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Abstract: The characteristic of codon usage in mitogenome of wild and cultivated soybean was studied and compared to

explore the main factors affecting codon usage bias and codon evolution. The results were as follows: (1) The GC content

in the coding region of mitochondrial genome of cultivated soybean and wild soybean was 44.56% and 44.58% , respec-
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tively, which indicated that the coding sequences of soybean mitogenome was rich in A/T base. (2) PR2-plot analysis

showed that the third base of codon usage was biased, where pyrimidine was used more frequently than purine; Ne-plot

analysis revealed that the number of genes with Nc ratio in the range of —0.1-0.2 accounts for more than 95% of the total

number of genes. The above-mentioned results showed that the multiple factors such as mutation and selection affected

the formation of codon usage bias in soybean mitogenome. GC1 and GC2 value was significantly correlated with GC3,

suggesting that codon bias in the mitogenome of cultivated and wild soybeans was mainly affected by mutation. (3) In

addition, 20 and 21 codons were identified to be the optimal codons for the mitogenome of cultivated and wild soybeans,

with most of the preferred synonymous codons ending with A or T base. The formation of mitochondrial codon bias of cul-

tivated soybean was more affected by selection than that of wild soybean, which may be the result of long-term artificial

cultivation and domestication of cultivated soybean.
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GC contents of different positions of codon in

Table 1
Glycine mitogenome ( Unit: % )

il

Species

GCall GCeds GCl1 GC2 GC3

e ipNE) 45.03  44.56 4827  43.76  41.64

G. max

L2 NS 45.03  44.58 4831  43.52  41.92
G. soja

e EE KA K Ne 5 GC3 3 5l 2 B
ER I E A OC, 5 GC1 Al GC2 M AH G PESY
ATk B E KT, Uk B LR R 4 5 56 PR 2% 08 75 3
7 I P B 2 1l 0 28 ) - e P S e R, R AR
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Table 2 Correlation of main parameters of gene codons in Glycine mtDNA

KT G max

L2 e NI
G. soja
GCl1 GC2 GC3 Ne GC3s L_aa GCeds Gravy CAI CBI Fop
GCl1 - 0.125 0.187 0.136 0.204 0.176 0.571 %% -0.239 * 0.094 0.034 0.029
GC2 0.226 * - 0.247 % -0.126 0.272 % -0.063 0.680 =+ -0.105 0.170 0.408 #x  0.449 *x
GC3 0.292 = 0.226 * - 0.264 = 0.989 #xx —0.301 *x 0.766 ** —0.222 * 0.078 0.564 xx  0.566 *x*
Ne 0.124 0.104 0.398 =% - 0.267 = 0.056 0.144 -0.214 -0.137 -0.009 0.008
GC3s 0.298 = 0.234 =* 0.992 =% 0.410 *x* - =0.303 ** 0.780 *x —0.264 * 0.077 0.584 = 0.588 =
I._aa 0.181 -0.060 -0.225 * 0.042 —0.228 = - -0.143 0.190 -0.116 —0.308 #x —0.295 =
GCeds 0.684 s 0.683 %k 0.748 #%  0.308 *x  0.750 ** —0.068 - -0.276 * 0.166 0.536 % 0.555 #:*
Gravy -0.152 -0.210 -0.322 %% -0.124 —0.348 =% 0.220 * —0.330 == - 0.311 =% 0.017 -0.095
CAl 0.182 -0.104 -0.007 0.104 -0.010 -0.028 0.025 0.232 = - 0.564 #x  0.564 *x
CBI 0.193 0.279 * 0.455 =% 0.273 * 0.478 #* —0.165 0.449 =+ -0.104 0.435 =% - 0.976 =#x*
Fop 0.169 0.327 #x  0.474 %% 0.290 **x  0.499 xx —-0.171 0.471 =% —0.245 * 0.458 =% 0.966 *x -
W o# o« AE 0.01 K LR A « . £ 0.05 /KF L AEC,
Note: One asterisk ( # ) and two asterisks ( * * ) indicate correlations at 0.05 and 0.01, respectively.
0.7r
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A. G. max; B. G. soja. GC12 means average GC content of the first and the second position of these codons, GC3 means the GC content of the

third position of codons.
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Neutrality plot analysis of the effect of base composition on codon bias
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A. Glycine max; B. G. soja. Nc indicates effective number of condon; GC3s indicates the GC content of the third position of synonym codons.
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Fig. 2 Nc-plot analysis on mitochondrial gene in Glycine
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Table 3  Distribution of Nc ration

L2255/ IS A BFREL
Glycine soja G. max
ag P
Class boundary ) "' LM iR LR R
value
Gene  Freque- Gene  Freque-
number  ncy number  ncy
-0.20~0.10 -0.15 1 0.012 1 0.013
-0.10~0 -0.05 19 0.235 16 0.2
0~0.1 0.05 41 0.506 42 0.525
0.1~0.2 0.15 20 0.247 20 0.25
0.2~0.3 0.25 0 0 1 0.013
S Total 81 1 80 1
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Fig. 3 PR2-plot analysis on mitochondrial gene in Glycine
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al., 2005) . H1 T H: B A ARGk ST Y A i 5T 35t 1%
17 B W 2R A 5 PR 20 IR 7 45 78 W R (8] 5 4 6 5
FNy A AL 5 O T B AT AN (R, S LA
PR R A 5 IR 7 8 05 il B X i 22 5=, T
LA B A% A W) A A A A B O 1 7 L A,
WFFE LML AR 2 B A fefT TP E 7T LS4 b 1 i 4k
7 A DR 2 1) R A e R S TR PR R

[Fi) S 0t 4 £l i 2 1 e 0 o 400 s e 7Y
SR TR LIk o O 4 1 0 T2 gl ) & A AR R
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Table 4 Relative synonymous codon usage of mitochondrial genes in Glycine

BHIEEKRE G. max WA KRE 6. soja
Amino acid - Godon IR kA Rk SR SRS LY Sl
Genome High experssion Low experssion Genome High experssion Low experssion
Phe/F TTT * 1.086 1.103 1.000 1.128 1.000 0.889
TTC 0.914 0.897 1.000 0.872 1.000 1.111
Leu/L TTA * 1.248 1.552 1.100 1.230 1.367 0.804
TTG 0.996 1.007 1.050 1.050 1.063 1.237
CTT = 1.362 1.385 1.300 1.398 1.557 1.361
CTC 0.804 0.671 1.150 0.792 0.570 1.237
CTA 0.936 0.671 0.800 0.888 0.835 0.804
CTG 0.654 0.713 0.600 0.642 0.608 0.557
Tle/1 ATT * 1.254 1.514 1.017 1.221 1.387 1.109
ATC 0.885 0.943 1.220 0.924 0.903 1.043
ATA 0.861 0.543 0.763 0.855 0.710 0.848
Val/V GTT = 1.208 1.278 1.254 1.156 1.151 1.018
GTC 0.852 0.722 0.836 0.836 0.822 1.309
GTA =* 1.024 1.333 1.075 1.000 1.370 1.018
GTG 0.920 0.667 0.836 1.008 0.658 0.655
Ser/S TCT 1.368 1.477 1.455 1.338 1.422 1.620
TCC = 1.140 1.385 0.864 1.140 1.378 1.051
TCA 1.134 1.200 1.227 1.104 1.067 1.226
TCG 0.774 0.554 0.864 0.840 0.622 0.745
AGT 0.900 0.738 0.727 0.900 0.978 0.657
AGC 0.684 0.646 0.864 0.678 0.533 0.701
Pro/P CCT = 1.452 1.928 1.014 1.448 2.089 1.0625
ccc 0.908 0.530 0.732 0.888 0.578 1.000
CCA 1.012 1.012 1.352 1.024 0.889 1.125
CCG 0.628 0.530 0.901 0.640 0.444 0.8125
Thr/T ACT = 1.348 1.556 1.120 1.300 1.449 1.302
ACC 1.072 0.500 1.360 1.048 0.464 1.302
ACA * 1.060 1.278 1.040 1.096 1.449 1.116
ACG 0.520 0.667 0.480 0.556 0.638 0.279
Ala/A GCT =* 1.504 2.025 1.500 1.456 2.085 1.222
GCC 0.996 0.642 0.714 1.040 0.563 0.889
GCA 0.928 0.790 0.929 0.936 0.958 0.778
GCG 0.572 0.543 0.857 0.568 0.394 1.111
Tyr/Y TAT 1.440 1.500 1.600 1.426 1.405 1.333
TAC 0.560 0.500 0.400 0.574 0.595 0.667
His/H CAT = 1.348 1.257 1.100 1.324 1.257 1.364
CAC 0.652 0.743 0.900 0.676 0.743 0.636
GIn/Q CAA * 1.244 1.421 1.059 1.288 1.318 1.091
CAG 0.756 0.579 0.941 0.712 0.682 0.909
Asn/N AAT = 1.286 1.375 0.950 1.276 1.235 0.971
AAC 0.714 0.625 1.050 0.724 0.765 1.029
Lys/K AAA 1.168 1.127 0.903 1.168 1.228 1.148
AAG 0.832 0.873 1.097 0.832 0.772 0.852
Asp/D GAT = 1.258 1.389 1.200 1.234 1.450 1.286
GAC 0.742 0.611 0.800 0.766 0.550 0.714
Gluw/E GAA = 1.314 1.467 1.414 1.278 1.381 1.320
GAG 0.686 0.533 0.586 0.722 0.619 0.680
Cys/C TGT = 1.154 1.043 1.000 1.154 1.412 1.200

TGC 0.846 0.957 1.000 0.846 0.588 0.800




7 JE ) AT AR R A K T R AR Rk DR 4 3 B (07 FH i 1 1) LE 50 A 933
gxk4
KT G max A KT 6. soja
R AR
Amino acid - Codon A mAAA ek S mAkgl fEFesl

Genome High experssion Low experssion Genome High experssion Low experssion

Arg/R CGT = 0.906 0.975 0.857 0.900 1.091 0.835

CGC 0.672 0.525 0.980 0.684 0.682 0.911

CGA 1.158 1.275 1.163 1.164 1.159 1.139

CGG 0.846 0.825 0.735 0.804 0.955 1.063

AGA = 1.446 1.800 1.163 1.446 1.432 1.215

AGG 0.972 0.600 1.102 1.002 0.682 0.835

Gly/G GGT = 1.216 1.846 0.928 1.168 1.746 1.100

GGC 0.624 0.308 0.812 0.616 0.282 0.700

GGA = 1.316 1.231 1.217 1.324 1.296 1.200

GGG 0.848 0.615 1.043 0.892 0.676 1.000

H: * 7/8 ARSCU=0.08 H RSCU =1,
Note: #* indicates ARSCU=0.08 and RSCU value =1.

R SRR BE D 20 56 3 57 B 65 1D I 1 FH A B
T B AL ( Zhou et al., 2008 ; i B FE4E | 2011 ;{4
A 2017 5 SR e 55, 2019) o 15 2ok i L R
AL, KR A 35 TR e A 2 1 —F 4 1 2 4 UCC
GCC(5KIRAE,2011) | W58 T K 5B A% 36 R A2 kr
AR 3 R 7 2 s 7 vk i 22 5% H BB TRL R 1)
B TR v, A He A A M, i B A A A
NIt SIS TR N S R S ok L e b
A, 30 B A RS RN A R G I ) SOk R TR 4l
I EER T 16 A (4 WI%F,2019) , HEW X IfHE
B AR, T2 A ) 4R 1R 3 TR 4 36 58 2R G e it A
PRSFVER AT, v 55 X JHE Al 5 55 A ) 1 2 A4 2%
AT RN 5T 5 15 B 24538, iR Ak S
AIRE T 2 4 55— 9% 45 #4 AH OC ( Chaney et al.,
2017) , Fi FEBLAR %) 4 400 400 G 55 A 1 R & (eyto-
plasmic male sterility, CMS) & 4= B¢, 41 it 5 I 1
ARBERELESLRBKRERNANELE ALK
(Tang et al., 2017) , i B £ LR (A JE R 2 rh
20 6 M R B R I CW-0r307 5 H 2R 1A
SN 4 % RS F I 4 B TR TR, TCT, CCT,
ACA TTT HI CAT &5 78 £ b A4 5 [ 41 v 9 DA % 1
B T AE CW-orf307 FE PR 5 i FH 950 26 9 A
B B R T CW-orf307 4 19 IR (4 NI &
2019) , [HEFAE R 0 AH G OO i 75 X L2 kL
AL R 2L Hp 110 40 5 PR AN B R TR TR A T 2 T4y

Br)e A REBE o AT T8 i 70 A BB A R A
AR TR SRR S [A] 2 4 1) DR A4 %85 ) 1 (0 P
Ak, KA B T Bk — 25 IR X R L AL ) B ok iR
FNFRIE R G HLE

SEH:

CHANEY JL, STEELE A, CARMICHAEL R, et al., 2017. Wide-
spread position-specific conservation of synonymous rare
codons within coding sequences [J]. PLoS Comput Biol, 13
(5): el005531.

CHANEY JL, CLARK PL, 2015. Roles for synonymous codon
usage in protein biogenesis [ J]. Ann Rev Biophys, 44(1):
143-166.

CHANG S, WANG Y, LU J, et al., 2013. The mitochondrial
genome of soybean reveals complex genome structures and
gene evolution at intercellular and phylogenetic levels
[J]. PLoS ONE, 8(2) :e56502.

FU JM, SUO YJ, LIU HM, et al., 2017. Analysis on codon
usage in the chloroplast protein-coding genes of Diospyros
spp- [J]. Nonwood For Res, 35(2): 38—44. [ fHa4, &
i, XU, A, 2017, FliE AP SR AR 5 A A
RS IR (1], Ze5eMBIE5T, 35(2) :38-44.]

GALTIER N, NABHOLZ B, GLEMIN S, et al., 2009. Mito-
chondrial DNA as a marker of molecular diversity: A reap-
praisal [ J]. Mol Ecol, 18(22) ; 4541-4550.

GIEGé P, SWEETLOVE LJ, COGNAT V, et al., 2005. Coor-
dination of nuclear and mitochondrial genome expression
during mitochondrial biogenesis in Arabidopsis [ J]. Plant
Cell, 17(5) . 1497-1512.

GRANTHAM R, GAUTIER C, GOUY M, et al., 1980. Codon
catalog usage and the genome hypothesis [ J]. Nucl Acid



934 OO0 M W

40 %

Res, 8(1): 49-62.

HANSON G, COLLER J, 2018. Codon optimality, bias and
usage in translation and mRNA decay [ J]. Nat Rev Mol Cell
Biol, 19(1): 20-30.

JIN G, WANG LP, LONG LY, et al., 2019. Analysis of codon
usage bias in the mitochondrial protein-coding genes of Oryza
rufipogon [ J]. Plant Sci J, 37(2): 188-197. [ 4&:HI, L7F
M, ez, 55, 2019, B A R LR A 1 g ) A
P RS TR AT [J]. AR, 37(2)
188-197. ]

KONG FN, SUN PP, CAO M, et al., 2013. Complete mito-
chondrial genome of Pyropia yezoensis: reasserting the
revision of genus Porphyra [ J]. Mitochondrial DNA, 25(5) .
335-226.

LI P, LIU YT, ZHAO ZX, et al., 2019. Study on the origin of
CMS gene and DNA barcode for oryza based on rice mito-
chondrial atp6 gene [ J]. J Yunnan Agric Univ ( Nat Sci
Ed), 34(4): 555-563. [ 4°F, XUHMERE, & A4l %%,
2019. FETIKFERLMIIR aip6 HE K R JE CMS JE PR I K
DNA FIEHIINITE [J]. s fOll ek (AR
34(4) :555-563.]

LI YQ, ZHAO HK, TAN H, et al. 2011. Analysis and compari-
son on characteristic of mitochondrial genome of eight plants
[J]. Biotechnol Bull, (10):156-162. [ Z=E®k, X b4,
w45, 2011, )\ FMEZR R SE R A S50 R A 5
LR [J]. AR, (10):156-162.]

LIU HM, WUYUN TN, DU HY, 2016. Analysis of
characteristic of codon usage in Ref gene of Eucommia ul-
moides [J]. J Cent S Univ For & Tech , 36(3) :8—12. [ X
B, BRI, LS, 2016, A4 Ref B PH B0 T
GFEIIHT [1]. TPl B R 241, 36(3) :8-12.]

MAZUMDAR P, BINTI OTHMAN R, MEBUS K, et al.,
2017. Codon usage and codon pair patterns in non-grass
monocot genomes [ J]. Ann Bot, 120(6) : 893-909.

NONG QD, ZHANG MY, JIAO ZL, et al., 2019. Cloning and
potential application analysis of mitochondrial cytochrome b
gene in dragon fruit [ J]. Mol Plant Breeding, 17 (13):
4194-4203. [ R4, sk, SEIER], 4%, 2019. kJesR
LRI R b KL DA v b S N T 1 40 #r [0, 43
FHEMIE R, 17(13) :4194-4203. ]

PUIGBO P, BRAVO IG, GARCIA-VALLVE S, 2008. CAlcal ;
a combined set of tools to assess codon usage adaptation
[J]. Biol Direct, 3.38.

QIU S, ZENG K, SLOTTE T, et al., 2011. Reduced efficacy of
natural selection on codon usage bias in selfing Arabidopsis
and Capsella species [ J]. Genome Biol Evol, 3. 868—880.

ROGER AJ, MUOZ-GSMEZ SA, KAMIKAWA R, 2017. The
origin and diversification of mitochondria [ J]. Curr Biol,
27(21): R1177-R1192.

SAJJAD A, LATIF KA, AHMED AH, et al., 2018. The first
complete mitochondrial genome of wild soybean ( Glycine
soja) [J]. Mitochondrial DNA Part B, 3(2) :527-528.

SUEOKA N, 1999. Translation-coupled violation of Parity Rule

2 in human genes is not the cause of heterogeneity of the

DNA G+C content of third codon position [J]. Gene ( Am-
sterdam) , 238(1): 1-58.

SUEOKA N, 1988. Directional mutation pressure and neutral
molecular evolution [ J]. Proc Natl Acad Sci USA, 85(8):
2653-2657.

SUN Z, WAN D, MURPHY RW, et al., 2009. Comparison of
base composition and codon usage in insect mitochondrial ge-
nomes [ J]. Genes Genom, 31(1) :65-71.

TANG H, XIE Y, LIU YG, et al., 2017. Advances in under-
standing the molecular mechanisms of cytoplasmic male ste-
rility and restoration in rice [ J]. Plant Reprod, 30 (4):
179-184.

WANG B, LIU J, JIN L, et al., 2010. Complex mutation and
weak selection together determined the codon usage bias in
bryophyte mitochondrial genomes [J]. J Integr Plant Biol,
52(12); 1100-1108.

WANG L, XING H, YUAN Y, et al., 2018. Genome-wide
analysis of codon usage bias in four sequenced cotton species
[J]. PLoS ONE, 13(3): e0194372.

WEI L, HE J, JIA X, et al., 2014. Analysis of codon usage
bias of mitochondrial genome in Bombyx moriand its relation
to evolution [ J]. BMC Evol Biol, 14(1) : 262.

WEI SJ, LI Q, VAN ACHTERBERG K, et al., 2014. Two mi-
tochondrial genomes from the families Bethylidae and Mutilli-
dae; Independent rearrangement of protein-coding genes and
higher-level phylogeny of the Hymenoptera [ J]. Mol Phylo-
genet Evol, 77:1-10.

WRIGHT F, 1990. The ‘effective number of codons’ used in a
gene [J]. Gene, 87(1): 23-29.

XIA YL, 2003. The study on mitochondrial genome of B. man-
darina in China [ D]. Chongqging: Southwest Agircultural
University: 2-10. [ EEF, 2003, 7 [E 5 Z A Lh A 3L X
AT [D]. WP PERIRLR: 2-10.]

YUAN XL, LI YQ, ZHANG JF, et al., 2019. Analysis of codon
usage bias in the chloroplast genome of Dalbergia odorigera
[J]. Guihaia; 1-9 [2019-11-20]. https://kns.cnki.net/
kems/ detail /45. 1134. Q. 20190918. 1651. 1008. html. [ Jiit ¢
Je, ZRE, kg, 45, 2019, B BRI SRR SRR 41
BT L)) VAR 1-9 [2019-11-
20 ]. https://kns. cnki. net/kems/detail/45. 1134. Q.
20190918.1651.1008.html.

ZHANG L, JIN LG, LUO L, et al., 2011. Analysis of nuclear
gene codon bias on soybean genome and transcriptome
[J]. Acta Agr Sin, 37(6) : 965-974. [ 3Kik, 4o, %
e, A, 2011, K5 HE DRI IV SR 2 AR A%k PR 4 B 3l
Tt vkt [1]. 19, 37(6) :965-974. ]

ZHOU M, LI X, 2009. Analysis of synonymous codon usage pat-
terns in different plant mitochondrial genomes [ J]. Mol Biol
Rep, 36(8) : 2039-2046.

ZHOU M, LONG W, LI X, 2008. Patterns of synonymous
codon usage bias in chloroplast genomes of seed plants

[J]. Fores Stud China, 10(4): 235-242.

(RfERE k)



