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Abstract; In order to analyze the codon usage patterns of the chloroplast genome of Firmiana pulcherrima and F.
major. Fifty-two genes selected from chloroplast genome ( Cp genome) of these two species were analyzed using CodonW ,
CUSP and SPSS software. The results showed that; (1) GC content in Firmiana pulcherrima was 38.12%, and that in
F. major was 38.05%, suggesting that A/T base was rich in chloroplast genome. (2) The effective number of codons in

F. pulcherrima ranged from 36.91 to 56.46, and that in F. major ranged from 36.55 to 58.04, meaning the codon bias was
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weak in F. pulcherrima and F. major. (3) Both F. pulcherrima and F. major had 29 codons with relative synonymous

codon usage (RSCU) greater than 1 and 28 codons ending with A and U base. (4) Neutrality plot showed that there was

not significant correlation between GC,; and GC,,, and the regression slope was 0.195 in F. pulcherrima, and 0.304 in

F. major, suggesting that codon bias was mainly affected by natural selection. (5) ENC-plot analysis showed that most of

genes fell below and followed the standard curve, and ENC ratio of most genes ranged from —0.04 to 0.10, suggesting

that the mutation also affected the formation of codon bias in F. pulcherrima and F. major. In addition, 17 codons were

identified as optimal codons in F. pulcherrima, and 18 codons in F. major. We suggest that the codon usage bias of

F. pulcherrima and F. major are formed under effect of mutation and selection. Although the codon usage pattern of

F. pulcherrima and F. major are very similar, there are some differences, which may be related to the evolutionary me-

chanism of adaptive environment.

Key words: Firmiana pulcherrima, F. major, chloroplast genome, codon usage bias, optimal codons
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Table 1 GC contents and the third base of codon in chloroplast genes of Firmiana pulcherrima and F. major (Unit: %)
g?)jfies C'I'} CL'3 C A3 CGS CG(,I C(:LZ C(}l,'} GC ENC
FMNFERA F. pulcherrima 46.56 17.40 43.07 18.09 46.10 38.14 30.11 38.12 50.00
LR F. major 46.67 17.23 43.17 18.03 46.17 38.06 29.92 38.05 49.94
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Table 2 GC contents of genes in Firmiana pulcherrima and F. major chloroplast ( Unit: % )

P EMNAEHA F. pulcherrima ZEAEN F. major

Gene CGC] CG(,Z C(}L] GC ENC CGC] CGCZ C(;C3 GC ENC
accD 40.37 35.50 26.57 34.14 47.29 40.37 35.29 26.57 34.08 47.11
atpA 54.72 40.16 28.15 41.01 47.63 54.92 40.35 28.15 41.14 47.84
atpB 56.11 41.28 31.86 43.09 48.20 56.51 41.48 31.86 43.29 48.50
atpkl 52.24 40.30 34.33 42.29 56.46 52.24 40.30 35.07 42.54 58.04
atpF 47.57 32.97 34.05 38.20 47.85 47.57 32.97 34.05 38.20 46.83
atpl 50.00 37.50 28.63 38.71 45.14 50.00 37.50 28.63 38.71 45.61
cesA 36.11 38.58 27.47 34.05 44.28 36.11 38.27 27.16 33.85 44.89
cemA 41.74 28.70 30.87 33.77 43.32 40.87 29.13 30.87 33.62 43.59
clpP — — — — — 57.07 38.38 31.31 42.26 53.89
matK 39.36 31.21 28.83 33.33 49.32 39.76 31.21 27.83 32.94 49.79
ndhA 41.21 38.46 23.35 34.34 43.59 41.48 38.19 23.63 34.43 44.45
ndhB 41.88 39.14 31.31 37.44 47.84 41.88 39.14 31.31 37.44 47.84
ndhC 48.76 34.71 25.62 36.36 51.23 47.93 34.71 25.62 36.09 51.23
ndhD 40.86 37.85 30.32 36.34 49.72 40.86 37.85 29.68 36.13 49.23
ndhE 38.24 35.29 24.51 32.68 47.06 38.24 36.27 24.51 33.01 47.01
ndhF 36.77 35.55 25.51 32.61 46.61 36.91 35.28 24.83 32.34 45.68
ndhG 43.50 34.46 25.42 34.46 45.52 43.50 34.46 25.42 34.46 44.97
ndhH 50.00 36.29 28.68 38.32 48.67 50.00 36.80 28.17 38.32 49.08
ndhl 42.86 37.50 27.98 36.11 49.10 43.45 37.50 27.98 36.31 49.70
ndhJ 52.20 37.74 32.08 40.67 55.77 52.20 37.74 32.08 40.67 55.77
ndhK 44.25 45.13 28.32 39.23 51.27 Pseudogene

petA 52.96 35.83 33.02 40.60 54.37 52.96 35.83 33.02 40.60 54.87
petB 49.54 41.20 31.48 40.74 45.78 49.54 41.20 31.02 40.59 45.57
petD 51.55 40.37 22.98 38.30 38.90 51.55 39.13 22.36 37.68 37.55
psaA 52.46 43.68 34.75 43.63 51.08 52.46 43.68 34.35 43.50 50.66
psaB 48.98 43.13 32.52 41.54 49.66 48.98 43.13 32.52 41.54 49.46
psbA 49.44 43.79 33.90 42.37 41.16 49.44 43.79 33.90 42.37 40.64
psbB 54.22 45.97 30.84 43.68 47.51 54.22 46.17 30.45 43.61 46.86
psbC 53.39 46.20 33.12 44.30 47.53 53.38 46.41 33.12 44.30 47.14
psbD 52.82 43.22 32.49 42.84 44.73 52.82 43.22 31.92 42.66 44.89
rbeL 57.44 43.19 31.66 44.10 50.22 57.11 43.30 31.55 43.99 50.39
pll4 56.91 38.21 26.83 40.65 48.98 56.10 38.21 26.83 40.38 47.88
pl16 48.53 52.21 27.21 42.65 40.54 48.53 52.21 27.94 42.89 40.54
pl2 51.27 49.09 32.73 44.36 53.68 51.64 49.09 32.00 44.24 53.17
pl20 38.98 44.92 24.58 36.16 47.40 38.98 43.22 25.42 35.88 48.82
pl22 41.67 41.07 25.00 35.91 48.62 41.67 41.07 25.60 36.11 49.25
rpoA 45.43 32.01 28.35 35.26 49.64 45.12 32.01 28.05 35.06 49.04
rpoB 50.33 37.72 30.44 39.50 50.32 50.23 37.72 30.25 39.40 50.28
rpoC1 50.44 37.90 27.11 38.48 48.73 49.78 37.66 26.98 38.14 48.60
rpoC2 46.45 37.40 30.65 38.17 51.16 46.16 37.60 29.99 37.92 51.23
rpsll 56.12 57.55 22.30 45.32 43.94 55.40 57.55 22.30 45.08 43.71
rps12 52.42 48.39 27.42 42.74 46.53 52.08 47.22 31.25 43.52 49.59
rpsl4 42.57 47.52 34.65 41.58 37.18 42.57 47.52 34.65 41.58 37.18
ps18 35.29 41.18 27.45 34.64 38.51 35.29 43.14 27.45 35.29 38.30
ps2 45.15 43.46 27.85 38.82 49.70 45.57 43.46 28.69 39.24 50.74
ps3 47.95 33.33 26.48 35.92 51.99 47.95 33.33 25.57 35.62 51.05
rps4 51.49 38.61 26.24 38.78 50.43 50.50 38.61 26.24 38.45 50.90
ps7 52.56 45.51 23.72 40.60 45.00 52.56 45.51 23.72 40.60 45.00
rps8 40.00 41.48 29.63 37.04 36.91 40.00 41.48 28.89 36.79 36.55
yefl 36.53 29.30 25.52 30.45 48.07 36.62 29.13 25.09 30.28 47.94
yef2 42.30 34.41 37.05 37.92 53.75 42.17 34.32 36.97 37.82 53.62
yef3 47.93 38.46 33.14 39.84 55.71 47.93 38.46 32.54 39.64 53.19
yefd 41.62 41.08 31.35 38.02 50.11 41.62 41.08 30.27 37.66 49.45
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Table 3 Correlation coefficient between the parameters of genes in Firmiana pulcherrima and F. major

= B F. major

. pulcherrima Cor, Cous Coes e ENC SL
Cou 1.000 0.401 s+ 0.273 0.841 s 0.288 * ~0.158
Coos 0.404 1.000 0.083 0.747 5 -0.257 ~0.302 *
Cous 0.222 0.005 1.000 0.509 s 0.317 % 0.214
e 0.840 0.743 5 0.452 1.000 0.133 ~0.170
ENC 0.253 -0.261 0.313 0.109 1.000 0.230

S, -0.155 ~0.309 * 0.262 ~0.161 0.220 1.000

. o FRTE 0.05 KF L WEAIC; ¢ FR7E 0.01 KT LR EAAHX,

Note: #* indicates significant correlation at 0.05 level; #*# indicates significant correlation at 0.01 level.
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Fig. 1  Analysis of neutrality plot C,, against C,
E 2  PR2-plot Z & 4¥r
Fig. 2 Analysis of PR2-plot [ A3/(A3+T3) ]
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RSCU - %15 % RSCU ) , [d] it 5 #& (A 2% 1) 1
) RSCU fHZ5 A Hh# , i i i ARSCU fH =0.08, H.
K RSCU> 1 BT, & SCH IR 7, i
Loy e T 17 18 N RIXMMHEL T (£ 4) , 57
W% GCA . UGU,GAA ,UUU, GGA , GGU, CAU, AUU,
AAA UUA , CAA . CGA .CGU ,AGU ,ACA ,ACU ( g F.
major LI E S F)  GUA [ UAU, X & 41 i % 74+
BILLA/U G502, Ik, FRATTU% 21 9 R i 4 )
I 2 2 T DR A 88 ) 1 0 8 2 0 - 6 AS A [, {H
ARSCU HAF1E — E W 2 5, F. pulcherrima "1 )
GAA . CGA T ARSCU>0.08 H.<0.30, i F.

* 4 ENCLLEFESH
Table 4  Distribution of ENC frequency ratio

LW FEAR Firmiana pulcherrima

1R Y H

Z B F. major

Class boundary Class mid-value

ZH%% Number 204 Frequency B5EL Number 204 Frequency
-0.1~ 0 -0.05 9 0.17 9 0.17
0~0.1 0.05 30 0.58 29 0.56
0.1~0.2 0.15 9 0.17 10 0.19
0.2~0.3 0.25 3 0.06 3 0.06
0.3~0.4 0.35 1 0.02 1 0.02
ST Total 52 1.00 52 1.00

major F1 ARSCU>0.3, AUU F BN Z , ACU 1N
F. major WAL #R % S T . 1w F. pulcherrima e8|
ARSCU =0, &0 A 555 P Ff 15 A 1K 2 35 ¢ v Jr £
FHM i 5L R 22 5 56

3 w4

WA TR AR S S AS B R S R
FUBR I 2R AL, F 98 HL A AR D0 1 fige ) b
PR A R AT 20 S (25745, 2011) . S T
o P P 2 00 ol AN W A 7 ) 45 2R, OB B HIL
il 3% 22 M N 2R 9 52, G 9 A2 A TR AR G 4
R R N R (M5 R AE, 2018) , AN[A
Pyp DR G T v 05 1 P O M A7 A — 5 B9 22

S DRI % 5 -t P 2 2 B 5 40 ol 5 TR 4 3 Ak
KRN B H B AR Z —

B 2 B 22 S 6 5 A - Y il T A Y 52
T S B B VAN A W S NS
SRR TR W UL B 3 R A A R R
AR Xof G it 2 i T2 1) T8 728 T80 I Wil (v P TR
45,2011) PR, 205 155 3 0L B A A T X
SRS T PR I AR O . A WE SR A Ak
A 5L K 21 % S 7 55 3 B 3 e 4 1 A/T
(Zhou et al., 2008 ; Z#H 75,2018 ) , AHETEH, W
PR Coa M Coa i T Coy (Co, H Coey Co ¥
5 Coos MRMEAR T2, Cos LB RAR , U8 W1 AT A J
A 2 K O DR 2 2% B i 4 £ P A/ Bk i 45
B, 5 KA /KHZ(Rosa odorata var. gigantea) .
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Table 5 Relative synonymous codon usage ( RSCU) of genes and the optimal

codons in Firmiana pulcherrima and F. major chloroplast

EMFEN F. pulcherrima B F. major
AW BT - =
Amino acid Codon upsg sz ﬁff RE apspraema F’Hﬁif IR
Cp genome expression  expression Cp genome expression expression

Ala(A) GCA * 1.09 1.14 0.90 1.08 1.14 0.99
GCC 0.67 0.34 0.63 0.68 0.34 0.64
GCG 0.47 0.80 0.70 0.48 0.80 0.60
GCU 1.76 1.71 1.77 1.77 1.71 1.77
Cys(C) UGC 0.50 0.40 0.59 0.52 0.40 0.63
UGU * 1.50 1.60 1.41 1.48 1.60 1.37
Asp(D) GAC 0.42 0.93 0.35 0.41 0.93 0.38
GAU 1.58 1.07 1.65 1.59 1.07 1.62
Glu(E) GAA #x* 1.51 1.48 1.24 1.50 1.56 1.24
GAG 0.49 0.52 0.76 0.50 0.44 0.76
Phe(F) vucC 0.68 0.26 0.98 0.67 0.35 0.96
UUU ##% 1.32 1.74 1.02 1.33 1.65 1.04
Gly(G) GGA * 1.56 1.65 1.50 1.57 1.65 1.50
GGC 0.43 0.35 0.47 0.43 0.35 0.51
GGG 0.72 0.61 0.95 0.68 0.61 0.92
GGU #x* 1.29 1.39 1.08 1.33 1.39 1.07
His( H) CAC 0.51 0.40 0.50 0.50 0.40 0.51
CAU * 1.49 1.60 1.50 1.50 1.60 1.49
Tle(T) AUA 0.93 1.11 1.00 0.94 1.11 1.00
AUC 0.57 0.32 0.74 0.57 0.32 0.71
AUU ** 1.50 1.58 1.27 1.48 1.58 1.29
Lys(K) AAA #% 1.50 1.60 1.23 1.51 1.60 1.24
AAG 0.50 0.40 0.77 0.49 0.40 0.76
Leu(L) CUA 0.81 0.57 0.87 0.81 0.57 0.84
cuC 0.37 0.19 0.58 0.37 0.19 0.59
CUG 0.39 0.00 0.54 0.39 0.00 0.61
CUU 1.23 1.52 1.44 1.25 1.52 1.50
UUA ##% 1.97 2.19 1.10 1.96 2.19 0.99
uuG 1.23 1.52 1.48 1.22 1.52 1.48
Met( M) AUG 1.00 1.00 1.00 1.00 1.00 1.00
Asn(N) AAC 0.47 0.72 0.48 0.46 0.69 0.48
AAU 1.53 1.28 1.52 1.54 1.31 1.52
Pro(P) CCA 1.13 0.78 1.22 1.12 0.67 1.24
CCC 0.76 1.11 0.85 0.75 1.22 0.86
CCG 0.56 0.78 0.64 0.57 0.78 0.56
CCU 1.55 1.33 1.28 1.56 1.33 1.33
Gln(Q) CAA k3% 1.55 2.00 1.37 1.54 2.00 1.42
CAG 0.45 0.00 0.63 0.46 0.00 0.58
Arg(R) AGA 1.77 1.94 1.76 1.80 1.92 1.89

AGG 0.62 0.68 0.98 0.62 0.67 0.99
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&gxRs
LG F. pulcherrima ZRAMEH F. major
LR T — —
Amino acid Codon W L 4 [%H%E};li ﬁiiﬁ W45 Pk PR 4 [%H?i? 1E§Li'0%wi$
Cp genome expression expression Cp genome expression expression
CGA 1.39 1.61 1.47 1.40 1.67 1.36
CGC 0.49 0.42 0.42 0.49 0.42 0.46
CGG 0.43 0.25 0.65 0.40 0.25 0.56
CGU 1.29 1.10 0.72 1.29 1.08 0.73
Ser(S) AGC 0.39 0.67 0.30 0.37 0.55 0.32
AGU = 1.23 1.20 1.02 1.25 1.23 1.01
UCA 1.18 0.93 1.14 1.20 0.95 1.18
ucc 0.97 1.07 1.12 0.96 1.09 1.12
ucG 0.54 0.80 0.81 0.55 0.82 0.76
ucu 1.69 1.33 1.61 1.67 1.36 1.62
Thr(T) ACA * 1.23 1.37 1.20 1.22 1.37 1.25
ACC 0.80 1.03 0.77 0.78 0.91 0.69
ACG 0.40 0.23 0.67 0.42 0.23 0.79
ACU = 1.57 1.37 1.37 1.57 1.49 1.28
Val(V) GUA s 1.46 2.32 1.24 1.47 2.32 1.23
GUC 0.48 0.13 0.45 0.48 0.13 0.41
GUG 0.59 0.13 0.82 0.60 0.13 0.82
GUU 1.47 1.42 1.48 1.45 1.42 1.53
Trp(W) UGG 1.00 1.00 1.00 1.00 1.00 1.00
Tyr(Y) UAC 0.41 0.00 0.43 0.41 0.00 0.42
UAU #5 1.59 2.00 1.57 1.59 2.00 1.58
Codons No. — 21138 635 3076 21124 635 3079

. = /8 ARSCU=0.08 B MG AR IZH RSCUS1; #x 78 ARSCU=0.3 HITG{AFE R ZH RSCU>1;

#x% F78 ARSCU=0.5 H

2R AL N RSCU> 1, ARSCU IRy R R IB 2 K R MRS T 2 22,
Note: * means ARSCU=0.08 and chloroplast RSCU>1 ; #* means ARSCU=0.3 and chloroplast RSCU>1; %% means ARSCU=0.5
and chloroplast RSCU>1, ARSCU means RSCU difference between highly expressed genes and low expressed genes.

A ( Cinnamomum camphora) | &1 3% ( Fagopyrum
esculentum) (B HL%E 2015, 4 704 ,2018 ; B 55
2018) AP I WF 9T 45 S — 3K,

FI AR T4 5% 74 J2 5 Wi %8 A (87 P g 4 1)
Z A2 (Sharp et al.,2010;Rao et al.,2011) , AW
38 32 0T R A R A I S R R TR 2 52 A i B (R
Coes T Coen MM, 2005 726 3 6k 3L GC
TESH A 2 AR O SS , BRI
REAREBL/IN, 2 WP oA e 2% 1 1 1 P A2 3 k4
FE IR Z B, sLAk, PR2-plot 23 BT & B, % i 1
55 3 DLRAE b A/T BRI C/G BEL AR A7 7
255, ARG ] T C B, 2 — 20 3 W W b A5 Al
I A & TR 2 %85 B 1 felt TS A5 ik 58 78 1Y A7

K, T H AR B 22 8|k FE A 2, ENC-plot 43 A7
TR KRN B ENC {513 ENC {H55 A%
VT, H A A T -0.04 ~0.10 Z J8] | 32 1 3% 3450
o33 K 32 B0 TR S5 5 3 B E ) GC A
Ko, RARE FE L H R, M rps8 . rpsl4 [ rps18 |
petD .rpl16  psbA 53 A THRAE N LA T Jr S am v
HAREFZ LS W R BN E, &6
P4 53 B . ENC-plot . PR2-plot %43 #1 & B, 58 4%
A SR 5 5 22 F1 DX 3% 3L 7] 52 25 R A A -
PR RS-l AW P o 355 A0 s A | A
FF (ISR W) b i S A 3 DR A S i P B 5T
SEERAL( P LSS, 20155 B IR V55, 2016 fH H A
84,2017 EME R4 ,2018)
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AHESE S B, T R RE A 29 A A Y
(RSCU>1) % 3 i & £ 2L A/U 452, 5T A
7 H A AR B v A BIE 5T 45 SR AR AL (i B RS 2011
A ,2018) , 5 m R BT IEATLEA AT,
i 2 8 SE AR Y B LB RS o8 17 A, AR
i 18 4>, 43 9 b GCA, UGU, GAA, UUU, GGA
GGU, CAU, AUU, AAA, UUA, CAA, CGA ., CGU,
AGU ACA ACU( AN F. major {1 F) . GUA |
UAU, XSRS T L) A/U 458, 5 k2
A B D] 2 o 0 % - AHLAL, 6 BT AR A 5 At X)L
I A g AR R 2 5 55 3 S A I Al 2
M A/U %5 (Kawabe & Miyashita, 2003) , A5
FWT, Wy B 0K 2% 0C &R B, H 25 A -l P AR 2
HAHL (5K K254, 2017 ; 5K 2 555, 2018) . ASHIF
FE R, W R A I G A L PR A % 0 4 R A P AR
FARL, B —E 22 5, AN, AWFR iR &
P, SE R SR AK clpP SRS FEN E K =~ G
Al B4 ndhK A AE L PR 8 300 94 o 4 Al 325 07 8 58 el AR
AL BA BT A, A IR AR

ATHGE 43 BT T 35 WA | 2 AR A g R
K] 2 i ALl 5 D] 11 5% 05— O 1 T2 i 1) 5 i [R] 2% R
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