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Selection on Position of Nonsense Codons in Introns
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ABSTRACT Introns occasionally remain in mature messenger RNAs (mRNAs) due to splicing errors and the translated, aberrant proteins
that result represent a metabolic cost and may have other deleterious consequences. The nonsense-mediated decay (NMD) pathway
degrades aberrant mRNAs, which it recognizes by the presence of an in-frame premature termination codon (PTC). We investigated
whether selection has shaped the location of PTCs in introns to reduce waste and facilitate NMD. We found across seven model
organisms, that in both first and last introns, PTCs occur earlier in introns than expected by chance, suggesting that selection favors
earlier position. This pattern is more pronounced in species with larger effective population sizes. The pattern does not hold for last
introns in the two mammal species, however, perhaps because in these species NMD is not initiated from 3’-terminal introns. We
conclude that there is compelling evidence that the location of PTCs is shaped by selection for reduced waste and efficient degradation

of aberrant mRNAs.
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T is clear that selection can play a major role in shaping
genome architecture (Lynch 2007). Identifying selection is
especially straightforward for exons in protein coding genes,
where tests based on silent and replacement site substitu-
tions can be employed. However, in noncoding regions, the
role of selection in shaping nucleotide content is less easily
investigated because of the difficulty identifying expected
patterns. In introns, length, phase, and frequency of occur-
rence have been studied as a product of the processes of
selection and drift (Castillo-Davis et al. 2002; Lynch 2002;
Whitney and Garland 2010; Kelkar and Ochman 2012) but,
apart from sequence-based splicing signals and GC content
(Mount 1982; Deutsch and Long 1999; Amit et al. 2012;
Farlow et al. 2012), few studies have examined the nucleo-
tide composition of introns (Lim and Burge 2001; Halligan
et al. 2004; Andolfatto 2005; Ressayre et al. 2015). In this
study, we investigate the role of selection in determining
the position of premature termination codons (PTCs) within
introns.
During post-transcriptional processing, splicing errors can
result in introns being present in mature messenger RNAs
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(mRNASs) (Gilbert 1978). Translation of such mRNAs re-
sults in the production of proteins that are aberrant in
amino acid sequence and usually shortened. A shorter pro-
tein results from the presence of in-frame, PTCs within the
unspliced intron, or in a downstream exon due to a frame-
shift. Aberrant proteins may reduce fitness because they
have an activity that is damaging to the cell, and/or because
they represent wasted resources, particularly amino acids
and sequestered ribosomes (Drummond and Wilke 2009).
For these reasons, we hypothesize that selection favors both
efficient splicing and mechanisms that minimize the effects
of splicing errors.

There is strong evidence for selection acting on both the
efficiency of splicing and on the effects of splicing errors.
Splicing site consensus sequences are highly conserved and
the surrounding nucleotides exhibit weak secondary struc-
ture, indicating they are constrained by selection for efficient
splicing (Sheth et al. 2006; Zafrir and Tuller 2015). In addi-
tion, transcripts containing large introns are more dependent
on 5’- and 3'-splicing context to define exons, while splice
context in shorter introns appears to be more lax (Jaillon
et al. 2008; Farlow et al. 2012).

The nonsense-mediated decay (NMD) pathway is present
in all eukaryotes and induces rapid decay of mature mRNAs
possessing PTCs, minimizing the effects of splicing errors
(Jaillon et al. 2008; Ramani et al. 2009; Wen and Brogna
2010; Drechsel et al. 2013). NMD is expected to select for
the presence of an in-frame PTC in an intron so that, if unspliced,
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the intron will rapidly cause mRNA decay. In addition, there
is evidence that the number of PTCs can be selected. For
example, in Paramecium tetraurelia, PTCs are more common
in introns whose length is a multiple of 3 (Jaillon et al. 2008).

In this study, our goal is to test for evidence of selection on
PTCs. We hypothesize that PTCs are selected to occur early in
introns to promptly initiate NMD and reduce both the time
taken for a ribosome to translate an aberrant mRNA containing
unspliced introns and the length of the resulting aberrant proteins.
Since selection is caused by the deleterious effects of having
aberrantly spliced mRNAs, we expect our predictions to more
likely hold for genes that are expressed at high levels, because they
may produce more aberrant mRNAs, and introns with fewer than
~250 nucleotides, where splicing errors more commonly lead to
intron retention (Lim and Burge 2001; De Conti et al. 2013).

To test whether there is evidence that selection has acted
to minimize the deleterious effects of failure to remove an intron
from an mRNA by modifying the location of PTCs, we utilized
data from seven model organisms: Arabidopsis thaliana,
Caenorhabditis elegans, Drosophila melanogaster, Homo sapiens,
Mus musculus, Saccharomyces cerevisiae, and Schizosaccharomy-
ces pombe. These species have well-annotated genomes, reliable
splicing information, and expression data, and thus represented
all of the species with the necessary data to test our predictions.
Our analysis focused on a single intron in each gene so that each
intron-containing gene contributed equally to the data set. We
chose the first intron because it exists in all intron-containing
genes and the effect of splicing failure on the aberrant mRNA is
not altered by splicing of other introns. For a few analyses, in
species containing genes with more than one intron, we also
analyzed PTC position in the last intron because NMD is not
initiated from the last intron in mammals (Maquat 2005). If
NMD is driving selection on PTC position, we do not expect to
see evidence for selection on PTC position in the last intron in
mammals. We determined whether first PTCs happen to occur
earlier than expected and whether there was an effect of level of
expression or intron length on the patterns observed.

Ifincorrect splicing is generally not very common (Wilhelm
et al. 2008; Drummond and Wilke 2009; rox-Walsh and
Hertel 2009) and NMD is reasonably effective, then the fitness
costs of incorrectly spliced mRNAs may be quite small at each
locus. Thus, selection on PTC position in an intron caused by
the presence of aberrant mRNAs may be quite weak. We thus
expected our predictions to be less robust in species with
smaller effective population sizes, where genetic drift can
overwhelm weak selection, as has been observed for other
genomic features (Lynch and Conery 2003).

Materials and Methods
Data collection

Genome data were collected for A. thaliana, C. elegans,
D. melanogaster, H. sapiens, M. musculus, S. cerevisiae, and
S. pombe as GenBank files from the National Center for Bio-
technology Information (NCBI) (Caenorhabditis elegans
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Sequencing Consortium 1998; Lin et al. 1999; Mayer et al.
1999; Adams et al. 2000; Erfle et al. 2000; Tabata et al. 2000;
Theologis et al. 2000; Lander et al. 2001; Wood et al. 2002;
Engel et al. 2014). Genomes were parsed using Feature Extract
to collect all protein-encoding genes with annotated introns
(Wernersson 2005) (Table 1). Within species, files were sorted
by gene name to remove duplicate genes and genes with alter-
native splicing, because sequence data for the first intron, ter-
minal intron, and 3'-UTRs of these genes were often identical.
Our goal was to have each intron-containing gene contribute
once to the data set. The effective population sizes for each
species were obtained from previously published reports and
are based on estimates from nuclear synonymous sites (Schoen
and Brown 1991; Chen and Li 2001; Wright et al. 2002;
Sivasundar and Hey 2003; Cutter 2006; Shapiro et al. 2007;
Wright and Andolfatto 2008; Skelly et al. 2009; Brown et al.
2011; Phifer-Rixey et al. 2012; Behringer and Hall 2016).
Expression data were collected for each organism from pre-
viously published data, and genes lacking expression data
were removed from the study [A. thaliana (Carviel et al.
2009); C. elegans, Michael Smith Genome Sciences Centre
(http://www.bcgsc.ca) D. melanogaster, FlyAtlas (http://www.
flyatlas.org) (Chintapalli et al. 2007); H. sapiens (Dezso et al.
2009); S. cerevisiae (Pelechano et al. 2010); and S. pombe
(Tanizawa et al. 2010)]. Remaining genes (Table 1) were
then used for analysis. For most analyses, only the first in-
tron was examined in each gene.

The first intron was chosen for several reasons. First,
examining a single intron per gene prevents some genes from
contributing more to patterns than others (pseudoreplication).
Second, many genes contain only a single intron, especially in
S. cerevisiae where 229 of the 241 intron-containing genes have
only one intron. Third, if a first intron is retained, the effect on
the sequence of the message can be reliably determined. This is
not true for later introns if multiple splicing errors can occur in
the same message, which will be particularly likely because
errors may not be independent (Hossain et al. 2011). For ex-
ample, with multiple introns in a gene, aberrant splicing might
retain one, or more than one in a message. When a first intron
is retained in an aberrant mRNA, the ribosome will translate
the first exon, then proceed into the first intron, and then into
the second exon, regardless of presence/absence of down-
stream introns. However, a prediction cannot be reliably made
for downstream introns because failure to splice an upstream
intron will have consequences both on whether a ribosome will
reach a downstream intron (an in-frame, premature termina-
tion codon will end translation early) and what the reading
frame will be when it gets there. Fourth, practically, performing
such an analysis would be difficult because of the need to de-
termine the correct reading frame for each successive intron
when previous introns have been spliced correctly, across genes
that vary substantially in the number of introns. Given the
available data sets, we are not sure exactly how we would
program this analysis. Reading frame was not a problem for
the first and last introns. For the first intron, determining frame
is straightforward since there are no prior introns. For the last
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Table 1 Species used in this study

Total Genes
Species Assembly Ne (x 103) genes analyzed
A. thaliana TAIRTO0 40 33,583 10,141
C. elegans WBcel215 80 21,187 10,869
H. sapiens GRCh27.p10 90? 37,150 6075
M. musculus GRCmM38.p2 120 34,293 8373
D. melanogaster ~ Release 5 1150 15,581 5260
S. cerevisiae R64-1-1 8530 6352 161
S. pombe ASM294v2 8800 5883 652

Included are species, genome assemblies, effective population size estimates, total
genes including nonprotein coding genes in each assembly, and number of protein-
coding genes meeting the criteria used in the study. Effective population sizes were
obtained from the primary literature (Schoen and Brown 1991; Chen and Li 2001;
Wright et al. 2002; Sivasundar and Hey 2003; Cutter 2006; Shapiro et al. 2007;
Wright and Andolfatto 2008; Skelly et al. 2009; Brown et al. 2011; Phifer-Rixey
et al. 2012). Species are listed in order of increasing effective population size.

? Ancestral estimate used since analysis relies upon genome-wide data.

intron, frame was determined by working backward from the
stop codon. Fifth, it is not clear to us the appropriate way to
compare across genes with a few vs. many introns, or those that
vary in the proportion of introns that are short vs. long (see
next section), which is important for intron definition (De
Conti et al. 2013).

We did perform some analyses using last introns in an
attempt to test the hypothesis that the source of the selection
on PTC position was the NMD pathway. In mammals, reten-
tion of the final intron does not trigger NMD and so we
predicted that PTC position would be early in invertebrate
last introns but not in mammalian last introns.

Identification of first PTCs, and other nonsense
codon positions

Using the annotation data for each species, we determined the
length of the first intron within the coding sequence for each
gene. We then indexed the position of the first 5'-splice site,
the position of the first PTC (frame 0), and the first intronic
nonsense codon (NC) in the +1 and +2 reading frames for
each gene using custom Perl scripts. Throughout our study,
we distinguish in-frame (frame 0) intronic termination co-
dons, PTCs, from out-of-frame (frame +1 and +2) intronic
NCs (TAA, TAG, or TGA), as the latter are unable to cause
translation termination when an intron is unspliced.) Com-
paring the position of the PTCs to that expected by random-
izing intron base composition did not alter the results
qualitatively. However, it is clear that introns vary in base
composition along their length (Supplemental Material, Fig-
ure S5), which could mislead conclusions concerning PTC
position, and so we utilized out-of-frame NCs to control for
base composition effect. The distances between the 5'-splice
site and both PTCs and intronic NCs, were determined for
each gene and then assigned to 30-nucleotide bins (equiva-
lent to the coding sequence for 10 amino acids). Differences
between the in-frame and out-of-frame distributions were
determined using the Wilcoxon signed-rank test. We also iden-
tified the last introns for A. thaliana, C. elegans, H. sapiens, M.
musculus, D. melanogaster, and S. pombe genes that contained

at least two introns within the coding sequence. This was done
by reversing the annotation and sequences of all genes using
custom Perl scripts and counting backward to determine phase
and extract the final introns and exons. Once extracted, the
final introns and exons were returned to the proper orienta-
tion, and PTC position was identified as before. We manually
checked that the predicted and actual PTC positions were
identical in several genes with different phases of their last
introns to make sure the scripts worked as expected.

In addition, we compared the position of the PTC to the length
of the first intron and last intron, as well as the position of the PTC
to the level of gene expression. Intron length is strongly asso-
ciated with intron-definition (for introns with fewer than ~250
nucleotides) vs. exon-definition (for introns with more than
~250 nucleotides) splicing (De Conti et al. 2013). When a splic-
ing error occurs, intron-definition splicing generally results in
the retention of an intron, whereas exon-definition splicing
generally results in exon skipping. Introns that undergo intron-
definition splicing are expected to have earlier PTCs because
the intron is retained in the aberrant message. We thus divided
introns into two groups: short introns of =250 nucleotides and
long introns of >250 nucleotides in length to determine the
effects of intron- vs. exon-definition splicing behavior. S. pombe
and S. cerevisiae were excluded from the intron length analysis
since both species have only intron-definition splicing (Brown
et al. 1992; Romfo et al. 2000). Gene expression was also di-
vided into two groups: highly expressed genes, consisting of
the top 100 expressed genes within a species, similar to
Castillo-Davis et al. (2002), and medium/low expressed genes,
consisting of all other genes. We tried other cut-offs for gene
expression, including the upper 10% and upper quartile, but
results were unaffected (data not shown). Positions of PTCs
and frame +1 and +2 intronic NCs were compared in short
and long introns and high and low expressed genes using the
Mann-Whitney U-test.

Data and reagent availability

All data were acquired from the NCBI and public repositories.
Custom Perl scripts written to parse the data are available at:
https://github.com/behrimg/Scripts/tree/master/Hall Projects/
Introns.

Results

In seven model species, we analyzed protein-coding genes that
met the following four criteria: they (1) contained at least one
intron, (2) could be matched to published expression data, (3)
were not reported to have alternative splice forms, and (4) were
not duplicates according to annotation data. For the seven
species examined, there were between 161 (S. cerevisiae) and
10,869 genes (C. elegans) that met these criteria (Table 1).

Location of in-frame PTCs

The position of the first PTC, and the first intronic frame +1
or +2 NC, relative to the 5'-splice site was determined for
the first intron of each gene. Since out-of-frame NCs do not
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terminate translation, they should not be visible to selection
and their position thus controls for the pattern of nucleotide
composition within introns. We determined whether the first
PTCs occur earlier than the first out-of-frame NCs. For all non-
mammal species, first PTCs appear from 1 to 23 bases earlier in
the intron than first out-of frame NCs, which is a highly signif-
icant difference in four of five comparisons (Wilcoxon sign-rank
test: A. thaliana, P = 1.38 X 1077; C. elegans, P < 2.20 X
10716, D. melanogaster, P = 0.784; S. pombe, P < 2.20 X
10716; and S. cerevisiae, P ~ 6.23 X 10~7). In contrast, PTC
position in mammals is 19-24 bases later than first out-of-
frame NCs, which is again highly significant (Wilcoxon
sign-rank test: H. sapiens, P = 1.59 X 10~15; M. musculus,
P < 2.20 X 10716) (Table S1, Figure 1).

In S. cerevisiae, there are data that identify the genes that
are especially NMD sensitive, obtained through analysis of
NMD knockout strains (Sayani et al. 2008). Such NMD-
sensitive genes are expected to have especially early PTCs.
Across all 161 (intron containing) genes in our data set,
PTCs are ~1.5 times more likely to occur in the first 30 nu-
cleotides of the first intron than are frame +1 and +2 NCs
across all genes. In the 27 genes that are especially NMD
sensitive, the excess is ~1.9-fold (Figure S1), which is the
expected pattern, although it is not significant (P = 0.09,
Fisher’s exact test comparing number of PTCs in bin 1 for
NMD-sensitive and NMD-insensitive genes), likely because
the number of genes is quite small.

In mammals, entry into the NMD pathway differs from
nonmammals (see Discussion), and PTCs in the last intron are
unable to trigger NMD. To determine whether the position of
the first PTCs is affected by recruitment of the NMD pathway,
we performed the same position analysis in terminal introns.
S. cerevisiae has only nine genes containing multiple introns
and was thus not included in this analysis. While for S. pombe
there is no significant difference between in-frame PTCs and
out-of-frame NCs, in the remaining species NCs in frame 1 oc-
cur earlier in the first 30 nucleotides than PTCs and frame
2 NCs (Wilcoxon sign-rank test: A. thaliana, P < 2.20 X
10716; C. elegans, P < 2.20 X 10716; H. sapiens, P < 2.20 X
107 16; M. musculus, P < 2.20 X 10716; D. melanogaster, P =
0.003; and S. pombe, P = 0.051) (Figure S2, Table S2).

PTCs remain early when accounting for splice
site consensus

It is possible that the conserved splice consensus at the 5" end
of the intron affects PTC position. Except for S. cerevisiae, all
of the species examined contain a stop-codon-like trinucleo-
tide (TGA or TAA) within the 5'-splice consensus GTRAGT.
Phase 2 introns, which are those in which the first base of the
intron begins, if unspliced, in the third position of a codon,
would have a PTC introduced by the 5’-splice consensus se-
quence. Phase 1 (unspliced first intron base is second position
in a codon) and phase 0 (unspliced first intron base is first
position in a codon) introns would both have an out-of-frame
NC in the splice consensus sequence. If a majority of introns
were phase 2, this would make PTCs appear relatively earlier.
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Figure 1 First PTCs occur significantly earlier than expected in the first
intron for all nonmammals and significantly later for mammals. Observed
distances in base pairs between the 5'-splice site and first PTCs (white
bar) and out-of-frame NCs (gray bars). Distances are separated into six
bins, each of which is 30 nucleotides in length, except for bin 6, which
contains all distances longer than 150 nucleotides. A-G are in order of
increasing effective population size (Table 1).

We thus repeated our analysis, discounting phase/frame
combinations that introduce splice site PTCs and out-of-
frame NCs. To do this, we reduced the data set by examining
the position of PTCs in phase 0 and phase 1 introns and
compared them to the position of out-of-frame NCs in phase
0, frame +2 and phase 1, frame +1 introns, respectively, and
found that the pattern of earlier PTC position relative to out-
of-frame NC position in first introns was now significant
across all nonmammals (A. thaliana, P < 2.20 X 10716;
C. elegans, P < 2.20 X 1071%; D. melanogaster, P < 2.20 X
10716; and S. pombe, P < 2.20 X 10716) (Figure 2, Table
S3). In mammals, the position of the first PTC was no longer
significantly later than the first out-of-frame NC and was
actually significantly earlier in humans (Wilcoxon sign-rank
test: H. sapiens, P = 0.003; and M. musculus, P = 0.270;
Bonferroni correction: P < 0.008) (Figure 2, Table S3).
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In last introns, after controlling for stop codons introduced
by the splice site consensus sequence, PTCs occurred signif-
icantly earlier in D. melanogaster, and were not different from
NCs in A. thaliana, C. elegans, H. sapiens, M. musculus, or
S. Pombe. (Wilcoxon sign-rank test: A. thaliana P = 0.036;
C. elegans, P = 0.013; H. sapiens, P = 0.518; M. musculus,
P = 0.938; D. melanogaster, P = 1.15 X 107%; and S. pombe,
P = 0.244; Bonferroni correction: P = 0.008) (Figure 3,
Table S4).

PTC position is affected by intron length but not
gene expression

In species with both intron-definition and exon-definition
splicing, mis-splicing of introns shorter than ~250 nucleo-
tides results in intron retention, while mis-splicing of introns
longer than ~250 nucleotides results in exon skipping (De
Conti et al. 2013), which should lead to earlier PTCs in short
introns if position is under selection. When we examined PTC
position as a function of intron length, we found that PTCs
occur closer to the 5'-splice site in first introns that are shorter
than 250 nucleotides (short introns) (Figure 4) (Wilcoxon sign-
rank test: A. thaliana, P < 2.20 X 10716; C. elegans, P < 2.20 X
10716; H. sapiens, P = 2.09 X 10~8; M. musculus, P = 0.007;
and D. melanogaster, P < 2.20 X 10716). S. cerevisiae and
S. pombe were omitted from the intron length analysis because
all of their introns utilize intron-definition splicing (Brown
et al. 1992; Romfo et al. 2000).

To determine whether the cause of early PTC position in
short introns was due to NMD, we repeated this analysis
in last introns. For C. elegans and D. melanogaster, PTCs in
short introns were significantly earlier, and in A. thaliana,
M. musculus, and H. sapiens, PTCs in short introns occurred
no earlier or later than out-of-frame PTCs (Figure S4,
Wilcoxon sign-rank test: A. thaliana, P = 0.595; C. elegans,
P = 0.001; H. sapiens, P = 0.129; M. musculus, P = 0.191;
and D. melanogaster, P = 9.41 X 10~19; Bonferroni cor-
rection P = 0.01).

Further, previous work has shown that in C. elegans and
humans, highly expressed genes tend to have shorter introns
(Castillo-Davis et al. 2002). We find a similar pattern in
D. melanogaster, M. musculus, but no clear relationship between
intron size and expression in A. thaliana. When analyzing the
effect of gene expression on PTC position, we found PTC
position did not differ in highly expressed genes in any of
the species (Figure S3; Mann-Whitney U-test: A. thaliana,
P = 0.756; C. elegans, P = 0.253; H. sapiens, P = 0.486;
M. musculus, P = 0.680; D. melanogaster, P = 0.016;
S. pombe, P = 0.819; Bonferroni correction P = 0.008).

Correlations with effective population size

Several genomic patterns are often more apparent in species
with larger effective population sizes, where selection is
more effective (Lynch and Conery 2003). For the subset of
introns =250 nucleotides in all species, the logarithm of
the ratio of median PTC nucleotide position to median first
NC nucleotide position is negatively correlated with the
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Figure 2 After removing the effect of the splice site, the first PTC still
occurs significantly earlier than expected in the first intron for nonmam-
mals, while no difference was observed in mammals. Observed distances
in base pairs between the 5'-splice site and first PTCs (white bar) and out-
of-frame NCs (gray bars). Distances are separated into six bins, each of
which is 30 nucleotides in length, except for bin 6, which contains all
distances longer than 150 nucleotides. A-G are in order of increasing
effective population size (Table 1).

effective population size after the effect of splice site is re-
moved (d.f. = 6, Spearman’sr = —0.893, P = 0.007; Figure
5). Thus, for species that show early position of the first
PTC, those with larger effective population sizes have ear-
lier PTCs in their first intron. In terminal introns, the cor-
relation is also negative, although not significant (d.f. = 2,
Spearman’sr = —0.257, P = 0.623), perhaps because there
are only three species that have earlier PTCs in last introns.

Discussion

We find evidence for selection acting on PTC position within
introns, supporting our hypothesis that selection favors early
PTC position for prompt entry into the NMD pathway leading
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Figure 3 After removing the effect of splice site on PTC and NC frequen-
cies, in-frame PTCs occur significantly earlier than expected in the last
intron for C. elegans and D. melanogaster and later than expected for
A. thaliana. Observed distances in base pairs between the 5’-splice site
and first PTCs (white bar) and out-of-frame NCs (gray bars). Distances are
separated into six bins, each of which is 30 nucleotides in length, except
for bin 6, which contains all distances longer than 150 nucleotides. A-F
are in order of increasing effective population size (Table 1).

to efficient termination of translation. The pattern remains
after removing the possibly confounding effect of splice site
consensus. Evidence for early PTC position was also reported
in a recent paper that examined four species of ascomycete
fungi, including the two in this study (Zafrir et al. 2016).
While both studies reach a similar conclusion regarding
PTC position, the Zafrir et al. (2016) study showed a statis-
tically less significant difference than we report. Zafrir et al.
(2016) used a randomization procedure for generating the
expected PTC position, which we abandoned as inappropri-
ate because of variation in nucleotide content along the first
intron (see Materials and Methods and Figure S5).

We initially examined the first intron across seven species
since this intron is present in all intron-containing genes. We
found that in the five nonmammalian species, PTCs occur
earlier than expected, regardless of whether the possibly
confounding effects of splice site are removed. In the two
mammals, however, PTCs appear significantly later than
expected. However, when the effect of splice site is removed,
the distribution of mammalian PTCs is not significantly dif-
ferent from the distribution of intronic out-of-frame NCs. We
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Figure 4 PTCs occur earlier in short introns. Median position of the first
PTC in first introns, measured in nucleotides downstream of the 5'-
splice site, for short and long introns. Introns =250 nucleotides are
considered short introns and generally result in intron retention when
mis-spliced. Introns >250 nucleotides are considered long introns and
generally result in exon skipping when mis-spliced. Bonferroni corrected
** P-value <0.01.

hypothesize that mammals do not show the same pattern of
early PTCs in first introns observed in nonmammals because
they mainly contain long introns. In fact, 94.3 and 95.1% of
human and mouse introns are long, compared to 0-41.4% in
the other five species.

We found that long introns show less evidence for selection
favoring early PTC position. Long introns differ from short
introns because they usually use an exon-definition splicing
strategy, where splicing errors result in exon skipping (Berget
1995), and there is thus no opportunity for selection to act on
PTC position in a retained intron. Short introns, in contrast,
use an intron-definition splicing strategy, where splicing er-
rors result in intron inclusion (Talerico and Berget 1994).
Therefore, error in splicing shorter introns is more likely to
result in the aberrant mRNA containing an intron, which can
then be translated. Under our hypothesis, selection on PTC
position is mediated by intron translation, making PTC posi-
tion more likely to be early in short introns, which is what we
find across all species. This observation supports our conjec-
ture for why mammals do not show early PTC position when
averaged across all of their introns because most of their
introns are long. Mammals do have earlier PTC position in
short but not in long introns (Figure 6).

Gene expression appears to have no effect on PTC position.
This is an unexpected finding if the cost of translation is an
important factor causing PTCs to be early because highly
expressed genes might be expected to produce higher num-
bers of aberrant mRNAs. One explanation for highly expressed
genes not exhibiting earlier PTCs is that they experience
stronger selection for higher splicing efficiency compared to
genes expressed at lower levels. If splicing efficiency is
higher, then a lower percentage of transcripts will be aber-
rant at highly expressed genes, such that the number of
aberrant transcripts might not differ as a function of gene
expression. If the number of aberrant transcripts does not
differ with expression, then the opportunity for selection on
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Figure 5 Median position of in-frame PTCs correlates with effective
population size. Data points represent log ratios of median in-frame
PTC distance and out-of-frame PTC distance for introns =250 nucleo-
tides once splice site context is removed from the 5'-splice site. (d.f. =
4, Spearman’s r= —0.893, P =0.007). Organisms in order of increasing
N, (i.e., points going left to right): A. thaliana, C. elegans, H. sapiens,
M. musculus, D. melanogaster, S. cerevisiae, and S. pombe.

PTCs in introns for highly expressed genes is no greater than
for lowly expressed genes (Wilhelm et al. 2008).

In contrast to our finding, the Zafrir et al. (2016) study
found a significant and substantial effect of gene expression
in both S. cerevisiae and S. pombe. In S. cerevisiae (and S.
pombe), they examined the 60 (500) highest and 60 (500)
lowest expressed intron-containing genes. They found that
the average PTC position in the first intron of highly
expressed genes is earlier than 99.9 and 99.5% of the ran-
domized introns in S. cerevisiae and S. pombe, respectively.
In contrast, in lowly expressed genes, the average PTC
position is in the middle of their randomized intron distri-
bution. It is not obvious to us what is driving the different
findings between the two studies. They used protein abun-
dance as a proxy for expression level, while we used RNA
expression, but that difference seems unlikely to alter the
ranking of genes with respect to gene expression enough
to make a difference. They also use randomized introns to
generate the expected PTC position (see above), though it
is not clear why that might disproportionately affect highly
expressed genes. Given the different findings between the
two studies, coupled with similar findings in the other
species that we analyzed, we feel it is most conservative
to conclude that there is not a significant effect of gene
expression on PTC location in these species.

We also examined PTC position in last introns for genes
containing two or more introns in the six species with genes
containing multiple introns. We analyzed PTC position in
last introns because in mammals, PTCs in last introns do not
trigger NMD, and therefore PTC position is not expected to
be as early in mammals if entry into the NMD pathway is a
primary factor favoring early position (Maquat 2005). Two
of the three nonmammals, C. elegans and D. melanogaster,

exhibit earlier PTC position in last introns, although the
pattern is weaker, i.e., PTC position is not as early as in first
introns. However, A. thaliana has PTCs that occur slightly,
but significantly later than expected in its last introns. Ad-
ditionally, in mammals, where NMD is not induced in last
introns, PTCs do not occur earlier than expected. To deter-
mine whether this pattern is affected by intron length as it
was in first introns, we analyzed the effect of intron length
on PTC position in the last intron. In A. thaliana, C. elegans,
and D. melanogaster we find short introns have earlier
intronic PTCs. Mammals show a contrasting pattern, how-
ever, where short introns have PTCs that are significantly
later in the last intron.

PTCs may be not as early in last introns because selection
is weaker. One possibility is that the deleterious effect on the
encoded protein of incorrectly splicing the last intron may be
less than for the first intron, perhaps because only a rela-
tively small number of amino acids at the carboxyl end of the
protein are altered. Another possibility may be caused by the
connection between polyadenylation of mature mRNA and
the removal of the last intron (Nesic and Maquat 1994;
Proudfoot 2011). If the last intron is not spliced correctly,
then the mRNA may not be polyadenylated and therefore
not exported from the nucleus for translation. If the aber-
rant mRNA is not translated, then there is no selective
pressure for an earlier PTC.

In summary, our results suggest that selection may favor
early translation termination in the incorrectly spliced mRNAs
that retain the first intron in all examined species and the last
intron in nonmammals. We postulate that selection favors
timely termination of translation in aberrantly spliced mRNAs.
The muting of the pattern in last introns suggests that selection
is less effective in terminal introns. When our predictions do
hold, they are more pronounced in species with larger effec-
tive population sizes (Figure 5). Because the frequency of
aberrant splicing varies, the strength of selection acting on
unspliced transcripts is likely weak, which explains the strong
sensitivity to effective population size (Wilhelm et al. 2008;
Drummond and Wilke 2009; Fox-Walsh and Hertel 2009).

Nature of selection on PTCs

If first PTCs are selected to occur earlier, as our results
suggest, then there must be one or more benefits to early,
efficient termination of aberrant mRNAs containing introns.
There are several possible costs that might cause selection to
favor earlier PTC position. These include: (1) The oppor-
tunity cost of not creating enough functional proteins be-
cause ribosomes are translating aberrant mRNAs encoding
nonfunctional protein products; (2) the energetic cost of
synthesizing aberrant proteins; (3) the energetic cost of
breaking down abnormal proteins; and (4) the functional
costof creating proteins that are deleterious to the cell. All of
these costs would be reduced by more expeditious induction
of NMD since aberrant mRNAs would be more rapidly de-
graded. In addition, earlier ribosome release would reduce
both the opportunity cost and the elongation and break
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down energetic costs of the aberrant proteins, which would
select for earlier position of first PTCs.

Of these four possibilities, we suspect that the opportu-
nity cost of ribosomes translating nonfunctional products
and the clean up costs of the abnormal proteins may be the
most important contributors to early PTC position within
introns. The cost to decay an aberrant protein is directly
proportional to the amount of aberrant protein produced,
and the occupation of aberrant mRNAs by ribosomes,
producing nonfunctional protein products, represents an op-
portunity cost to the organism (Drummond and Wilke 2009).
Ribosomes translating aberrant mRNAs are unavailable for
production of other functional protein products. Selection for
efficient translation termination as early as possible in the
incorrectly spliced message would minimize the amount of
aberrant protein the cell has to decay, as well as the dura-
tion that the aberrant transcript occupies the ribosome.

Elongation and sequestering of limited amino acid resources
in aberrant product has been hypothesized to be a major ener-
getic cost (Stoebel et al. 2008). However, studies in Escherichia
coli show that supplementing amino acids does not change the
cost of protein expression, which suggests that amino acid lim-
itation is therefore not likely a major selection pressure on PTC
position (Stoebel et al. 2008).

Finally, while it is clear that creating aberrant proteins that are
toxic will be deleterious in terms of fitness, and this is likely the
primary selection pressure associated with the evolution of the
NMD pathway itself, we suggest that it is less likely to be an
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explanation for the position of PTCs. The reason is that an earlier
PTC position only moderately shortens the aberrant protein,
which may generally have little or no effect on its toxicity.

Future directions

The data suggest that the position of PTCs may be shaped by
selection. Data from additional species is clearly needed to
confirm the patterns, especially in species with large effective
population sizes where the patterns are expected to be more
robust. In addition, the fact that patterns are more apparent for
introns that are particularly sensitive to NMD in S. cerevisiae
suggests that distinguishing these two classes of genes in other
species would be useful for elucidating the predicted patterns.
While studies have been conducted in A. thaliana, C. elegans,
D. melanogaster, and H. sapiens identifying transcripts that are
upregulated in NMD-deficient cells, these studies generally
rely on gene expression and do not indicate specifically introns
that are particularly sensitive to NMD (Mendell et al. 2004;
Metzstein and Krasnow 2006; Ramani et al. 2009; Drechsel
et al 2013).

One variable that we have not addressed is the frequency
with which aberrant mRNAs are produced. The expectation is
that genes that routinely produce aberrant mRNAs would
experience selection on PTC position and termination effi-
ciency more often. For example, in the extreme case in which a
gene is never aberrantly spliced, it would never experience
selection on PTCs. Tantalizing data that can be interpreted as
supporting this prediction comes from S. cerevisiae in which



highly NMD-sensitive introns exhibit earlier first PTC posi-
tions than introns less sensitive to NMD (Figure S1). If NMD
sensitivity is related to the probability of aberrant splicing,
such that commonly retained introns are more likely to be
NMD sensitive, then NMD-sensitive introns will also be
those with earlier PTCs. Testing the prediction that introns
with less efficient splicing will show greater PTC position
effects is challenging. The problem is that steady-state levels
of aberrant mRNAs, such as would be measured in a stan-
dard RNA-sequencing experiment, are affected by both the
production of and the degradation of the aberrant mRNAs
(Pelechano et al. 2010) For this reason, it would be neces-
sary to measure aberrant mRNA production directly, which
is a more challenging, and expensive, undertaking.
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for NMD sensitive introns, but data are not available to distinguish sensitive and non-sensitive introns.
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Figure S2: In-frame PTCs occur earlier than expected in the last intron for non-mammals. Observed (white/gray bars)
distances in base pairs between the 5’ splice site and intronic termination codons for in-frame PTCs, frame 1, and
frame2 first out-of-frame NCs. Distances are separated into 6 bins, each of which is 30 nucleotides in length, except
for bin 6 which contains all distances longer than 150 nucleotides. Panels A-E are in order of increasing effective

population size (Table 1).



140
. 120 |  DHigh Expression
E 100 - O Other
0
a i
O 80
£
- 60 -
i *
T 40 -
=
O T T T T T T |:._\
) ) <} { (2
W o* © N o ®
© g ¢ 2 © L
i, Q 5 o
?« O @ éoﬂ\ 5("
&
0.

Figure S3: PTC position is generally unaffected by level of gene expression. Average PTC position for highly expressed
genes and for all other genes after removing effects of 5’ splice context. Highly expressed genes are the 100 genes

showing highest levels of gene expression. : p-value < 0.05; ** Bonferroni corrected p-value < 0.0083



70
OShort Introns .
60 7 OLong Introns

50 A

%k %k

40 - .

ko

30 A

Median PTC Position

20

10 -

0 T T T T

1oNS \us el
p\e ‘\l\ " usc\) 6\000905
’ m

D

a0 5
alia?® c oledd”

a0 .59

Figure S4: Last intron PTCs are earlier within short introns in non-mammals and later within short introns of
mammals. Median position of the first PTC in last introns, measured in nucleotides downstream of the 5’ splice site,
for short and long introns. Introns < 250 nucleotides are considered short introns and result in intron retention when
mis-spliced. Introns > 250 nucleotides are considered long introns and result in exon skipping when mis-spliced.

" Bonferroni corrected p-value < 0.01
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Figure S5. GC content as a function of intron position. GC content for overlapping 10bp sliding windows, averaged

over all first introns in the genome, is shown



Table S1: Distance in nucleotides from the 5’ splice site to the first PTC/NC within first introns for all reading
frames. The Wilcoxon Sign-Rank test was used to determine if the distribution of in-frame PTCs (Frame 0) is
different than out-of-frame NCs (Frame 1 and Frame 2). The positions of the out-of-frame NCs in the +1 and +2
reading frames were also compared to one another. If PTCs appear earlier than out-of-frame NCs, than the Sum
Positive value will be greater than the Sum Negative. This test was implemented in R.

Median Wilcoxon Sign-Rank p-value
Frame O Frame 1 Frame 2 Sum Positive Sum Negative

A. thaliana 31 32 34 27461171 23892874 1.38E-09
C. elegans 15 21 24 33396863.5 24950094.5 < 2.2E-16
H. sapiens 63 39 41 8129755.5 10307862.5 1.59E-15
M. musculus 54 35 32 14893480 20155843 < 2.2E-16
D. melanogaster 17 19 22 6861763 6922112 0.7835
S. cerevisiae 20 40 43 9691 3675 6.23E-07
Sc. pombe 11 21 24 146287 65288 <2.2E-16

* Bonferroni corrected p-value < 0.002



Table S2: Distance in nucleotides from the 5’ splice site to the first PTC/NC within last introns for all reading frames.
The Wilcoxon Sign-Rank test was used to determine if the distribution of in-frame PTCs (Frame 0) is different than
out-of-frame NCs (Frame 1 and Frame 2). The positions of the out-of-frame NCs in the +1 and +2 reading frames
were also compared to one another. If PTCs appear earlier than out-of-frame NCs, than the Sum Positive value will
be greater than the Sum Negative. This test was implemented in R.

Median Wilcoxon Sign-Rank p-value
Frame O Frame 1 Frame 2 Sum Positive Sum Negative
A. thaliana 32 22 31 27545992 37793604 < 2.2E-16
C. elegans 21 15 23 24259776 29856630 < 2.2E-16
H. sapiens 42 24 29 7255745 10264495 < 2.2E-16
M. musculus 39 24 31 14061599 19924291 < 2.2E-16
D. melanogaster 21 16 21 6214700 6833686 0.00332
Sc. pombe 21 21 24 26326 20339 0.05214

* Bonferroni corrected p-value < 0.003



Table S3: Distance in nucleotides from the 5’ splice site to the first PTC/NC within first introns after removal of
genes/frames introducing PTC/NCs due to splice site consensus sequences. The Wilcoxon Sign-Rank test was used
to determine if the distribution of in-frame PTCs (Frame 0) is different than out-of-frame NCs. If PTCs appear earlier
than out-of-frame NCs, than the Sum Positive value will be greater than the Sum Negative. This test was
implemented in R.

Median Wilcoxon Sign-Rank p-value
In-frame Out-frame Sum Positive Sum Negative

A. thaliana 35 41 27461171 23892874 < 2.2E-16
C. elegans 23 32 33396863.5 24950094.5 < 2.2E-16
H. sapiens 81 89 6254200.5 5665202.5 0.002787
M. musculus 72 74 11596057.5 11242593.5 0.2698
D. melanogaster 24 38 3509722.5 2254987.5 < 2.2E-16
Sc. pombe 15 29 75263 27568 < 2.2E-16

* Bonferroni corrected p-value < 0.008



Table S4: Distance in nucleotides from the 5’ splice site to the first PTC/NC within last introns after removal of
genes/frames introducing PTC/NCs due to splice site consensus sequences. The Wilcoxon Sign-Rank test was used
to determine if the distribution of in-frame PTCs (Frame 0) is different than out-of-frame NCs. If PTCs appear
earlier than out-of-frame NCs, than the Sum Positive value will be greater than the Sum Negative. This test was
implemented in R.

Median Wilcoxon Sign-Rank p-value
In-frame Out-frame Sum Positive Sum Negative

A. thaliana 38 36 19048800 20054946 0.03612
C. elegans 27 29 15068891 14112089 0.01306
H. sapiens 56 54 5384583 5503528 0.5181
M. musculus 53 53 10262711.5 10239694.5 0.938
D. melanogaster 29 32 3877199.5 3227365.5 1.15E-06
Sc. pombe 27 26 11329.5 9376.5 0.244

* Bonferroni corrected p-value < 0.01
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