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Abstract

:

Juglandaceae (walnut) is made up of several economically and ecologically valuable tree species. Chloroplasts, vitally important for plant growth, are also a rich source of genetic and evolutionary information. Both mutational pressure and natural selection are drivers of codon usage pattern variation among genes. Here, we studied the codon usage of Juglandaceae chloroplast genomes in order to further our understanding of the biology and evolution of this plant family. The codon usage patterns associated with the chloroplast genomes of 26 Juglandaceae samples were analyzed. Short CDS sequences (<100 amino acids) and sequencing containing internal stop codons were removed from comparative analyses. The contents of uracil (U) (31.5%–32.0%) and adenine (A) (30.0%–31.2%) of all 26 samples were higher than those of cytosine (C) (17.2%–17.7%) and guanine (G) 19.9%–20.7%. According to the neutrality and correspondence analyses, chloroplast codons tended to exhibit conserved GC content and were primarily altered by natural selection. The parity rule 2 plot analysis revealed that AU were more common than GC at the third-codon position. According to the effective number of codon (ENC) plot analysis, codon preference was driven by natural selection and protein translation, among other factors. This study represents the first examination of the codon usage characteristics of Juglandaceae plants, as revealed through the study of codon bias in 26 Juglandaceae samples.






Keywords:


Juglandaceae; chloroplast genome; synonymous codon usage; codon bias












1. Introduction


Codons are vital for the genetic information transfer process of an organism. Codons are involved in protein translation. Codon preference, or codon usage bias, refers to the phenomenon of different synonymous codons being used more or less frequently within a sequence. The main underlying mechanisms for codon preference are natural selection and mutation pressure [1,2,3]. The pattern of codon usage affects gene expression and function. For example, increased gene expression levels are linked to stronger codon usage preference. By studying the pattern of codon usage, we can better predict the expressional and functional dynamics of unknown genes [4].



The walnut family (Juglandaceae) includes 71 species, in 9 genera, of perennial woody plants across the world [5]. Of these, 7 genera (Platycarya, Engelhardtia, Cyclocarya, Pterocarya, Juglans, Annamocarya, and Carya) and 27 species are present in China. These Chinese species are primarily found south of the Yangtze River, although a few are distributed to the north [6]. The genus Juglans (walnut) is comprised of economically and ecologically important tree species. Walnuts have recently become increasingly popular in southern China due to their unique flavor and nutritional profile. The branches, leaves, exocarp, root bark, inner nut septum, and kernels of Juglandaceae can be used for their medicinal value [5]. Studies have recently highlighted that consumption can improve hyperlipidemia, hyperglycemia, edema, and cancer, among other conditions [7,8,9].



Biologists studying plant molecular evolution have paid increasing attention to chloroplast genomes because they often contain genes with known functions, have a relatively large copy number, and are relatively small in size [10]. Notably, the chloroplast genome exhibits translational dynamics similar to unicellular organisms, with a codon preference similar to that of Escherichia coli [11]. Mutation pressure has been established as a significant driver of variation in codon preference across the chloroplast genome [2]. However, natural selection is also recognized as a significant driver of variation in codon preference in both algal and plant lineages [12]. Because the chloroplast genome is maternally inherited and possesses a considerable amount of genetic information, the chloroplast genome has been widely used to study phylogeny, species classification, and genetic expression in angiosperms [13,14,15]. Furthermore, by analyzing patterns of codon usage and designing exogenous gene expression vectors based on optimal codons, we can theoretically improve heterologous gene expression levels [16]. Although codon preference has been studied extensively in a variety of prokaryotic and eukaryotic model organisms, the phenomenon has received little attention in Juglandaceae. Here, we studied the sequenced chloroplast genomes of 26 Juglandaceae samples in order to evaluate the codon usage patterns of this economically and ecologically valuable group of plants.




2. Materials and Methods


2.1. Materials


We studied 26 Juglandaceae chloroplast genomes, including 16 genomes downloaded from GenBank (https://www.ncbi.nlm.nih.gov/genome (accessed on 15 December 2022) and 10 genomes that were completed and assembled by our laboratory (not yet uploaded to NCBI) (Table 1). The chloroplast genome size of J. regia was found to be identical across samples b through j, although sample k was shorter. Each protein-coding gene was extracted from the 26 chloroplast genomes. For further analyses, genes encoding <100 amino acids, genes without stop codons, and genes with ambiguous bases were removed. The chloroplast genome size of the 26 Juglandaceae samples ranged from 106,349 (J. regia No.k) to 175,313 (Carya kweichowensis) bp. Across the chloroplast genomes, the number of protein-coding genes ranged from 64 (Carya kweichowensis) to 89 (Pterocarya hupehensis, Pterocarya tonkinensis, Cyclocarya paliurus, and Carya hunanensis). After quality control, the number of genes ranged from 49 to 76.




2.2. Codon Usage Bias and Related Index Analysis


For each gene, we determined the guanine–cytosine (GC) composition at the 1st (GC1), 2nd (GC2), and 3rd (GC3) positions of synonymous codon. Traditionally, each gene is assigned a number to quantify Wright’s effective number of codons (ENc) [17]. In this scheme, a gene without codon usage bias would be assigned a maximum value of 62 and a gene with extreme codon usage bias would be assigned a minimum value of 20. Extreme codon usage bias is defined as a case where each amino acid is encoded by only one synonymous codon, and a lack of codon usage bias is defined as the case where each amino acid is encoded by each synonymous codon in equal proportion. Wright’s ENc is commonly used to assess codon usage bias because it requires no reference gene [17]. However, the Wright’s ENc value may be considerably larger than the sense codon number. Based on Wright’s ENc [17], Sun [18] et al. developed a superior Enc, which divides 6-fold codon families into 4- and 2-fold codon families. The value of this updated ENc would therefore range from a minimum value equal to the number of codon families to a maximum value equal to the number of sense codons. Both Sun’s and Wright’s ENc can be considered estimations (estimated ENc) of the “true” ENc, and are calculated from the number of codons present in each gene.




2.3. Evaluation of Relative Synonymous Codon Usage


The relative synonymous codon usage (RSCU) is calculated by dividing the observed codon frequency by the expected codon frequency in the case of a lack of codon usage bias [19]. A calculated RSCU value of >1 indicates positive bias, of <1 indicates negative bias, and =1 indicates a lack of bias. In order to determine codon usage similarity between coding sequences, a cosine similarity index is calculated based on RSCU values [20]. Accordingly, an RSCU value of >1.6 is considered overrepresented and <0.6 is considered underrepresented [21,22].




2.4. Codon Usage Bias and Related Index Analyses


We used CodonW1.4.2 software and CUSP online software [23,24] to analyze the coding sequences (CDSs) of the 26 Juglandaceae plant samples. A standard codon table was utilized to calculate RSCU values. ENC, which has a negative relationship with codon usage bias, was calculated automatically while calculating RSCU in CodonW. Together, both ENC and RSCU were used to holistically evaluate patterns of codon usage.



2.4.1. ENC Plot


ENC values, which range from 20–61, indicate the strength of codon usage preference. For example, codon preference is considered strong for ENC values < 35, and vice versa (ENC values > 35) [25]. An ENC plot compares the expected (expENC) to the observed ENC for each GC3 value. Mutation pressure is considered the sole driver of the identity of third-position bases when ENC values fall along the expENC curve [17]. To draw the ENC plot, we used ENC as the ordinate and GC3 as the abscissa. Using the formula provided by F. Wright [17], we added an ENC standard curve. The closer the coding gene is to the curve, or when it falls above the curve, the more it is affected by mutation pressure. When the gene is located below the curve, or at a farther distance, it is more affected by natural selection [26].




2.4.2. Neutrality Plot


The average GC1 and GC2 (GC12) values were plotted against the GC3 values to generate a neutrality plot for the Juglandaceae chloroplast genome CDSs. Neutrality plots show how the codon usage bias is altered by the mutation–selection equilibrium [27]. In the plots, regression with a slope of 0 suggests the absence of directional mutation pressure or complete selective constraints, whereas a slope of 1 indicates the same mutation module between GC12 and GC3 and that complete neutrality was the main element in the evolutionary process [28].




2.4.3. Parity Rule 2-Bias Plot


The parity rule 2 (PR2)-bias plots were generated according to the PR-2 principle. According to PR2, where mutational pressure and natural selection are absent, nucleotides tend to follow the rules of G = C and A = T (where C + G + T + A = 1) [29]. When G = C and T = A (PR2), the middle of the plot contains the data points with both coordinates = 0.5. Any deviation from such a case would indicate bias caused by natural selection, mutation pressure, or a combination of the two. Any significant deviation exhibited by four-codon amino acids at the third-codon position tends to result from selective pressure rather than mutation pressure. Otherwise, where C + G = T + A at the third-codon position, mutation is considered the primary driver of codon usage preference [29,30].




2.4.4. MILC Analysis


Measure independent of length and composition (MILC), which predicts gene expression, is a useful quantifier of codon usage variation between an the expected and observed codon distribution. The distribution of codons can be determined using either a single gene, a gene group, or the background nucleotide composition [29]. The R package coRdon 1.13.0 was used to analyze each chloroplast genome sequence. The number of occurrences of each codon within each sequence was calculated using default parameters. The MILC value of each sequence was determined for the sample-wide codon usage deviation (https://bioconductor.org/packages/devel/bioc/vignettes/coRdon/ (accessed on 25 January 2023)). Low gene expression is indicated by low MILC values and high gene expression is indicated by high MILC values [31].






3. Results


3.1. Composition of Nucleotides at Different Codon Positions in Juglandaceae


Determining the codon sequence composition of nucleotides is crucial to understand the distribution of codons between genes and associations with gene expression, among other things. The single nucleotide composition, GC frequencies at three positions, and overall composition were studied in all 26 samples. Specifically, we determined the GC content at three positions (GC1, GC2, and GC3) for all 26 samples (Table 2) and observed large differences between the positions. Moreover, GC1, GC2, and GC3 all showed obvious differences among species, but some species were the same (such as J. regia 200 and J. regia 201).



We obtained 1864 coding genes (CDSs) of over 100 bp from the 26 Juglandaceae samples. After measuring the nucleic acid content in the screened genes separately (Table 2), we found that thymine/uracil (T/U) was the most represented (31.5%–32.0%), followed by adenine (A) (30.0%–31.2%), guanine (G) (19.9%–20.7%), and cytosine (C) (17.2%–17.7%) in all the 26 Juglandaceae plants. Across the CDSs of the 26 Juglandaceae samples, all four nucleotides tended to be represented asymmetrically. We also determined the GC content at three CDS codon positions (GC1, GC2, and GC3) (Table 2) and observed the following order: 1st (GC%) > 2nd (GC%) > 3rd (GC%). Overall, the composition at the second position resembled that of the average. According to the correlation analysis (Figure 1), GC1, GC2, GC3, and GC all exhibited highly significant correlations. In particular, GC1 and GC2 were significantly correlated, but GC12 and GC3 were not. These results indicated that codons of Juglandaceae plants prefer to use A/U nucleic acids, and the base composition at the third position differs significantly from those of the first and second positions.




3.2. Codon Usage Bias Patterns in Juglandaceae CDSs


RSCU is a crucial parameter for measuring codon preference. When a codon’s RSCU = 1, that codon’s usage frequency is equal to its synonymous codons. At this point, no preference exists between the two. An RSCU > 1 indicates a high-frequency codon with a strong usage preference. By contrast, an RSCU < 1 indicates weak usage preference. Here, we performed an analysis of RSCU values in order to evaluate any variation in codon usage. Codons with RSCU > 1.5 were considered overrepresented and strongly preferred, codons with RSCU > 1 and <1.5 were considered high-frequency, codons with RSCU > 0.8 and <1 were considered low-frequency, and codons with RSCU < 0.8 were considered underrepresented. Figure 2 shows that the 26 species had an average of approximately 28 codons per species with RSCU > 1. Of these, 15 ended in U, 12 ended in A, 0 ended in C, and 1 ended in G. The highest RSCU values were found for the codon UUA encoding Leu, followed by those for the codon GCU encoding Ala. The Juglandaceae plants had a strong bias for GUU, GUA, and GCU, which were highly preferred. Subsequent to the removal of the three termination codons (UGA, UAG, and UAA), the RSCU of 61 synonymous codons was calculated for each of the 26 Juglandaceae plants. Then, RSCU was used to analyze the codon usage preference in the 26 Juglandaceae samples. The codons CUC, CAC, and AAG had low RSCU values and were avoided. Overexpressed codons, high-frequency codons, and high-expression codons exhibited a preference for codons ending the GC dinucleotide.



We also analyzed the ENC values for 1814 genes of the chloroplast genomes of 26 Juglandaceae samples. The ENC values ranged between 27.68 and 61, indicating the presence of different codon preference trends. Using an ENC value of 35 to discriminate between weak and strong codon usage bias, only three strongly-biased CDSs were identified (ENC < 35). In agreement with the average ENC value (48.86), the majority of CDSs exhibited only weak bias. The occurrence of such high ENC values indicated that nearly all amino acids were used for protein synthesis. Additionally, it appears that genome-wide codon preference is fairly weak in Juglandaceae.




3.3. Optimal Codon Analysis


The RSCU value is often utilized to identify optimal codons [32,33]. Here, we sorted each CDS sequence according to the ENC value. Sequences in the top 5% were defined as high-expression and sequences in the bottom 5% were defined as low-expression. ΔRSCU is equal to the high-expression RSCU value minus the low-expression RSCU value. Significantly positive ΔRSCU values indicate that > 1 codon per amino acid meets this criterion. The most optimal codon is the one with the largest ΔRSCU for a particular amino acid [33]. Optimal codon analysis was performed according to the usage frequency RSCU and ENC values (Figure 3).



Overall, the chloroplast genomes of 26 samples had between 24 and 30 optimal codons. Specifically, C. cathayensis, P. tonkinensis, and P. macroptera had the fewest optimal codons (24), while E. roxburghiana and P. stenoptera had the most optimal codons (30). The third base of the optimal codons was biased toward A and U. The chloroplast genomes of the 26 samples shared six common optimal codons: GGU encoding Gly, AUA encoding Ile, AAU encoding Asn, CCU encoding Pro, CGU encoding Arg, and ACU encoding Thr. The third base of the codon shares the same preference for A and U as the synonymous codons (Figure 2 and Figure 3). This result also illustrates that the optimal codons of the chloroplast genome differed significantly among the 26 Juglandaceae samples (Figure 3), in contrast to the results of the analysis of synonymous codons (Figure 2). The optimal codon usage of J. regia 193 (c) and J. regia 194 (d) are clearly distinguished from those of other 24 Juglandaceae plants (Figure 3). It appears that there are differences even within the same species.




3.4. Factors Affecting Codon Preferences in Juglandaceae CDSs


In general, when the true ENC value of each CDS closely matches the standard curve, base mutation may be the primary driver of codon usage preferences. Where there is deviation from the standard curve, natural selection may be the primary driver of codon usage preference. Upon inspection of the ENC plot (Figure 4A), the ENC value of the Juglandaceae plant CDSs ranged between 24 and 61. For most genes, the actual ENC values deviated from the standard, and the distribution pattern in the figure had nothing to do with the expected value. ENC < 35 below the red line and ENC > 35 above the red line showed that most genes were located above the red line, with only a small number below the red line. Moreover, their GC content was < 50%, which is quite low. This suggests that the codon use pattern in Juglandaceae is largely determined by natural selection as well as the end nucleotides. The codon use pattern of Juglandaceae may also be related to factors such as gene expression level and mutational pressure. Actual ENC values and expENC values are specified in (Schedules SI).



We used the “(ENCexp − ENCobs)/ENCexp” ratio to further examine the deviation between actual ENC values and expENC values. Datasets of 1814 genes were obtained for 26 samples, with the highest ratio (−0.5 to −0.8) and fewer proportions more than negative 0.1 (Figure 4B). The actual ENC value was slightly larger than the expected ENC value, speculating what factors of the expression level and protein length might play a part in the complex codon usage bias in Juglandaceae plants.




3.5. The A/G and C/U Balance Is Disrupted at the Third Position across Juglandaceae CDSs


The third-position frequencies of GC and AU are represented in the PR2-bias plot (Figure 4C). The results showed that neither T3 (U3) and A3 nor C3 and G3 exhibited equal proportions across Juglandaceae samples. G3/C3 was mostly between 0.3 and 0.7, and A3/T3 (U3) was mostly between 0.4 and 0.6. Overall bias for G3/C3 or A3/3 (U3) in Juglandaceae species was low. For comparison, the plot was divided into four quadrants based on (0.5, 05) as the center. The points were primarily distributed in the fourth quadrant, wherein the ratio of G3/GC3 and A3/AU3 was > 0.5. The second quadrant contained the lowest number of points. According to the biocodon usage pattern analysis, AU and GC occurred in pairs at the third position of biological CDSs. However, we found that the frequencies of the third position of pairing between AU and GC were clearly irregular; the results suggest that the Juglandaceae CDSs prefer A and G in the third position.




3.6. The Primary Driver of Codon Usage Bias in Juglandaceae Is Natural Selection


To elucidate the precision of codon usage preference due to natural selection or mutation pressure, we drafted neutral plots using the average content of GC at the first and second (GC12) and third (GC3) positions (Figure 4D). The plot showed that many genes for each species are distributed far from the regression curve. The average correlation coefficient R2 was 0.01 for GC12 and GC3 for the 26 samples. These results revealed a nonsignificant overall correlation between GC12 and GC3, and different degrees of modification were observed between GC12 and GC3 in Juglandaceae. In addition, the average regression slope for 26 species was 0.13. In the straight-line fitting analysis, a regression coefficient close to 1 indicates that mutation mainly affects the codon preference. However, the regression coefficient close to 0 indicated that natural selection mainly affects codon preference. Mutational pressure accounted for 13% of the 26 Juglandaceae samples, whereas natural selection pressure accounted for approximately 87%.




3.7. Gene Expression Is Altered by Codon Usage Bias


Gene expression is reflected by the MILC value, with higher MILC values indicating higher gene expression, and vice versa. Here, we calculated the MILC values of each chloroplast genes. Overall, 6 Juglandaceae samples exhibited a MILC value of 0.54, with the other 20 species exhibiting a MILC value of 0.55. These results suggest that the majority of the chloroplast genes exhibited moderate levels of gene expression.





4. Discussion


Studying the evolutionary phenomenon of codon usage bias can help to clarify evolutionary relationships and improve the efficiency of gene expression in research utilizing genetic transformation [27]. However, patterns of codon usage across plant chloroplast genomes have historically received little attention. More recently, a variety of plant chloroplast genomes have been sequenced, allowing for the comprehensive analysis of codon preferences [34,35,36,37]. These studies have made possible the identification of different plant species, as well as the study of their genealogical geography and evolutionary dynamics. Juglandaceae is a family of plants with edible, medicinal, and cultural value. However, little is known about the codon usage patterns of this plant family. Here, 1814 CDSs were screened from the chloroplast genomes of 26 Juglandaceae plants, and their codon compositions and preferences were analyzed. Our results suggests the following: (1) natural selection is the primary driver of codon preference in Juglandaceae; (2) for approximately 28 codons with RSCU > 1, most codons ended in either A or T (U), and for 18 codons of the 20 amino acids, the optimal codons ended in either A or T (U); (3) the frequency of pairing between AU and GC was clearly disrupted; and (4) the base composition of the first and second positions exhibited a weak correlation with the third position and the AT content was greater than the GC. These results are consistent with those of Liu [38] and Xu et al. [10]. Furthermore, our results are consistent with the notion that plants tend to prefer codons ending in T or A [39]. Here, natural selection may be implicated due to functional constraints on genomic codons GC1 and GC2. Both GC1 and GC2 cannot be changed, because base mutations at these positions would normally result in amino acid changes [40]. The codon usage biases of the 26 Juglandaceae chloroplast genomes were very similar, which was consistent with the report of Sharp et al. [41]. Using optimal codons or codons with RSCU values > 1 would be valuable for optimizing the heterologous expression of Juglandaceae chloroplast genes.



The genomic base composition is determined by the balance between negative and positive mutation pressure on GC base pairs [30]. In general, nonrandom codon bias has been observed across all prokaryotic and eukaryotic coding sequences due to the balance between natural selection and directional mutation pressure [42,43,44]. Across chloroplast genomes, codon preference tends to be biased toward codons ending in T or A, which is reflected in a general AT composition bias [12,45]. Our work revealed that the use of AT (U)/GC nucleotides differed between the first, second, and third positions, and that these compositional differences may have resulted in the emergence of codon usage preferences in Juglandaceae. Interestingly, A and U were more common than expected at the third position. Either due to mutation pressure or natural selection, third-position codons are often directionally substituted. Verifying the drivers of U- or A-ending codon preference may transform our understanding of Juglandaceae evolution. Synonymous codons are different, and base bias at the codon ends may be caused by directed substitutions under the pressure of base mutations and the constraints of natural selection, thus resulting in a biased outcome of terminal bases. Codon bias is relatively weaker in angiosperms [46]. In this study, the ENC plot analysis revealed ENC values higher than 35 for most genes in the Juglandaceae chloroplast genome, indicating a weak bias.



In chloroplast genomes, the composition of nucleotides is the primary driver of variation in codon bias [47]. Because chloroplasts invariably contain a high content of AT, it is suspected that such codon usage bias is related to AT-biased mutation pressure. Here, we determined that the optimal codon of Juglandaceae ended with A/T (U), which is consistent with the results of other studies [12,47]. However, the ENC plot revealed that selection may have acted on the Juglandaceae chloroplast genome because the majority of genes were located both far from and below the expected curve. A few genes were located close to the curve, or only slightly below it, indicating that natural selection pressure regulates the codon preference of the Juglandaceae chloroplast genome. The PR2 bias plot and neutrality plot confirmed that natural selection is the primary driver of the codon usage the Juglandaceae chloroplast genome. Similar to studies in Ficus [36], Zhang et al. [27] found that the codon usage patterns of wheat mitochondria and chloroplasts were mainly affected by the level of translational selection, although the codon usage patterns of nuclear genes were primary driven by base mutations. These results suggest that factors affecting patterns of codon usage are similar in chloroplast and mitochondria, but that the nuclear genome is affected by different factors. We hypothesize that this phenomenon may be related to the conservation of GC content in chloroplast and mitochondrial genomes [27,38,48]. The chloroplast genomes of Theaceae [49] and Fagaceae [50] similarly exhibit a preference for codons ending in A and T. The chloroplast genomes of Juglandaceae were similarly biased toward codons ending in A or T (U), and the majority of codons ending in A or T (U) exhibited higher RSCU values. We also found that GC3 content (average GC3 content: 28.1%–29.35%) was narrowly distributed among the 26 Juglandaceae chloroplast genomes, with no correlation between GC12 and GC3, indicating substantial differences in the base composition of the three positions. We speculate that natural selection may occur in the Juglandaceae chloroplast genome to a certain extent.



It appears that both natural selection and mutation pressure influence codon bias in the Juglandaceae chloroplast genome, although natural selection is the primary driver. By analyzing the ENC and RSCU values, we screened our six optimal codons shared between all 26 Juglandaceae samples. Optimal and rare codons can be utilized to enhance foreign gene expression [46]. We found that the optimal codon usage of J. regia 193 and J. regia 194 was obviously different from that of the other 24 samples, which might distribute to different locations of the samples. To our knowledge, this is the first study describing codon usage bias in Juglandaceae. We found that MILC values of our samples indicated high gene expression. Overall, 6 Juglandaceae samples exhibited a MILC value of 0.54, with the other 20 species exhibiting a MILC value of 0.55. In rice, MILC has been found to range from 0.74 to 0.78, suggesting high levels of chloroplast gene expression [51]. This study represents the first examination of the codon usage characteristics of Juglandaceae plants, as revealed through the study of codon bias in 26 Juglandaceae samples.




5. Conclusions


Our study results suggest that natural selection is the primary driver of patterns of codon usage in Juglandaceae. We identified the best codons for 26 Juglandaceae samples. In addition, we screened for six optimal codons shared by the 26 samples: GGU (Gly), AUA (Ile), AAU (Asn), CCU (Pro), CGU (Arg), and ACU (Thr). Codon usage and codon optimality data provided valuable information for further genetic engineering studies.
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Figure 1. The explanation for correlation analysis of GC content at different locations in the figure. * indicates that the correlation has reached a significant level (p < 0.1). ** indicates that the correlation has reached a significant level (p < 0.05); *** indicates that the correlation has reached a very significant level (p < 0.01). The different colored letters in the upper right correspond to the different colored peaks in the middle and the different colored points in the lower left. Lowercase letters from a to z indicate “J. regia (a), J. regia 192 (b), J. regia 193 (c), J. regia 194 (d), J. regia 196 (e), J. regia 197 (f), J. regia 198 (g), J. regia 199 (h), J. regia 200 (i), J. regia 201 (j), J. regia 202 (k), J. mandshurica (l), J. hopeiensis (m), P. stenoptera (n), P. macroptera (o), P. hupehensis (p), P. tonkinensis (q), E. hainanensis (r), E. roxburghiana (s), A. sinensis (t), C. paliurus (u), C. kweichowensis (v), C. hunanensis (w), C. illinoensis (x), C. cathayensis (y), and C. tonkinensis (z),” respectively. 
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Figure 2. Analysis of the relative synonymous codon usage (RSCU) of chloroplast genomes of 26 Juglandaceae plant species. * indicates RSCU = 0.8–1, ** indicates RSCU = 1–1.5, *** indicates RSCU > 0.5, + indicates RSCU = 1. Lowercase letters from a to z indicate “J. regia (a), J. regia 192 (b), J. regia 193 (c), J. regia 194 (d), J. regia 196 (e), J. regia 197 (f), J. regia 198 (g), J. regia 199 (h), J. regia 200 (i), J. regia 201 (j), J. regia 202 (k), J. mandshurica (l), J. hopeiensis (m), P. stenoptera (n), P. macroptera (o), P. hupehensis (p), P. tonkinensis (q), E. hainanensis (r), E. roxburghiana (s), A. sinensis (t), C. paliurus (u), C. kweichowensis (v), C. hunanensis (w), C. illinoensis (x), C. cathayensis (y), and C. tonkinensis (z),” respectively. 
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Figure 3. Optimal codon analysis. [image: Forests 14 00378 i001] indicates ΔRSCU < 0, [image: Forests 14 00378 i002] indicates ΔRSCU = 0, [image: Forests 14 00378 i003] indicates 0 < ΔRSCU < 1, [image: Forests 14 00378 i004] indicates 1 ≤ ΔRSCU; 0 < ΔRSCU is the optimal codon. Lowercase letters from a to z indicate “J. regia (a), J. regia 192 (b), J. regia 193 (c), J. regia 194 (d), J. regia 196 (e), J. regia 197 (f), J. regia 198 (g), J. regia 199 (h), J. regia 200 (i), J. regia 201 (j), J. regia 202 (k), J. mandshurica (l), J. hopeiensis (m), P. stenoptera (n), P. macroptera (o), P. hupehensis (p), P. tonkinensis (q), E. hainanensis (r), E. roxburghiana (s), A. sinensis (t), C. paliurus (u), C. kweichowensis (v), C. hunanensis (w), C. illinoensis (x), C. cathayensis (y), and C. tonkinensis (z)”, respectively. 
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Figure 4. Analysis of codon preference influencing factors in Juglandaceae. (A) ENC-GC3 plot. The solid red line represents the expected curve when codon usage bias is only affected by mutation pressure. ENC-GC3 plot. The red line represents the expected curve when codon usage bias is only affected by mutation pressure, and the blue line represents the ENC value equal to 35, and the genes distributed below the red line represent strong codon preference, while those above the red line represent weak codon preference. (B) Frequency distributions of the ENC ratio. The dataset displayed a single peak, and the most of genes located into a narrow region of ENC ratios between −0.5 and −0.8. (C) PR2-bias plot using the values of A3/(A3 + T3) against G3/(G3C3). (D) Neutrality plot analysis of GC12 and GC3 contents. Lowercase letters from a to z indicate “J. regia (a), J. regia 192 (b), J. regia 193 (c), J. regia 194 (d), J. regia 196 (e), J. regia 197 (f), J. regia 198 (g), J. regia 199 (h), J. regia 200 (i), J. regia 201 (j), J. regia 202 (k), J. mandshurica (l), J. hopeiensis (m), P. stenoptera (n), P. macroptera (o), P. hupehensis (p), P. tonkinensis (q), E. hainanensis (r), E. roxburghiana (s), A. sinensis (t), C. paliurus (u), C. kweichowensis (v), C. hunanensis (w), C. illinoensis (x), C. cathayensis (y), and C. tonkinensis (z),” respectively. 
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Table 1. Chloroplast genomes and the associated information of 26 Juglandaceae species.
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Genus

	
Species

	
Accession No.

	
Letter Series

	
Genome Size (bp)

	
Protein-Coding Genes




	
Before Processing

	
After Processing






	
Juglans

	
Juglans regia

	
KT870116.1

	
a

	
160,537

	
85

	
71




	
Juglans regia 192

	
-

	
b

	
160,367

	
84

	
72




	
Juglans regia 193

	
-

	
c

	
160,367

	
84

	
72




	
Juglans regia 194

	
-

	
d

	
160,367

	
84

	
72




	
Juglans regia 196

	
-

	
e

	
160,367

	
84

	
72




	
Juglans regia 197

	
-

	
f

	
160,367

	
84

	
72




	
Juglans regia 198

	
-

	
g

	
160,367

	
84

	
72




	
Juglans regia 199

	
-

	
h

	
160,367

	
84

	
72




	
Juglans regia 200

	
-

	
i

	
160,367

	
84

	
72




	
Juglans regia 201

	
-

	
j

	
160,367

	
84

	
72




	
Juglans regia 202

	
-

	
k

	
106,349

	
84

	
72




	
Juglans mandshurica

	
NC_033892.1

	
l

	
159,729

	
86

	
71




	
Juglans hopeiensis

	
NC_033894.1

	
m

	
159,714

	
86

	
70




	
Pterocarya

	
Pterocarya stenoptera

	
MN866892.1

	
n

	
160,212

	
88

	
74




	
Pterocarya macroptera

	
MW194257.1

	
o

	
160,168

	
88

	
67




	
Pterocarya hupehensis

	
NC_046431.1

	
p

	
159,770

	
89

	
67




	
Pterocarya tonkinensis

	
NC_046427.1

	
q

	
160,096

	
89

	
65




	
Engelhardia

	
Engelhardia hainanensis

	
NC_068233.1

	
r

	
161,574

	
83

	
72




	
Engelhardia roxburghiana

	
MN652922.1

	
s

	
161,550

	
83

	
72




	
Annamocarya

	
Annamocarya sinensis

	
MN473449.1

	
t

	
160,065

	
85

	
71




	
Cyclocarya

	
Cyclocarya paliurus

	
NC_034315.1

	
u

	
160,562

	
89

	
68




	
Carya

	
Carya kweichowensis

	
NC_040864.1

	
v

	
175,313

	
64

	
49




	
Carya hunanensis

	
NC_046435.1

	
w

	
160,397

	
89

	
66




	
Carya illinoensis

	
MH188302.1

	
x

	
160,585

	
88

	
66




	
Carya cathayensis

	
MN892516.1

	
y

	
160,825

	
84

	
73




	
Carya tonkin

Ensis

	
NC_066504.1

	
z

	
160,715

	
85

	
72








Note: “-“ denotes that sequencing has been completed but has not yet been uploaded to the NCBI database.
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Table 2. Content of four nucleotides and GC content of CDSs at different positions in 26 Juglandaceae species.
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	Species
	T/U (%)
	C (%)
	A (%)
	G (%)
	1st (GC%)
	2nd (GC%)
	3rd (GC%)
	All (GC%)
	MILC





	J. regia
	31.7
	17.2
	31.1
	20
	45.68
	37.65
	28.29
	37.21
	0.55



	J. regia 192
	31.7
	17.2
	31.1
	20
	45.68
	37.65
	28.3
	37.21
	0.55



	J. regia 193
	31.7
	17.2
	31.1
	20
	45.55
	37.62
	28.26
	37.14
	0.55



	J. regia 194
	31.7
	17.2
	31.1
	20
	45.43
	37.56
	29.08
	37.36
	0.55



	J. regia 196
	31.7
	17.2
	31.1
	20
	45.68
	37.65
	28.31
	37.21
	0.55



	J. regia 197
	31.9
	17.4
	30.2
	20.5
	46.77
	38.86
	28.1
	37.91
	0.55



	J. regia 198
	31.7
	17.2
	31.1
	20
	45.68
	37.65
	28.3
	37.21
	0.55



	J. regia 199
	31.7
	17.2
	31.1
	20
	45.68
	37.65
	28.31
	37.21
	0.55



	J. regia 200
	31.7
	17.2
	31.1
	20
	45.67
	37.66
	28.3
	37.21
	0.55



	J. regia 201
	31.7
	17.2
	31.1
	20
	45.67
	37.66
	28.3
	37.21
	0.55



	J. regia 202
	31.7
	17.2
	31.1
	20
	45.68
	37.65
	28.3
	37.21
	0.55



	J. mandshurica
	31.7
	17.5
	30.3
	20.5
	46.57
	38.59
	28.71
	37.95
	0.55



	J. hopeiensis
	31.9
	17.5
	30
	20.6
	46.6
	38.71
	28.84
	38.05
	0.55



	P. stenoptera
	31.8
	17.2
	31
	20
	45.57
	37.7
	28.32
	37.2
	0.55



	P. macroptera
	31.8
	17.5
	30.1
	20.5
	46.54
	38.49
	28.8
	37.94
	0.55



	P. hupehensis
	31.8
	17.5
	30.2
	20.5
	46.49
	38.44
	28.96
	37.96
	0.55



	P. tonkinensis
	31.6
	17.7
	30
	20.7
	47
	38.78
	29.35
	38.38
	0.55



	E. hainanensis
	31.7
	17.2
	31.1
	20
	45.43
	37.62
	28.22
	37.09
	0.55



	E. roxburghiana
	31.7
	17.2
	31.2
	19.9
	45.46
	37.59
	28.25
	37.1
	0.54



	nnamocarya sinensis
	31.6
	17.3
	31
	20.1
	45.81
	37.84
	28.59
	37.42
	0.54



	C. paliurus
	31.9
	17.4
	30.2
	20.5
	46.49
	38.5
	28.8
	37.93
	0.54



	C. kweichowensis
	31.5
	17.3
	31
	20.1
	46.07
	37.65
	28.55
	37.43
	0.55



	C. hunanensis
	32
	17.6
	30
	20.5
	46.36
	38.58
	29.19
	38.04
	0.55



	C. illinoensis
	32
	17.6
	30
	20.5
	46.41
	38.57
	29.26
	38.08
	0.54



	C. cathayensis
	31.8
	17.2
	30.9
	20.1
	45.62
	37.76
	28.49
	37.29
	0.54



	C. tonkinensis
	31.7
	17.5
	30.4
	20.4
	46.45
	38.41
	28.86
	37.91
	0.54
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