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Selection for short introns in highly expressed genes
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Transcription is a slow and expensive process: in eukaryotes,
approximately 20 nucleotides can be transcribed per second’:2
at the expense of at least two ATP molecules per nucleotide3.
Thus, at least for highly expressed genes, transcription of long
introns, which are particularly common in mammails, is costly.
Using data on the expression of genes that encode proteins in
Caenorhabditis elegans and Homo sapiens, we show that

introns in highly expressed genes are substantially shorter than
those in genes that are expressed at low levels. This difference
is greater in humans, such that introns are, on average, 14
times shorter in highly expressed genes than in genes with low
expression, whereas in C. elegans the difference in intron
length is only twofold. In contrast, the density of introns in a
gene does not strongly depend on the level of gene expression.

Thus, natural selection appears to favor short
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introns in highly expressed genes to minimize the
cost of transcription and other molecular
processes, such as splicing.

Introns are ubiquitous in eukaryotes, although

their sizes vary considerably within a genome as
well as between different species®. Some of the
largest introns are found in the human genome,
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where the total length of intron sequences in a gene
often reaches tens of thousands of nucleotides’
such that transcription of a single gene requires
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several minutes and thousands of ATP molecules.
Mutational preference for deletions may be the sole
control on intron size®’. Given the high cost of

.

transcription, however, one might expect that nat-
ural selection would favor shorter and fewer
introns, especially in genes that, occasionally or
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constitutively, are expressed at a high level.

To assess gene expression in C. elegans, we used
data generated by whole-genome analysis, using
microarrays®. On the basis of the abundance of
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expressed sequence tags (ESTs) in available EST
libraries, we obtained expression data for human
genes. We related the expression of genes in the
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nematode and human to available data on gene
structure. Genes expressed at low levels contained
a diversity of intron lengths, whereas most highly
expressed genes had only short introns (Fig. 1),
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such that average intron length was significantly
shorter in the highly expressed genes (Fig. 2;
Table 1). The difference between genes expressed

average intron length (nt)

DIV P

at high and low levels was equally pronounced
when we compared the median intron lengths
(data not shown). The magnitude of the difference
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in average intron length between genes expressed
at high and low levels is much greater in humans
than in nematodes (a factor of 14 compared with a
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Fig. 1 Scatter plots of the average intron length in a gene versus gene expression. a, Genes

from C. elegans. b, Genes from H. sapiens. p.p.m., parts per million.
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factor of 2), perhaps because the introns in human
genes are generally longer. The length of introns in
human genes declines steadily as the rate of
expression increases, and the same pattern occurs
in C. elegans, although it is less pronounced (Fig. 2;
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Table 1). In C. elegans, there is also a notable dependence
between expression and total exon length, in agreement with
previous reports®~'1; this dependence was much weaker and not
statistically significant among human genes (Fig. 2; Table 1).

We also tested the hypothesis that highly expressed genes are
under selection for lower intron density (number of introns per
unit of coding sequence length) compared with genes expressed
at low levels. Taking gene length into account, we determined the
average intron density for genes with different expression levels
and could detect no clear relationship between intron density
and expression (data not shown).

Highly expressed genes from both species were enriched for ribo-
somal proteins (60% and 40% of the highly expressed genes in
human and nematode, respectively). The remaining genes that
were highly expressed showed a broad spectrum of functions,
although in C. elegans, the set of highly expressed genes was
enriched for those encoding secreted proteins and structural com-
ponents of the cuticle, comprising approximately 20% of the highly
expressed gene set (see URL listings in Methods). To eliminate the
possibility that short introns are primarily characteristic of riboso-
mal protein genes, we repeated the analysis after removing these
genes from the highly expressed gene sets of both species. This did

not significantly affect the observed rela-
tionship between expression and intron

length (P > 0.5; Fig. 2).
Pooling EST libraries to estimate the
overall expression of human genes could

bias estimates of gene expression
through the inclusion of normalized
and tumor libraries, the overrepresenta-

tion of certain tissues or both. To
address this possibility, we estimated the

expression of human genes from a col-
lection of non-normalized EST libraries

obtained from healthy brain tissue. The
limited number of ESTs in this collec-
tion hampered extensive analysis; never-
theless, highly expressed genes that were
identified wusing the brain-specific
library contained significantly shorter
introns than genes expressed at lower
levels (data not shown).

Taken together, these observations
indicate that intron length may be sub-
ject to natural selection driven by the
advantage incurred by minimizing the
cost of transcription. This is compatible
with the observation that differences in
intron length between genes expressed

at high and low levels are greater in
humans than in nematodes because
humans have, on average, much longer

introns. In human genes that are highly
expressed, the average intron length is
only about three times as large as that in

nematode genes that are highly
expressed, whereas for genes expressed

at low levels the difference between the

two species was approximately 20-fold.
These observations raise questions

concerning the nature of the selection

acting on intron length. Short introns
may be an ancestral feature of highly
expressed genes, and negative (purify-
ing) selection may act to prevent their
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Fig. 2 Comparison of average intron lengths and total exon lengths in genes with high and low expression.
a, Genes from C. elegans. b, Genes from H. sapiens. Error bars indicate the 95% confidence intervals. We
subdivided the genes for analysis as follows: *, excluding ribosomal protein genes; **, excluding genes

expressed in the germline.
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growth. Alternatively, intron length in
highly expressed genes may have
decreased over evolutionary time
under positive selection. The likeli-
hood of each interpretation depends
on the evolutionary lability of gene
expression in general. For example,
genes encoding ribosomal proteins or
major cytoskeletal proteins, which are
prominent among highly expressed
genes in both humans and nematodes

>2,000 ESTs

nature genetics ¢ volume 31 ¢ august 2002



hl'"-";‘ © 2002 Nature Publishing Group http://genetics.nature.com

letter

Table 1 « Comparison of average intron length and total exon length in genes expressed at different levels?

Average intron length

Total exon length

All genes Excluding Excluding genes All genes Excluding Excluding genes
ribosomal expressed in the ribosomal expressed in the
protein genes germline protein genes germline

C. elegans genes
<40 p.p.m. 224.0+35 2241 +35 231.1+3.7 1,401.0+ 18 1,401.1 £ 18 1,397.8 + 19.1
versus
40-400 p.p.m. 179.7+7.5 179.7 +7.6 183.6+7.9 953.7 £ 29.9 953.2+29.9 949.3 + 30.8

P<<10710 P<<10710 P<<10710 P<<10710 P<<10710 P<<10710
40-400 179.7+7.5 179.7 +7.6 183.6+7.8 953.7 £ 29.9 953.2+29.9 949.3 + 30.8
versus
>400 p.p.m. 113.7+9.7 119.2+134 116.4+9.9 636.5 +48.5 824.1 + 109.9 639.2 + 50

P <0.0079 P<0.0426 P<0.0135 P<28x106 P<0.180 P<7.9%x10%
H. sapiens genes
<200 EST hits 4,807.0 £ 50.0 4,818.2 +86.0 data not 1,135.3+32.7 1,138.6 £ 55.9 data not
versus available available
200-2,000 EST hits 2,153.2 + 140.9 2,366.0 + 158.2 1,122.6 £31.9 1,211.0+35.3

P<<10710 P<<10710 P<0.612 P <0.0023
200-2,000 EST hits ~ 2,153.2+140.9  2,366.0 + 158.2  data not 1,122.6 £ 31.9 1,211.0 £ 35.3 data not
versus available available
>2,000 EST hits 342.5 +65.2 476.1 + 65.5 776.8 7.1 859.6 +7.1

P<<10710 P<<10710 P <0.058 P < 0.0566

aWe used the Mann-Whitney U-test to determine significance. The upper and lower bounds are s.e.m.

(see URL listings in Methods), are probably highly expressed
throughout the Eukaryota and, accordingly, probably had
ancestrally short introns!'2. In contrast, genes with more spe-
cific functions may have attained a high expression relatively
recently and experienced a subsequent reduction in intron
length as the result of positive selection.

The prevalence of transposable elements in the human lineage
indicates that the shorter length of introns in highly expressed
genes may be due to selection against transposable-element
insertion. This explanation seems plausible because, if fitness is a
function of intron size, negative selection would most efficiently
eliminate large insertions, such as those of transposable ele-
ments. We determined the content of transposable elements in
introns from 382 highly expressed human genes and a random
sample of 382 genes expressed at low levels. An average of 16%
and 35% of introns, respectively, contained transposable ele-
ments. When the sequences that were related to transposable ele-
ments were removed from the introns of the two gene sets,
however, the average length of the remaining intron sequences in
highly expressed genes was still significantly shorter than that in
the genes expressed at low levels (912 and 3,208 bp, respectively).
Thus, although there is a substantial difference in the content of
transposable elements in introns depending on the expression of
a gene, selection against transposable-element insertions does
not completely explain differences in intron length between
genes with different levels of expression. Apparently, natural
selection must also act on mutational events unrelated to trans-
position through negative selection against insertions, through
positive selection for deletions in the introns of highly expressed
genes or through both mechanisms.

In principle, mutational biases towards deletion com-
bined with an increased mutation rate in highly transcribed
genes'®!” could produce the observed relationship between
intron length and expression. Such a combination of mutational
biases cannot, however, fully explain the above observations
because it can account for shorter introns only in genes that are
highly expressed in the germline. In C. elegans, a relatively small
percentage of genes is actively expressed in the germline!8, and
these genes account for only 6% (412 of 5,905) of the genes
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examined in this study. Exclusion of all germline genes from the
data does not significantly affect the results (Fig. 2a; Table 1). In
addition, the functional features of many genes in the highly
expressed sets, such as those encoding cuticle components and
other extracellular proteins in the nematode, indicate that their
active expression may be required in somatic tissues rather than
in the germline.

As there is an apparent selection for shorter introns in highly
expressed genes and as many of these genes belong to families
of paralogs (see URL listings in Methods) that might have
evolved, at least in part, by means of retrotransposition, it
seems unexpected that highly expressed genes in humans and
nematodes are not enriched for intronless genes. In humans,
the proportion of intronless genes among genes expressed at
high and low levels is similar: 22.0% and 22.4%, respectively;
the corresponding values for the nematode are 3.2% and 1.7%.
Thus, it seems that short introns, but not the absence or loss of
introns, are favored by natural selection in highly expressed
genes. This pattern might be explained, in part, by functional
constraints on introns at the level of gene regulation. For
example, it has been shown that splicing, which only occurs in
transcripts that contain introns, is linked to the nucleocyto-
plasmic transport of mRNAs!®.

Factors other than the direct cost of transcription might also
affect intron length. One possibility is that the energetic cost, rate
of splicing or both depends on intron length, with short introns
being spliced more efficiently. If such a phenomenon exists, it
would likewise result in selection for short introns in highly
expressed genes. Short introns have a lower rate of recombina-
tion?®2! and a higher guanine and cytosine content?>23, It is not,
however, clear to what extent, if at all, selection has acted to regu-
late intron length in connection with these factors?b22. It has
been suggested that guanine/cytosine-rich introns are shorter
because guanine/cytosine-rich genes tend to be highly
expressed23 . We found no correlation, however, between guanine
or cytosine content and expression in human genes (data not
shown). Additionally, imprinted genes contain short introns®4,
but it remains to be determined whether all of these genes are
highly expressed.
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Natural selection is thought to be important in the evolution
of silent sites in coding regions, resulting in an increased codon
bias and, consequently, a high translational rate of highly
expressed genes?>. Here we argue that selection also acts to lower
the cost of transcription by reducing the length of introns or by
maintaining short introns in highly expressed genes. Future
studies might reveal other selective forces acting in a similar
direction: for example, selection on splicing efficiency.

Methods

Expression data. We obtained expression data for C. elegans from available
microarray experiments carried out at different stages of development®.
Expression data for genes designated ‘absent’ or ‘absent at least once’ at a
particular developmental stage® were discarded and the average expression
was then taken for each gene in the present analysis. We included 5,632
genes in the analysis, including those that were both significantly modulat-
ed and non-modulated through development®.

Using the number of EST sequences in databases that align unequivo-
cally to a given gene, we estimated the expression of 24,382 human genes.
This method gives a reasonably accurate approximation of expression26-28,
We compared the set of human sequences that encode proteins with the
human EST database using the program BLASTN?®. We accepted EST hits
of >400 nt and with >95% identity to a coding region sequence as matches.
If they showed >98% identity, we accepted hits of 100-400 nt, and we dis-
carded hits of <100 nt. Genes (mostly ab initio predictions) for which no
ESTs were detected were not included in the analyses. We obtained all non-
normalized EST libraries from normal human brain tissue with >400 ESTs
through the UniLib site at NCBI (NIH, Bethesda, Maryland) using ‘non-
normalized, ‘normal’ and ‘brain’ as keywords. We obtained sequences that
encode proteins and the data on the number and length of introns from the
nematode and human genome>?° entries at NCBI. For human genes, we
retained only the longest of all overlapping coding sequences (alternative
splice forms) for analysis. To estimate the transposon content of human
genes, we analyzed intron sequences of genes with >500 ESTs (382 genes
total) using the program RepeatMasker, disregarding regions of low com-
plexity. To measure the transposon content of little-expressed genes, we
randomly selected 382 genes with 1-50 EST hits. We obtained 95% confi-
dence intervals for average intron size and total exon size in each expres-
sion class using non-parametric bootstrapping with 1,000 replicates per
class. For the purpose of functional annotation of highly expressed genes,
we compared the respective protein sequences with the nonredundant pro-
tein sequence database at the NCBI by running three iterations of the PSI-
BLAST program?°.

URLs. UniLib, http://www.ncbi.nlm.nih.gov/UniLib/; complete genomes:
ftp://ncbi.nlm.nih.gov/genomes/; RepeatMasker, http:/ftp.genome.wash-
ington.edu/RM/RepeatMasker.html. Gene annotations are available at
ftp://ftp.ncbi.nlm.nih.gov/pub/koonin/expression/.
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