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The diploidization of polyploid genomes is accompanied by genomic variation, including synonymous nucleotide substitutions that may lead to synonymous codon usage bias (SCUB). SCUB can mirror the evolutionary specialization of plants, but its effect on the formation of polyploidies is not well documented. We explored this issue here with hexaploid wheat and its progenitors. Synonymous codons (SCs) ending in either cytosine (NNC) or guanidine (NNG) were more frequent than those ending in either adenosine (NNA) or thymine (NNT), and the preference for NNC/G codons followed the increase in genome ploidy. The ratios between NNC/G and NNA/T codons gradually decreased in genes with more introns, and the difference in these ratios between wheat and its progenitors diminished with increasing ploidy. SCUB frequencies were heterogeneous among exons, and the bias preferred to NNA/T in more internal exons, especially for genes with more exons; while the preference did not appear to associate with ploidy. The SCUB alteration of the progenitors was different during the formation of hexaploid wheat, so that SCUB was the homogeneous among A, B and D subgenomes. DNA methylation-mediated conversion from cytosine to thymine weakened following the increase of genome ploidy, coinciding with the stronger bias for NNC/G SCs in the genome as a function of ploidy, suggesting that SCUB contribute to the epigenetic variation in hexaploid wheat. The patterns in SCUB mirrored the formation of hexaploid wheat, which provides new insight into genome shock-induced genetic variation during polyploidization. SCs representing non-neutral synonymous mutations can be used for genetic dissection and improvement of agricultural traits of wheat and other polyploidies.
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HIGHLIGHTS
The bias for codons ending in cytosine and guanidine coincides with the decrease in DNA methylation-mediated conversion from cytosine to thymine during the formation of hexaploid wheat and possibly provides DNA methylation sites to promote epigenetic variation in the genome of hexaploid wheat. DNA methylation-mediated synonymous codon usage bias (SCUB) may account for the difference in genetic variation among the subgenomes of hexaploid wheat. The shift in SCUB demonstrates the bidirectional orchestration between genetic and epigenetic variation and mirrors the evolution process of polyploidies.
INTRODUCTION
Polyploidization and whole-genome duplication are common evolutionary forces that have driven and shaped the evolution of all plants (Wendel 2000; Van de Peer et al., 2009; Jiao et al., 2011). The formation of polyploidies is followed by a whole-genome (or nearly so) diploidization process to produce viable progeny (Freeling et al., 2015; Van de Peer et al., 2017; Zhao et al., 2017; Cheng et al., 2018; Wendel et al., 2018). Diploidization is accomplished via large-scale genomic rearrangements (Chen and Ni 2006; Feldman and Levy 2012) that may induce a genome-wide genomic shock (Zohary and Feldman 1962; McClintock 1984). Genomic shock leads to diverse forms of genetic variation, among which nucleotide substitutions are the most common (Feldman and Levy 2012), and provide genetic diversity in polyploid species.
All amino acids except for methionine and tryptophan are encoded by at least two synonymous codons (SCs). SCs for the same amino acid display different frequencies in genomes, a phenomenon called synonymous codon usage bias (SCUB). Nucleotide substitutions in protein-coding sequences caused by natural variation change one codon into either a nonsynonymous codon or one of its SCs. Nucleotide substitution between SCs does not change the corresponding amino acid residue and is therefore often believed to be functionally neutral (King and Jukes 1969; Nei and Gojobori 1986). However, SCs affect recombination rates, splicing regulation, transcription efficiency, RNA secondary structure, mRNA stability, translational efficiency and accuracy in the regulation of gene expression, as well as protein folding (Marais et al., 2001; Warnecke and Hurst 2007; Zhang et al., 2009; Tuller et al., 2010; Presnyak et al., 2015). A recent report found that synonymous mutations in representative yeast genes are mostly strongly nonneutral (Shen et al., 2022). SCUB may therefore influence mutation rates, the extent of genetic drift and natural selection (Akashi and Eyre-Walker 1998; Akashi 2001; Guo and Yuan 2009; Wang et al., 2014), making it an important contributor to plant evolution. Given that widespread nucleotide substitutions follow the formation of polyploid individuals, it is an interesting issue that whether SCUB frequencies are different in polyploidies compared with their progenitors and mirror polyploidization events.
Intron gain and loss are key evolutionary forces of genomes (Knowles and McLysaght 2006; Sharpton et al., 2008; Tarrío et al., 2008) produced through transposon insertion (Giroux et al., 1994) or “reverse splicing” (Bonen and Vogel 2001) or as a by-product of errors during recombination (Mourier and Jeffares 2003). Insertion/deletion (InDel) events such as intron gain and loss necessarily entail the prior generation of DNA breaks and their repair, processes that are associated with genomic shock (Stoltzfus 2004; Rodríguez-Trelles et al., 2006) and may introduce local single-nucleotide polymorphisms (Tian et al., 2008; Chen et al., 2009; Choi et al., 2021). As a consequence of nucleotide substitutions, SCUB of exon sequences is related to adjacent introns in nuclear genomes (Hershberg and Petrov 2008). The propensity for intron gain or loss is associated with both intron number and intron position within the gene body (Coulombe-Huntington and Majewski 2007), so it is reasonable to speculate that SCUB may in turn also be related to these variables. Intron number and position have been proved to be associated with plant evolution (Qin et al., 2013). Whole-genome duplication affects intron characteristics such as alternative splicing (Iñiguez and Hernández 2017). However, the exact relationship between SCUB and intron number or position following polyploidization is unknown.
In addition to classical genetic variation, other sources of variation such as DNA methylation and changes in gene expression patterns are pervasive following interspecific hybridization and whole-genome duplications in allopolyploid species to cope with gene dosage (Adams 2007; Song and Chen 2015; Li et al., 2019). DNA methylation is also itself a major source of genomic variation, as methylated cytosine (5mC) is readily converted into thymine (Ossowski et al., 2010). Thus, DNA methylation-mediated conversion from cytosine to thymine may account for a fraction of SCUB events. However, the contribution of DNA methylation to SCUB in polyploid species has not been investigated. Moreover, epigenetic variation in polyploids is dynamic and reversible: for example, DNA methylation levels decreased in extracted tetraploid wheat derived from natural hexaploid wheat but increased in resynthesized hexaploid wheat from extracted tetraploid wheat (Yuan et al., 2020). However, any association between DNA methylation and the extent of SCUB, especially the role of SCUB in DNA methylation changes, has not been reported in polyploid species.
Hexaploid bread wheat (Triticum aestivum L.) arose from two rounds of interspecific hybridization and whole-genome duplication (Salamini et al., 2002; Bevan et al., 2017). The formation of tetraploid wheat (Triticum durum, AABB) entailed the hybridization of the A subgenome progenitor red wild einkorn wheat (Triticum urartu) and an unknown B subgenome progenitor, followed by a second hybridization event leading to hexaploid wheat (AABBDD) between tetraploid wheat and the D subgenome progenitor rough-spike hard grass (Aegilops tauschii). In this study, we used hexaploid wheat and its tetraploid and diploid progenitors as test cases and described the effect of polyploidization on SCUB and the associated close link between DNA methylation and SCUB.
RESULTS
SCUB patterns differ between hexaploid wheat and its progenitors
The three stop codons had lower frequencies than those encoding amino acids, and the proportions of amino acid encoding codons represented between 0.43% (CGA in T. aestivum) and 3.92% (GAG in T. aestivum). In addition, amino acid-specifying codons followed similar patterns in hexaploid wheat and its progenitor species, although the A subgenome diploid progenitor T. urartu was slightly distinct from the other species (Supplementary Figure S1). We used 59 SCs for further analysis by excluding the unique codons ATG (for Met) and TGG (for Trp). Relative synonymous codon usage (RSCU) values for these 59 SCs varied from 0.35 (TTA in T. aestivum) to 1.77 (CTC in T. aestivum) in the Triticum/Aegilops spp.; RSCU values for most SCs in T. urartu were quite different from those of other species, and the coefficients of variation (CVs) of RSCU values between hexaploid wheat and its progenitors decreased when T. urartu was not included in the calculation, as with SC frequencies (Supplementary Table S1).
Among the 59 SCs specifying 18 amino acids, codons ending in C or G (NNC/Gs) were more frequent than those ending in A or T (NNA/Ts) (Supplementary Table S1). The frequencies of 59 SCs were strongly and positively correlated with RSCU values between species (r > 0.827, except for four codons whose RSCU and SCUB values were almost identical across Triticum/Aegilops spp.) (Supplementary Table S1; Supplementary Figure S2). To gain a more direct view of SCUB, we defined SCUB frequency of a given amino acid encoded by synonymous codons (SCs) as the ratio of the number of NNC/Gs to that of NNA/Ts (Figure 1A). SCUB frequencies for individual amino acids ranged from 0.808 (Ile in T. urartu) to 2.335 (Leu in T. aestivum) (Figure 1A). With the exception of Ile, SCUB frequencies of other amino acids were all higher than 1, indicative of the bias to NNC/Gs in hexaploid wheat and its progenitors. SCUB frequencies also showed a difference between hexaploid wheat and its progenitors, among which the A subgenome diploid progenitor T. urartu exhibited the lowest frequencies and hexaploid wheat the highest; the AB subgenome tetraploid progenitors T. dicoccoides and T. turgidum had moderate frequencies, while the difference between T. dicoccoides and T. turgidum was quite small (Supplementary Table S2). Moreover, the frequencies of the D subgenome progenitor A. tauschii were also lower than those of hexaploid wheat.
[image: Figure 1]FIGURE 1 | SCUB is heterogeneous between hexaploid wheat and its progenitors. (A) Ratio between the numbers of C/G-ending SCs and of A/T-ending SCs for 18 amino acids (Met and Trp not included). (B) Frequency of NNA, NNT, NNC and NNG codons. NNA, NNT, NNC and NNG: SCs with A, T, C and G as the final base, respectively; N denotes any base. The frequency was calculated as the ratio between the number of all SCs ending with A, T, C or G and the total number of SCs. (C) Frequency of NNA/T and NNC/G codons. NNA/T and NNC/G: SCs with A and T or C and G as the final base, respectively; N denotes any base. The frequency was calculated as the ratio between the number of all SCs ending with A and T or C and G and the total number of SCs. Statistical comparison was conducted by Chi square (χ2) test; the difference between two species was calculated with Chi square partitioning; different lowercase letters represent significantly different values (p < 0.05).
SCUB was further directly reflected in the total SCUB frequencies of NNA, NNT, NNC and NNG codons, which were each calculated as the ratio between the number of all NNA, NNT, NNC or NNG codons across all 59 SCs and the number of 59 SCs for all coding regions in the genome under consideration. NNCs and NNGs were more abundant than NNAs and NNTs in Triticum/Aegilops spp., with NNCs being more frequent than NNGs and NNAs being less frequent than NNTs (Figure 1B; p < 0.001, χ2 test). The frequencies of NNC/Gs were higher than those of NNA/Ts, and the ratios between NNA/Ts and NNC/Gs were below 1 (Figure 1C). The frequencies of NNA, NNT, NNC or NNG codons differed between hexaploid wheat and its diploid and tetraploid progenitors (Figure 1B; Supplementary Table S3). The frequencies of NNAs and NNTs were the highest in the A subgenome diploid progenitor T. urartu, the lowest in hexaploid wheat, and intermediate in the AB subgenome tetraploid progenitors T. dicoccoides and T. turgidum; the frequencies of NNCs and NNGs exhibited the opposite pattern. T. urartu had the highest NNA/T frequencies of all genomes analyzed but also the lowest NNC/G frequencies, with hexaploid wheat having the lowest NNA/T frequencies and the highest NNC/G frequencies, and T. dicoccoides and T. turgidum intermediate NNA/T and NNC/G frequencies (Figure 1C; Supplementary Table S3). The ratio between NNA/Ts and NNC/Gs was therefore up to 0.743 in T. urartu, was low to 0.603 in hexaploid wheat, and was around 0.650 in T. dicoccoides and T. turgidum. Moreover, the D subgenome progenitor diploid A. tauschii also displayed higher NNA, NNT and NNA/T frequencies but lower NNC, NNG and NNC/G frequencies than hexaploid wheat (Figures 1B,C; Supplementary Table S3). Of the two tetraploid progenitors, T. dicoccoides had higher NNA, NNT and NNA/T frequencies but lower NNC, NNG and NNC/G frequencies than T. turgidum, although this difference was not as pronounced as those between tetraploid and diploid/hexaploid species (Figures 1B,C; Supplementary Table S3). The difference in codon adaptation index (CAI) and other indices among Triticum/Aegilops spp. Also globally agreed with total SCUB frequencies (Supplementary Table S4), demonstrating that SCUB frequencies can reflect SCUB characteristics and differences between hexaploid wheat and its progenitors.
We further compared the difference in SCUB among subgenomes, and found that NNC, NNG and NNC/G frequencies were higher than NNA, NNT and NNA/T frequencies in each of subgenomes of tetraploid and hexaploid wheat (Supplementary Figure S3). As for A, B or D subgenome, following the rise of genome ploidy, NNC, NNG and NNC/G frequencies gradually increased, while NNA, NNT and NNA/T frequencies gradually decreased (Supplementary Figure S3B), alike the difference based on the whole genome. However, NNA/T to NNC/G ratios of A subgenome were lower than those of B subgenome in either tetraploid or hexaploid wheat (p = 1.01 × 10−190–7.58 × 10−37), but the ratio of A subgenome were higher than that of D subgenome in hexaploid wheat (p = 1.74 × 10−15) (Supplementary Figure S3A). More importantly, NNA/T to NNC/G ratios were different between diploid T. urartu and A. tauschii, but they were similar between A and D subgenomes in hexaploid wheat, showing the trend to homogeneity of SCUB among subgenomes in polyploid wheat.
SCUB increases linearly with the rise in intron number
SCUB is associated with plant evolution (Qin et al., 2013). To assess whether SCUB frequency was associated with the number of introns in the formation of polyploid wheat, we compared SCUB frequencies between genes with different number of exons. Within Triticum/Aegilops spp., the frequencies of NNA and NNT gradually increased with increasing exon number, while the frequencies of NNC and NNG gradually decreased (Figures 2A–D; Supplementary Figure S4). We noticed an exception with genes containing one or two exons in T. urartu and T. dicoccoides. In genes with fewer than ten exons, the frequencies of NNC/G were higher than those of NNA/T (p = 5.12 × 10−7 ∼ 6.87 × 10−4, t-test). For genes with exactly ten exons, the difference between NNA/T and NNC/G frequencies remained significant but weaker (p = 0.003) (Figures 2E,F).
[image: Figure 2]FIGURE 2 | Influence of the number of introns on SCUB. Frequencies of A-ending SCs (NNAs) (A), T-ending SCs (NNTs) (B), C-ending SCs (NNCs) (C), G-ending SCs (NNGs) (D), or A/T- and C/G-ending SCs (NNA/Ts and NNC/Gs) (E) in genes with up to nine introns. (F) Ratios between A/T-ending SCs and C/G-ending SCs (NNA/Ts and NNC/Gs) in genes with up to nine introns. N denotes any base. The difference between hexaploid wheat and its progenitors was calculated by Chi square (χ2) test, and the results are presented in Supplementary Table S5.
The A subgenome diploid progenitor T. urartu had the highest NNA, NNT and NNA/T frequencies in genes with one to ten exons, hexaploid wheat had the lowest, and tetraploid T. dicoccoides and T. turgidum had intermediate frequencies; the frequencies of NNCs, NNGs, and NNC/Gs followed opposite patterns, resulting in the highest NNC/G to NNA/T ratios in hexaploid wheat but the lowest in T. urartu (Figure 2; Supplementary Table S5). As with other progenitors, the D subgenome diploid progenitor A. tauschii had higher NNA, NNT and NNA/T frequencies but lower NNC, NNG and NNC/G frequencies than hexaploid wheat. The difference in SCUB frequencies between hexaploid wheat and its progenitors was the most pronounced in genes with one exon but became gradually smaller as exon number rose from two to ten, especially in genes with ten exons (Figure 2; Supplementary Table S5). For instance, the CV value for NNA frequency was 0.096 in genes with one exon, 0.011–0.028 for genes with two to nine exons, and 0.008 in genes with ten exons. Moreover, the difference in NNA, NNT, NNC and NNG codons between hexaploid wheat and its progenitors varied, with NNG frequencies in genes with one to ten exons being smaller than the frequencies of other codons.
The SCUB patterns based on exon number among the subgenomes were similar, and the NNC/G to NNA/T ratios gradually decreased following the rise of exon number (Supplementary Figure S5). The NNC/G to NNA/T ratios among the subgenomes were different from each other in genes with less exons in either tetraploid or hexaploid wheat, and the difference became smaller in genes with more exons (Supplementary Figure S5A–C). On the other hand, for A, B or D subgenome, the NNC/G to NNA/T ratios showed different among hexaploid wheat and its progenitors, and the ratios increased with the rise of genome ploidy (Supplementary Figure S5).
SCUB is heterogeneous along exons
Given the association between SCUB frequency and exon number, we further analyzed SCUB heterogeneity as a function of exon position along genes. In genes with two to ten exons, the frequencies of NNA, NNT and NNA/T in the first exon were lower than those seen in the last exon, while the frequencies of NNC, NNG and NNC/G showed the opposite pattern, with the exception of NNC frequencies in genes with exactly two exons (Figures 3A,B; Supplementary Figure S6, S7), resulting in lower NNA/T to NNC/G ratios in the first exon relative to the last exon (Figure 3C). Except for genes with ten exons in T. urartu, the frequencies of NNA, NNT, NNC, and NNG, as well as the ratios between NNA/T and NNC/G frequencies, were comparable across the first exons (CV = 0.011–0.087) (Supplementary Figure S6). The frequencies of NNA, NNT and NNA/T in the last exons gradually rose with the increase in exon number for genes with two to seven exons and were similar in genes with seven to ten exons, while the frequencies of NNC, NNG and NNC/G showed the opposite pattern (Figures 3A,B; Supplementary Figure S6, S7; Supplementary Table S6), such that the ratios between NNA/T and NNC/G frequencies gradually increased in genes with two to seven exons and then remained constant in genes with seven to ten exons (Figure 3C). In genes with three to ten exons, internal exons showed higher frequencies of NNA, NNT and NNA/T but lower frequencies of NNC, NNG and NNC/G when compared to terminal exons (Figure 3; Supplementary Figure S6, S7). Among internal exons, middle exons had the highest NNA, NNT and NNA/T frequencies but the lowest NNC, NNG and NNC/G frequencies, leading to convex curves (”∩“) for NNA, NNT and NNA/T frequencies, concave curves (”∪“) for NNC, NNG and NNC/G frequencies, and convex curves for the ratios between NNA/T and NNC/G frequencies. Moreover, the increase seen in NNA, NNT and NNA/T frequencies and concurrent decrease in NNC, NNG and NNC/G frequencies along internal exons appeared to correlate with both exon number and position (Supplementary Figure S6, S7). In genes with two to five exons, NNA/T frequencies were lower than those for NNC/G, with comparable frequencies for NNGs and NNTs in the middle exon positions for genes with five exons. In genes more than six exons, the frequencies of NNA, NNT and NNA/T were higher than those for NNC, NNG and NNC/G. For internal exons, the change in NNC and NNT frequencies was more drastic for NNG or NNA frequencies as exon number increased, with differences between NNA and NNT frequencies becoming larger while those for NNCs and NNGs decreased. Furthermore, in either tetraploid and hexaploid wheat, the NNC/G to NNA/T ratios from the first to last exons of genes with two to ten exons were similar among the subgenomes (Supplementary Figure S8).
[image: Figure 3]FIGURE 3 | Heterogeneity of SCUB as a function of exon position in genes. Frequencies of A/T-ending SCs (NNA/Ts) (A) and C/G-ending SCs (NNC/Gs) (B) as a function of exon position in genes with one to nine introns. (C) Ratios between A/T-ending SCs and C/G-ending SCs (NNA/Ts and NNC/Gs) as a function of exon position in genes with one to nine introns. N denotes any base. The difference between hexaploid wheat and its progenitors was calculated by Chi square (χ2) test, and the results are presented in Supplementary Table S6.
In terminal exons, hexaploid wheat had the lowest NNA and NNT frequencies, the A subgenome diploid progenitor T. urartu the highest, and the tetraploid progenitors T. dicoccoides and T. turgidum intermediate frequencies; the difference in NNC and NNG frequencies among these species showed an opposite pattern (Figure 3). By contrast, NNA and NNT frequencies for internal exons were higher in hexaploid wheat and tetraploid T. dicoccoides and T. turgidum when compared to the diploid T. urartu, while NNC and NNG frequencies were lower; they were also comparable between hexaploid wheat and its tetraploid progenitors. In comparison to hexaploid wheat, the D subgenome diploid progenitor A. tauschii exhibited higher NNA and NNT frequencies but lower NNC and NNG frequencies in terminal exons, but similar frequencies for internal exons. For A subgenome, the NNC/G to NNA/T ratios from the first to last exon in genes with two to ten exons showed different between A subgenome progenitor T. urartu and polyploid wheat, while they were similar among tetraploid and hexaploid species (Supplementary Figure S9A). For B or D subgenome, the ratios were comparable among hexaploid and the progenitors (Supplementary Figure S9B).
DNA methylation is involved in SCUB changes
The alteration of DNA methylation patterns is a typical genetic event following polyploidization, and methylation in the CpG sequence context may drive SCUB in the nuclear genome because methylated cytosine (5mC) is readily converted into thymine (Nabel et al., 2012). To investigate this possibility, we attempted to determine the influence on SC frequency of the nucleotide present in the second position of NNAs or NNGs (conversion of C to T on the antisense strand causing the conversion of G to A on the sense strand) and the nucleotide present in the first position of the downstream codon (NT|N and NC|N) (conversion of C to T on the sense strand). We first looked at codons ending with A or G: in Triticum/Aegilops spp. Genes, the frequencies of NAA, NCA, NGA and NTA were lower than those for NAG, NCG, NGG or NTG (p = 0.044 in T. urartu and p = 0.010–0.017 in other species) (Figure 4A). NCA frequencies were higher than NAA, NGA and NTA frequencies, while NCG frequencies were lower than NAG and NTG frequencies and comparable to those for NGGs. Thus, the ratios between NCA and NCG frequencies, indicative of methylation-mediated conversion of C to T on the antisense strand, were higher than the ratios between NAA/NAG, NGA/NGG or NTA/NTG frequencies (Figure 4C; Supplementary Table S7). The frequencies of NT|G triplets were higher than those for NT|A, NT|C or NT|T, while NC|G triplet frequencies were similar to those for NC|A triplets but higher than for NC|C or NC|G triplets, resulting in drastically higher NT|G/NC|G ratios, indicating methylation-mediated conversion of C to T on the sense strand relative to NT|A/NC|A, NT|C/NC|G and NT|T/NC|T ratios (Figures 4B,D; Supplementary Table S7). This result indicated that compared to triplets with A, G or T at the second position and A, C or T at the first nucleotide of the next codon, C at the second position and G at the first nucleotide of the next codon had a stronger effect on decreasing the bias of G and C appearing at the third position, suggesting the potential contribution of methylation-mediated conversion to SCUB. The SCUB based on the subgenome exhibited the similar profiles (Supplementary Figure S10A,B). The SCUB based on DNA methylation had similar patterns among the subgenomes in both tetraploid and hexaploid wheat (Supplementary Figure S10). Both NCA/NCG and NT|G/NC|G ratios of B subgenome were substantially higher than those of D subgenome among subgenomes in tetraploid and hexaploid wheat, but the ratios between A and D subgenomes were comparable.
[image: Figure 4]FIGURE 4 | Association between SCUB and DNA methylation-driven conversion of cytosines to thymines.(A) SCUB frequencies of NNA and NNG indicating the effect of the second nucleotide position of codons on the conversion of C to T at the third position on the antisense strand. (B) SCUB frequencies of NT|N and NC|N indicating the effect of the first nucleotide position of the next codon on the conversion of C to T at the third position of the previous codon on the sense strand. (C) Ratios between NNA and NNG codon frequencies. (D) Ratios between NT|N and NC|N triplets. NNA and NNG: SCs with A and G as the final bases and any base at the second position; N denotes any base. NT|N and NC|N: SCs with C and T as the final base of the previous codon and any base at the first position of the next codon. The difference between hexaploid wheat and its progenitors was calculated by Chi square (χ2) test, and the results are presented in Supplementary Table S7.
NAA, NCA, NGA and NTA frequencies were the highest in diploid T. urartu, intermediate in tetraploid T. dicoccoides and T. turgidum, and the lowest in hexaploid wheat; NCG frequencies exhibited an opposite profile, while the difference in NAG, NGG or NTG frequencies among Triticum/Aegilops spp. was not as obvious as that in NCG frequencies (CV: 0.007–0.009 vs. 0.083; p value: 5.42 × 10−72–1.20 × 10−42 vs. 0, χ2 test). The ratios between NAA/NAG, NCA/NAG, NGA/NGG and NTA/NTG were also different among Triticum/Aegilops spp. In particular, the differences in the NCA/NCG ratios were more pronounced than those in the NAA/NAG, NGA/NGG and NTA/NTG ratios (CV: 0.139 vs. 0.043–0.059). Similarly, NT|A, NT|T, NT|C and NT|G triplet frequencies were the highest in diploid T. urartu, intermediate in tetraploid T. dicoccoides and T. turgidum, and the lowest in hexaploid wheat; NC|A, NC|C, NC|G and NC|T triplet frequencies followed the opposite pattern. We observed clear differences for the ratios between NT|G and NC|G, NT|A and NC|A, NT|C and NT|G, or NT|C and NT|G across Triticum/Aegilops spp., and differences in the ratios between NT|G and NC|G frequencies were more remarkable than for those in other three ratios (CV: 0.146 vs. 0.057–0.087). The predominant difference in the NCA/NCG and NT|G/NC|G ratios was consistent with the occurrence of methylation-mediated conversion. Furthermore, there had the significant difference in DNA associated SCUB in the same subgenome among hexaploid wheat and its progenitors (Supplementary Figure S10). Among NNA/NNG ratios, the NCA/NCG ratios had the most significant difference in A, B or D subgenomes, and they became smaller along with the rise of genome ploidy, as was also found when the NT|G/NC|G ratios were compared.
We next analyzed a subset of C- and G-ending SC pairs encoding the same specifying amino acids that share the same nucleotides in their first and second positions to identify any effect of the second nucleotide on the SC frequency (Figure 5). The ratios between NCA and NCG frequencies (specifying Ala, Pro, Ser and Thr) varied from 0.731 to 1.375, which were significantly higher than the ratios between N (A/G/T)A and N (A/G/T)G frequencies (specifying Arg, Gly, Leu and Val) (0.260–0.622 except for Gly [0.818–0.946]) (p = 0.0003–0.004, t-test). The ratios between NCA and NCG or N (A/G/T)A and N (A/G/T)G were the highest in diploid T. urartu, the lowest in hexaploid wheat, and intermediate in tetraploid progenitors, but the difference across Triticum/Aegilops spp. was higher for the ratios between NCA and NCG (CV = 0.096–0.161) than for the ratios between N (A/G/T)A and N (A/G/T)G (CV = 0.035–0.066) (Supplementary Table S8).
[image: Figure 5]FIGURE 5 | Ratios between A-ending SCs and G-ending SCs specifying various amino acids. The statistical comparison was conducted by Chi square (χ2) test, and the results are presented in Supplementary Table S8. The difference between the ratios for Ala, Pro, Ser, Thr and those for Arg, Glu, Gly, Leu, Lys, Val in a species was calculated with a two-sample Student’s t-test (p < 0.05).
The ratios between NAA and NAG, NCA and NCG, NGA and NGG, or NGA and NGG frequencies, as well as between NT|A and NC|A, NT|C and NC|C, NT|G and NC|G, or NT|T and NC|T triplet frequencies, all rose with increasing exon number (Figures 6A,B; Supplementary Figure S11). Among them, the increase in NCA/NCG ratios was sharper than those of the other three NNA/NNG ratios and held true when comparing the NT|G/NC|G ratios to the other NT|N/NC|N ratios (Supplementary Figure S11), indicating that DNA methylation-associated SCUB is more prominent in genes with more exons. The NCA/NCG and NT|G/NC|G ratios were the highest in diploid T. urartu, intermediate in tetraploid progenitors, and the lowest in hexaploid wheat (Supplementary Table S9). The ratios were also higher in the D subgenome diploid progenitor A. tauschii than in hexaploid wheat. The difference among Triticum/Aegilops spp. Appeared to be more significant in genes with two exons than in genes with more exons (CV: 0.212 and 0.217 vs. < 0.085). At subgenome level, the ratios of both NNC/NNG and NT|G/NC|G based on exon number were comparable among the subgenomes in either tetraploid and hexaploid wheat (Supplementary Figure S12). On the other hand, for A, B or D subgenome, the ratios of NCA/NCG in genes with one to ten exons were obviously different among hexaploid wheat, tetraploid wheat and diploid progenitors (Supplementary Figure S13). Among them, diploid progenitors had the highest ratios, hexaploid had the lowest ratios, and wild tetraploid wheat had higher ratios than domestic tetraploid wheat. However, the ratios of the other three NNA/NNG combinations based on exon number were similar among hexaploid wheat and its progenitors. The NT|N/NC|N ratios showed the same profiles, where the NT|G/NC|G ratios significantly decreased following the rise of genome polyploidy, but the others almost kept constant.
[image: Figure 6]FIGURE 6 | Association between DNA methylation and SCUB heterogeneity as a function of exon number and position. (A) Ratios between NCA and NCG codons in genes with up to nine introns. (B) Ratios between NT|G and NC|G triplets in genes with up to nine introns. (C) Ratios between NCA and NCG codons as a function of exon position in genes with one to nine introns. (D) Ratios between NT|N and NC|N triplets as a function of exon position in genes with one to nine introns. The difference was calculated by Chi square (χ2) test, and the results are presented in Supplementary Table S9.
The ratios of NAA/NAG, NCA/NCG, NGA/NGG and NTA/NTG frequencies were almost constant for the first exons of genes with two to ten exons (Figure 6; Supplementary Figure S14). The ratios of NAA/NAG, NGA/NGG and NTA/NTG frequencies for the last exons were also comparable to those for the first exons, although the NCA/NCG ratios for the last exons gradually increased with higher exon number. The ratios of NAA/NAG, NCA/NCG, NGA/NGG and NTA/NTG frequencies for internal exons were higher than those of terminal exons, and the ratios for middle exons were the highest, resulting in convex curves (“∩”). The NCA/NCG ratios for internal exons were drastically higher than those for NAA/NAG, NGA/NGG and NTA/NTG (Supplementary Figure S14). The ratios between NT|A and NC|A, NT|C and NC|C, NT|G and NC|G, or NT|T and NC|T triplet frequencies among exons showed similar convex profiles, and the ratios between NT|G and NC|G triplet frequencies for internal exons was much higher than other ratios (Supplementary Figure S15). The NCA/NCG and NT|G/NC|G ratios for terminal exons were the highest in diploid T. urartu, intermediate in tetraploid T. dicoccoides and T. turgidum, and the lowest in hexaploid wheat, and the difference in the first exons among Triticum/Aegilops spp. increased with higher exon number. The ratios for internal exons exhibited an opposite profile, with ratios in diploid T. urartu being lower than in tetraploid or hexaploid species. In tetraploid and hexaploid wheat, the ratios based on exon position at subgenome level showed the same profiles, with significantly higher NCA/NCG and NT|G/NC|G ratios than the other NNA/NNG and NT|A/NC|N ratios in middle exons, but all the ratios among subgenomes were comparable (Supplementary Figure S17). For A subgenome, the ratios of NCA/NCG and NT|G/NC|G from the first to last exons in genes with two to ten exons were comparable among tetraploid and hexaploid wheat, but they were different from those of diploid T. urartu (Supplementary Figure S17). For B and D subgenomes, the ratios of NCA/NCG and NT|G/NC|G were similar among the species. The ratios of the other NNA/NNG and NT|N/NC|N ratios were almost the same among hexaploid wheat and its progenitors in A, B and D subgenomes.
C- and G-ending SC pairs encoding the same specifying amino acids that share the same nucleotides in their first and second positions also confirmed the effect of DNA methylation on SCUB (Supplementary Figure S18, S19). NCA/NCG (specifying Ala, Pro, Ser and Thr) ratios were higher than those between N (A/G/T)A and N (A/G/T)G (specifying Arg, Gly, Leu and Val), and this difference increased with higher exon number (Supplementary Figure S18). Moreover, NCA/NCG ratios of Ala, Pro, Ser and Thr among exons exhibited sharp convex curves, but the ratios between N (A/G/T)A and N (A/G/T)G (Arg, Gly, Leu and Val) formed moderate convex curves (Supplementary Figure S19), which was consistent with those of NCA/NCG ratios as well as NAA/NAG, NGA/NGG and NTA/NTG ratios among exons (Supplementary Figure S15).
SCUB mirrors the effects of polyploidization
We performed a clustering analysis of Triticum/Aegilops spp. based on SCUB frequencies (Supplementary Figure S20A). The A subgenome diploid progenitor T. urartu formed a separate clade away from all other species. In the other clade, the D subgenome progenitor A. tauschii and tetraploid progenitors defined a sub-clade that clustered away from the hexaploid wheat. This analysis was supported by the outcome of principal component analysis (PCA) (Supplementary Figure S20B,C). The first and second principal components (PC1 and PC2) distinguished the A subgenome progenitor, the D and AB subgenome progenitors, and hexaploid wheat, which aligned as a function of ploidy. A subgenome progenitor T. urartu was associated with the smallest factor score coefficients (FSC) and was well separated from the remaining Triticum/Aegilops spp. The D subgenome progenitor was separated from the AB subgenome progenitors and hexaploid wheat along PC3 (Supplementary Figure S20C). Together with the phylogenic data and PCA, SCUB can therefore reflect the differences between polyploids and their ancestors.
DISCUSSION
SCUB varies across the nuclear genomes of land plants, with a bias toward either NNA/T or NNC/G. Hexaploid wheat and its progenitors all preferred to use NNC/G (Figure 1). Polyploidization is one of the most important evolutionary events in plants and can increase genetic diversity and introduce new genetic combinations. Polyploidization leads to global genetic variation due to the immediate redundancy between homeologs, including nucleotide substitutions (Jiao et al., 2011), which may alter SCUB. Here, we discovered that following an increase in genome ploidy, codons specifying the same amino acid preferred those SCs ending with C or G, resulting in their higher frequencies (Figure 1). The difference may be associated with their different genome nature and gene abundance, because the difference in SCUB among wheat and its diploid and tetraploid progenitors based on a subgenome was similar as the difference based on the whole genome (Supplementary Figure S3). This observation demonstrates that polyploidization affects SCUB and promotes the preference toward NNC/G in wheat. On the other hand, the difference in SCUB frequencies was also observed based on the orthologous genes (Supplementary Table S10), which indicates that increased codon usage bias is, at least partially, due to polyploidy, and arose in connection with the formation of hexaploid wheat. Moreover, CAI was also different among wheat and its progenitors (Supplementary Table S4), implying that differential annotation of genes with greater or lesser codon usage bias in the reference genomes of these species.
Intron evolution is a major event in eukaryotic genomes (Fawcett et al., 2012), and causes nuclear substitutions in exon sequences, which commonly prefers lower GC content (Singh et al., 2005). In wheat and its progenitors, the bias toward NNA/Ts became more pronounced with higher intron numbers (Figure 2). Genes with more introns may be subjected to stronger selective pressure, such that they will tend to favor the retention of NNA/T (Bernardi 2000; Xing and Lee 2006). However, although genomic variation following polyploidization is under selection (Qiao et al., 2019), the frequencies of NNA/T decreased with the rise in genome polyploidy for genes with up to nine introns (Figure 2). This result suggests that selective pressure appear to have a neutral effect on the relationship between intron number and SCUB. The difference in the frequencies of NNA/T between wheat and its progenitors diminished in genes harboring more introns, suggesting the presence of a minor effect from selective pressure on intron number following wheat polyploidization.
Intron evolution is a type of sequence InDel polymorphism and may induce nucleotide substitutions in and around the flanking exons (Tian et al., 2008; Zhang et al., 2008). Higher bias for NNA/T in internal exons compared to terminal exons was apparent in the genes of hexaploid wheat and its progenitors (Figure 3), and the bias in internal exons was more pronounced in genes with more introns, consistent with the increase in the bias for NNA/T as a function of greater intron number (Figure 2). In line with the constant bias for NNA/T in terminal exons (Figure 2), our finding further confirms that internal introns are a major contributor to the effect of introns on SCUB. One possible cause may be that evolution gain and loss largely occur in the middle part of genes, which induces genetic and epigenetic variation of adjacent sequences and promotes the bias to NNA/T. Moreover, whether the higher bias to NNA/T in middle exons is associated with the function of middle exons needs to be further investigated. In line with the associated between SCUB and intron number/position during plant evolution (Qin et al., 2013) and the formation of polyploid wheat, it could be concluded that the effect of SCUB is a common genetic event in the genomic variation.
Besides genetic variation, epigenetic variation such as DNA methylation often accompanies polyploidization of natural allopolyploids (Comai 2000; Shaked et al., 2001; Kashkush et al., 2002; Kashkush et al., 2003; Scarrow et al., 2020) or newly synthesized allohexaploid wheat (Shaked et al., 2001). Given that methylated cytosine can be converted to thymine (Ossowski et al., 2010), DNA methylation is a source of polymorphisms (Laird 2010). Here, DNA methylation was closely associated with SCUB as well as the effect of intron number and exon position on SCUB in wheat and its progenitors, as indicated by the comparison of the ratios of NCA/NCG and NXA/NXG (X = A, G and T) as well as NT|G/NC|G and NT|X/NC|X (X = A, C and T) (Figures 4–6). This result confirms the contribution of DNA methylation to SCUB in plants. Furthermore, the ratios of the frequencies of NCA/NCG and NT|G/NC|G decreased following the increase in genome ploidy (Figures 4, 5) and coincided with the observed differences in SCUB between hexaploid wheat and its progenitors (Figure 1). However, we obtained the result opposite to our expectations that hexaploid wheat should have higher NCA/NCG and NT|G/NC|G ratios than its progenitors, because DNA methylation typically increases the conversion rate of C to T. This finding implies that although DNA methylation promotes SCUB, it may not be the main driving force for the shift in SCUB following polyploidization.
On the contrary, DNA methylation appears to be dynamic and reversible upon a change in genome ploidy (Yuan et al., 2020). In extracted tetraploid wheat derived from natural hexaploid wheat, DNA methylation levels decreases, while in resynthesized hexaploid wheat derived from extracted tetraploid wheat, DNA methylation levels increases (Yuan et al., 2020). The frequencies of NNC and NNG became stronger following the rise of genome ploidy (Supplementary Figure S3), showing that during the formation of wheat polyploidies, SCUB of all subgenomes prefers to the bias for C and G-ending codons. It should be noted that the SCUB frequencies of A subgenome progenitor T. urartu and D subgenome progenitor A. tauschii were obviously distinct, but the SCUB frequencies of A and D subgenomes were comparable in hexaploid wheat. In line with the similar SCUB frequencies among the subgenomes in both tetraploid and hexaploid wheat, it could be implied that genomic variation (nucleotide substitution) in the formation of wheat polyploidies may be not a random genetic event, which partially leads to homogeneity of SCUB of subgenomes from different progenitors. Moreover, SCUB difference indicated by the ratios of NCA/NCG and NT|G/NC|G but not the ratios of the other NNA/NNG and NT|N/NC|N at subgenome level (Supplementary Figure S10–S13) further confirms that SCUB alteration may contributes to DNA methylation in polyploid wheat. Consistently, the methylation levels of A, B and D subgenomes are comparable with each other (Gardiner et al., 2015; Yuan et al., 2020), and the gain of methylation in three subgenomes are all higher than the loss of methylation (Gardiner et al., 2015). Thus, we speculate that the decrease in DNA methylation-mediated SCUB shift may promote the conversion of T to C, so as to produce methylation sites to modulate global DNA methylation levels.
In polyploidies, dosage effects are caused by the increase in the number of chromosome copies, genomic rearrangement and InDels result in changes in gene expression (Shi et al., 2020). Epigenetic variation such as DNA methylation governs the balance of gene expression (Mutti et al., 2017) to achieve subgenome expression asymmetry (Yang et al., 2021). Moreover, given that synonymous mutations are mostly strongly non-neutral (Shen et al., 2022) and SCs affect transcription efficiency, mRNA stability, translational efficiency and accuracy (Zhang et al.; Marais et al., 2001; Warnecke and Hurst 2007; Tuller et al., 2010; Presnyak et al., 2015), a shift in SCUB may be detrimental to the phenotype of polyploidies. Thus, the substitution between SCs can also be used for mining genes and excellent allelic variation governing agricultural traits of wheat and other crops.
Both phylogenetic analysis and PCA illustrated the heterogeneity of SCUB patterns between hexaploid wheat and its progenitors (Supplementary Figure S20). Especially, the distribution of the A subgenome progenitor T. urartu, tetraploid wheat and hexaploid wheat along the first two PCs mirrored the formation of hexaploid wheat (Supplementary Figure S20B) and confirmed the shift in SCUB as an evolutionary event following polyploidization. SCUB in T. urartu differed markedly from that seen in the AB subgenome tetraploid progenitor and ABD hexaploid wheat. Given that SCUB reflects a balance between mutation, genetic drift and natural selection (Akashi and Eyre-Walker 1998; Akashi 2001; Guo and Yuan 2009; Wang et al., 2014), and the B subgenome progenitor and its genome sequence is unknown, the distinctive difference between SCUB in T. urartu and that in tetraploid/hexaploid wheat may be due to a distinct SCUB pattern in the B subgenome progenitor. Moreover, SCUB may have experienced different selection pressures over the course of the two rounds of allopolyploidization involved in the formation of hexaploid wheat. During the formation of polyploidies, the diploidization of the genomes is achieved via a set of genetic and epigenetic variation such as chromosome rearrangement, large sequence elimination, insertion and deletion, transposon activation, DNA methylation alteration (Feldman and Levy 2012), the association between SCUB and genetic/epigenetic variation of polyploidies must be complicated. In summary, our results suggest that there have two effects on SCUB during the formation of polyploid wheat: the major effect of the bias to C/G-ending codons, and the minor effect of the bias to A/T-ending codons via intron evolution.
EXPERIMENTAL PROCEDURES
Genome sequences and codon counts
The genomes from hexaploid bread wheat (Triticum aestivum, AABBDD), its wild tetraploid progenitor T. dicoccoides (AABB) and domesticated tetraploid progenitor T. turgidum (AABB), the A subgenome progenitor T. urartu (AA) and the D subgenome progenitor Aegilops tauschii (DD) were used for analysis. Their genome sequences were downloaded from the EnsemblPlants database (http://plants.ensembl.org/info/data/ftp/index.html). Coding sequences were extracted according to the GFF3 gene annotation files also downloaded from the EnsemblPlants database using the TBtools (Chen et al., 2020). For genes with more than one gene model, the first transcript was used for analysis. Extracted coding sequences whose lengths were not multiples of 3, those that contained N, and those with a start codon different from ATG or stop codons distinct from TAA, TAG or TGA were excluded from this analysis. Codons interrupted by an intron between the first and the second nucleotides were treated as belonging to the downstream exon, while those interrupted between the second and the third nucleotides were deemed to belong to the upstream exon.
Calculation of SCUB indices
All extracted coding sequences for one of the genomes mentioned above were combined into one FASTA file, which was used to calculate relative synonymous codon usage (RSCU), codon adaptation index (CAI) and other SCUB indices with CodonW 1.4.2 software (http://codonw.sourceforge.net/). CAI indicates that what extent codon usage of a gene is adapted toward the codon usage of highly expressed genes in a genome (Sharp and Li, 1987). RSCU is defined as the observed frequency of a given codon divided by its expected frequency in the absence of usage bias (which is the average frequency of all codons for that amino acid), and could directly reflect the bias of codon use (Sharp et al., 1986).
Calculation of SCUB frequencies
We also calculated SCUB frequencies as a representation of the bias in SCs. The frequency for all 61 codons (omitting the three stop codons) was calculated using the ratio between the number of occurrences for each codon and the number of all codons from the extracted coding sequences of the whole genome. In addition, the 59 SCs corresponding to 18 of the 20 amino acids were used to calculate SCUB frequency. The three stop codons TAA, TAG and TGA were excluded from this analysis; the start codon ATG for methionine and the TGG codon for tryptophan were also excluded, as they do not have SCs. The number of SCs in all coding sequences across one species was calculated from the number of all non-unique and non-stop codons. The frequency of a given SC was calculated as the ratio between the number of this given SC to the number of 59 SCs in a species. The SCUB frequency for each amino acid specified by SCs was calculated as the ratio between the number of C/G-ending SCs specifying a given amino acid to the number of A/T-ending SCs specifying the amino acid. The total SCUB frequency was calculated as the ratio between the number of all SCs having A, T, C or G at their third position (abbreviated NNA, NNT, NNC or NNG, respectively) and the number of all codons across all coding sequences, omitting the start codon, stop codons and TGG.
SCs for a given amino acid differ at the third position, which also experiences lower selection pressure. CpG-type methylation would therefore convert NCG codons to NCA (if the cytosine on the antisense strand is methylated) and NC|G triplets to NT|G (when the sense cytosine is methylated), which leads to a bias for A/T-ending codons. Thus, the ratios between the numbers of NXA and NXG codons (X = A, T, C, or G) can indicate the effect of the second nucleotide on the conversion from G and C to A and T at the third position, and the ratios between the numbers of NG|X and NC|X triplets (X = A, T, C, or G) can indicate the effect of the first nucleotide from the next codon on the conversion from G and C to A and T at the third position. The difference between the ratios of NCA/NCG and NAA/NAG, NGA/NGG, NTA/NTG as well as the difference between the ratios of NT|G/NC|G and NT|A/NC|A, NT|C/NC|C and NT|T/NC|T were thus compared to evaluate the association between DNA methylation and SCUB.
Cluster analysis and PCA
Cluster analysis using SC frequencies and RSCU values from all 59 SCs was conducted with the average linkage method in Minitab 17 statistical software (Minitab Inc.). The dendrogram was generated on the basis of similarity. SCUB frequencies and RSCU values for the 59 SCs were also subject to PCA in JMP 13 software (SAS Inc.) with default parameters. The factor score coefficients given by the first three PCs were used to generate scatter plots.
Extraction of CDS of orthologous genes
The genomes among wheat and its diploid and tetraploid progenitors were subject to collinearity analysis to get the orthologous genes among this species (Chen et al., 2020). Among them, the genome of T. urartu and the A subgenomes of hexaploid wheat and tetraploid progenitors were analyzed together to get orthologous genes of A subgenome, the B subgenomes of hexaploid wheat and tetraploid progenitors together to get orthologous genes of B subgenome, the genome of A. tauschii and the D subgenome of hexaploid wheat together to get orthologous genes of D subgenome. The orthologous genes were confirmed by local BLAST. The CDS of orthologous genes were extracted, filtered and used for SCUB frequency as mentioned above.
Statistical analysis
The difference between SCUB frequencies for NNA, NNT, NNC and NNG for a given species was calculated using the Chi square (χ2) test, using the numbers of NNA, NNT, NNC, and NNG for calculation. The difference between SCUB frequencies for NNA/T and NNC/G for a given species was calculated using the Chi square (χ2) test, using the numbers of NNA/T and NNC/G for calculation. The difference in SCUB frequency for NNA, NNT, NNC or NNG as well as NNA/T or NNC/G between hexaploid wheat and its progenitors was calculated using the Chi square (χ2) test of the cross-table analysis, using the numbers of NNA, NNT, NNC, NNG, NNA/T or NNC/G and all SCs for calculation; the difference between two species was calculated with Chi square partitioning. The difference in SCUB frequency related to the third nucleotide position in regard to DNA methylation was analyzed with the Chi square (χ2) test of the cross-table analysis. For example, the difference between the NCA/NCG ratio and the NXA/NXG ratio (X = A, G or T) was calculated from the numbers of NCA, NCG, NXA and NXG three-nucleotide triplets; the difference between the NC|G/NG|G ratio (with | indicating the separation between consecutive codons) and the NC|X/NG|X ratio (X = A, C, or T) was calculated from the numbers of NC|G, NG|G, NC|X and NG|X three-nucleotide triplets. The difference between NXC and NXG SCs for a given amino acid specified by G/C-ending SCs (Ala, Pro, Ser, Thr, Arg, Gly, Leu and Val) was calculated with the Chi square (χ2) test, with the numbers of NXC and NXG three-nucleotide triplets used for calculation. The difference between the NCG/NCA ratios for Ala, Pro, Ser, and Thr and the N (G/T)G/N (G/T)A ratios for Arg, Gly, Leu or Val was calculated with the t-test. The difference in SCUB frequencies between genes with different intron numbers as well as between exons was calculated by two-sample t-tests, where the ratios between NNC/G and NNA/T in genes with different intron numbers as well as the ratios between NNC/G and NNA/T in different exons were used for comparison. The difference in SCUB frequency between genes with different intron numbers and between exons in Triticum/Aegilops spp. was calculated by two-sample t-tests, and the NNC/G to NNA/T ratios were used for analysis. The fluctuation of SCUB frequencies was assessed by calculating the CV, which is the ratio between the standard deviation and the mean. The correlation of SCUB frequencies for all 18 amino acids (omitting the amino acids with single codons, Met and Trp) between two species were analyzed by Pearson’s correlation coefficient analysis. p values below 0.05 were considered significant.
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