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Abstract. The mitochondrial genome of Oryza rufipogon Griff. was used to analyze the codon
usage characteristics of protein-coding genes and the differences with Asian cultivated rice
(0. sativa L.), and to explore the influencing factors of codon usage bias and codon
evolution. Results showed that the effective number of codons (Nc) ranged from 45.32 to
61.00, indicating that codon bias was weak. GC content at the three codon positions was
49.18%, 42.67%, and 40.86%. The Nc value was significantly correlated with GC, but not
with GC, or GC,, suggesting that base composition at the third codon position had a greater
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effect on codon bias. In the corresponding analysis, the first axis showed 9.91% variation and
was significantly correlated with GC,,, Nc, CBI, and Fop. Furthermore, GC,, showed non-
significant correlation with GC,. Codon bias in the mitogenome of O. rufipogon was mainly
affected by natural selection. In addition, we identified 21 optimal codons, with most of the
preferred synonymous codons ending in A or T. The mitochondrial codons showed convergent
evolution with Oryza chloroplast codons, but different preferences with the nuclear genome.
Based on neutrality plot analysis, PR2-plot analysis, and RSCU analysis, we found no
significant differences among the three Oryza species. Our results also confirmed homogeneity
in mitochondrial codon usage among the three Oryza species.
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D i, X 3 TP A A M A 35 IR 4 4% G 1 1 A
Nc fHly 456.32 ~ 61.00( % 1), {345 4 ffd o7 i 1k
AREHIKEEN CW-orf307 1 NI BT A H: K Ne i
KT 45, AT LUK WT 30 BB A e ok Ak 3 R 2 1 1
TPER S5, Hoh orf153, orf176. orf152a. rps7
44~ FEF M) Ne {58 61, 2B H A SC3RS 1 1) fif
FHS A R . ros13 2RE Ne {Ef/), HEUE
 45.32, 4T HEE AN B ARG CW-0rf307
1 LEH LR MEHEEEN GC 248K Nc &

Table 1 GC content and Nc value of 39 gene
codons from Oryza rufipogon mitochondrial genome

L GC (%) N
Gene GC, GC, GC, GCy ¢
orfX 4333 4185 4407 43.09 55.07
orf187 4734 4255 4521 4504 54.06
orf194 4923 5026  47.69  49.06  46.81
ps3 4545 4129 4375 4350 58.83
nad3 4423 4103 3718 4081 56.64
rps12 5476  47.62  26.98 4312  49.66
ps2 46.90 4050 39.46 4229 57.05
atp6 4556 3462 3580 3866 52.48
orf153 4156 4610 4156  43.07 61.00
rps13 51.28  41.88  20.06  40.74 4532
rps4 4079 4079  37.11 3957  52.71
orf176 57.63 5198 4294 5085 61.00
atp9 4766  48.44  39.84 4531 57.40
cox3 5267 4555  36.30 44.84 55.27
orf25 4596 4091 37.88 4158 59.99
orf152a 49.67 4575 5350 4967 61.00
ros7 50.34 4094  36.24 4251  61.00
orf490 51.32 4134 3503 4257 53.28
orfB 33.97 3718 4487 3868 58.20
orf181 4286 4066  40.66 4139 55.78
nadé 4175  36.89 4078  39.81 53.62
cemC 46.80 4772 3278 4246  47.15
orf183 54.80  40.76  35.87  43.84 54.63
orf173 4598 4713 5460 4923  51.91
nad9 50.79  41.88 3298 4188 54.34
atp1 56.67 4137 3490 4431 52.71
CW-orf307 54.22 4416 4318 4719  58.47
orf160 52.80 34.16 4224 4306 54.07
cox2 51.34  39.08 3295 41.12  49.14
oI5 47.62 3175 4286  40.74 53.57
cox1 4613 4190 3741 4181 56.11
orf284 53.68  35.44 4491 4468 58.31
orf165 4337 4940 4578  46.18  52.54
Cemfn 50.42 4924 4151  47.06 57.48
rps1 49.71 3873 39.88 4277 50.53
mat-r 52.81 4385 5751 5139 56.99
Cob 50.75 4121  33.67 4188 56.63
rf241 49.17  40.08  43.39 4421 51.06
rpl2 5485 51.88 4416 50.30 57.44

) GC,. GC, il GC, 1l 734K 54.22% . 44.16%
F143.18%, HA K T3 38 1 A= A 39 > e i 44 4
IEEE 1, %52, 45 341 GC &,

GC, 4 GC,. GC, X5 GC, ) & M i E HM]
Kt (F£2), GC,. GC, 1 GC,HIH. [l Ay AH K
PR, RUEMTFHE 1, 82, 5 3 Mr6
HEAMAZS, Ne HILS GC, 2R EFMX, 5
GC, il GC,MAHCHEII A 2, RT3 3 17
(R I 2 0T 2 A T 1 S e A, TSR 1, 58 2
AV OB 2 BT LR 5

%2 FTEMETBTF GC EBMAEMEST

Table 2 Correlation analysis of codon
GC content at different positions

Paiﬁter GC, GC, GC, GCy
GC, 0.161
GC, -0.154 0.235
GCq 0.642**  0.701*  0.508*
Nc 0.339* 0051  -0.054 0.215

T * FORTE 0.05 K- ORI b RERISG; #+ FIRTE 0.01 K
SR b EAEDG, R,

Notes: * significant difference at P < 0.05; =# significant
difference at P < 0.01. Same below.

2.2 PR2-plot 4%

AHFFE K PR2-plot 20 #7, Fbig 1 3 i B A=
FERITE UM S 355 e CRERR . MDA ) 2 4 5 1R 2 45 G
T R 4 AR SE AL ALY = BRARBE F25 3 {0
WE(T A1 C) AKIZERS (A 1 G) Z IR (K 1),
SEIRARUA 5 3m A R A N AR By R AE PR2-plot
S3HT R B AR R B A AR SR — B, ARSI T
ST 4 AN, A A0 B EAS B R OGS
Kl CW-orf307 TEN B Z B R o A T AT 7, B
WIHAE B 155 3 e v T B R = T A,
mEREH C BRI R & T G, R A9 FH AR
1o RS (o Pl e 5 4 32 9878 e 5%
MRk, S EA/T K G/C M B RA %, A
WFFE T 4 P RN, BR 3 FhAs s A
LA R - 10 ol FH A 4P 7 52 9 728 PR 25 Ml 14 )
B, A2 3 3 SRR ) A8 A R 2R A5
2.3 HHELELSH

SRy WP 3 2 BOXT 25 A M PR T s, A
AT 2 B i (1 2) . e F i E s, 34>
et Jag AL ) 1) A B A A A A — B, [ R B (R
) 4391k 0.0564 , 0.0472 F10.0659,



192

(ER7R e 1

%537 %

1
L]
"'_'m 05 ¢ *°? 2
§ [J oy ) ° A J
< :o. -e o
0
0 0.5 1
G,/(G,+C;)
1
.
[y
+ « 2
< 0.5 DT ]
: LA 4 .oé'?-.
o .
<<
0
0 0.5 1
G,/ (G, +Cy)
1.00
y =0.0564x + 0.431
R?=0.0093
S 0.50 e
O] ’0_%?%6%@0__—0—
0
0.50 1.00
GC,

1.00

0.50

GC12

¥ = 0.0659x + 0.4291
R =

0.0134

O
Orep

0.50
GC,

1.00

1
B
[ ]
? Or
205 A LR
< . Bl o
0
0 0.5 1
G,/(G;+Cy)

A TEBFERT; B: AIRG; C. HEAE,
A. Oryza rufipogon; B. O. sativa subsp. indica; C. O. sati-
va subsp. japonica.
E1 ZHEEEP=REZHFEIMEREES
R0 2 B B8 X 4% PR2-plot 4347
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Fig. 2 Neutrality plot analysis of the effect of
base composition on codon bias
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TEE, Z5RRH, W R G s (e R 7
ARAEXTAE AR, 0 BH I AL PR (10 8 A -l AR A X
—H(E 3), EWEEAEEES T Axis1 72
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Table 3 Correlation among main parameters of gene codons in O. rufipogon mtDNA

Pafr?:iter Axis2 Axis3 Axis4 Nc GCyq L_aa GC, Gravy CAl CBI Fop
Axis1 0.008 0.001 -0.006 -0.443*" -0.879™ -0.119 -0.588*" 0.049 -0.090 -0.405" -0.432"
Axis2 -0.005 -0.008 -0.353* 0.061 -0.127 0.242 0.107 0.129 0.228 0.233
Axis3 -0.003 0.096 -0.166 0.138 0.030 0.190 0.228 0.048 -0.071
Axis4 -0.163 -0.205 -0.042 -0.174 0.122 0.054 -0.386" -0.354*
Nc 0.349~ 0.160 0.220 0.090 0.047 0.172 0.195
GCjyq 0.141 0.661* —0.073 -0.072 0.558™ -0.548*"
L_aa 0.203 0.074 -0.105 0.049 0.046
GCa -0.258  -0.026  0.390*  0.431*
Gravy 0.211 -0.013 -0.197
CAl 0270  0331°
CBl 0.949 **
067
& WPIREEST SRV
Respiratory complex V
041 . ™ g F
+ ? x Cytochrome csynthase
S 02 toao A WPIREES 0 |
5 . o . Respiratf)ry complex 1
= oS x XX§ . X"‘ + % X HpkhEA )
N . . x LA Ribosomal protein
| 02 Xy X WP T £ AT
" Respiratory complex 11
041l . O MR EEE ARV
Respiratory complex [V
06 + FAth A i JE

-0.6 -0.4 -0.2 0 0.2
14l Axis 1

04 06 Other protein-coding genes

3 ETLEFABENEER RSCU EHIXT RS
Fig. 3 Corresponding analysis based on RSCU in O. rufipogon mtDNA
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Table 4 Relative synonymous codon usage of mitochondrial genes in Oryza

[7i) SCA RS ARG E/ T e RSCU/Number

IR RATES VRS IS W ERE O, rufipogon
Amino acid Codon O. sativa subsp. . sativa subsp. P4 | el
Japonica indica Genome High expression Low expression
TTA* 1.2777/342 1.2898/342 1.2598/236 1.6154 0.8000
TG ™ 1.2403/332 1.2370/328 1.2544/235 1.4615 1.2000
Low/L CTT 1.2814/343 1.3011/345 1.2758/239 1.2308 2.0000
CTC 0.721/193 0.7014/186 0.7473/140 0.6923 0.4000
CTA 0.8219/220 0.8297/220 0.7527/141 0.3077 0.9333
CTG 0.6575/176 0.6411/170 0.7100/133 0.6923 0.6667
ATT* 1.2731/460 1.2778/460 1.2090/322 1.4143 0.8571
lle/1 ATC 0.8413/304 0.8361/301 0.8711/232 1.0286 1.0286
ATA 0.8856/320 0.8861/319 0.9199/245 0.5571 1.1143
GTT™ 1.2711/279 1.2754/279 1.2798/207 1.3023 1.0667
GTC 0.7608/167 0.7543/165 0.7357/119 0.8372 0.8889
valrv GTA™ 1.0387/228 1.0514/230 1.0572/171 1.3023 1.0667
GTG 0.9294/204 0.9189/201 0.9274/150 0.5581 0.9778
TCT* 1.3083/292 1.3085/287 1.3642/211 1.5584 1.4737
TCC* 1.0690/235 1.0714/235 1.0086/156 1.0909 0.6316
TCA 1.1645/256 1.1763/258 1.1703/181 1.4805 1.4737
ser/s TCG 0.7915/174 0.7979/175 0.8276/128 0.7013 0.6316
AGT 0.9780/215 0.9939/218 0.9763/151 1.0130 1.0526
AGC 0.6687/147 0.6520/143 0.6530/101 0.1558 0.7368
CCT* 1.2293/252 1.2338/252 1.1150/160 1.2364 1.0476
CCC 0.9512/195 0.9547/195 0.9617/138 1.0182 0.9524
Pro/P CCA™ 1.2098/248 1.2093/247 1.2753/183 1.4545 1.1429
CCG 0.6098/125 0.6022/123 0.6481/93 0.2909 0.8571
ACT* 1.4374/267 1.4290/264 1.3933/186 1.5686 1.0857
ACC 1.0229/190 1.0230/189 0.9963/133 0.7059 15714
T ACA* 0.9637/179 0.9581/177 1.0337/138 1.2549 0.5714
ACG 0.5760/107 0.5900/109 0.5768/77 0.4706 0.5714
GCT* 1.5238/376 1.5034/374 1.4642/261 2.1600 1.7000
Ala/A GCC 0.8430/208 0.8473/208 0.8247/147 0.7200 1.0000
GCA 1.0213/252 1.0143/249 1.0603/189 0.4800 0.8000
GCG 0.6120/151 0.6151/151 0.6508/116 0.6400 0.5000
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[F) S i RH VA BE/ YK RSCU/Number
IR Hh T RS HIAE LR O. rufipogon
Amino acid Codon O. sativa subsp. 0. sativa subsp. S Bk (E3k41
Japonica indica Genome High expression Low expression
TAT* 1.426/313 1.4492/321 1.3657/211 1.5789 11111
vy TAC 0.574/126 0.5508/122 0.6343/98 0.4211 0.8889
His/H CAT™ 1.4763/265 1.4734/263 1.4015/185 1.9000 0.8889
CAC 0.5237/94 0.5266/94 0.5985/79 0.1000 1.1111
CAA™ 1.4218/332 1.4366/334 1.3539/241 1.6471 1.2381
Gin/Q CAG 0.5782/135 0.5634/131 0.6461/115 0.3529 0.7619
AAT 1.3068/328 1.3158/325 1.2732/254 0.9167 1.0303
Asn/N AAC 0.6932/174 0.6842/169 0.7268/145 1.0833 0.9697
AAA* 1.1605/376 1.1730/383 1.1217/295 1.1333 1.1667
Lys/K AAG 0.8395/272 0.8270/270 0.8783/231 0.8667 0.8333
GAT 1.3829/372 1.3870/362 1.3468/266 1.1429 1.1818
Asp/D GAC 0.6171/166 0.6130/160 0.6532/129 0.8571 0.8182
GAA* 1.3142/435 1.3272/436 1.2972/323 1.5610 1.0909
Glu/E GAG 0.6858/227 0.6728/221 0.7028/175 0.4390 0.9091
TGT™ 1.1528/132 1.1342/131 1.1266/89 1.5000 0.9231
Cys/C TGC 0.8472/97 0.8658/100 0.8734/69 0.5000 1.0769
CGT™ 1.0941/186 1.1209/190 1.0978/144 1.3548 1.1613
CGC 0.5765/98 0.5664/96 0.6557/86 0.4839 0.6774
CGA 1.1647/198 1.1858/201 1.1436/150 1.0645 1.2581
Arg/R CGG 0.7647/130 0.7316/124 0.7166/94 1.1613 0.5806
AGA 1.56353/261 1.5398/261 1.4943/196 1.1613 1.3548
AGG 0.8647/147 0.8555/145 0.8920/117 0.7742 0.9677
GGT 1.1446/289 1.1535/293 1.0841/203 1.0667 1.2308
Gly/G GGC 0.6059/153 0.5984/152 0.6195/116 0.0889 0.5128
GGA™ 1.3941/352 1.4016/356 1.4366/269 2.4000 1.4359
GGG 0.8554/216 0.8465/215 0.8598/161 0.4444 0.8205
TTT* 1.1638/547 1.1645/545 1.1514/365 1.0041 1.1429
Fhe/F TTC 0.8362/393 0.8355/391 0.8486/269 0.7059 0.8571
Met/M ATG 1.0000/380 1.0000/377 1.0000/242
Trp/w TGG 1.0000/247 1.0000/235 1.0000/181

. = " ARSCU = 0.08 H.RSCU fi= 1,
Note: * indicates ARSCU = 0.08 and RSCU value = 1.
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