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Studies have shown that post-spliced introns promote cell survival when nutrients are scarce, and intron loss/gain can influence many stages of mRNA metabolism. However, few approaches are currently available to study the correlation between intron sequences and their corresponding mature mRNA sequences. Here, based on the results of the improved Smith-Waterman local alignment-based algorithm method (SW method) and binding free energy weighted local alignment algorithm method (BFE method), the optimal matched segments between introns and their corresponding mature mRNAs in Caenorhabditis elegans (C.elegans) and their relative matching frequency (RF) distributions were obtained. The results showed that although the distributions of relative matching frequencies on mRNAs obtained by the BFE method were similar to the SW method, the interaction intensity in 5’and 3’untranslated regions (UTRs) regions was weaker than the SW method. The RF distributions in the exon-exon junction regions were comparable, the effects of long and short introns on mRNA and on the five functional sites with BFE method were similar to the SW method. However, the interaction intensity in 5’and 3’UTR regions with BFE method was weaker than with SW method. Although the matching rate and length distribution shape of the optimal matched fragment were consistent with the SW method, an increase in length was observed. The matching rates and the length of the optimal matched fragments were mainly in the range of 60%–80% and 20-30bp, respectively. Although we found that there were still matching preferences in the 5’and 3’UTR regions of the mRNAs with BFE, the matching intensities were significantly lower than the matching intensities between introns and their corresponding mRNAs with SW method. Overall, our findings suggest that the interaction between introns and mRNAs results from synergism among different types of sequences during the evolutionary process.
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1 INTRODUCTION
The past decades have witnessed unprecedented medical breakthroughs. In this respect, the decade-long human genome project, ENCODE (Encyclopedia of DNA Elements) project improved our understanding that the human genome is a complex network system in which individual genes, regulatory elements, and DNA sequences unrelated to coding proteins interact in an overlapping manner to jointly control human physiological activities (The ENCODE Project Consortium, 2007; Zhang et al., 2007). The ENCODE project debunked the concept of “junk DNA”, which refers to very small protein-coding genes that are just one of many DNA elements with specific functions. It was also found that 93% of the DNA in the human genome could be transcribed into RNA, and many transcripts were non-coding RNA that could interact with each other (Comeron, 2001; Mattick and Gagen, 2001; Nott et al., 2003; Roy et al., 2003; Gabriel et al., 2005; Gazave et al., 2007).
Intron sequences represent an important and special class of ncRNA transcripts. They are transcribed together with mRNA and spliced to form a relatively independent class of ncRNA. The corresponding mature mRNA is the most important class of transcripts for storing genetic information and performing biological functions. According to the results of ENCODE project, an interaction is present between these two types of transcripts. Although it has been established that intron sequences (especially post-spliced introns) are regulatory elements with biological functions, their functions warrant further systematic study and exploration.
Intron sequences are carriers of important functional elements. It has been found that introns have many important biological functions and actively regulate gene expression. Six definite functions of spliceosome introns have been documented (Fedorova and Fedorov, 2003). Over the years, it has been shown that intron sequences are the vectors of important eukaryotic elements and play important biological functions in eukaryotic gene expression.
Intron loss/gain can affect many stages of mRNA metabolism. The gain and loss of intronic genes can affect the evolution of eukaryotes (Duret, 2001; Maquat and Carmichael, 2001; Jeffares et al., 2006; Nguyen et al., 2006; Roy and Hartl, 2006; Fawcett et al., 2011; Landen et al., 2022). Many experiments have found that introns play important roles in mRNA metabolism, such as transcription, splicing, nuclear transport and translation, as well as in regulating or maintaining the dynamic structure of mRNA (Le Hir et al., 2003; Elmonir et al., 2010; He et al., 2010; MariatiHo et al., 2010). At the transcription level, introns in many genes can significantly improve their transcription efficiency (Alexander et al., 2010; Akaike et al., 2011). In mice, the transcription levels of transgenes containing introns are 10–100-fold higher than those without introns (McKenzie and Brennan, 1996). It has been established that at the level of mRNA editing, introns are directly involved in splicing and contribute to synthesizing the 5’cap and 3’tail of the mRNA. An increasing body of evidence suggests that the cap structure can promote splicing and enhance the excision of its proximal first intron (Komarnitsky et al., 2000; Lewis and Izaurflde, 2004). During mRNA nuclear export, intron splicing is directly related to mRNA export (Le Hir et al., 2000; Gatfield et al., 2001; Kim et al., 2001; Lykke-Andersen et al., 2001). Early experiments have shown that mRNAs transcribed from cDNA cannot exit the nucleus and thus cannot express proteins, whereas mRNAs containing introns can exit the nucleus and express proteins (Ryu and Mertz, 1989; Rafiq et al., 1997). Besides, there is a growing consensus that introns can also affect the translation efficiency of mRNA (Torrado et al., 2009; Li and Pintel, 2012; Rocchi et al., 2012). Interestingly, Braddock et al. found that when a mature mRNA was injected directly into Xenopus oocytes, its translation was inhibited. This effect could be abolished by adding a spliceable intron to the 3’UTR of the gene or by injecting the FRGY2 antibody into the cytoplasm (Braddock et al., 1994). Indeed, intron deletion/gain can regulate gene expression at many stages of mRNA metabolism.
Introns can promote cell survival under stress. It is well-established that introns can regulate the survival and apoptosis of biological cells at the cellular level. In 2019, two research groups by Parenteau and Morgan found that yeast cells lack essential nutrients during the growth phase. Intriguingly, introns could accumulate by forming pre-mRNA (the Parenteau research group used pre-mRNA to judge the role of introns) or post-spliced intron (the Morgan research group used post-spliced) intron defines the function of introns) to adjust the rate of cell growth to adapt to this changing environment (Combs et al., 2006; Parenteau et al., 2008; Munding et al., 2013; Wanichthanarak et al., 2015; Awad et al., 2017; Venkataramanan et al., 2017; Wan et al., 2017; Morgan et al., 2019; Parenteau et al., 2019), thereby helping its survival. Results of these studies indicate that the huge family of intron sequences may have many potential functions and unknown binding ways, which warrant further exploration.
The use of binding free energy is an important means of studying RNA-RNA interactions. Based on the binding free energy principle, relative binding free energy calculation represents an effective means to study the interaction between biological macromolecules. During the analysis of the expression of coding RNA and the function of non-coding RNA, the minimum binding free energy method is used to predict its structure and further infer its close association, It has been established that 40%–70% of the known base pairs of RNA below 700bp can be correctly predicted (Deigan et al., 2009). The method of calculating free energy is also widely used in protein folding (Jackson, 1998; Schaefer et al., 1998; Selkoe, 2003), protein structure prediction (Bower et al., 1997; Zhang and Skolnick, 2005; Faraggi et al., 2009), molecular docking (Woo and Roux, 2005; Woo, 2008; Mitomo et al., 2009; Hay and Scrutton, 2012), and analysis of the interaction between biological macromolecules (Tollenaere, 1996; Anderson, 2003; Manke et al., 2003; Thomas et al., 2003; Gao et al., 2004; Martin and MacNeill, 2004; Prathipati et al., 2007). Introns and mRNAs are two types of RNA sequences. The binding free energy principle represents an important way to calculate the sequence interaction (mutual matching).
Based on the Smith-Waterman local alignment method, Li Hong et al. documented interactions between spliced introns and corresponding mRNA/CDS, and the distribution of their preferred interaction regions was universal among species. Since there are obvious differences in the binding free energies of base-base (A-T, C-G) during sequence matching, it is essential to fully consider these differences in binding free energies and to further study the matching association between introns and mRNA sequences from the perspective of thermodynamic stability.
Herein, the protein-coding genes in the genome of C. elegans were analyzed. The local high-throughput combined with free energy weighted local alignment method was used to perform local matching analysis of introns and mRNA sequences, to characterize the distribution of preferred regions of intron-associated fragments on mRNA sequences and near functional sites, and to analyze the sequence structure characteristics. We identified the putative biological functions of spliced introns and revealed the evolutionary relationship between introns and corresponding mRNA sequences, which lays the groundwork for exploring the potential biological functions of spliced introns and other ncRNAs.
2 MATERIALS AND METHODS
2.1 The gene sequences
The C. elegans genome and its annotation information were downloaded from the Beijing Multi Subnet of Gene Bank (ftp://ftp.cbi. pku.edu.cn/pub/database/genomes). The protein-coding genes of the C. elegans genome were selected as our dataset. In this dataset, the genes which contain ncRNAs and/or repetitive elements were excluded first. Next, the genes whose intron lengths are shorter than 40 bp were removed because the 5’splice region (about 8bp) and 3’splice region contain a pyrimidine-rich layer (about 30bp) of introns and functional regions conserved over evolutionary time (Petrov, 2002), and introns below 40 bp do not play other roles. Finally, after genes associated with alternative splicing were excluded, we obtained the C. elegans genome consisting of 5736 genes and 24312 introns.
2.2 Matched alignment
If interactions were found between introns and their mRNAs, there were positively matched segment pairs between introns and their mRNAs and vice versa. The potential interaction between introns and their mRNAs can be represented by the optimal matched segments (OMS). To obtain the OMS, the introns were first transformed into their complementary sequences. Next, the mRNAs were renamed as tested sequences and the complementary sequences of introns were renamed as aligned sequences; the assessment of similarity between different alignments was performed using an improved Smith-Waterman local alignment software (http://mobyle. pasteur. fr/cgi-bin/). Finally, the optimal similarity segments of the introns were transformed again into their complementary segments, which were the OMSs in the introns. During the similarity aligning process, the Ednafull matrix was used to calculate the OMS using the following parameters: 50.0 for the gap open penalty and 5.0 for the gap extension penalty.
Accordingly, an objective optimal matched segment of a tested sequence and its aligned sequence could be obtained. The local alignment sketch map is shown in Figure 1.
[image: Figure 1]FIGURE 1 | One optimal matching segment pair between introns sequence and corresponding mRNA sequence. (A) One optimal local alignment of fragment. cIntron10 represents complementary fragment of intron10. (B) Authentic matching alignment.
The method based on the weighted comparison of binding free energy involves maximizing the number of hydrogen bonds and predicting the minimum free energy structure according to the negative correlation between the number of hydrogen bonds and the free energy (Zuker and Sankoff, 1984). The effect of base stacking force is not considered for the time being. Suppose the energy obtained by combining A-T/T-A base pair is EA-T/T-A, and the energy obtained by the G-C/C-G base pair is EG-C/C-G, then EA-T/T-A/EGC/CG ≈ 2:3. Due to the different release energy between A-T/T-A base pair and G-C/C-G base pair. In that case, different weights were assigned to them in the specific alignment process. The following principles were adopted during the matching process: If the base pair was correct, +3.0 would be awarded. +2.0 would be added if the base pair was A-T/T-A. If the base pair was G-C/C-G, it increased by +3.0. In this way, A correct matching of base pairs A-T/T-A yields +5.0 and a correct matching of base pairs G-C/C-G yields +6.0. If the base pairing was wrong, the penalty was −4.0. In this paper, the Ednafull matrix was still used to calculate The optimal matched fragments between the intron sequence and its corresponding mRNA sequence by using the binding free energy weighted local alignment method, and the selected parameters were as follows: The gap open penalty was −50.0 and the gap extension penalty was −5.0 for each base site. Finally, an optimal local matching fragment was obtained with the highest probability of interaction between the two sequences.
Definition 1. Sequence length normalizationDue to the different lengths of the tested sequences, they were normalized into 100 to obtain the relative site distributions using the following method.The relative base site (k) of the jth base site in the tested sequence is
[image: image]
Where, j means the jth base site of the tested sequence, L is the length of the tested sequence. The square brackets are gauss integer functions which mean to take integer part of a real number. Thus, the different lengths of the tested sequences were normalized to 100.
Definition 2. matched score functionFor a tested sequence, the matched score function (fk) is
[image: image]
Where, and represent the start base site and the end base site of the optimal matched segment in the normalized tested sequence. 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. Accordingly, the matched score values are assigned to each base site in the normalized tested sequences.
Definition 3. matched frequencyFor the tested sequences, matched frequency function (F) is
[image: image]
Where, i means the ith tested sequence, N means the number of the tested sequence. F reflects the interacting probability or the potential interaction intensity in the kth relative base site of the normalized tested sequences between the tested and aligned sequences.
Definition 4. average matched frequencyThe average matched frequency function (<F>) for each base site is
[image: image]
Where, li is the length of the optimal matched segment for the ith tested sequence. Li is the length of the ith tested sequence. For our normalized tested sequences, Li = 100. The <F> indicates the average matched frequency of the N-tested sequences, and it is a constant value for each tested set.
Definition 5. relative matched frequencyThe relative matched frequency function (RF) of the kth base site in N tested sequence is
[image: image]
Where, RF reflects the relative bias of each base site in the N-tested sequences. If RF > 1, it indicates that the interaction in the kth base site is preferred, and the regions with RF > 1 are termed optimal matched regions (OMR). RF = 1 represents an average matched frequency of base sites for tested sequences.
2.3 Information entropy analysis
Information entropy can be used to characterize the organizational nature of a sequence. Second-order informational redundancy D2 is a suitable parameter to describe the adjacent base correlation of the sequence (Luo and Li, 1991; Li, 1990).
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 in the sequence. A bigger D2 value means that the base correlation is stronger. For a finite sequence of length N, the fluctuation bound (f.b.) of D2 is D2 (f.b.) = 15.65/N (Luo and Li, 1991; Luo, 2004). When D2≥15.65/N, the neighboring bases occur not independently and the correlation does exist at 99% confidence level. Generally, D2≥0. For infinite random sequences, D2 = 0.
3 RESULTS AND DISCUSSION
3.1 Matched alignment between mature mRNAs and their introns
The relative matched frequency distribution (RF) on the mRNA sequence was assessed using the binding free energy weighted local alignment method and denoted as BFE-mRNA distribution. For the control, the relative matched frequency distribution on the mRNA sequence was assessed using the improved Smith-Waterman local alignment method and denoted as SW-mRNA distribution. The intron sequence was taken as the comparison sequence, and the corresponding mRNA sequence was taken as the test sequence. The optimal matched fragment between the two types of sequences was obtained using the binding free energy weighted local alignment method. Finally, the optimal matched frequency distribution on the BFE-mRNA sequence was obtained (Figure 2).
[image: Figure 2]FIGURE 2 | Relative Frequency (RF) distributions of mRNA. SW-mRNA means the RF value came from the base matching local alignment method. BFE-mRNA means the RF value came from the binding free energy weighted local alignment method. CC-Random means the local alignment were done between the component constraint random mRNA and their own component constraint random introns. Average value (RF = 1) means the theoretical average value of relative matched frequencies.
The results showed that the relative matched frequency (RF) distribution on the BFE-mRNA sequence was similar to the SW-mRNA sequence, and there were two preferred regions at the 5’and 3’ends of mRNAs (Appendix A:Supporting Information S1). The first region was located at about 5%–12% of the 5’end of the mRNA, and its peak value was about 1.05. The second region was located between 80% and 98% of the 3‘end of the mRNA, and its peak value was almost 2.0. The relative matched frequency of the 12%–80% region in the middle of the mRNA sequence was relatively low, slightly lower than the theoretical average, and its RF value fluctuated between 0.8 and 0.9. Compared with the CC-Random group (Appendix A:Supporting Information S2), The relative matched frequency (RF) of the BFE-mRNA sequence was more obvious in these two regions, and the difference in RF at the 3’end was highly significant (t-test, p < 0.00002).
Compared with SW-mRNA (Appendix A:Supporting Information S3), the preference of the relative matched frequency of the BFE-mRNA sequence was relatively weak at the 5’end region, exhibiting only one peak, which shifted slightly downstream. Although the distribution width of the preferred peak area at the 3’end remained unchanged, its peak value was only 1/2 that of the SW method and the difference was highly significant (t-test, p < 0.00003). The optimal relative matching frequency of the middle region was higher than the SW method, and it was significantly different from the CDS region (t-test, p < 0.00001) since the binding free energy weighted local alignment algorithm makes the optimal matched fragment combine with CDS with high G + C content.
The improved Smith-Waterman local alignment method and the binding free energy weighted local alignment method were used to describe the interaction between introns sequences and corresponding mRNA sequences. Analysis of the relative matched frequency distribution of mRNA sequence showed a consistent distribution preference by the two types of method. However, the regional difference in relative matched frequency distribution obtained by the base matched method was more obvious. To carefully analyze the distribution characteristics of each part of the mRNA sequence, The relative matched frequency distribution rule of each functional site region was studied next.
3.2 The distribution of relative matching frequency in functional site regions
There are many regions within the transcript that have regulatory functions, Such as translation initiation region, translation termination region and exon-exon junction region. The sequence of these functional domains plays a key role in the accurate expression of eukaryotic protein-coding genes. Therefore, it is necessary to explore the relative matched frequency of functional site regions.
The sites for translation initiation, translation termination and exon-exon junction are important functional regions of mRNA that regulate gene translation. Besides, the sequence of these functional regions is of great significance for the accurate expression of eukaryotic protein-coding genes. In this paper, we selected the ±60 bp regions of the translation start site (AUG), translation termination site (UAA) and exon-exon junction site (EE), which were denoted as AUG regions, UAA regions and EE regions, respectively, to analyze the relative matched frequency distribution of these regions by the BFE method, andcompared with that obtained by the SW method. (Castillo-Davis et al., 2002). Showed a close correlation between intron length and efficient gene expression. Halligan and Keightley et al. (Halligan and Keightley, 2006). Showed that long introns (>80bp) and short intron (≦80bp) distributions were significantly different. Therefore, we used 80bp as the threshold to distinguish between short and long introns.
Next, the introns were divided into three groups: An intron group, a long intron group and a short intron group named as intron, long intron and short intron, respectively. We compared and analyzed the overall differential characteristics of introns and the interactions between long and short introns with mRNA near functional sites. After obtaining The optimal matched fragment on the mRNA sequence, the distribution of the matched rate on the corresponding region was obtained by taking each functional site as the origin of the coordinate without length normalization.
3.2.1 Relative matched frequency distribution of AUG and UAA regions
Analysis of the relative matched frequency distribution of translation initiation and termination regions was conducted to verify whether the matching preference region at both ends of the BFE-mRNA sequence is located in the UTR region. To avoid a boundary effect during comparison, mRNA sequences with 5‘UTR of less than 50bp and 3’UTR of less than 80bp were eliminated. Taking the first base of the translation start codon and translation stop codon as the coordinate origin, the relative matched frequency distribution characteristics of the translation start region and translation stop region were obtained (Figure 3).
[image: Figure 3]FIGURE 3 | Relative Frequency (RF) distributions on AUG region (A) and UAA region (B) of mRNA. The RF distributions related long introns and short introns are also presented in the figure.
As shown in Figure 3A, the peak distribution of mRNA was found at the 5’UTR and 3’UTR regions. The relative matched frequency at the 5’end gradually increased from −28bp of the AUG site and peaked at −10bp (RF = 1.3), then decreased to an average value of 10bp (RF = 1.0). Overall, The optimal matched fragments with introns ranged from −28bp to 10bp. The matched frequency of short introns in the AUG region was significantly higher than long introns, suggesting that short introns preferred interacting with the AUG region.
In the UAA region, the relative matched frequency distribution was significantly different from the AUG region (Figure 3B). From −28 bp of the UAA site, the relative matched frequency increased rapidly, the RF value reached 2.8 at the UAA site, peaked at about 28bp (RF = 3.8), and then gradually decreased, but the RF value remained high. In the 3’UTR region, it suggested that the interaction region is longer and much stronger than in the 5’UTR region. In addition, in the 3‘UTR region, the interaction intensity of long introns was significantly higher than short introns, which is opposite to the AUG region, suggesting that long introns preferred to interact with the UAA region.
The results obtained by the base matching method (SW method) and the binding free energy weighted method (BFE method) were compared in the AUG and UAA region (Figures 4, 5).
[image: Figure 4]FIGURE 4 | Comparations of Relative Frequency (RF) distributions between SW method and BFE method on AUG regions. (A) The total introns, (B) the long introns and (C) the short introns.
[image: Figure 5]FIGURE 5 | Comparations of Relative Frequency (RF) distributions between SW method and BFE method on UAA regions. (A) The total introns, (B) the long introns and (C) the short introns.
Compared with the base matching method (SW method), the optimal matching frequency distribution trend of the AUG and UAA regions obtained by the binding free energy weighted methe binding free energy weighted local alignment method (BFE method) was similar. In the AUG region, The relative matched frequency distribution of both the whole intron group and the short intron group was slightly lower than that obtained by the base matching method (Figure 4), and the difference was more significant near the −10bp region of the AUG site. For long introns, the distribution was almost the same. In the UAA region, The relative matched frequency of the whole intron and long intron was significantly lower than the SW-mRNA group. Moreover, there was no significant difference in the distribution of short introns (Figure 5).
The analysis results of the two representative interactions indicated a significant preference for intron-mRNA interaction in the UTR region, especially in the 3’UTR region. Short and long introns preferentially acted in the 5’and 3’UTR region, respectively.
3.2.2 Relative matched frequency distribution in EE region
The EE region is divided into three groups: The first exon connection region, the intermediate exon connection region and the last exon connection region, composed of the corresponding exon connection site ±60 bp region. The relative matched frequency distribution was obtained by the binding free energy weighted local alignment method (BFE method), as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Relative Frequency (RF) distributions on the exon-exon junction (EE) regions of the mRNA. (A) The first EE regions, (B) the middle EE regions, (C) the last EE regions. The RF distributions related long introns and short introns are also presented in the figure.
The relative matched frequency distribution of EE regions in the three groups was similar. The relative matched frequency of the upstream region of the exon-exon junction site was higher than the downstream region. The difference was more significant in the first and last exon regions and least significant in the middle exon region. The minimum values of the distributions occurred 30bp downstream of the first exon connection point, while it is about 15bp downstream of the last exon connection point. However, there was no obvious difference in the minimum values of the distributions at the middle exon-exon junction. It was also found that the relative matched frequency of short introns was higher than long introns in all three EE regions. Based on the findings of previous studies, we hypothesized that the region with low relative matched frequency might be the protein factor binding region.
We next compared the matched frequency distribution characteristics of the exon-exon junction regions of the mRNA group based on between the improved Smith-Waterman local alignment method and the binding free energy weighted local alignment method (BFE method). The mRNA group based on the improved Smith-Waterman local alignment method was used as the control group. The distribution of the optimal matched frequencies of the whole intron, long intron, and short intron groups on exon junction regions on mRNA based on the binding free energy weighted local alignment method was compared with that of the SW method group. The results were showed in Figures 7–9.
[image: Figure 7]FIGURE 7 | Comparations of Relative Frequency (RF) distributions between SW method and BFE method on the first EE regions. (A) the total introns, (B) the long introns,(C) the short introns.
[image: Figure 8]FIGURE 8 | Comparations of Relative Frequency (RF) distributions between SW method and BFE method on the middle EE regions. (A) the total introns, (B) the long introns,(C) the short introns.
[image: Figure 9]FIGURE 9 | Comparations of Relative Frequency (RF) distributions between SW method and BFE method on the last EE regions. (A) the total introns, (B) the long introns, (C) the short introns.
The optimal matched frequency distribution trend of the OMF in the junction region on the mRNA sequence (which is of the corresponding mRNA sequences and the intron sequences) based on the binding free energy weighted local alignment method was comparable to the SW method. In the exon-exon junction regions of the first, last and intermediate exons, although the weighted matched frequency distribution of the whole intron, long intron and short intron groups were slightly higher than the SW method (Figures 7–9), there was no significant difference between them.
These results indicated that the distribution of the matched frequency of exon junction regions obtained by SW method and BFE method is conservative. The matched frequency values of the exon-exon junction regions obtained by the BFE method were larger than those obtained by the SW method, which was caused by the tendency of the binding free energy weighted local alignment algorithm to combine the optimal matched fragment with CDS with high G + C content. The binding preference of intron sequence (especially short introns) and exon connection sites upstream regions suggests a preferred interaction between the intron sequence and the exon-exon junction region of the mRNA sequence. Besides, the process of short introns is more advantageous, which may be attributed to the fact that the biological function of short introns is mainly related to mRNA splicing or alternative splicing. These interesting results are worth thinking about.
3.3 Sequence characteristics of the optimal matched fragments
We calculated four sequence features of the optimal matched fragment pairs based on the BFE method, including the match rate distribution, length distribution, G + C content distribution and base association (D2 value). The results were compared with those obtained by the SW method.
3.3.1 The distribution of match rate and length
The match rate distribution of the optimal matched fragment of intron obtained by the BFE method is shown in Figure 10A. The distribution of the match rate of the optimal matched fragment obtained by the two methods was very similar, except that the distribution curves have relatively small fluctuations. The length distribution of the optimal matched fragment of intron obtained by the BFE method is shown in Figure 10B.
[image: Figure 10]FIGURE 10 | Distributions of the match rates (A), the length (B) of optimal matched segments. SW represents the result came from SW method and BFE represents the result came from BFE method G + C content distributions (C) for CDS, 5, UTR, 3, UTR, optimal matched segments (SW method) and optimal matched segments (BFE method).
The functional fragments representing the interaction between introns and mRNA are a class of functional fragments similar to miRNA, and their match rate and the most length should be similar to miRNA fragments. The length of functional segments of siRNA was very conserved, ranging from 21 to 23 bp, while that of miRNA ranged from 18 to 25 bp. The most length of the optimal matching fragment by SW method was 23bp, and its characteristics were similar to miRNA fragments. However, the biologically roles of the interaction between introns and mRNA should be differ from the biologically roles of siRNA and miRNA, we believe that the biologically roles of the interaction between introns and mRNA should be protected mRNA from degradation and be beneficial to transport of mRNA from nucleus to cytoplasm. The interaction strength of between introns and mRNA should be weaker than siRNA and miRNA, and the lengths of the optimal matched segments (OMS) should be longer than siRNA and miRNA. Our results show that the maximum length obtained by BFE method is 36bp, which is quite different from miRNA fragment, and the mated rate obtained by BFE method is lower than SW method and siRNA and miRNA. So, the results by BFE method may have a biological significance.
3.3.2 G + C content and D2 value
The G + C content distribution of the optimal matched fragment on the introns by the BFE method is shown in Figure 10C. The distribution range of G + C content in the optimal matched fragment of the BFE method was consistent with the SW method, but the peak region of G + C content was about 0.25, which moved toward high G + C content, it increased 0.05 compared with the SW method. The reason for the general increase in G + C content is caused by the fact that was the preference for intron fragments with high G + C content during selecting the optimal matched fragments by the binding free energy weighted local alignment method.
Their D2 values are calculated by formula (6), and the results are shown in Table 1. It can be found that the D2 value of the optimal matched fragment was significantly higher than CDS, 5 and 3’UTR sequences, it suggested the base association in the OMF was significantly stronger than the other three types of sequences, with a strong sequence structure. Besides, the D2 value of the optimal matched fragment by the BFE method was about 20% lower than the SW method, indicating that the former method can document the interaction between the intron and mRNA sequences and characterize their interaction.
TABLE 1 | D 2 values of different sequences in Caenorhabditis elegans protein-coding genes.
[image: Table 1]4 CONCLUSION
In the present study, the binding free energy weighted local alignment algorithm method was used to obtain the optimal matched fragment between the post-spliced intron and its corresponding mRNA sequence, and the relative matched frequency distribution on the mRNA and near the functional site. Our results showed that the relative matched frequency distribution obtained by the BFE method was similar to the SW method; there were the region of preference at the UTR region at both ends of the mRNA sequence was identified as a favorable region, especially in the 3’UTR region. However, the suggestion of the combination show that was more in favor of the optimal matched fragments with CDS with high G + C content, which was the weaker interaction in the 5’and 3’UTR regions, and higher in the middle CDS region than the SW method, when the BFE method was applied.
Moreover, we found that the region of preference of theshort introns in the 5’UTR region, and the long introns in the 3’UTR region, which consistent with the SW method. Besides, the relative matched frequency distribution in the exon connection region was similar to the SW method. The interaction intensity of the upstream connection point was greater than that of the downstream, and there was a minimal relative matching frequency distribution of the downstream of the first and last exon connection region, and the interaction of short introns was stronger than long intron sequences.
The match rate distribution and the length distribution shape of The optimal matched fragment were similar to the SW method, although an increase in optimal matching fragment length was observed. When the SW method was applied, the maximum value length was 23bp, and an increase to 36bp was observed with the BFE method. It was still broad (0.05–0.5) with the distribution range of the content of G + C of the optimal matched fragment, but the maximum value of the content of G + C by the SW and BFE methods was 0.2 and 0.25, respectively, which display the content of G + C by the BFE method was generally higher. Although the base correlation of the optimal matched fragment remained strong, it was slightly lower than the D2 value in the SW method. These results substantiate that the optimal matched fragment is a special sequence fragment with a highly structured organization.
Overall, the BFE method and SW method yielded similar results. However, it was the less intensity of the interaction between introns and corresponding mRNA by the BFE method, the length of the optimal matched fragements was longer, and the bases association or sequence structure of the OMF was relatively weaker. Compared with SW, the BFE method is more sensitive than the SW method for representations the RNA-RNA interaction and can avoid the false positives which may occur in SW method.
In conclusion, the BFE method and SW method yielded similar results, the results obtained by the BFE method and SW method were basically the same, indicated that the binding free energy weighted local alignment method can be used to predict the interaction between introns and their corresponding mRNAs. According to the comparison of the matched frequency distribution between introns and corresponding mRNA sequences, the BFE method was more conducive to predict the weak interaction between sequences with high G + C content. The sequence characteristics of the optimal matched fragments obtained by the BFE method implyed that the structures of sequence with longer length, higher G + C content and looser sequence structure are more likely to predict weak interactions between sequences with higher GC content, compared with those calculated by the SW method.
We advocate that using local base matching to characterize the interaction between introns and mRNAs has huge prospects.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
SB and QS jointly completed the algorithm optimization and paper writing, XZ and ZXL established the theoretical model, ZYL analyzed the theoretical model, PN and YW collected, sorted and refined the data, YL analyzed the sequence characteristics, and HW completed the data summary and results collation. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by grants from the Natural Science Foundation of Inner Mongolia Autonomous Region (2021MS03063); High-end talent training projects of Grassland Talents in Inner Mongolia Autonomous Region, National Natural Science Foundation of China (31500677); The Leading Talent Project of Science and Technology Leading Talent Team Project of Inner Mongolia Autonomous Region (2022LJRC0010).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1151172/full#supplementary-material
REFERENCES
 Akaike, Y., Kurokawa, K., kajita, K., Kuwano, Y., Masuda, K., Nishida, K., et al. (2011). Skipping of an alternative intron in the srsf1 3' untranslated region increases transcript stability. J. Med. investigation 58, 180–187. doi:10.2152/jmi.58.180
 Alexander, M. R., Wheatley, A. K., Center, R. J., and Purcell, D. F. J. (2010). Efficient transcription through an intron requires the binding of an Sm-type U1 snRNP with intact stem loop II to the splice donor. Nucleic Acids Res. 38 (9), 3041–3053. doi:10.1093/nar/gkp1224
 Anderson, A. C. (2003). The process of structure-based drug design. Chem. Biol. 10 (9), 787–797. doi:10.1016/j.chembiol.2003.09.002
 Awad, A. M., Venkataramanan, S., Nag, A., Galivanche, A. R., Bradley, M. C., Neves, L. T., et al. (2017). Chromatin-remodeling SWI/SNF complex regulates coenzyme Q6 synthesis and a metabolic shift to respiration in yeast. J. Biol. Chem. 292 (36), 14851–14866. doi:10.1074/jbc.M117.798397
 Bower, M. J., Cohen, F. E., and Dunbrack, R. L. (1997). Prediction of protein side-chain rotamers from a backbone-dependent rotamer library: A new homology modeling tool. J. Mol. Biol. 267 (5), 1268–1282. doi:10.1006/jmbi.1997.0926
 Braddock, M., Muckenthaler, M., White, M. R., Thorburn, A. M., Sommerville, J., Kingsman, A. J., et al. (1994). Intron-less RNA injected into the nucleus of Xenopus oocytes accesses a regulated translation control pathway. Nucleic Acids Res. 22 (24), 5255–5264. doi:10.1093/nar/22.24.5255
 Castillo-Davis, C. I., Mekhedov, S. L., Hartl, D. L., Koonin, E. V., and Kondrashov, F. A. (2002). Selection for short introns in highly expressed genes. Nat. Genet. 31, 415–418. doi:10.1038/ng940
 Combs, D. J., Nagel, R. J., Ares, M., and Stevens, S. W. (2006). Prp43p is a DEAH-box spliceosome disassembly factor essential for ribosome biogenesis. Mol. Cell Biol. 26 (2), 523–534. doi:10.1128/MCB.26.2.523-534.2006
 Comeron, J. M. (2001). What controls the length of noncoding DNA?Curr. Opin. Genet. Dev. 11 (6), 652–659. doi:10.1016/s0959-437x(00)00249-5
 Deigan, K. E., Tian, W., Mathews, D. H., and Weeks, K. M. (2009). Accurate SHAPE-directed RNA structure determination. Proc. Natl. Acad. Sci. U. S. A. 106 (1), 97–102. doi:10.1073/pnas.0806929106
 Duret, L. (2001). Why do genes have introns? Recombination might add a new piece to the puzzle. Trends Genet. 17 (4), 172–175. doi:10.1016/s0168-9525(01)02236-3
 Elmonir, W., Inoshima, Y., Elbassiouny, A., and Ishiguro, N. (2010). Intron 1 mediated regulation of bovine prion protein gene expression: Role of donor splicing sites, sequences with potential enhancer and suppressor activities. Biochem. Biophysical Res. Commun. 397 (4), 706–710. doi:10.1016/j.bbrc.2010.06.014
 Faraggi, E., Yang, Y., Zhang, S., and Zhou, Y. (2009). Predicting continuous local structure and the effect of its substitution for secondary structure in fragment-free protein structure prediction. Struct. Lond. Engl. 1993) 17 (11), 1515–1527. doi:10.1016/j.str.2009.09.006
 Fawcett, J. A., Rouze, P., and Van de Peer, Y. (2011). Higher intron loss rate in Arabidopsis thaliana than A. Lyrata is consistent with stronger selection for a smaller genome. Mol. Biol. Evol. 29 (2), 849–859. doi:10.1093/molbev/msr254
 Fedorova, L., and Fedorov, A. (2003). Introns in gene evolution. Genetics 118 (2-3), 123–131. doi:10.1023/a:1024145407467
 Gabriel, M., Pierre, N., Keightley, P. D., and Charlesworth, B. (2005). Intron size and exon evolution in Drosophila. Genetics 170 (1), 481–485. doi:10.1534/genetics.104.037333
 Gao, G., Williams, J. G., and Campbell, S. L. (2004). Protein-protein interaction analysis by nuclear magnetic resonance spectroscopy. Methods Mol. Biol. 261, 79–92. doi:10.1385/1-59259-762-9:079
 Gatfield, D., Le Hir, H., Schmitt, C., Braun, I. C., Kocher, T., Wilm, M., et al. (2001). The DExH/D box protein HEL/UAP56 is essential for mRNA nuclear export in Drosophila. Curr. Biol. 11 (21), 1716–1721. doi:10.1016/s0960-9822(01)00532-2
 Gazave, E., Marqués-Bonet, T., Fernando, O., Charlesworth, B., and Navarro, A. (2007). Patterns and rates of intron divergence between humans and chimpanzees. Genome Biol. 8 (2), R21. doi:10.1186/gb-2007-8-2-r21
 Halligan, D. L., and Keightley, P. D. (2006). Ubiquitous selective constraints in the Drosophila genome revealed by a genome-wide interspecies comparison. Genome Res. 16 (7), 875–884. doi:10.1101/gr.5022906
 Hay, S., and Scrutton, N. S. (2012). Good vibrations in enzyme-catalysed reactions. Nat. Chem. 4 (3), 161–168. doi:10.1038/nchem.1223
 He, Y., Wu, Y., Lan, Z., Liu, Y., and Zhang, Y. (2010). Molecular analysis of the first intron in the bovine myostatin gene. Mol. Biol. Rep. 38 (7), 4643–4649. doi:10.1007/s11033-010-0598-9
 Jackson, S. E. (1998). How do small single-domain proteins fold?Fold. Des. 3 (4), 81–91. doi:10.1016/S1359-0278(98)00033-9
 Jeffares, D. C., Mourier, T., and Penny, D. (2006). The biology of intron gain and loss. Trends Genet. 22 (1), 16–22. doi:10.1016/j.tig.2005.10.006
 Kim, V. N., Yong, J., Kataoka, N., Abel, L., Diem, M. D., and Dreyfuss, G. (2001). The Y14 protein communicates to the cytoplasm the position of exon–exon junctions. EMBO J. 20 (8), 2062–2068. doi:10.1093/emboj/20.8.2062
 Komarnitsky, P., Cho, E. J., and Buratowski, S. (2000). Different phosphorylated forms of RNA polymerase II and associated mRNA processing factors during transcription. Genes & Dev. 14 (19), 2452–2460. doi:10.1101/gad.824700
 Landen, G., Roy Scott, W., Thornlow, B., Kramer, A., Ares, M., and Corbett-Detig, R. (2022). Transposable elements drive intron gain in diverse eukaryotes. Proc. Natl. Acad. Sci. U. S. A. 119 (48), e2209766119. doi:10.1073/pnas.2209766119
 Le Hir, H., Moore, M. J., and Maquat, L. E. (2000). Pre-mRNA splicing alters mRNP composition: Evidence for stable association of proteins at exon–exon junctions. Genes & Dev. 14 (9), 1098–1108. doi:10.1101/gad.14.9.1098
 Le Hir, H., Nott, A., and Moore, M. J. (2003). How introns influence and enhance eukaryotic gene expression. Trends Biochem. Sci. 28 (4), 215–220. doi:10.1016/S0968-0004(03)00052-5
 Lewis, J. D., and Izaurflde, E. (2004). The role of the cap structure in RNA processing and nuclear export. Eur. J. Biochem. 247 (2), 461–469. doi:10.1111/j.1432-1033.1997.00461.x
 Li, L., and Pintel, D. J. (2012). Splicing of goose parvovirus pre-mRNA influences cytoplasmic translation of the processed mRNA. Virology 426 (1), 60–65. doi:10.1016/j.virol.2012.01.019
 Lykke-Andersen, J., Shu, M-D., and Steitz, J. A. (2001). Communication of the position of exon-exon junctions to the mRNA surveillance machinery by the protein RNPS1. Sci. Signal. 293 (5536), 1836–1839. doi:10.1126/science.1062786
 Manke, T., Bringas, R., and Vingron, M. (2003). Correlating protein-DNA and protein-protein interaction networks. J. Mol. Biol. 333 (1), 75–85. doi:10.1016/j.jmb.2003.08.004
 Maquat, L. E., and Carmichael, G. G. (2001). Quality control of mRNA function. Cell 104 (2), 173–176. doi:10.1016/s0092-8674(01)00202-1
 Mariati, , Ho, S. C. L., Yap, M. G. S., and Yang, Y. (2010). Evaluating post-transcriptional regulatory elements for enhancing transient gene expression levels in CHO K1 and HEK293 cells. Protein Expr. Purif. 69 (1), 9–15. doi:10.1016/j.pep.2009.08.010
 Martin, I. V., and MacNeill, S. A. (2004). Functional analysis of subcellular localization and protein-protein interaction sequences in the essential DNA ligase I protein of fission yeast. Nucleic Acids Res. 32 (2), 632–642. doi:10.1093/nar/gkh199
 Mattick, J. S., and Gagen, M. J. (2001). The evolution of controlled multitasked gene networks: The role of introns and other noncoding RNAs in the development of complex organisms. Mol. Biol. Evol. 18 (9), 1611–1630. doi:10.1093/oxfordjournals.molbev.a003951
 McKenzie, R. W., and Brennan, M. D. (1996). The two small introns of the Drosophila affinidisjuncta Adh gene are required for normal transcription. Nucleic Acids Res. 24 (18), 3635–3642. doi:10.1093/nar/24.18.3635
 Mitomo, D., Fukunishi, Y., Higo, J., and Nakamura, H. (2009). Calculation of protein-ligand binding free energy using smooth reaction path generation (SRPG) method: A comparison of the explicit water model, gb/sa model and docking score function. Genome Inf. Int. Conf. Genome Inf. 23 (1), 85–97. doi:10.1142/9781848165632_0008
 Morgan, J. T., Fink, G. R., and Bartel, D. P. (2019). Excised linear introns regulate growth in yeast. Nature 565 (7741), 606–611. doi:10.1038/s41586-018-0828-1
 Munding, E. M., Shiue, L., Katzman, S., Donohue, J. P., and Ares, M. (2013). Competition between pre-mRNAs for the splicing machinery drives global regulation of splicing. Mol. Cell 51 (3), 338–348. doi:10.1016/j.molcel.2013.06.012
 Nguyen, H. D., Yoshihama, M., and Kenmochi, N. (2006). Phase distribution of spliceosomal introns: Implications for intron origin. BMC Evol. Biol. 6 (1), 69. doi:10.1186/1471-2148-6-69
 Nott, A., Meislin, S. H., and Moore, M. J. (2003). A quantitative analysis of intron effects on mammalian gene expression. RNA 9 (5), 607–617. doi:10.1261/rna.5250403
 Parenteau, J., Durand, M., Veronneau, S., Lacombe, A. A., Morin, G., Guerin, V., et al. (2008). Deletion of many yeast introns reveals a minority of genes that require splicing for function. Mol. Cell Biol. 19 (5), 1932–1941. doi:10.1091/mbc.e07-12-1254
 Parenteau, J., Maignon, L., Berthoumieux, M., Catala, M., Gagnon, V., and Abou Elela, S. (2019). Introns are mediators of cell response to starvation. Nature 565 (7741), 612–617. doi:10.1038/s41586-018-0859-7
 Petrov, D. A. (2002). DNA loss and evolution of genome size in Drosophila. Genetica 115 (1), 81–91. doi:10.1023/a:1016076215168
 Prathipati, P., Dixit, A., and Saxena, A. K. (2007). Computer-Aided Drug Design: Integration of structure-based and ligand-based approaches in drug design. Curr. Comput. - Aided Drug Des. 3 (2), 133–148. doi:10.2174/157340907780809516
 Rafiq, M., Suen, C. K., Choudhury, N., Joannou, C. L., White, K. N., and Evans, R. W. (1997). Expression of recombinant human ceruloplasmin–an absolute requirement for splicing signals in the expression cassette. FEBS Lett. 407 (2), 132–136. doi:10.1016/s0014-5793(97)00325-6
 Rocchi, V., Janni, M., Bellincampi, D., Giardina, T., and D'Ovidio, R. (2012). Intron retention regulates the expression of pectin methyl esterase inhibitor (Pmei) genes during wheat growth and development. Plant Biol. 14 (2), 365–373. doi:10.1111/j.1438-8677.2011.00508.x
 Roy, S. W., Fedorov, A., and Gilbert, W. (2003). Large-scale comparison of intron positions in mammalian genes shows intron loss but no gain. Proc. Natl. Acad. Sci. U. S. A. 100 (12), 7158–7162. doi:10.1073/pnas.1232297100
 Roy, S. W., and Hartl, D. L. (2006). Very little intron loss/gain in plasmodium: Intron loss/gain mutation rates and intron number. Genome Res. 16 (6), 750–756. doi:10.1101/gr.4845406
 Ryu, W. S., and Mertz, J. E. (1989). Simian virus 40 late transcripts lacking excisable intervening sequences are defective in both stability in the nucleus and transport to the cytoplasm. J. virology 63 (10), 4386–4394. doi:10.1128/JVI.63.10.4386-4394.1989
 Schaefer, M., Bartels, C., and Karplus, M. (1998). Solution conformations and thermodynamics of structured peptides: Molecular dynamics simulation with an implicit solvation model. J. Mol. Biol. 284 (3), 835–848. doi:10.1006/jmbi.1998.2172
 Selkoe, D. J. (2003). Folding proteins in fatal ways. Nature 426 (6968), 900–904. doi:10.1038/nature02264
 The ENCODE Project Consortium (2007). Identification and analysis of functional elements in 1% of the human genome by the ENCODE pilot project. Nature 447 (7146), 799–816. doi:10.1038/nature05874
 Thomas, A., Cannings, R., Monk, N. A. M., and Cannings, C. (2003). On the structure of protein-protein interaction networks. Biochem. Soc. Trans. 31 (6), 1491–1496. doi:10.1042/bst0311491
 Tollenaere, J. P. (1996). The role of structure-based ligand design and molecular modelling in drug discovery. Pharm. world & Sci. PWS 18 (2), 56–62. doi:10.1007/BF00579706
 Torrado, M., Iglesias, R., Nespereira, B., Centeno, A., Lopez, E., and Mikhailov, A. T. (2009). Intron retention generates ANKRD1 splice variants that are co-regulated with the main transcript in normal and failing myocardium. Gene 440 (1-2), 28–41. doi:10.1016/j.gene.2009.03.017
 Venkataramanan, S., Douglass, S., Galivanche, A. R., and Johnson, T. L. (2017). The chromatin remodeling complex Swi/Snf regulates splicing of meiotic transcripts in Saccharomyces cerevisiae. Nucleic Acids Res. 45 (13), 7708–7721. doi:10.1093/nar/gkx373
 Wan, R., Yan, C., Bai, R., Lei, J., and Shi, Y. (2017). Structure of an intron lariat spliceosome from Saccharomyces cerevisiae. Cell 171 (1), 120–132.e12. doi:10.1016/j.cell.2017.08.029
 Wanichthanarak, K., Wongtosrad, N., and Petranovic, D. (2015). Genome-wide expression analyses of the stationary phase model of ageing in yeast. Mech. Ageing Dev. 149, 65–74. doi:10.1016/j.mad.2015.05.008
 Woo, H. J. (2008). Calculation of absolute protein-ligand binding constants with the molecular dynamics free energy perturbation method. Methods Mol. Biol. Clift. NJ) 443, 109–120. doi:10.1007/978-1-59745-177-2_6
 Woo, H. J., and Roux, B. (2005). Calculation of absolute protein-ligand binding free energy from computer simulations. Proc. Natl. Acad. Sci. U. S. A. 102 (19), 6825–6830. doi:10.1073/pnas.0409005102
 Zhang, Y., and Skolnick, J. (2005). The protein structure prediction problem could be solved using the current PDB library. Proc. Natl. Acad. Sci. U. S. A. 102 (4), 1029–1034. doi:10.1073/pnas.0407152101
 Zhang, Z. D., Paccanaro, A., Fu, Y., Weissman, S., Weng, Z., Chang, J., et al. (2007). Statistical analysis of the genomic distribution and correlation of regulatory elements in the ENCODE regions. Genome Res. 17 (6), 787–797. doi:10.1101/gr.5573107
 Zuker, M., and Sankoff, D. (1984). RNA secondary structures and their prediction. Bull. Math. Biol. 46 (4), 591–621. doi:10.1016/s0092-8240(84)80062-2
APPENDIX A: SUPPLEMENTARY DATA TO THIS ARTICLE

1. Instruction about the database. txt (Taking an example).
2. Supporting Information S1-for the optimal matched regions located at UTR. txt.
3. Supporting Information S2-for CC-Random group. txt.
4. Supporting Information S3-for mRNA group. txt.
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Bo, Sun, Ning, Yuan, Weng, Liang, Wang, Lu, Li and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_2.gif
fu=

1 ksksk
1o knk, or kek,

@





OPS/xhtml/nav.xhtml
Contents

		Cover

		A novel approach to analyze the association characteristics between post-spliced introns and their corresponding mRNA		1 Introduction

		2 Materials and methods		2.1 The gene sequences

		2.2 Matched alignment

		2.3 Information entropy analysis





		3 Results and discussion		3.1 Matched alignment between mature mRNAs and their introns

		3.2 The distribution of relative matching frequency in functional site regions

		3.3 Sequence characteristics of the optimal matched fragments





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References

		Appendix A: Supplementary data to this article









OPS/images/math_1.gif





OPS/images/math_4.gif
@





OPS/images/math_3.gif
o





OPS/images/fgene-14-1151172-t001.jpg
cDs 5UIR | 3,UTR \ OMS (SW) ‘ OMS (BEE)

D2 0.029 0.032 ‘ 0.036 ‘ 0.066 [ 0.053

Note: OMS indicates The optimal matched fragment of the introns.





OPS/images/fgene-14-1151172-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





OPS/images/fgene-14-1151172-g005.gif





OPS/images/fgene-14-1151172-g006.gif





OPS/images/fgene-14-1151172-g003.gif





OPS/images/fgene-14-1151172-g004.gif





OPS/images/fgene-14-1151172-g009.gif





OPS/images/fgene-14-1151172-g007.gif





OPS/images/fgene-14-1151172-g008.gif





OPS/images/cover.jpg
, frontiers | Frontiers in Genetics

A novel approach to analyze the
association characteristics
between post-spliced introns
and their corresponding mRNA





OPS/images/fgene-14-1151172-g001.gif
P etatrontt 123, NGATOCEOGMTCAACTATIG 1143
e T
i iy G 1
o BRI





OPS/images/fgene-14-1151172-g002.gif
Reiatie Position of mENA.






OPS/images/math_6.gif
P8P/ pp ) = Vain2 2 (Pi = PP)) [pp, (6





OPS/images/math_5.gif
©





