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Abstract
Background: Codon usage pattern is an important evolutionary feature in genomes widely observed in
many organisms. Stylonychia lemnae  is a classical model single-celled eukaryote, and a quintessential
ciliate typi�ed by dimorphic nuclei: a germline micronucleus and a vegetative macronucleus. Analysis of
codon usage pattern of S. lemnae macronucleus genome helps in understanding evolution at molecular
level and acquires significance in mRNA translation, design of transgenic and new gene discovery. 

Results: The codons of the macronucleus genome sequence of S. lemnae were analyzed and 20,750
coding sequences (CDS) were screened. The overall codon usage of S. lemnae is similar and slightly
biased. The value of effective number of codons (ENC) showed that the overall extent of codon usage
bias in S. lemnae is relatively high. Nucleotide analysis showed that the overall codon usage is biased
toward A- and U-ending codons. The phylogenetic analysis indicated that ciliate is independent
evolutionary origins from a common ancestor. The RSCU analysis showed that the codon usage pattern
of S. lemnae is more similar to that of Thtrahymana thermophila and Paramecium caudatum .
Correlation analysis, ENC-GC 3S plot, and PR2 plot indicated that the codon usage patterns of
S. lemnae are in�uenced by both mutational pressure and natural selection, neutrality plot analysis
showed that those two factors play major roles.

C onclusions : Codon usage patterns in eukaryotes are not determined by translational e�ciency, but also
are determined by the genome. Our study is the first attempt to evaluate the codon usage pattern of
S.lemnae macronucleus genome to better understand the evolutionary changes. These results built the
base for further research on the molecular evolution of S. lemnae .

Background
The ciliate S. lemnae is a classical model single-celled eukaryote, which widespread in ponds, rivers and
marshes. S. lemnae possesses both a macronucleus (MAC), specialized for gene expression, and a
micronucleus (MIC), containing the germline genome that permits recombination and transmission of
genetic information across sexual generations [1]. The macronucleus genome of S. lemnae is 50.2-Mb,
contains 80 ribosomal relate genes [2].

It is well known that most of the amino acids (except Methionine and Tryptophan) are coded by more
than one codon, which due to the degeneracy of the genetic codes. And this use of more than one codon
for the same amino acid is called synonymous codon usage[3]. Furthermore, the synonymous codons
usage termed as codon usage bias, which means synonymous codons usage is not random and for the
same amino acids, some codons might be preferred over others[4].

Ciliate is a complex protozoan with two nuclei and its codon usage bias is not universal [5, 6]. With the
exception of a few species, most of metazoans use the standard genetic coding system for protein
translation, as do viral and prokaryote. However, in single-celled organisms, the genetic code expresses its
particularity. Stylonychia are hypotrichous ciliates with alternative genetic codes. It has reassigned the
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canonical stop codons TAR to glutamine codons, resulting in genomes with only one stop codon (TGA)
[7,8,9]. Whereas in Oxytricha, UAA and UAG encode glutamine, TGA is only one stop codon. Furthermore,
Non-standard glutamine codons are not used in the four species of Euplotes [10].

The codon usage patterns in S. lemnae was analyzed by Martindale D.W in 1989[11], but only two tubulin
protein-coding gene sequences were available for analysis. Codon usage has been shown to affect
protein structure and function through interfering with translation kinetics, and cotranslational protein
folding [12]. Furthermore, synonymous codon usage patterns can be an essential tool in revealing specie
evolution [13]. The genome data were de�cient for S. lemnae codon analysis in previous studies, and
knowledge on the evolution of DNA in S. lemnae on the other hand is more scarce. So it is necessary to
clear the in�uencing factor on its codon usage with each other, such as mutation pressure [14]or natural
selection [15], in order to �ll the large existing gaps of knowledge and data.

Heritable Variations in Stylonychia sp is reported �rstly in 1915, and causing who the main fact has
considered to be cumulative effects of selection [16].But due to the lack of genomic data, the molecular
mechanism of genetic change can not be elucidated. Basing on the reason, we have downloaded all the
complete S. lemnae macronuclear genome coding sequences of until June the 21st, 2019 and have
analyzed their codon usage patterns.

Results
Phylogenetic analysis of S. lemnae based on 18s ribosomal DNA (18s-rDNA)

To determine the phylogenetic relationship of S. lemnae, protozoan and metazoans, a phylogenetic tree
was drawn (Fig.1). The results show that S. lemnae clusters with Stylonychia sp. with high support
(ML/BI:86/0.76), which is then sister to Tetrahymena sp.and S. cerevisiae with low bootstrap value
(ML/BI: 78/0.76, ML/BI: 60/0.45 respectively); which clusters with C.elegans and H.sapiens in a poorly
supported clade (ML/BI: 55/0.43); and also groups with Paramecium sp...

Codon composition analysis

CodonW software was used to analyze the macronucleus genome coding sequence of the S. lemnae. The
GC content ranged from 22.1% to 58.6% in the gene of S. lemnae. The GC content was mainly distributed
in 25% ~ 40% with an average of 33.7%, indicating that AT was enriched in the genome (Supplementary
Fig. S1).

Codon usage pattern

To investigate the codon usage bias on S. lemnae codon usage pattern, the RSCU values in coding
sequenceswere assessed synonymous codon usage were assessed. Among 26/ preferred codons of
corresponding all amino acids (except Methionine and Tryptophan) in S. lemnae coding sequences, 26
are A/U-ended (twelve A-ended; fourteen U-ended) and the remaining are C/G ended (one C-ended; one G-
ended). Therefore, most preferred codons in S. lemnae are found to be A-ended or U-ended codons(Table
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1). By analyzing the 26 preferred codons, we can �nd that the RSCU values of six codons, GGA (G), UCA
(S), CCA(P), ACU(T), GCU (A) and AGA(R) are >1.6, whereas the RSCU values of the remaining are also
found to be > 1 and< 1.6 (Table 1). Nucleotide composition (A/T-rich) and RSCU analysis (A/U-ended)
show that the preferred codons have been mostly influenced by compositional constraints of
nucleotide,which account for mutation pressure. Additionally, it was found 25 are A/U-ended in highly
expressed genes in S. lemnae, but 21 are C/G end in lowly-expressed genes (Table 2), which also show A-
ended or U-ended codons are preferentially codons of highly expressed genes. These results indicate that
mutation pressure decide the third position of codons and affect codon usage pattern.

To investigate the potential in�uences (mutation pressure or natural selection) of biological evolution on
the codon usage patterns, the RSCU values of the codons in S. lemnae coding sequences were calculated
and then were compared with �ve model organism (H. sapiens, C. elegans, S. cerevisiae, T. thermophila
and P. caudatum).. We�nd that preferred codons is eight between S. lemnae and H.Sapiens; fourteen
between S. lemnae and C. elegans;twenty one between S. lemnae and S. cerevisiae; twenty one between S.
lemnae and T.thermophila;and nineteen between S. lemnae and P. caudatum (Table 1). Those results
show the similarity in codon pattern between S. lemnae and H. Sapiens is lower than that among C.
elegans S. cerevisiae T.thermophila or P. caudatum. The codon usage bias of S. lemnae differs greatly
from that of higher eukaryotes and is similar to that of lower eukaryotes. It is generally believed that the
closer the species are, the more similar the codon usage pattern should be.

Mutational pressure versus natural selection on codon usage pattern

In order to get an insight whether codon usage bias of S. lemnae was driven by mutational pressure alone
or other environmental factors, we analyzed correlation coefficients between overall nucleotide
composition (A%, T%, G%, C%, GC%), nucleotide composition at the third position of codons (A3%, T3%,
G3%, C3%, GC3%) and ENC(Table 3). The results show that the A content has a signi�cant positive
correlation with the content of A3s andG3s, but has a signi�cant negative correlation with the content of
C, T, G, GC, C3s, T3s and GC3s. The C content has a signi�cant positive correlation with the content of G,
GC, C3s, GC3s and ENC, but has a signi�cant negative correlation with the content of A, T, A3s T3s and
G3s. The T content has a signi�cant positive correlation with T3s contents, but has a signi�cant negative
correlation with the content of A, C, G, GC, A3s, C3s, G3S, GC3s and ENC. The G content has a signi�cant
positive correlation with the content of G, GC, C3s, G3s, GC3s and ENC, but has a signi�cant negative
correlation with A, T, A3s and T3s content. The GC contents has a signi�cant positive correlation with the
content of CG, G3s, C3s, GC3s, but has a signi�cant negative correlation with the content of A, T, A3s and
T3s. The ENC value has a signi�cant positive correlation with the content of C, G, GC, C3s, G3s and GC3s,
but has a signi�cant negative correlation with the content of T, A3s and T3s, and has no correlation with
the content of A. These results suggested that mutation pressure may affect the codon usage bias for S.
lemnae.

To study the relative contribution of two major factors, i.e., natural selection and mutational pressure on
codon usage pattern, we performed PCA analysis taking RSCU scores to �nd out major trends of codon
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usage in S. lemnae genes. A plot of PC1 and PC2 showed important features of the codon usage pattern
in S. lemnae genesFig.2a). From this analysis major trends in codon usages were detected in which axis1
(PC1) accounted for 13.4%, whereas axis2 (PC2), axis3 and axis4 accounted for 10.2%, 6.6%, and 4.6% of
total variation in S. lemnae. Axis1-axis4 explaining 34.8% of the cumulative variances, which indicates
that no single factor in�uence codon usage patteren in S. lemnae.

In order to characterize the codon usage patterns from different types of genes, ribosomal related genes
was statistical analysis by PCA (Fig. 2b).It was clearly seen that ribosomal genes of S. lemnae were
clustered on the right side of PC1, and indicate that compositional constraints are a major factor in CUB,
that is mutation pressure mostly shaped its codon pattern, but other factors are also powerful.

Additationlly, Correlation analysis was also performed to determine the correlations between the �rst two
axes and nucleotide constraints of S. lemnae genome (Table 4). The results show that the Axis1 is
positively correlated with the A and A3s, whereas it is negatively correlated with the contents of C, G, GC,
C3s, GC3s and ENC. Meanwhile, Axis2 is insigni�cant correlated with the C, T, G, GC, A3s,C3s,T3s, G3s,
GC3s and ENC. Moreover, these results also support the key role of mutational pressure in shaping the
codon usage bias in S. lemnae.

To investigate the effect of natural selection on codon usage bias in S. lemnae , correlation analysis
between the characters of amino acid (Gravy values and Aroma) and the codon bias (Axis1, Axis2, ENC,
and GC 3s) was performed(Table 5). The result indicates that Axe1 have a signi�cant negative correlation
with AROMA and GRAVY, and Axis 2 has a signi�cant positively correlation with AROMA and GRAVY, but
Axe1 or Axis 2 has non-signi�cant correlation with ENC, GC or GC 3s. Earlier it is found that AROMA and
hydropathy of the encoded proteins has a signi�cant correlation with the base composition of third
codon positions in some other prokaryotes, several eukaryotes and viral genomes
[17,18,19,20,21].However, there is no report of such correlation in any of the ciliate genomes studied so
far. To our knowledge, this is for the �rst time, the aromaticity and hydrophobicity of amino acid under
nature selection have been demonstrated importance effect on the codon usage pattern of S. lemnae.

ENC- GC 3S plot analysis

To study the factors (mutation pressure, natural selection) in�uencing the codon usage patterns of S.
lemnae coding sequences, we performed ENC- plot analysis for GC 3S, PR2 plot and neutrality plot
analysis.

The degree of codon bias is re�ected by the size of ENC value. ENC value ranges from 20 to 61, with the
level of base composition bias increasing as the ENC values approach 20. Similarly, genes expressed at
low levels contain numerous rare codons, with a higher ENC value approach 61. The convention uses 35
as the criterion for biased bias [22]. The ENC values of the S. lemnae genome range from 24.8 to 61, and
most of them are more than 35, so the codon bias of the gene is weak (Supplementary Table S2). The
average GC3 content is 33.7%, GC1 and GC2 are 38.68% and 30.1%, respectively, indicating that the
codon base composition is mostly A and U.



Page 6/23

The association analysis between ENC - GC3 is shown in Fig. 3. If ENC value of genes will lie on or just
below the continuous curve of the expected ENC values, it indicates that the codon bias is only
constrained by a G3+ C3 mutational bias [23]. In the �gure, more ENC value of genes loci are on the top or
far below the curve of the expected ENC values, but a little ENC value of genes lie on or just below the
expected curve. It indicates that the codon usage patterns have been in�uenced by mutation pressure and
other factors, including natural selection.

PR2-plot plot analysis.

The relationship between purine(A and G) and primidines (T and C) of partial amino acids of each gene
was analyzed by PR2-plot mapping. There is no bias in the selection or mutation pressure when the plot
lie on the center, where both coordinates are 0.5[24].According to Supplementary Fig. S2, most of the
genes are distributed on the high right of the plan, indicating that the frequency of A is higher than T, and
the frequency of G is higher than C. those results demonstrate that the codon usage pattern of S. lemnae
is also shaped by mutation pressure and other factors, including natural selection.

Neutral Plot Analysis

Neutrality plot analysis was used to estimated the relationship between GC12 and GC3, and it elucidates
the extent of in�uence of mutation-selection equilibrium in shaping the CUB. Synonymous mutation
usually occurs at the third base of codons. If the correlation between GC12and GC3 is statistically
significant and the slope of the regression line is close to 1, it is assumed that mutation pressure is the
main force shaping the codon usage bias of genes. But selection against mutation bias is the dominant
factor, the slope of the regression line is close to 0 with no correlation between GC12 and GC3. The
analysis show that no correlation is observed between the value of GC 12 and GC 3 (r = 0.286, P > 0.05)
which seemed indicative of natural selection playing a little role in codon usage bias of S. lemnae
genome (Fig. 4).Then, after calculating the slope of the regression in the neutrality plot, this was the case.
The slope of the regression line was calculated to be 0.2016, high-lighting the relative GC 3 (natural
selection) is 79.94%, while the relative constraint on neutrality (mutation pressure) is 20.16%. These
results suggested thatnatural selection is the dominant factor while mutation pressure played a minor
role in shaping codon usage bias of S. lemnae genes.

Conclusion And Discussion
According to our result,Phylogenetic relationships of S. lemnae are similar to Tetrahymena sp.,
Paramecium sp. and S. cerevisiae, but are far from C. elegans and H. sapien. It indicated that
the origin and early evolution of many eukaryotes remain unknown or ambiguous, the codon usage
pattern is non-universal and in�uenced by evolutionary processes.

Codon usage of plays a significant role in the evolution of metazoans, whereas our understanding of that
in the evolution of protozoan is limited. Until now, the codon usage pattern of protozoan genome, such as
Tetrahymena thermophila and Paramecium tetraureli[25], had been only reported. In the present study,

http://www.baidu.com/link?url=57aywD0Q6WTnl7XKbIHuE8b-omKc3ap2x5EsTpVbV6AAYPbEM0D2-y7J093ezJ4Wm856LPEZMymBTwifKz1obq
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comprehensive analyses of codon usage of S. lemnae based on macronuclear genome coding sequences
were performed. We observed that (1) S. lemnae coding sequences were AU-rich;(2)A-and U-ending
codons were preferred in S. lemnae macronuclear genome coding sequences;(3) a relatively stable
genomic composition with a high codon usage bias was observed in S. lemnae coding sequences. (4)
natural selection and mutation pressure shaped the codon usage in S. lemnae macronuclear genome
coding sequences.

Research reported that the overall nucleotide composition can influence codon usage bias[26]. Our
nucleotide composition results showed that the S. lemnae macronuclear genome were AU-rich.The
organisms with AT-rich genome, such as T. thermophila and P. tetraurelia, tend to use A or T at the third
position in coding sequence [27,28,29]. Likewise, AT-rich genome in S. lemnae preferes A/T as the third
codon. whereas GC-rich genomes tend to contain codons ending with G and C, such as Archea, Bacteria,
Hordeum vulgare, Triticum aestivum, fungi and Oryza sativa [30,31,32]. This trend supports the influence
of mutation pressure.

However, codons end in highly expressed genes present a very different pattern in Tetrahymena,
Paramecium and S. lemnae. Most optimal codons end in T/A, rather than G/ C in RSCU analysis (T >A > C
>G) in S. lemnae. But C (and to a lesser extent T) end is preferred in highly expressed genes in
Tetrahymena and Paramecium, and A ending (in Tetrahymena) and G ending (in Paramecium) tend to be
avoided[25].Research found the third position of codons in Tetrahymena and Paramecium is usually
under less selective pressure than the other two positions[25], so mutational pressure is the main factor
affecting the codon usage bias of protozoan.

We observed that the ENC values of the S. lemnae macronuclear genome coding sequences were lower
than 35 (Tables S2), indicative of a high degree of preference.Normally, the high A/T content of S. lemnae
coding region, and which also has a signi�cant negative correlation with ENC, that may be the reason of
low ENC value. Additionally, GC 3S and G 3S are strongly positively correlated with ENC, which indicate
that the codon bias under mutation pressure is relatively high. PR2 plot also support that T and C are
used more frequently than A and G in the third base of synonymous codons in S. lemnae complete
coding regions, respectively.Likely, T/A ends of codons are also used more frequently than C/G ends in
Tetrahymena and Parameciumis[25]. In another respect, because the A, T, C, G, GC, A3s, T3S, C3S, G3s
and GC3s content have a correlation with the two principle axes, clearly showed that codon usage pattern
of S. lemnae macronuclear genome coding sequences from base composition is influenced by mutation
pressure.

Additionally, ENC-plot, PR2 plot, neutrality plot and correlation analysis between GRAVY and aromaticity
values and those of the ENC, GC3S, GC, and first two principle axes demonstrated that natural selection
is also the major factor that has contributed to shaping codon usage of S. lemnae macronuclear genome
coding sequences. It �rstly indicates the role of hydropathicity and aromaticity forming the codon usage
pattern of the cliate.
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In short, our analysis revealed that the codon usage bias in S. lemnae is high and natural selection such
as aromaticity, hydropathicity, is the main factor that affects codon usage variation in S. lemnae.
Mutation pressure of nucleotide composition is also an important factor in�uencing codon usage bias.
The evolution of S. lemnae probably re�ects a dynamic process of mutation and natural selection to
adapt its codon usage. This study of codon usage patterns in S. lemnae is the �rst reveal information
about molecular evolution, and also builds the base for analysis alternative genetic codes of
hypotrichous ciliates.

Methods
Sequence data

The complete S. lemnae genome is obtained from the S. lemnae genome database
(http://stylo.ciliate.org/index.php/). A total of 21,061 coding sequences were downloaded. Then we
deleted the short sequence whose length is less than 300 bp. Finally, we extracted 20,750 CDSs which
had correct start and stop codons with exact multiple of three bases to do data analysis.

Nucleotide composition analysis

The component parameters of S. lemnae macronucleus genomes were calculated after removing five
non-bias(AUG,UGG,UAA,UGA,UAG),.The over all nucleotide composition(A,C,T and G%) and the total AU
and GC content were calculated using BioEdit.The nucleotide compositions were calculated by CodonW
software 1.4.2 package(http://codonw.sourceforge.net), including (i) frequency of occurrence of A, C, U, G
and GC, respectively); (ii) frequency of occurrence of A,T,G and C at the third position of the synonymous
codons, respectively; (iii) frequencies of occurrence of the GC at the 1st, 2nd and 3rd codon positions
(GC1s, GC2s, GC3s); (iv) mean frequencies of GC at GC1s and GC2s

Relative Synonymous Codon Usage (RSCU) Analysis

The RSCU value of were de�ned as between the observed and expected usage frequency with the
assumption that all codons for a particular amino acid are used equally[33]. An RSCU value close to 1.0
indicates that there is no bias for that codon, whereas codons with RSCU values >1.0 has a positive
codon usage bias, and codons with RSCU values <1.0 has a relatively negative codon usage bias, then
codons with RSCU values >1.6 are considered to be”over represented”[34]. In this study, the RSCU values
of S. lemnae were calculated by CodonW software, the RSCU values for H.sapiens were retrieved from
Singh R. K.[35], the RSCU values of C.elegans were retrieved from Stenico M [36],the RSCU values of
S.cerevisiae were retrieved from Lloyd A.T [37], and the the RSCU values of P.caudatum and T.thermophila
were retrieved from Barth D and Hannah M.W [38,39], respectively.

The RSCU values were calculated using the following equation:

http://%28http//stylo.ciliate.org/index.php/)
http://package%28http//codonw.sourceforge.net)
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Where gij is the observed number of the i-th codon for the j-th amino acid that has an”ni" type of
synonymous codons.

Effective number of codons analysis.

The ENC was calculated the absolute codon usage bias of of gene and genome level, which is the best
estimator of absolute codon usage bias [40,41]. The ENC value is between 20(only one synonymous
codon is used, an extreme codon usage bias) and 61 (the synonymous codons are used equally, no bias).
When the ENC value ≤35 is generally considered that the gene has significant codon bias[42].

Determination of optimal codons

Optimal codons de�nition referred to the analytical method of Liu et al [43]. Gene expression levels were
determined by CAI values. The method is as follows: Calculate the CAI of each gene, arrange it of each
gene based on CAI values, and take 5% of total genes with the highest CAI valuea to form a high. The
RSCU values of each codon in the two data sets is calculated, and then the RSCU values of the high
dataset is subtracted that of the low dataset. If difference is greater than 0.08, the corresponding codon is
de�ned as the optimal codon. The software used in this study includes CodonW 1.4.2, SPSS 20 and Excel
2016.

ENC-GC3S plot analysis

The ENC- GC3S plot consists of plotting GC3s values in the abscissa and the ENC values in the ordinate,
which was used to investigate the role of mutational pressure in codon usage bias. The expected ENC
value for each GC 3S was calculated using the following formula: ENCexpected = 2 + GC3 + 29/[GC3

2 + ( 1 -

GC3) 2][44].

Parity rule 2 analysis

parity rule 2 (PR2) mapping analysis ( A3/(A3+U3) plotted against G3/(G3+C3)) was to used
investigating the effects of mutation and natural selection on codon usage. In this PR2 mapping, the
value of a AU bias [A 3s/(a 3s+U 3s)] at the third base of the codon is in the abscissa and the value of G
C bias [G 3s/(G 3s+C 3s)] is in the abscissa[45].

Neutral Plot Analysis
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The influence of mutation bias and natural selection on codon usage were tested by Neutral maps by
plotting GC12 values against GC3 values.The mutation pressure is represented by the slope of the
regression line plotted between the GC12 and GC3 contents, where regression lines that fall near the
diagonal (slope = 1.0) indicates no or weak external selection pressure. In contrast, if regression curves
deviate from the diagonal, it indicates a significant influence of natural selection on codon usage
bias[21,46].

Principal Component Analysis (PCA).

PCA was used to analyze the major trends in synonymous codon usage of genes mutation. We normalize
the data according to the method by Sharp and Li [47]. In each PC, the score of the gth gene (yg) gene
was normalized by the mean (m) and standard deviation (SD), expressed as zg = (yg - m) / SD. Highly
expressed genes were a zg score greater than 5.17 (theoretically covering only the range of 1.5% of total
genes). Then gene expression levels were identi�ed as the major trends in PC score changes in genes. In
addition, we analyzed the distribution of PC scores for constitutively overexpressed genes (encoding
ribosomal proteins).

Phylogenetic analysis

A phylogenetic tree was constructed based on the nucleotide sequences of the coding regions of S.
lemnae, using maximum likelihood (ML) method with a bootstrap value of 1000 replicates in CIPRES
Science Gateway using RAxML-HPC2 on XSEDE v8.2.10[48]. Bayesian inference (BI) analysis was carried
out with MrBayes v3.2.6 on XSEDE [49] on the CIPRES Science Gateway.

List Of Abbreviations
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CUB Codon usage bias

CDS coding DNA sequences

RSCU Relative synonymous codon usage

ENC effective number of codon

PCA Principal component analysis

PC Principal component

SD standard deviation

CAI Codon adaptation index

S. lemnae Stylonychia lemnae

H. sapiens Homo sapiens

C. elegans Caenorhabditis elegans

S. cerevisiae Saccharomyces cerevisiae

T. thermophila Tetrahymena thermophila

P. caudatum Paramecium caudatum
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Animo

acid

Codon RSCU Animo acid 

Codon

RSCU  
S.lemnae H.

sapiens.
C.

elegans
S.cerevisiae P.

caudatum
T.

thermophila
S.lemnae H.

sapiens
C.
elegans

 S.cerevisiae P.
caudatum

T.
thermophila

 

Phe UUU 1.17 0.94 0.72 1.08 1.30 1.50 Ser UCU 1.48 1.12 1.47 1.83 1.45 1.71

  UUC 0.83 1.06 1.28 0.92 0.70 0.50   UCC 0.42 1.28 0.98 1.09 0.41 0.21

Leu UUA 1.55 0.47 0.45 1.60 2.18 2.34   UCA 1.76 0.91 1.44 1.16 2.07 0.86

  UUG 1.06 0.78 1.35 2.08 0.91 1.32   UCG 0.22 0.33 0.83 0.51   0.21

  CUU 1.39 0.80 1.86 0.66 1.82 0,92 Pro CCU 1.58 1.14 0.52 1.18   1.67

  CUC 0.57 1.15 1.38 0.28   0.41   CCC 0.43 1.29 0.23 0.54 2.00 0.33

  CUA 0.99 0.43 0.34 0.79 0.91 0.81   CCA 1.82 1.10 2.75 1.88 2.00 2.00

  CUG 0.44 2.36 0.63 0.59 0.18 0.20   CCG 0.17 0.47 0.51 0.39    

Ile AUU 1.4 1.10 1.52 1.47 0.93 1.35 Thr ACU 1.95 1.01 1.34 1.50 1.54 2.00

  AUC 0.63 1.38 1.23 0.89 0.53 0.31   ACC 0.54 1.39 1.02 0.97 0.62 0.38

  AUA 0.96 0.52 0.25 0.63 1.53 1.35   ACA 1.35 1.15 1.15 1.06 1.54 1.63

Met AUG 1     1.00       ACG 0.16 0.46 0.49 0.47 0.31  

Val GUU 1.53 0.89 1.67 1.73 1.67 2.13 Ala GCU 1.86 1.05 1.64 1.73 1.71 2.25

  GUC 0.67 1.06 1.11 0.96 0.67 0.50   GCC 0.55 1.59 1.06 0.97 0.57  

  GUA 1.19 1.60 0.52 0.66 1.00 0.88   GCA 1.43 0.92 0.99 0.95 1.14 1.50

  GUG 0.62 0.44 0.70 0.65 0.67 0.50   GCG 0.16 0.44 0.31 0.35 0.57 0.25

Tyr UAU 1.31 0.90 0.97 1.02 1.33 1.61 Cys UGU 0.94 0.94 1.14 1.86 1.67 1.14

  UAC 0.69 1.10 1.03 0.98 0.67 0.39   UGC 1.06 1.06 0.86 0.14 0.33 0.86

Gln UAA 1.55   1.55       Trp UGG 1.00     1.00    

  UAG 0.87   0.87       Glu GAA 1.24 0.86 1.15 1.58 1.89 1.60

Lys AAA 1.17 0.88 0.84 1.05   1.24   GAG 0.76 1.14 0.85 0.18 0.11 0.40

  AAG 0.83 1.12 1.16 0.95 0.29 0.76 Arg AGA 4.4 1.29 1.79 4.24 3.00 3.75

Asp GAU 1.51   1.36 1.46 1.64 1.56   AGG 0.95 1.27 0.26 0.23 2.00  

  GAC 0.49   0.64 0.54 0.36 0.44   CGU 0.19 0.48 1.84 0.97 1.00 0.75

Gly GGU 1.15 0.64   2.84 1.00 0.47   CGC 0.12 1.10 0.73 0.04   0.75

  GGC 0.69 1.35   0.24   0.47   CGA 0.29 0.65 1.07 0.42   0.75

  GGA 1.76 1.01   0.61 3.00 3.06   CGG 0.05 1.22 0.31 0.10    

  GGG 0.4 1.00   0.31     Asn AAU 1.42 0.96 1.10 1.11 1.77 1.43

Gln CAA 1.08 0.54   1.46   1.00   AAC 0.58 1.06 0.90 0.89 0.23 0.57

  CAG 0.5 1.46   0.54   1.00 Ser AGU 1.32 0.91 0.76 0.95 1.66 1.61

His CAU 1.44 0.85   1.20 1.60 2.00   AGC 0.8 1.44 0.52 0.30 0.41 1.39

  CAC 0.56 1.15   0.80 0.40                  

Ter UGA 1.00   0.59                      

  UAA     1.56                      

  UAG     0.60                      

                                 

a The ‘RSCU’ value represents the pattern of relative synonymous codon usage
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Table 2 Preferred codons in genome of S. lemnae

Animo acid CodonRSCUa

(high)

RSCU

(low)

Animo acid CodonRSCU

(high)

RSCU

(low)

Animo acid CodonRSCU

(high)

RSCU

(low)

Phe UUU 1.5 0.66 Ser UCU 1.62 0.74 Arg AGA 4.64 0.92
  UUC 0.5 1.34   UCC 0.18 1.29   AGG 0.68 1.18

Leu UUA 2.41 0.51   UCA 2.09 0.7 Gly GGU 0.98 1.19
  UUG 0.96 1.14   UCG 0.04 0.7   GGC 0.36 1.95
  CUU 1.5 0.51 Pro CCU 1.28 0.82   GGA 2.52 0.39
  CUC 0.19 0.93   CCC 0.27 0.62   GGG 0.15 0.47
  CUA 0.82 0.34   CCA 2.41 1.13 Lys AAA 1.37 1.3
  CUG 0.12 2.58   CCG 0.04 1.44   AAG 0.63 0.7

Ile AUU 1.61 0.66 Thr ACU 2.55 0.49 Asp GAU 1.85 0.79
  AUC 0.41 1.99   ACC 0.29 1.6   GAC 0.15 1.21
  AUA 0.99 0.35   ACA 1.13 1.2 Glu GAA 1.55 1.22

Met AUG 1 1   ACG 0.03 0.71   GAG 0.45 0.78
Val GUU 2.24 1.03 Ala GCU 2.27 0.9 Ser AGU 1.43 0.64

  GUC 0.31 0.98   GCC 0.25 1.32   AGC 0.64 1.93
  GUA 1.01 0.83   GCA 1.45 1.06 Arg CGU 0.18 1.13
  GUG 0.44 1.16   GCG 0.03 0.72   CGC 0 1.36

Tyr UAU 1.68 0.64 Cys UGU 0.91 0.58   CGA 0.45 0.37
  UAC 0.32 1.36   UGC 1.09 1.42   CGG 0.05 1.05

Gln UAA 2.16 0.32 TER UGA 1 1 Asn AAU 1.71 0.53
  UAG 0.64 0.37 Trp UGG 1 1   AAC 0.29 1.47

His CAU 1.76 0.84 Gln CAA 1.02 1.22        
  CAC 0.24 1.16   CAG 0.18 2.09        

a The ‘RSCU’ value represents the pattern of relative synonymous codon usage

 

Table 3 Summary of correlation analysis of nucleotide composition and ENC

  A C T G GC A3s C3s T3s G3s GC3s

%A 1.000** -.583** -.408** -.331** -.619** .640** -.568** -.156** .166** -.346**

%C -.583** 1.000** -.238** .115** .771** -.544** .820** -.313** -.054** .616**

%T -.408** -.238** 1.000** -.466** -.465** -.069** -.186** .688** -.480** -.448**

%G -.331** .115** -.466** 1.000** .722** -.283** .218** -.348** .451** .455**

%G+C -.619** .771** -.465** .722** 1.000** -.561** .711** -.441** .252** .721**

ENC .005 .101** -.105** .024** .086** -.232** .106** -.210** .374** .318**
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**. Correlation is significant at the 0.01 level

*. Correlation is significant at the 0.05 level

 

Table 4 Summary of correlation between the first two axes and nucleotide constraints in

S.lemnae genome

Base composition Axis1 Axis2

A .075** -.012

C -.061** -.051**

T -.008 .079**

G -.036** -.032**

GC -.066** -.056**

A3s .051** .028**

C3s -.060** -.048**

T3s .004 .068**

G3s .014 -.050**

GC3s -.039** -.069**

ENC -.045** -.065**

**. Correlation is significant at the 0.01 level

*. Correlation is significant at the 0.05 level

 

Table 5 Correlation analysis among AROMO, GRAVY, the first two axes, GC 3s, ENC and GC in
the polyprotein-coding region of S. lemnae

    Axis1 Axis2 ENc GC3s GC
Gravy r -.576** .547** -.009 -.001 .010

p .000 .000 .218 .850 .155

Aromo r -.409** .484** .000 -.004 -.005

p .000 .000 .968 .602 .452
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**. Correlation is significant at the 0.01 level

*. Correlation is significant at the 0.05 level

 

Figures

Figure 1
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To determine the phylogenetic relationship of S. lemnae, protozoan and metazoans, a phylogenetic tree
was drawn.

Figure 2

A: A plot of PC1 and PC2 showed important features of the codon usage pattern in S. lemnae genes. B: In
order to characterize the codon usage patterns from different types of genes, ribosomal related genes
was statistical analysis by PCA.
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Figure 3

The association analysis between ENC - GC3.



Page 22/23

Figure 4

Neutrality plot analysis was used to estimated the relationship between GC12 and GC3, and it elucidates
the extent of in�uence of mutation-selection equilibrium in shaping the CUB.
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