Protist Genomics
Research Article • DOI: 10.2478/prge-2013-0001 • PRGE • 2013 • 19–24

Patterns of intron sequence conservation in the genus
Tetrahymena
Abstract
Background:
Introns constitute a large fraction of eukaryotic genomes and were once
considered neutrally evolving sequences. Recently, however, some introns
have been found to harbor sequences that are involved in a variety of
regulatory and other functions and show evidence of purifying selection.
Results:
We examine the pattern of sequence divergence among ciliates in the
genus Tetrahymena. We find that on average introns are more highly
conserved than four-fold degenerate sites. Among introns, we find a
correlation between conservation strength and both position rank in the
gene as well as size of the coding region; the most conserved introns are
found closer to the 5’ end of the largest genes.
Conclusion:
Our results indicate that Tetrahymena introns experience selective
constraint, possibly due to harboring regulatory sequences. We advocate
for further experimental study of possible intron functions in Tetrahymena.
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Introduction
Introns, once considered exclusively junk DNA, are now known
to contain various regulatory elements involved in a variety of
aspects of mRNA processing [reviewed in 1]. In addition, introns
may function to enhance meiotic crossing over, as signals for
mRNA export from the nucleus and nonsense-mediated decay,
and as sources of alternative splicing [reviewed in 2]. Thus,
in contrast to the previous expectation that all introns should
evolve neutrally, several studies have found evidence of selective
constraint on intronic sequences [e.g., 3-6].
Previous studies of sequence conservation in introns have
demonstrated that various aspects of intron structure and
composition may affect the rate at which introns evolve. For
example, in Drosophila, long introns evolve more slowly than
shorter ones and introns positioned first within a gene tend
to be longer than non-first introns [7,8]. In primates, long and
first introns evolve more rapidly than short or non-first introns.
However, short first introns have a higher GC content and are
more conserved compared to long first introns [9]. In order to gain
a fuller understanding of the evolutionary constraints on intronic
sequences, it will be instructive to examine the factors that
influence sequence conservation of introns in diverse lineages.
For a variety of reasons, ciliates in the genus Tetrahymena
are good candidates to study the evolutionary pattern in introns.
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T. thermophila is a well-established model system in cellular
and molecular biology [10] whose macronuclear genome has
been sequenced and its genes and coding sequences (CDSs)
annotated [11], making intron identification straightforward.
The genomes of two additional species of Tetrahyemena, T.
malaccensis and T. elliotti, have also been recently sequenced
(Tetrahymena Comparative Sequencing Project, Broad Institute
of Harvard and MIT (http://www.broadinstitute.org)) allowing
across-species comparisons.
Introns in Tetrahymena are, on average, small relative to those
in animals, larger than those in Paramecium [12], and comparable in
size to those in Arabidopsis [11,13]. Like other non-protein-coding
sequences in the Tetrahymena genomes, introns are very AT-rich
(16.3% GC) [11]. Notwithstanding the very famous group-I selfsplicing intron described in T. thermophila [14], almost all nuclear
introns in Tetrahymena are spliceosomal [11]. Here, we compiled
homologous introns from the T. thermophila, T. malaccensis, and T.
elliotti genomes and analyzed their rate of evolution with respect to
various factors of location, composition, and size.

Data and methods
Data
The sequences of all T. thermophila genes (tta1_oct2008_
finalrelease.gene.fsa) and CDSs (tta1_oct2008_finalrelease.cds.
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fsa) were downloaded from http://ciliate.org/index.php/home/
downloads [15]. The unannotated genomes of T. malaccensis
and T. elliotti were downloaded as supercontigs from the Broad
Institute
(http://www.broadinstitute.org/annotation/genome/
Tetrahymena/MultiDownloads.html).
The T. malaccensis and T. elliotti supercontigs were
independently compared with T. thermophila genes using the
default settings of BLASTN, except “-num_alignments 4000”
to ensure capturing all results. Hits from different parts of the
same gene were merged, and hits that covered less than 25%
of a gene were removed. To prevent outparalogs from muddling
the dataset and to ensure data quality, only genes with exactly
one hit in the T. malaccensis genome and which included more
than 70% of the full-length gene were used in later studies.
Sequences with one or more unknown nucleotides (“Ns”) were
also removed.
Each T. thermophila gene was aligned to its T. malaccensis

across the genome, the distance at four-fold degenerate
sites was also calculated. Distance ratios were calculated by
dividing the JC intronic distances by the distances at four-fold
degenerate sites. Distance ratios were log transformed in order
to make the values comparable regardless of whether introns or
four-fold degenerate sites have a larger JC distance. These Log
Distance Ratios (LDR) were used to compare rates of evolution
among introns.

Patterns of nucleotide substitution
Nucleotide substitution frequencies for the 12 different classes
of possible mutations (A to C, A to G, etc.) were determined
using the three species data set. The frequency of mutations
was determined for T. thermophila and T. malaccensis, using T.
elliotti as an outgroup to polarize the changes.

Results

and T. elliotti orthologs by using MUSCLE [16]. To determine
intron positions, gene sequences were aligned with T. thermophila
CDSs. The alignment between gene and CDS was assessed for
splice site “sliding” due to alignment error, and was corrected
based on the observation that all but a few T. thermophila introns
start with “GT” and end with “AG” [11]; we assumed this was
also true for the other species.
To increase the confidence in the correct identification of
introns, we further refined the data set. All first introns in genes
whose 5’ exon is less than 5 bp were removed, because the
annotation of such small first exons is often not reliable. In order
to account for the fact that introns in T. malaccensis and T. elliotti
have not been annotated, introns with a neighboring exon whose
interspecific alignment has less than 80% identity are removed. In
order to account for exons that are present in one species but not
the other, introns with neighboring exons with greater than 90%
gaps were also removed. The remaining introns are referred to
as “eligible introns.” After these procedures, 55,162 introns from
11,594 genes were retained for the T. thermophila-T. malaccensis
pair, and 22,583 introns from 5,355 genes were retained for T.
thermophila-T. elliotti pair. There were 22,110 introns in 5,261
genes shared by all three species. We additionally created a
second sub-set of introns including only those introns that are
supported by EST evidence [17]. This resulted in 13,527 introns
from 2840 genes for T. thermophila-T. malaccensis pair and 7070
introns in 1681 genes for T. thermophila-T. elliotti. The first and
last five nucleotides in each intron were trimmed, in order to
remove positions that are likely to be conserved due to splicing
constraints.
Each intron was categorized based on four criteria: intron
size, size of gene, or its coding sequence, in which the intron
resides, GC content, and positional rank in the intron, defined as
first, middle, last, or only.

Tetrahymena introns
Introns in T. thermophila and T. malaccensis range in length from
21-7880 nt, with a mean length of 132 nt (standard deviation,
157). The average number of introns per gene is 4.8 (4.3). The
average GC content of introns is 15% (4.6%); the GC content of
four-fold degenerate sites is 18% (5.5%) (using only genes with
EST confirmed introns does not change these values).

Intron gain and loss
Because the T. thermophila genome is fairly well annotated, we
are able to estimate the number of intron gains in this lineage
(1) and the number of losses in the T. malaccensis lineage (4),
however this is only in genes whose T. elliotti orthologs can be
retrieved. We are not confident in assessing the alternative (i.e.
losses in T. thermophila and gains in T. malaccensis) due to lower
sequence and annotation quality of the T. malaccensis genome.
Nonetheless, there appear to be very few intron gains and losses
along these lineages.

Correlations among intron types
We found that first and only introns were both longer and more
GC-rich than middle and last introns (Table 1). Only introns are
more frequently found in the 5’ end of the gene (KolmogorovSmirnov test, p<0.05), which may help explain their similarity
to first introns. Larger introns were more GC-rich than smaller
introns (correlation using all eligible introns, R2=0.039,
p<0.0001; using only EST confirmed introns, R2=0.065,
p<0.0001). Genes with larger CDS also tended to have more
introns (R2=0.78, EST confirmed R2=0.59 p<0.0001), which
were less GC-rich (R2=0.010, p<0.0001; EST confirmed,
R2=0.0062, p<0.0001).

Intron sequence conservation
Sequence divergence

The total, concatenated, Jukes-Cantor distance between T.
thermophila and T. malaccensis introns is 0.25 (0.24 for EST
confirmed introns) substitutions per site. The distance for fourfold degenerate sites is 0.38 (0.35) substitutions per site. Thus,

The degree of conservation in introns was measured by the JukesCantor (JC) distance between orthologs from T. thermophila and
T. malaccensis. To account for the effects of rate heterogeneity
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Table 1. Mean length, GC content, and LDR of introns to four-fold degenerate sites categorized by intron positional rank.

Positional rank

Number of introns

Mean length**
(± standard deviation)

Mean GC content**
(± standard deviation)

LDR**
(± standard deviation)

First

8,416, 2122*

157a (165)
165a (165)

0.17a (0.043)
0.172a (0.040)

-0.41a (0.61)
-0.26a (0.61)

Middle

36,337, 8699

126b (154)
131b (164)

0.15b (0.044)
0.146b (0.041)

-0.33b (0.51)
-0.22b (0.52)

Last

8,674, 2213*

122b (142)
126b (151)

0.14c (0.049)
0.136c (0.044)

-0.33b (0.59)
-0.14c (0.59)

Only

1,735, 451

201c (219)
248c (241)

0.17d (0.052)
0.166d (0.046)

-0.39a (0.62)
-0.23ab (0.59)

Numbers in black include all introns, numbers in grey include only EST confirmed introns.
*The inequality between the number of first and last introns is due to some first introns being removed if they flank a very short first exon.
**Entries within a column with different letters are significantly different from one another (t-test with Bonferroni correction).

Figure 1. D
 istribution

of the ratio of intron distances to four-fold degenerate site distances between T. thermophila
T. malaccensis. Log (distance ratio) (LDR) less than zero indicates introns that are more conserved than four-fold degenerate sites.

the log distance ratio (LDR) across the genome was -0.41 (-0.38),
indicating that introns, on average, are more conserved than fourfold degenerate sites. When intron distances are compared only
with four-fold degenerate sites from the same gene, the mean
LDR is -0.34 (-0.22) (standard deviation, 0.54 (0.55)), which is
significantly smaller than zero (z-test, p < 0.0001). This indicates
that introns are more conserved than four-fold degenerate sites
in the gene in which they are found. As seen in Figure 1, however,
there is a huge variation in the degree of conservation in introns
relative to third codon positions.
When we look at the different categories of introns, we
find two patterns that help explain this variation: (1) First and
only introns are more conserved than introns in other positions
(Table 1). Likewise, the closer an intron is to the 5’ end of
the gene or the start codon, the more highly conserved it is
(Figure 2A). And (2) introns in genes with larger CDS are more
conserved than those in shorter genes (Figure 2B). Thus, the
extent of sequence conservation in introns in Tetrahyemena
is positively correlated with CDS size and proximity to the 5’
end of the gene. However, these factors explain only a small
fraction of the variance in the distance ratios between introns
(bivariate regression, R2=0.021).

and

Patterns of nucleotide substitution
The pattern of nucleotide substitutions in introns and four-fold
degenerate sites of codons were determined using sequences
of T. elliotti as an outgroup to polarize the differences between T.
thermophila and T. malaccensis. We find significant differences
in substitution patterns between species in both introns and
four-fold degenerate sites (c2-test, p < 0.0001). However, the
difference in substitution pattern between species is most
pronounced in introns (Figure 3).
Based on these substitution patterns, the expected GC
frequencies at equilibrium are 0.34 and 0.36 for introns in T.
thermophila and T. malaccensis, respectively, and 0.35 and 0.42
for four-fold degenerate sites. These values are much larger than
the current GC content (Table 1) indicating that CG content is
not at equilibrium.

Discussion
In Tetrahymena, we find few instances of intron loss or gain,
and also find that introns are more conserved than four-fold
degenerate sites, suggesting the action of purifying selection
on at least some intronic sequences. The T. thermophila
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Figure 2. T
 he effect of (A) position of intron within a gene and (B) CDS size on intron sequence conservation. (A) Relationship between the fraction
of CDS that is 5’ of an intron location and LDR (regression, R2=0.0045 (using only EST confirmed introns R2=0.0053) p<0.0001; using full
gene instead of CDS, R2=0.0055 (0.0064), p<0.0001). (B) Relationship between size of CDS of the gene in which an intron is found and LDR
(regression, R2=0.0165 (0.049), p<0.0001; using full gene size instead of CDS, R2=0.0130 (0.041), p<0.0001).

Figure 3. T
 he frequency of each of the 12 possible substitutions in T. thermophila (blue bars) and T. malaccensis (red) introns (dark) and third codon
positions (light).
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genome has been previously identified as experiencing codon
bias [11,18,19]; our results indicate that introns in Tetrahymena
are experiencing even stronger selective constraint than that
imposed by selection for preferred codons. However, it is
currently unclear what is driving this constraint.
One possibility is that intron conservation in Tetrahymena
is due to selection on regulatory sequences found in intronic
sequences. Experimental data has implicated intronic sequences
in transcriptional regulation in a variety of genes and organisms
[20 and references therein]. High sequence conservation in
introns is thus often used to suggest possible regulatory functions
contained in introns [e.g., 1,4,6,21]. In Tetrahymena, first and only
introns are the most highly conserved (Table 1), and this sequence
conservation is highest in introns nearest the 5’ end or start codon
of genes (Figure 2). This pattern is consistent with similar patterns
found in other species (e.g. rodents [4] and humans [22]) and may
suggest the presence of regulatory sequences concentrated in first
introns. Data from additional species support a higher abundance
of regulatory elements in first introns. For example, Marais et
al. [7] explain the relationship between first intron size and gene
expression level in Drosophila by postulating a higher abundance of
regulatory elements in first introns. And experimental studies have
demonstrated the presence of regulatory elements in first introns
of some genes [e.g., 23-28]. In Tetrahymena, first introns also have
the highest GC content. Previous studies have suggested that
high GC content, also found in first introns in humans, is due to
the importance of CpG dinucleotides in transcriptional regulation
[22]. However, note that the GC content of Tetrahymena introns is
very low, substantially lower than that of humans, thus is unlikely
to be as informative as in humans. The hypothesis that sequence
evolution is constrained in Tetrahymena introns due to selection
against mutations in regulatory elements, and insight into the
precise nature of any such elements, await experimental testing.
Another factor that can result in elevated levels of sequence
conservation is alternative splicing. 5.2% of genes in T.
thermophila have been estimated to undergo alternative splicing
[29]. Alternatively spliced introns in our data set will inflate the
degree of intron conservation relative to four-fold degenerate
sites, since these introns would be expected to be similar in
conservation to exons [30]. Until data on alternatively spliced
introns in Tetrahymena become available, the exact effect they
have on our data set remain unclear. We suspect that some
of these alternatively spliced introns are responsible for the
elevated number of very short (<45 nt) 3n stopless introns seen in
Figure 4a. Out of these 1,082 introns, 102 are completely identical
between T. thermophila and T. malaccensis, and the remaining
have a LDR of -1.03. This is significantly more conserved than
both very short stopless introns of lengths that are not multiples
of 3 (LDR = -0.67, p < 0.0001) and the very short stop-containing
introns (LDR = -0.67, p < 0.0001). Thus, it is possible that some
of these very short stopless codons of length 3n are alternatively
spliced. If we remove these introns from our total data set of
eligible introns, the mean LDR across all introns is slightly lower
(-0.33 or -0.21 for EST confirmed introns) than when they are
included (-0.34 or -0.22 for EST confirmed).

A previous study in another ciliate, Paramecium tetraurelia,
found evidence of constraint on intron sequences due to selection
favoring the maintenance of in-frame stop codons to promote
nonsense-mediated decay in the event of improper splicing [12].
Introns in P. tetraurelia are over 5 times smaller than those in
T. thermophila, with greater than 96% of introns smaller than 34
nucleotides [12]. In T. thermophila there are only 1364 (or 2.47%
of) introns smaller than 34 nucleotides. Nonetheless, similar to the
smallest introns in Arabidopsis and human [12], T. thermophila is
deficient in small introns without stop codons in lengths that are
multiples of three (Figure 4). This supports a role of selection in
maintaining in-frame stop codons in these introns.
Our results demonstrate that Tetrahymena introns are
evolving more slowly than expected under neutrality. However, it
is currently unknown what selective force(s) result in this pattern.
Thus, these results advocate for study of any regulatory or other
function contained in Tetrahymena intron sequences, and for
further study of patterns of evolution in intron sequences in more
diverse eukaryotic lineages.
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Figure 4. Size distribution of small introns (A) that contain no stop codons

or (B) that do contain stop codons. Introns that are lengths
multiples of 3 (3n) are shown in blue, 3n+1 in red, and 3n+2
in green.
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