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Abstract 

Despite the fact that introns mean an energy and time burden for eukaryotic cells, they play an irreplaceable role 
in the diversification and regulation of protein production. As a common feature of eukaryotic genomes, it has been 
reported that in protein-coding genes, the longest intron is usually one of the first introns. The goal of our work 
was to find a possible difference in the biological function of genes that fulfill this common feature compared 
to genes that do not. Data on the lengths of all introns in genes were extracted from the genomes of six vertebrates 
(human, mouse, koala, chicken, zebrafish and fugu) and two other model organisms (nematode worm and arabidop-
sis). We showed that more than 40% of protein-coding genes have the relative position of the longest intron located 
in the second or third tertile of all introns. Genes divided according to the relative position of the longest intron 
were found to be significantly increased in different KEGG pathways. Genes with the longest intron in the first tertile 
predominate in a range of pathways for amino acid and lipid metabolism, various signaling, cell junctions or ABC 
transporters. Genes with the longest intron in the second or third tertile show increased representation in pathways 
associated with the formation and function of the spliceosome and ribosomes. In the two groups of genes defined 
in this way, we further demonstrated the difference in the length of the longest introns and the distribution of their 
absolute positions. We also pointed out other characteristics, namely the positive correlation between the length 
of the longest intron and the sum of the lengths of all other introns in the gene and the preservation of the exact 
same absolute and relative position of the longest intron between orthologous genes.
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Introduction
Four distinct types are recognized among introns, gen-
erally defined as sequences within genes that are subse-
quently excised from the corresponding RNA transcripts 
[1, 2]. These are the so-called group I and group II self-
splicing introns, transfer RNA introns and spliceosomal 
introns. Spliceosomal introns, which are the focus of this 
work, are excised from precursor mRNAs by spliceo-
some, a special ribonucleoprotein complex [3]. Introns of 
this type were found in the nuclear genomes of all rep-
resentatives of the Eukarya domain investigated so far, 
but were not observed in any of the representatives of the 
other two domains – Bacteria and Archaea [4]. Part of a 
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research devoted to introns is therefore focused mainly 
on clarifying questions about the origin and evolution of 
introns, another part is mostly concerned with unrave-
ling the biological functions of introns in the genes of 
extant species.

As part of a long-standing scientific discussion, three 
main scenarios for the origin and evolution of introns 
have been formulated [4–8]. The introns-early the-
ory assumes that introns were present in the common 
ancestor of all three domains of life—the last universal 
common ancestor (LUCA)—and were subsequently elim-
inated in the genomes of all representatives of bacteria 
and archaea. Similarly, some groups of eukaryotic organ-
isms mainly lost introns, resulting in large differences in 
the number of introns embodied in the genomes of rep-
resentatives living today.

In contrast, the introns-late theory places the origin of 
spliceosomal introns at a much later time, between the 
common ancestors of all modern eukaryotic organisms. 
The number of introns increased differently in diverse 
lineages mainly by the mechanism of reverse splicing and 
the insertion of transposable elements.

The third variant was brought by the theory called 
introns-first, which infers the presence of introns already 
at the very beginning of the creation of genes, even before 
the creation of DNA, in an environment in which all pro-
cesses of transmission and implementation of hereditary 
information were mediated and controlled by RNA mol-
ecules, the so-called RNA world [9, 10].

The number and size of introns exhibit a great variabil-
ity between the genomes of different present-day organ-
isms. It was calculated that in the genomes of organisms 
with a lower intron density (approximately up to 3 
introns per 1 kilobase pair, kbp) shorter introns (with an 
average length of about 75 bp) occur, without a signifi-
cant correlation between density and length. On the con-
trary, in organisms with a higher density of introns, the 
positive correlation between density and length is already 
significant [8]. Among the so-called intron-poor organ-
isms are a number of unicellular organisms, including, 
for example, the yeast Saccharomyces cerevisiae (with 
a density of about 0.05 introns per gene and an average 
length of 256 bp) [11]. The genomes of all vertebrates 
belong to the intron-rich group, of which the genomes of 
mammals show the highest density and length of introns 
(approximately 8 introns per gene with an average length 
of around 6 kbp) [6, 12]. In intron-rich organisms, we can 
find a great variability in the number and size of introns, 
even among individual genes.

As a general rule for most eukaryotic species stud-
ied, the first intron is the longest intron in a given gene. 
This rule is even more pronounced when the first intron 
is located in the 5’ UTR region of the gene [13]. One of 

the reasons for the exceptional status of the first introns 
in a gene may be their increased association with affect-
ing gene expression, which has already been suggested 
in analyses of various eukaryotic species [14, 15]. This 
phenomenon is often referred to as intron-mediated 
enhancement (IME) and it has even been suggested that 
introns with such a function could be used to activate 
gene expression in gene therapy [16].

Although data from whole-genome sequencing of a 
number of organisms are already available, their inter-
pretation is still ongoing and incomplete. Also, some 
genomic characteristics have not yet been studied in 
detail in the literature. At the beginning of our work, we 
asked ourselves this question: What is the actual percent-
age of genes that fulfill the above-mentioned characteris-
tic, i.e. that the longest intron in a gene is located among 
the first introns? In our initial work on a selection of pro-
tein-coding genes of the human genome, we showed that 
approximately 64% of the genes have the longest intron in 
the  1st tertile of all introns in the gene, while 19% in the 
second and 17% in the third. Notable peaks were seen at 
the position in the middle of the gene and the last intron 
(5 and 6%, respectively) [17]. It was therefore clear that a 
non-negligible number of genes do not have the longest 
introns in the first positions. Consequently, we asked the 
second question: Do genes that have the longest intron 
in the  2nd or  3rd tertile of all introns show any specific 
functional characteristics compared to genes that have 
the longest intron in the  1st tertile? Such a relationship 
was implied in our aforementioned work on a subset of 
human genes. An example of DNA repair genes, among 
which there is a significantly higher representation of 
genes with the longest intron in the  2nd or  3rd tertile, was 
demonstrated for human genes.

In this follow-up work, we set ourselves the task of 
finding out whether the relationships between the posi-
tion of the longest intron and the biological function of 
genes have a more general validity among other eukary-
otic organisms. Our analyses were therefore performed 
on genome-wide data from six representatives of verte-
brates, as the group with the largest volume of biologi-
cal knowledge, and two representatives of more distant 
model organisms as outgroups. We bring some new 
information about the longest introns in genes with a 
broader validity in this article.

Materials and methods
Primary data and species
Available data on all protein-coding genes of a given 
organism were downloaded from the Ensembl database 
(https:// www. ensem bl. org/ index. html; Release 109) 
[18], from which the lengths of all introns were calcu-
lated according to the algorithm described below. The 

https://www.ensembl.org/index.html
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analyzed vertebrates included: human (Homo sapiens), 
mouse (Mus musculus), koala (Phascolarctos cinereus), 
chicken (Gallus gallus), zebrafish (Danio rerio) and fugu 
(Takifugu rubripes). Intron data from a nematode worm 
(Caenorhabditis elegans) and arabidopsis (Arabidopsis 
thaliana) were taken as outgroups. The MANE Select 
and Ensembl Canonical Flag features, which we set as 
selection criteria, has not yet been established for all 
genomes of organisms available in the given database, 
and therefore this characteristics was the main limitation 
for the selection of vertebrate organisms we could test 
(http:// www. ensem bl. org/ info/ genome/ geneb uild/ trans 
cript_ quali ty_ tags. html). Regarding the nematode worm 
data, the main gene isoforms have not yet been identi-
fied for this organism, therefore we analyzed the set of all 
gene transcripts included in the APPRIS system.

Algorithm for calculating the lengths of introns
In the first step, we obtained the positions of the begin-
nings (hereinafter referred to as Exon Start) and ends 
(Exon End) of all exons (coding as well as non-coding 
exons in untranslated regions) in the desired transcripts 
of all protein-coding genes of the tested organism. For 
this, we used a query to the Ensembl database via the 
BioMart tool. In order to evaluate the most representa-
tive transcripts, we used MANE Select flags for Filters 
criteria in the human genome [19]. Considering that 
MANE Select is not available for other genomes, we 
sorted the transcripts in other organisms based on the 
selection of criteria Gene type—protein coding and at the 
same time Ensembl Canonical—only. Among the data 
(Attributes) we queried for each transcript there were: 
Gene stable ID, Gene stable ID version, Transcript Sta-
ble ID, Gene name, Strand, Exon rank in transcript, Exon 
region start (bp) and Exon region end (bp).

In the second step, we used an in-house shell script 
to calculate the lengths of individual introns from the 
obtained data, the code is available in the Supplemen-
tary Information as Introns2.5 (SH Source File) or Sup-
plementary Information S1 (Microsoft Excel File). Genes 
were sorted not by their names (symbols) but by Gene or 
Transcript Stable IDs. We calculated intron lengths in bp 
for genes on the Forward strand according to the formula 
{[Exon(n + 1)Start – Exon(n)End] – 1}; n are positive inte-
gers starting from 1. For genes on the Reverse strand, this 
formula was modified to {[Exon(n)Start – Exon(n + 1)
End] – 1}. The script then created a table with the lengths 
of all introns for each protein-coding gene and searched 
for the position of the longest intron in the gene. In par-
ticular, we used AWK language to perform the following 
steps: 1) Calculate the lengths of the introns; 2) Extract 
Gene names if they were available; 3) Indicate the long-
est intron; 4) Calculate the relative position of the longest 

intron (the ratio of the position of the longest intron to 
the total number of introns in the given gene). Then we 
used Bourne Again Shell (BASH) to create a matrix of 
Gene or Transcript Stable IDs versus the lengths of the 
introns in bp. The script can handle various delimiters 
and require an input file exported from Ensembl BioMart 
query with either Gene Stable ID or Transcript stable ID 
as the main unique identifier. The first seven columns in 
the file must be: (1) Gene stable ID, (2) Transcript sta-
ble ID, (3) Gene name, (4) Strand, (5) Exon rank in tran-
script, (6) Exon region start and (7) Exon region end. The 
primary data about length of introns obtained by this 
algorithm are stored for individual tested organisms in 
Supplementary Information Tables S2-9.

In case the gene contained several introns with the 
same longest value, the longest intron was chosen as 
the one that had the highest absolute position number, 
i.e., position furthest from the 5’ end of the gene. In the 
genomes of tested vertebrates, this situation occurred 
only in less than 0.1% of genes, in nematode worm and 
arabidopsis in less than 1%. The list of genes for which 
this situation occurred is presented in Table S10.

Gene set enrichment analysis (GSEA)
Based on our previous work with the human genome 
and the knowledge that the distribution of the posi-
tions of the longest introns showed three peaks—at the 
beginning, middle and end of the gene, we divided all 
protein-coding genes of the studied organism into those 
containing less than three introns and which contain 
three or more introns [17]. We further divided genes with 
three or more introns into three subgroups according to 
the relative position of the longest intron (defined above). 
Thus, the position of the longest intron in the  1st tertile of 
all introns means that the relative ratio is in the interval 
(0;0.33]. Similarly, for the position of the longest intron in 
the  2nd tertile, it is in the interval (0.33;0.66], and for the 
 3rd tertile in (0.66;1]. In GSEA analyses, three subgroups 
of all protein-coding genes were compared from individ-
ual organisms; these input data for GSEA analyses can be 
obtained from Table S11.

We performed GSEA in parallel using two web plat-
forms – g:Profiler (https:// biit. cs. ut. ee/ gprofi ler/ gost) 
[20] and ShinyGO (http:// bioin forma tics. sdsta te. edu/ go/) 
[21], taking into account the procedure recommended in 
the work of Reimand et al. [22]. With the g:Profiler pro-
gram, we used the option to analyze multiple gene files 
simultaneously (Run as multiquery option), other possi-
ble options for setting the result parameters were left in 
the default settings. The default settings were also left in 
the ShinyGO program. We used the AmiGO 2 project 
(http:// amigo. geneo ntolo gy. org/ amigo/ landi ng) [23] for 
a better navigation in the hierarchical structure of GO 
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terms (Gene Ontology; http:// geneo ntolo gy. org/) [24] in 
the resulting lists of terms and the tool for creating Venn 
diagrams Multiple List Comparator (https:// molbi otools. 
com/ listc ompare. php) [25] for finding common terms 
between these lists.

Random gene lists
For each set of the GSEA input data, we created equally 
large set of control data. The creation of these control 
data proceeded in such a way that all the protein-coding 
genes of the given organism were randomly divided into 
subgroups with the same number of genes as in the sub-
groups of the GSEA input data, where the genes were 
divided according to the relative position of the longest 
intron. The "shuf" command in the Linux operating sys-
tem was used to randomize individual genes into these 
control sets, which are available in Table S12. A basic sta-
tistical comparison of the primary and control data sets 
showed the random selection of genes in the control data.

Analysis of orthologous genes
The analysis of orthologous genes carried out by us 
aimed primarily to demonstrate whether a situation can 
occur between these genes where the same absolute or 
even relative position of the longest intron is preserved. 
Furthermore, we were interested in an approximate esti-
mate of the frequency of this phenomenon and whether 
its localization within the gene, i.e. its relative position, 
can influence any change in the position of the longest 
intron. On the data on protein-coding genes obtained 
for the above-mentioned analyses, we monitored the 
change in the absolute and relative position of the long-
est intron in three subgroups of orthologous genes. From 
the human genes with the longest intron in the  1st,  2nd 
and  3rd tertiles, we randomly selected 20 genes from each 
group and searched for the corresponding orthologous 
genes in the tested vertebrates. Information available in 
the Ensembl database was used to assess the orthologous 
relationship. In cases of the presence of multiple ortholo-
gous genes in one species at the same time, only one of 
them was selected among these genes, according to the 
highest values   for Gene Order Conservation (GOC) 
score and the Whole Genome Alignment (WGA) cover-
age (https:// www. ensem bl. org/ Help/ View? id= 135). Due 
to the random selection of genes, human genes that have 
no described orthologous genes in other vertebrate spe-
cies were also selected for the analysis.

Statistics and visualization
Freely available PAST software package (PAleontological 
STatistics, Natural History Museum, University of Oslo; 
version 4.11; https:// www. nhm. uio. no/ engli sh/ resea rch/ 
resou rces/ past/) was used to evaluate the data using basic 

statistical methods for comparison of several univari-
ate groups (e.g. the Kruskal–Wallis and Mann–Whitney 
pairwise tests). The usual threshold for statistical signifi-
cance (p < 0.05) was accepted. Bonferroni adjustment or 
False Discovery Rate corrections were used during mul-
tiple testing depending on the availability of these cal-
culations in the used programs. Hierarchical clustering 
with average linkage method and subsequent heatmap 
creation was performed in Morpheus web server (Broad 
Institute, Cambridge, USA; https:// softw are. broad insti 
tute. org/ morph eus). Tree-map visualizations of lists of 
GO terms were created with Revigo software (http:// 
revigo. irb. hr/) [26]. KEGG diagrams (Kyoto Encyclopedia 
of Genes and Genomes; https:// www. genome. jp/ kegg/) 
[27] with genes highlighted were created with the help of 
Pathview (https:// pathv iew. uncc. edu/) [28].

Results
More than 40% of protein‑coding genes have the longest 
intron located in the  2nd or  3rd tertiles
Among the six analyzed vertebrate genomes, there is up 
to a two-fold difference in the number of annotated pro-
tein-coding genes, the lowest number in chicken (16,711) 
and the highest in zebrafish (30,153). However, the intron 
density is comparable, i.e. 6 or 7 introns per one gene 
(median). The representation of intronless genes ranges 
from 3% in chicken to 7% in mouse and koala. The per-
centage of genes with three or more introns ranges 
between 73 and 80% in these genomes. Regarding the 
position of the longest intron, the longest intron in the  1st 
tertile had 44% (zebrafish) to 58% (human) of the genes 
with three or more introns. Compared to the tested ver-
tebrates, the intron density value of worm is 5 and the 
percentage of genes with the longest intron in the 1st ter-
tile is only 39%. In arabidopsis, the intron density is even 
lower (3), and genes with three or more introns make up 
only 51% of all protein-coding genes, of which 49% have 
the longest intron lying in the  1st tertile. Table 1 provides 
an overview of the analyzed genomes.

The longest introns located in the  1st tertile of all introns 
in the gene are significantly longer than the longest 
introns in the  2nd or  3rd tertile
By dividing the protein-coding genes into a group with 
the longest intron located in the  1st tertile and a group 
with the longest intron in the  2nd or  3rd tertile, two 
approximately equally numerous groups will be created 
in all tested species. For the two groups of genes defined 
in this way, we compared the lengths of the longest 
introns. In all analyzed genomes of vertebrates and two 
other model organisms, the group with the longest intron 
in the  1st tertile showed significantly longer introns. The 
results of this analysis are shown for selected species in 
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Fig.  1, and numerical values for all species are summa-
rized in Table S13.

The tested groups of genes according to the relative 
position of the longest intron show a different distribution 
of absolute positions
Groups of genes divided by the relative position of the 
longest intron in the  1st versus  2nd or  3rd tertile differ 
in the representation profile of the absolute positions 
of these introns. For all tested species, in the  1st tertile 
group, the percentage of the intron with the absolute 
position No. 1 ranged between 61 and 77%, intron No. 
2 between 15 and 24%, and intron No. 3 between 4 and 
9%. In the  2nd or  3rd tertile group, no introns with the 
absolute position No. 1 were present and the percent-
age representation of the longest introns with the abso-
lute position No. 2, 3, 4, 5, 6 and 7 was in the range of 
13–21%, 17–24%, 13–17%, 10–12%, 7–9% and 6–7%, 
respectively. Histograms showing the described distribu-
tions are shown for selected species in Fig. 2, the calcu-
lated values are disclosed for all species in Table S14.

All tested species showed a positive correlation 
between the lengths of the longest introns and lengths 
of all other introns in genes
A correlation analysis between the variables – the length 
of the longest intron and sum of the lengths of all other 
introns in the gene – was performed. Firstly, all protein-
coding genes in genomes were evaluated together. Cor-
relation coefficients (Spearmen’s rs) ranged from 0.72 
to 0.8 (P values less than 0.0001) for all vertebrates and 
nematode worm. These values can be interpreted as a 
strong association. In arabidopsis, the same coefficient 
had a value of 0.33 (P < 0.0001). This result expresses 
only a weak relationship. Secondly, the two subgroups – 
 1st versus non-1st tertile – were evaluated separately. A 

similar correlation patterns as well as coefficient values 
were detected for both subgroups as for the sets with all 
genes. Specific differences can be observed in the indi-
vidual scatter plots, which are related to different lengths 
of introns in evolutionarily more distant groups (Fig. 3). 
However, a positive correlation between the two vari-
ables can be considered a general trend, although it was 
stronger in animals than in the one member of plants 
tested.

Genes divided according to the relative position 
of the longest intron show increased representation 
in different KEGG pathways
GSEA analyses were performed separately for genes with 
one and two introns and for genes with three or more 
introns. Between the significant results for the individual 
tested organisms, their intersections were further sought 
with the intention of defining the most general trend. The 
koala was excluded from these analyses because this spe-
cies still lacks sufficient data in the Gene Ontology and 
KEGG pathways databases.

For genes with one or two introns, only one signifi-
cantly increased KEGG pathway—Neuroactive ligand-
receptor interaction—was found common to all 5 tested 
vertebrates. The Cytokine-cytokine receptor interaction 
pathway was significant for 3 vertebrates (human, mouse 
and zebrafish).

For genes with three or more introns, the same two 
subgroups as in the previous analyses were tested – 
genes with the longest intron in the  1st versus  2nd or  3rd 
tertile. Intersections between the results in individual 
species showed that the  1st tertile group is most gen-
erally characterized by the following pathways: ABC 
transporters, Arginine and proline metabolism, Calcium 
signaling pathway, Endocytosis, Glycerolipid metabo-
lism, Glycerophospholipid metabolism, Inositol phosphate 

Table 1 Overview of analyzed genomes

tr Transcripts
a among genes with 3 and more introns

Number (Percentage) Human Mouse Koala Chicken Zebrafish Fugu Worm Arabidopsis

Protein-coding genes 19,060 (100) 21,959 (100) 19,832 (100) 16,711 (100) 30,153 (100) 21,383 (100) 27,811 tr. (100) 27,628 (100)

Intron density (average/median) 10/7 9/6 8/6 10/7 9/6 9/6 6/5 4/3

Intronless genes 1024 (5) 1478 (7) 1466 (7) 563 (3) 1406 (5) 989 (5) 763 (3) 5779 (21)

Genes with 1 intron 1352 (7) 2144 (10) 2161 (11) 1530 (9) 2567 (9) 1942 (9) 2380 (9) 4556 (16)

Genes with 2 introns 1408 (7) 1877 (9) 1805 (9) 1317 (8) 2748 (9) 1900 (9) 3339 (12) 3223 (12)

Genes with 3 and more introns 15,276 (80) 16,460 (75) 14,400 (73) 13,301 (80) 23,432 (78) 16,552 (77) 21,329 (77) 14,070 (51)

Relative position of the longest introna

1st tertile 8873 (58) 9368 (57) 7965 (55) 7284 (55) 10,384 (44) 8929 (54) 8217 (39) 6860 (49)

2nd tertile 3201 (21) 3651 (22) 3135 (22) 2875 (22) 5545 (24) 3482 (21) 6132 (29) 3908 (28)

3rd tertile 3202 (21) 3441 (21) 3300 (23) 3142 (24) 7503 (32) 4141 (25) 6980 (33) 3302 (23)
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metabolism, Purine metabolism, and Sphingolipid metab-
olism. All these pathways were found in the intersection 
of at least six tested organisms, at least one of which was 
a representative from the outgroups. Significantly, the 
pathways Spliceosome, Ribosome, Proteasome, and Ribo-
some biogenesis in eukaryotes are characteristic for the 
genes with the longest intron in the  2nd or  3rd tertile. For 
these pathways, we found a match in all seven tested 
organisms for Spliceosome, for the others there was a 
match in at least five organisms, at least one of which was 
from outgroup species. The results of GSEA analyses and 
their visualization are presented in Table S15 and Fig. 4.

Genes with the longest intron in the  2nd or  3rd tertile are 
found among all components of the spliceosome
For the Spliceosome pathway, we took a closer look at 
which specific genes belong to the genes with the long-
est intron in the  2nd or  3rd tertile and also in which of the 
tested species this characteristic is preserved. We can 
conclude that all Spliceosome components contain pro-
teins whose genes fall into the mentioned characteristic. 
Seven out of 70 monitored components retained this 
characteristic in all 7 tested organisms and 15 compo-
nents in 6 organisms. Among the most conserved com-
ponents of the spliceosome are: Sm, Lsm, U1-70K, U1C, 
p68, U2B, SF3a, SF3b, Prp8BP, Sad1, Prp38, PRL1, Syf, 
G10, AQR, Y14, THOC, hnRNPs, and SR. Figure 5 pro-
vides a visualization of this analysis for zebrafish.

Control data did not show the same repeatability 
of significant results across organisms as did the genomic 
data
Following the same procedure as for the primary data, 
GSEA analyses were also performed with the control 
gene sets. Due to the nature and amount of tested data, 
some GO terms, but not pathways, were found to be sta-
tistically significant for individual organisms, even for the 
control sets. However, these were always terms other than 
those that were significant in the primary genomic data, 
and above all none of these GO terms was replicated in 
any other of the tested organisms. The recurrence of the 
same GO terms and pathways among different species in 
the primary data is a strong argument for the biological 
significance of the results presented here.

Fig. 1 Comparison of longest intron lengths for genes 
with the longest intron position in the  1st versus  2nd or 3.rd tertile 
for mouse (A), fugu (B) and arabidopsis (C). The median is shown 
with a horizontal line inside the boxes. In all species, there 
is a significant statistical difference between the two tested groups 
(p < 0.0001, Mann–Whitney test)
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A phenomenon where the same absolute and relative 
position of the longest intron is preserved 
among orthologous genes is rare
From 60 randomly selected human genes and their 
respective orthologous genes in 5 other vertebrate rep-
resentatives, we demonstrated the preservation of the 
same absolute position of the longest intron in 3 genes 
(ACAP2, LMCD1 and NPAS4). In all these cases, it was 
the first intron in the gene. From the point of view of the 
relative position of the longest intron, we observed the 
preservation of exactly the same value among all found 
orthologous genes only in 1 gene (NPAS4). We observed 
preservation of the relative position within the same ter-
tile group for 8 genes from the  1st tertile group, 2 genes 
from the  2nd tertile group and no genes from the 3rd ter-
tile group. All genes included in this analysis and moni-
tored values   are recorded in Table  S16, visualization of 
the results is provided in Figure S1.

Fig. 2 Distribution of the longest intron absolute positions in the two 
compared groups of genes defined by the relative positions of these 
introns  (1st versus  2nd or  3rd tertile)

Fig. 3 Scatter plots showing the correlation between the length 
of the longest intron and the sum of the lengths of all other 
introns in the gene. Protein-coding genes in human (A), mouse 
(B), koala (C), chicken (D), zebrafish (E), fugu (F), nematode worm 
(G) and arabidopsis (H) were tested, with overall Spearman rs 
coefficients 0.8, 0.77, 0.79, 0.79, 0.77, 0.72, 0.76 and 0.33, respectively; 
the corresponding P values were less than 0.0001 in all cases
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Discussion
Although longer introns represent an energy and time 
burden for the genetic apparatus of the cell trying to effi-
ciently transfer information from its storage to concrete 
implementation, they perform important and apparently 
irreplaceable tasks in this process. The results of whole-
genome sequencing of many organisms, which have 
recently increased significantly and become freely avail-
able, have enabled our deeper understanding of genome 
organization. Due to the complexity of this issue, how-
ever, there are still many unanswered questions. Our 
work shows the relationship between genes with a certain 
biological function and the location of the longest intron 
within the exon–intron structure of the gene. According 
to the data presented, the differences are evident even 
when the genes are roughly divided into genes with the 
longest intron located in the  1st tertile of all introns and 
genes with the longest intron in the  2nd or  3rd tertile. In 
the first of these two groups, genes from a wide spectrum 
of biological functions, primarily associated with the 

development of more complex multicellular organisms, 
predominate. In the second group, a higher representa-
tion of genes associated with the biogenesis and function 
of the spliceosome and ribosomes can be demonstrated.

The presence of longer introns closer to the 5’ end of 
eukaryotic genes is a well-known phenomenon [13], 
which is explained by a greater occurrence of regula-
tory elements and thus a greater restriction of selectiv-
ity in these introns. There is evidence that longer introns 
in general contain higher densities of conserved sites 
[29] and various regulatory elements [15, 30]. However, 
introns of thousands to tens of thousands of base pairs 
already represent a significant burden for the process of 
transcription and splicing, and therefore other functional 
advantages of this system are sought. Prolonged tran-
scription time in the case of long introns has been pro-
posed as one of the mechanisms influencing the resulting 
gene expression [31].

Splicing of long introns must overcome the prob-
lem of considerable physical distance between the 

Fig. 4 KEGG pathways significantly overrepresented in genes 
with the longest intron in  1st versus  2nd or  3rd tertile of introns

Fig. 5 The Spliceosome pathway in the genome of the model 
organism zebrafish. The genes, which have the longest intron located 
in the  2nd or  3rd tertile of all introns are highlighted in red
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sequences involved. In long introns in invertebrate 
organisms, combined donor–acceptor splicing sites 
(called RP-sites) were detected to an increased extent, 
and a process of gradual removal of smaller sections 
named recursive splicing was proposed [32]. However, 
in long introns of vertebrates, these RP-sites were not 
observed to an increased extent, and therefore modi-
fied solutions were suggested. Shepard et al. [33] recog-
nized an increased amount of SINE and LINE repetitive 
sequences in long introns of vertebrates and proposed 
the formation of multiple hairpins with large loops. 
These hairpins can form compact spatial structures 
facilitating splicing. Kelly et  al. [34] further studied 
other possibilities of recursive splicing in vertebrates 
and found usage of RP-sites with alternative sequences.

It turns out that different exon–intron architecture is 
used by different groups of genes according to the bio-
logical context. If we compare housekeeping genes with 
tissue-specific genes, the length of housekeeping genes is 
significantly smaller [35]. Similarly, genes whose products 
are used in a rapid biological response have lower intron 
density than genes whose products are applied after a cer-
tain time delay [36, 37]. Our results correspond with those 
reported in the work of Schonfeld and colleagues [38]. 
Using a computer model, they showed that the introns 
of essential genes show such specific characteristics that 
essential genes can be defined and distinguished from non-
essential genes. Their work focused primarily on the first 
introns, where they demonstrated that essential genes have 
significantly shorter introns than non-essential genes.

The RNA world theory deals with the explanation 
of the evolutionary development of the exon–intron 
organization of current genes [39]. This theory consid-
ers the existence of RNA and its essential function for 
the transfer of genetic information and its implementa-
tion among the first cells on our planet even before the 
existence of DNA and the function of proteins as cata-
lysts. Among other things, this theory considers the 
irreplaceable role of introns, which also existed already 
at this initial stage [40, 41]. The later incorporation of 
additional introns in the form of transposable elements 
with no initial function for gene expression has created 
a very heterogeneous intron system that is complex to 
understand and reveal from our current situation [5, 
42]. As a consequence, a certain gene architecture most 
likely promotes or suppresses gene evolution [43].

The main limitation of our work is a certain degree of 
simplification given by following only the main isoforms 
of protein-coding genes and neglecting the influence of 
alternative splicing. In addition to the targeted simpli-
fication of the whole situation, our approach was also 
guided by the so far limited amount of knowledge about 
the biological function of other than the main isoforms. 

Therefore, expanding the data to include other gene 
isoforms and more accurately scaling the length of the 
longest introns could be the next direction for follow-
up research. Also, the analysis of the conservation of the 
lengths of the longest introns between orthologous genes, 
which was done in this work only on a limited sample of 
genes, could, with the extension to whole-genome data, 
bring other new and interesting findings in the future.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12864- 024- 10558-x.

Supplementary Material 1. Figure S1: Comparison of the absolute and rela-
tive positions of the longest introns among orthologous genes of 6 verte-
brates. Twenty randomly selected human genes and their corresponding 
orthologs were monitored in each of the groups with the longest human 
intron in the  1st tertile (A),  2nd tertile (B) and  3rd tertile (C).

Acknowledgements
We would also like to thank other colleagues from the Biomedical Center, 
Faculty of Medicine in Pilsen, Charles University, for creating a stimulating 
environment.

Authors’ contributions
P. D.: Conceptualization, Methodology, Validation, Formal analysis, Writing - 
Original Draft, Visualization, Funding acquisition; V. Hl.: Methodology, Program-
ming, Data Analysis, Writing - Original Draft; V. Ha.: Software, Formal analysis, 
Data Curation, Writing - Original Draft; B. H. R.: Software, Formal analysis, Data 
Curation, Writing - Original Draft; P. S.: Writing - Review & Editing, Supervision, 
Funding acquisition;

Funding
This work was supported by the Czech Medical Council, project no. NU21-
07–00247 (to V.Hl.); the Czech Science Foundation, project no. 21-27902S (to 
P.S.); and Grant Agency of Charles University in Prague, program Cooperatio 
“Surgical Disciplines” no. 207043 (to P.S. and P.D.).

Availability of data and materials
The datasets—code as well as all Supplementary Information—generated 
during and/or analysed during the current study are available in the Zenodo 
repository, https:// doi. org/ 10. 5281/ zenodo. 12577 986.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 25 October 2023   Accepted: 24 June 2024

References
 1. William Roy S, Gilbert W. The evolution of spliceosomal introns: patterns, 

puzzles and progress. Nat Rev Genet. 2006;7:211–21.
 2. Hubé F, Francastel C. Mammalian introns: when the junk generates 

molecular diversity. IJMS. 2015;16:4429–52.

https://doi.org/10.1186/s12864-024-10558-x
https://doi.org/10.1186/s12864-024-10558-x
https://doi.org/10.5281/zenodo.12577986


Page 10 of 10Dvorak et al. BMC Genomics          (2024) 25:649 

 3. Gehring NH, Roignant J-Y. Anything but ordinary – emerging splic-
ing mechanisms in eukaryotic gene regulation. Trends Genet. 
2021;37:355–72.

 4. Irimia M, Roy SW. Origin of spliceosomal introns and alternative splicing. 
Cold Spring Harb Perspect Biol. 2014;6:a016071–a016071.

 5. Girardini KN, Olthof AM, Kanadia RN. Introns: the “dark matter” of the 
eukaryotic genome. Front Genet. 2023;14:1150212.

 6. Jeffares DC, Mourier T, Penny D. The biology of intron gain and loss. 
Trends Genet. 2006;22:16–22.

 7. Koonin EV. The origin of introns and their role in eukaryogenesis: a 
compromise solution to the introns-early versus introns-late debate? Biol 
Direct. 2006;1:22.

 8. Rogozin IB, Carmel L, Csuros M, Koonin EV. Origin and evolution of spli-
ceosomal introns. Biol Direct. 2012;7:11.

 9. Müller F, Escobar L, Xu F, Węgrzyn E, Nainytė M, Amatov T, et al. A 
prebiotically plausible scenario of an RNA–peptide world. Nature. 
2022;605:279–84.

 10. Robertson MP, Joyce GF. The origins of the RNA world. Cold Spring Harb 
Perspect Biol. 2012;4:a003608–a003608.

 11. Kupfer DM, Drabenstot SD, Buchanan KL, Lai H, Zhu H, Dyer DW, et al. 
Introns and splicing elements of five diverse fungi. Eukaryot Cell. 
2004;3:1088–100.

 12. Francis WR, Wörheide G. Similar ratios of introns to intergenic sequence 
across animal genomes. Genome Biol Evol. 2017;9:1582–98.

 13. Bradnam KR, Korf I. Longer first introns are a general property of eukary-
otic gene structure. PLoS ONE. 2008;3:e3093.

 14. Jo S-S, Choi SS. Analysis of the functional relevance of epigenetic chro-
matin marks in the first intron associated with specific gene expression 
patterns. Genome Biol Evol. 2019;11:786–97.

 15. Park SG, Hannenhalli S, Choi SS. Conservation in first introns is positively 
associated with the number of exons within genes and the presence of 
regulatory epigenetic signals. BMC Genomics. 2014;15:526.

 16. Rose AB. Introns as gene regulators: a brick on the accelerator. Front 
Genet. 2019;9:672.

 17. Dvorak P, Hanicinec V, Soucek P. The position of the longest intron is 
related to biological functions in some human genes. Front Genet. 
2023;13:1085139.

 18. Cunningham F, Allen JE, Allen J, Alvarez-Jarreta J, Amode MR, Armean IM, 
et al. Ensembl 2022. Nucleic Acids Res. 2022;50:D988–95.

 19. Morales J, Pujar S, Loveland JE, Astashyn A, Bennett R, Berry A, et al. A 
joint NCBI and EMBL-EBI transcript set for clinical genomics and research. 
Nature. 2022;604:310–5.

 20. Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, et al. 
g:Profiler: a web server for functional enrichment analysis and conver-
sions of gene lists (2019 update). Nucleic Acids Res. 2019;47:W191–8.

 21. Ge SX, Jung D, Yao R. ShinyGO: a graphical gene-set enrichment tool for 
animals and plants. Bioinformatics. 2020;36:2628–9.

 22. Reimand J, Isserlin R, Voisin V, Kucera M, Tannus-Lopes C, Rostamianfar 
A, et al. Pathway enrichment analysis and visualization of omics data 
using g:Profiler, GSEA. Cytoscape and EnrichmentMap. Nat Protoc. 
2019;14:482–517.

 23. Carbon S, Ireland A, Mungall CJ, Shu S, Marshall B, Lewis S, et al. 
AmiGO: online access to ontology and annotation data. Bioinformatics. 
2009;25:288–9.

 24. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene 
ontology: tool for the unification of biology. Nat Genet. 2000;25:25–9.

 25. Jia A, Xu L, Wang Y. Venn diagrams in bioinformatics. Brief Bioinform. 
2021;22:bbab108.

 26. Supek F, Bošnjak M, Škunca N, Šmuc T. REVIGO summarizes and visualizes 
long lists of gene ontology terms. PLoS ONE. 2011;6:e21800.

 27. Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M. 
KEGG: integrating viruses and cellular organisms. Nucleic Acids Res. 
2021;49:D545–51.

 28. Luo W, Pant G, Bhavnasi YK, Blanchard SG, Brouwer C. Pathview Web: user 
friendly pathway visualization and data integration. Nucleic Acids Res. 
2017;45:W501–8.

 29. Shin S-H, Choi SS. Lengths of coding and noncoding regions of a gene 
correlate with gene essentiality and rates of evolution. Genes Genom. 
2015;37:365–74.

 30. Majewski J, Ott J. Distribution and characterization of regulatory ele-
ments in the human genome. Genome Res. 2002;12:1827–36.

 31. Swinburne IA, Miguez DG, Landgraf D, Silver PA. Intron length increases 
oscillatory periods of gene expression in animal cells. Genes Dev. 
2008;22:2342–6.

 32. Burnette JM, Miyamoto-Sato E, Schaub MA, Conklin J, Lopez AJ. Subdivi-
sion of large introns in Drosophila by recursive splicing at nonexonic 
elements. Genetics. 2005;170:661–74.

 33. Shepard S, McCreary M, Fedorov A. The peculiarities of large intron splic-
ing in animals. PLoS ONE. 2009;4:e7853.

 34. Kelly S, Georgomanolis T, Zirkel A, Diermeier S, O’Reilly D, Murphy S, et al. 
Splicing of many human genes involves sites embedded within introns. 
Nucleic Acids Res. 2015;43:4721–32.

 35. Vinogradov AE. Compactness of human housekeeping genes: selection 
for economy or genomic design? Trends Genet. 2004;20:248–53.

 36. Jeffares DC, Penkett CJ, Bähler J. Rapidly regulated genes are intron poor. 
Trends Genet. 2008;24:375–8.

 37. Heyn P, Kalinka AT, Tomancak P, Neugebauer KM. Introns and gene 
expression: cellular constraints, transcriptional regulation, and evolution-
ary consequences. Bioessays. 2015;37:148–54.

 38. Schonfeld E, Vendrow E, Vendrow J, Schonfeld E. On the relation of gene 
essentiality to intron structure: a computational and deep learning 
approach. Life Sci Alliance. 2021;4.

 39. Gilbert W. The RNA world. Nature. 1986;319:618.
 40. Fedorov A, Fedorova L. Introns: mighty elements from the RNA world. J 

Mol Evol. 2004;59:718–21.
 41. Penny D, Hoeppner MP, Poole AM, Jeffares DC. An overview of the 

introns-first theory. J Mol Evol. 2009;69:527–40.
 42. Roy SW, Fedorov A, Gilbert W. The signal of ancient introns is obscured 

by intron density and homolog number. Proc Natl Acad Sci USA. 
2002;99:15513–7.

 43. Kandul NP, Noor MA. Large introns in relation to alternative splicing 
and gene evolution: a case study of Drosophila bruno-3. BMC Genet. 
2009;10:67.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Genes divided according to the relative position of the longest intron show increased representation in different KEGG pathways
	Abstract 
	Introduction
	Materials and methods
	Primary data and species
	Algorithm for calculating the lengths of introns
	Gene set enrichment analysis (GSEA)
	Random gene lists
	Analysis of orthologous genes
	Statistics and visualization

	Results
	More than 40% of protein-coding genes have the longest intron located in the 2nd or 3rd tertiles
	The longest introns located in the 1st tertile of all introns in the gene are significantly longer than the longest introns in the 2nd or 3rd tertile
	The tested groups of genes according to the relative position of the longest intron show a different distribution of absolute positions
	All tested species showed a positive correlation between the lengths of the longest introns and lengths of all other introns in genes
	Genes divided according to the relative position of the longest intron show increased representation in different KEGG pathways
	Genes with the longest intron in the 2nd or 3rd tertile are found among all components of the spliceosome
	Control data did not show the same repeatability of significant results across organisms as did the genomic data
	A phenomenon where the same absolute and relative position of the longest intron is preserved among orthologous genes is rare

	Discussion
	Acknowledgements
	References


