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Abstract

:

Codon usage bias (CUB) phenomenon varies with the species and even within the genes of the same species, where few codons are preferred more frequently than their other synonymous codons. It also categorizes the differences between species. Nucleotide compositional analysis reveals the molecular mechanisms of genes and the evolutionary relationship of a gene in dissimilar plant species. In the present study, three orthologous sequences of each FAE1 (FAE1.1, FAE1.2, and FAE1.3) and FAD2 (FAD2.1, FAD2.2, and FAD2.3) genes, from six Brassica species were accessed using the GenBank database. Further, CUB-related parameters such as nucleotide composition (AT and GC content), relative synonymous codon usage (RSCU), the effective number of codons (ENC), frequency of optimal codons (Fop), relative codon usage bias (RCBS), neutrality plot (GC12 vs. GC3), parity rule-2 [(A3/(A3 + T3) vs. (G3/(G3 + C3)], and correspondence analysis (COA) were analyzed to compare codon bias in U’s triangle Brassica species. The FAE1 genes were AT-biased and FAD2 genes were GC-biased across the studied Brassica species. RSCU values indicated that both the genes had moderate codon usage frequency for selected amino acids. The evolutionary study confirmed that codon usage preference is similar within the species grouped into the same cluster for FAE1; however, B. nigra performed differently for FAD2.2 orthologue. The high ENC value, low Fop, and RSCU value highlighted that FAE1 and FAD2 genes had a low level of gene expression and moderate preference for codon usage across the Brassicas. In addition, neutrality plot, parity rule, and correspondence analysis revealed that natural selection pressure had significantly contributed to CUB for FAE1 genes, whereas mutation and selection pressure occurred for FAD2 genes. This study would help to decode codon optimization, improve the level of expression of exogenous genes, and transgenic engineering to increase fatty acid profiling for the betterment of seed oil in Brassica species.
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1. Introduction


Genetic code is the sequence of nucleotides in deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) that determines the specific amino acid sequence of a protein. There are 61 sense and 3 stop codon triplets in the genetic code. Most amino acids are coded by more than one codon as only 20 amino acids are required for protein synthesis [1,2,3]. For instance, only Met and Trp have just one codon, whereas others have two (Gln, Phe, Glu, Tyr, Cys, Lys, His, Asp, and Asn,), three (Ile), four (Thr, Gly, Ala, Pro, and Val), and six (Leu, Arg, and Ser) codons [4,5]. Synonymous codons designate the same amino acid but are used differently in different species and even within the genes of the same species. Codon use bias (CUB) is defined as the disproportionate use of synonymous codons in the genome. However, the choice of synonymous codons for a specified amino acid is not always random in a particular gene or species [6]. In addition, some codons are used more recurrently than their synonymous counterparts in genes with such biasness. Codons that are repeatedly used are known as favorite codons. Two genetic model systems such as Escherichia coli and Saccharomyces cerevisiae were used for the majority of early CUB research [7,8,9]. In addition, CUB is often considered to comprise the cumulative effects of genetic drift, mutation pressure, and natural selection [10,11]. Further, CUB has been effectively used in the exogenic gene expressions [12], the expedition of root cause of species [13], prediction of gene functions [14], and estimation of intra-specific genetic divergence [15,16] in lower organisms such as E. coli [14], S. cerevisiae [14], DENV (dengue) virus [16], and HEV (hepatitis E) virus [15], and higher plants such as Arabidopsis thaliana [17], B. campestris [18], and Cucumis sativus [19]. Thus, there is a dire need to decode the inter-specific divergence at the genotypic level and boost the expression competence of exogenic genes in Brassica species by CUB, and it is worthwhile to try plants that have multicellular structures.



Oilseed Brassica is the world’s third-largest source of oilseed after palm and soybean, making it one of the most powerful oil crops on the planet [20,21,22,23,24]. The fatty acid (FA) balance and nutritional quality are determined by the oil and protein content of oilseeds [25]. In Brassica, palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), linolenic (C18:3), eicosenoic (C20:1), and erucic acid (C22:1) represent fatty acid profile [26]. Among them, erucic acid is an undesirable fatty acid for edible oil [27,28], hence a critical indicator of the edible oil quality. Besides, the ratio of C18 unsaturated FAs is an another indicator of oil quality [25]. Oil quality is greatly affected by the composition and ratio of fatty acids, particularly polyunsaturated fatty acids (PUFAs), and its utility depends on the final purpose/usage. In Brassica species, there is a dire need for increasing linoleic acid and reducing erucic acid to improve its oil quality and sustain its high market share or create new market niche among other oilseed crops [29]. At high-temperature regimes, an increased oleic acid level can improve the oil stability and produce scarcer uninvited compounds [30,31]. Both FAE1 (fatty acid elongase1) and FAD2 (fatty acid desturase2) are essential enzymes for the fatty acid biosynthesis pathway [29,32]. FAE1, a critical gene in erucic acid biosynthesis, catalyzes the first condensation step in the elongation route of extremely long-chain fatty acid production and FAD2 regulates the percentage of polyunsaturated fatty acids in seed oil. Gene FAD2 catalyzes the first step in the conversion of oleic acid to linoleic acid in the production of polyunsaturated fatty acids [29,32,33].



The purpose of this study was to examine codon bias and base composition dynamics in FAE1 and FAD2 gene codon usage patterns in six Brassica species [three diploid species, B. rapa (AA), B. nigra (BB), B. oleracea (CC), and three amphidiploid species, B. juncea (AABB), B. carinata (BBCC), and B. napus (AACC)] using GC content, the effective number of codons (ENC), frequency of optimal codon (Fop), codon bias index, length of amino acids, hydropathicity of protein, aromaticity score, relative codon usage bias (RCBS), and relative codon adaptation. Further, it will encourage researchers to learn more about FAE1 and FAD2 gene use patterns, gene structure and function, and gene evolution in oilseed Brassica species. The codon manipulation will help in breeding the high-quality oilseed Brassica varieties, which will further ensure oilseed Brassica-based diversification in Indo-Gangetic plain zones.




2. Materials and Methods


2.1. Sequence Data Source


Entire coding sequences (with ATG as the initiation codon and TAA, TAG, or TGA as the termination codons) of FAE1 and FAD2 genes were identified using online tool GenBank [http://www.ncbi.nlm.nih.gov (accessed on 5 June 2022)]. For CUB analysis, U’s triangle Brassica species with complete three orthologs of FAE1 (FAE1.1, FAE1.2, FAE1.3) and FAD2 (FAD2.1, FAD2.2, FAD2.3) gene coding sequences were used and their gene ID, length, chromosomal position, etc., are presented in Table 1.




2.2. Analysis of Base Composition and Codon Preference


To calculate GC content (GC1, GC2 and GC3) on the first, second, and third nucleotide of the codon, the program called CUSP [34] was used and the average value of GC1 and GC2 in the coding sequence of both genes was calculated by GC12. Furthermore, relative synonymous codon usage (RSCU), effective number of codons (ENC), frequency of optimal codons (Fop values), codon bias index (CBI), number of synonymous codons (L_sym), length of amino acids (L_aa), GRAVY, and aromaticity score (Aromo) were calculated using CodonW 1.4 [35]. The content of GC, T, C, A, and G on the third nucleotide position of a synonymous codon is denoted by GC3s, T3, C3, A3, and G3, respectively.




2.3. Relative Synonymous Codon Usage (RSCU)


The theoretical observation value can be defined as the observed value at which synonymous codon usage frequency remains the same, i.e., absence of codon bias. On the other hand, the specific value between the actual observation value and theoretical observation value is termed RSCU. If RSCU = 1 there is no codon bias and RSCU > 1 indicates that the codon is more frequently used than the other synonymous codons [36].


    RSCU   i j   =    X  i j      1   n i      ∑   j = 1    n i     X  i j     .    








where, ni denotes the number of synonymous codons for the ith amino acid, and Xij denotes the occurrence frequency of the jth codon for the ith amino acid [36].




2.4. ENC-GC3 Plot Analysis


The ENC is a notable index for evaluating CUB in genes and genomes. ENC value ranges from 20 to 61. A gene with an ENC value of 20 has a strong bias, i.e., it uses just one codon to encode each amino acid individually, whereas a value of 61 indicates no bias, i.e., all synonymous codons are equally utilized to code a particular amino acid. The stronger the CUB, the lower the ENC number [37]. Furthermore, when the ENC score is equal to or less than 35, the gene is regarded to have significant use biasness [37]. GC3s, which indicate the contents of G and C at the third nucleotide position of codons excluding those encoding Met (AUG) and Trp (UGG), is a significant indicator of nucleotide composition bias. The ENC-GC3s plot was created to investigate the origins of CUB variation. The predicted ENC value of each gene was determined using Wright’s [37] formula:


   ENC    = 2 + GC 3 +   29   GC  3 2  +    (  1 − CG 3  )   2     











Genes are distributed along or near the anticipated curve when the G + C compositional restriction is a single driving factor. If CUB is primarily impacted by G + C compositional constraints while also being influenced by other variables not related to compositional constraints, the gene will be far below the predicted curve [38].




2.5. PR2-Bias Plot


PR2-bias plot is a two-dimensional graph having A3/(A3 + T3) as horizontal and G3/(G3 + C3) as vertical axis, representing the nucleotide compositions at the third position of the codons which estimates the effect of mutation pressure and natural selection by analyzing the AT bias and GC bias [39]. The PR2-bias plot is notably meaningful when the four codon amino acids of a gene are evaluated [39]. Ala (GCA, GCU, GCG, GCC), Gly (GGA, GGU, GGG, GGC), Pro (CCA, CCU, CCG, CCC) Thr (ACA, ACU, ACG, ACC), Val (GUA, GUU, GUG, GUC), Arg (CGA, CGU, CGG, CGC), Leu (CUA, CUU, CUG, CUC) and Ser (UCA, UCU, UCG, UCC) are four codon amino acids [39]. The degree and direction of the base deviation is represented by the distribution of points around the center (A = T, G = C). The mean values of A3/(A3 + T3) and G3/(G3 + C3) > 0.5 shows the existence of A and G bias, whereas the values < 0.5 indicate T and C bias. In addition, if A and T (G and C) show proportional distribution, then mutation pressure has complete influence on CUB. In contrast, the disproportional distribution indicates the synchronous impact of natural selection and other factors on CUB [39,40,41].




2.6. Neutrality Plot


The neutrality plot is a quantitative analytical method to study the effect of mutation pressure and natural selection on CUB and plotted against GC12 and GC3. GC12 and GC3 contents were estimated according to Sueoka [42]. A slope of 0 indicates the null effect of directional mutation pressure (full selective constraints), whereas a slope of 1 suggests total neutrality.




2.7. Frequency of Optimal Codon (Fop)


Optimal codon denotes to those codons which have the uppermost codon usage occurrence in some selected species. Additionally, Fop is a regularly used parameter to evaluate gene CUB [43]. Fop refers to the percentage of optimal codons from all synonymous codons in a species [43]. The Fop values range from 0.36, for genes having similar CUB, to 1, for genes having strong CUB [44].


  F o p =  1 N    ∑  i  syn  ( i )   n i   








where, ni refers to the number of codons in ith the gene; N refers to the total number of codons in the gene; and syn (i) is the number of synonymous codons corresponding to an amino acid with codon i coding [45].




2.8. Evaluation and Analysis of Gene Expression


RCBS is the relative CUB of each codon in the gene with an influence on overall scoring, i.e., able to estimate CUB without a reference set [46], which is used to evaluate gene expression. The RCBS value of each FAE1 and FAD2 gene sequence is calculated according to formula provided by Fox and Erill [47].




2.9. Clustering Based on Codon Usage Bias


Conduct clustering based on CUB on six FAE1 and FAD2 genes [48] was calculated using R software (version 4.2.0, Vienna, Austria). In codon usage frequency analysis, the gene is considered a factor and relative codons as variables. The RSCU value of 59 synonymous codons [after removing three termination codons (UAA, UAG, UGA), AUG (Met) and UGG (Trp) codons] was used for the analysis of CUB.




2.10. Codon Adaptation Index (CAI)


Codon Adaptation Index (CAI) values are frequently used to assess the degree of bias toward codons which are favored in highly expressed genes. The greater the value, which ranges from 0 to 1, the stronger the codon uses bias, and the higher the expression level. Genes coding for ribosomal proteins in Brassica species under the study were utilized to compute CAI values [37], an estimate of gene expression level based on the concept that translational selection can help in optimizing the gene sequences according to their level of expression. Aromaticity values represent the proportion of aromatic amino acids (Phe, Tyr, Trp) in the translated gene product.




2.11. Correspondence Analysis (COA)


Correspondence analysis has been extensively used to understand the trend of codon usage variation among the related genes [19,49]. It is being used to overcome the biases at the amino acid level and analysis is operated on RSCU values of each codon. This multidimensional approach plots the studied genes as per their RSCU values in 59-dimentional space (after exclusion of tryptophan, methionine, and stop codons) and plots the principal correspondence portions of dissimilarity among orthologs [49,50]. It consists of the codon usages matrix and is plotted into two dimensions: X (total number of orthologs) and Y (codon usage values). Further, visual output can eradicate the superfluous noise and provide simple representation of the complex data [43].




2.12. Statistical Analysis


A heat map showing the Pearson correlation coefficient of the codon, GC3, and RSCU value of different Brassica species, using the hierarchical clustering method was generated through R software [51]. Different software such as Microsoft excel, MEGA5 (phylogenetic analysis), CUSP (GC1 and GC2), CAIcal (CAI) [52], and CodonW (http://codonw.sourceforge.net/) (accessed on 15 June 2022) (correspondence analysis, GRAVY, and Aromo, etc.) [35] were used for analyzing the different parameters related to CUB.





3. Results


3.1. SNPs and Amino Acid Alterations in the Conserved Regions of FAE1 and FAD2 Genes


In the present study, the FAE1 CDS sequence was found to be almost conserved; however, 94 SNPs were present at different nucleotide positions across the U’s triangle species for FAE1.1 (A-genome), FAE1.2 (B-genome), and FAE1.3 (C-genome) (Supplementary File S1). In addition, 25 SNPs were found due to transversion whereas 69 SNPs were due to transition. In transition, 27 and 42 SNPs were due to purine (A→G) and pyrimidine (C→T), respectively. However, out of 94 SNPs, only 23 missense-type codons encoded functionally different amino acids during protein synthesis and out of it, only 8 codons coded different groups (charge ↔ uncharged and/or positive ↔ negative) of amino acids (D/G40, H/Y140, E/K170, E/K174, N/K177, K/T181, N/D283, G/R286) that changed the protein configuration.



As FAD2 CDS sequence was concerned, almost 50% of the initial part was conserved and the remaining portion was non-conserved. In the conserved region, 62 SNPs were present at different nucleotide positions across the six Brassica species for FAD2.1 (A-genome), FAD2.2 (B-genome), and FAD2.3 (C-genome) (Supplementary File S2). Further, 37 and 25 SNPs were due to transition and transversion types of mutations, respectively. In transition, 12 and 25 SNPs were due to purine (A↔G) and pyrimidine (C↔T), respectively. However, out of 62 SNPs, only 12 missense codons encoded different amino acids at the protein level and only 2 codons (charge ↔ uncharged) encoded different amino acids (E/Q8 and H/Q79) that changed the protein configuration.




3.2. Analysis of Codon Bias of FAE1 and FAD2 Genes in Different Brassica Species


The codon usage biases (CUB) reveal the foundation of selective use of codons in the genome [53]. A heat map was constructed to understand the relationship between codon usage variation and base composition at the third base position, particularly, GC content (Figure 1). The result showed that most of the codons ended with A/T and G/C are positively correlated with GC3 in FAE1 and FAD2 genes, respectively. In FAE1, the most frequently used codons are AAC, GTT, CTT, and GAT; however, some codons ended with G/A (AAA and AAG)were also substantially used (Figure 1A). In FAD2, the most frequently used codons ended with C/G (TAC, TTC, CTC, AAG, GAC and ATC); however, one codon that ended with T (CCT) was also used frequently in the genome (Figure 1B). Thus, codon usage might be under the influence of GC3 preference in both genes.




3.3. Preference of FAE1 and FAD2 Gene Codon Ended with G/C in Different Brassica Species


In the present study, the base composition of FAE1 and FAD2 gene coding sequence has been dissected in six Brassica species (Table 2). In FAE1, the average content of nucleotide A was highest (417.44) followed by T (407.22), C (350.66), and G (345.66). The average AT and GC content were 54.20 and 45.80%, respectively. Evidently, it revealed that the usage frequency of AT was relatively higher than GC among coding sequences of FAE1 gene in six Brassica species. An average GC content (GC12) on the first and second nucleotide position of the codon was 44.0% which was less than AT12 (56.0%). Among the third nucleotide position of the codon, T3 was highest (150.77) followed by C3 (143.11) whereas A3 (105.66) and G3 (107.44) were almost equal. This study highlights that codon closed with A/T was slightly preferred over G/C in the FAE1 gene coding sequence across the species. The frequency of optimal codon (Fop) analysis showed that 11 optimal codons were closed with A/T in the FAE1 gene of six Brassica species; however, only seven optimal codons ended with G/C (TTC, CCG, ACG, TAC, AAC, GAG, and TGC) whereas codon CGC was not even preferred (Figure 2A).



In the case of FAD2, the average content of nucleotide C was highest (363.44) followed by G (273.22), T (271.00), and A (247.00). The average AT and GC content were 44.9 and 55.1%, respectively. It highlighted that the usage frequency of GC was relatively higher than AT among FAD2 gene coding sequences in six Brassica species. Among the third nucleotide position of the codon, the content revealed that C3 (184.33) was the highest followed by G3 (97.67), T3 (61.44), and A3 (41.44) content. Interestingly, it was observed that AT content (54%) at the first and second position of the codon was higher than GC content (GC12) (Table 2). This study also highlighted that out of 19 Fop, 17 optimal codons closed with G/C were preferred over A/T in the FAD2 gene coding sequences across the six species; however, only two optimal codons (CCT and GGA) were closed with A/T whereas codon CGG was not used for coding the respective amino acid (Figure 2B).




3.4. Relative Synonymous Codon Usage of FAE1 and FAD2 Genes


For FAE1, an RSCU value greater than one specifies high relative usage frequency, whereas a value superior to 1.60 advocates a robust preference. Moreover, 24 codons had an RSCU value greater than 1 and showed high usage frequency in different Brassica species. Among them, 13 high-frequency codons revealed a significant preference for codons ended with A/T (Table 3). However, codons closed with G/C (11) were almost preferred equally in six Brassica species. The RSCU cluster analysis showed that the RSCU value of codon CTT, GTT, TCA, GGT, and AGA was higher than 1.6 across the six Brassica species and showed relatively strong preference among FAE1 genes in different species (Figure 3). For FAD2, 29 codons had an RSCU value greater than 1 in different Brassica species. Among them, 23 high-frequency codons revealed a significant preference for codons that ended with G/C (Table 3). However, codons closed with C were highly preferred in six Brassica species. The RSCU cluster analysis showed that the RSCU value of codon TTC, CTC, ATC, GTC, TCC, ACC (except in Bna.FAD2.1), CCT, TAC, GCC, TAC, AAC, AAG, GAC, and CGC were higher than 1.6 across the six Brassica species and showed relatively strong preference among FAD2 genes in different species (Figure 3).




3.5. System Relationship of Codon Usage Patterns of FAE1 and FAD2 Genes


In the study, RSCU of FAE1 and FAD2 genes were used to establish adjacent evolutionary trees (neighbor-joining) in different Brassica species. The study highlighted that for each gene with a closer proximity between species had a significantly similar codon usage mode. For the FAE1 gene, Bna.FAE1.1 was nearer to Bj.FAE1.1 in comparison to Br.FAE1.1; Bo.FAE1.3 is adjacent to Bna.FAE1.3 whereas Bj.FAE1.2 was more similar to Bni.FAE1.2. Furthermore, FAE1.1 was closer to FAE1.3 than FAE 1.2 (Figure 4A). For the FAD2 gene, Br.FAD2.1 was closer to Bj.FAD2.1 than Bna.FAD2.1, whereas Bc.FAD2.3 was closer to Bo.FAD2.3 and Bna.FAD2.3. Further, Bc.FAD2.2 was more adjacent to Bj.FAD2.2 than other orthologs. In addition, FAD2.1 and FAD2.3 were placed in the same clade whereas Bc.FAD2.2 and Bj.FAD2.2 were placed in the second clade. In addition, Bni.FAD2.2 was grouped into the third clade that showed its divergence from other Brassica species for FAD2 orthologs sequences based on FAD2 nucleotide sequences. However, the evolutionary clade distance highlighted that Bni.FAD2.2 showed a resemblance with Bj.FAD2.2 and Bc.FAD2.2 than other orthologs (Figure 4B). In the earlier studies, it has been reported that genes with similar functions have similar codon usage modes [54,55]. Thus, all the studied Brassica genotypes showed a peculiar relationship with each other based on synonymous codon usage patterns for FAE1 and FAD2 genes.




3.6. Influence from Selection Pressure of FAE1 and FAD2 Genes in Different Brassica Species


In the study, for FAE1, ENC value ranged from 55.75 to 57.83 (average value 56.80), revealing that there was relatively less variation in the usage of FAE1 gene codons among different Brassica species. However, GC3s values were ranged from 0.489 to 0.501 (average value 0.494) (Table 4). The Fop and GC3 showed a positive correlation (Pearson r = 0.484, p < 0.05) between each other, but both GC3 (r = −0.784) and Fop values (r = −0.642) showed a significant negative correlation with ENC values (Table 4; Figure 5A). The RCBS value ranged from 0.124 to 0.135 (average value 0.130) (Table 4; Figure 6). CAI ranged from 0.120 to 0.125 (average value 0.122), RCA from 0.493 to 0.506 (average value 0.499), and CBI from 0.072 to 0.098 (average value 0.085). The RCBS was negatively correlated with RCA (r = −0.196) and CAI (r = −0.490), but positively correlated with CBI (r = +0.456). Aromaticity ranged from 0.093 to 0.097 (average value 0.095), the length of the amino acid is 506, and the length of the amino acid represents the number of translatable codons. The number of synonymous codons (L_sym) is 492 (Table 4).



As FAD2 gene is concerned, the ENC value ranged from 43.70 to 46.57 (average value 45.13), revealing that there was relatively less variation in the usage of FAD2 gene codons among different Brassica species. However, GC3s values ranged from 0.725 to 0.742 (average value 0.732). The correlation studies highlighted that ENC had negative association with GC3 (r = −0.869; p < 0.05) and Fop values (r = −0.398); however, a positive correlation was observed between Fop and GC3 (Pearson r = 0.147, p < 0.05) (Table 4, Figure 5B). The RCBS value ranged from 0.184 to 0.213 (average value 0.198) (Table 4; Figure 6). CAI was ranged from 0.128 to 0.135 (average value 0.131), RCA from 0.562 to 0.582 (average value 0.572), and CBI from 0.206 to 0.218 (average value 0.212). The RCBS was negatively correlated with RCA (r = −0.430) and CAI (r = −0.736), but positively correlated with CBI (r = +0.282). Aromaticity ranged from 0.151 to 0.156 (average value 0.155), the length of the amino acid was 384 (except 383 for Bni.FAD2.2), and the length of the synonymous codons varied from 364 (BniFAD2.2, Bj.FAD2.2, and Bc.FAD2.2) to 366 (Br.FAD2.1). The RCBS values indicated that FAE1 and FAD2 genes with lower expression had a lower codon preference.




3.7. Neutrality Plot


Neutrality plot analysis was done to understand the impact of selection pressure/mutation on codon usage in the genome [56]. The neutrality plot was plotted between GC content at the first and second position on the codon (GC12) and GC content at the third position (GC3). Gene FAE1 showed non-significant positive correlation (Pearson r = 0.242 and R2 = 0.059) and a near-zero regression slope (0.084) between GC12 and GC3 whereas a high significant positive correlation (Pearson r = 0.765; p < 0.05 and R2 = 0.586) and medium regression slope (0.616) for the FAD2 gene was observed. Previously it has been found that if selection pressure plays a crucial role then the correlation between GC12 and GC3 will be low and the slope of regression will be close to 0 and vice versa for the mutation [57]. In our study, we found a very low correlation and the slope of regression was close to 0 for FAE1 (Figure 7A), whereas the correlation was high and the slope of regression was close to 0.50 for FAD2 (Figure 7B).




3.8. PR-2 Bias Plot


It has been used to determine the significant impact of mutation or selection pressure on the genetic composition of the genome [57]. Selection pressure or mutational constraints result in the biased use of nucleotides at synonymous codon positions [58]. If the values accumulate at the center (0.5) of the PR2 plot, then this indicates that the absence of any bias or occurred mutation was dominant. In our study, FAD2 was positioned much closer to the center than FAE1, indicating natural selection plays a major role in codon usage for FAD2. (Figure 8B), whereas a higher distance for FAE1 genes (Figure 8A) indicates that mutation pressure could play the main role. Furthermore, it also highlighted that C/T was biasedly used at synonymous codon positions in both genes across the Brassica species.




3.9. Correspondence Analysis


Correspondence analysis (COA) was done to investigate the codon usage variation among FAE1 and FAD2 genes across the U’s species (Figure 9). For FAE1, the first principal axis consisted of 78.2% of the total variation whereas the second principal axis described only 11.9% of the variation (Figure 9A). The FAE1 orthologs mainly partitioned into two distinguished groups alongside the horizontal axis (Figure 9B). Three orthologs (Bj.FAE1.2, Bc.FAE1.2 and Bni.FAE1.2) were partitioned at the extreme right side of the axis-1 and have a high codon bias whereas other orthologs were positioned at the left side (upper and lower) of the axis-1 and have weak biasness. In addition, COA also highlighted that codons ended with AT and GC were almost equally distributed at both sides (left and right) of the axis-1 (Figure 9C), highlighting that selection played a vital role in codon usage bias for the FAE1 gene. Likewise, for the FAD2 gene, the first and second principal axis consisted of 56.5% and 22.5%, respectively, of the total variation (Figure 9D). In addition, three orthologs (Bni.FAD2.2, Bj.FAD2.2 and Bc.FAD2.2) were positioned at the extreme left of the axis-1 and other orthologs were located on the right side of axis-1 (Figure 9E). Further, COA also highlighted that codons ended with GC were distributed near the origin whereas codons ended with AT were scattered away from the origin (Figure 9F), highlighting that mutation with other factors played a vital role in codon usage bias for the FAD2 gene. Therefore, COA clearly differentiated the studied genes as per their codon usage variation and also demonstrated the effect of nucleotide composition at each codon.





4. Discussion


The CUB of different creatures is affected by various genomic attributes such as genetic code, gene length, recombination frequency, GC content, and level of gene expression [46,59]. Furthermore, researchers also highlighted that codon bias might be influenced by mutation or selection pressure, replication and preferred transcription, preferred translation, and protein hydrophobicity [55,60]. Both mutational pressure and selection constraints have a great impact on codon usage from prokaryotic cells to multicellular eukaryotic organisms [61,62]. Selection pressure affected codon usage in multicellular eukaryotic model organisms such as Caenorhabditis elagans and Drosophila melanogaster [63]. However, it was influenced by both selection pressure and mutation in viruses such as the Parvoviridae family [64]. In plants, each gene has a different codon frequency and even in the same amino acid there will be a different ratio or composition of used codons, and the composition of nucleotide in codon affects CUB [65]. The balance of mutation and reverse mutation frequency in the base composition of codon decides the frequency of nucleotides used in the genomic DNA [66]. Generally, mutation at the third nucleotide position of codon does not affect the translated amino acid in protein formation and the GC content plays a vital role to express the trend of mutation. Consequently, the third nucleotide of the codon has more buffering capacity to nullify the mutational pressure, and GC3 could also be used in the study of CUB.



In this study, most of the codons ended with A/T and G/C in FAE1, and FAD2, respectively, across the U’s triangle Brassica species. Overall, AT content was higher than GC content among FAE1 and vice-versa among FAD2 genes across the species. Previously, researchers revealed increased AT over GC content in the genome of plant species for different genes and most of the codons ended with A/T [55,67]. Fop estimation highlighted that most of the optimal codons ended with A/T in FAE1, yet preferred it with G/C in FAD2. Out of 59 synonymous codons, 24 and 29 codons in FAE1 and FAD2 genes, respectively, had RSCU values greater than 1, highlighting that these codons have high usage frequency in six Brassica species. For FAE1, evolutionary and clustering studies revealed that B. rapa, B. napus, and B. juncea were grouped in one cluster for FAE1.1; B. oleracea, B. napus, and B. carinata in the second cluster for FAE1.3; and B. nigra, B. carinata, and B. juncea in the third cluster for FAE1.2 and further similar codon usage within the same group for FAE1 orthologs. Moreover, Brassica species having A genome are closer to C genomic species than B genomic species for FAE1. For FAD2 gene also, A genomic species were clustered in one cluster, C genomic species were grouped in the second cluster, and B genomic species, except B. nigra, were clustered in the third cluster. However, B. nigra was positioned into a completely separate cluster but showed more affinity to B. campestris and B. juncea for FAD2.2. Similarly, for FAD2 gene, Brassica species having A genome are closer to C genomic species than B genomic species.



A higher value of ENC represents the lower level of gene expression in Brassica species. In this study, the ENC value was higher for FAE1 than FAD2 genes, highlighting that the FAE1 gene showed less CUB than FAD2. For both the genes, ENC value was more than 43 in all six Brassica species and indicated a lower level of gene expression across the species. Different crop species show different codon usage preferences and different genes within a plant species vary in terms of codon preferences [55]. In both genes, the study emphasized that there was a significant negative relationship between ENC and GC3s, and ENC and Fop; however, a positive correlation was observed between Fop and GC3s. These results were opposite to the previous studies [55,68] where ENC was positively associated with GC3 and highlighted that codon usage inclination depends upon the third nucleotide position as G/C in the genome. Fop values indicated that both genes had a minimal level of codon usage bias across the different Brassica species.



The gene RCBS values can be used to measure the effective index of gene expression, whose value is mainly under the influence of gene base composition preference [37]. In the present investigation, both the genes that had a lower value of RCBS indicated lower gene expression corresponding to lower codon preference. These findings are in accordance with the previous research where the lower values of RCBS were reported in the AP2 gene [55]). Codon adaptation index (CAI) is a measurement of the relative adaptiveness of the codon usage of a gene towards the codon usage of highly expressed genes, i.e., predicting the expression level of a gene [36]. In this study, CAI values for both the genes were found low (<0.135). Codon bias index (CBI) measures the extent to which a gene uses a subset of optimal codons [69]. In our findings, CAI was negatively correlated with CBI for FAE1 (r = −0.006) and positively for FAD2 (r = +0.047) gene. The lower value of CAI and CBI for both the genes depicted that there was a low level of CUB across the species, which plays a crucial role in deciding the level of gene expression. The values of CAI and CBI were also found low in Ancylostoma ceylanicum and highlighted that the more optimal the codon usage in the coding sequence, the higher the gene expression value [70]. The aromaticity score denotes the frequency of aromatic acids in the hypothetical translated gene product. Aromaticity score is indices of amino acid usage [71]. The variation might be arisen due to the differences in the amino acid composition of the concerned gene. Gene expression is also influenced by aromaticity, length of amino acids, and gravy of a protein. The correlation between CAI and aromaticity score was negative for FAE1 (r = −0.094) and positive for FAD2 (r = 0.587) gene, whereas CAI showed no correlation with the length of amino acids for FAE1 and a positive association with the FAD2 (r = +0.738) gene. Furthermore, ENC showed a significant negative correlation for FAE1 (r = −0.760, p < 0.05) and a positive correlation (r = 0.710, p < 0.05) for FAD2 with the aromaticity score. This highlighted the aromaticity of the FAD2 gene proteins that could affect the CUB and vice-versa with the FAE1 gene across the six Brassica species. This study was supported while studying CUB for the SRY gene in mammals [72] and in A. ceylanicum [70]. The neutrality plot conclusively highlighted that selection pressure played a crucial role in the preference use of codons for the FAE1 gene; however, the role of mutation was high in the FAD2 gene. Previously, a very low correlation and regression slope between GC12 and GC3 was reported in the A. ceylanicum gene, therefore, mutation affected CUB in the genome [70]; however, a high correlation was observed in mitochondrial genes [73]. In the present study, the PR2-bias plot revealed that the proportion of A was not equal to T, and G was not equal to C, at the third nucleotide position of codons for both the genes. The proportion of T3 and C3 was higher than A3 and G3 for the genes, and AT and GC were not proportionally distributed around the center, indicating that mutation along with other factors such as selection pressure played a crucial role for CUB in both the genes. In the present study, correspondence analysis revealed that relative inertia of axis-1 was comparatively higher for FAE1 than FAD2 genes. Based on the positions of the orthologs on the axis-1, three orthologs (Bj.FAE1.2, Bc.FAE1.2, and Bni.FAE1.2) of FAE1 showed less codon usage bias than others; however, three orthologs (Bj.FAE1.2, Bc.FAE1.2, and Bni.FAE1.2) of FAD2 expressed high codon biasness. The correspondence analysis of the synonymous codon usage in FAE1 and FAD2 highlighted that codons that ended with AT and GC were randomly distributed in all the directions for FAE1, whereas codons that ended with GC were positioned around the center, and codons that ended with AT were scattered onto the plot. In this way, it could be concluded that selection pressure played a major role for FAE1 and mutation with other factors played a significant role for FAD2. Selection pressure also played a major role for CUB in A. ceylanicum genes [70] and in the Mycobacterium tuberculosis coding genome [57] and the Jatropha curcas genes [74].




5. Conclusions


Codon usage bias is greatly influenced by mutational pressure and natural selection pressure that affects the distribution of nucleotide patterns across the genomic DNA in all plant and animal species. The information related to CUB is always needed to understand and decode molecular mechanisms of gene evolution, functional adaptiveness, and survival strategies since its inception. In our study, FAE1 and FAD2 genes were AT and GC biased, respectively, and were moderately bias across the six Brassica species. Further, selection pressure played a vital role in CUB for FAE1, yet mutation occurred with other factors for the FAD2 gene. Previously, there were reports in plant species that also supported the role of mutation and selection pressure on codon usage patterns and evolutionary relatedness of each gene with each other based on CUB. In addition, the seed oil quality of Brassica species could be enhanced significantly if the occurrence of natural mutations preexists for low erucic and high oleic acid at the genomic level. Codon manipulation in oilseed Brassica breeding would lead to the development of demand-driven high-quality varieties which will push the sustainable diversification in oilseed crops.
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Figure 1. Heat map of values of codons with third nucleotide position of the codon for FAE1 (A) and FAD2 (B) genes. The black and blue blocks represent stop codons (TGA, TAG, TAA) and non-degenerate codons (ATG, TGG), respectively, that were completely absent in FAE1 and FAD2 genes across the six Brassica species. The dark red color indicates a highly positive correlation and white color represents a highly negative correlation. 
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Figure 2. Complete frequency of optimal and non-optimal codons used in FAE1 (A) and FAD2 (B) genes among six Brassica species. Orange and blue colors represent optimal and non-optimal used codons with corresponding amino acid. 
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Figure 3. Clustering of relative synonymous codon usage (RSCU) values of each codon among FAE1 and FAD2 genes across the six Brassica species. Each block in the map represents the RSCU value of a codon (shown in rows) corresponding to each gene across the six different Brassica species (shown in the column). The color intensity on the block indicates different RSCU values; intensity towards dark red RSCU > 1.60 and light red to dark blue RSCU < 1.60. 
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Figure 4. Evolutionary analyses for FAE1 (A) and FAD2 (B) were performed in MEGA5. 
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Figure 5. Relationship between ENC and GC3s values for FAE1 (A) and FAD2 (B) genes among different Brassica species. Orange and blue dots represent the ENC and GC3s values of the coding sequences for FAE1 and FAD2 genes. 
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Figure 6. Distribution of relative synonymous codon usage (RCBS) for FAE1 (A) and FAD2 (B) genes across six Brassica species. 
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Figure 7. Neutrality plot for FAE1 (A) and FAD2 (B). 
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Figure 8. PR2 (parity rule 2) bias plot for FAE1 (A) and FAD2 (B). 
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Figure 9. Correspondence analysis for FAE1 (upper row) and FAD2 (lower row) orthologs. In (A,D), correspondence analysis revealing different principal axes based on RSCU value. The dotted line denotes the cumulative total of the inertia explained by nine axes. In (B,E), distribution of orthologs based on RSCU values. In (C,F), correspondence analysis highlighting the distribution of synonymous codons ended with different nucleotides, where A, U, G, C were colored differently. 
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Table 1. The gene ID, accession number, length, chromosomal location, and coded amino acids of two fatty acid genes (erucic acid-FAE1 and oleic acid-FAD2) gene coding sequences (CDS) in six different Brassica species.
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S.N.

	
Brassica Species

	
Erucic Acid (FAE1)

	
Oleic Acid (FAD2)




	

	

	
Gene ID

	
Accession No.

	
Length (bp)

	
Chromosome

	
Amino Acid

	
Gene ID

	
Accession No.

	
Length (bp)

	
Chromosome

	
Amino Acid






	
1

	
B. rapa

	
Br.FAE1.1

	
KF999626.1

	
1521

	
A08

	
384

	
Br.FAD2.1

	
JN859550.1

	
1155

	
A05

	
506




	
2

	
B. nigra

	
Bni.FAE1.2

	
MH745118.1

	
1521

	
B07

	
384

	
Bni.FAD2.2

	
HM138369.1

	
1152

	
B05

	
506




	
3

	
B. oleracea

	
Bo.FAE1.3

	
AF490460.1

	
1521

	
C03

	
384

	
Bo.FAD2.3

	
JN859552.1

	
1155

	
C05

	
506




	
4

	
B. carinata

	
Bc.FAE1.2

	
KF664167.1

	
1521

	
B03

	
384

	
Bc.FAD2.2

	
AF124360.2

	
1155

	
B06

	
506




	
5

	
B. carinata

	
Bc.FAE1.3

	
KF664166.1

	
1521

	
C03

	
384

	
Bc.FAD2.3

	
JAAMPC010000013.1

	
1155

	
C05

	
506




	
6

	
B. napus

	
Bna.FAE1.1

	
GU325717.1

	
1521

	
A08

	
384

	
Bna.FAD2.1

	
JN992606.1

	
1155

	
A05

	
506




	
7

	
B. napus

	
Bna.FAE1.3

	
GU325719.1

	
1521

	
C03

	
384

	
Bna.FAD2.3

	
JN992607.1

	
1155

	
C05

	
506




	
8

	
B. juncea

	
Bj.FAE1.1

	
AJ558197.1

	
1521

	
A08

	
384

	
Bj.FAD2.1

	
MN585117.1

	
1155

	
A05

	
506




	
9

	
B. juncea

	
Bj.FAE1.2

	
AJ558198.1

	
1521

	
B07

	
384

	
Bj.FAD2.2

	
MN585120.1

	
1155

	
B05

	
506
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Table 2. Nucleotide composition analysis in the coding sequences of erucic acid (FAE1) and oleic acid (FAD2) genes in six Brassica species.
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S. N #.

	
A

	
T

	
G

	
C

	
A3

	
T3

	
G3

	
C3

	
AT (%)

	
GC (%)

	
GC1 (%)

	
GC2 (%)

	
AT3 (%)

	
GC3 (%)

	
GC12 (%) 2^

	
AT12 (%) 2^






	
Erucic acid (FAE1)

	




	
1.

	
415

	
410

	
346

	
350

	
103

	
154

	
107

	
143

	
0.542

	
0.458

	
0.487

	
0.393

	
0.507

	
0.493

	
0.440

	
0.560




	
2.

	
415

	
407

	
351

	
348

	
106

	
149

	
111

	
141

	
0.540

	
0.460

	
0.487

	
0.394

	
0.503

	
0.497

	
0.441

	
0.559




	
3.

	
422

	
406

	
340

	
353

	
107

	
152

	
104

	
144

	
0.544

	
0.456

	
0.485

	
0.393

	
0.511

	
0.489

	
0.439

	
0.561




	
4.

	
414

	
407

	
351

	
349

	
105

	
148

	
111

	
143

	
0.540

	
0.460

	
0.485

	
0.394

	
0.499

	
0.501

	
0.440

	
0.560




	
5.

	
415

	
407

	
345

	
354

	
104

	
153

	
106

	
144

	
0.540

	
0.460

	
0.489

	
0.396

	
0.507

	
0.493

	
0.443

	
0.557




	
6.

	
419

	
408

	
344

	
350

	
107

	
151

	
106

	
143

	
0.544

	
0.456

	
0.487

	
0.391

	
0.509

	
0.491

	
0.439

	
0.561




	
7.

	
422

	
407

	
340

	
352

	
107

	
152

	
104

	
144

	
0.545

	
0.455

	
0.485

	
0.391

	
0.511

	
0.489

	
0.438

	
0.562




	
8.

	
419

	
406

	
344

	
352

	
106

	
150

	
107

	
144

	
0.542

	
0.458

	
0.485

	
0.393

	
0.505

	
0.495

	
0.439

	
0.561




	
9.

	
416

	
407

	
350

	
348

	
106

	
148

	
111

	
142

	
0.541

	
0.459

	
0.483

	
0.394

	
0.501

	
0.499

	
0.439

	
0.561




	
Mean

	
417.44

	
407.22

	
345.66

	
350.66

	
105.66

	
150.77

	
107.44

	
143.11

	
0.542

	
0.458

	
0.486

	
0.393

	
0.506

	
0.494

	
0.440

	
0.560




	
SD1^

	
2.9481

	
1.1331

	
4.0276

	
2.0548

	
1.3333

	
2.0427

	
2.7125

	
0.9938

	
0.0018

	
0.0018

	
0.0016

	
0.0014

	
0.0040

	
0.0040

	
0.0013

	
0.001




	
Oleic acid (FAD2)

	




	
1.

	
250

	
359

	
272

	
274

	
43

	
61

	
98

	
183

	
0.411

	
0.548

	
0.506

	
0.408

	
0.270

	
0.730

	
0.457

	
0.543




	
2.

	
248

	
370

	
263

	
271

	
43

	
56

	
98

	
187

	
0.403

	
0.556

	
0.518

	
0.409

	
0.258

	
0.742

	
0.464

	
0.536




	
3.

	
247

	
361

	
272

	
275

	
41

	
62

	
99

	
183

	
0.409

	
0.551

	
0.509

	
0.410

	
0.268

	
0.732

	
0.460

	
0.540




	
4.

	
245

	
370

	
268

	
272

	
40

	
62

	
97

	
186

	
0.404

	
0.556

	
0.519

	
0.413

	
0.265

	
0.735

	
0.466

	
0.534




	
5.

	
246

	
362

	
274

	
273

	
40

	
63

	
97

	
185

	
0.409

	
0.550

	
0.506

	
0.410

	
0.268

	
0.732

	
0.458

	
0.542




	
6.

	
249

	
357

	
276

	
273

	
42

	
64

	
97

	
182

	
0.413

	
0.545

	
0.506

	
0.405

	
0.275

	
0.725

	
0.456

	
0.544




	
7.

	
246

	
361

	
273

	
275

	
41

	
62

	
99

	
183

	
0.409

	
0.551

	
0.509

	
0.410

	
0.268

	
0.732

	
0.460

	
0.540




	
8.

	
247

	
359

	
273

	
276

	
42

	
62

	
99

	
182

	
0.409

	
0.550

	
0.506

	
0.413

	
0.270

	
0.730

	
0.460

	
0.540




	
9.

	
245

	
372

	
268

	
270

	
41

	
61

	
95

	
188

	
0.404

	
0.556

	
0.519

	
0.413

	
0.265

	
0.735

	
0.466

	
0.534




	
Mean

	
247

	
271

	
273.22

	
363.44

	
41.44

	
61.44

	
97.67

	
184.33

	
0.449

	
0.551

	
0.511

	
0.410

	
0.267

	
0.733

	
0.461

	
0.539




	
SD1^

	
1.633

	
3.742

	
1.872

	
5.315

	
1.066

	
2.114

	
1.247

	
2.108

	
0.0037

	
0.0037

	
0.0056

	
0.0025

	
0.0044

	
0.0045

	
0.0035

	
0.004








#: refer Table 1 for identifying serial numbers for Brassica species; SD 1^: Standard deviation; GC12 (%) 2^: average of GC content percent at first and second nucleotide positions in codon; AT12 (%) 2^: average of AT content percent at first and second nucleotide positions in codon.
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Table 3. Complete relative synonymous codon usage (RSCU) for erucic acid (FAE1) and oleic acid (FAD2) genes among six Brassica species.
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Erucic Acid (FAE1)

	
Oleic Acid (FAD2)

	

	

	
Erucic Acid (FAE1)

	
Oleic Acid (FAD2)




	
Amino Acid

	
Codon

	
No. (1)

	
RSCU (2)

	
No (1)

	
RSCU (2)

	
Amino Acid

	
Codon

	
No. (1)

	
RSCU (2)

	
No. (1)

	
RSCU (2)






	
Phe

	
TTT

	
94

	
0.910

	
11

	
0.121

	
Ala

	
GCT

	
110

	
1.435 *

	
54

	
0.964




	

	
TTC

	
113

	
1.090 *

	
172

	
1.879 *

	

	
GCC

	
70

	
0.917

	
96

	
1.714 *




	
Leu

	
TTA

	
51

	
0.698

	
24

	
0.482

	

	
GCA

	
69

	
0.904

	
16

	
0.287




	

	
TTG

	
72

	
0.984

	
66

	
1.311 *

	

	
GCG

	
57

	
0.744

	
58

	
1.035 *




	

	
CTT

	
137

	
1.871 *

	
13

	
0.260

	
Tyr

	
TAT

	
62

	
0.689

	
34

	
0.281




	

	
CTC

	
94

	
1.286 *

	
148

	
2.935 *

	

	
TAC

	
118

	
1.311 *

	
208

	
1.719 *




	

	
CTA

	
69

	
0.942

	
16

	
0.315

	
His

	
CAT

	
84

	
1.276 *

	
60

	
0.674




	

	
CTG

	
16

	
0.219

	
35

	
0.698

	

	
CAC

	
48

	
0.724

	
118

	
1.326 *




	
Ile

	
ATT

	
85

	
0.909

	
10

	
0.162

	
Gln

	
CAA

	
62

	
1.531 *

	
25

	
0.610




	

	
ATC

	
92

	
0.990

	
128

	
2.076 *

	

	
CAG

	
19

	
0.469

	
57

	
1.390 *




	

	
ATA

	
102

	
1.100 *

	
47

	
0.762

	
Asn

	
AAT

	
72

	
0.547

	
18

	
0.361




	
Val

	
GTT

	
166

	
1.781 *

	
44

	
0.699

	

	
AAC

	
191

	
1.453 *

	
82

	
1.639 *




	

	
GTC

	
86

	
0.922

	
132

	
2.113 *

	
Lys

	
AAA

	
161

	
1.006 *

	
34

	
0.376




	

	
GTA

	
37

	
0.396

	
11

	
0.174

	

	
AAG

	
159

	
0.994

	
147

	
1.624 *




	

	
GTG

	
84

	
0.901

	
63

	
1.013 *

	
Asp

	
GAT

	
137

	
1.127 *

	
25

	
0.324




	
Ser

	
TCT

	
43

	
0.682

	
34

	
1.018 *

	

	
GAC

	
106

	
0.873

	
129

	
1.676 *




	

	
TCC

	
82

	
1.307 *

	
100

	
3.004 *

	
Glu

	
GAA

	
54

	
0.667

	
42

	
0.672




	

	
TCA

	
104

	
1.659 *

	
7

	
0.210

	

	
GAG

	
108

	
1.333 *

	
83

	
1.328 *




	

	
TCG

	
46

	
0.729

	
40

	
1.199 *

	
Cys

	
TGT

	
36

	
0.800

	
19

	
0.427




	

	
AGT

	
45

	
0.717

	
8

	
0.240

	

	
TGC

	
54

	
1.200 *

	
70

	
1.573 *




	

	
AGC

	
57

	
0.906

	
11

	
0.330

	
Arg

	
CGT

	
51

	
1.294 *

	
22

	
0.907




	
Pro

	
CCT

	
57

	
1.267 *

	
105

	
1.774 *

	

	
CGC

	
0

	
0.000

	
54

	
2.235 *




	

	
CCC

	
22

	
0.489

	
57

	
0.960

	

	
CGA

	
27

	
0.684

	
6

	
0.250




	

	
CCA

	
43

	
0.956

	
12

	
0.201

	

	
CGG

	
54

	
1.368 *

	
0

	
0.000




	

	
CCG

	
58

	
1.289 *

	
63

	
1.065 *

	

	
AGA

	
78

	
1.971 *

	
36

	
1.490 *




	
Thr

	
ACT

	
57

	
0.858

	
38

	
0.850

	

	
AGG

	
27

	
0.684

	
27

	
1.118 *




	

	
ACC

	
88

	
1.321 *

	
79

	
1.764 *

	
Gly

	
GGT

	
121

	
1.655 *

	
58

	
1.027 *




	

	
ACA

	
22

	
0.331

	
13

	
0.290

	

	
GGC

	
67

	
0.908

	
75

	
1.318 *




	

	
ACG

	
99

	
1.489 *

	
49

	
1.096 *

	

	
GGA

	
63

	
0.858

	
75

	
1.323 *




	

	

	

	

	

	

	

	
GGG

	
42

	
0.578

	
19

	
0.333








(1) No, total number of preferred codons in a gene. (2) Mean values of RSCU based on the synonymous codon usage frequencies of a gene. * Codons having RSCU values (>1.0) are more preferred in the genome.
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Table 4. Codon uses bias indices for fatty acid (FAE1 and FAD2) genes across the six Brassica species.
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Brassica

	
RCBS

	
RCA

	
CAI

	
CBI

	
Fop

	
ENC

	
GC3

	
L_sym

	
L_aa

	
The Highest RSCU

	
GRAVY

	
Aromo






	

	
Erucic acid (FAE1)




	
Br.FAE1.1

	
0.124

	
0.506

	
0.121

	
0.083

	
0.451

	
57.11

	
0.493

	
492

	
506

	
CTC (L)

	
−0.119

	
0.093




	
Bni.FAE1.2

	
0.134

	
0.499

	
0.120

	
0.095

	
0.457

	
55.78

	
0.497

	
492

	
506

	
AGA (R)

	
−0.103

	
0.095




	
Bo.FAE1.3

	
0.126

	
0.505

	
0.125

	
0.086

	
0.453

	
57.07

	
0.489

	
492

	
506

	
CTC (L)

	
−0.133

	
0.095




	
Bc.FAE1.2

	
0.135

	
0.501

	
0.123

	
0.098

	
0.459

	
55.75

	
0.501

	
492

	
506

	
AGA (R)

	
−0.105

	
0.097




	
Bc.FAE1.3

	
0.119

	
0.500

	
0.124

	
0.090

	
0.455

	
57.83

	
0.493

	
492

	
506

	
CTC (L)

	
−0.123

	
0.093




	
Bna.FAE1.1

	
0.127

	
0.495

	
0.123

	
0.079

	
0.449

	
57.30

	
0.491

	
492

	
506

	
CTC (L)

	
−0.107

	
0.095




	
Bna.FAE1.3

	
0.125

	
0.504

	
0.125

	
0.088

	
0.455

	
57.14

	
0.489

	
492

	
506

	
CTC (L)

	
−0.128

	
0.095




	
Bj.FAE1.1

	
0.128

	
0.493

	
0.121

	
0.072

	
0.445

	
57.16

	
0.495

	
492

	
506

	
CTC (L)

	
−0.117

	
0.095




	
Bj.FAE1.2

	
0.132

	
0.501

	
0.121

	
0.097

	
0.459

	
55.91

	
0.499

	
492

	
506

	
AGA (R)

	
−0.105

	
0.097




	

	
Oleic acid (FAD2)




	
Br.FAD2.1

	
0.194

	
0.581

	
0.131

	
0.208

	
0.527

	
46.25

	
0.730

	
366

	
384

	
CTC (L); TCC(S)

	
−0.129

	
0.156




	
Bni.FAD2.2

	
0.213

	
0.566

	
0.128

	
0.212

	
0.527

	
43.70

	
0.742

	
364

	
383

	
CTC (L)

	
−0.139

	
0.151




	
Bo.FAD2.3

	
0.188

	
0.572

	
0.133

	
0.212

	
0.529

	
45.14

	
0.732

	
365

	
384

	
TCC(S)

	
−0.121

	
0.156




	
Bc.FAD2.2

	
0.189

	
0.582

	
0.133

	
0.212

	
0.527

	
45.26

	
0.735

	
364

	
384

	
CTC (L)

	
−0.127

	
0.154




	
Bc.FAD2.3

	
0.192

	
0.577

	
0.135

	
0.212

	
0.529

	
44.38

	
0.732

	
365

	
384

	
TCC(S)

	
−0.121

	
0.156




	
Bna.FAD2.1

	
0.184

	
0.579

	
0.134

	
0.206

	
0.526

	
46.57

	
0.725

	
365

	
384

	
CTC (L); TCC

	
−0.122

	
0.156




	
Bna.FAD2.3

	
0.184

	
0.576

	
0.131

	
0.207

	
0.526

	
45.49

	
0.732

	
365

	
384

	
TCC(S)

	
−0.111

	
0.156




	
Bj.FAD2.1

	
0.201

	
0.571

	
0.131

	
0.213

	
0.529

	
46.01

	
0.730

	
365

	
384

	
CTC (L)

	
−0.114

	
0.156




	
Bj.FAD2.2

	
0.189

	
0.562

	
0.133

	
0.218

	
0.530

	
44.41

	
0.735

	
364

	
384

	
CTC (L)

	
−0.128

	
0.154








RCBS—Relative codon bias usage; RCA—Relative codon adaptation; CAI—Codon adaptation index; CBI—Codon bias index; Fop—Frequency of optimal codon; ENC—The effective number of codons; L-sym—Number of synonymous codons; L_aa—Length of amino acids; GRAVY—Grand average of hydropathicity; Aromo—Aromaticity score.
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