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Codon usage bias and its influencing factors in the chloroplast
genome of Macadamia integrifolia Maiden & Betche

Cai Yuan-Bao, Yang Xiang-Yan”

( Guangxi Subtropical Crops Research Institute, Guangxi Academy of Agricultural Sciences, Nanning 530001, China)

Abstract: Codon usage bias of 51 genes from the chloroplast genome of Macadamia
integrifolia Maiden & Betche was analyzed to determine the main factors affecting the formation
of codon bias. The GC content at different codon positions in the chloroplast genes was GC1 >
GC2 > GC3, and GC3 was significantly correlated with effective number of codons ( ENC)
(mean value 48.80 > threshold 45) , indicating that the third codon position had direct impact
on weak codon bias in the chloroplast genome of M. integrifolia. Neutral-plot analysis showed
that there was no significant correlation between GC12 and GC3, with a correlation coefficient
and regression slope of 0.186 and 0.265, respectively. ENC-plot analysis showed that most
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genes were located around the standard curve, and their ENC ratios were distributed between
—-0.05 and 0.05, suggesting that the differences between actual and expected ENC were
small. PR2-plot analysis revealed that the third codon position was biased, where pyrimidine
T/C was used more frequently than purine A/G. Relative synonymous codon usage (RSCU)
analysis showed that most of the 29 high-frequency codons, 19 high-expression codons, and
16 optimal codons preferentially ended with A or U. Phylogenetic analysis showed that the
relationship between M. integrifolia and M. ternifolia was similar. These results suggest that
natural selection and base mutation are the main factors influencing weak codon bias in the
chloroplast genome of M. integrifolia, and the third codon base, as another influencing factor,

prefers to use A or U.

Key words: Macadamia ( Macadamia integrifolia) ; Chloroplast genome; Codon usage bias;
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Table 1 GC content and ENC of chloroplast genome codons in Macadamia integrifolia

e GC1 GC2 GC3 GCy ENC FEH GC1 GC2 GC3 GCy, ENC

Genes /% /% /% /% Genes /% /% /% /%
DSbA 50.00 43.22 35.31 42.84 42.92 pl20 37.29 44.07 22.88 34.75 43.06
matK 41.18 31.57 30.20 34.31 54.36 clpP 58.13 37.93 32.51 42.86 53.66
atpA 55.31 40.55 28.94 41.60 48.39 psbB 54.22 45.97 31.83 44.01 49.50
atpF 47.25 35.71 34.62 39.19 41.52 petB 48.61 41.67 31.48 40.59 41.84
atpl 51.21 37.50 27.02 38.58 47.21 petD 48.94 39.89 25.53 38.12 42.84
rps2 45.15 43.88 27.00 38.68 47.21 rPoA 47 11 34.35 29.48 36.98 50.79
rpoC2 46.24 38.64 31.18 38.69 51.37 ros1i 54.96 54.96 26.72 45.55 48.31
rpoC1 50.95 37.92 27.23 38.70 49.23 ros8 4211 42.86 30.83 38.60 49.99
rooB 51.45 38.00 30.44 39.96 50.73 rpl14 54.47 38.21 27.64 40.11 54.49
psbD 52.82 43.50 33.33 43.22 46.20 rpl16 51.09 51.82 27.01 43.31 39.78
psbC 54.01 46.20 34.60 44.94 47.01 rps3 47.22 32.87 26.39 35.49 47.89
psaB 48.44 43.27 33.88 41.86 50.34 rpl22 39.31 41.38 25.52 35.40 44.87
psaA 52.73 43.68 33.69 43.36 48.90 rpl2 50.36 48.93 32.86 44.05 54.87
ycf3 47.93 39.05 30.77 39.25 54.54 ycf2 41.49 35.38 37.01 37.96 53.40
rps4 50.00 39.11 26.24 38.45 51.41 nadhB 42.07 39.53 30.92 37.51 46.41
nahJ 50.31 40.25 34.59 41.72 59.39 ps7 53.21 45.51 23.08 40.60 45.85
ndhK 42.61 43.66 31.69 39.32 51.16 nahF 36.76 35.81 25.00 32.52 45.77
ndhC 48.76 33.88 30.58 37.74 47.29 CcCSA 34.16 38.20 29.19 33.85 47.03
atpE 50.75 42.54 31.34 41.54 48.85 ndhD 40.04 37.85 28.69 35.52 48.41
atpB 57.11 41.68 30.46 43.09 47.77 ndhE 38.61 34.65 28.71 33.99 54.38
rbcL 58.82 43.70 33.82 45.45 52.52 ndhG 45.20 35.03 25.99 35.40 48.52
accD 41.12 35.73 29.54 35.46 50.89 nahl 41.44 38.12 29.28 36.28 48.79
ycf4 43.78 41.62 32.97 39.46 50.54 ndhA 44 .51 40.66 25.82 37.00 45.26
cemA 38.70 30.43 32.17 33.77 48.28 ndhH 51.27 36.55 26.40 38.07 48.15
petA 52.65 36.45 31.15 40.08 55.37 ycf1 36.19 29.47 26.81 30.82 48.23
ps18 36.27 45.10 25.49 35.62 43.19 Mean 47.14 39.97 29.72 38.95 48.80

. GC1, GC2, GC3 1 GC 4 MEREMFH 1, 2, 3t GC Fm ki GC &, ENC FRARFEMTH, T,
Notes: GC1, GC value of first codon position; GC2, GC value of second codon position; GC3, GC value of third codon position;
GC,,, GC value of each gene; ENC, effective number of codons. Same below.
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Table 2 Correlation analysis of main parameters in chloroplast genome of Macadamia integrifolia
2
Parameters GC1 GC2 GC3 GCy, ENC CAl CBI FOP Laa Gravy
GC2 0.390 *
GC3 0.261 0.023
GGy 0.861* 0.714™  0.479*
ENC 0.162 -0.242 0.355" 0.092
CAl 0.419* 0.045 0.428 ™ 0.404 ™ -0.115
CBI 0.411* 0.196 0.331" 0.440™ -0.241 0.774*
FOP 0.394 ** 0.212 0.384™ 0.455™ -0.196 0.800** 0.976 ™
Laa -0.146 -0.288 " 0.264 -0.141 0.170 0.003 -0.099 -0.046
Gravy -0.016 -0.218 0.081 —-0.088 -0.154 0.235 0.142 0.007 -0.144
Aromo -0.283" -0.295" 0.291" -0.217 -0.053 0.269 0.096 0.078 0.169 0.539*

TE: CAINER Tl MARE, CBI MM T VEiE %, FOP Jyim i # i 7Mi IHR, Laa HEMEMKIE, Gravy i H Bgi Kk,

Aromo NEH TR EFM,, P<0.05;, P<0.01,

Notes: CAIl, codon adaption index; CBI, codon bias index; FOP, frequency of optimal codons; Laa, length of amino acid; Gravy,
grand average of hydropathicity; Aromo, aromaticity of protein.
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Fig. 1 Neutral-plot analysis of chloroplast

genes of Macadamia integrifolia
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Fig. 2 ENC-plot analysis of chloroplast
genes of Macadamia integrifolia

# 3 ENC thESRE S
Table 3 Distribution of ENC ratio

ENEE

2R . HA/ %
o Mid- Frequency
Class limits Frequency
value No.

-0.15 ~ -0.05 -0.10 7 13.7
-0.05 ~ 0.05 0 31 60.8

0.05 ~ 0.15 0.10 10 19.6

0.15 ~ 0.25 0.20 3 5.9
At Total 51 100.0
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Fig. 3 PR2-plot analysis of chloroplast
genes of Macadamia integrifolia
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Table 4 RSCU analysis and putative optimal codons in chloroplast genome of Macadamia integrifolia

HEM wh Ggerlilffe High ﬁﬁﬁgﬁjﬁ L ﬂﬁ%&%d[;jl
Ao acid Codon gh expressed genes ow expressed genes ARSCU
$H No. RSCU 4H No. RSCU $(H No. RSCU
Phe uuu 737 1.18 33 1.03 23 1.07 -0.04
uuc 507 0.82 31 0.97 20 0.93 0.04
Leu UUA ™ 612 1.60 34 1.98 20 1.21 0.77
UuG 514 1.35 27 1.57 25 1.52 0.05
cuu* 439 1.15 18 1.05 15 0.91 0.14
cuc 204 0.53 2 0.12 9 0.55 -0.43
CUA 347 0.91 17 0.99 18 1.09 -0.10
CUG 176 0.46 5 0.29 12 0.73 -0.44
lle AUU™ 831 1.34 41 1.45 33 1.04 0.41
AUC 463 0.75 21 0.74 27 0.85 -0.11
AUA 566 0.91 23 0.81 35 1.11 -0.30
val GUU ** 383 1.29 24 1.23 12 0.86 0.37
Guc 175 0.59 5 0.26 9 0.64 -0.38
GUA ™ 434 1.46 41 2.10 21 1.50 0.60
GUG 198 0.67 8 0.41 14 1.00 -0.59
Ser ucu 395 1.63 23 2.00 18 1.96 0.04
ucc* 236 0.97 12 1.04 8 0.87 0.17
UCA 305 1.26 9 0.78 10 1.09 -0.31
UcG 156 0.64 3 0.26 4 0.44 -0.18
AGU *** 268 1.11 18 1.57 9 0.98 0.59
AGC 95 0.39 4 0.35 6 0.65 -0.30
Pro ccu ™ 291 1.36 26 1.86 14 1.12 0.74
cce 195 0.91 11 0.79 9 0.72 0.07
CCA 249 1.16 16 1.14 16 1.28 -0.14
CCG 121 0.57 3 0.21 11 0.88 -0.67
Thr ACU ™ 337 1.44 30 1.97 8 0.82 1.15
ACC 188 0.80 16 1.05 12 1.23 -0.18
ACA 294 1.25 11 0.72 12 1.23 -0.51
ACG 119 0.51 4 0.26 7 0.72 -0.46
Ala GCU ™ 412 1.63 40 1.93 19 1.25 0.68
GCC 168 0.67 12 0.58 16 1.05 -0.47
GCA 286 1.13 21 1.01 15 0.98 0.03
GCG 142 0.56 10 0.48 11 0.72 -0.24
Tyr UAU 615 1.51 21 1.14 26 1.21 -0.07
UAC 199 0.49 16 0.86 17 0.79 0.07
His CAU 370 1.40 10 1.05 22 1.47 -0.42
CAC* 157 0.60 9 0.95 8 0.53 0.42
Gin CAA™ 552 1.40 23 1.59 10 0.77 0.82
CAG 235 0.60 6 0.41 16 1.23 -0.82
Asn AAU 662 1.47 34 1.31 36 1.31 0
AAC 241 0.53 18 0.69 19 0.69 0
Lys AAA ™ 779 1.42 27 1.69 45 1.32 0.37

AAG 320 0.58 5 0.31 23 0.68 -0.37
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HERH [ Sve 15 A H
AR T Genome High expression genes Low expression genes
Amino acid Codon ARSCU
#H No. RSCU #H No. RSCU #H No. RSCU

Asp GAU " 552 1.52 17 1.48 16 1.19 0.29
GAC 172 0.48 6 0.52 11 0.81 -0.29

Glu GAA 738 1.44 47 1.57 33 1.50 0.07
GAG 284 0.56 13 0.43 11 0.50 -0.07

Cys uGu " 195 1.35 8 2.00 10 1.43 0.57
UGC 94 0.65 0 0 4 0.57 -0.57

Trp UGG 371 1.00 23 1.00 13 1.00 0

Arg CGU ™ 235 1.10 24 2.32 11 0.73 1.59
CGC™ 86 0.40 6 0.58 4 0.27 0.31
CGA™ 284 1.33 15 1.45 18 1.20 0.25
CGG 134 0.63 3 0.29 14 0.93 -0.64
AGA 379 1.77 12 1.16 28 1.87 -0.71
AGG 167 0.78 2 0.19 15 1.00 -0.81

Gly GGU ™ 450 1.31 48 2.09 21 1.12 0.97
GGC 163 0.47 10 0.43 9 0.48 -0.05
GGA 501 1.45 24 1.04 30 1.60 -0.56
GGG 264 0.77 10 0.43 15 0.80 -0.37

VE: *, ARSCU = 0.08; #+ , ARSCU = 0.3; ##+ , ARSCU = 0.5, RiMii# 7 (I RSCU > 1) FiI T RIZkhritt; OLBT T Iz,

Notes: High frequency codons are underlined (RSCU > 1) ; optimal codons are in bold.
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Fig. 4 Phylogenetic tree of 12 Proteales species based on chloroplast genomes
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