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Abstract

It is generally believed that introns are not translated; therefore, the potential intronic features that

may be related to the translation step (occurring after splicing) have yet to be thoroughly studied.

Here, focusing on four fungi, we performed for the first time a comprehensive study aimed at char-

acterizing how translation efficiency is encoded in introns and affects their evolution. By analysing

their intronome we provide evidence of selection for STOP codons close to the intronic 50 end, and

show that the beginning of introns are selected for significantly high translation, presumably to re-

duce translation and metabolic costs in cases of non-spliced introns. Ribosomal profiling data anal-

ysis in Saccharomyces cerevisiae supports the conjecture that in this organism intron retention

frequently occurs, introns are partially translated, and their translation efficiency affects organismal

fitness. We show that the reported results are more significant in highly translated and highly

spliced genes, but are not associated only with genes with a specific function. We also discuss the

potential relation of the reported signals to efficient nonsense-mediated decay due to splicing er-

rors. These new discoveries are supported by population-genetics considerations. In addition, they

are contributory steps towards a broader understanding of intron evolution and the effect of silent

mutations on gene expression and organismal fitness.

Key words: mRNA translation, intron evolution, transcript evolution, splicing, silent mutations

Introduction

RNA splicing is the process in which pre-mRNA transcripts mature
and where introns, intervening fragments within transcripts, are rec-
ognized and removed, leaving retained regions termed exons that
compose the mature mRNA. In eukaryotes spliceosomal introns are
confined to the nucleus, and the splicing process is executed by the
spliceosome, one of the largest molecular complexes in the cell.1,2

Accurate processing of introns is a crucial regulatory step in deter-
mining the cell expression profile, and is required before protein
translation can be initiated. As such, splicing efficiency (SE; efficient
recognition and proper splicing by the spliceosome) and specificity
are used to regulate growth, development, and overall response to

external signals.3,4 Extensive studies over the past two decades have
revealed the core chemical reactions, several sequence determinants,
and the major protein component interactions during intron splic-
ing.5–8 Nevertheless, the debate on intron origin and evolution has
been ongoing intensively for decades.9,10

The dynamic nature of spliceosome assembly and the complex in-
teractions of both its proteins and RNA components with the pre-
mRNA, give rise to a range of intronic SEs among different genes
and within the same gene that may lead to altered SE, and facilitates
the creation of different mature mRNA products from identical pre-
mRNA transcripts;11 in this process particular exons of a gene may
be included within or excluded from (i.e. ‘skipped’) the final
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processed mRNA transcript. This phenomenon is termed alternative
splicing (AS) and is the chief constituent of the increased number of
proteins encoded by genomes of multicellular organisms.12 Intron re-
tention, in which an intron remains in the mature mRNA transcript,
is widespread among plants and protozoa, but is infrequent in verte-
brates and seldom found in fungi.13–17 As such, it is often considered
the earliest version of AS to have evolved and might reflect mis-
splicing, as the splicing machinery may fail to recognize weak splice
sites flanking short introns. Additional AS events include alternative
splice sites selection, whilst the combination of two or more events
can generate more complex mature mRNA products.18–23

It was suggested that small introns in diverse organisms (such as
Paramecium tetraurelia, Homo sapiens, Caenorhabditis elegans, and
Schizosaccharomyces pombe) are under selective pressure to cause
premature translation termination in case an intron has not been
spliced (i.e. ‘retained’). In particular, it has been proposed that the
nonsense-mediated mRNA decay (NMD) pathway may have a
proofreading role in gene expression, eliminating transcripts that
have not been properly spliced;24 moreover, the core components of
the NMD machinery are evolutionarily conserved in all eukaryotic
organisms tested so far, and their deletion or silencing prevents
NMD in eukaryotic cells.25–29

The amount of intron-containing genes, intron density per gene or
per kilobase pair, and intron length, varies from one eukaryote to an-
other.30–33 In Saccharomyces cerevisiae there are <300 intron-
containing genes (5% of �6,000), of which few are mediated by two
introns or more.34,35 In fact, until now only two AS or intron retention
events have been identified in this organism.15,36 Nevertheless, in S.
cerevisiae intron-containing genes are particularly highly expressed
and account for more than 70% of its proteome. Additionally, several
intron sequences are found duplicated within ribosomal protein paral-
ogs.37,38 Conversely, in S. pombe (an organisms with �5,000 genes)
there are �5,000 introns spreading over a third of its genome, with up
to 20 introns mediating a single gene39 and with few known genes dis-
playing AS.17,40,41 Other fungi such as Aspergillus nidulans and
Candida albicans show variations in intronic characteristics as
well.42,43 Nonetheless, even though eukaryotic evolution has been gen-
erally characterized by widespread intron gain and loss events,10,44,45

the ubiquity of introns and the core of the spliceosome is conserved in
all well-characterized eukaryotes.1,46 Moreover, Hemiselmis anderse-
nii is currently the only known eukaryotic organism without any in-
trons or spliceosome subunit genes.47

The intron boundary signals at the donor splice site (or 5’SS) and
acceptor splice site (or 3’SS), the branch site (BS), and the polypyri-
midine tract, are canonical sequence elements which are essential for
intron recognition and for splicing to occur. The factors that bind to
these sequence motifs and the biochemical reactions they perform
are relatively well known due to the extensive research in this field.
Systematic investigations show that this process is highly regulated:
from spliceosome assembly, through pre-mRNA recognition and
binding, to the splicing reaction and complex disassembly.23,48

Additionally, it has been suggested that in yeast, introns regulate
ribosome biogenesis and function, and affect cell fitness under
stress.49

Despite such comprehensive studies, very little is known regarding
the intronic features that are related to translation. Specifically, in-
trons are believed to be the non-translated parts of the transcript;
however, since splicing is not a perfect mechanism, it is possible that
high enough splicing errors, such as intronic retention, will trigger se-
lective pressure for translation efficiency (TE) adaptation at the 50

end of introns. Here, we conduct a novel large scale study of four

fungal intronomes, to characterize novel genomic level intronic fea-
tures in the vicinity of the intronic splice-sites, related to post-
splicing/translation regulation, and understand their evolution.

Materials and Methods

The analysed organisms

The four fungi analysed here (S. cerevisiae, S. pombe, A. nidulans,
and C. albicans) were chosen based on the following consider-
ations: S. cerevisiae and S. pombe are well studied organisms with
well-established databases that are known to have diverged
350–900 million years ago.50 A. nidulans and C. albicans are two
additional fungi known to have diverged from S. pombe about
650 million years ago51 and from S. cerevisiae about 235 million
years ago.52 The genomes of these organisms are also fully
sequenced and their introns are well annotated. In addition, C.
albicans is a dimorphic fungus which can be a significant patho-
gen in humans.

Intronic sequence information

S. cerevisiae open reading frames (ORFs) and intron-containing gene
sequences (strain 288c) were taken from the Saccharomyces Genome
Database (SGD); 53 BS location information was obtained from the
Ares lab database.35 S. pombe genome information (Assembly 16)
was taken from the PomBase database; 54 BS locations were calcu-
lated based on the position-specific scoring matrix information ex-
tracted from the Sanger Institute, and is based on the original full
genome sequencing.39 A. nidulans (FGSC A4) and C. albicans
(SC5314 Assembly 21) genome information was taken from the
Aspergillus Genome Database (AspGD)55 and Candida Genome
Database (CGD),56 respectively; BS locations were calculated based
on the fungal BS consensus sequence (CURAY). We used only introns
taken from coding sequences (CDSs) and excluded 50 untranslated
region (UTR) and 30 UTR introns. Introns associated with putative
or alternatively spliced genes were also excluded; the full intron ex-
clusion list can be found in Supplementary Table S4. Additional GC
content and general information can be found in Supplementary
Table S5; exon–intron GC content was calculated using intron se-
quences and their flanking exon sequences (100 bp upstream and
downstream).

Protein abundance, mRNA levels, and metabolic cost

Protein abundance (PA) information for S. cerevisiae and S. pombe
was taken from the PaxDb dataset,57 which integrates information
from various resources. The mRNA levels for S. cerevisiae are based
on RNA-seq and DNA chip and were obtained by integrating three
datasets58–60 in the following manner: first, we normalized each
dataset by its average mRNA levels; next, for each gene we averaged
all its normalized measurements (dataset with no value was ignored).
Protein per mRNA ratio (PPR), i.e. the number of proteins produced
on average from an mRNA molecule, was calculated by dividing PA
by mRNA levels. PA levels are measured in parts per millions. The
mRNA is based on RNA-seq and DNA chip and thus is proportional
to the mRNA levels (number of molecules in the cell). Since our anal-
ysis is based on spearman correlation, ranking of genes according to
their expression levels is enough to provide the required results (i.e.
the actual levels will not change the results). Data for metabolic cost
of amino acids (AAs) for S. cerevisiae were taken from Ref. 61 and
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were also used as an approximation for S. pombe, as no S. pombe
data were available.

Randomization models

The randomized models were designed to conserve encoded protein
information, in addition to the intronic properties. Specifically, we
maintained codon frequencies [i.e. codon-usage bias (CUB)], canoni-
cal splicing signals, and GC content. To this end, the distribution of
codons in the CDS was calculated for each gene, and the sequence
was then randomized while maintaining these codon frequencies
(i.e. for each AA in the gene, the probability of a certain codon was
determined by its individual distribution in the CDS) and the amino
acid content and order (i.e. the encoded protein); this was separately
done for upstream and downstream exons. For each gene, intronic
nucleotides were uniformly permutated, maintaining consensus se-
quences (50SS, BS, and 30SS) and the intronic GC content. We used
the following randomization schemes to generate random sets: (i)
Codon only and (ii) Intron only. Next, a combination of the basic
schemes was applied, i.e. (i)þ (ii), and is used throughout the study;
the randomization models are also illustrated in Fig. 1C and D. In
the models used in Figs 3 and 5, we randomized the intronic se-
quences while assuming introns as being translated. Specifically, we
‘continued’ the introns in the same frame of their upstream exons
and considered the triplets of nucleotides in the introns as ‘artificial’
codons; next, we scrambled them while controlling for their CUB
and GC content.

Evaluation of significance levels

For each genome, up to 1,000 random intronomes were generated
(1,000 for S. cerevisiae and C. albicans, 200 for S. pombe and
A. nidulans). The level of significance (i.e. empirical P-value) was de-
termined based on a comparison between the random intronomes
and the actual one as follows, when we expect the real to be signifi-
cantly lower than the randomized version (e.g. in the case of the dis-
tance to STOP codon): Let S0 be the value of the actual intronome
and S ¼ S1; S2; � � � ; SN a vector containing N random values sam-
pled from the randomized models, where Si is the value of the ith
sample; then p ¼ 1

N

PN
i¼1 j Si > S0f gj, N¼1,000. When we expect the

real to be significantly higher than the randomized version (e.g. the
typical decoding rate (TDR)/tAI) the P-valued was computed as fol-
lows: p ¼ 1

N

PN
i¼1 j Si < S0f gj, N¼1,000.

The mean distance to the first STOP codon (shown e.g. in Fig. 2)
was calculated over all introns and then compared to the distribution
of means in the randomized sequences, which maintain the length
and nucleotide distribution per intron. Note that performing the
P-value computation separately for each intron cannot ‘mathemati-
cally’ work in this case: since three of the codons are STOP codons,
the probability to get an in-frame intronic STOP codon in a certain
position in the case of uniform nucleotide distribution is �0.05 (1–
61/64). Similarly, the probability to get a STOP codon in the first or
second positions is �0.09 (1–(61/64)*(61/64)). Thus, a significant in-
tron (with P � 0.05 or very close to this value) can only be observed
if the STOP codon is exactly in the first ‘codon’ of the intron.
Nevertheless, for a large set of introns (e.g. an entire intronome) we
have enough ‘degrees of freedom’ to detect such signals.

CUB calculation and randomization
The mean of TDR scores were calculated using the modified Sharp

and Li formulation: 62,63 TDR ¼ exp 1=L
PL
l¼1

ln 1=li lð Þð Þ
 !

, where L

is the AA sequence length, and li is the typical codon decoding time
of the ith codon; l values for S. cerevisiae were taken from Ref. 64
and are based on experimental measurements.60 The tRNA adapta-
tion index (tAI) scores were calculated using the scheme described
in Ref. 65; genomic tRNA copy numbers for S. cerevisiae and
S. pombe were obtained from the genomic tRNA Database;66 for
A. nidulans, and C. albicans, we used the tRNA copy numbers re-
ported in Ref. 67 while organism-specific Sij values were taken from
Ref. 68.

In the preparation of the mean profiles we used a single codon resolu-
tion (i.e. L¼1; see an illustrative scheme in Supplementary Fig. S3). The
profiles of the TDR (Fig. 3B) and tAI (Supplementary Figs S4–S6; C and
D) were computed in an identical manner; hence, here we use the tAI no-
tations to describe the procedure. Let tAIðiÞj denote the tAI value of a
single codon, located in the ith AA of a gene j with length n. Gene tAI
profile is defined as the vector of all the gene tAI values, i.e.
tAIGenej ¼ tAIjð1Þ; tAIjð2Þ; . . . ; tAIjðnÞ

� �
. For each organism, all

intron-containing genes were aligned once according to their 50SS loca-
tion and once according to their first intronic STOP codon location. Let
i50ss and istop denote the positions of the 50SS and first intronic STOP co-
don (for each of the analysed introns these indexes correspond to its
50SS and STOP codon, respectively). The profiles of mean tAI were cal-
culated based on window WS of 30 codons (i.e. 90 nt). Thus:

tAI50ss ¼

tAIði50ss �WSþ 1Þ; . . . ; tAI i50ssð Þ; . . . ; tAIði50ssþWSÞ
� �
tAISTOP ¼

tAIðistop�WSþ1Þ; . . . ; tAI istop
� �

; . . . ; tAIðistopþWSÞ
� �

;

where �tAI ið Þ ¼
P

j
tAIj ið Þ
Genej ;j and Genej is the number of genes with

translatable codons at their ith location. Additionally, downstream
exons in 50SS profiles and all exons in STOP profiles were excluded,
as well as UTRs such as 50UTR and 30UTR; analysis of STOP profiles
when downstream exons are included (as illustrated in
Supplementary Fig. S8) showed similar results. Values for the entire
domains (shown e.g. in Fig. 3A) were calculated as the geometric
mean per intron and then averaged over all introns. Wilcoxon
signed-rank (paired) tests and paired t-tests were performed between
the upstream/downstream average values per gene on the TDR/tAI
profiles; additional statistics, including Spearman correlations of
TDR/tAI with PA levels, can be found in Supplementary Table S1.

The randomized models used maintained the CDS codon frequencies
(i.e. CUB) and uniformly permutated the intronic nucleotides, maintain-
ing consensus sequences (as previously described; see also Fig. 1C and
D). During randomization, the 50SS alignment termination position
(Supplementary Fig. S8A–C) was set according to the randomization re-
sults, i.e. randomized termination point location. In the case of termina-
tion point alignment (Supplementary Fig. S8F), the termination point
alignment position was set to the original place of the retained intron in
order to avoid location bias. The intronome fraction level which deter-
mines the edges of analysis was set to 15% of the overall intronome (the
results are robust to reasonable changes in this cut-off).

Computing Z scores based on the randomized models

Standard normal distribution scoring (i.e. Z-score) is a statistical
measure that can be used for quantitative selection level evaluation

3Z. Zafrir et al.
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via the comparison of the real signal to a randomized one; higher Z-
score means higher chance that the selective pressure hypothesis is
true and vice versa. Absolute values higher than 1.96 are typically
considered to be significant, based on 95% confidence level (i.e.
P<0.05). Z-score values were calculated according to the following
equation: Zscore ¼ lreal�lrand

rrand
where lreal is the mean related to the ac-

tual intronome, lrand is the random model mean, and rrand is the ran-
dom model standard deviation (STD). We used the following scheme
related to the TDR/tAI profiles values: for each randomized model, a
vector of average values was generated (i.e. an average for each ran-
dom intronome) and the global Z-score was calculated.

Ribosomal profiling analysis

The ribosomal profiling (RP) method gives quantitative information
of ribosome footprints and ribosomal density (RD) in a single nucle-
otide resolution.60 The analysis was performed as follows: RP raw
data were obtained from NCBI GEO database69 (accession
GSE13750) for two footprinting experiment replicates in rich media
and mapped in a similar manner to the one described in Refs 60 and
70. It includes the following major steps: (i) Degenerate reads, i.e.
reads in which 18 or more of the first 22 nt are A bases (meaning the
entire read is composed of the homopolymer A tail), were eliminated.
Reads mapped to ribosomal RNA genes and other non-coding genes,
such as tRNA, snRNA, snoRNA, taken from Biomart (version R64-
1-1),71 were excluded. (ii) The entire pre-mRNA set of the S. cerevi-
siae genome was reconstructed utilizing BioMart (version R64-1-1);
71, 59 and each pre-mRNA included its 50UTR, exons, introns, and
30UTR, genes with no 50UTR and 30UTR annotations were supple-
mented with flanking genomic segments with the maximum length
ensuring there is no overlap with existing coding regions. (iii) Reads
of 36 nt were mapped using bowtie72 to the pre-mRNA sequences al-
lowing up to two mismatches on a seed length of 21 nt, to account
for polyadenylation of footprint fragments. (iv) Non-uniquely
mapped reads were extended from the mapped seed length of 21–28
nt to determine uniqueness, by first removing the poly-A tail of each
36 nt long read according to the following heuristic: we determine
the poly-A tail from the read’s end, by identifying the longest stretch
of As allowing two mismatches and removing it, reads longer than
28 nt were cropped, and reads shorter than the 21 nt seed length af-
ter poly-A tail removal were discarded, now the read with the lowest
mismatch score was selected if it uniquely exists; otherwise, the re-
maining contender multi-reads were distributed proportionally to
the density of the uniquely mapped reads in their vicinity (30 nt up-
stream and downstream).

Based on the RP footprint read counts (RCs) of the two aforemen-
tioned experiment replicates, and the 50UTR, exon, intron, 30UTR
annotations of 282 S. cerevisiae intron-containing genes, we per-
formed the following analysis: (i) the position of the ribosome A-site
was related to 15 nt from the beginning of the read; (ii) we averaged
the profiles obtained for the two replicates; (iii) averaged profiles
were generated in a similar way to the tAI profiles previously de-
scribed, however in a nucleotide-based resolution with the following
adjustments: downstream exons from the 50SS alignment were ex-
cluded, as well as upstream exons from the STOP alignment; in addi-
tion, genes with a STOP codon positioned in the downstream exon
were excluded; in the second intronic STOP analysis, RCs upstream
from the first intronic STOP codon were excluded as well. Wilcoxon
signed-rank test and paired t-test were performed between the up-
stream/downstream average values per gene on the RP
(Supplementary Table S1). Analysis scheme with a possible gene

example is presented in Supplementary Fig. S10. The estimation of
the difference between the pre-STOP and post-STOP domain (shown
in Fig. 7G) was done using 3,804 genes with observed protein levels
taken from Ref. 73, while excluding putative genes, dubious ORFs,
and genes with No RC values at all. List of RP genes with nonzero
RC in their pre-STOP domain can be found in Supplementary Table
S6. Additional A-site related offset alignments of 14 and 16 nt show
similar results (Supplementary Fig. S12).

Subgroups analysis and bias control

Introns were divided into subgroup sets according to various criteria:
ribosomal vs. non-ribosomal, and highly expressed vs. lowly ex-
pressed (based on PA, RD, mRNA, or PPR measurements).
Subgroups of different size may cause bias in the strength/signifi-
cance of the detected statistical signals; therefore (and in order to
control for the effect of different group sizes on the Z-score), we en-
sured that the size of both subgroup pairs is identical (i.e. equal num-
ber of introns in each subgroup); in case of a difference, introns were
chosen randomly form the larger group to match subgroup size (e.g.
in S. cerevisiae 93 introns were randomly chosen from a set of 187
non-ribosomal introns in total to match the ribosomal ones). Two
sided Wilcoxon rank-sum test and two sample t-test were performed
on the TDR/tAI profiles.

Synthetic YiFP reporter library building and analysis

The synthetic YiFP reporter library was downloaded from Yofe
et al.74 Briefly, to create the synthetic intron reporter library, S. cere-
visiae was transformed with a library of DNA transformation cas-
settes; each containing a different native yeast intron. The cassettes
were assembled using the Y-operation75,76 by which introns were
embedded in a Yellow Fluorescent Protein (YFP) fragment and con-
catenated to a common selection marker in high throughput. In this
manner 240 strains were created, termed YiFP strains, where the sole
difference between all strains is the native S. cerevisiae intron inter-
vening the YFP gene. The contribution of introns to the regulation of
gene expression was assessed by dynamic measurements of YFP ex-
pression. Following normalization, the expression level of each in-
tron strain was compared to that of the intron-less YFP strain to give
a measure of its relative expression level, which is related to intronic
SE. YiFP strains that had a signal to noise ratio (SNR) of 5 and above
were classified as spliced (178 introns), while the others (SNR<5;
62 introns) were classified as un-spliced.

Gene ontology function specific group analysis

We used the gene ontology (GO) annotation database (http://www.
geneontology.org/, 13 May 2016, date last accessed) to derive all the
functional gene groups related to the three ontology domains
(Cellular component, Molecular function, and Biological process).
We analysed a subset of the terms, i.e. GO Slim, evaluating 90 terms
in the database with at least 50 introns (out of a total of 145 terms;
each term contains at least 1% of the S. pombe intronome), and built
corresponding Z-score profiles for each subgroup. Profiles were then
vertically aligned in three ontology clusters, to present exonic donor,
pre-STOP and post STOP intervals. Significance level for each term
was calculated using a two sided Wilcoxon rank-sum test on the tAI
upstream and downstream intervals, aligned to the STOP codon.

4 Selection for reduced costs at the intronic 50 in fungi
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Considering cases when the first in-frame STOP codon

is downstream of the introns

Here, we provide some additional specific details regarding the
manner in which we consider the cases when the first in-frame
STOP is downstream of the introns: the cases where the first in-
frame STOP codon is in the 30 UTR are very rare (<0.5%) and are
ignored or do not exist; these cases are very probably related to se-
quencing/annotation errors (i.e. the main ORF does not include a
STOP codon), and do not exist at all in well annotated organisms
(e.g. S. cerevisiae). We ignore the very few cases (around �2%)
where the first in-frame STOP is a main ORF STOP codon since,
by the definition of our random model, in these cases the random
and real sequences are identical. It is easy to see that any reason-
able consideration of these cases does not affect any conclusion of
the study.

Also note that when we plot TE (e.g. adaptation to the tRNA
pool/TDR) and Ribo-seq profiles we ignore non-intronic parts since
we do not want to bias the results (the TDR/tAI/Ribo-seq in exons is
expected to be very high in comparison to introns), and to perform
the most conservative and relevant test possible.

Results

In this study, we analyse the intronome of four fungi: S. cerevisiae,
S. pombe, A. nidulans, and C. albicans; S. cerevisiae; and S. pombe
are both well studied and diverged �350–900 million years ago; 50

A. nidulans and C. albicans are two additional fungi with fully se-
quenced genomes and well annotated introns (see further details re-
garding these organisms in Materials and methods). Specifically, the
analysed data include 277 introns from S. cerevisiae, 4,747 introns
from S. pombe, 2,427 introns from A. nidulans, and 391 introns
from C. albicans.

Our objective was to evaluate systematically novel sequence
features/patterns near the splice sites that promote splicing regula-
tion and affect TE at the genomic level, towards a better under-
standing of intronic evolution. To this end, we defined three
pre-mRNA exonic and intronic regions that will be used hereafter
and are illustrated in Fig. 1A and B: Exonic Donor—exonic region
90 nt upstream from the 50SS (excluding upstream 50 UTR); pre-
STOP—intronic region 90 nt upstream from the first STOP codon
(excluding the STOP itself and upstream exons), aligned to the 50SS
or to the first STOP codon; post-STOP—intronic region 90 nt
downstream from the first STOP codon (excluding the STOP itself,
downstream exons, and 30 UTR), aligned to the first STOP codon;
the pre-mRNA exon–intron boundaries, consensus sequences, and
STOP codon are illustrated as well. We focused on three related as-
pects: (i) The position of STOP codons in possibly retained parts of
the introns. (ii) The possible adaptation of the intronic ‘codons’ to
the translation-elongation step in potentially retained parts of the
introns (i.e. the intronic beginning; in-frame of the preceding exon
and before the first STOP codon). (iii) The density of ribosomes on
possibly retained parts of the introns. In all cases, we performed a
comparative adaption analysis of various intronic subsets and
functions.

Evidence of selective pressure for intronic STOP

codons near the 50SS presumably to decrease

translation and metabolic costs of retained introns

Splicing, like other biological processes, does not exhibit perfect fi-
delity. Thus, it is clear that there are cases where introns are not

spliced, and translation-elongation continues through the retained
beginning of the intronic sequence.14 If such events are frequent
enough, we presume that evolution will shape the beginning of re-
tained introns for reduced translation and metabolic costs, and possi-
bly for increased TE (see illustration of truncated peptide formation
in Fig. 2A). In this subsection, we study one aspect related to this
argument.

Assuming that retained introns’ translation is usually deleteri-
ous to the cell, we expect to see preference for close STOP codons
or premature termination codons (PTCs) at the beginning of
introns in-frame of the exons preceding them. To test this hypoth-
esis, we compared the mean distance to the first STOP codon in
possibly retained introns in actual genomes, to the ones obtained
in randomized genomes that controlled for their exonic CUB and
GC content, maintained intronic consensus sequences, and con-
trolled for intronic GC content (per gene; see details in Materials
and methods and in Fig. 1C and D). Specifically, we calculated the
average length of all truncated peptides originating from non-
spliced transcripts (relative to the end of each preceding exon) and
compared it with the average lengths obtained using the random-
ized models. As can be seen in Fig. 2B and C, the average trun-
cated peptide length in the randomized models was 37% and 8%
longer than the actual one for S. cerevisiae and S. pombe,
respectively; evaluation of the average length distribution in the
randomized models shows that it is indeed significantly longer
than observed in the actual intronome (empirical P-value:
P¼2.3�10�2, P¼2.4�10�2; P¼8.55�10�8 and P¼1.25�10�15,
Wilcoxon signed-rank test between the actual and average ran-
domized models values per gene, which is a paired test; S. cerevi-
siae and S. pombe, respectively; see details in Materials and
methods and in Supplementary Fig. S14A and B).

We expect selection for intronic STOP codons near the 50 end of
the intron to be higher in highly expressed genes, which potentially
consume more intercellular translation resources. Thus, we further
examined two intronic subgroups of S. cerevisiae and S. pombe,
originating from highly and lowly expressed genes; 60 and 500 in-
trons were included in each subgroup for S. cerevisiae and S.
pombe, respectively, constituting 21% and 11% of their respective
intronome, based on their PA (see Materials and methods).
Analysis confirmed that the average retained peptide length in
lowly expressed genes was 76% and 143% longer than in highly
expressed genes for S. cerevisiae and S. pombe, respectively
(P¼3.61�10�4 and P¼1.54�10�2, Wilcoxon rank-sum test be-
tween the highly and lowly expressed genes; Fig. 2D and E and
Supplementary Fig. S14C and D). Evaluation of the average length
distribution obtained using the randomized models showed that
randomized highly expressed genes have significantly longer pep-
tide length than observed in the actual intronome (empirical
P<1�10�3 and empirical P< 5�10�3 for S. cerevisiae and S.
pombe, respectively). Contrary, lowly expressed genes did not
exhibit evidence of significant selection (empirical P > 0.24 and
empirical P >0.66, for S. cerevisiae and S. pombe, respectively;
Fig. 2D and E), as expected. Similar results and conclusions were
obtained using randomized models that separately maintained GC
content in the first and second intronic fragments (Supplementary
Fig. S1).

Furthermore, we considered the metabolic biosynthesis costs of
the truncated peptides originating from the non-spliced transcripts
(relative to the end of each preceding exon and up to the STOP
codon; see Materials and methods). The results shown in
Supplementary Fig. S2A and B demonstrate that the metabolic costs
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Figure 1. Pre-mRNA exonic and intronic regions, basic definitions, and randomization models. (A) The analysed fungal genes can be divided into three major re-

gions: UTRs, exons, and introns (in the analysed organisms we did not consider UTR introns since they are not flanked by translated regions). The introns in-

clude three canonical consensus sequences: the donor (or 50SS; subsequence GTATGT) and acceptor (or 30SS; subsequence YAG) that define intronic

boundaries, and the branch site (BS; subsequence CTRAY) that is required for the lariat formation. (B) In our analyses, exons and introns were divided into three

domains: Exonic Donor (up to 90 nt upstream from the 50SS), pre-STOP (up to 90 nt upstream from the first intronic STOP codon), and post-STOP (up to 90 nt

downstream from the first intronic STOP codon); the features surrounding the boundaries of these regions are studied here. (C and D) In order to demonstrate

that the reported features are under selective pressure, we compared the potentially translated sequences to the ones obtained by the following randomized

models: (C) encoded protein information is maintained; synonymous codons frequencies of each gene (separately) are maintained; (D) uniform permutation of

intronic nucleotides (per intron); the randomization models preserve these consensus sequences (50SS/BS/30SS), as well as additional exonic and intronic char-

acteristics (see Materials and methods and Supplementary information). The results suggest adaptation to the translation process at the beginning of introns

via preference for STOP codons close to the intronic 50 end, and for CUB resembling the one appearing in annotated ORFs. This discovery is also supported by

ribosomal profiling (RP) footprint measurements which are significantly higher in the 50 end intronic region than in the intronic region downstream of the STOP

codon.
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of the truncated peptides are 25% and 7% lower than in the random-
ized models for S. cerevisiae and S. pombe, respectively; analysis of
the randomized models average cost shows that it is indeed signifi-
cantly higher than observed in the actual intronome (empirical P-

value: P¼2.6�10�2, P¼3.5�10�2, P¼9.36�10�7, and P¼8.5�10�15,
Wilcoxon signed-rank test between the actual and average random-
ized models values per gene; S. cerevisiae and S. pombe, respectively;
Supplementary Fig. S14E and F). Further analysis confirmed that the

Figure 2. First intronic STOP codon analysis. The position of the first STOP codon relatively to the beginning of the intron in the actual retained intronome tends

to be closer to the 50SS than in randomized intronome models. (A) Illustration of the translation process showing ribosomes on a transcript with a retained in-

tron; the generated protein contains amino acids (AAs) that are encoded in the intronic nucleotide composition; as demonstrated in this case translation is usu-

ally terminated by a PTC, resulting in a truncated peptide. (B and C) Analysis of the average potential truncated peptide length distribution over the entire

transcriptome (transcripts with introns) in the randomized models compared to the actual ones: (B) Average truncated peptide length distribution in S. cerevi-

siae suggests that there is preference for shorter retained protein length; the average length of the randomized model is 37% longer than the actual intronome

(20.37AA vs. 14.89AA, respectively; empirical P¼0.024; see Materials and methods; actual length displayed in broken line). (C) Average truncated peptide

length distribution in S. pombe suggests that there is preference for shorter retained protein length; the average length of the randomized model is 8% longer

than the actual intronome (21.49AA vs. 19.91AA, respectively; empirical P¼ 0.025; actual length displayed by broken line); for comparison, the average trun-

cated peptide length in the case of uniform nucleotide distribution is 21.33AA. (D and E) Average potential truncated peptide length over subsets of the actual

transcriptome in comparison to the randomized models: (D) Intronome analysis of highly vs. lowly expressed genes in S. cerevisiae exhibits 76% longer trun-

cated protein length in lowly expressed genes (9.13AA vs. 16.08AA; left and right, respectively); distribution analysis demonstrates evidence of selection in

highly expressed genes but no significant selection in lowly expressed genes (empirical P< 1�10�3 and empirical P¼0.242; left and right, respectively; actual

length displayed by broken line). (E) Intronome analysis of highly vs. lowly expressed genes in S. pombe exhibits 143% longer truncated protein length in lowly

expressed genes (11.34AA vs. 27.52AA; left and right, respectively); distribution analysis demonstrates evidence of selection in highly expressed genes but no

significant selection in lowly expressed genes (empirical P< 5�10�3 and empirical P¼ 0.665, respectively; actual length displayed by broken line).
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signal is stronger for highly expressed genes (highly: empirical
P< 1�10�3 and empirical P< 5�10�3; lowly: empirical P>0.26 and
empirical P>0.68, S. cerevisiae and S. pombe, respectively;
Supplementary Fig. S2C and D).

Together, these results support the conjecture that introns are se-
lected for a STOP codon close to the 50SS in order to decrease the
length and corresponding metabolic costs of undesired translated
peptides in the case of intron retention, presumably to reduce the
global cost of translating such peptides; not surprisingly, highly ex-
pressed genes show evidence of significantly higher levels of selection
for these intronic features.

Evidence of selective pressure for elevated intronic TE

near the 50SS and upstream from the first STOP codon

presumably to decrease translation costs and improve

TE of retained introns

It was suggested that selection for certain synonymous codons im-
proves TE (in terms of rate and fidelity), reduces the cost of the trans-
lation process (e.g. via improving ribosomal allocation), and affects
organismal fitness.77–81 Thus, a preference for codons that are trans-
lated in a more efficient manner may possibly reduce translational
costs of retained introns, even if their product is not functional or en-
tirely functional. Therefore, if a relatively large fraction of the

Figure 3. CUB profiles for the S. cerevisiae intronome. The profiles show that the average of TDRs index values upstream from the first intronic STOP codon is

higher than the average of the TDR values downstream of it, supporting the conjecture that the beginnings of introns undergo evolutionary selection for higher

TE. (A) Actual and random average TDR values (blue and green, respectively; see Materials and methods) aligned to the beginning of the 50SS (Exonic Donor)

and the first intronic STOP codon (pre-STOP, post-STOP) locations. (B) Mean TDR profile aligned to the beginning of the 50SS (top) and the first Intronic STOP

codon (bottom). As expected, TDR values downstream from the 50 end of the exon/intron boundary (right side of the 50SS) are lower than upstream of it (top;

P¼ 2.04�10�8, Wilcoxon signed-rank test between the exonic and pre-STOP values, per gene). Mean TDR profile of the first Intronic STOP codon demonstrates

that the TDR upstream from the first intronic STOP location is higher than the TDR downstream of it (bottom; P¼4.91�10�18, Wilcoxon signed-rank test between

the pre-STOP and post-STOP values, per gene). (C) Mean values over all regions of the actual intronome and randomized version (blue and green, respectively).

The STD of the randomized genomes for these regions (light magenta) shows a significant signal in the pre-STOP domain; mean values are 5.239/5.167/4.929

for the actual intronome and 5.236/5.163/4.948 for the randomized intronome (left, middle, and right; respectively). (D) High standard normalization global

Z-scores (red, over all intronic ‘codons’; see Materials and methods) in the pre-STOP domain and very low global Z-scores in the post-STOP domain support

the conjecture that the intronic pre-STOP codon selective pressure hypothesis is true; genes with STOP codons positioned in the downstream exon and loca-

tions with <15% of the intronome were ignored.
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intronome is occasionally retained, we can expect to see preference
for codons with translation rates or TE relatively similar to typical
ORFs in the intronic region upstream from the first intronic STOP
codon.82,83 Hence, and in order to provide evidence supporting this
hypothesis, we analysed two measures that estimate the TE or speed
of codons: the first is the tAI of a gene (or other genomic sequence),
which estimates its adaptation to the tRNA pool.84 In the case of
S. cerevisiae, we used an additional measure: the TDR (see Materials
and methods ), which is expected to be more accurate since it incor-
porates direct experimental RP data; 63,64 TDR is currently not avail-
able for the other studied organisms. To this end, the tAI/TDR
profiles of all intron-containing genes were computed both in the ex-
onic and the intronic regions (see details in Materials and methods
and Supplementary Fig. S3). The profiles were aligned around: (i) the
50SS of the introns and (ii) the first intronic STOP codon, and a mean
profile was generated. A summary of the analysis for S. cerevisiae is
presented in Fig. 3. As anticipated, the average TDR values in the ex-
onic regions upstream of the 50SS were higher than in the intronic re-
gions downstream from it (Fig. 3A and B; P¼2.04�10�8; Wilcoxon
signed-rank test between the upstream and downstream values per
gene). Furthermore, the average TDR values of the intronic se-
quences tend to be higher before the first intronic STOP codon rela-
tively to the intronic sequence downstream from it (P¼4.91�10� 18,
Wilcoxon signed-rank test between the upstream and downstream
values per gene). Similarly, when the mean intronic TDR before the
first intronic STOP codon was compared with the randomized mod-
els it was found to be significantly higher (Fig. 3C). Finally, compari-
son to randomized models shows that the average Z-score value in
the pre-STOP domain is significant, while not significant in the post-
STOP domain (Fig. 3D; 4.013 vs. �0.078, respectively), supporting
the suggested hypothesis that the region before the first intronic
STOP codon undergoes evolutionary selection for higher TE (see de-
tails on Z-score calculation in Materials and methods). Similar re-
sults were obtained in S. pombe, A. nidulans, and C. albicans (using
tAI; see Supplementary Figs S4–S6, respectively). A summary of the
average TDR/tAI and corresponding Z-scores shown in Fig. 4A and
B demonstrates that in all studied organisms the pre-STOP domain
exhibits higher translation adaptation levels in comparison to the
post-STOP domain; full analysis and statistical information, includ-
ing average random values and empirical P-value information, can
be found in Supplementary Table S1. Similar results were obtained
when using randomized models that separately maintained GC con-
tent in the first and second intronic fragments (Supplementary Fig.
S7); profiles aligned around the 30SS can be seen in Supplementary
Fig. S13.

We suggest that the beginning of introns tend to be translated fre-
quently enough to trigger TDR/tAI preference resembling typical
fungal ORFs. Specifically, when we compared the average TDR/tAI
of the intronic upstream region to all of S. cerevisiae and S. pombe
genes, we found that in these organisms 23.87% and 31.02% of the
genes, respectively, have lower values, as can be seen in Fig. 4C and
D. This result demonstrates that the TDR/tAI at the beginning of in-
trons is similar to the TDR/tAI for typically expressed genes.

Evidence of higher selective pressure on CUB to

improve TE at the beginning of introns for introns

located in highly translated genes in S. cerevisiae

In budding yeast, almost all introns were lost during evolution.85,86

However, the ones that were preserved are known to be generally
found in highly expressed genes; moreover, about a third of its

intronome originates from genes encoding ribosomal proteins.37 It is
also known that highly expressed genes tend to undergo selection to
include codons that are translated more efficiently;63,64,84,87,88 thus,
we also expect higher selection pressure for ‘codons’ that are trans-
lated more efficiently at the 50 end of introns in highly translated genes.
Therefore, in order to determine whether there is a significant differ-
ence in the selection for TE between highly and lowly expressed genes
at the beginning of introns, intron-containing genes in S. cerevisiae
were divided into two subgroups: 93 introns originating from the very
highly expressed ribosomal genes and 93 introns originating from
non-ribosomal genes (arbitrarily selected out of 187 in total to control
for the effect of different group sizes; see Materials and methods ), and
TDR profiles were generated for each group. We further analysed the
randomized model that combines randomizations of codons and in-
trons for the aforementioned subgroups to identify evidence of selec-
tion based on Z-score profiles calculations. Moreover, we examined
the corresponding TDR Z-score profiles of four additional subgroups
of the S. cerevisiae intronome based on their PA, mRNA levels, RD
measurements,60 and the PPR, which is an estimation of the transla-
tion rate (271, 273, 279, and 266 introns, respectively; see Materials
and methods ). This was accomplished via sorting the intronome ac-
cording to each measure, and analysing its upper tertiary and lower
tertiary, i.e. 85 introns in each subgroup. A summary of the TDR Z-
score profiles shown in Fig. 5A demonstrates that both ribosomal and
non-ribosomal introns exhibit significant selective pressure in the pre-
STOP domain (Z>3.5; see Materials and methods), but no substan-
tial selection in the post-STOP domain. Likewise, introns with high
PPR/PA/mRNA/RD exhibit higher and significant selective pressure in
comparison to introns with low PPR/PA/mRNA/RD, in the pre-STOP
domain, and no substantial selection in the post-STOP domain
(jZj<1.34). This suggests a higher level of retained intron adaptation
to the translation process in those subgroups (e.g. in the pre-STOP do-
main Z¼5.3 for high PPR vs. Z¼�0.99 for low PPR; see Materials
and methods; additional information can be found in Supplementary
Table S2). Furthermore, the selection signal is better related to PA
rather than to mRNA levels (Z¼4.74 for high PA vs. Z¼3.79 for
high mRNA): the expected intronic TE selection pressure is related to
[mRNA concentration • translational initiation rate per mRNA •
splicing error rate], whereas the protein level (PA) is related to [mRNA
concentration • translational initiation rate per mRNA] and is ex-
pected to have higher correlation with selection levels.60 Thus, the fact
that the TE signal better correlate with PA rather than with mRNA
supports the conjecture that indeed the selection for codons with high
TDR at the 50 end of introns is related to translation and not to pre-
translation gene expression stages.

The connection between elevated intronic TE near the

50SS and upstream from the first STOP codon and SE

measured via a synthetic intron library system

The aim of the current section is to provide evidence supporting the
conjecture that the reported signals at the intronic 50 are associated
with SE. To this end, we analysed previously reported measure-
ments of different introns transformed into a Yellow Fluorescence
intron Library (YiFP) as a system for estimating SE in S. cerevisiae
(Ref. 74; higher YiFP is related to higher SE; see Fig. 5B, Materials
and methods, and Supplementary Note S2 for additional details).
First, we extracted the intronic SE library related measurements of
215 introns. Next, we looked at the TDR and TDR Z-score profiles
of two subgroups of endogenous introns in correspondence to their
YiFP expression levels: 80 genes with the highest levels and 80
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genes with the lowest levels; each group accounts for �33% of the
synthetic library intronome. As can be seen in Fig. 5C, in the pre-
STOP domain there is evidence of significant relation between se-
lection for codons with high TE (i.e. TDR) and high SE (Z¼3.49
for high YiFP vs. Z¼�0.29 for low YiFP; additional information
can be found in Supplementary Table S2). This and the previous

results demonstrate the coupling between the different gene expres-
sion steps and aspects: highly expressed genes are expected to un-
dergo stronger selection for all gene expression aspects, including
translation cost/efficiency and splicing cost/efficiency. Specifically,
introns of highly expressed genes are expected to be more optimal
in terms of their SE and their TE.

Figure 4. CUB and translation efficiency summary. (A) Average TDR (S. cerevisiae) and tAI (S. pombe, A. nidulans, and C. albicans) in the Exonic Donor, pre-

STOP and post-STOP domains of the examined organisms exhibit monotonic decrease in CUB over these three domains. (B) In all of the examined organisms

the global Z-score at the pre-STOP domain is>2 whereas the Z-score post-STOP domain is negative, supporting the hypothesis that there is selection for co-

dons similar to some typical ORFs in the pre-STOP but not in the post-STOP domain, probably to optimize translation. (C) Distribution analysis of the S. cerevi-

siae whole genome demonstrate that the average TDR at the beginning of its introns is higher than in 23.87% of the genes (average value of 5.1); downstream

from the first intronic STOP codon the values drop to be higher than only 0.07% of the genes (average value of 4.77); in comparison, average values of the top

300 highly expressed genes is 6.17. (D) Distribution analysis of the S. pombe whole genome demonstrate that the average tAI at the beginning of its introns is

higher than in 31.02% of the genes (average value of 0.382); downstream from the first intronic STOP codon the values drop to be higher than only 0.1% of the

genes (average value of 0.313); in comparison, the average value of the top 300 highly expressed genes is 0.542.
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Evidence that selective pressure on TE near the 50SS

and upstream from the first STOP codon in S. pombe

is not function specific

An intriguing question is whether the previously shown intronic trans-
lation features are not related to the regulation of specific functional
gene groups, and can be detected in various gene groups. To this end,
we used GO and analysed the retained peptide length, tAI profiles,
and tAI Z-scores mentioned in the previous sections in S. pombe for
90 different GO terms separately (see Materials and methods). As can
be seen in Fig. 6 for genes of various biological processes, analysis of
the STOP codon distance from the 50SS demonstrates that the average
retained peptide length is lower in 61% of the gene functions for the
actual intronome in comparison to the randomized ones (Fig. 6A;
79%/76% for molecular function and cellular component, respec-
tively; Supplementary Fig. S9; 22% of the terms exhibit selection levels
with empirical P-value P< 0.1; Fig. 6B and C; 29% for both molecu-
lar function and cellular component, Supplementary Fig. S9). In addi-
tion, and consistent with previous results, the highest tAI values are
found upstream from the 50SS in most cases; naturally and as ex-
pected, the tAI values drop in the pre-STOP domain, however, these
values are significant higher than the values in the post-STOP domain
(which have the smallest tAI values). This result suggests a partial ad-
aptation to the translation process at the pre-STOP domain and mini-
mum or no adaptation to the translation process at the post-STOP

domain. In addition, the Z-score profiles in the pre-STOP domain ex-
hibit higher selection levels for most cases (Fig. 6D and E), supporting
the conjecture above. Finally, 71%/61%/85% of the gene functions in
biological process, molecular function, and cellular component, re-
spectively, show significantly higher values in comparison of the pre-
STOP and post-STOP domains (P< 0.05 for all cases, Wilcoxon
rank-sum test; results for molecular function and cellular component
can be seen in Supplementary Fig. S9; see details in Materials and
methods, and also a list of the included and excluded terms in
Supplementary Table S3). Altogether, these results suggest that the sig-
nal reported in the previous sections is not function specific or limited
to a small group of genes with specific function, but rather tends to ap-
pear in genes with various functions.

RP analysis in budding yeast demonstrates higher

ribosome density at the beginning of introns compared

to downstream from the first intronic STOP codon

To further demonstrate that the beginning of introns tends to be par-
tially but considerably translated, we utilized S. cerevisiae RP experi-
mental information. The RP method is currently one of the most
promising approaches for studying gene translation; 60 it provides a
quantitative measure of ribosome translation status for every nucleo-
tide in the genome at any given moment (see details in Fig. 7A–D

Figure 5. CUB analysis in various subgroups of S. cerevisiae. (A) Average TDR Z-scores for various intronome subgroups examined in S. cerevisiae: ribosomal

vs. non-ribosomal, high levels of PPR vs. low levels of PPR, high PA vs. low PA, high mRNA levels vs. low mRNA levels, and high RD vs. low RD.60 Introns origi-

nating from highly translated genes (e.g. high PPR/PA; Z> 4.74) exhibit higher TDR Z-score values than introns originating from lowly translated genes (e.g.

low PPR/PA; jZj<0.99) in the pre-STOP domain (see Materials and methods); results in the post-STOP domain were not significant (jZj<1.34); see full informa-

tion in Supplementary Table S2. (B and C) Standardized reporter approach for studying SE in S. cerevisiae: (B) Overview of a previously reported approach for

studying splicing mediated gene expression of a reported gene as an assessment of SE (see details in Materials and methods and Ref. 74). (C) Average TDR

Z-scores for high/low levels of SE in the synthetic library: results were significant in the pre-STOP domain for highly spliced genes (Z¼3.49), but not significant

in the post-STOP domain (jZj<0.74; see full information in Supplementary Table S2). These results support the hypothesis that there is higher selective pressure

for TE in introns originating from highly expressed/translated and highly spliced genes (vs. introns originating from lowly expressed/translated and lowly

spliced genes); thus, they are consistent with the accepted hypothesis that highly expressed genes are generally more adapted to the tRNA pool, the translation

process, and to various gene expression steps in general.62,81,87,88
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and in the Materials and methods). In order to estimate the transla-
tion levels of retained introns we compared the RD before and after
the first intronic STOP codon. Specifically, the analysis was per-
formed based on the RP footprint RC information in these regions in
a per nucleotide resolution, through alignments around the 50SS and
first intronic STOP codon, averaging over the entire intronome (see
Materials and methods and Supplementary Fig. S10). As expected,
the mean RC values in the exons upstream of the 50SS are around
two orders of magnitude higher than the values at the intronic down-
stream side (Supplementary Fig. S11). Analysis of the region sur-
rounding the first intronic STOP codon shows that mean RC values
upstream of the termination point were 2.56 times significantly
higher than those downstream from it (Fig. 7E; mean RC of 6.
39�10�2 before vs. 2.54�10�2 after the first intronic STOP codon;
P¼1.42�10�9, Wilcoxon signed-rank test between the upstream and
downstream values per gene; see also Supplementary Table S1).
Interestingly, analysis of the mean RC in the 30 UTR (3.47�10�2; af-
ter the annotated STOP and the end of the coding region), found sim-
ilar levels to the ones detected in the intronic post-STOP domain
(2.54�10�2). This result supports the conjecture that the intronic
STOP codons function in a similar manner as the annotated STOP,
in the case where introns are properly spliced; thus, the level of RC
detected at the intronic post-STOP domain is similar to the ‘back-
ground noise’ of the RP method. Furthermore, examination of RD in
alignment to the second intronic STOP codon does not show any sig-
nificant difference (Fig. 7F; mean RC of 2.47�10�2 before vs. 2.

35�10�2 after the second intronic STOP codon; P¼0.21, Wilcoxon
signed-rank test between the upstream and downstream values per
gene; see Materials and methods), further supporting the conjecture
that indeed the observed signal near the first intronic STOP codon is
related to genuine intronic translation.

Further, we evaluated the mean TDR at the pre-STOP domain as-
suming that due to splicing error rate consequently 1% of the introns
are translated (e.g. see Ref. 89) To this end, we compared the mean
TDR at the pre-STOP domain of the introns to the mean TDR of
ORFs with RC that are [0.01 6 0.005]�[mean RC of ORFs with in-
trons] and found them to be very similar (5.165 vs. 5.148; in com-
parison the average and STD of the mean TDR over all annotated
ORFs are 5.27 and 0.274, respectively). We also compared the mean
TDR at the pre-STOP of the introns to the mean TDR of ORFs with
similar RC (610%), to the RC that appears in the pre-STOP domain
and found them to be very similar (5.165 vs. 5.231); see also
Supplementary Note S2.

Finally, as can be seen in Fig. 7G, analysis of the whole S. cerevi-
siae genome demonstrates that 40.8% of the genes have lower mean
RC values than introns in the pre-STOP domain (the relatively high
number can be explained by the fact that genes with introns are ex-
tremely highly expressed in S. cerevisiae). These findings are in agree-
ment with our previous results, as they support the conjecture that
the intronic regions upstream of the first intronic STOP undergo sig-
nificantly higher translation than the intronic regions downstream of
it. In addition, the intronic translation rate is comparable to

Figure 6. GO terms analysis in S. pombe reveals that retained introns translation preference is not unique to genes with a very specific function. (A--�C)

Summary of retained peptide length (A) and Z-score corresponding to peptide length relatively to randomized models (B) for biological process demonstrates

that in 61% of the gene groups there is preference for a STOP codon closer to the 50SS. (C) Statistical analysis indicates that the empirical P-value related to the

observed signal is<0.1 in 22% of the examined gene groups (see Materials and methods). (D and E) Summary of average tAI (D) and Z-score corresponding to

tAI levels relatively to randomized models (E; in absolute values) profiles in the pre-mRNA domains for biological process demonstrates that in various gene

groups there is preference for higher tAI values at the beginning of introns in comparison to the region downstream from the first intronic STOP codon; statisti-

cal analysis indicates that the observed signal is significant in 71% of the examined gene groups (P< 0.05 for all cases, Wilcoxon rank-sum test; see Materials

and methods). Thus, the reported signal is universal and not related to any one functional gene group.
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Figure 7. RP analysis of S. cerevisiae. The RP method gives quantitative information of RD in a single nucleotide resolution. (A) Cells are treated (for example)

with cycloheximide to arrest translating ribosomes; (B and C) RNA fragments protected from RNases by the ribosome are isolated and processed for Illumina

high-throughput sequencing; (D) Based on the sequence reads, it is possible to computationally infer various biophysical properties related to the translation-

elongation process. Ribosomal footprint RCs of a certain codon are generated when the codon is covered by ribosomes. Thus, highly translated genes tend to

create a higher number of reads. (E) The mean RC values upstream from the first intronic STOP codon (pre-STOP side, left of the Termination Point) shows

higher values compared with downstream mean RC values (post-STOP side, right of the Termination Point; 6.39�10�2 before vs. 2.54�10�2 after the first

intronic STOP codon; P¼1.42�10�9, Wilcoxon signed-rank test). (F) The mean RC profile shows no significant difference between the intronic pre-STOP and

post-STOP domains (2.47�10�2 before vs. 2.35� 10�2 after second intronic STOP codon; P¼ 0.21, Wilcoxon signed-rank test); RC A-site offset is 15 nt. (G) RC

distribution analysis of the S. cerevisiae genome demonstrates that as much as 40.8% of the yeast genes have lower mean RC values than introns in the pre-

STOP domain, while merely 15.77% of the genes have lower mean RC values than introns in the post-STOP domain (see details in Materials and methods).
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translation rates of known ORFs. Thus, these results support the
conjecture that the reported intronic sequence features are indeed re-
lated to translation.

The reported results from the population-genetics

point of view

The aim of this section is to demonstrate that the reported results are
supported by population-genetics considerations. We will start with
the conjecture that the 50 end of introns undergo selection for ‘co-
dons’ with better TE, and continue with the conjecture that there is
selection for an intronic STOP codon in-frame with the upstream
exon and close to the intron 50 end. It was estimated in yeast78 that
the CUB selective coefficient is S¼2.6 for highly expressed genes
(100 copies of the mRNA). This means that the expected frequency
P of the optimal codon is: P ¼ 1þ u

v e�S
� ��1

, where u and v are the
mutation rates from c1 to c2 and from c2 to c1, respectively (c1 and c2

are two synonymous codons of the same AA). In addition,
S¼4�Ne�s, where Ne is the effective population size and s is the selec-
tive pressure. If we assume that u¼ v we get P ¼ 1þ e�S

� ��1¼0.93,
and since in S. cerevisiae Ne¼107 (see in Ref. 78) we get a selective
pressure of s¼6.5�10�8 for highly expressed genes.

In Ref. 78 they also provide a relation between expression levels
and the selection coefficient (see Fig. 2 in this article), and suggest
that ‘genes expressed at over one transcript per cell show noticeable,
albeit small, signs of selection on codon-usage’. Since ribosomal pro-
teins have the highest expression levels in the cell (e.g. Y over 100
copies), we expect that an error rate of a few percentages x will be
comparable to the selection coefficient for codons in genes with ex-
pression levels x�y. As can be seen in Ref. 78, for x � 5% (similarly
to the RC observed at the intronic 50 end of S. cerevisiae) the esti-
mated S is around 0.5, and thus the corresponding selective pressure
is around s¼1.25�10�8. According to them, this S value is close to
the ones estimated for genes in H. Sapiens, Encephalitozoon cuniculi,
and Plasmodium falciparum, and is higher than the S value of Mus
musculus, where selection for CUB was observed (i.e. the S value is
significantly higher than 0 according to Ref. 78).

Regarding the second signal, the conclusion is similar: The selec-
tion coefficient for a close STOP codon is expected to be higher than
for CUB due to the following reasons: (i) Based on TDR/tAI/
Metabolic-cost in S. cerevisiae the mean TE or metabolic cost differ-
ence between all pairs of (different) codons is 1.4/0.299/19.78, re-
spectively, while the mean improvement in terms of translation rate/
metabolic cost when removing a codon is expected to be equal to the
mean translation rate/metabolic cost of one codon, which is 5.22/
0.387/29.08, respectively. (ii) Mutations that decrease the distance to
a STOP codon can decrease it by more than one codon.

The relation of the reported results to efficient NMD

regulation

The fact that the reported signals correspond to a STOP codon close
to the intronic 50SS may also be (partially) related to selection for im-
proved NMD. Specifically, recent studies suggested that longer 30

UTRs following PTC is one factor related to the improvement of
NMD efficiency.90–93 Nevertheless, various lines of evidence support
the conjecture that the reported result is at least partially related to
translation rather than NMD:

(i) According to our analyses of reduced metabolic costs and TE
adaption in the beginning of introns, the signal of more ‘efficient’
amino acids and codons before the first intronic STOP is expected to
be related to translation and is not expected to be related to NMD.

(ii) The average distance between the PTC and the annotated
STOP codons is 934.41 nt for S. cerevisiae and 932.36 for Sch.
pombe. These results indeed detect a significant signal related to lon-
ger 30 UTRs that may be related to improved NMD (P¼8.55�10�8

and P¼1.25�10�15; Wilcoxon signed-rank test between the actual
and average randomized models values per gene). However, analyses
and comparisons to the randomized models gave an average value of
918.38 nt for S. cerevisiae and 926.55 nt for S. pombe, i.e. 1.75%
and 0.63% higher, respectively. We believe that the relative small
change in the 30 UTR length is not expected to affect the NMD effi-
ciency (in comparison, evaluation of the ratios in the case of average
truncated translated intronic length gave 36.78% and 7.95%, re-
spectively; see Fig. 2B and C).

(iii) The definition of what is considered a ‘long’ 30 UTR is some-
what ambiguous and there is no agreement on the relation between
the 30 UTR length and the NMD pathway efficiency. Thus, the mech-
anism by which PTCs are detected and promote assembly of the
UPF-SMG complex is still poorly understood, though seems to be
related to the 30 UTR composition, and the relation between the
PTC recognition and the actual mRNA decay is not fully
understood.28,29,94,95

(iv) If NMD is the dominant mechanism we expect to see a stron-
ger signal of an intronic STOP near intronic 50SS in introns further
away from the beginning of the coding region; in these introns the in-
creased ratio of the 30 UTR due to a closer intron is expected to be
stronger, promoting stronger selection. However, comparison of the
average retained peptide length and metabolic costs in S. pombe be-
tween the first intron in each gene to the rest of the introns (2,269 vs.
2,478 introns, respectively) showed that the last ones are 25% longer
and that the average metabolic cost in the first ones is 22% lower
(P¼1.94�10�6 and P¼3.11�10�7, respectively; Wilcoxon rank-
sum test; Supplementary Fig. S15). This result demonstrates that the
signal is significantly stronger for the first introns in comparison to
the rest, supporting the conjecture that NMD is not the most domi-
nant factor here.

(v) Finally, we would like to emphasize that as in many cases re-
ported in the past, a signal or phenomena may be related to multiple
rules or reasons.95 Thus, it is clearly possible that both explanations
(translation and NMD) are related to the suggested selection for
intronic STOP close to the 50SS.

Discussion

Intron retention is seldom found in fungi, and has not been reported
in the organisms analysed in this study. However, here, we analyse
four fungal genomes and report various novel evidence supporting
the conjecture that novel sequence features found near the intronic
splice sites are under selective pressure, presumably to reduce the
translation costs of retained introns. Specifically, we report the fol-
lowing major results that are observed at the intronome level: (i) We
demonstrate that the intronic sequences are selected for a close STOP
codon near the 50SS, presumably to reduce the cost of translating
undesired peptides encoded in retained introns. (ii) In association
with this outcome, the beginning of introns are selected for codons
that improve TE, which resemble the ones that appear in annotated
fungal ORFs, and thus probably undergo co-evolution with the
tRNA pool. Again, this signal probably improves the fitness of the
organism via reducing the translation and metabolic costs of peptides
encoded in retained introns. In all of these cases the reported signals
were compared to the ones obtained in randomized genomes and
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were shown to be significantly stronger, supporting the conjecture
that they are indeed under selective pressure. (iii) Our analyses dem-
onstrate that in S. cerevisiae there is higher RD at the beginning of in-
trons, before the first intronic STOP codon, rather than downstream
of it, supporting the conjecture that this region tends to undergo par-
tial translation. (iv) The reported patterns occur in genes with vari-
ous cellular functions supporting the conjecture that they are not
function specific. (v) We show that the reported patterns are stronger
in highly translated/expressed genes and in introns located in the be-
ginning of the ORF, and specifically related to measures directly as-
sociated with TE, supporting the conjecture that they are indeed
related to TE selection, and not to alternative signals. (vi) We show
that the reported signals do not appear at the intronic 30 end or in
the region surrounding the second intronic STOP codon. (G) Finally,
the level of codons’ TE at the 50 pre-STOP intronic domain is very
similar to the one appearing in annotated ORFs with similar ribo-
some densities/expression levels as in those intronic regions.

While there is an ongoing debate regarding the relation between
codon-usage and TE based on the analyses of RP data,63,96–105 it is
important to emphasize that the most recent studies clearly
demonstrate the relation between codon-usage and translation-
elongation.63,96,100,103–105 The current understanding is that previ-
ous studies did not find such a relation due to various problems and
biases, including the nature of RP data, inaccurate analysis of the
data, low coverage of the data, and more.63,100,103–106

The reported signals are observed at the genomic level, but are
harder to detect for single introns due to the nature of the studied sig-
nals (see further details in the Materials and methods). Therefore, a
comparison of the entire intronome to its randomized versions should
enable evaluating such a selection. Likewise, other important recent
studies in the field have performed analogous analyses.65,107–111 We
believe that the relatively rare translation events accumulate over all
introns to yield a phenomena substantial enough to trigger a selective
pressure.

It is important to mention that the reported patterns cannot be
completely (or trivially) explained by alternative mechanisms related
to splicing instead of translation. For example, it was suggested that
in some organisms the intronic boundaries include alternative/tan-
dem splice sites;112 thus, it is possible that the increased TE and RD
at the intronic 50 end is due to this phenomenon. However, the study
did not include Fungi, which are different in terms of their splicing
regulation and effective population size than the analysed organ-
isms;14,113–116 thus, it is not known whether tandem splice sites tend
to occur also in Fungi. In addition, the fact that we did not find simi-
lar patterns surrounding the second STOP codon or at the intronic
30SS (Fig. 7F1 and Supplementary S13) supports the conjecture that
the reported signals are at least partially related to translation. These
results and the fact that we used CUB measures that are directly
related to translation (TDR/tAI) support the conjecture that the
reported CUB at the intronic 50 end cannot be fully explained via
non-adaptive mechanisms or aspects not related to translation (e.g.
minimizing splicing errors or nucleotide synthesis costs).
Furthermore, by any means the selection for STOP codons near
intronic 50 end cannot be related to tandem splice site signals.

Some studies have suggested that the process of intron splicing is
quite efficient (the probability of splicing error is �1%), that introns
in highly expressed genes are spliced more accurately, and that splic-
ing errors trigger NMD which trigger degradation of the
mRNA.89,117 However, only few genes were examined and only in
mammals, and it is not clear whether the results are consistent in dif-
ferent conditions or tissues. Since there are changes at the range and

order of magnitude in various aspects of gene expression,118–120 we
expect that also in terms of SE the differences may be very high (up
to several orders of magnitudes). Here, because many of the analysed
genes are highly expressed it is possible that even a translation ratio
of 1% (that usually results in NMD) may result in substantial selec-
tion pressure that will enable the TE adaptation. Additionally, since
the NMD pathway is based on ribosome halting at the premature
STOP codon,121 when considering very large numbers of introns it
will ‘cost’ less if the STOP is be closer to the 50 end of the intron.
Moreover, our analyses demonstrate that the RD at the S. cerevisiae
intronic pre-STOP 50 end (but not in other parts of the introns) is in
agreement with the ribosomal densities in a large fraction of the an-
notated ORFs in this organism; we also show that the mean TDR at
the intronic pre-STOP 50 end is very similar to the one obtained for
annotated ORFs with ribosomal densities and expression levels
(when considering the 1% splicing error rate) at the intronic pre-
STOP 50 end. Thus, our results make sense and are in very good
agreement also with the experimental evidence suggesting that the
splicing error rate is 1% (see also Supplementary Note S1). An in-
triguing question for further research is whether there is a difference
between wild type and NMD mutants with regard to ribosome foot-
printing patterns and translation of retained introns.

One may also wonder why evolution does not optimize splicing
such that there will be no splicing errors at all, and therefore no need
for translation optimization of introns; specifically, this solution may
sound energetically cheaper and more ‘elegant’. A possible explana-
tion to this “quandary” includes the fact that ‘evolutionary selection’
works more like a ‘tinkerer’ (mutation ! selection ! mutation !
selection, etc.) that converge to local solutions rather than like an ‘en-
gineer’ (that can find the globally optimal solution), due to various
constraints and multiple variables involved in splicing and transla-
tion. Therefore, in our opinion it should not be surprising that evolu-
tion will ‘converge’ to the suggested ‘solution’.106,122–124 It is easy to
see that various aspects in biological systems are not optimal or can
be further optimized. Furthermore, the higher splicing error rate may
not ‘be solved’ (in a cheaper manner than the current ‘solution’) due
to biophysical constraints and limitations. For example, it is possible
that there is a trade-off(s) (as in the case of many other aspects of
gene expression) between the ‘speed’ of splicing and its accuracy (a
lower error rate may be related to lower splicing ‘speed’, which may
eventually be more deleterious than the current state). This fact could
be the ‘selective force’ facilitating the partial codon-usage/translation
cost optimization.

Specifically, we suggest that the improved translation cost of in-
trons contributes towards better organismal fitness. Indeed, translat-
ing a larger amount of useless proteins from the aberrantly spliced
mRNAs is not expected to be beneficial; however, translating it in a
more efficient manner is ‘better’/‘cheaper’ than translating it using
non-efficient codons; on the other hand, completely eliminating these
cases is also impossible due to possible higher (in terms of organismal
fitness) negative SE or other/additional costs (and the nature of the
evolutionary process which tend to converges to local optima).

Conclusions

One central conclusion of this study is that the classification to exons
and introns in fungi is continuous rather than discrete, i.e. introns
may also be translated to a certain degree. Moreover, it could make
sense to classify many of the fungal intron-containing transcripts as
alternatively spliced; while in many cases introns are spliced as
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defined, there are considerably abundant examples (enough to trig-
ger translational preference on introns) where an intron is retained
and subsequently a shorter peptide or protein is translated.
Therefore, it will be interesting to study various properties of these
putative shorter proteins.

Another principle conclusion is that functional silent mutations
related to translation may appear in regions traditionally not classi-
fied as translated regions (e.g. introns). Our results support various
recent studies in the field that have suggested that synonymous and
silent mutations are functional.83,125–127 However, we emphasize for
the first time, the role of CUB also in non-coding parts of the tran-
script such as introns.

Insights from the results reported here can be used for developing
future models of intronic evolution that will consider the effect of
mutations both on SE and the possibility of intronic translation.
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