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Although intron losses have been widely reported, it is not clear whether they are neutral and therefore random
or driven by positive selection. Intron transcription and splicing are time-consuming and can delay the expression of
its host gene. For genes that must be activated quickly to respond to physiological or stress signals, intron delay may
be deleterious. Promoter proximally paused (PPP) genes are a group of rapidly expressed genes. To respond quickly to
activation signals, they generally initiate transcription competently but stall after synthesizing a short RNA. In this study,
performed in Drosophila melanogaster, the PPP genes were found to have a significantly higher rate of intron loss than
control genes. However, further analysis did not find more significant shrinkage of intron size in PPP genes. Referring to
previous studies on the rates of transcription and splicing and to the time saved by deletion of the introns from mouse
gene Hes7, it is here suggested that transcription delay is comparable to splicing delay only when the intron is 28.5 kb or
larger, which is greater in size than 95% of vertebrate introns, 99.5% of Drosophila introns, and all the annotated introns
of Saccharomyces cerevisiae and Arabidopsis thaliana. Delays in intron splicing are probably a selective force, promoting
intron loss from quickly expressed genes. In other genes, it may have been an exaptation during the emergency of

developmental clocks.

Introduction

It is well established that loss of spliceosomal introns is
common in eukaryotic evolution."’® However, it is not clear
whether these intron losses occur by chance or are driven by
selective forces. In principle, intron loss can be positively selected
if the existence of that intron is deleterious to the host organism or
if its detriments overwhelm its benefits. There are several possible
disadvantages of having introns. The first is the accumulation of
harmful mutations.'"'> Most mutations are deleterious. Mutation
is inevitable because DNA replication always involves some
errors and some DNA damage. For these reasons, the existence of
superfluous noncoding sequences is associated with mutational
hazard. Consistent with this idea, introns and other noncoding
sequences were found to be lost more frequently from genes and
genomes with higher mutation rates.'>' The second disadvantage
of introns is that they impose energy, spatial, and temporal costs

on the host organisms. Replication, transcription, and splicing of
introns all consume energy. In mammals and Drosophila, intron
losses have been found to occur preferentially in highly expressed
genes.®’ Researchers have suggested that this supports a reverse
transcriptase model of intron loss.” The reverse transcriptase
model is an entirely different model that attempt to explain the
pattern of intron loss at mutation level. Similar to intron loss,
intron size shrinkage could also save energy. In vertebrates, highly
expressed genes have been found to have significantly shorter
1617 These findings indicate
that selection for economy might have driven the shortening of

introns than weakly transcribed genes.

introns. Considering the total expression level of all the cells in
an individual animal, a gene expressed in a large organ (like the
liver) cost much more energy to transcribe than a gene expressed
in a small organ (like the hypothalamus) even if these 2 genes
have similar levels of expression at the cell level. If the energy
cost operates as an effective force in natural selection, genes
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Figure 1. The phylogenetic tree of the 12 Drosophila species. The spe-
cies Drosophila melanogaster and its recent ancestors whose intron
losses were studied are shown in blue. The branch lengths are not scaled
according to substitute rates.

specifically expressed in large organs would be more compact
than genes expressed in small organs. However, Huang and Niu
did not find any such difference in either humans or mice.'® The
existence of few or small introns in a nucleus might indicate space
constraints, especially in organisms with very small nuclei.”
DPositive correlations between genome size and nucleus size have
been found among different eukaryotic groups.”*** However,
the causal relationship is too difficult to interpret. Replication,
transcription, and splicing of introns also consume time. The
loss of time caused by introns during DNA replication and gene
expression has been called intron delay.”*?* Intron delay is also
difficult to examine because it is difficult to find a group of genes
that are definitely under time constraints. In a survey including
all major groups of eukaryotes, intron density was found to be
positively correlated with generation time.? This analysis did not
consider the phylogenetic dependence of species, which suggests
that false-positive results may have been common.?® Within the
human genome, antisense genes that are believed to be rapidly
transcribed were found to have significantly shorter introns than
other genes.”” In Saccharomyces cerevisiae, Schizosaccharomyces
pombe, Arabidopsis thaliana, and Mus musculus, genes that rapidly
change their expression levels in response to stress were found to
have significantly fewer and shorter introns.?®

Severe stress, like elevated temperature, puts cells at risk.
Rapid expression of responding genes, like heat shock proteins
(Hsp), is crucial to cell survival.??° To achieve the rapid response,
the Hsp genes adopted an unusual strategy of induction. Their
transcription is initiated without stress stimulation, but it stalls
after synthesis of only a short RNA. Upon stress stimulation,
the events, like establishing permissive chromatin, recruitment
of transcription complex, and initiation of transcription, can be
bypassed. These processes are like turning on a racecar’s engine
before a race. Recent high-throughput analyses have revealed that
the promoter-proximal pausing (PPP) of RNA polymerase II is a
widespread gene regulation mechanism in metazoans.?"3* If the
time required for the transcription or splicing of introns poses a
significant burden, then the speeding up the expression of PPP
genes through intron loss should be under positive selection. In
Drosophila melanogaster, Gilchrist et al. characterized 5529 PPP
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genes and 6959 genes that were unbound by polymerase II (UBP)
in the cell lines that they analyzed.* The large sample size of PPP
genes in D. melanogaster provides an opportunity to determine
whether intron delay could act as a selective force promoting
intron loss and shrinkage.

Results and Discussion

The present state of introns is determined by both the recent
forces that shaped intron evolution and the ancestral state of the
introns. A gene that is intron-poor at present might have suffered
intron loss driven by some selective forces, like intron delay, or
it may have inherited its intron-poor state from an ancestor. For
this reason, the present work focused on the evolutionary changes
in the introns in D. melanogaster rather than on their present sizes
and numbers. With 2 reference branches, 186 cases of intron
losses were determined in D. melanogaster and its recent ancestors
using Dollo parsimony (Fig. 1).

Frequency of intron loss in promoter proximally paused
genes

Among the 5529 PPP genes identified in D. melanogaster, 87
genes were found to have lost one or more introns. However,
only 44 of the 6959 UBP genes had lost introns. The PPP genes
showed an intron-loss frequency 2.5 times that of the UBP
genes. Chi-square test showed the difference to be statistically
significant (P = 5 x 107). In this way, PPP genes were shown
to be more likely to lose their introns than UBP genes. This
indicates that the intron delay hinders the quick expression of
PPP genes, placing the PPP genes under a selective force to lose
their introns. However, it is also possible that the PPP genes
may have more introns and so they have a higher frequency of
intron loss for statistical reasons. To address this issue, the ratio
of intron loss, the number of lost introns to the total number
of extant introns and lost introns, were compared between
PPP genes and UBP genes. As shown in Table 1, the ratio of
intron loss is significantly higher in PPP genes than in UBP
genes (0.67% vs. 0.33%, P =5 x 107°). Besides lost introns and
conserved introns, there are some ambiguous introns in non-
conserved regions. They might be either introns descended from
ancient ancestors or introns recently gained. For accuracy, we
also tested the difference between PPP genes and UBP genes by
confining the extant introns to the introns conserved between
D. melanogaster and the closest reference species Drosophila
willistoni. The conclusion that PPP genes have a higher ratio of
intron loss still holds (Table 1).

In principle, a lower frequency of intron gain could
also support the intron delay as a selective force. However,
identification of intron gains is risky. Intron gains identified
with insufficiently stringent criteria might actually be intron
losses.” Using stringent criteria, only 14 intron gains were
identified in PPP and UBP genes. This is a too small of a
sample to produce statistically convincing results. Furthermore,
clear source sequences could not be identified for any of the
14 intron gains from either the NCBI nucleotide collection or
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Table 1. Preferential loss of introns from PPP genes in Drosophila melanogaster:

Number of lost introns

Number of all extant introns

Number of conserved introns

PPP® genes 119

17577 3452

UBP< genes 58

17780 2654

2Pearson Chi-square test showed that PPP genes have a higher frequency of intron loss than UBP genes either when the all the extant introns were used
as the control (P =5 x 10 or when only the conserved introns were used as the control (P = 0.0059). °PPP, promoter proximally paused. ‘UBP, unbound by

polymerase Il.

the reference sequences of Drosophila repetitive elements from
Repbase,* even using a very relaxed parameter, E-values < 10~
in the BLAST. According to the criteria suggested by Logsdon
et al.,* these 14 intron gains could just be regarded as putative
cases.

Mutational hazards are unlikely the selective force

According to the mutational hazard hypothesis, genes that
have a higher mutation rate are more likely to lose their introns."
Here, the synonymous substitution rates (4) of the genes that
lost introns and those containing only conserved introns were
compared. The coding sequence alignments between D.
melanogaster and D. willistoni were first filtered using Gblocks
with its default parameters to discard unreliable alignments.*
The values of 4 were calculated using codeml as included in the
PAML package.?” Unlike previous works that have supported the
mutational hazard hypothesis in Arabidopsis,' the D. melanogaster
genes that lost introns showed significantly lower 4_values than
genes with only conserved introns (Wilcoxon rank sum test, P
= 0.0054). Five more stringent sets of parameters were tested in
Gblocks by changing the maximum number of contiguous non-
conserved positions and the minimum length of a block. In some
cases, the difference in 4 between the 2 groups of genes became
insignificant (Wilcoxon rank sum test, 2 > 0.05). The genes
that lost introns did not have significantly higher 4 values than
genes with only conserved introns. In this way, the intron losses
detected in D. melanogaster were unlikely to have been driven by
any selective force to reduce mutational hazards.

Intron-splicing delay »s. intron transcription delay

In principle, the existence of introns could impose extra time
costs on the host organisms during 3 processes: replication,
transcription, and splicing. It is currently unknown which if
any of these processes is slowed down by introns to any extent
significant enough to affect the evolution of those introns. The
existence of a large intron would be unlikely to delay chromosomal
replication in eukaryotes because eukaryotes generally initiate the
replication of a chromosome at more than one origin. There are
also many dormant origins that are not normally used but could
be activated when required.*® The preferential loss of introns
from PPP genes indicates that the time required for transcription
and splicing of introns is main cause of intron delay. If the time
required for transcription of introns is a significant burden, then
the introns of PPP genes might not only be preferentially lost
but would also shrink significantly in size. However, if the time
required for splicing of introns is the only significant temporal
burden, then PPP genes might decrease intron numbers, but they
would not decrease in size. For this reason, changes in intron
sizes in D. melanogaster were evaluated.
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Among the 12 Drosophila species, 2727 groups of orthologous
introns were detected. Among these, 1390 groups were distributed
among 984 PPP genes and 689 groups were distributed among
464 UBP genes. Using the maximum likelihood method, the
ancestral size of conserved introns of the 12 Drosophila species was
estimated. As shown in Table 2, the sizes of the introns in both
PPP and UBP genes decreased over the course of evolution from
the common ancestor of the 12 Drosophila species. However, the
introns of PPP genes did not shrink more significantly than those
of UBP genes (P = 0.348, Table 2). Meanwhile, no significant
differences were detected between the present intron sizes of PPP
and UBP genes (Wilcoxon rank sum test, P = 0.71). The introns
of D. melanogaster therefore did not shrink in response to the
requirements of rapid gene expression. This indicates that the
significant temporal cost of introns must involve splicing rather
than transcription.

The present observation is consistent with previous
experimental results.*”* The inflammatory genes induced by
tumor necrosis factor in mouse cells can be defined as early,
intermediate, and late genes according to the appearance of their
mature mnRNAs. Recently, itis revealed that the intermediate and
late mRNA productions are mainly due to slowness of splicing,
rather than that of transcription initiation or elongation.*’
The gene Hes7 has a pattern of oscillatory expression during
mouse development. Experimental deletion of its introns was
found to reduce the delay of its expression by 19 min.** The
gene Hes7 (GenBank transcript ID: NM_033041.4) showed 3

Table 2. Changes in the intron size of PPP and UBP genes®

Median IQR P
PPP genes
Present size (bp) 62 58-68 8x 10730
Ancestral size (bp) 64 60-69
UBP genes
Present size (bp) 62 58-69 0.0001°
Ancestral size (bp) 63 60-69
Present size/ancestral size
Changes in PPP genes 0.974 0.904-1.05 0.348¢
Changes in UBP genes 0.981 0.904-1.05

2Change in the size of an intron was measured by the ratio of its present
size to its ancestral size. PPP, promoter proximally paused; UBP, unbound by
polymerase II; IQR, interquartile range. Because the data are not normally
distributed, their median values and the IQR are presented here. °P values
were calculated using the Wilcoxon rank sum test. °P values were calculated
using the Wilcoxon signed rank test.
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Table 3. Intron sizes and duration of transcription?

Organisms No. of introns No. of introns Intron sizes (bp) Time required to 'transc.ribe
>28.5 kb Median IQR® introns < Q75 size (min)

S. cerevisiae 313 0 156 91-413 <0.11
A. thaliana 113149 0 98 85-156 <0.04
C. elegans 104416 1 63 48-321 <0.08
D. melanogaster 41140 191 69 60-265 <0.07
G. gallus 146269 1817 774 334-1761 <0.46
M. musculus 174994 4516 1285 447-3117 <0.82
H. sapiens 192482 6207 1406 441-3745 <0.99

2As determined by Singh and Padgett, the time required for transcription is comparable to that required for splicing only when intron size is 28.5 kb or

greater.® PIQR, interquartile range.

introns with a total size of 1,843 bp. The rates of splicing and
polymerase II elongation determined by different experimental
methods varied within a broad range, 30 s to 10 min, for
splicing of an intron.*** They varied within 0.8 to 8 kb/min for
40434650 The estimated time
required for transcription of the 3 introns of gene Hes/ ranged
from 25 s to 2.3 min, which is much less than the detected 19
min. If it is assumed that the splicing of different introns of the
same pre-mRNA molecule may be performed simultaneously,
then the 19 min delay could be explained by splicing of the
3 introns at a rate of about 7.5 min per intron, as reported by
Singh and Padgett.” Singh and Padgett also estimated the
rate of polymerase II elongation at about 3.8 kb/min.** With
these data, it can be deduced that intron transcription delay

transcription of intron sequences.

is comparable to intron splicing delay only for introns 28.5 kb
or larger. For a global estimation of the relative significance
of intron splicing delay and intron transcription delay, intron
sizes were surveyed in 7 eukaryotic model organisms (Table 3).
In S. cerevisiae and A. thaliana, no annotated introns are even
half 28.5 kb. In Caenorhabditis elegans, only one intron is larger
than 28.5 kb. Less than 0.5% of the introns in D. melanogaster
are larger than 28.5 kb. Vertebrates such as Gallus gallus, M.
musculus, and Homo sapiens have more large introns, but introns
of 28.5 kb are still rare, <5% in all the 3 vertebrates. The time
required to transcribe introns of Q75 (the third quartile) size
was calculated. For the 75% introns < Q75 in each of the
7 genomes, transcription was found to take less than 1 min
(Table 3), much less than that the time spent in splicing. In
summary, splicing delay was much more significant than
transcription delay except in the rare cases of large introns.
Sometimes mutations and even pathogens can have a net
beneficial effect on the host genome. For example, the transposed
element CORE-SINE not only replicates itself in host genome
for its own survival but has also contributed to novel functional
elements in its host genomes.” The intron delay, if significant,
might be utilized in evolution to construct temporal rhythms
or timing mechanisms during development.”?** The idea has
been supported strongly by the experimental deletion of introns
from gene Hes7, which changed oscillatory expression into
steady expression and caused severe segmentation defects.”” The
exaptation of intron delay in developmental clock showed that
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intron delay plays some role in natural selection, that its effect is
not negligible.

Materials and Methods

Orthologs and phylogenetic tree

The genome sequences and annotations of 12 Drosophila
species, D. melanogaster (Release 5.48), Drosophila ananassae
(Release 1.3), Drosophila erecta (Release 1.3), Drosophila grimshawi
(Release 1.3), Drosophila mojavensis (Release 1.3), Drosophila
persimilis (Release 1.3), Drosophila pseudoobscura (Release 2.30),
Drosophila sechellia (Release 1.3), Drosophila simulans (Release
1.4); Drosophila wvirilis (Release 1.2), D. willistoni (Release
1.3), and Drosophila yakuba (Release 1.3) and the orthologous
relationship among the coding genes of these 12 species
(fb_2012_06) were obtained from Flybase.’? The orthologs were
filtered further using SynMap with its recommended settings.®
Some 4273 orthologous groups of coding genes were retained.
The protein sequences of each orthologous group were aligned
using ClustalW (version 2.1).>% Using the aligned sequences, the
consensus phylogenetic tree was generated using the Protdist
flow operated in PHYLIP 3.6.”° The topology of the phylogenetic
tree obtained here (Fig. 1) was identical to that constructed in a
previous study.’®

The genome annotations of S. cerevisiae (R64-1-1), C. elegans
(WBcel235), G. gallus (Galgald), M. musculus (GRCm38), H.
sapiens (GRCh37), and A. thaliana (TAIR10) were downloaded
from Ensembl (ftp://ftp.ensembl.org/pub/release-75/gtf/) and
EnsemblPlants (ftp://ftp.ensemblgenomes.org/pub/plants/
current/gtf/).

Identification of conserved introns and intron losses

First, the coding sequences were aligned by consulting the
alignment of protein sequences, and then the introns were
mapped on the alignments. Only intron positions in well-aligned
regions were retained for analysis. A well-aligned region across an
intron position was defined as a stretch of aligned nucleotides at
least 45 bp long at each side of the intron position with an identity
not lower than the overall identity of the whole coding sequence
alignment. In addition, the intron positions were filtered further

by discarding those that have large flanking gaps (29 bp gaps
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within 45 bp at either side) and introns shorter than 20 bp.
Conserved introns were defined as introns present at the same
position in all orthologous genes of the 12 Drosophila species.
The ancestral size of the conserved introns was estimated using
the method of maximum likelihood integrated in the R package
APE with its default parameters for continuous traits.””

At the discordant positions, the Dollo parsimony method
integrated in PHYLIP 3.6 were used to identify intron loss and
gain.”® Because of previous observations of the high rate of intron
loss relative to intron gain and the high rate of false-positive intron
gain5’2,3,6,8
of intron gain events. Intron gain should be supported by clear

stringent criteria were here adopted for the definition

absence of the intron at the discordant position in at least 4 out
group branches. The gained introns were also confirmed as actual
introns rather than simple insertions using transcriptome data.
The splicing of the novel introns in D. melanogaster were validated
using RNA-seq data (SRR1145619, SRR1197414, SRR1197477),
which were retrieved from the Sequence Read Archive of NCBI
and mapped to the genome using TopHat v2.0.5 with its default
parameters.”® The intron losses and gains reported by of Farlow
159

et al.”? were integrated into our data after manual examination of

the non-overlapping results. In total, 186 intron losses (177 losses

in PPP or UBP genes) and 15 intron gains (14 gains in PPP or UBP
genes) were detected in D. melanogaster and its recent ancestor.
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