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Abstract: Codon use bias is an important characteristic in the process of genetic information 

transmission of species. With the publication of the genome of Cycas, it is of great significance to 

investigate the codon use bias for understanding the genetic evolution of this species and for 

molecular breeding. In this study, Perl language and CodonW 1.4.2 software was used to 

systematically analyze the coding gene sequences of the Cycas genome, obtain the characteristics 

of codon use, and identify the sources of variation affecting codon use. The results showed that 

GC3s content, GCall content, and ENC value were 46.75%, 47.67%, and 52.8 respectively. As the 

first seed plant, the GC3 content of Cycas is similar to that of most gymnosperms and most 

dicotyledons, but considerably different from that of monocotyledons.RSCU value was greater than 

1, among which 21 codons ended in U or A. Enc-plot analysis, PR2-plot neutral plot analysis, and 

correlation coefficient analysis of Axis1 with GC3s and CAI revealed that the codon bias was 

mainly affected by natural selection, but also by mutation pressure and other factors. Thirty-one 

optimal codons of Cycas genes were screened. This research can provide a reference for the 

phylogeny and genome codon evolution of Cycas. 
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1 Introduction 

Genetic code is the link between nucleic acid and protein and plays an important role in the 

transmission of genetic information in organisms. A total of 64 codons encode 20 amino acids and 

3 termination signals, respectively[1]. Except for Met and Trp, which are encoded by only one codon, 

other amino acids all have multiple synonymous codons . In the process of protein translation, the 

usage probability of synonymous codons is different. A species of a gene tends to use one or more 

specific synonymous codons, which is called synonymous codon usage bias (SCUB) [2]. SCUB 

originates from mutation, natural selection, and genetic drift, and is affected by genome composition, 

GC content, gene length and expression level, location and background of codons in genes, gene 

recombination rate, mRNA folding, tRNA abundance, etc. SCUB is prevalent in prokaryotes and 

eukaryotes. Gene expression and cell function are determined through biochemical processes such 

as RNA processing, protein translation, and folding[2–4]. SCUB research, therefore, not only can 

reflect the origin of the species or gene, but the mutation model and evolution can also reveal the 

phylogenetic relationship between biological, horizontal gene transfer, gene molecular evolution, 
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and identification of driving evolutionary selection pressure, and can promote gene in the 

transformed plants by codon optimization of expression, and then promote the development of 

genetically modified (gm) crops[5]. 

Cycas are one of the oldest species of seed plants on earth[6]. They first appeared in the Permian 

period of the earth about 280 million years ago[7,8]. The mass extinction of Cycas in the northern 

hemisphere occurred during the quaternary glaciation[7]. Due to the Qinghai-Tibet Plateau, the 

Qinling mountains and other barriers in China, some Cycas distributed in South China were 

spared[9]. The existing Cycas evolved from the few descendants left by many ancestral groups, so 

the Cycas are known as "Livingfossil"[10]. The roots, leaves, seeds and trunks of Cycas have 

different medicinal effects, and leaf extracts have anti-cancer activities[11–13]. Therefore, Cycas 

has important development and utilization value. The study of Cycas is of great scientific value in 

the exploration of paleontology, palaeoecology, palaeogeology, palaeogeography and the origin and 

evolution of seed plants[14]. 

Recently, scientists published a complete genome map of Cycas panzhihuaensis [15]. This 

means that the "last piece of the puzzle" of the genome evolution of seed plants has been successfully 

completed, while there is no related research on the SCUB genome of C. panzhihuaensis. In this 

research, bioinformatics methods were used to study the SCUB genome of C. panzhihuaensis, 

providing reference for phylogeny, genetic evolution, molecular breeding, and species conservation 

of Cycas. 

 

2. Methods 

2.1 Database preparation 

Publicly available C. panzhihuaensis genome sequences that contain complete coding 

sequences (CDSs) were obtained from the CNGB database 

(https://ftp.cngb.org/pub/CNSA/data1/CNP0001756/CNS0381401/CNA0022716/)In total, 32,353 

coding sequences (CDS) were obtained. To improve the quality of sequencing and to minimize 

sampling errors, the sequences containing correct initiation and termination codons remained and 

sequences containing internal termination codons were eliminated by using Select CDS script[16]. 

In addition, only the sequences longer than 100 amino acids in length were held for further analysis. 

The final sequence collection containing 30,007 CDS was used for further codon usage analyses. 

 

2.2. Indices of codon usage and codon bias 

Using Mobyle software (http://www.molbiol.ox.ac. UK/cu, version 1.4.2) calculate each gene 

sequence of nucleobases[17], and statistical indicators: content of each nucleobases of the third 

codon (A3s, U3s, C3s, G3s)；the GC content at the first codon position of synonymous codons

（GC1）,the GC content at the second codon position of synonymous codons（GC2）；Overall GC 

content of codon（GCall）；the average GC content at the first and second codon position of 

synonymous codons (GC12)；the GC content at the third codon position of synonymous codons 

(GC3s),Overall GC content of codon（GCall）.In addition, codon usage indexes of all genes were 

calculated using CodonW program[18].For example, effective number of codon(ENC), codon 

adaptation index(CAI), relative synonymous codon usage (RSCU). The ENC value is used to 

evaluate the extent to which codon use deviates from random selection[19], which describes the 

extent to which the use of synonymous codons is unbalanced in the genes or genomes of a particular 
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species. The ENC value ranges from 20 to 61. A smaller ENC value indicates a stronger SCUB [20]. 

The CAI value evaluates the degree to which the synonymous codon applied deviates from the 

favored synonymous codon of the highly expressed gene. The CAI value has a certain correlation 

with the gene expression level, and its value is between 0 and 1. The higher the CAI value is, the 

stronger the codon usage bias is and the higher the gene expression level[21].The RSCU value refers 

to the ratio between the usage frequency of a particular codon and the anticipated frequency of 

unbiased use and is also an effective indicator to measure the degree of codon bias. RSCU=1 implies 

that there is no bias in the use of the codon. RSCU> 1 indicates that the frequency of the codon is 

too high. RSCU < 1 indicates that the frequency of the codon is low[21,22]. 

 

2.3. ENc-GC3s plot and PR2-Bias plot analysis 

In order to explore the relationship between SCUB and nucleobase composition, an ENC-

plot(ENC vs GC3s) plotting analysis was conducted [22].A scatter plot was drawn with GC3 as 

abscissa and ENC as ordinate.The standard  ENC value of each gene was calculated by ENC 

standard curve formula "ENC = 2 + GC3 + 29/(GC32 + (1-GC3)2)", and then the standard curve 

was drawn in the scatter plot with GC3s as abscissa and standard ENC as ordinate. If the location 

of each gene in the figure is distributed near the standard curve, it indicates that mutation is the main 

influencing factor of SCUB.If the location distribution of genes is far from the standard curve, it 

indicates that SCUB is mainly affected by natural selection and other factors (丁锐等, 2021). 

PR2-plot bias analysis is used to explore the influence of mutation and natural selection on 

SCUB. The center point of PR2-plot indicates that there is no mutation or selection effect bias 

between two complementary chainsthe  of A gene, that is, A = T and G = C. The vector distribution 

from the central point to other loci reflects the direction and level of bias of the gene. It is generally 

believed that the ratio of A/T and C/G in the degenerate codon of A gene or genome is balanced 

under the pressure of A single mutation  [24]. By referring to the method of Duan (2021), the 

contents of, A, T, C, and G at the third nucleobases of the codon were calculated, respectively, and 

the Parity Rule 2 bias (PR2-Bias) plot analysis was conducted using the value of G3/(G3 + C3) as 

the horizontal coordinate and the value of A3/(A3 + T3) as the vertical coordinate [22]. 

 

2.4. Neutrality plot analysis 

Neutral plots (GC12vs.GC3) were used to study the influence of mutation pressure and natural 

selection on codon usage patterns (Sueoka., 2021). A scatter plot was drawn with GC12 as ordinate 

and GC3 as abscissa, in which each point represented the location of a gene. The correlation between 

GC12 and GC3 in the Davidia involucrate genome was calculated using Perl scripting language. The 

slope of the curve regression is close to zero and is strongly influenced by natural selection. A slope 

close to 1 indicates that the codon usage bias is completely influenced by the directional mutation 

pressure representing complete neutralit[25]. 

 

2.5. Correspondence analysis of codon usage 

Correspondence analysis (COA) has been widely used to explore the variation in synonymous 

codon usage among genes.COA-plot is a sophisticated multivariate statistical technique in which 

codon usage data (59 codons excluding Met, Trp, and stop codons) was plotted in a 

multidimensional space of 59 axes.The plot was then used to identify the axes that represent the 
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most prominent factors contributing to variation among genes.Based on the results of codon usage 

variation, correlation analysis between axis 1 and CAI,ENC,GCall;GC12,GC3s, were carried out 

by R (Version 4.12 )[26]. 

2.6. Determination of optimal codons 

The selected CDS sequences were sorted from high to low according to CAI value, and 5% of 

genes at both ends were selected as high and low expression libraries. Codon usage was compared 

using chi-squarered contingency test of the 2 groups, and codons whose frequency of usagwasre 

significantly higher (P < 0.01)isn highly expressed genes than in genes with low level of expression 

would be defined as the optimal codons[21]. 

 

3 Results 

3.1. Nucleotide composition of C. panzhihuaensis and codon bias 

 SCUB for a single type of codon is greatly influenced by the overall nucleotide content of the 

genome[27,28]. Among the 30007 CDS in C. panzhihuaensis panzhihuaensis, the nucleotide 

content of A varies from 4.32% to 69.72%, with a mean value of 30.43%, the frequency of T is 

1.47%~60.49%, with an average value of 36.37%, the proportion of G is 1.73%~ 82.11%, with a 

mean value of 30.79%, the ratio of C. panzhihuaensis panzhihuaensis is 0.82%~69.39%, with a 

mean value of 26.07%. To further understand the impact of nucleotide contents of C. panzhihuaensis 

panzhihuaensis genes on codon bias, we also calculated the GC contents and GC3s. The results 

showed that GC content of all genes mainly concentrated in 40% ~ 55% frequency(Figure 1), the 

nucleotide content of GC varies from 29.51% to 83.45%, with a mean value of 47.67%.This 

indicated that the gene AT content was higher than GC content in C. palmata, which was similar to 

that in most plants.The mean value of GC1,GC2 and GC3s was 52.72%, 43.20 and 46.75, 

respectively, which testified that the GC content at the three codon sites is not uniform and tends to 

end with A and T nucleobases. 

 

 
Figure 1 The distribution of GC contents in the CDS of C. panzhihuaensis. 

 

We used the neutral plot (GC12 versus GC3) to analyze the relationship between GC12 and 

GC3, and to determine the main driving force of SCUB. The values of GC12 ranged from 32.21% 

to 84.08, with an average of 47.96%. The values of GC3 ranged from 19.08 to 89.36.The regression 

slope of GC12 and GC3 was 0.147(Figure 2), indicating that the SCUB of C. panzhihuaensis's 
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genome data was mainly influenced by natural selection rather than mutation pressure. 

 

Figure 2. Neutrality plots analysis of GC12 and GC3 of C. panzhihuaensis. 

 

3.2. The effect of RSCU and ENC on codon bias 

ENC values ranged from 21.43 to 61.00, with an average value of 52.83. ENC results showed 

that 85.43% of genes had ENC values higher than 50, indicating that the corresponding synonymous 

codon was used random in encoding various amino acids in genes, and SCUB was low. Meanwhile, 

RSCU analysis showed (Table 3) that there were 26 codons with RSCU greater than 1, among which 

21 ended with A and U, accounting for 80.76%. The results showed that the C. panzhihuaensis 

genome preferred to use synonymous codons ending in A or U, but the codons with RSCU greater 

than 1 accounted for about half of the 59 codons, which also confirmed the fact that the C. 

panzhihuaensis codon bias was weak. 

 

Table 1. Codon usage in C. panzhihuaensis. 

AA Codon RSCU AA Codon RSCU AA Codon RSCU 

Ala GCA 1.4452 Lys AAA 0.9505 Ser AGC 0.9114 
 

GCC 0.8337 
 

AAG 1.0495 
 

AGU 0.9488  

GCG 0.4844 Leu CUA 0.5108 
 

UCA 1.1663  

GCU 1.2367 
 

CUC 0.7777 
 

UCC 0.8956 

Cys UGC 0.9966 
 

CUG 1.173 
 

UCG 0.6317  

UGU 1.0034 
 

CUU 1.2903 
 

UCU 1.4461 

Asp GAC 0.6775 
 

UUA 0.7481 Thr ACA 1.3278  

GAU 1.3225 
 

UUG 1.5001 
 

ACC 0.8401 

Glu GAA 1.0593 Asn AAC 0.7222 
 

ACG 0.6678  

GAG 0.9407 
 

AAU 1.2778 
 

ACU 1.1642 

Phe UUC 0.8619 Pro CCA 1.2666 Val GUA 0.7054  

UUU 1.1381 
 

CCC 0.82 
 

GUC 0.6926 

Gly GGA 1.2987 
 

CCG 0.5936 
 

GUG 1.2411  

GGC 0.8647 
 

CCU 1.3197 
 

GUU 1.3609  

GGG 0.8394 Arg AGA 1.6823 Tyr UAC 0.8123  

GGU 0.9972 
 

AGG 1.4524 
 

UAU 1.1877 

His CAC 0.741 
 

CGA 0.7823 Gln CAA 0.9715 
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CAU 1.259 
 

CGC 0.6075 
 

CAG 1.0285 

Ile AUA 0.7774 
 

CGG 0.7036 
   

 

AUC 0.8029 
 

CGU 0.7719 
   

 

AUU 1.4198 
      

Notes. The preferentially used codon s are displayed in bold. 

 

3.3. The role of GC3s in the codon bias formation 

The curve of the gene above the ENC value is larger, the gene codon use is random, codon bias 

is comparatively weak, as can be seen from figure 3, C. panzhihuaensis in most genetic deviation 

from the standard curve of ENCexp. This means that in addition to the mutation pressure on codon 

bias, the influence of the genome is more from the effects of natural selection. Most genes were 

located below the standard curve, implying that most genes had a strong bias 

 

 

Figure 3. Neutrality plots analysis of GC12 and GC3 of C. panzhihuaensis. 

 

Further, we calculated (ENCexp-ENCobs)/ENCexp for all the genes inC. panzhihuaensis 

panzhihuaensis to discriminate the difference between observed and expected ENC values. As 

shown in Figure. 4 (ENCexp-ENCobs)/ENCexp values for most genes were within 0.05–0.15 which 

indicated that the most expected ENC values were bigger than actual ENC values.The values of 

GC3s affected the results of ENC value according to the calculation formula of expected ENC. The 

distribution frequency of (ENCexp-ENCobs)/ENCexp values was consistent with the results that 

have been shown in Figure 4, which suggested that the different values of GC3s can affect the result 

of codon bias.Taken together, the results provide more evidences that GC3s play as a conditional 

mutational bias. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 May 2022                   doi:10.20944/preprints202205.0208.v1

https://doi.org/10.20944/preprints202205.0208.v1


 

 

Figure 4. Frequency distribution of the ENC ratio. 

 

3.4. Correspondence analysis 

We conducted correspondence analysis (COA) on SCUB values of all genes in C. 

panzhihuaensis. The results showed that the first four axes accounted for 4.20% of the total 

contribution rate, and the first, second, third, and fourth axes contributed 18.64%, 11.58%, 10.34%, 

and 10.64%, respectively, indicating that axis 1 was the main source of variation of codon preference. 

To verify the effect of GC content on codon bias, a COA-plot (Axis1 vs. Axis2) was constructed 

with Axis1 as abscissa and Axis2 as ordinate. Green points represent less than 45% GC content, red 

points more than 45% and less than 60%, and blue points more than 60%. As shown in Figure 5, the 

blue dots were separated along the primary axis, and the green and red dots were located in the 

middle of the plot. 

Mutation pressure and selection are the main factors affecting codon usage patterns.  To 

analyze the correlation between Axis 1 and GCall, CAI, ENC, GC12, and GC3, and assess the 

effects of mutation pressure and natural selection on the codon usage patterns of C. panzhihuaensis. 

The results showed that Axis 1 and GC3s (R2=0.127, P < 0.01), GCall (R2=0.110, P < 0.01), GC12 

(R2=0.047, P < 0.01), ENC (R2=0.030, P < 0.01), and CAI(R2=0.013, P < 0.05) considerably 

correlated,implying that the codon bias ofC. panzhihuaensis panzhihuaensis genes were influenced 

by two main factors including mutational pressure and translational selection. 

 

Figure 5. Correspondence analysis of codon usage bias: genes with GC content higher than 60%, 

within 45%–60% and lower than 45% were plotted as blue, red and green dots, respectively. 

Table2 Correlation analysis ofC. panzhihuaensis panzhihuaensis gene-related parameters. 
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NEC GC3s GCall GC12 Axis1 

CAI -0.061** 0.159** 0.037** -0.094** 0.013* 

Nc 
 

0.167** 0.111** 0.01 0.030** 

GC3s 
  

0.819** 0.292** 0.127** 

GC 
   

0.784** 0.110** 

GC12 
    

0.047** 

Notes. *Significant difference at p < 0.05. **Significant difference at p < 0.001 

 

3.5. Parity Rule 2 (PR2) plot analysis  

The third nucleobases of the codon plays a leading role in codon bias and in the self-protection 

mechanisms of species evolution[29]. Therefore, whether the third nucleobases AU and GC of the 

codon are evenly used reflects the influence of mutation pressure on the R.C. panzhihuaensis 

genome. The relationship between the third superpurine (A and G) and pyrimidine (T and C) in the 

four codon amino acid families was analyzed by PR2 bias plot[30]. Results As shown in Figure 6, 

A3 and U3(or G3 and C3) frequencies are different in C. panzhihuaensis, and the distribution of 

most points between 0.2 and 0.8 in the figure 6 indicates a low bias in G3/ C3 or A3/ T3. In addition, 

the plot is divided into four quadrants, 0.5 centered on two axes, each gene locus in the PR2 plan 

four quadrants distribution is not uniform, distribution in the fourth quadrant gene(the ratio of 

A3/(T3+G3)<0.5&G3/(G3+C3)>0.5) significantly more than the other three quadrants, indicating 

that the use of the third codon T nucleobase frequency is higher than that of A nucleobases, G 

nucleobases use frequency is higher than C nucleobasess. When RSUB is only affected by mutations, 

the frequencies of the four nucleobases should be used equally. Therefore, the results suggest that 

the codon usage pattern of theC. panzhihuaensis panzhihuaensis genome is influenced not only by 

mutations, but also by other factors such as selection pressure. 

 

 

Figure 6. PR2-plot [A3/(A3+T3) against G3/(G3+C3)] 

 

3.6. Effects of gene expression level 

To analyze the effect of gene expression level on codon preference characteristics, the CAI 

value is an important index used to assess gene expression level. Consequently, this study calculated 

the correlation coefficient between the CAI value and gene indexes such as GC12, GC3s, GCall 

content, and ENC value. The results are shown in Figures 7 and Table 2,The CAI value and ENC 
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value showed significant negative correlation (R2=-0.278, P < 0.01), demonstrating that gene 

expression level had significant influence on codon preference. In addition, CAI value showed a 

remarkable positive correlation with GC3 (r = 0.159, p < 0.001), GC12 (r = 0.059, p < 0.001) and 

negative correlation with GCall (r = 0.037, p < 0.001) content 

 

Figure 7 Plot of ENC versus gene expression level 

3.7. Determination of optimal codons forC. panzhihuaensis panzhihuaensis 

We carried out a two-way Chi-squared contingency test to compare the codon usage among 

different genes. The highly- and lowly- expressed data of the genes based on average RSCU values 

were list in the Table 3. The results showed that, as shown in Table 3, A total of 31 codons were 

found to have extremely significant differences (P < 0.01) between the high and low expression 

sample libraries. These codons were the optimal codons, and all the optimal codons ended in A/U 

except UUG of Leu and AGG of Arg. The result that the optimal codon prefers A/U nucleotide 

nucleobases endings is similar to the previous RSCU analysis. 

 

Table 3 Optimal codons ofC. panzhihuaensis panzhihuaensis genes based on the RSCU values 

Amino 

acid 
Codon 

High expression Low expression Amino 

acid 
Codon 

High expression Low expression 

RSCU Number RSCU Number RSCU Number RSCU Number 

Phe UUU* 1.43 19172 0.6 5651 Ser UCU* 1.73 21146 0.85 5576 
 UUC  0.57 7636 1.4 13212  UCC  0.54 6600 1.59 10381 

Leu UUA* 0.98 12235 0.31 2280  UCA* 1.67 20438 0.37 2385 
 UUG* 1.61 20079 1.06 7797  UCG  0.22 2743 1.45 9483 
 CUU* 1.59 19806 0.64 4709  AGU* 1.18 14470 0.46 2988 
 CUC  0.42 5210 1.51 11191  AGC  0.66 8090 1.28 8336 
 CUA* 0.64 7906 0.23 1690 Pro CCU* 1.66 15273 0.74 5249 
 CUG  0.75 9379 2.26 16672  CCC  0.43 3926 1.38 9753 

Ile AUU* 1.61 21020 0.93 6499  CCA* 1.72 15822 0.52 3708 
 AUC  0.5 6578 1.49 10395  CCG  0.2 1844 1.35 9576 
 AUA* 0.88 11543 0.57 3996 Thr ACU* 1.45 14175 0.52 3216 

Val GUU* 1.66 21503 0.8 6737  ACC  0.48 4690 1.46 8935 
 GUC  0.47 6150 1.15 9660  ACA* 1.85 18091 0.47 2879 
 GUA* 0.83 10748 0.38 3220  ACG  0.22 2195 1.55 9503 
 GUG  1.03 13396 1.66 13938 Ala GCU* 1.55 22958 0.66 6745 
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Tyr UAU* 1.44 12816 0.66 3910  GCC  0.48 7083 1.44 14743 
 UAC  0.56 4998 1.34 8012  GCA* 1.8 26641 0.69 7023 

TER UAA  0.96 470 0.88 422  GCG  0.17 2442 1.21 12334 
 UGA  1.24 610 1.4 675 Cys UGU* 1.28 9670 0.55 2750 
 UAG  0.8 393 0.72 348  UGC  0.72 5481 1.45 7334 

His CAU* 1.53 15793 0.74 4434 Met AUG  1 18706 1 10150 
 CAC  0.47 4888 1.26 7624 Trp UGG  1 9015 1 7475 

Gln CAA* 1.11 20112 0.63 4966 Arg CGU* 0.79 5663 0.69 3944 
 CAG  0.89 15964 1.37 10925  CGC  0.34 2459 1.14 6469 

Asn AAU* 1.47 24524 0.86 7816  CGA  0.73 5231 0.74 4194 
 AAC  0.53 8831 1.14 10346  CGG  0.52 3732 1.1 6229 

Lys AAA* 1.01 24239 0.7 7097  AGA* 2.01 14467 1.08 6147 
 AAG  0.99 23754 1.3 13096  AGG* 1.61 11581 1.25 7078 

Asp GAU* 1.51 33673 0.85 10237 Gly GGU* 1.23 16673 0.66 6339 
 GAC  0.49 11067 1.15 13803  GGC  0.65 8787 1.31 12664 

Glu GAA* 1.16 34865 0.81 10202  GGA* 1.39 18913 0.96 9239 
 GAG  0.84 25090 1.19 14985  GGG  0.73 9948 1.07 10364 

Notes. 

*Codons that occur significantly more often (p <0.01). 

The optimal codons are displayed in bold. 

 

4 Discussion 

Each organism forms a specific codon usage pattern in the long-term evolution process, and 

GC content is an important indicator of nucleobase composition in the genome, which is of great 

significance in the evolution of the genome. GC content usually reflects the strength of directional 

mutation. Although synonymous mutation of the third nucleobase of the codon cannot change the 

type of amino acids, it has always been considered an important feature to determine the type of 

amino acids, and GC3s are commonly used as an important indicator of codon bias[27,28]. In this 

research, it was discovered that the average GC content was close to GC3s content (both moderately 

less than 50%), indicating that the overall AU content in the C. panzhihuaensis genome was slightly 

higher than GC, and the codon tended to end in A/U slightly. Interestingly, this result is similar to 

GC3s content in gymnosperms such as Ginkgo biloba [31], Gnetifer Hypothesis[32], and most 

dicotyledons[32–35].  However, monocotyledons such as Triticum Aestivum [36],Zea Mays[37], 

Hordeum Vulgare[38], and Oryza Sativa [39] all showed high GC content and tended to end in G/C.  

RSCU analysis results reveal that similar to most higher plants [40], there is A or T use bias in the 

genome of C. panzhihuaensis.  These results may imply that dicotyledons and gymnosperms are 

evolutionarily conserved relative to monocotyledons.  In addition, the formation process of the 

codon usage pattern is usually affected by many factors, including mutation and selection. In this 

study, the neutral plot shows that GC12 is positively correlated with GC3s (R2=0.292, P < 0.001) 

(Figure 2). Enc-plot analysis indicated that most of the genes were distributed around the standard 

curve, while some genes were distributed far below the standard curve.  Combined with 

Wright(1990), A method was proposed to distinguish selection pressure from mutation pressure. If 

the direction of mutation was the main cause of SCUB, G, C, A, and T should be evenly used in the 

codon of the A gene. However, as shown in the PR2-plot (Figure. 4), the frequency of use of the 
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four nucleobases at the third position of the codon was distinct, which demonstrated that natural 

selection played a major role in the SCUB generation process of the C. panzhihuaensis genome, and 

mutations and other factors played an important role. 

In this study, it was found that there were related factors between the nucleobases of C. 

panzhihuaensis genome sequence and SCUB. The correlation coefficients of GC12, CG3s, GCall, 

and Axis1 displayed extremely significant correlation (Table 2), indicating that the codon usage 

characteristics were considerably affected by the difference in nucleobases composition. In addition, 

it is very difficult to confirm the expression level of a gene in different tissues and developmental 

stages of differentiated multi-cellular eukaryotes. The codon adaptation index CAI has generally 

been used to calculate the gene expression level[41,42]. In this study, the correlation coefficient 

between the CAI value and the principal axis of the first vector showed a significant positive 

correlation (R2=0.013, P < 0.05), and the correlation analysis between the Axis and nucleobases and 

CAI values showed that the codon usage pattern of C. panzhihuaensis genome was mainly affected 

by the combined action of nucleobases difference and gene expression level, and the nucleobases 

difference was the dominant factor. Only a few plants have been sequenced, and it is a complex 

process to analyze the codon usage patterns and their influencing factors. Therefore, this study 

preliminarily revealed the codon usage characteristics of the C. panzhihuaensis genome, which will 

provide guidance for further studies on the phylogenetic evolution of Cycad and the function of 

related genes at the molecular level. 

Under the combined action of mutation pressure and strong forward selection, it is easy to form 

a large number of optimal codons, while the combined action of mutation pressure and purification 

selection generally inhibits the formation of optimal codons[43]. In this study, a total of 31 optimal 

codons were screened by combining the results of high expression codon analysis and high-

frequency codon analysis of C. panzhihuaensis genome, and most of the codons ended in U or A. 

At present, most of the optimal codons of higher plant genomes reported end in U or A, which may 

be correlated with the relative conservatism of genome evolution [44]. At the same time, the optimal 

codon and its number varied among different species, indicating that different species faced different 

evolutionary pressures during evolution. 

 

5 Conclusions 

This study on the genome level of C. panzhihuaensis codon usage pattern has carried on the 

comprehensive analysis of these results not only helps further understand Cycad gene expression 

with the relationship between the SCUB, and facilitates future cycad codon optimization in the 

process of genetic transformation, and also to explore the evolutionary Cycad and germplasm 

innovation is of great significance. 
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