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Abstract ; In this study, analysis of codon bias was carried out using CodonW 1.4.2 software, with chloroplast genome of
FEucalyptus grandis as material and 43 non-repeated genes beginning with AUG as objects. The results showed that the av-
erage GC content in the 3rd position was 27.97% ; ENC ranged from 39.49 to 61.00 with an average of 47.04; there were
31 codons whose RSCU were more than 1.00 in the chloroplast genome; of which, 29 codons ended with A/U; neutral
plot analysis showed correction and regression analysis between GC12 and GC3 were not significant; ENC-plot revealed
most genes were located along or near the standard curve; correspondence analysis indicated the 1st axis accounted for
17.68% contribution, the 2nd axis 11.49%, the rest axes accounted for 8.00% and 5.76% and the first four axes accoun-
ted for 42.93% in total ; the correction between the 1st axis and the parameters such as GC, ENC and CAI was extremely
significant. The results mentioned above revealed that the codon bias level was low in the chloroplast genome and the 3 rd
codons always end with A/U and codon bias might be determined by both mutation and selection nearly equally. Finally,
twelve codons that were not only highly expressed but frequently were determined as the optimal codons including UUG,
CUU, GUU, UCC, UCA, ACA, UAU, UAA, CAU, AAU, AGA and GGA. This study will provide a solid foundation
for codon optimization of the genes transformed into chloroplast genome and future increasing the expression efficiency for
improvement of important traits.
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Table 1  Main parameters in chloroplast genomic codons of Eucalyptus grandis

514 T ZH Main parameters
Gene GCl GC2 GC3 GC GC3S ENC CAI CBI FOP Gravy
psbA 0.504 0.433 0.328 0.422 0.284 41.24 0.301 0.196 0.532 0.341
matK 0.402 0.312 0.276 0.330 0.257 51.29 0.167 -0.141 0.331 -0.172
atpA 0.558 0.397 0.248 0.401 0.232 44.61 0.203 -0.037 0.393 -0.055
atpF 0.478 0.332 0.348 0.386 0.330 48.37 0.155 -0.106 0.358 -0.345
atpl 0.482 0.369 0.263 0.371 0.235 44.97 0.168 -0.075 0.353 0.625
ps2 0.445 0.432 0.271 0.383 0.236 47.19 0.167 -0.174 0.316 -0.282
rpoB 0.503 0.377 0.280 0.387 0.259 48.77 0.149 -0.121 0.341 -0.286
psbD 0.527 0.434 0.317 0.426 0.272 44.02 0.263 0.083 0.465 0.359
psbC 0.537 0.461 0.302 0.433 0.263 45.82 0.196 -0.003 0.406 0.265
psaB 0.487 0.429 0.308 0.408 0.263 47.83 0.182 -0.108 0.356 0.117
psaA 0.527 0.433 0.324 0.428 0.283 50.26 0.197 -0.099 0.358 0.259
yef3 0.477 0.387 0.333 0.399 0.304 61.00 0.151 -0.178 0.335 -0.502
rps4 0.503 0.383 0.263 0.383 0.245 51.59 0.155 -0.053 0.372 -0.606
ndh] 0.525 0.387 0.285 0.399 0.242 47.52 0.162 -0.180 0.302 -0.273
ndhC 0.475 0.333 0.259 0.356 0.198 46.03 0.182 -0.104 0.324 1.094
atpE 0.518 0.406 0.255 0.393 0.227 50.16 0.164 -0.054 0.375 -0.068
atpB 0.565 0.416 0.284 0.421 0.261 45.37 0.202 -0.006 0.406 -0.035
rbel, 0.575 0.435 0.288 0.433 0.260 46.54 0.265 0.071 0.464 -0.284
yef4 0.462 0.403 0.342 0.402 0.309 50.13 0.183 -0.032 0.389 0.240
cemA 0.394 0.279 0.297 0.323 0.251 45.87 0.188 -0.046 0.377 0.248
petA 0.531 0.363 0.315 0.403 0.303 52.23 0.189 -0.048 0.382 -0.114
ps18 0.376 0.416 0.248 0.347 0.232 43.41 0.106 -0.153 0.313 -0.614
pl20 0.351 0.453 0.231 0.345 0.211 45.47 0.082 -0.222 0.263 -0.551
clpP 0.589 0.364 0.323 0.426 0.283 53.46 0.181 -0.123 0.332 0.088
psbB 0.551 0.460 0.282 0.431 0.241 45.75 0.185 -0.073 0.372 0.113
petB 0.493 0.414 0.274 0.394 0.216 39.49 0.216 -0.046 0.372 0.582
rpoA 0.454 0.326 0.267 0.349 0.247 48.93 0.157 -0.122 0.345 -0.334
rpsll 0.522 0.587 0.202 0.437 0.173 42.79 0.152 -0.140 0.331 -0.415
ps8 0.388 0.403 0.328 0.373 0.302 47.18 0.108 -0.042 0.380 -0.325
pl14 0.533 0.386 0.246 0.388 0.227 44.66 0.165 -0.070 0.361 -0.043
pl16 0.503 0.525 0.222 0.417 0.167 41.74 0.121 -0.100 0.357 -0.460
ps3 0.476 0.347 0.259 0.361 0.227 43.47 0.154 -0.150 0.329 -0.318
pl22 0.419 0.369 0.269 0.352 0.220 47.47 0.198 -0.075 0.393 -0.704
yef2 0.414 0.344 0.370 0.376 0.343 53.16 0.158 -0.140 0.337 -0.435
ndhB 0.421 0.384 0.317 0.375 0.280 47.80 0.164 -0.084 0.354 0.685
rps7 0.529 0.458 0.246 0.411 0.215 43.44 0.188 -0.055 0.389 -0.593
ndhF 0.370 0.364 0.221 0.319 0.181 43.50 0.133 -0.210 0.282 0.535
cesA 0.342 0.379 0.273 0.331 0.221 47.49 0.139 -0.198 0.295 0.551
ndhD 0.406 0.366 0.270 0.347 0.230 46.76 0.135 -0.129 0.316 0.788
ndhE 0.396 0.337 0.248 0.327 0.224 49.43 0.142 -0.198 0.286 0.734
ndhG 0.438 0.341 0.261 0.347 0.231 45.73 0.140 -0.181 0.278 1.102
ndhl 0.426 0.378 0.228 0.343 0.194 42.59 0.203 -0.112 0.350 -0.036
ndhH 0.509 0.369 0.254 0.377 0.202 48.27 0.155 -0.113 0.338 -0.145

15 Mean 0.474 0.395 0.280 0.383 0.246 47.04 0.171 -0.092 0.356 0.017
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Table 2 Correlation analysis of the parameters of coding sequences’ codon usage
24
Parameter GCl1 GC2 GC3 GC ENC CAI CBI Fop Gravy
GC2 0.363 =
GC3 0.117 -0.258
GC 0.857 #x  0.669 = 0.300
GC3S 0.114 -0.282 0.950 =3 0.266
ENC 0.008 -0.365 * 0.521 s 0.000 0.584 =
CAI 0.551 s 0.084 0.320 * 0.502 s -0.184
CBI 0.513 s 0.213 0.340 = 0.555 s -0.263 0.813 s
Fop 0.526 s 0.241 0.380 = 0.593 s 0.338 = -0.188 0.834 s 0.997 s
Gravy -0.120 -0.270 0.040 -0.204 -0.091 -0.188 0.177 0.045 -0.091
N -0.030 -0.122 0.399 s 0.062 0.234 0.071 -0.018 0.023 -0.025

e o FRTE 0.05 AP L WEAHIC; ¢ FRTE 0.01 AP L EAHK,

Note: * means significant correlation at 0.05 level; #*# means significant correlation at 0.01 level.
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Wy ZHI TR E ML, %48 H (N) 5 GC3
W @ E M AN, AR5 ENC F1 CAL % Hofth 280 0. %
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Table 3  Relative synonymous codon usage analysis of chloroplast gene in Eucalyptus grandis

TR AoV N PR S o

Phe uuu 584 1.28 Ser ucu 340 1.8
uucC 329 0.72 ucc 192 1.02

Leu UUA 562 1.99 UCA 202 1.07
uuG 321 1.14 UCG 110 0.58

CcuuU 366 1.3 Pro CCU 268 1.68

cuc 105 0.37 CcccC 107 0.67

CUA 241 0.85 CCA 185 1.16

CUG 99 0.35 CCG 77 0.48

Ile AUU 657 1.48 Thr ACU 337 1.68
AUC 266 0.6 ACC 156 0.78

AUA 412 0.93 ACA 222 1.11

Met AUG 385 1 ACG 86 0.43
Val GUU 309 1.44 Ala GCU 455 1.88
GUC 93 0.43 GCC 143 0.59

GUA 339 1.58 GCA 269 1.11

GUG 119 0.55 GCG 102 0.42

Tyr UAU 475 1.63 Cys UuGU 120 1.45
UAC 107 0.37 uGc 46 0.55

TER UAA 22 1.57 TER UGA 11 0.79

UAG 9 0.64 Trp UGG 312 1

His CAU 312 1.57 Arg CGU 226 1.52
CAC 85 0.43 CGC 58 0.39

Gln CAA 424 1.5 CGA 214 1.44
CAG 140 0.5 CGG 50 0.34

Asn AAU 532 1.53 Ser AGU 224 1.19
AAC 164 0.47 AGC 65 0.34

Lys AAA 521 1.51 Arg AGA 244 1.64
AAG 169 0.49 AGG 102 0.68

Asp GAU 504 1.62 Gly GGU 405 1.42
GAC 118 0.38 GGC 119 0.42

Glu GAA 610 1.49 GGA 450 1.57
GAG 209 0.51 GGG 169 0.59

FHIE R0 3R -0.440 F1-0.606, A T 50 UL
i L EE 05 T b, ST LASE 1 Bl & Bl LSS 2
BRSSP TE A AR R T AT S0 R R (R
RE A TARAR R R (B 3) . 1 3 4559 R, Kbl
AR P 3 B A A A G AR ) L R R 0 A AR
BT, U B A A B 1 S TR ) 2 0 i e A T
5 Al 35 TR A R i B AR 22 K

2.5 REEBFIHE

VIS 1) ENC Z 8RR ME, X S8 2L 8
FrHER: A S5t 45 358 BL 109% 114 5 PRI (194 g 4% 38 B 4
AN, o Sl ST R /AR A SR N 7E I Al b TR
TR F£IB PR RSCU, SR WA FEAY ARSCU
(#£5), LLARSCU>0.08 AHrUEHGE 31 4~ ik
BT (RS o+ bREMEDT) P 12 42 6
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Fig. 2 ENC-plot analysis on chloroplast

gene in Eucalyptus grandis
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Table 4 ENC ratio of chloroplast

gene in Eucalyptus grandis

el K H R
Group Number Frequency (%)
-0.25~-0.15 1 2.33
-0.15 ~-0.05 4 9.30
-0.05~0.05 22 51.16
0.05~0.15 15 34.88
0.15~0.25 1 2.33

RSP CHERE, 6 ML AGE,5 MU

+
éIII o

WL AR R T 5 5 & Ry 5 B 6
MR FR, 20 PP H BT L Met A1 Trp P PR
B R — N AR 18 M BRI A 2~ 6
AN G i | B2 R 1 17 T, S 6 ] —
RELTR B 10 [R) SCBE RS 1 (R EBEMIIR KK,
2016) . [l AR+ 22 5] FEAE T4 3 A% 1
AR, AW ST B R M S R L K 2 b GC3 5
GC1 A GC2 Tt . 3 A5G, IF H /M T GC1 M
GC2 ., 33X 1t B B AL - ¢ A Bk [R]85 B9 7~ i & LA A T
U 452, RSCU 73 B4t 2R D& & 73 B 1Y £ B8 583
WER X — W S, X5 B iRE 1Y 85 5 ( Scutellaria
baicalensis) ( £ 3, 2018) 38 JH 2% ( Camellia
oleifera) ( T K45, 2018) EEEEH TE (Medicago
truncatula) (1 855, 2015) SE A1) - S AR L A
HYRFIE—3

A= WILE G i 2 B TR B 28 00 o) ) A
14 ) S 42 B 5 1) B Ay 2 e ol P s 2 e (R
FEMAE, 2007) , B A S A 356 PR 20 1) 25 0 1Y
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Table 5 Relative synonymous codon usage of chloroplast gene in Eucalyptus grandis
J— o Fe IR flRZR B
%%HE R T High expressed genes Low expressed genes .
A;:;(rilo Codon ARSCU
i #H Number RSCU #H Number RSCU
Phe uuu 102 1.08 27 1.04 0.04
vuc 87 0.92 25 0.96 -0.04
Leu UUA 51 1.02 23 1.97 -0.95
UuG = 69 1.38 13 1.11 0.27
CUU == 80 1.61 15 1.29 0.32
CUC s 27 0.54 2 0.17 0.37
CUA 43 0.86 14 1.2 -0.34
CUG = 29 0.58 3 0.26 0.32
Tle AUU 103 1.33 41 1.64 -0.31
AUC = 55 0.71 13 0.52 0.19
AUA = 75 0.97 21 0.84 0.13
Met AUG 62 1 34 1 0
Val GUU =* 51 1.5 22 1.35 0.15
GUC * 20 0.59 6 0.37 0.22
GUA 40 1.18 31 1.91 -0.73
GUG == 25 0.74 6 0.37 0.37
Ser UCuU 77 1.64 18 1.89 -0.25
UCC = 52 1.11 8 0.84 0.27
UCA ##x 55 1.17 5 0.53 0.64
UCG 39 0.83 8 0.84 -0.01
Pro CCU 41 1.3 27 2.63 -1.33
CCC sk 32 1.02 2 0.2 0.82
CCA 34 1.08 11 1.07 0.01
CCG 19 0.6 1 0.1 0.5
Thr ACU 35 1.13 27 2.04 -0.91
ACC 25 0.81 10 0.75 0.06
ACA = 43 1.39 13 0.98 0.41
ACG = 21 0.68 3 0.23 0.45
Ala GCU 42 1.75 39 2.44 -0.69
GCC = 13 0.54 4 0.25 0.29
GCA 25 1.04 17 1.06 -0.02
GCG #x 16 0.67 4 0.25 0.42
Tyr UAU = 88 1.59 24 1.33 0.26
UAC 23 0.41 12 0.67 -0.26
TER UAA s 3 2.25 2 1.5 0.75
UAG 1 0.75 2 1.5 -0.75
His CAU #x 54 1.52 10 1.05 0.47
CAC 17 0.48 9 0.95 -0.47
Gln CAA 87 1.4 19 1.73 -0.33
CAG #x 37 0.6 3 0.27 0.33
Asn AAU #3x* 132 1.52 21 1.17 0.35
AAC 42 0.48 15 0.83 -0.35
Lys AAA 114 1.25 19 1.73 -0.48
AAG #x 69 0.75 3 0.27 0.48
Asp GAU 135 1.68 15 1.67 0.01
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gxS
o IR HE [ R IR HEH
%%M A T High expressed genes Low expressed genes
Aar:;(rio Codon ARSCU
%0 H Number RSCU %0 H Number RSCU

GAC 26 0.32 3 0.33 -0.01
Glu GAA 116 1.25 35 1.56 -0.31
GAG #* 69 0.75 10 0.44 0.31
Cys uGu 22 1.29 13 1.86 -0.57
UGC s 12 0.71 1 0.14 0.57

TER UGA 0 0 0 0 0

Trp UGG 57 1 20 I 0
Arg CGU 20 0.68 22 2.4 -1.72
CGC 11 0.37 8 0.87 -0.5

CGA 44 1.49 13 1.42 0.07

CGG 18 0.61 0 0 0.61
Ser AGU 43 0.91 14 1.47 -0.56
AGC 16 0.34 4 0.42 -0.08

Arg AGA #3#3% 53 1.8 10 1.09 0.71
AGG ##% 31 1.05 2 0.22 0.83
Gly GGU 33 0.95 43 2.39 -1.44
GGC * 17 0.49 7 0.39 0.1

GGA #:#3x% 61 1.76 18 1 0.76

GGG sk 28 0.81 4 0.22 0.59

ENC F-¥J{E N 47.04, DL 35 Mk ENC KT 35
F14) Sk 5 - 1k 23 B 5 8 35 B A 559 0 - %
F(Jiang et al., 2008) . A, F R #n LR4R KL A
0 F A 55 I 4 PR, CAT 2 80t 32 35 X —
pUNEe

BT G 2 R R A R BE ORNA B B
PR B2 AR B i i K PR SR P Z IR i sg . (32
JE9E, 2010), AR THFHEEFHEAS
ENC J CAI %5 %%+ 250 2 A O, T LA E #e
S PR DR A R DR B o 28 i 4 0 A T A
FH 5 RVRE 28 R /K M X B A i S A 5 TR 4] %% 1
FIm B IC WAEH ; W 755 3 i A .G &
HHM GC Fra S 1 Ak B B35 A 5, 2 I p 3L
Z X R LA %W, CALLCBI #1 FOP 5
551 A S 3 AE G, 3R IR R AT R B b 4 =
JEE B tRNA XTI A9 205 -, 5 35O PR 1Y) 735 2R3 ( Tke-
mura, 1981a,1981b, 1985) , it HH % £ & 52 1 % 15
FOmsF o EZ R, T 3 60 AG F A GC
TR 1 AR B CAL CBI 1 FOP F14

1 A 56 RECHL R HET , PR I 5 A8 R 3 SRk $EAE
W 9 R A AR Y, Rk oA 3R
WY, e Pf 02 5 BU% 05 F O 4F 09 A R M
ENC—plot 43 M7 45 5 50 &7 28748 5 7 5K il
B, AW 5T TN Ry 58 A% 1 5 A B A% I S 1R 35 TR 4
AT R AR X A AR

AHIFFE LA 1R 2 35 1 1R %% 5 SRy e A % G
T, 76 EURE S R I PR 21 HP i e 1Y) 12 A e %
F43H1°8 UUG .CUU .GUU ,UCC ,UCA ,ACA ,UAU
UAA .CAU AAU AGA Fll GGA, [ #z M4 {4 3L [
20 B AR 5 0 o S Ak E A R R A o R T
PR FIR R, NI A RN TRE R E
i F B AR BE S AT A

SE .
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