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Abstract 

The relative abundance of single-exon genes (SEGs) in higher plants is perplexing. Uncovering the synonymous 
codon usage pattern of SEGs will benefit for further understanding their underlying evolutionary mechanism in 
plants. Using internal correspondence analysis (ICA), we reveal a significant difference in synonymous codon usage 
between SEGs and multiple-exon genes (MEGs) in rice. But the effect is weak, accounting for only 2.61% of the total 
codon usage variability. SEGs and MEGs contain remarkably different base compositions, and are under clearly differ-
ential selective constraints, with the former having higher GC content, and evolving relatively faster during evolution. 
In the group of SEGs, the variability in synonymous codon usage among genes is partially due to the variations in GC 
content, gene function, and gene expression level, which accounts for 22.03%, 5.99%, and 3.32% of the total codon 
usage variability, respectively. Therefore, mutational bias and natural selection should work on affecting the synony-
mous codon usage of SEGs in rice. These findings may deepen our knowledge for the mechanisms of origination, 
differentiation and regulation of SEGs in plants.

Keyword Rice, Single-exon gene, Codon usage bias, Mutation bias, Natural selection

Background
Synonymous codon usage bias that is characterized by the 
preferential usage of one or several synonymous codons 
in the process of protein-coding genes, is ubiquitous in 
eukaryotes and prokaryotes (Quax et al. 2015). Interest-
ingly, significant difference in synonymous codon usage 
is present not only among different species (Chakraborty 
et  al. 2020), but even between different types of genes 

within the same species (Liu 2012). For instance, different 
types of tissue-specific genes have distinct codon usage 
in rice (Liu 2012). As reported, a number of factors are 
involved in shaping the codon usage bias, such as muta-
tional pressure, environmental choice, gene length, tRNA 
richness, and organ specificity (Holmquist and Filipski 
1994; Moriyama 1997; Chen 2013). Such bias in codon 
usage could broadly influence mRNA expression level 
through transcription in a translation-independent man-
ner (Zhao et al. 2021).

In eukaryotes, protein-coding genes can be divided into 
two groups, single-exon genes (SEGs) and multiple-exon 
genes (MEGs), based on their exon numbers. Compared 
with eukaryotes, prokaryotes contain greatly higher pro-
portion of SEGs in the genomes (Sakharkar et al. 2004). 
However, most eukaryotic SEGs are present only in 
eukaryotes. In rice and Arabidopsis, more than 68% and 
77% of SEGs, respectively, have no homologous genes 
in prokaryotes (Jain et  al. 2008). It is thus intriguing to 
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investigate the evolutionary mechanism of SEGs in 
eukaryotes. Recently, a great progress has been made for 
the identification and characterization of SEGs in eukary-
otic genomes (Jain et al. 2008; Yan et al. 2014a), and sev-
eral SEG databases including Genome SEGE (Sakharkar 
and Kangueane 2004), SinEx DB (Jorquera et  al. 2016, 
2021), PIGD (Yan et al. 2014b), RIGD (Chen et al. 2020), 
and IGDD (Yan et al. 2016) have been developed for fur-
ther exploration the evolution of SEGs in regards to the 
synonymous codon usage.

Eukaryotic SEGs may play crucial roles in regulation of 
important biological processes (Dong et  al. 2019; Yuan 
et al. 2019), although they are typically expressed at lower 
levels and in a tissue-specific manner (Shabalina et  al. 
2010; Grzybowska 2012). Hence, exploring the codon 
usage pattern of SEGs could be useful for further uncov-
ering their function and evolution. However, whether 
there is significant codon usage variation between SEGs 
and MEGs in plants has not been examined yet. In rice, 
the base composition of the genome is highly heteroge-
neous (Liu 2012), which might play a determinant role 
in shaping the codon usage of SEGs and MEGs. In addi-
tion, if different evolutionary forces impose on SEGs and 
MEGs remains elusive in rice.

In this study, the codon usage patterns of SEGs and 
MEGs were evaluated by adopting a multivariate method, 
internal correspondence analysis (Lobry and Ches-
sel 2003; Sémon et  al. 2006; Liu 2012). These analyses 
revealed a significant but weak difference in synonymous 
codon usage between SEGs and MEGs in rice. Notably, 
SEGs evolved significantly faster than MEGs. Both of the 
GC content, gene expression, and gene function were 
involved in determining the codon usage bias of SEGs. 
These findings shed new light on the understanding of 
the functional roles of SEGs in plants.

Results
Variation in Synonymous Codon Usage Between 
Single‑Exon Genes and Multiple‑Exon Genes
A total of 11,281 single-exon genes (SEGs) and 40,904 
multiple-exon genes (MEGs) (Additional file 1: Table S1) 
were fed to CodonW and custom python programs 
to explore their synonymous codon usage pattern in 
rice. Here, two effective indicators, the Effective Num-
ber of Codons (ENC) and the Codon Adaptation Index 
(CAI) were used to evaluate the codon usage bias of 
SEGs and MEGs. A smaller ENC value (Wright 1990) 
as well as a greater CAI value (Sharp and Li 1987) indi-
cates a stronger codon usage bias. The average ENC 
value of SEGs is significantly smaller than that of MEGs 
(42.921 vs. 50.815, p < 2.2E−16; Table 1). Notably, 27.59% 
and 28.84% of SEGs have ENC values ≤ 35 and > 50, 
respectively; while the percentage of MEGs having 

ENC values ≤ 35 and > 50, is 6.82% and 66.52%, respec-
tively (Additional file 2: Table S2). In contrast, the aver-
age CAI value of SEGs is significantly greater than that 
of MEGs (0.395 vs. 0.234, p < 2.2E−16; Table  1). Further-
more, the ENC values of SEGs and MEGs were both 
significantly negatively correlated with their CAI values 
(Spearman’s correlation coefficient, r =  − 0.879, p < 0.01; 
and r =  − 0.483, p < 0.01). These observations indicate 
that strong variation in synonymous codon usage should 
have occurred between SEGs and MEGs in rice, with the 
former having apparently stronger synonymous codon 
usage bias.

To avoid any analysis bias caused by the difference in 
the number of SEGs and MEGs (11,281 vs. 40,904), we 
conducted 1000 samplings by randomly choosing the 
same number of genes (11,281) from the group of MEGs 
as that of SEGs, and calculated their ENC and CAI values 
accordingly. As expected, the average ENC and CAI val-
ues calculated by MEG samplings are not clearly different 
from that obtained by the whole dataset of MEGs (50.738 
vs. 50.815, p > 0.05; and 0.236 vs. 0.234, p > 0.05; Table 1); 
while those values are significantly greater and smaller 
than that of SEGs (50.738 vs. 42.921, p < 2.2E−16; and 
0.236 vs. 0.395, p < 2.2E−16; Table 1). The results indicate 
that SEGs and MEGs are highly differential in synony-
mous codon usage, which is regardless of their difference 
in gene numbers.

The internal correspondence analysis (ICA) was per-
formed to further investigate the variability of synony-
mous codon usage between SEGs and MEGs. In ICA, 
the total codon usage variability was decomposed into 
four parts of codon usage variability, including the amino 
acid usage (between-AA) variability, synonymous codon 
usage (within-AA) variability, and variability of between 
or within different types of rice genes. From Fig. 1, it is 
evident that the variability of within different gene types 
is the major determinant to the total codon usage vari-
ability (96.07%; Fig. 1c); Comparatively, only 3.93% of the 
total codon usage variability is due to the variability of 
between different gene types (Fig. 1f ). On the other hand, 

Table 1 Comparison of ENC and CAI values of single-exon 
genes, multiple-exon genes, and multiple-exon gene samplings 
in rice

Data are reported as means ± SD

Within a column, mean values followed by different letters indicate significant 
difference at the 0.05 level (p < 0.05)

Gene type ENC CAI

Single-exon gene 42.921 ± 9.592 b 0.395 ± 0.228 a

Multiple-exon gene 50.815 ± 7.800 a 0.234 ± 0.172 b

Multiple-exon gene sampling 50.738 ± 7.852 a 0.236 ± 0.173 b
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65.41% and 34.59% of the total codon usage variability are 
attributed to the within-AA variability and between-AA 
variability (Fig. 1g and h). Compared with other sources 
of variability, the effect of synonymous codon usage 
variability between different gene types is much small, 
accounting for only 2.61% of the total codon usage vari-
ability (Fig. 1d).

To test whether the observed small proportion of vari-
ability in synonymous codon usage between SEGs and 
MEGs is caused just by chance, two kinds of permuta-
tions were performed, and ICA was repeated accordingly. 
The first permutation is to randomly choose 1000 sam-
plings from the MEGs, with each sampling having the 
same gene number as that of SEGs (11,281). The average 
proportion of the variability of synonymous codon usage 

between different gene types obtained from 1000 inde-
pendent samplings (3.20 ± 0.072%) is even greater than 
the observed value (2.61%). However, when randomly 
assigning rice genes into the SEG and MEG groups by 
1000 independent permutations, the observed value 
(2.61%) is significantly greater than that obtained by 
chance (0.0002% ± 0.000%, p < 0.001). These results imply 
that SEGs and MEGs are truly distinct in synonymous 
codon usage.

Base Compositional Bias and the Variability in Synonymous 
Codon Usage of Single‑Exon Genes and Multiple‑Exon 
Genes
The nucleotide compositions of coding sequences (CDS) 
are clearly differential between SEGs and MEGs (Fig. 2). 

Fig. 1 Internal correspondence analysis of single-exon genes and multiple-exon genes in rice. The total codon usage variability is decomposed 
into the synonymous codon usage (within-AA) variability (a, d, g), amino acid usage (between-AA) variability (b, e, h), and variability of within (a, b, 
c) and between gene types (d, e, f). The performance of ICA yields nine elementary analyses (a–i). In each peculiar analysis, the contribution to the 
total codon usage variation is indicated, where only the first 10 eigenvalues are represented for comparison
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SEGs contain significantly lower frequency of A3s and 
T3s, but greatly higher frequency of C3s and G3s, as 
compared with MEGs (Fig.  2), where A3s, T3s, C3s, or 
G3s is the frequency that codons have an A, T, C, or G 
at their synonymous third position, relative to the amino 
acids that could have a synonym with A, T, C, or G in the 
synonymous third codon position (Peden 1999). Moreo-
ver, both the global GC content and the percentage of 
GC content of the three codon positions are significantly 
greater in SEGs than that in MEGs (p < 0.001; Fig. 2). In 
SEGs, the third codon position (GC3) has the highest 
GC content, and followed by the first (GC1) and second 
(GC2) codon positions; whereas in MEGs, the first and 
second codon positions (GC1 and GC2) have the high-
est and lowest GC content, respectively. Thus, the larg-
est difference in GC content is at the third codon position 
(GC3) of SEGs and MEGs (Fig. 2).

To discern whether the higher GC3 and GC content 
of SEGs may be caused coincidently by the background 
GC content of their surrounding genomic regions, the 
distribution and characteristics of SEGs and MEGs along 
rice chromosomes were examined. To this end, each of 
the twelve chromosomes was equally separated into ten 
sequence regions, and the GC content and the number 
of SEGs and MEGs in each region were calculated and 
counted accordingly. It is clear that both the GC con-
tent and the numbers of SEGs and MEGs are unevenly 
distributed along rice chromosomes (Fig.  3). Compare 
with MEGs, the SEG numbers are extensively differential 
among sequence regions. SEGs tend to enrich towards 
the ends of chromosomes, but avoid to accumulate in 
the centromere regions, especially on chromosomes 8 
and 11 (Fig.  3). Notably, the regional GC contents are 
significantly positively correlated with the numbers of 

Fig. 2 Comparison of base composition of coding sequences of single-exon genes and multiple-exon genes in rice. Here, A3s, T3s, C3s, or G3s is 
the frequency that codons have an A, T, C, or G at their synonymous third position, relative to the amino acids that could have a synonym with A, 
T, C, or G in the synonymous third codon position. GC1, GC2, or GC3 is the percentage of GC content at the first, second, and third codon position, 
respectively
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SEGs and MEGs (Spearman’s correlation coefficient, 
r = 0.262, p = 3.895E−3; and r = 0.312, p = 5.127E−4) at 
the whole genome-wide level. Nonetheless, the correla-
tions between the regional GC contents and the numbers 
of SEGs and MEGs are not significant at the chromo-
somal level, with two exceptions where the regional GC 
contents are significantly positively correlated with the 
numbers of MEGs on chromosomes 4 and 10 (Spear-
man’s correlation coefficient, r = 0.769, p = 9.222E−3; and 
r = 0.705, p = 2.274E−2). In addition, the average GC con-
tent of 200-bp noncoding sequences flanking every side 
of each SEG and MEG (GCf) was calculated. The CAI 
values of SEGs and MEGs are significantly positively cor-
related with GCf content (Spearman’s correlation coeffi-
cient, r = 0.117, p < 0.001; and r = 0.229, p < 0.001). These 
observations are indicative of stronger effect of environ-
mental GC content on the codon usage of MEGs in rice.

Whether the base compositional preference is pri-
marily responsible for the observed significant differ-
ence in synonymous codon usage between SEGs and 

MEGs? To answer this, an ENC plot analysis of codon 
usage and nucleotide content (ENC vs. GC3) was con-
ducted, where the nucleotide composition at the third 
codon position would be the sole determinant fac-
tor of codon usage, if the gene points of ENC against 
GC3 values fall on the theoretical curve (Novembre 
2002). It is clear that most of the SEGs and MEGs fall 
below the expected curve (green; Fig.  4a). However, 
the observed ENC values of MEGs track the theoreti-
cal curve closely (blue), while the simulated polyno-
mial regression line of ENC on GC3s for SEGs (red) is 
relatively far away from the expected line (Fig. 4a). On 
the other hand, the Neutrality plot (GC12 vs. GC3) was 
performed to further explore the relationship between 
base compositional bias and codon usage variation. If 
the points of GC12, the average value of GC1 and GC2, 
against GC3 values fall on the diagonal standard line, 
mutational bias would be the sole factor in shaping the 
synonymous codon usage (Sueoka 2001). The simu-
lated regression lines of SEGs (red) and MEGs (blue) 

Fig. 3 Distribution of single-exon genes, multiple-exon genes and GC content along each of the twelve chromosomes in rice. Each of the 
chromosome is divided into ten equal sequence regions. The percentage of GC content, and the numbers of single-exon genes and multiple-exon 
genes are calculated and counted accordingly
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do apparently not overlap with the expected line (black; 
Fig.  4b). The GC12 values are significantly positively 
correlated with GC3 values in both SEGs and MEGs 
(Spearman’s correlation coefficient, r = 0.49, p < 0.001; 
and r = 0.64, p < 0.001; Fig. 4b). Furthermore, the slope 
coefficients of the simulated regression lines of SEGs 
and MEGs are significantly different (p < 2.2E−16). These 
significant correlations between GC12 and GC3 values 
suggest the strong base compositional bias in SEGs and 
MEGs, with the latter having relatively higher muta-
tional bias or lower conservation of GC content level 
among genes. According to the results of ENC plot 
(Novembre 2002) and Neutrality plot analyses (He et al. 

2020), it is reasonable to infer that both mutational bias 
and natural selection work on the codon usage bias of 
SEGs and MEGs, but relatively stronger mutational 
pressure should impose on the codon usage of MEGs 
in rice.

Selective Constraints and Functional Differentiation 
of Single‑Exon Genes and Multiple‑Exon Genes
Cusack et  al. (2011) revealed that SEGs tend to select 
robust codons to prevent the mis-transcription under 
selection pressure. Thus, it is intriguing to test whether 
differential selective constraints impose on SEGs and 
MEGs in rice. The synonymous (Ks) and non-synon-
ymous substitution rate (Ka) between rice and B. dis-
tachyon, and S. bicolor orthologous gene pairs were 
calculated, and subjected to investigating the evo-
lutionary rate of SEGs and MEGs. At the first glance, 
both SEGs and MEGs should be under strong purify-
ing selection, as reflected from their small Ka/Ks ratios 
that are significantly less than 1.0 (0.165 ± 0.121 and 
0.183 ± 0.138 for SEGs, p < 0.001; and 0.224 ± 0.142 
and 0.238 ± 0.156 for MEGs, p < 0.001, respectively). 
However, the comparisons of Ks and Ka rate values of 
orthologous gene pairs show that SEGs have obviously 
higher mutational rate, as reflected from their sig-
nificantly higher Ks and Ka rates when compared with 
MEGs (p < 0.001 and p < 0.001for Ks; and p = 1.18E−21 
and p = 2.7E−3 for Ka; Fig. 5). The results indicate that 
SEGs must evolve remarkably faster than MEGs during 
evolution, although the two types of genes are all under 
strong selective pressures.

The gene ontology (GO) analysis was carried out to 
gain an insight into the functional enrichment of SEGs 
and MEGs. As shown in Fig.  6a, SEGs mainly function 
in sugar-, carbohydrate-, and protein-binding, and par-
ticipate in the biological processes of regulation of lipid 
localization, lipid transport, and reproduction, etc. Com-
paratively, MEGs usually have catalytic and oxidoreduc-
tase activity, and participate in the macromolecule and 
primary metabolic processes (Fig. 6b). Furthermore, the 
KEGG database was searched to explore the pathway 
enrichment of SEGs and MEGs. SEGs are abundantly 
related to the following pathways, including the “Glyco-
sylphosphatidylinositol (GPI) anchor biosynthesis”, “Plant 
hormone signal transduction”, “Isoflavonoid biosynthe-
sis”, “Photosynthesis”, “Cutin suberine and wax biosyn-
thesis”, and “Plant-pathogen interaction”, etc.(Fig. 6c). On 
contrast, the enriched pathways for MEGs highly con-
centrate on the “Homologous recombination”, “Ribosome 
biogenesis in eukaryotes”, “RNA degradation”, “Mismatch 
repair”, etc.(Fig. 6d). It seems that functional divergence 
should have occurred between SEGs and MEGs in rice.

Fig. 4 ENC plot (ENC vs. GC3) and neutrality plot (GC12 vs. GC3) 
analyses of single-exon genes and multiple-exon genes in rice. a ENC 
plot analysis. The theoretical curve (green) represents the expected 
relationship between ENC and GC3 values. The simulated polynomial 
regression lines are shown in red and blue for the SEGs and MEGs 
(under the theoretical line), respectively. b Neutrality plot analysis. The 
theoretical line (black) represents the expected relationship between 
GC12 and GC3 values. The simulated regression lines are shown in red 
and blue for the SEGs and MEGs, respectively
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Dissection of Factors Affecting the Synonymous Codon 
Usage of Single‑Exon Genes
The ICA, ENC plot, and Neutrality plot analyses pre-
sent the general measure of potential factors affecting 
the codon usage of SEGs in rice. To better understand 
the contribution of different factors to the codon usage 
variation of SEGs, extra ICA was separately performed 
by dividing the SEGs into different groups, based on 
their GC content, gene expression level, and gene 
function.

GC3 Content Variation and Codon Usage Bias
The 11,281 SEGs were divided into five groups (≥ 0.8, 
0.8–0.7, 0.7–0.6, 0.6–0.5, < 0.5) based on their GC3 
content, consisting of 4499, 1916, 1984, 1174, and 
1708 genes in the corresponding groups. The result of 
ICA shows that 65.75% and 34.25% of the total codon 
usage variability are due to the variability of within and 
between different GC3 content groups, respectively 
(Fig.  7c, f ); On the other hand, 64.12% and 35.88% of 
the total codon usage variability can be owing to the 
synonymous codon usage (within-AA) variability 
(Fig. 7g) and amino acid usage (between-AA) variabil-
ity (Fig. 7h), where the variability in synonymous codon 
usage between different GC3 content groups accounts 
for 22.03% of the total codon usage variability in SEGs 
(Fig.  7d). Particularly, the ENC and CAI values of 
SEGs are strongly negatively and positively correlated 
with GC3 content (Spearman’s correlation coefficient, 
r =  − 0.881, p < 0.001; and r = 0.996, p < 0.001). Thus, 

it infers strongly that mutational bias should play an 
essential role in determining synonymous codon usage 
of SEGs in rice.

Gene Expression Level and Codon Usage Bias
To examine the effect of gene expression variation on 
the synonymous codon usage of SEGs, the 11,281 SEGs 
were divided into five groups (≥ 2.0, 2.0–0.65, 0.65–0.3, 
0.3–0.13, < 0.13), based on gene expression level assessed 
by RNA-Seq (He et  al. 2010), with each group having 
the same number of gene as that in each of the five GC3 
content groups. The performance of ICA reveals that 
the synonymous codon usage (within-AA) variability 
accounts for 64.33% of the total codon usage variability 
(Additional file  3: Fig. S1). However, only 3.32% of the 
total codon usage variability can be explained by the 
variability in synonymous codon usage between different 
gene expression groups (Additional file 3: Fig. S1).

Whether gene expression shows similar relationship 
with GC3 content and GC content of the flanking non-
coding sequence region, serves as an effective way to test 
the effect of translational selection on the synonymous 
codon usage bias of SEGs. If the two relationships are 
similar, no selection would be expected (Qiu et al. 2011). 
The gene expression level is significantly positively cor-
related with GC3, but not with GCf content of SEGs 
(Spearman’s correlation coefficient, r = 0.501, p < 0.001; 
and r = -0.017, p = 7.268E−2). Notwithstanding, there is 
a significant but weak positive correlation between GC3 
and GCf content in SEGs (Spearman’s correlation coef-
ficient, r = 0.027, p = 4.667E−3). The results imply that 

Fig. 5 Comparison of the synonymous (a) and non-synonymous substitution rates (b) between rice and Brachypodium distachyon, and Sorghum 
bicolor orthologous gene pairs of single-exon genes and multiple-exon genes in rice
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translational selection is involved in shaping the synony-
mous codon usage of SEGs, but the effect would be rela-
tively weak.

Gene Function and Codon Usage Bias
Based on the functional enrichment analysis (Fig.  6a), 
the SEGs belonging to the top five enriched functional 

groups were used to perform ICA. Only 5.99% of the 
total codon usage variability is due to the variability in 
synonymous codon usage between different functional 
groups (Additional file  3: Fig. S2), indicating that the 
gene functional bias indeed affects the codon usage 
variation of SEGs in rice.

Fig. 6 Gene ontology (GO) and KEGG pathway enrichment analyses of single-exon genes and multiple-exon genes in rice. a–b GO enrichment 
analysis of SEGs (a) and MEGs (b), which is performed by adopting the singular enrichment analysis (SEA) implemented in AgriGO v2.0. (c–d) 
Pathway enrichment analysis of SEGs (c) and MEGs (d), which is conducted by searching against the KEGG database
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Discussion
Jorquera et  al. (2021) evidenced that the percent 
of SEGs is about 10% and 20% in the genome of ani-
mals and plants. In this study, a total of 11,281 SEGs 
that accounts for 21.6% of the rice genes were identi-
fied, with the percentage of SEGs being similar as that 
reported in other plants (Jorquera et  al. 2021). How-
ever, Sakharkar et  al. (2004) reported that there were 
12.3% of SEGs in Homo sapiens. Jain et al. (2008), and 
Liu et  al. (2021) revealed 19.9% and 24.5% of SEGs in 
the rice genome, respectively. The incomplete anno-
tation of the genome used by Sakharkar et  al. (2004) 
should be responsible for the inconsistency in the pro-
portion of SEGs in H. sapiens. As for the inconsistency 

between Jain et al. (2008), Liu et al. (2021) and the pre-
sent study, the prediction pipeline as well as the screen-
ing filtration for rice SEGs are clearly different, which 
should be responsible for the difference in the identi-
fied SEG numbers in rice.

The SEG proportion decreases with the total gene 
count in the genomes, and prokaryotes and basal eukar-
yotes usually have higher proportion of SEGs in their 
genomes (Sakharkar et  al. 2004). In Encephalitozoon 
cuniculi and Saccharomyces cerevisiae, the proportion 
of SEGs can reach up to 97.7% and 92.5%, respectively 
(Sakharkar et  al. 2004). Comparatively, the percent of 
SEGs in most mammals is around 10%, with 11.9% in 
pigs, 9.7% in horses, 10.4% in chimpanzees, and 8.9% in 

Fig. 7 Internal correspondence analysis of single-exon genes with different GC3 content in rice. The total codon usage variability is decomposed 
into the synonymous codon usage variability (a, d, g), amino acid usage variability (b, e, h), and variability of within (a, b, c) and between different 
GC3 content groups (d, e, f). The performance of ICA yields nine elementary analyses (a–i). In each peculiar analysis, the contribution to the total 
codon usage variability is indicated, where only the first 10 eigenvalues are represented for comparison
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humans (Jorquera et al. 2016; 2021). It is reasonable to 
infer that the significantly higher proportion of SEGs in 
unicellular prokaryotes must be beneficial to their rapid 
proliferation with short generation times (Sakharkar 
et al. 2004).

During the past decades, amounts of SEGs have been 
identified in eukaryotes (Sakharkar et al. 2004; Jain et al. 
2008; Shabalina et al. 2010; Yan et al. 2014a, b; Jorquera 
et al. 2021). However, a large fraction of eukaryotic SEGs 
lack homology with prokaryotic genes (Sakharkar et  al. 
2004; Jain et  al. 2008; Yan et  al. 2014a, b), suggestive of 
the evolutionary origination of SEGs by retroposition 
(Sakharkar et al. 2004; Wang et al. 2006; Yan et al. 2014a, 
b). In this study, the paralogous gene pairs of SEGs and 
MEGs were identified by searching the PlantDGD data-
base (Qiao et  al. 2019). Totally, 581 SEGs that probably 
arose by retroposition have paralogs of MEGs, of which 
373 and 208 SEGs might be generated via tandem and 
segmental duplications (Additional file  4: Table  S3). To 
clarify whether the retroposition mechanism affects 
the divergence of synonymous codon usage of SEGs 
and MEGs, the 581 SEG/MEG paralogous genes were 
excluded from the dataset, and the ICA was conducted 
accordingly (Additional file  3: Fig. S3). However, the 
effect of synonymous codon usage variability between 
different gene types (2.5%) is slightly smaller than that 
obtained using the whole dataset (2.61%), indicative of 
the relatively weaker effect of retroposition mechanism 
on the codon usage bias of SEGs and MEGs in rice.

Neutral evolution and natural selection are considered 
as the major determinants in shaping the synonymous 
codon usage of a set of specific genes and even a given 
genome (Iriarte et  al. 2021). In rice, the synonymous 
codon usage bias of tissue-specific genes is mainly due 
to the mutational bias and natural selection (Liu 2012). 
However, in some eukaryotes, translational selection 
is the major factor in determining the codon usage bias 
(Qiu et al. 2011). In this study, we uncovered a significant 
but weak synonymous codon usage variation between 
SEGs and MEGs in rice, which might primarily arise from 
base compositional mutation bias. In particular, stronger 
effect of environmental GC content on shaping the syn-
onymous codon usage pattern is evidenced in MEGs, as 
compared with that in SEGs. Further, given that SEGs and 
MEGs are under differential selective constraints, natural 
selection for gene expression and function should con-
tribute to the codon usage bias of SEGs and MEGs too. 
Besides, SEGs and MEGs have significantly different CDS 
length (910.204 ± 742.991 vs. 1590.317 ± 1260.827  bp, 
p < 0.001), suggestive of the potential contribution of 
CDS length to their synonymous codon usage variabil-
ity. Notably, in the group of SEGs, mutational bias may 
be essential for the synonymous codon usage variation 

among genes, and followed by gene function and gene 
expression level. However, natural selection works on 
shaping the codon usage bias of rice SEGs, but this effect 
is relatively weak.

Without undergoing the process of intron splicing, 
intronless genes are usually rapidly regulated and respond 
to stress conditions (Jeffares et  al. 2008). In maize, a 
large number of intronless genes involved in immune 
response facilitate maize plants to quickly respond to 
biotic and abiotic stresses (Yan et  al. 2014a, b). Simi-
larly, the repeated arrangement of SEGs in the dinoflag-
ellate genome is significantly beneficial to its adaptation 
to the cold environment in polar regions (Stephens et al. 
2020). In this study, SEGs are found to evolve relatively 
faster than MEGs, and amounts of SEGs are enriched in 
the plant-pathogen interaction pathway, implying their 
involvement in response to environmental stresses.

Materials and Methods
Sequence Data
The rice (Oryza sativa L. japonica) gene sequences and 
genomic annotations were downloaded from the rice 
genomic resource (MSU pseudomolecule v7.0; ftp:// ftp. 
plant biolo gy. msu. edu/) (Ouyang et  al. 2007). The pro-
tein-coding sequences of Brachypodium distachyon and 
Sorghum bicolor were retrieved from the Phytozome 
database (v13.0; http:// www. phyto zome. net/) (Goodstein 
et al. 2012). The RNA-Seq data derived from rice shoots 
at the four-leaf seedling stage (He et al. 2010) was down-
loaded from the MSU database (http:// rice. uga. edu/ pub/ 
data/ Eukar yotic_

Projects/o_sativa/annotation_dbs/pseudomol-
ecules/version_7.0/all.dir/final_rice_v7_expression_
matrix_48columns.txt).

Prediction and Classification of Single‑Exon Genes 
and Multiple‑Exon Genes
The gffread software (Pertea and Pertea 2020) was uti-
lized to extract the intact gene information, on the basis 
of the annotation of rice genes. To avoid any analysis bias, 
the following genes were excluded from further analysis: 
(1) Genes having internal termination codon, or hav-
ing abnormal start and/or stop codon; (2) Genes encod-
ing tRNA, rRNA, or other noncoding RNAs (Jorquera 
et al. 2018); (3) Genes whose sequence length is less than 
300 bp, as described previously (Liu et al. 2020); (4) Single 
exon isoforms (SEIs) generated from the alternative splic-
ing of multiple-exon genes (MEGs) (Jorquera et al. 2018); 
(5) Genes located on unknown chromosomes, e.g. ChrSy 
and ChrUn. Accordingly, if a gene contains only one 
exon, it is considered as a single-exon gene (SEG); Other-
wise, it is classified as a MEG. Notably, if a gene produces 
several alternative splicing variants, the longest CDS was 

ftp://ftp.plantbiology.msu.edu/
ftp://ftp.plantbiology.msu.edu/
http://www.phytozome.net/
http://rice.uga.edu/pub/data/Eukaryotic_
http://rice.uga.edu/pub/data/Eukaryotic_
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used as the representative. Totally, 52,185 protein-coding 
genes were collected and subsequently divided into SEGs 
and MEGs (Additional file 1: Table S1).

Measurement of Synonymous Codon Usage Bias
The Effective Number of Codons (ENC), an indica-
tor that refers to the number of valid codons used in a 
gene, was calculated, yielding values ranging from 20 to 
61. A smaller ENC value means a stronger codon usage 
bias (Wright 1990). The Codon Adaptation Index (CAI), 
which refers to the fitness coefficient when all the codons 
encode the protein using the optimal codon relative 
to this gene (Sharp and Li 1987), was also calculated to 
assess the codon usage bias. The CAI value ranges from 
0 to 1.0, and a higher CAI value means a stronger codon 
usage bias (Sharp and Li 1987). The frequency of A3, T3, 
C3, and G3, where the usage of each nucleotide at synon-
ymous third codon positions as a proportion of the maxi-
mum usage of that nucleotide could have without altering 
the amino acid composition (Peden 1999), and the fre-
quency of G + C at the first, second, and third codon 
position (GC1, GC2, and GC3) were calculated after 
excluding the tryptophan, methionine, and three stop 
codons. In addition, the 200-bp noncoding sequences 
flanking every side of each SEG of MEG was extracted 
and the average GC content was calculated accordingly.

ENC Plot Analysis
The ENC plot analysis was performed to uncover the fac-
tors affecting the codon usage bias by plotting the ENC 
and GC3 values of SEGs and MEGs. In this analysis, the 
standard curve between the expected ENC and GC3 val-
ues was described as the following formula (1) (Novem-
bre 2002).

If the true ENC value of each protein-coding sequence 
falls completely on the theoretical curve, or within a 
region closer to the theoretical curve, the GC3 may be 
the sole determinant of codon usage (Novembre 2002). 
While the point of ENC against GC3 value is under 
the standard curve, natural selection is supposed to be 
involved in the process of shaping the codon usage bias 
(Novembre 2002).

Neutrality Plot Analysis
The neutrality plot analysis was performed to further 
analyze the main determinant factors for the codon usage 
of SEGs and MEGs by separately plotting their GC12 and 
GC3 values. Here, GC12 was calculated by the mean of 
GC1 and GC2. A higher correlation between GC12 and 
GC3 refers to much stronger effect of mutation pressure 

(1)ENCexp = 2+ GC3s +
29

GC3s2 + (1− GC3s)2

on codon usage. If the regression coefficient close to 1, 
it indicates that the codon usage bias might be mainly 
affected by mutation (Sueoka 2001). If there is no natural 
selection, the scatter points corresponding to GC12/GC3 
will fall on the standard line with a slope of 1 (He et al. 
2020).

Internal Correspondence Analysis
Internal correspondence analysis (ICA) is an extension 
of correspondence analysis (Perrière and Thioulouse 
2002). Previous studies demonstrated that ICA is an 
effective way in exploration of codon usage variation 
(Lobry and Chessel 2003; Sémon et  al. 2006; Liu 2012). 
The SeqinR (Charif and Lobry 2007) and ade4 (Dray and 
Dufour 2007) packages implemented in R v4.1.1 (https:// 
www.r- proje ct. org/) were used to perform the ICA. In 
ICA, a codon usage table was constructed, and used to 
investigate the inter- and intra-type variability. Accord-
ing to ICA, the rows and columns will be split into blocks 
on the basis of the number of samples and amino acids. 
Based on this table, the total codon usage variability can 
be further decomposed into between-block and within-
block variabilities, and the contribution of the variability 
in synonymous codon usage between different samples to 
the total codon usage variability will be inferred accord-
ingly (Lobry and Chessel 2003; Sémon et  al. 2006; Liu 
2012).

Identification of Orthologous Genes Pairs and Selective 
Constraint Analysis
The SEGs and MEGs were identified from Brachypodium 
distachyon and Sorghum bicolor, respectively, using the 
same method as described in rice. Then, the SEGs and 
MEGs identified in rice were separately used as query to 
search against the B. distachyon and S. bicolor SEG and 
MEG sequences to identify their orthologous gene pairs 
in each of the two species. The amino acid sequence 
alignments were carried out using MUSCLE (Edgar 2004) 
with default parameters, based on which the codon-align-
ments of CDS sequences were generated using PAL2NAL 
(Suyama et al. 2006). The programs ParaAT v2.0 (Zhang 
et al. 2012) and KaKs_Calculator v2.0 (Wang et al. 2010) 
were adopted to calculate the pair-wise synonymous (Ks) 
and non-synonymous (Ka) distance between orthologous 
genes of rice and B. distachyon and S. bicolor.

Gene ontology (GO) and KEGG Pathway Enrichment 
Analysis
The singular enrichment analysis (SEA) was conducted 
using AgriGO v2.0 (Tian et  al. 2017) to determine the 
biological functions of SEGs and MEGs. The KEGG data-
base (Kanehisa et al. 2021) was employed to perform the 
pathway enrichment analysis of SEGs and MEGs in rice.

https://www.r-project.org/
https://www.r-project.org/
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Statistical Analysis
The calculation of ENC, CAI, A3, T3, G3, C3, GC, 
GC1, GC2, GC3, and CDS length was performed using 
CodonW v1.4.4 (Peden 1999) and custom python 
scripts. The performance of ICA, Spearman correla-
tion, Wilcoxon signed rank test, and ANOVA analysis 
was all conducted using R v4.1.1.
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where only the first 10 eigenvalues are represented for comparison. Fig‑
ure 2. Internal correspondence analysis of single-exon genes with differ-
ent gene function in rice. The total codon usage variability is decomposed 
into the synonymous codon usage variability (a, d, g), amino acid usage 
variability (b, e, h), and variability of within (a, b, c) and between different 
gene function groups (d, e, f ). The performance of ICA yields nine elemen-
tary analyses (a-i). In each peculiar analysis, the contribution to the total 
codon usage variability is indicated, where only the first 10 eigenvalues 
are represented for comparison. Figure 3. Internal correspondence analy-
sis of single-exon genes and multiple-exon genes in rice. In this analysis, 
the 581 paralogous gene pairs of single-exon genes and multiple-exon 
genes are excluded from the dataset. The total codon usage variability is 
decomposed into the synonymous codon usage (within-AA) variability (a, 
d, g), amino acid usage (between-AA) variability (b, e, h), and variability of 
within (a, b, c) and between gene types (d, e, f ). In each peculiar analysis, 
the contribution to the total codon usage variation is indicated, where 
only the first 10 eigenvalues are represented for comparison.

Additional file 4. Table 3. Paralogous gene pairs consisting of single-
exon genes and multiple-exon genes generated via segmental and 
tandem duplications.

Acknowledgements
Not applicable.

Author contributions
QL conceived and designed the experiment, and supervised the project. QL, 
HH and TW wrote the manuscript. HH, BD, XF, MW and TW performed the 
experiments and analyzed the data. All authors read and approved the final 
manuscript.

Funding
This work was financially supported by grants from the National Natural 
Science Foundation of China (31972959) and the Key Project of Zhejiang 
Provincial Natural Science Foundation of China (LZ19B070001) to Q.L.

Availability of Data and Materials
All data supporting the conclusions of this article are available in this article 
and its online supplementary materials.

Declarations

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Competing Interests
The authors declare that they have no competing interests.

Received: 18 July 2022   Accepted: 16 February 2023

References
Chakraborty S, Yengkhom S, Uddin A (2020) Analysis of codon usage bias of 

chloroplast genes in Oryza species: codon usage of chloroplast genes in 
Oryza species. Planta 252:67

Charif D, Lobry JR (2007) SeqinR 1.0–2: a contributed package to the R project 
for statistical computing devoted to biological sequences retrieval and 
analysis. Springer Berlin Heidelberg.

Chen Y (2013) A comparison of synonymous codon usage bias patterns in 
DNA and RNA virus genomes: quantifying the relative importance of 
mutational pressure and natural selection. Biomed Res Int 2013:406342

Chen T, Meng D, Liu X, Cheng X, Wang H, Jin Q, Xu X, Cao Y, Cai Y (2020) RIGD: a 
database for intronless genes in the rosaceae. Front Genet 11:868

Cusack BP, Arndt PF, Duret L, Crollius HR (2011) Preventing dangerous non-
sense: selection for robustness to transcriptional error in human genes. 
PLoS Genet 7:e1002276

Dong S, Li W, Wang L, Hu J, Song Y, Zhang B, Ren X, Ji S, Li J, Xu P, Liang Y, Chen 
G, Lou JT, Yu W (2019) Histone-related genes are hypermethylated in 
lung cancer and hypermethylated HIST1H4F could serve as a pan-cancer 
biomarker. Cancer Res 79:6101–6112

Dray S, Dufour AB (2007) The ade4 Package: implementing the duality diagram 
for ecologists. J Stat Softw 22:1–20

Edgar RC (2004) MUSCLE: a multiple sequence alignment method with 
reduced time and space complexity. BMC Bioinform 5:113

Goodstein DM, Shu S, Russell H, Rochak N, Hayes RD, Joni F, Therese M, William 
D, Uffe H, Nicholas P (2012) Phytozome: a comparative platform for green 
plant genomics. Nucleic Acids Res 40:D1178–D1186

Grzybowska EA (2012) Human intronless genes: functional groups, associ-
ated diseases, evolution, and mRNA processing in absence of splicing. 
Biochem Biophys Res Commun 424:1–6

He G, Zhu X, Elling AA, Chen L, Wang X, Guo L, Liang M, He H, Zhang H, Chen 
F, Qi Y, Chen R, Deng XW (2010) Global epigenetic and transcriptional 
trends among two rice subspecies and their reciprocal hybrids. Plant Cell 
22:17–33

He Z, Dong Z, Gan H (2020) Comprehensive codon usage analysis of 
rice black-streaked dwarf virus based on P8 and P10 protein coding 
sequences. Infect Genet Evol 86:104601

Holmquist GP, Filipski J (1994) Organization of mutations along the genome: a 
prime determinant of genome evolution. Trends Ecol Evol 9:65–69

Iriarte A, Lamolle G, Musto H (2021) Codon usage bias: an endless tale. J Mol 
Evol 89:589–593

Jain M, Khurana P, Tyagi AK, Khurana JP (2008) Genome-wide analysis of 
intronless genes in rice and Arabidopsis. Funct Integr Genom 8:69–78

Jeffares DC, Penkett CJ, Bahler J (2008) Rapidly regulated genes are intron 
poor. Trends Genet 24:375–378

Jorquera R, González C, Clausen P, Petersen B, Holmes DS (2018) Improved 
ontology for eukaryotic single-exon coding sequences in biological 
databases. Database 2018:1–6

Jorquera R, Ortiz R, Ossandon F, Cárdenas JP, Sepúlveda R, González C, Holmes 
DS (2016) SinEx DB: a database for single exon coding sequences in 
mammalian genomes. Database 2016: baw095

Jorquera R, González C, Clausen PTLC, Petersen B, Holmes DS (2021) SinEx DB 
2.0 update 2020: database for eukaryotic single-exon coding sequences. 
Database 2021: baab002.

https://doi.org/10.1186/s12284-023-00627-2
https://doi.org/10.1186/s12284-023-00627-2


Page 13 of 13Hu et al. Rice           (2023) 16:11  

Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M (2021) 
KEGG: integrating viruses and cellular organisms. Nucleic Acids Res 
49:D545–D551

Liu Q (2012) Mutational bias and translational selection shaping the codon 
usage pattern of tissue-specific genes in rice. PLoS ONE 7:e48295

Liu XY, Li Y, Ji KK, Zhu J, Ling P, Zhou T, Fan LY, Xie SQ (2020) Genome-
wide codon usage pattern analysis reveals the correlation between 
codon usage bias and gene expression in Cuscuta australis. Genomics 
112:2695–2702

Liu H, Lyu HM, Zhu K, Van de Peer Y, Cheng ZM (2021) The emergence and 
evolution of intron-poor and intronless genes in intron-rich plant gene 
families. Plant J 105:1072–1082

Lobry J, Chessel D (2003) Internal correspondence analysis of codon and 
amino acid usage in thermophilic bacteria. J Appl Genet 44:235–261

Moriyama EN (1997) Codon usage bias and tRNA abundance in Drosophila. J 
Mol Evol 45:514–523

Novembre JA (2002) Accounting for background nucleotide composition 
when measuring codon usage bias. Mol Biol Evol 19:1390–1394

Ouyang S, Zhu W, Hamilton J, Lin H, Campbell M, Childs K, Thibaud-Nissen F, 
Malek RL, Lee Y, Zheng L, Orvis J, Haas B, Wortman J, Buell CR (2007) The 
TIGR rice genome annotation resource: improvements and new features. 
Nucleic Acids Res 35:D883–D887

Peden JF (1999) Analysis of codon usage. University of Nottingham, UK.
Perrière G, Thioulouse J (2002) Use and misuse of correspondence analysis in 

codon usage studies. Nucleic Acids Res 30:4548–4555
Pertea G, Pertea M. (2020) GFF utilities: GffRead and GffCompare. F1000Res 9: 

ISCB Comm J-304.
Qiao X, Li Q, Yin H, Qi K, Li L, Wang R, Zhang S, Paterson AH (2019) Gene dupli-

cation and evolution in recurring polyploidization–diploidization cycles 
in plants. Genome Biol 20:38

Qiu S, Bergero R, Zeng K, Charlesworth D (2011) Patterns of codon usage bias 
in Silene latifolia. Mol Biol Evol 28:771–780

Quax TEF, Claassens NJ, Söll D, van der Oost J (2015) Codon bias as a means to 
fine-tune gene expression. Mol Cell 59:149–161

Sakharkar MK, Kangueane P (2004) Genome SEGE: a database for “intronless” 
genes in eukaryotic genomes. BMC Bioinform 5:67

Sakharkar MK, Chow VT, Chaturvedi I, Mathura VS, Shapshak P, Kangueane P 
(2004) A report on single exon genes (SEG) in eukaryotes. Front Biosci 
9:3262–3267

Sémon M, Lobry JR, Duret L (2006) No evidence for tissue-specific adaptation 
of synonymous codon usage in humans. Mol Biol Evol 23:523–529

Shabalina SA, Ogurtsov AY, Spiridonov AN, Novichkov PS, Spiridonov NA, 
Koonin EV (2010) Distinct patterns of expression and evolution of 
intronless and intron-containing mammalian genes. Mol Biol Evol 
27:1745–1749

Sharp PM, Li WH (1987) The codon Adaptation Index - a measure of directional 
synonymous codon usage bias, and its potential applications. Nucleic 
Acids Res 15:1281–1295

Stephens TG, González-Pech RA, Cheng Y, Mohamed AR, Burt DW, Bhattacha-
rya D, Ragan MA, Chan CX (2020) Genomes of the dinoflagellate Polarella 
glacialis encode tandemly repeated single-exon genes with adaptive 
functions. BMC Biol 18:56

Sueoka N (2001) Near homogeneity of PR2-bias fingerprints in the human 
genome and their implications in phylogenetic analyses. J Mol Evol 
53:469–476

Suyama M, Torrents D, Bork P (2006) PAL2NAL: robust conversion of protein 
sequence alignments into the corresponding codon alignments. Nucleic 
Acids Res 34:W609–W612

Tian T, Liu Y, Yan H, You Q, Yi X, Du Z, Xu W, Su Z (2017) AgriGO v2.0: a GO analy-
sis toolkit for the agricultural community, 2017 update. Nucleic Acids Res 
45:W122–W129

Wang W, Zheng H, Fan C, Li J, Shi J, Cai Z, Zhang G, Liu D, Zhang J, Vang S, Lu Z, 
Wong GKS, Long M, Wang J (2006) High rate of chimeric gene origination 
by retroposition in plant genomes. Plant Cell 18:1791–1802

Wang D, Zhang Y, Zhang Z, Zhu J, Yu J (2010) KaKs_Calculator 2.0: a toolkit 
incorporating gamma-series methods and sliding window strategies. 
Genom Prot Bioinform 8:77–80

Wright F (1990) The “effective number of codons” used in a gene. Gene 
87:23–29

Yan H, Jiang C, Li X, Sheng L, Dong Q, Peng X, Li Q, Zhao Y, Jiang H, Cheng 
B (2014a) PIGD: a database for intronless genes in the Poaceae. BMC 
Genom 15:832

Yan H, Zhang W, Lin Y, Dong Q, Peng X, Jiang H, Zhu S, Cheng B (2014b) Dif-
ferent evolutionary patterns among intronless genes in maize genome. 
Biochem Biophys Res Commun 449:146–150

Yan H, Dai X, Feng K, Ma Q, Yin T (2016) IGDD: a database of intronless genes in 
dicots. BMC Bioinform 17:289

Yuan M, Yao L, Abulizi G (2019) Tumor-suppressor gene SOX1 is a methyl-
ation-specific expression gene in cervical adenocarcinoma. Medicine 
98:e17225

Zhang Z, Xiao J, Wu J, Zhang H, Liu G, Wang X, Dai L (2012) ParaAT: a parallel 
tool for constructing multiple protein-coding DNA alignments. Biochem 
Biophys Res Commun 419:779–781

Zhao F, Zhou Z, Dang Y, Na H, Adam C, Lipzen A, Ng V, Grigoriev IV, Liu Y (2021) 
Genome-wide role of codon usage on transcription and identification of 
potential regulators. Proc Natl Acad Sci U S A 118:e2022590118

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Mutational Bias and Natural Selection Driving the Synonymous Codon Usage of Single-Exon Genes in Rice (Oryza sativa L.)
	Abstract 
	Background
	Results
	Variation in Synonymous Codon Usage Between Single-Exon Genes and Multiple-Exon Genes
	Base Compositional Bias and the Variability in Synonymous Codon Usage of Single-Exon Genes and Multiple-Exon Genes
	Selective Constraints and Functional Differentiation of Single-Exon Genes and Multiple-Exon Genes
	Dissection of Factors Affecting the Synonymous Codon Usage of Single-Exon Genes
	GC3 Content Variation and Codon Usage Bias
	Gene Expression Level and Codon Usage Bias
	Gene Function and Codon Usage Bias


	Discussion
	Materials and Methods
	Sequence Data
	Prediction and Classification of Single-Exon Genes and Multiple-Exon Genes
	Measurement of Synonymous Codon Usage Bias
	ENC Plot Analysis
	Neutrality Plot Analysis
	Internal Correspondence Analysis
	Identification of Orthologous Genes Pairs and Selective Constraint Analysis
	Gene ontology (GO) and KEGG Pathway Enrichment Analysis
	Statistical Analysis

	Acknowledgements
	References


