43 B 0 o8 ) e g 2
SN, HRF LS RAL, AL R RS
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Table 4 The optimal codons in chloroplast genome of Cypripedium calceolus

R - [EEsre- 17| RIEEH
AR EACES High expressed gene Low expressed gene ARSCU
Amino Acid Codon
%7 H Number RSCU 4 H Number RSCU
Phe Uuu 48 1.43 24 1.45 —0.02
uucC 19 0.57 9 0.55 0.02
Leu UUA 33 1.80 12 2.25 —0.45
uuG 18 0.98 10 1.88 -0.90
CuuU 18 0.98 7 1.31 —0.33
CUC** 14 0.76 2 0.38 0.38
CUA*** 13 0.71 1 0.19 0.52
CUGH*** 14 0.76 0 0.00 0.76
Ile AUU 37 1.19 20 1.15 0.04
AUC 16 0.52 17 0.98 —0.46
AUA** 40 1.29 15 0.87 0.42
Met AUG 32 1.00 11 1.00 0.00
Val GUU 25 1.69 13 2.60 —0.91
GUC 10 0.68 3 0.60 0.08
GUA** 17 1.15 4 0.80 0.35
GUG** 7 0.47 0 0.00 0.47
Ser UCU*** 21 1.50 5 0.43 1.07
UCC** 14 1.00 6 0.52 0.48
UCA 13 0.93 16 1.39 —0.46
UCG 11 0.79 15 1.30 —0.51
Pro CCU*** 15 1.50 3 0.80 0.70
Cccc 8 0.80 6 1.60 —0.80
CCA** 13 1.30 3 0.80 0.50
CCG 4 0.40 3 0.80 -0.40
Thr ACU** 17 1.21 10 0.73 0.48
ACC 14 1.00 13 0.95 0.05
ACA 17 1.21 19 1.38 —0.17
ACG 8 0.57 13 0.95 —0.38
Ala GCU*** 24 1.71 3 1.20 0.51
GCC 10 0.71 2 0.80 —0.09
GCA*** 14 1.00 1 0.40 0.60
GCG 8 0.57 4 1.60 -1.03
Tyr UAU* 48 1.81 23 1.53 0.28
UAC 5 0.19 7 0.47 —0.28
TER UAA*** 4 2.40 12 0.92 1.48
UAG 0 0.00 18 1.38 -1.38
His CAU* 16 1.33 6 1.20 0.13
CAC 8 0.67 4 0.80 —0.13
Gln CAA 28 1.65 19 1.90 —0.25
CAG* 6 0.35 1 0.10 0.25
Asn AAU* 50 1.56 25 1.32 0.24
AAC 14 0.44 13 0.68 —0.24
Lys AAA 40 1.45 33 1.40 0.05
AAG 15 0.55 14 0.60 —0.05
Asp GAU 40 1.70 19 1.81 —0.11

GAC* 7 0.30 2 0.19 0.11
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&5k 4
R - R IBFE R fRARILIER
R whT High expressed gene Low expressed gene ARSCU
Amino Acid Codon
% H Number RSCU 4 H Number RSCU

Glu GAA 67 1.44 18 1.44 0.00
GAG 26 0.56 7 0.56 0.00

Cys uGU 6 1.00 15 1.20 -0.20
UGC* 6 1.00 10 0.80 0.20

TER UGA 1 0.60 9 0.69 —0.09
Trp GG 18 1.00 11 1.00 0.00
Arg CGU 9 0.84 5 0.83 0.01
CGC 5 0.47 3 0.50 —0.03

CGA*** 18 1.69 6 1.00 0.69

CGG 8 0.75 4 0.67 0.08

Ser AGU** 16 1.14 9 0.78 0.36
AGC 9 0.64 18 1.57 -0.93

Arg AGA** 19 1.78 8 1.33 0.45
AGG 5 0.47 10 1.67 -1.20

Gly GGU 12 0.84 0.85 —-0.01
GGC* 9 0.63 0.48 0.15

GGA** 27 1.89 13 1.58 0.31

GGG 9 0.63 9 1.09 —0.46

e IR RIS AR AIRSCUS> 1, “**fRFARSCU>0.08, “**”fLFRARSCU>0.3, “**+*f{FLARSCU>0.5, MIFLHKIZML T N

HF-

Notes: the underlined codon indicates the genomic RSCU > 1, “*”indicates ARSCU > 0.08, “**”indicates ARSCU > 0.3, “***”indicates ARSCU > 0.5, the

bold codons are the optimal codons.

1.0 o J&f RSG5 Photosynthetic system gene

* Yt AR 8 3£ 4 Encoding ribosomal protein gene
o HAA LA Other protein gene

o AL RYIHEIN Genetic system gene

0.5+

il Axis 2

E:

—05+F

05
55— Axis 1
4 ET RSCU WIS RIS H7
Fig. 4 Corresponding analysis based on RSCU
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Analysis of Codon Usage in the Chloroplast Genome of
Cypripedium calceolus

DING Rui', HU Bing', ZONG Xiao-yan*, HAN Chen-yang*, ZHANG Li-jie’, CHEN Xu-hui*

(1. College of Land and Environment, Shenyang Agricultural University, Shenyang 110866, Liaoning, China; 2. College of
Bioscience and Biotechnology, Shenyang Agricultural University, Shenyang 110866, Liaoning, China;
3. College of Forestry, Shenyang Agricultural University, Shenyang 110866, Liaoning, China)

Abstract: [Objective] To analyze the codon usage bias of Cypripedium calceolus chloroplast genome, and identify
the main factors influencing codon usage bias of this species in order to provide reference for the chloroplast genom-
ics research of Orchidaceae species. [Method] Downloading the complete chloroplast genome sequence of C. calce-
olus and screening the protein coding sequences, the EMBOSS online program was used to calculate the GC content
of each gene and codon, and the software CondonW was used to calculate the length of amino acid (LAA), effective
number of codon (ENC), relative synonymous codon usage (RSCU), frequency of optimal codons (FOP) and the acid
base content of the third nucleoside of each gene codon. The software SPSS was used to analyze the correlation
among each index, and software Origin was used to plot. [Result] The third codon position of C. calceolus chloro-
plast genome sequence was rich in A and T, and the GC; content was only 29%. The ENC values varied from 37.92
to 61.00, indicating a relatively weak codon usage bias. The correlation between the number of effective codons and
GC; showed an extremely significant level. There were 34 codons with relative synonymous codon usage greater than
1 and 29 codons ending with A and U. Analysis of neutral plot, ENC-plot and PR2-plot showed that the preference of
C. calceolus chloroplast genome codons was mainly influenced by natural selection. Correspondence analysis showed
a similar pattern of codon usage bias of the genes encoding photosynthetic system proteins, while other types of genes
were quite different. Sixteen codons were finally determined as the optimal codons. [Conclusion] This study con-
firms that natural selection is the main factor affecting codon usage bias of C. calceolus chloroplast genome. The op-
timal codon of this species is screened. The results can provide a reference for the phylogeny and chloroplast genome
codon evolution of Orchidaceae.

Keywords: Cypripedium calceolus; chloroplast genome; codon usage bias; Orchidaceae
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