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Abstract

Analyzing codon usage bias of WAG-2 gene in wheat three-pistil (TP) mutant may provide a basis for selecting
the appropriate host expression systems to improve the expression of target genes. In the present study, we
analyzed the codon bias of the complete coding sequence (CDS) of the WAG-2 gene in TP using Codon W
program, and compared the results with AGAMOUS (AG) group genes of other plant species. Results showed
that the WAG-2 gene in TP and other monocot AG group genes preferably used codons ending with G/C bases,
but Arabidopsis thaliana, Nicotiana tabacum, and other dicot crops were biased toward the synonymous codons
with A/T. The clustering results based on codon bias were consistent with those based on CDS of the AG group
genes, indicating that the difference in codon preference of AG group genes sequences was closely associated
with the genetic relationship of the species. The Euclidean distance coefficients of WAG-2 with 4. thaliana and
N. tabacum were 9.255 and 5.730, respectively, indicating that N. tabacum may be more suitable for the
expression of WAG-2. There were 37 codons showing distinct usage differences between WAG-2 and genome of
yeast, 23 between WAG-2 and Escherichia coli. Therefore, the E. coli was the superior protein expression system.
These results may improve our understanding of codon usage bias and functional studies of WAG-2.
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1. Introduction

Common wheat (Triticum aestivum L.) line three-pistil (TP) mutation is a novel mutant of flower development,
which was selected by Peng (2003) from the “tri-grain” wheat cultivar. The TP mutant stably carries three pistils
in a floret and shows three normal stamens, making it a valuable material in wheat flower development.

The wheat AGAMOUS (AG) ortholog WAG-2 is a C-class MADS-box gene. AG group genes play a central role
in floral organ differentiation, formation, and development. Studies on genetic structure, expression and function
of AG group genes have a potential application in seed plant breeding. Previous results using real-time PCR and
in-situ hybridization have revealed that WAG-2 might be associated with the development of pistil, ovule, and
stamen homeotic transformation into pistil like structures (Mizumoto et al., 2009). However, the specific
function of the WAG-2 gene in floral organs, especially in the development of the pistil and ovule, remains
unknown.

A total of 61 nucleotide codons are used to encode 20 amino acids and three codons to terminate translation. All
amino acids are encoded by two to six synonymous codons with the exception of Met and Trp. Codon bias refers
to the nonrandom usage of synonymous codons for encoding amino acids in organisms. After long term
evolution, species form a set of specific codons to survive. The phenomenon of synonymous codon usage bias is
widely observed in various species and genomes, even among different genes of the same genome (Ingvarsson,
2008; Liu, 2010). During the last few years, the synonymous codons usage in bacteria, yeast, and higher
eukaryotes has been extensively analyzed. Brinkmann, the first to systematically analyze codon bias of monocots
and dicot genes, has revealed that the codon usage between the chloroplast Gap” genes of maize and dicots is
largely differences (Brinkmann et al., 1987). Study of 207 plant gene sequences confirms that codon usage in
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nuclear genes differed between monocots and dicots (Murray et al., 1989). Compbell and Gowri (1990)
compared codon usage in the genomes of cyanobacteria, green algae, and higher plants. They found proteins
were encoded preferentially with codons ending in C or G in most cyanobacteria and the nuclei of green algae. A
clear distinction between dicot and monocot codon usage is evident that dicot genes use preferred codons with a
slight preference for codons ending A or U. Monocot codon usage is more restricted those ending in C or G. But
two classes of genes could be recognized in monocots, one set of monocot genes uses codons similar to those in
dicots, while the other genes are highly bias toward codons ending C or G. Grass genomes contain higher GC
content compared with other angiosperm families (Smarda & Bures, 2012). In coding regions, GC content and
G+C content in the 3rd codon position (GC3) in dicot exhibits a unimodal distribution, while it shows a bimodal
distribution in grass genomes (Guo et al., 2007). Qi (2015) found that A- and T-ending codons are preferential in
the plastid genomes of all 25 species from lower to higher plants. Recently, the force that influences the
evolution of codon usage bias has drawn extensive attention of scholars. In bacteria, highly expressed genes
appear to be under continuing strong selection, whereas selection is very weak in genes expressed at low levels
(Sharp et al., 2010). Mutational bias as dominating force shapes the variation in the codon usage among the
chloroplasts genes of pooid grass family (Sablok et al., 2011) and genes in Citrus and Poncirus trifoliata
(Ahmad et al., 2013). To date, a large number of plant genes have been cloned and sequenced, which draw
significant conclusions on their codon usage. Interest in higher plant codon usage has been heightened by the
recognition that monocots differ from dicots in codons used to encode proteins with the same function in
metabolism.

Codon usage bias within genes in a single species appears related to the level of expression of the protein
encoded by that gene. Codon bias is most extreme in highly expressed proteins of E.coli and yeast. Hoekema
(1987) reported that replacement of preferred codon by minor codons in the 5’ end of the highly expressed yeast
gene PGK1 resulted in a decreased level of both protein and mRNA. The bias codon choice in highly expressed
genes enhances translation and is required for maintaining mRNA stability in yeast. The degree of codon bias
may be a factor to consider when engineering high expression of heterologous genes in yeast and other system. If
the exogenous genes have too many rare codons of expression systems and the preference differences between
the exogenous gene and the expression system are significant, the transcription and translation levels of the
exogenous gene in the host would be decreased.

In the present study, the codon usage bias of the WAG-2 gene in TP was evaluated and compared with that of
other AG group genes. Our findings provide a basis for selecting appropriate receptor plants and protein
expression systems in WAG-2 gene functional studies.

2. Method
2.1 Sequence Data

Four WAG-2 gene transcripts, WAG-2I, WAG-2m, WAG-2n and WAG-20 (GenBank accession number:
KT188782-KT188785) were cloned in our laboratory. The length of cDNA of the WAG-2I, WAG-2m, WAG-2n
and WAG-2o genes are 1276 bp (coding for 273 amino acids), 1228 bp (274 amino acids), 1245 bp (275 amino
acids), and 1242 bp (276 amino acids), respectively. Nineteen other AG group genes cDNA sequences were
screened from the National Center for Biotechnology Information GenBank (http://www.ncbi.nlm.nih.gov/). The
GenBank accession numbers for WAG-2 and the 19 other AG group genes are listed in Table 1.

Table 1. The WAG-2 gene and other AG group genes

Gene Species Accession No. Gene Species Accession No.
WAG-1 Triticum aestivum AB084577 AG Sorghum bicolor XM 002454940
WAG-21 T. aestivum KT188782 PLE Antirrhinum majus S53900
WAG-2m T. aestivum KT188783 AG Arabidopsis thaliana X53579
WAG-2m T. aestivum KT188784 FBP7 Petunia hybrida X81651
WAG-20 T estivum KT188785 FBPI1 P. hybrida X81852
OsMADS3 Oryza sativa L37528 pMADS3 P, hybrida X72912
OsMADS58  O. sativa FJ750942 TAGI Solanum lycopersicum 126295

ZAGI Zea mays NM-001111851 BAG Brassica napus M99415
ZMM?2 Z. mays L81162 CAGI Cucumis sativus AF022377
HvAGI Hordeum vulgare AF486648 CAG2 C. sativus AF022378
HvAG?2 H. vulgare AF486649 NAG Nicotiana. tabacum L23925
MADS3 Brachypodium distachyon ~ XM_003565133
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2.2 Codon Usage Bias Analysis

Effective number of codon (ENC) can be used as a simple measure of codon bias in a gene, and is the best
estimator of absolute synonymous codon usage bias. ENC value is between 20 (when only a single codon is used
for each kind of amino acid, which means extreme preference) and 61 (when all available codons are used,
signifying no bias). Low ENC value indicates a strong codon usage bias (Wright, 1990). The sequences with
ENC values < 30 are highly expressed genes, whereas those with ENC values > 55 are poorly expressed genes
(Biro, 2008). In addition, the GC and GC3 content of WAG-2 and other AG group genes were calculated using
Codon W 1.4 programs (http://codonw.sourceforge. net).

To investigate the characteristics of synonymous codon usage of different amino acid compositions, we
calculated the relative synonymous codon usage (RSCU) values of 59 informative codons (excluding Met, Trp,
and the three termination codons) in each CDS of AG group genes according to Codon W 1.4. The RSCU value
was calculated by dividing the observed codon usage by the expected value when all codons for the same amino
acid are used equally (Yang et al., 2010). If all synonyms for that amino acid are used equally, the RSCU values
are close to 1.0, indicating a lack of bias. When the RSCU of a codon is more than 1.0, the codon has
high-frequency usage (Sau et al., 2006).

Codon usage frequency is a measure of codon usage differences between species. Ratios between 0.5 and 2.0
show that the biases of the two codons are relatively close. Ratios equal to or less than 0.5 and equal to or greater
than 2.0 indicate that the codon usages are different. Choosing a host is important in transgenic research, and
choosing the appropriate codons is one of the most vital factors that affect expression in hosts. If foreign genes
contain numerous rare codons that are incompatible with the expression system of the host, the result is
extremely low expression quantity or termination of translation, especially when rare codons are distributed
continuously.

2.3 Statistical Analysis

The comparison between RSCU value and 1.0 was performed with one-sample t-test. The differences of ENC,
GC, GC3 between monocot and dicot plants were calculated using Kruskal-Wallis test.

2.4 Clustering Analysis

First, we used the Euclidean square distance to conduct clustering analysis based on RSCU values of the WAG-2
and other AG group genes after data standardization. The formula used to calculate the Euclidean distance
coefficient (Dab) of codon usage bias between two genes a and b is as follows:

59
Dab = \/ T (RSCUi - RSCUBi)? (1)
1:

3. Results
3.1 Synonymous Codon Usage of WAG-2 Genes

The ENC, GC, and GC3 content of AG group genes were shown in Table 2. The synonymous codon usage of
four WAG-2 genes in TP was remarkably close. The ENC values of WAG-2I, WAG-2m, WAG-2n, and WAG-20
were significantly lower than 55 (41.54, 42.22, 41.71, and 41.78, respectively), suggesting that WAG-2 genes in
TP had moderate preference in codon usage and the expression levels were general. The GC content of WAG-2I,
WAG-2m, WAG-2n, and WAG-20 were 0.559, 0.554, 0.559, and 0.562, respectively, with a mean value of 0.558.
The GC3 content were significantly greater than 0.5 (average of 0.764), indicating that WAG-2 genes preferably
used G-ended or C-ended codons.

The RSCU values of 59 codons in four WAG-2 genes were analyzed. Given that the codon usage of the four
WAG-2 genes was highly consistent, only the average RSCU value was listed in Table 3. In the WAG-2I,
WAG-2m, WAG-2n, and WAG-2o0 genes, there were 23, 23, 24, and 24 codons, respectively, whose RSCU values
were significantly higher than 1.0 (p < 0.01). Therefore they are the optimal codons of the WAG-2 genes. In
addition to the GAT and CAT, the rest of the 21 codons preferably used G- or C-based endings. The faction and
frequency values of these codons were higher, which verified that the WAG-2 genes preferred the G or C ends.

3.2 Composition with Other AG Group Genes on Codon Usage Bias

Table 2 showed the codon usage bias of AG group genes in monocots and dicots. In monocots, the ENC values
of WAG-1 (T. aestivum), OsMADS58 (O. sativa) were slightly lower than 55 (53.36 and 53.80, respectively),
suggesting no obvious preference in codon usage. The ENC values in other monocots varied from 42.41 to 49.79,
with a mean value of 46.21, indicating that these AG group genes were moderately biased. The ENC values of
AG group genes in all monocot species were lower than 55, suggesting that the expression levels of AG group
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genes in these species were general. In dicots, only one AG group gene CAG/ (C. sativus) had lower ENC value
(47.35) than the other species. The ENC values in other species were relatively higher than 50 with a mean of
56.46, suggesting no obvious preference in codon usage and that the expression levels of AG group genes in
these species were poor.

Interestingly, the contents of GC3 (average of 0.7165) in monocots were significantly higher than those in dicots
(0.4649). GC contents in monocots (> 0.5) were different from those in dicots (< 0.5). In monocots, the average
percentage of G+C at the third position of the codon was the highest, reaching a maximum of 94.30%. However,
the contents of G+C and A+T in dicots were 69.46% and 62.25%, respectively.

Our results from the Kruskal-Wallis test showed that the ENC value were significantly different between
monocot and dicot plants (p < 0.05), exception for WAG-1 and OsMADS58. The GC and GC3 content in
monocot was significantly higher compared with dicot (p < 0.05). These results showed a significant difference
in G or C preference and in ENC, GC, and GC3 contents in both monocot and dicot plants. AG group genes
preferred C-ended or G-ended codons at the synonymous positions in monocots, whereas ending with A or T in
dicots.

Table 2. The ENC values and contents of GC for WAG-2 genes and other AG group genes

Gene ENC GC T3 C3 A3 G3 GC3

WAGI 53.36 0.514 0.1359 0.4674 0.2132 0.4892 0.725
WAG-21 41.54 0.558 0.1800 0.5000 0.1154 0.5051 0.780
WAG-2m 42.22 0.552 0.1894 0.4862 0.1202 0.5051 0.767
WAG-2m 41.74 0.558 0.1850 0.4900 0.1148 0.5176 0.779
WAG-20 41.78 0.561 0.1872 0.4828 0.1132 0.5149 0.776
OsMADS3 44.96 0.516 0.2241 0.4598 0.1854 0.4524 0.684
OsMADS58 53.80 0.509 0.2124 0.4495 0.2488 0.3673 0.617
ZAGI 49.79 0.542 0.1991 0.4769 0.1689 0.4524 0.710
ZMM?2 43.60 0.562 0.1458 0.5260 0.1310 0.4948 0.780
HvAGI 46.90 0.537 0.1941 0.5176 0.1356 0.4675 0.746
HvAG?2 46.89 0.517 0.1726 0.4762 0.2191 0.4491 0.695
MADS3 45.74 0.560 0.1852 0.5185 0.1294 0.4639 0.755
AG 46.12 0.554 0.1592 0.5025 0.1739 0.4462 0.734
PLE 56.66 0.452 0.3801 0.2954 0.2787 0.3663 0.493
AG 58.23 0.432 0.3591 0.3091 0.3591 0.2687 0.436
FTP7 56.11 0.428 0.3585 0.2186 0.3396 0.4049 0.468
FTPI11 51.31 0.427 0.3625 0.2313 0.3631 0.3675 0.443
PMADS3 57.88 0.426 0.3867 0.2928 0.3441 0.2965 0.437
TAGI 54.56 0.426 0.3520 0.2905 0.3817 0.3103 0.442
BAGI 61.00 0.443 0.3333 0.3228 0.3731 0.2697 0.447
CAGI 47.35 0.404 0.4268 0.2561 0.3652 0.2515 0.381
CAG2 51.52 0.395 0.3737 0.2273 0.4564 0.2278 0.345
NAG 53.08 0.423 0.3778 0.2833 0.3542 0.3146 0.440

Note. ENC, effective number of codon; GC, G+C content; GC3, G+C content in the 3rd codon position; A3, A
content in the 3rd codon position; C3, C content in the 3rd codon position; G3, G content in the 3rd codon
position; T3, T content in the 3rd codon position.

3.3 Comparison with Genomes of E. coli and Yeast on Codon Usage Frequency

The differences in WAG-2 codon usage in various hosts affect expression levels. Thus, codon preference must be
considered when genes are expressed in heterologous hosts. The usage frequencies of 64 codons in WAG-2 were
compared with those in E. coli and yeast (Table 4). We found that the number of codons with ratios > 2.0 and/or
< 0.5 were 23 in E. coli and 37 in yeast. This result suggested that the E. coli expression system may be superior
to the yeast expression system for WAG-2.

3.4 Clustering Analysis

Two types of common model plants, 4. thaliana and N. tabacum, are widely used in the study of plant gene
expression and function. To discover whether WAG-2 can be expressed efficiently in the two model plants, we
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conducted clustering analysis based on codon bias using the squared Euclidean distance method (Figure 1). The
Euclidean distance coefficients of the WAG-2 gene with A. thaliana and N. tabacum were 9.255 and 5.730,
respectively, which indicated that the codon usage bias between the WAG-2 and NAG genes was more similar
(Appendix A). Thus the N. fabacum may be more suitable for the heterogeneous expression system of the
WAG-2 gene. In addition, the resultant cluster was clearly classified in monocot and dicot clades according to
their codon usage bias. T. aestivum, H. vulgare, B. distachyon, O.sativa, Z. mays, and S. bicolor were included in
the monocot clade. The dicot clade consisted of A. thaliana, A. majus, and P. hybrid. Monocot genes were
subdivided into three clades. WAG-2, HvAGI, and MADS3 were clustered in one subclade. ZMM?2, AG (S.
bicolor), and OsMADS3 were attributed to another subclade. OsMADS58, ZAG1, WAG-1, and HvAG2 were
included in the third subclade. The phylogenetic tree based on CDS indicated that the AG group was also
classified into monocot and dicot clades (Figure 2). Both phylogenetic trees were highly similar to each other
and differed only in the positions of CAGI and CAG?2 in the dicot clade.

Table 3. The RSCU value of WAG-2 gene

AA Codon  Fraction Frequency RSCU AA Codon  Fraction Frequency RSCU
A(Ala) GCT 0.250 18.962 1.00 P(Pro) CCT 0.000 0.000 0.00
A GCC 0.418 31.756 1.67 P CCC 0.000 0.000 0.00
A GCA 0.048 3.630 0.19 P CCA 0.175 3.630 0.70
A GCG 0.285 21.782 1.14 P CCG 0.825 17.237 3.30
C(Cys) TGT 0.000 0.000 0.00 Q(GIn) CAA 0.078 7.250 0.05
C TGC 1.000 10.890 2.00 Q CAG 0.922 86.200 1.85
D(Asp) GAT 0.675 24.493 1.35 R(Arg) CGT 0.000 0.000 0.00
D GAC 0.325 11.805 0.65 R CGC 0.281 20.870 1.68
E(Glu) GAA 0.263 19.173 0.52 R CGA 0.013 0.909 0.07
E GAG 0.737 53.538 1.48 R CGG 0.109 8.162 0.66
F(Phe) TTT 0.000 0.000 0.00 R AGA 0.146 10.889 0.88
F TTC 0.700 14.519 1.90 R AGG 0.451 33.571 2.71
G(Gly) GGT 0.154 7.259 0.62 S(Ser) TCT 0.099 10.889 0.60
G GGC 0.500 23.601 2.00 S TCC 0.265 29.039 1.59
G GGA 0.115 5.438 0.46 S TCA 0.075 8.172 0.42
G GGG 0.231 10.879 0.92 S TCG 0.132 14.519 0.79
H(His) CAT 0.729 9.977 145 S AGT 0.124 13.613 0.74
H CAC 0.270 3.630 0.54 S AGC 0.306 33.591 1.83
I(1le) ATT 0.200 7.259 0.60 T(Thr) ACT 0.068 3.636 0.37
I ATC 0.600 21.779 1.80 T ACC 0.677 26.321 2.61
I ATA 0.200 7.259 0.60 T ACA 0.093 3.630 0.47
K(Lys) AAA 0.200 10.889 0.40 T ACG 0.161 6.347 0.65
K AAG 0.800 43.558 1.60 V(Val) GTT 0.138 7.260 0.55
L(Leu) TTA 0.000 0.000 0.00 A% GTC 0.345 18.149 1.38
L TTG 0.081 7.259 0.55 v GTA 0.000 0.000 0.00
L CTT 0.088 7.260 0.55 \% GTG 0.516 27.230 2.06
L CTC 0.264 21.779 1.59 W(Trp) TGG 0.000 0.000 0.00
L CTA 0.088 7.260 0.53 Y(Tyr) TAT 0.215 9.980 0.43
L CTG 0.475 36.128 2.83 Y TAC 0.785 36.299 1.57
M(Met) ATG 1.000 46.285 1.00 * TAA 0.000 0.000 *
N(Asn) AAT 0.227 15.431 0.45 * TAG 1.000 3.650 *

N AAC 0.773 52.632 1.55

Note. *Termination codon. The data with underline mean that RSCU > 1.0.
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Table 4. Codon frequency of WAG-2 genes in TP, E. coli genome and yeast genome (f/%o)

AA Codon WAG-2 E.coli yeast WAG-2/E.coli ~ WAG-2/yeast
genome genome genome genome
A(Ala) GCT 18.962 15.6 21.2 1.22 0.89
A GCC 31.756 25.1 12.6 1.27 2.52
A GCA 3.630 20.6 16.2 0.17 0.22
A GCG 21.782 31.7 6.2 0.69 3.51
C(Cys) TGT 0.000 5.5 8.1 0.00 0.00
C TGC 10.890 6.9 4.8 1.58 227
D(Asp) GAT 24.493 32.1 37.8 0.76 0.65
D GAC 11.805 18.6 20.2 0.63 0.58
E(Glu) GAA 19.173 38.2 45.6 0.50 0.42
E GAG 53.538 17.7 19.2 3.02 2.79
F(Phe) TTT 0.000 232 26.1 0.00 0.00
F TTC 14.519 16.9 18.4 0.86 0.79
G(Gly) GGT 7.259 244 239 0.30 0.30
G GGC 23.601 27.9 9.8 0.85 241
G GGA 5.438 9 10.9 0.60 0.50
G GGG 10.879 11.3 6.0 0.96 1.81
H(His) CAT 9.977 13.6 13.6 0.73 0.73
H CAC 3.630 9.8 7.8 0.37 0.47
I(Ile) ATT 7.259 29.8 30.1 0.24 0.24
I ATC 21.779 242 17.2 0.73 1.27
I ATA 7.259 5.4 17.8 1.34 0.41
K(Lys) AAA 10.889 33.2 41.9 0.33 0.26
K AAG 43.558 10.7 30.8 4.07 1.41
L(Leu) TTA 0.000 13.9 26.2 0.00 0.00
L TTG 7.259 14.0 27.2 0.52 0.27
L CTT 7.260 11.7 12.3 0.62 0.59
L CTC 21.779 11.0 5.4 1.98 4.03
L CTA 7.260 4.0 13.4 1.82 0.54
L CTG 36.128 50.9 10.5 0.71 3.44
M(Met) ATG 46.285 27.9 20.9 1.66 221
N(Asn) AAT 15.431 18.8 35.7 0.82 0.43
N AAC 52.632 214 24.8 2.46 2.12
P(Pro) CCT 0.000 7.3 13.5 0.00 0.00
P CCcC 0.000 5.8 6.8 0.00 0.00
P CCA 3.630 8.5 18.3 0.43 0.20
P CCG 17.237 21.8 5.3 0.79 3.25
Q(Gln) CAA 7.250 15.0 27.3 0.48 0.27
Q CAG 86.200 29.5 12.1 2.92 7.12
R(Arg) CGT 0.000 20.3 6.4 0.00 0.00
R CGC 20.870 21.0 2.6 0.99 8.03
R CGA 0.909 3.9 3.0 0.00 0.00
R CGG 8.162 6.3 1.7 1.30 4.80
R AGA 10.889 29 21.3 3.75 0.51
R AGG 33.571 1.9 9.2 17.6 3.65
S(Ser) TCT 10.889 8.7 235 1.25 0.46
S TCC 29.039 8.9 14.2 3.26 2.05
S TCA 8.172 7.8 18.7 1.05 0.44
S TCG 14.519 8.7 8.6 1.67 1.69
S AGT 13.613 9.5 14.2 1.43 0.67
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S AGC 33.591 16.0 9.8 2.10 3.43
T(Thr) ACT 3.636 9.1 20.3 0.40 0.18
T ACC 26.321 22.8 12.7 1.15 2.07
T ACA 3.630 8.2 17.8 0.44 0.20
T ACG 6.347 14.8 8.0 0.43 0.80
V(Val) GTT 7.260 18.5 22.1 0.39 0.33
v GTC 18.149 15.1 11.8 1.20 1.54
\Y% GTA 0.000 11.1 11.8 0.00 0.00
\Y% GTG 27.230 255 10.8 1.07 2.52
W(Trp) TGG 0.000 15.2 10.3 0.00 0.00
Y(Tyr) TAT 9.980 16.5 18.8 0.60 0.53
Y TAC 36.299 12.1 14.8 3.00 2.45
* TAA 0.000 2.0 1.0 0.00 0.00
* TAG 3.650 0.3 0.5 12.17 7.30
* TGA 0.000 1.1 0.7 0.00 0.00

Note. *Termination codon. The data with underline refer obvious differences of value (< 0.5, > 2.0) about the
codon bias.

r WAG-2(T. aestivum)
HvAGI(H.vulgare)
MADS3(B. distachyon)
ZMM2(Z. mays)
AG(S.bicolor)
OsMADS 3(0. sativa)
OsMADS 58(0. sativa)
ZAGI(Z. mays)

WAG-1(T. aestivum)

L HvAG2(H.vulgare)

-~ AG(A. thaliana)
BAG(B. napus)
CAGI(C. sativus)
CAG2(C. sativus)
FBP7(P. hybrida)
FBPI11(P. hybrida)
TAGI(S. lycopersicum)
NAG(N. tabacum)
PMADS3(P. hybrida)
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Figure 1. Clustering dendrogram based on RSCU of WAG-2 gene and other AG group genes
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Figure 2. Clustering based on CDS of WAG-2 and other AG group genes

4. Discussion

Codon usage is different for each gene or genome mainly occurring in choices between codons ending in base C
or G verse those ending in A or U. GC3 is a useful proxy to understand the forces affecting genomic GC content.
GC content is a characteristic feature of genome organization, varies between genes within a genome, and
between genomes of different organisms. Earlier reports revealed that the codon profile in monocots was more
strikingly bias in its preference for G/C, while dicots favored A/T in this position (Murray et al., 1989). Grass
genomes contained higher GC content compared with other angiosperm families (Smarda & Bureg, 2012). It was
known that GC and GC3 content in dicot was unimodal, while it showed a bimodal distribution in grass genomes
(Guo et al., 2007). Bimodal distribution of GC content in grass genomes has resulted from an increase in GC
content from 5’ to 3’ among genes within genomes (Adrienne et al., 2015). In addition, genes with high GC3
content provide more targets for methylation, exhibit more variable expression, more frequently possess
upstream TATA boxes and are predominant in certain classes of genes (Tatarinova et al., 2010). The forces that
influence the GC content variation have long been considered to be nature selection (Sharp et al., 2010),
mutational biases (Sablok et al., 2013; Sablok et al., 2011) and GC-biased gene conversion (gBGC) (Lassalle et
al., 2015). Previous study showed that plant MADS-box type II genes, including AG group genes were highly
conserved transcription factors. Type II genes have experienced a lower rate of birth-and-death evolution partly
due to a stronger purifying selection (Nam et al., 2004). And WAG-2 in wheat and its relatives belonged to a
conserved gene affected by negative selection (Wei et al., 2011). Given these we conclude that mutation pressure
should be the primary influence on high GC content of AG group genes. The mutation pressure can affect the
base composition of a sequence in certain directions without natural selection pressure. This effect is reflected in
the GC content and the third base of synonymous codons (Chen et al., 2004). If the mutation pressure of AT is
higher than GC, then the third codon becomes either G or C (Novembre, 2002). In the present study, wheat
WAG-2 and other monocot AG group genes had high GC content (Table 3) and preferred to use codons with C
or G at the synonymous position, whereas dicot AG group genes preferred the codons ending with A or T. Thus,
we conclude that the mutation pressure of GC probably due to the stronger stacking interaction between GC base
pair is lower than that of AT in WAG-2 and other AG group genes of most monocots during evolution. In
addition, according to gBGC, elevated GC content is caused by preferential incorporation of GC alleles during
double-strand break repair by homologous recombination. In human and other genome, there has been some
strong evidence to support the gBGC hypothesis (Ratnakuma, 2010). To our knowledge, not much is known
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about the correlation between homologous recombination and GC content of AG group genes in monocot, which
needs further discussion.

Genes with different functions also possessed distinct codon usage patterns in plants (Rota-Stabelli et al., 2013).
High ENC values and low ENC genes belonging to the same gene family share different functions (Liu et al.,
2015). In the present study, the ENC value of the WAG-2 gene was lower (with a mean of 41.78) than that of the
WAG-1 gene (53.36). Previous studies indicated that AG group C-function gene was grouped into two AG
orthologs, where wheat WAG-1 and WAG-2 belonged to AG1 and AG2 orthologs, respectively. Minimal WAG-2
genes were found in transformed and developing stamens at the floral organ development stage, but were
abundant in the marginal region of the developing ovule and in the central region of pistils (Mizumoto et al.,
2009). Nevertheless, the WAG-1 gene was associated with the development of pistil and stamen, and with
pistillody caused by nuclear-cytoplasm interactions in alloplasmic wheat (Meguro et al., 2013). Wheat AG
orthologs WAG-1 and WAG-2 exhibited functional differentiation during floral organ development. This
phenomenon showed that the codon usage bias pattern of wheat WAG-1 and WAG-2 genes was somehow linked
to gene function, which requires further investigation.

Understanding the codon usage bias can show the codon usage pattern of species, and provide evidence about
the evolution of organisms. Higher plants are like other organisms in that each species has a unique codon bias
with plants of the same taxonomic class maintaining a similar codon usage pattern (Campbell & Gowri, 1990).
Species with near genetic relationship share the near codon usage frequency and preference. In the present study,
codon usage of AG group genes in 10 monocot and 10 dicots were analyzed. It was found that the relationships
of species were more closely, and the codon usage patterns of AG group genes were more similar. The genetic
relationships between monocots were close, and their AG group genes on codon usage were also similar, so did
dicots. The clustering results based on codon usage bias were consistent with those based on the CDS of the AG
group genes (Figures 1 and 2). These results indicated that the difference in codon preference of AG group genes
was closely associated with the genetic relationship of the species. So the analysis of codons usage bias was an
important and supplementary method to phylogenetic research, and was used to the investigation of the
evolutionary relationships of species.

In dicots, A. thaliana and N. tabacum were two types of general receptor plant in the study of gene expression
and function. Efficient expression of exogenous genes in E. coli or yeast will lay a foundation for the
identification of gene function. The codons usage bias in highly expressed genes enhances translation and is
required for maintaining mRNA stability in yeast. The degree of codon bias may be a factor to consider when
engineering high expression of heterologous genes in yeast and other system. Species within the same taxonomic
class exhibit a similar codon usage pattern. And species with near genetic relationship share the near codon
usage frequency and preference. In the present study, the codon usage bias between the WAG-2 and N. Tabacum
NAG genes was more similar. Consequently, we concluded that N. fabacum was the superior heterologous
expression systems, which required further study. Compared with yeast and E.coli genome, WAG-2 gene showed
difference of 37 and 23, respectively, indicating E.coli was the superior protein expression system. If the WAG-2
gene showed a high expression level in yeast, some modifications on different partial codons would be required.

5. Conclusion

In summary, the codon usage patterns and phylogenetic information provided in this study may help in
determining the appropriate expression system of exogenous and in investigating the function of WAG-2 genes in
TP.
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Appendix

Appendix A. Coefficient of absolute squared Euclidean distance of codon usage bias among the sample of
AG group genes

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
0.000

3.408 0.000

5.660 2.609 0.000

4.100 3.212 3.158 0.000

4.346 2.688 2.386 2.140 0.000

2.671 2.325 4.295 3.560 3.251 0.000

3.333 1.168 3.096 3.462 3.350 2.727 0.000

3.409 2991 4.008 3.358 2.352 2.720 3.663 0.000

3.138 1.508 2.321 3.290 2.758 2.017 1.288 2.182 0.000

Nl R e Y N I

10 3270 2.696 3.220 2.344 2.251 1.923 2.856 3.878 2.711 0.000

11 7.626 7.462 6.252 4.688 4.820 7.292 7.381 4.729 7.123 7.156 0.000

12 9.663 9.255 7.559 6.406 6.710 9.955 8.958 7.728 8.518 8.347 4.837 0.000

13 7.688 6.620 5.372 3.949 4.640 8.639 7.183 5.356 6.691 7.713 4.390 4.088 0.000

14 8.445 6.548 5.163 2.294 4.319 8.642 7.310 5.742 6.975 6.493 4.031 5.213 1.156 0.000

15 8.150 8.044 7.736 3.808 4.850 8.308 7.790 6.210 7.725 7.028 3.590 5.275 3.740 3.181 0.000

16 7.451 6.706 5.393 3.090 4.857 8.049 7.271 5.636 6.535 7.098 3.723 4.984 2.309 2.784 2.425 0.000

17 8.114 10.719 8.944 6.874 7.926 10.350 9.345 8.370 8.950 9.186 5.068 2.486 4.940 6.290 4.928 5.134 0.000

18 9.719 9.000 7.505 5.663 5.618 9.490 9.206 5.596 8.739 9.228 4.321 5.748 2.723 3.658 4.419 4.232 6.638 0.000

19 11.518 10.200 8.940 6.407 7.391 11.676 10.710 8.008 10.630 10.403 5.251 4.632 3.787 4.968 4.386 3.521 6.359 3.128 0.000

20 8.163 5.730 4.865 2.494 3.689 7.832 6.179 5.210 6.301 5.853 3.913 5.704 3.381 2.294 2.072 1.740 6.930 4.198 4.119 0.000
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