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Introns, as important vectors of biological functions, can influence many stages of mRNA metabolism. However, in recent research, post-spliced introns are rarely considered. In this study, the optimal matched regions between introns and their mRNAs in nine model organism genomes were investigated with improved Smith–Waterman local alignment software. Our results showed that the distributions of mRNA optimal matched frequencies were highly consistent or universal. There are optimal matched frequency peaks in the UTR regions, which are obvious, especially in the 3′-UTR. The matched frequencies are relatively low in the CDS regions of the mRNA. The distributions of the optimal matched frequencies around the functional sites are also remarkably changed. The centers of the GC content distributions for different sequences are different. The matched rate distributions are highly consistent and are located mainly between 60% and 80%. The most probable value of the optimal matched segments is about 20 bp for lower eukaryotes and 30 bp for higher eukaryotes. These results show that there are abundant functional units in the introns, and these functional units are correlated structurally with all kinds of sequences of mRNA. The interaction between the post-spliced introns and their corresponding mRNAs may play a key role in gene expression.
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1 INTRODUCTION
Since introns, a kind of non-coding DNA, were discovered, there have been many investigations of their functions and evolutionary origin (Roy, 2003). A research study recognized that the main function of introns is alternative splicing, facilitating the expression of multiple proteins from a single gene (Daehyun and Phil, 2005). Recently, it has become increasingly clear that introns are very important vectors of biological functions (Mattick and Gagen, 2001; Nott et al., 2003; Bianchi et al., 2009; Charital et al., 2009), and the sequence structures of introns and behavior of introns when removed by spliceosomes can influence many stages of mRNA metabolism (Orphanides and Reinberg, 2002; Hir et al., 2003). Many experiments have shown that introns can boost gene expression (Buchman and Berg, 1988; McKenzie and Brennan, 1996). Intron-containing transgenes in mice are transcribed 10–100 times more efficiently than their intron-less counterparts (Brinster et al., 1988), and the transcription of intron-less mRNA in vivo directs this mRNA toward translational silencing, while mRNA translational efficiency is dramatically increased by the addition of just one generic intron to the pre-mRNA (Callis et al., 1987). Although some genes contain no introns or their expressions do not require introns, introns can still improve the gene expression of genetically modified organisms (Duncker et al., 1997; Ko et al., 1998). It has also been discovered that the two small introns of the Drosophila affinidisjuncta (Adh) gene are required for normal transcriptions (Braddock et al., 1994). Intron mutation can cause many diseases. Besides the mutation at each end (GU and AG), the mutation in the middle of the intron sequences can also cause diseases by activating recessive splice sites (Stover and Verrelli, 2010; Nordin et al., 2012).
An increasing body of evidence shows that there are many introns in the cytoplasm and that they directly regulate gene translational efficiency. Intron sequences are retained in a number of dendritically targeted mRNAs in the cytoplasm (Buckley et al., 2011). Certain spliced mRNAs can be efficiently exported and translated, whereas the same mRNA transcribed from cDNA fails to exit the nucleus and express protein (Ryu and Mertz, 1989; Rafiq et al., 1997; Matsumoto et al., 1998). Removal of an intron from a pre-mRNA, without significantly altering the steady-state cytoplasmic mRNA level, can also affect translational efficiency (Luo and Reed, 1999). Similarly, when a mature mRNA is injected directly into oocyte nuclei, the translation efficiency is repressed and overcome by either adding a spliced intron or injecting FRGY2 protein antibodies into the cytoplasm (Hir et al., 2003). In addition, it is interesting to note that introns can suppress RNA silencing in Arabidopsis (Christie et al., 2011).
Many experiments have proved that introns function significantly in all processes of regulating the dynamic structure of mRNAs, their transport and nuclear export, and translation and regulation (Guigó and Ullrich, 2020; Gozashti et al., 2022). However, how introns take part in these biological processes is still unclear. In the past, it was believed that most pre-mRNAs were spliced to liner molecules with only exons. However, circular RNAs (circRNAs) were discovered, showing that the exon–circRNA model is formed by lariat-driven cyclization and intron-paired cyclization (Hansen et al., 2011; Jeck et al., 2013; Sebastian et al., 2013) and circular intronic RNAs can be formed by introns as well (Julia et al., 2012).
Based on these observations, it is believed that introns can directly affect gene expression after splicing by their interactions with the corresponding mRNAs. These kinds of interactions can maintain and regulate mRNA structures. The loss/gain of an intron does affect gene expression after splicing and plays a very important role in the evolution of the eukaryotic genome and the presence of new eukaryotic species (Duret, 2001; Halligan and Keightley, 2006). The interaction between post-spliced introns and their CDS was studied in our early works (Zhao et al., 2013; Zhang et al., 2016; Bo et al., 2019), but the 5′-UTR and 3′-UTR of mRNA are very important to gene expression. It is therefore very meaningful to study the interaction between introns and their corresponding mRNAs and to uncover how introns influence stages of gene expression after splicing by their interactions. Here, we report on the interaction characters between post-spliced introns and their mRNAs in whole genomes.
2 MATERIALS AND METHODS
2.1 Gene sequences
Genes from nine model organism genomes were selected as our dataset. They are Caenorhabditis elegans, Drosophila melanogaster, Apis mellifera, Anopheles gambiae, Arabidopsis thaliana, Oryza sativa, Danio rerio, Mus musculus, and Homo sapiens, and their gene sequences were downloaded from the Beijing Multi Subnet of Gene Bank (ftp://ftp.cbi.pku.edu.cn/pub/database/genomes). In this dataset, the genes that contain more than one mRNA were excluded first. Next, the genes that contain ncRNAs and/or repetitive elements were excluded. Last, introns with lengths shorter than 40 bp were also excluded. The results of the dataset are shown in Table 1.
TABLE 1 | Genes of nine eukaryotes.
[image: Table 1]2.2 Matched alignment
The interaction between introns and their mRNAs was represented by optimal matched segments. The interaction probability was determined by the quality of the optimal matched segments. The mRNAs were renamed as tested sequences, while their corresponding introns were aligned sequences. To obtain the matched alignment segments, introns were transformed into their complementary sequences, and similar alignments were performed using improved Smith–Waterman local alignment software (http://mobyle.pasteur.fr/cgi-bin/). In the alignment process, the EDNAFULL matrix was used for calculating the optimal matched segments with the following parameters: 50.0 for the gap penalty and 5.0 for extend penalty. In this way, the most credible optimal matched segment of the tested sequence and its aligned sequence were obtained. The local alignment sketch map is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Sketch matched map between intron and corresponding CDS. (A) Smith–Waterman local alignment. cIntron10 means the complementary segment of intron 10. (B) Authentic matched alignment.
For the tested sequence, the matched score function f is defined by Eq. 1.
[image: image]
where j means the jth base site of the tested sequence (j = 1,2, … , L), L means the length of the tested sequence, and Ns and Ne mean the start base site and the end base site of the optimal matched segment in the tested sequence, respectively. The effective value 1 is assigned to each base site within the optimal matched segment, while the ineffective value 0 is assigned to the base sites outside the optimal matched segment. The matched score values are assigned to each base site in the tested sequences.
For the tested sequences, matched frequency F is defined by Eq. 2.
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where m means the number of the tested sequences, i means the ith tested sequence (i = 1,2, … , m), j means the jth base site of the ith tested sequence (j = 1, 2, … , Li), Li means the length of the ith tested sequence, and fij means the matched score function of the jth base site of the ith tested sequence. F is a relative matched value at the jth base site in m tested sequences. It reflects the interacting probability or the interaction intensity between the tested and aligned sequences in the jth base site.
The average matched frequency <F> for each base site is also defined by Eq. 3.
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Here, i means the ith tested sequence (i = 1, 2, … , m), li is the length of the optimal matched segment for the ith tested sequence, and Li is the length of the ith tested sequence. The <F> indicates the average matched frequency of the m tested sequences.
The relative matched frequency RF of the jth base site in the tested sequence is defined by Eq. 4.
[image: image]
Here, RF reflects the relative bias of each base site in the tested sequences. If RF > 1, it indicates that the interaction in the jth base site is positive in the tested sequence, and the regions with RF > 1 were optimal matched regions. RF = 1 represents an average matched frequency of the base sites for the tested sequences.
To test the significance of our results, we constructed corresponding component constraint random sequences for comparison with real sequences. Component constraint random sequences mean the length and contents of A, C, G, and U are the same as the analyzed sequence, but the order of each base is random. We call them CC-random sequences. The sample of the corresponding component constraint random sequences is 10 times as many as the analyzed sequences, and then the corresponding RF or F distributions are obtained in the same way. When the RF values in the optimal matched regions of the mRNA all are higher than the CC-random sequences and average matched frequency <F>, we call these cases positive tests.
2.3 Sequence normalization
Due to the different lengths of the tested sequences, they are normalized to 100 to obtain the relative site distributions of RF or F by the following method.
We hypothesized that nij is the jth relative site of the ith normalized tested sequence; the nij is obtained by the following formulation:
[image: image]
Here, Nij means the jth base site of the ith tested sequence, and Li is the length of ith tested sequence (i = 1, 2, …, m; j = 1, 2, …, Li). The square brackets are Gaussian integer functions which are meant to take the integer part of a real number. Then, the m tested sequences with different lengths are normalized to 100. In addition, nis, nie, nie- nis+1, nij and 100 are used to replace Nis, Nie, li, Nij and Li in the formulation (1), (2), (3) and (4) respectively, the normalized relative matching frequency function RF or matching frequency function F distribution can be obtained.
2.4 Information entropy analysis
Information entropy conception was used to analyze the characters of sequence composition. Second-order informational redundancy D2 is a suitable parameter to describe the sequence characters; its definition is shown in Eq. 6.
For an analyzed sequence, the second-order informational redundancy D2 is defined as
[image: image]
where pi or pj is the probability of the base i or j (i, j = A, C, G, U), and pij is the joint probability of the base pair ij. D2 reflects the adjacent base correlation of sequences (Luo and Hong, 1991; Li, 1990). In other words, a bigger D2 value means that the sequence is more conservative. For a finite sequence of length N, the fluctuation bound (f.b.) of D2 is D2(f.b.) = 15.65/N (Luo and Hong, 1991; Luo, 2004). When D2 ≥ 15.65/N, the neighboring bases do not occur independently, and the correlation exists at a 99% confidence level. Generally, D2 ≥ 0. For infinite random sequences, D2 = 0.
3 RESULTS AND DISCUSSION
3.1 Distributions of optimal matched regions in mRNA
For the nine model organisms, mRNAs are regarded as the tested sequences, and their corresponding introns are regarded as the aligned sequences. The matched alignments between the mRNAs and their corresponding introns were performed, and the RF distributions with base relative sites of mRNA sequences were obtained (Supplementary Appendix SA1). Meanwhile, the local alignments were also performed between the component constraint random mRNAs and their own component constraint random introns, and they were marked as CC-random (Supplementary Appendix SA2). The results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | RF distributions of mRNA. The X-axis is the relative position of mRNA and the Y-axis represents the RF values. CC-Random means the local alignment were done between the component constraint random mRNA and their own component constraint random introns. RF = 1 represents the average value of relative match frequencies theoretically.
The relative matched frequency distributions of the mRNA sequences of the nine model organisms were very similar to each other, which meant that the interaction patterns between the introns and their mRNAs are universal. When compared with the CC-random group, their characteristics are as follows: there are high relative matched frequencies in the UTR regions but a relatively low matched degree in the central protein-coding sequence. The relative matched frequency distributions of 3′-UTR are significantly higher than those of 5′-UTR (Supplementary Appendix SA3). It is speculated that the function of post-spliced introns is related to NMD. Compared with those in higher organisms, the matched frequency distributions in the mRNAs of lower eukaryotes are slightly different, and the distribution difference between the coding sequences and the UTR regions in lower organisms is more obvious, which reflects that the interaction modes between introns and their mRNAs in higher organisms are more complex.
Despite the species being very similar to each other for the matched frequency distributions in the mRNAs of the nine model organisms, the distributions of peak regions and peak values are slightly different (Figure 2). For C. elegans, the peak regions of the matched frequency distribution in the mRNAs are mainly located in 3%–8% of the 5′-end and between 80% and 98% of the 3′-end of the mRNA; the peaks are approximately 1.1 and 3.9, respectively. The peak regions for D. melanogaster are primarily found in 2%–10% of the 3′-end and 85%–99% of the 5′-end of the mRNA; the peak values are about 1.8 and 4.2, respectively. The peak regions for A. thaliana are mainly located in 2%–10% of the 5′-end and 85%–98% of the 3′-end of the mRNA, and the peak values are about 1.6 and 2.3, respectively. The peak regions for A. mellifera are mainly located in 2%–10% of the 5′-end and 80%–98% of the 3′-end of the mRNA, and the peak values are about 1.5 and 3.7, respectively. The peak regions of the distribution of A. gambiae are mainly located in 2%–20% of the 5′-end and 82%–98% of the 3′-end of the mRNA, respectively, and both peak values are about 1.4. The peak regions for O. sativa are mainly located in 80%–98% of the 3′-end of the mRNA, and the peak value is about 1.8. The peak regions for D. rerio are mainly in the 5%–8% of the 5′-end and 78%–99% of the 3′-end of the mRNA, and the peak values are about 1.1 and 3.1, respectively. The peak regions for M. musculus are mainly located in 80%–99% of the 3′-end of the mRNA, and both peak values are about 2.2. The peak regions for H. sapiens are distributed in 5%–10% of the 5′-end and 62%–99% of the 3′-end of the mRNA, and the peaks are about 1.1 and 2.0, respectively. It is suggested that introns have a strong preference for interactions with the corresponding mRNAs.
3.2 Matched characteristics of optimal matched segments of introns
It is of great significance when the interaction between introns and the corresponding coding sequences are studied and the sequence characteristics of the optimal matched fragments are analyzed. The sequence paired rate and distribution length of the optimal matched segments of introns between the introns and corresponding mRNA are explored in this section. The results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Matched rate and Length distributions distributions of different intron optimal matchedsegments, separately. The X-axis is Length and matched rate (%)of intron optimal matched segment,separately and the Y-axis represents the Frequency values.
From lower eukaryotes to higher eukaryotes, the high consistency of the matched rate of distribution of the optimal matched segments is seen, and the matched rate fluctuates between 60% and 80%. Several clear and conservative peaks are observed, with a clear maximal peak at about 68% and a distinctly sub-maximal peak at about 75%, followed by several discrete peaks with a gradual decrease in distribution (Figure 3).
It is inferred that introns have a precise “quantum state” with the sequences of the optimal matched mRNA segments for each corresponding intron and that each “quantum state” might represent a specific kind of pattern group in which introns control gene expressions. There is no doubt that this distribution is universal from lower eukaryotes to higher eukaryotes. The optimal matched segments between introns and their associated mRNAs have a very noticeable peak in their sequence length distribution. The most probable value, however, varies between the lower and higher eukaryotes; it is roughly 20 bp for lower eukaryotes and 30 bp for higher eukaryotes. It can be implied that higher and lower eukaryotes may differ significantly in the intricacy of gene expression patterns mediated by introns. When compared with siRNA and miRNA, the optimal matched segment from the introns with the associated mRNA appears to have a beneficial impact on gene expression.
3.3 Distributions of optimal matched regions near functional sites
Translation initiation sites, translation termination sites, and exon junction sites exert an irreplaceable role in the normal expression of genes. It is particularly crucial to comprehend the distribution of optimal matched frequency near functional locations. The optimal matched intron segments around each functional site containing the UTR gene are separated, functional sites are set as the origin of coordinates, and the distribution law of the optimal matched regions is counted. These functional sites are translation initiation sites, translation termination sites, the junction sites between the first exon and second exon (the first exon junction site), the junction sites between the last exon with the penultimate exon (the last exon junction site), and the junctions in the middle exon (the middle exon junction site). The results are shown in Figures 4–7 (the results of the junction sites Figures 8, 9 are shown in Supplementary Material S5).
[image: Figure 4]FIGURE 4 | RF distributions around translation initiation site. The X-axis is the position of mRNA and the Y-axis represents the RF values. RF = 1 represents the average value of relative match frequencies theoretically.
3.3.1 Distribution of optimal matched regions of translation initiation regions
Analytically, the distribution of optimal matched frequency of translation initiation sites of the nine model organisms is revealed to be of high consistency, that is, these model species show good universality for the distributions. The matched frequencies bounded by the translation initiation sites on the sequences near the translation initiation site are significantly altered, it is specifically manifested in the relative matched frequencies of the UTR on the left side of the translation initiation site, and the corresponding intron is generally higher. There is an excellent agreement between their distribution of optimal matched regions and the 5′-end of the mRNA. When comparing short introns, the distribution of their optimal matched region is consistent with that of long introns. Large differences in the distribution of optimal matched regions are observed in the short introns, but some distributions are very peculiar in that they may be significant and deserve to be studied in depth.
The distribution of the peak regions and peak value are slightly different despite having very similar distributions of optimal matched regions on the flanks of the translation initiation sites of the nine model organisms (see Figure 4). For C. elegans, the optimal matched regions between the flanks of the translation initiation site of mRNA and its corresponding introns are mainly located in the range of about −30 to 10 bp, and the peak value is about 1.4. The optimal matched regions of D. melanogaster are mainly located in the range of about −30 to 5 bp, and the peak value is about 2.0. The optimal matched regions of A. thaliana are mainly located in the range of about −30 to 10 bp, and the peak value is about 1.5. The optimal matched regions of A. mellifera are mainly located at about −10 bp, and the peak value is about 2.0. The optimal matched regions of A. gambiae are mainly located in the left range of about −30 to 5 bp, and the peak value is about 1.9. The optimal matched regions of O. sativa are mainly located at about −20 bp, and the peak value is about 1.2. The optimal matched regions of D. rerio are mainly located in the left range of about −30 bp, and the peak value is about 1.0. There is no distinctly optimal matched region for M. musculus. The optimal matched regions of H. sapiens are mainly located in the range of about −45 to −10 bp, and the peak value is about 1.3. These facts demonstrate that introns do interact with the translation initiation sites flanking their corresponding mRNAs.
3.3.2 Distribution of optimal matched regions of translation termination regions
Analytically, the distribution of optimal matched frequency of translation termination sites of the nine model organisms is revealed to be alike, that is, these model species show good universality for this distribution. The matched frequencies bounded by the translation termination sites are significantly altered; it is specifically manifested in the relative matched frequencies of the UTR on the right side of the translation termination sites, where it is generally higher. There is an excellent agreement between their distribution of optimal matched regions and the 3′-end of the mRNA. When comparing short introns, the distribution of their optimal matched region is consistent with that of long introns. Large differences in the distribution of optimal matched regions are observed in the short introns, but some distributions are very peculiar in that they may be significant and deserve to be studied in depth.
The distribution of the peak regions and peak value are slightly different despite being very similar for the distribution of optimal matched regions on the flanks of the translation termination sites of the nine model organisms (Figure 5). The optimal matched regions between the flanks of the translation termination sites of the C. elegans mRNA and their corresponding introns are mainly located in the right range of about −20 bp, and the peak value is about 4.5. The optimal matched regions of D. melanogaster are mainly located in the right range of about −10 bp, and the peak value is about 3.3. The optimal matched regions of A. thaliana are mainly located in the right range of about −20 bp, and the peak value is about 1.8. The optimal matched regions of A. mellifera are mainly located in the right range of about −20 bp, and the peak value is about 4.6. The optimal matched regions of A. gambiae are mainly located in the right range of about −15 bp, and the peak value is about 1.8. The optimal matched regions of O. sativa are mainly located in the range of about −30–60 bp, and the peak value is about 1.6. The optimal matched regions of D. rerio are mainly located in the right range of about −18 bp, and the peak value is about 2.6. The optimal matched regions of M. musculus are mainly located in the right range of about −10 bp, and the peak value is about 1.5. The optimal matched regions of H. sapiens are mainly located in the right range of about 16 bp, and the peak value is about 1.8. These facts demonstrate that introns do interact with the translation termination sites flanked by their corresponding mRNAs.
[image: Figure 5]FIGURE 5 | RF distributions around translation termination site. The X-axis is the position of mRNA and the Y-axis represents the RF values. RF = 1 represents the average value of relative match frequencies theoretically.
3.3.3 Distribution of optimal matched regions of exon–exon junction regions
The distribution of the optimal matched regions around the first exon junction sites, the last exon junction sites, and the middle junction sites of the nine model organisms is detected to be alike after analysis, that is, these model species show good universality for this distribution. It is specifically manifested in the generally low relative matched frequencies of the junction flanked by the first exon with the corresponding introns (Figure 6), the last exon junction sites (see Supplementary Figure S1), and the middle junction sites (Supplementary Figure S2). There is an excellent fit between their distributions of the optimal matched regions and CDS regions in all the exon–exon junction regions. When comparing short introns, the distributions of their optimal matched regions are consistent with those of long introns. For short introns, large differences in their distributions of the optimal matched regions are observed, but some distributions are very peculiar in that they may be significant and deserve to be studied in depth.
[image: Figure 6]FIGURE 6 | RF distributions around the first exon junction site. The X-axis is the position of mRNA and the Y-axis represents the RF values. RF = 1 represents the average value of relative match frequencies theoretically.
3.4 Sequence feature of optimal matched segment of introns
The UTR regions of the mRNA preferentially interact with the introns, while the CDS regions of the mRNA are poorly matched to the introns. This is probably why the sequence features of the optimal matched segments are similar to the UTR features. GC content and second-order information redundancy D2 of the optimal matched segment, CDS, 3′-UTR, and 5′-UTR are analyzed, and the correlation between these sequences is discussed. The results are shown in Figure 7 and Table 2.
TABLE 2 | D2 for different sequences of nine eukaryotes.
[image: Table 2][image: Figure 7]FIGURE 7 | GC content distributions of different sequences. The X-axis is GC content and the Y-axis represents the Frequency values.
3.4.1 GC content of optimal matched segment of intron
The distributions in Figure 6 are compared, and the GC content distributions of the optimal matched segments, CDS, 3′-UTR, and 5′-UTR in the nine model organisms are analyzed.
There are significant differences in the distribution center of the GC content in different sequences; however, the GC content of the optimal matched segments shows a special distribution pattern. In addition to having the lowest distribution center when compared to the other three types, the GC content distribution also has a very broad distribution range that almost completely encloses the distribution of the other sequences. It is shown that interactions between introns and mRNAare primarily based on weak bond binding, i.e., AT matching, but that high GC matching canalso occur. The average GC content of the optimal matched segments of introns in the nine model organisms is the closest to that of the 3′-UTR. The average GC content of the optimal matched segments, 3′-UTR, 5′-UTR, and CDS of C. elegans, D. melanogaster, A. thaliana, A. gambiae, A. mellifera, D. rerio, and H. sapiens increased gradually. The average GC content of the optimal matched segments, 3′-UTR, CDS, and 5′-UTR in O. sativa and M. musculus increased gradually. It is an interesting case that there are two clear peaks in the average GC content distributions of the optimal matched segments for A. gambiae, M. musculus, and H. sapiens, and these results show that there are abundant functional units in the introns. Based on the GC content analysis results of the above sequences, similar GC content values may lead to the mRNA UTR preference for intron interaction, except for O. sativa and M. musculus.
3.4.2 Second-order information redundancy of optimal matched segments of introns
The intron of each gene is connected with the optimal matched segments of the mRNA, CDS, 3′-UTR (which includes 50 bp downstream of the translation initiation site), and 5′-UTR (which includes 50 bp upstream of the translation termination site) in a new line in sequence and are denoted as the optimal matched segments of the intron, CDS, 3′-UTR, and 5′-UTR. The results of the second-order information redundancy D2 are shown in Table 2.
By comparing the D2 values in Table 2, it is seen that the 3′-UTR D2 values are the closest to those of the optimal matched intron segments in the nine model species. This agrees with the GC content of the optimal matched intron segments. This is one of the reasons why there are optimal matched frequent peaks in the regions of UTR, which is obvious, especially in the 3′-UTR.
4 CONCLUSION
At the genome-wide level, the optimal matched regions of the introns and their corresponding mRNAs for protein-coding genes in nine model organisms (such as H. sapiens) were analyzed. It was observed that the distribution of optimal matched frequencies in the mRNA sequence showed high consistency or universality among the nine model organisms. A peak distribution appeared in the untranslated regions (UTRs) of the mRNA, especially in the 3′-UTR, and the matched frequency in the coding sequence (CDS) was relatively low. It was discovered that introns, particularly the 3′-UTR, have a high preference for interacting with the UTR region of the mRNA. The function of the introns after splicing could be related to NMD. The matched frequencies bounded by functional sites in the sequences near the translation initiation site and translation termination site were different significantly, and the matched frequency of the junction region of the exon was relatively low. The distribution centers of the GC content in different sequences were different, but the GC content in the optimal matched segments showed a special distribution pattern. In addition to having a lower distribution center than the other three types, the GC content also had a very broad distribution range that almost completely enclosed the distribution of the other sequences. The results showed that the interactions between the introns and mRNAs were mainly dominated by weak bond binding, that is, not only AT matching but also in juggling high GC matching. In all nine species, a high degree of concordance of the distribution of the matched rate of the optimal matched segments was observed, primarily falling between 60% and 80%. In lower eukaryotes and higher eukaryotes, the most probable value of the optimal matched segment length distribution is around 20 bp and around 30 bp, respectively. These conclusions are in line with the results obtained in the ribonucleoprotein genes. Some peaks of the distribution of matched frequency are conserved for all organisms, and the results reveal the inherent mechanisms of the optimal matched segment composition.
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