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Abstract 

Most transcriptional regulatory elements are located in non-coding DNA. In particular, some first 
introns play a vital role in transcriptional control and splicing. The length and GC-content of first 
exons and introns in complex organisms suggests that these structural units are likely to be 
important functional elements in large genomes. Hence, in this paper we perform a systematic 
comparison of exon-intron structure and GC content on all known genes in the human genome. 
Our in-silico analysis found that the GC content of introns and exons varies significantly 
depending on their length. On average, the first intron of a gene is significantly longer than other 
introns in the same gene. Our results also show that first introns and exons are more GC rich than 
last and internal. This study provides insight into the structure of eukaryotic genes. These results 
confirm and expand the previously identified regulatory potential of first exons and introns. 
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Introduction 

The purpose of much of the non-coding DNA in eukaryotic genomes is not well understood and 
has been termed "junk DNA" by some investigators [1]. However, recent research indicates that 
much of this so-called junk DNA may be functional [2, 3]. Specifically, the portion of the gene 
structure near the start of transcription (promoter, first exon and first intron) is known to harbor 
many of the elements that regulate transcription [3]. 

The characteristics of exons and introns have been studied many times [4-14]. These studies 
include several that investigated intron-exon structures and intron-genome size relationships in 
various model organisms [9, 13]. However, such studies typically focused on a limited portion of 
a single genome [11] or on summary statistics (such as total exon length) [12, 14]. Chen et al. 
concluded that first introns are longer than other introns based on analysis of chromosomes 21 
and 22 [11]. Other studies have suggested this might be due to the presence of elements 
regulating transcriptional initiation and gene processing [15]. Therefore, it is suspected that the 
lengths of introns are important and first introns play a vital role in transcription control. 

To date, no systematic analysis on gene structure and composition has been performed across the 
entire human genome. This analysis examined the length and GC content of first, internal and 
last introns and exons separately for the entire human genome. This analysis provides new data 
that will aid in the elucidation of factors responsible for organization of the human genome and 
to enhance computational methods of gene structure prediction. It will also help in identifying 
those transcribed portions that are likely to harbor regulatory elements. 

 

Methods 

To avoid duplicate identification of exons and introns, this analysis focused on genes with a 
single transcript. Single transcript genes and gene structures were identified and retrieved from 
Ensembl (http://www.ensembl.org; build 34). Ensembl's Perl modules were used to obtain exon 
and intron lengths for all single transcript genes in the human genome. All introns were 
evaluated individually and required to be at least 20 bp long to ensure sufficient splicing signals 
were present [16] and to avoid systematic errors based upon automated annotation methods. To 
further increase our confidence in annotated gene structure, only introns with canonical splice 
donor and acceptor sites were utilized in the analysis. A local MySQL database was built to store 
all relevant information including the lengths of first, internal and last introns and exons for each 
gene. The sequences for each feature were retrieved using Ensembl's Perl modules and stored 
locally. Due to the large sample size and unknown distributions nonparametric tests were used to 
assess significance in the intron and exon lengths. The R statistical analysis package was used to 
perform the statistical analyses. Only p-values of less than 0.05 were considered significant. 

To assess GC content, introns and exons were first partitioned into three categories: short, 
intermediate and long. For all classes evaluated (e.g., first introns, first exons, etc.) the categories 
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were defined such that the longest third of all elements in the class were classified as long. The 
same procedure was used to define the short categories, with the remaining elements classified as 
intermediate. Multiple thresholds were explored using this method, all of which yielded nearly 
identical results. Further partitioning was performed on all three categories of first exons to allow 
comparisons of the untranslated and coding portions separately. 

 

Results and discussion 

Previously published results provided a general view about intron-exon structures, but limitations 
in the datasets analyzed including quality, redundant transcripts, and lack of coverage of the 
entire genome make accurate interpretation of their findings difficult [4, 9, 11, 12, 13, 14, 21]. 
Although several resources are available that annotate and display genome-scale data [17, 18, 
19], the Ensembl gene model was utilized in this analysis because of the high specificity of gene 
annotations [17]. Although Ensembl's gene models exhibit high specificity, the accuracy of bona 
fide first exon annotation is almost certainly not perfect. However, based upon a single method 
of first-exon identification developed by Davuluri et al. [20], they were able to identify first 
exons with 88% accuracy. Hence it is expected that Ensembl's gene model using multiple 
sources of evidence to evaluate first exons, can out perform this. 

The results reported in this manuscript are based upon all single transcript human genes 
annotated in Ensembl's database. These analyses were also performed using the complete 
complement of genes (i.e., those with single and multiple transcripts) with similar results (data 
not shown). There are a total of 23,531 genes in the Ensembl database, of which 18,154 are 
comprised of a single transcript. 

 
Intron lengths 

To avoid ambiguity in assessing differences among first, internal and last introns in the study, 
only 9,499 single transcript genes with at least three introns were utilized. The length of introns 
at different positions (first, last) were compared to the median intron length for each gene. 
Significant results were found for the first intron, indicating that on average, first introns are 
longer than other introns. These results agree with previously published analyses focused on 
chromosomes 21 and 22 [11]. 

Tabulated results for each human chromosome are shown in Tab. 1. Based upon the sign-test and 
Fisher's exact test, first introns were found to be longer than median length introns more often 
than expected at random (p<0.05). The only exceptions were chromosomes 21 and Y. Although 
these two chromosomes have more long first introns than short first introns, the sample size is 
insufficient for statistical significance. Unlike the analysis of first introns, no statistically 
significant difference was found in the lengths of other intron classes (second, last; data not 
shown). The relative difference in length between first introns and the median intron length is 
8.9. Our study also observed that intron length decreased with respect to their position in most 
genes (data not shown), in agreement with previously published results [14]. No specific reason 
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was identified that explained the increased length observed in first introns. In particular, the 
relative prevalence of repeated elements (LINES, SINES, etc.) was the same in all intron classes. 

Table 1: Comparison of first intron length to median intron length. 

Chromosome N (Genes) 
First intron length 
< 
median intron length

First intron length 
= 
median intron length

First intron length 
> 
median intron length

Chr1 979 268 0 711 

Chr2 647 201 0 446 

Chr3 511 157 0 354 

Chr4 404 110 0 294 

Chr5 444 149 0 295 

Chr6 469 126 0 343 

Chr7 426 124 1 301 

Chr8 332 97 0 235 

Chr9 345 100 1 244 

Chr10 343 108 0 235 

Chr11 595 168 1 426 

Chr12 529 137 0 392 

Chr13 137 48 0 89 

Chr14 268 74 0 194 

Chr15 332 95 0 237 

Chr16 433 143 0 290 

Chr17 588 163 0 425 

Chr18 137 39 0 98 

Chr19 651 210 0 441 

Chr20 259 66 1 192 

Chr21 94 36 0 58 

Chr22 191 56 0 135 

ChrX 342 101 0 241 

ChrY 43 17 0 26 

Total 9499 2793 4 6702 

The third, fourth and fifth columns present the number of genes observed with first intron 
length shorter than, equal to or longer than the median intron length. 
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However, we hypothesize that long first introns facilitate increased regulatory complexity. 
Specifically, we present two separate rationales for how long introns may increase regulatory 
complexity. The first hypothesis is that longer first introns can harbor (and evolve) additional 
transcription factor binding sites. This hypothesis is supported by the identification of regulatory 
elements in the first intron [15]. The second rationale for increased regulatory complexity is that 
longer first introns present the ability for development of new transcription initiation sites - 
additional promoters and first exons that could be utilized under different conditions. Such new 
promoters could then add further levels of regulatory control. This rationale matches well with 
the evolutionary advantage of introns in general. 

 
Exon lengths 

A similar analysis was performed looking for length bias in first and last exons. To avoid 
ambiguity in classification only the 12,224 single-transcript genes with at least 3 exons were 
used in this analysis. Both the first and last exon length was compared to the median exon length. 
No significant bias in first exon length was observed. However, statistically significant results 
were observed for a difference in exon length when comparing last exons to the median exons. 
This is likely related to the presence of long 3' UTR sequences. 

 
Relationship between first, internal and last introns and GC content 

GC content was classified with respect to intron length by partitioning introns into categories by 
length: short, intermediate and long. Virtually no difference was observed between internal and 
last introns. Long introns were observed to contain lower GC content across first, internal and 
last introns, and vice-versa (Fig. 1a). In fact, internal and last introns exhibited nearly identical 
GC content across all three length categories. However, first introns tended to have a higher GC 
content - particularly in short first introns. 

 
Assessment of GC content in first, internal and last exons 

Fig. 1b shows the GC content of first, internal and last exons with respect to exon length. First 
exons were also sub-classified into non-coding (5' UTR) and coding (CDS) regions. Exons were 
divided into short, intermediate and long exons depending on their lengths as described in the 
methods. 
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Figure 1: GC content comparisons. (a) Comparison of GC content to intron length, (b) 
comparison of GC content to exon length. Untranslated and coding portions of the first exons are 
presented, along with the complete first exon.  

 

Higher GC content was observed in the first exons than in either the internal or last exons. This 
is in agreement with a previous study by Majewski and Ott in which they observed an 
overrepresentation of the CpG dinucleotide in both the promoter and first exon [15]. Even more 
striking, the average GC content in the 5' untranslated region (UTR) of first exons averaged over 
60% (significantly higher than the coding portion of the first exons, or indeed of the GC content 
of internal and last exons) as indicated in Fig. 1b. Although the last and internal exons exhibit 
similar GC content, they displayed opposing trends with GC content increasing with exon length 
for internal exons, but decreasing with exon length for last exons. The last exon result is not 
surprising, as long last exons are likely to be dominated by AT rich 3' UTR. However, the 
significance of increased GC in long internal exons is unknown. 

 
 

Conclusion 

The results presented confirm earlier indications that gene structures near the start of 
transcription are compositionally distinct. Specifically, that first introns are typically longer than 
other introns and that first exons - particularly the non-coding portions - are more GC rich that 
other exons. These results offer intriguing hints into the regulatory potential contained in first 
exons and introns in addition to the canonical promoter. 
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