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Purifying selection against spurious splicing signals contributes
to the base composition evolution of the polypyrimidine tract
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Among eukaryotes, the major spliceosomal pathway is highly conserved. While long
introns may contain additional regulatory sequences, the ones in short introns seem
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to be nearly exclusively related to splicing. Although these regulatory sequences in-
volved in splicing are well-characterized, little is known about their evolution. At the
3’ end of introns, the splice signal nearly universally contains the dimer AG, which
consists of purines, and the polypyrimidine tract upstream of this 3’ splice signal is

characterized by over-representation of pyrimidines. If the over-representation of py-
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rimidines in the polypyrimidine tract is also due to avoidance of a premature splicing
signal, we hypothesize that AG should be the most under-represented dimer. Through

Handling Editor: Rebekah Rogers the use of DNA-strand asymmetry patterns, we confirm this prediction in fruit flies
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of the genus Drosophila and by comparing the asymmetry patterns to a presumably
neutrally evolving region, we quantify the selection strength acting on each motif.
Moreover, our inference and simulation method revealed that the best explanation
for the base composition evolution of the polypyrimidine tract is the joint action of
purifying selection against a spurious 3’ splice signal and the selection for pyrimidines.
Patterns of asymmetry in other eukaryotes indicate that avoidance of premature

splicing similarly affects the nucleotide composition in their polypyrimidine tracts.
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1 | INTRODUCTION

Noncoding sequences, both intergenic and intronic, comprise a big
proportion of eukaryotic genomes. Some noncoding sequences in-
fluence the centrally important processes of chromosome assembly,
DNA replication, and gene expression (Ludwig, 2002; Pennacchio
& Rubin, 2001). Other noncoding sequences were identified as
nearly unconstrained and have been used as a neutral reference for
inference of demography and selection in many population genetic
analyses (e.g., Lawrie & Petrov, 2014; Parsch et al., 2010). Introns

are known to contain conserved cis-regulatory motifs that are nec-
essary for splicing. Almost all eukaryotes contain a mixture of long
and short introns. It is thought that the recognition and removal of
introns during pre-mRNA splicing differs between long and short in-
trons. In long introns, exons define the recognition unit (“exon defini-
tion”): the 5’ end of the exon (which corresponds to the 3’ end of the
previous intron) and the 3’ end of the exon (which corresponds to
the 5’ end of the next intron) are recognized as a pair (Berget, 1995).
In short introns, introns define the recognition unit (“intron defini-

tion”): 5" and 3’ splice sites of the same intron are recognized as a
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pair (Talerico & Berget, 1994). This implies that intron length will
influence the selection pressure on splicing motifs: with intron defi-
nition, i.e., in short introns, the splicing information resides mainly
in the intron. Stronger splicing-coupled selection in short introns of
several eukaryotic species, including Drosophila melanogaster com-
pared to long introns has been documented (Farlow et al., 2012).
Furthermore, overall selective constraint increases with the length
of introns, suggesting that the number of functional elements not
related to splicing is increased (Belshaw & Bensasson, 2006; Haddrill
etal., 2005).

Regardless of their length, all introns contain common conserved
sequences necessary for splicing (Green, 1986). These include the 5’
(or donor) splice site, the 3’ (or acceptor) splice site and the branch
point. The 5 splice site has a consensus sequence of G|GTRAG; the
3’ splice site a consensus sequence of YAG|G (where | denotes the
exon-intron or intron-exon boundary, respectively, and Y defines
a pyrimidine, i.e., one of the bases C or T, and R a purine, i.e., one
of the bases A or G) (Breathnach & Chambon, 1981; Mount, 1982).
Additionally, there is a pyrimidine-rich region of variable length, up-
stream of the 3’ splice site, referred to as the polypyrimidine tract
(abbreviated as 3PT in this article). The pre-mRNA splicing pathway
has been shown to involve two main reactions which are universal
to eukaryotic organisms (Green, 1986; Ruskin et al., 1984; Figure 1).
In the first reaction, the 5’ splice site is cleaved and the RNA forms
a loop (lariat) by attaching bluntly, i.e., without base pairing, to the
branch point. (We will refer to this region as 5’ loop region, abbrevi-
ated as 5LR in this article.) Thereafter, splicing occurs at the 3’ end,
and exons are ligated (Green, 1986). Experiments characterizing the
splicing intermediates have shown that the order of the splice-site
cleavage is highly conserved: no 3’ splice-site cleavage is observed
without the cleavage of the 5 splice site (Grabowski et al., 1984;
Padgett et al., 1984; Ruskin et al., 1984).

The relative importance of the cis-regulatory motifs in in-

trons has been elucidated by mutagenesis studies (for reviews see

Green, 1986; Padgett et al., 1986). Even though both ends of the
intron are marked with long consensus sequences required for max-
imal splicing efficiency, the GT and AG dinucleotides immediately
adjacent to the 5’ exon-intron and 3’ intron-exon boundary, respec-
tively, seem to be the most functionally important and conserved
motifs (Breathnach & Chambon, 1981). Mutations in these nearly in-
variant dinucleotides completely inactivate the authentic splice sites
and often result in the activation of cryptic (alternative) splice sites,
while mutations at other positions within these signals have lesser ef-
fects (Green, 1986; Padgett et al., 1986). The sequence of the branch
point is not conserved universally among eukaryotes: Generally an
adenosine residue is surrounded by rather variable sequence ele-
ments (Ruskin et al., 1985). While the sequence of the branch point
may be variable, the minimum distance to both the 5’ and 3’ ends
seems to be strongly constrained. Decreasing the distance between
the 5 splice site and branch point prevents accurate splicing or leads
to the activation of an upstream cryptic 5’ splice site (Green, 1986).
While the total length of the 5LR seems constrained, its base com-
position seems to evolve neutrally. Similarly, the position of the
branch point relative to the 3’ end, and thus the length of the 3PT,
is conserved (Ruskin et al., 1985). In contrast to the 5’ side, not only
the length, but also the base composition of the 3PT seem import-
ant, as some mutations in the polypyrimidine tract and the decrease
in its length reduce splicing efficiency (Coolidge et al., 1997; Ruskin
& Green, 1985), while increasing the number of consecutive pyrimi-
dines enhances the removal of the intron (Coolidge et al., 1997; Guo
et al., 1993). Several trans-splicing factors preferentially bind to the
3PT by identifying motifs, including the essential pre-mRNA splicing
factor U2AF65 which is a part of the U2AF heterodimer (Zamore
et al., 1992). The preference for specific sequences of these proteins
is thought to explain the constraint on the base composition of 3PT.

Experimental studies revealed that the AG dimer downstream
of the branch point is found by a 5-to-3’ scanning mechanism

and the base preceding this downstream AG creates competition

Exon 1 5 Intron 3 Exon 2
| GGTRAG A Y(n) YAGG
1st reaction: 5'-splice site
cleavage + lariat (loop) formation
with branch point
| | A Y(n) YAGG
C
—
2nd reaction: 3'-splice site
cleavage + exon ligation
Y(n) YAG FIGURE 1 Representation of the pre-

®>

mRNA splicing pathway (adapted from
Green, 1986).
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(Smith et al., 1993). Recognition of the AG splicing signal fails if it is
too close to the branch point, explaining the constraint on the length
of this region. Notably, decreasing the pyrimidine content from 70%
to 30% in the polypyrimidine tract did not affect the recognition of
AG and the 3’ splice-site cleavage (Smith et al., 1989, 1993). Other
mutagenesis studies also reported similar results: the introduction of
purines into the polypyrimidine tract is only detrimental if it changes
the length of 3PT drastically and if the number of consecutive uridine
bases decreases (Coolidge et al., 1997; Roscigno et al., 1993). This
suggests high variation in the base composition of the 3PT, which is
supported by studies showing diversity in nucleotide composition
of polypyrimidine tracts among introns within a species (Coolidge
et al., 1997; Green, 1991) and among eukaryotic species (Schwartz
et al., 2008; Sickmier et al., 2006). At first, this seems at odds with
what is known about the trans-acting elements associated with the
3PT, which recognize motifs in this region. Yet, there are multiple
polypyrimidine tract binding proteins and each with a different bind-
ing affinity to different nucleotide compositions (Singh et al., 1995,
2000). Moreover, even though the U2AF65 protein has a preference
for uridine-rich sequences, it has been shown to tolerate diverse 3PT
nucleotide sequences with different affinities (Green, 1991; Zamore
et al., 1992). Sickmier et al. (2006) showed that U2AF65 recognizes
uridines through hydrogen bond interaction, rather than selecting
the smaller shape of pyrimidines compared to purines. These findings
might explain its flexibility in recognizing different 3PT sequences.

All of these results suggest that the base composition of the
3PT is not just a result of selection for pyrimidines. While gener-
ally preferring pyrimidines and especially uridine-rich sequences,
trans-acting elements associated with the 3PT exert relatively weak
selective pressure on 3PT sequence evolution. On the other hand,
the scanning mechanism downstream of the branch point to identify
the conserved AG dinucleotide creates a strong selective pressure to
avoid a premature 3’ splice site. Considering that the AG dimer con-
sists of only purine bases, avoidance of this dimer would also affect
the base composition in favour of pyrimidines. Consequently, there
might be three possibilities for the evolution of base composition
in the 3PT: (i) selection for Ys fully explains the pattern; (ii) avoid-
ance of the canonical 3’ splice site motif AG fully explains the over-
representation of Ys; (iii) both selection for Ys and selection against
AG are necessary to explain the pattern in the 3PT.

Obviously, un-spliced or mis-spliced introns may be deleteri-
ous for the cell and organism (Jaillon et al., 2008), so that selection
should maintain efficient splicing, which requires the cis-regulatory
motifs and binding of the splicing machinery to this specific RNA
sequence motifs. The nucleotide composition of the region of the
3PT should show evidence of this splicing-coupled selection for
and against specific motifs. Several studies have identified splicing-
related sequence motifs using DNA-strand asymmetry patterns
(Farlow et al., 2012; Zhang et al., 2008). According to Chargaff's
second parity rule, mono- or oligonucleotides under neutral evo-
lution should have the same frequency as their reverse comple-
ment (Mitchell & Bridge, 2006). In many organisms, deviations from
Chargaff's second parity rule are observed, associated with either
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selection-driven or neutral processes. Neutral processes, e.g., rep-
lication or transcription-coupled asymmetries, are attributed to dif-
ferent mutation and repair pressures between lagging and leading
strands for replication or coding and non-coding strands for tran-
scription (Green et al., 2003; Touchon et al., 2003). If deviations are
mainly driven by transcription-coupled repair, one would expect a
constant asymmetry score along the transcribed region and no over-
or under-representation of motifs. On the other hand, deviation
from Chargaff's second parity rule due to positive or negative se-
lection leads to over- or under-representation of the selected motif.
A comparison of counts of motifs to counts of their reverse comple-
ments may identify elements involved in splicing.

While investigating strand asymmetry patterns might reveal
splicing-associated motifs, estimating the strength of selection
would require a reference sequence class free from selective pres-
sure. As mentioned, the loop formation between the 5’ splice site
and branch point does not involve base pairing. Thus selection on
nucleotide composition due to splicing in the 5LR should be minimal
between the 5’ splice signal and the branch point, as long as a proper
length is maintained. Additionally, in Drosophila, studies showed that
sites at positions 8-30 of introns shorter than 65bp have a higher
divergence and polymorphism compared to other regions in in-
trons (Clemente & Vogl, 2012; Halligan & Keightley, 2006; Parsch
et al., 2010). This has been interpreted as evidence for little or no
selection. In these short introns, a ratio of about AT:GC=2:1 likely
reflects mutation bias (Clemente & Vogl, 2012; Haddrill et al., 2005),
while the GC content increases with increasing intron length likely
due to selection (Haddrill et al., 2005). Lawrie et al. (2013) and
Machado et al. (2020) later utilized these short intronic regions to
infer directional selection on constrained sites in the presence of
mutation bias in Drosophila, showing the utility of these intronic sites
as a reference for inferring weak selection (Vogl & Bergman, 2015).
It seems that the base composition and higher-order oligonucleotide
motifs in the 5LR of short introns of Drosophila can be used as a
neutral reference. Recent studies showed that Drosophila performs
transcription-coupled repair (Deger et al., 2019; Térm3 et al., 2020)
and this might also lead to deviation from strand symmetry in the
5LR (Bergman et al., 2017). Yet it can be assumed that this effect
would be similar along the intron, and as long as selection is absent
in the 5’ region, it could be used to control and quantify the effects
of splicing-coupled selection in other parts of the intron.

In this study, we investigate the evolution of base composition
in the 3PT and aim to distinguish among three hypotheses proposed
to explain its evolution. We begin by using strand asymmetry pat-
terns to assess whether selection acts on specific oligonucleotide
motifs, not just on pyrimidine monomers. Specifically, we compare
complementary motifs within the 3PT and reveal the effect of
splicing-coupled selection acting on splice signal-associated motifs,
thus rejecting hypothesis |, which posits selection only on mono-
mers. Furthermore, we quantify the strength of selection acting
on each motif in Drosophila by comparing asymmetry patterns of
motifs between the 3PT and the presumably neutral 5LR. Lastly, to
further differentiate among hypotheses, we use inferred selection
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coefficients modelled through fixation probabilities to compare
three hypotheses and perform simulations under these models. Our
findings suggest that avoidance of the AG dimer, along with selec-
tion on the monomer level, is necessary to explain the base compo-
sition of the 3PT.

2 | MATERIALS AND METHODS

2.1 | Dataused inthe analyses
We analysed whole genome data of a Zambian D. melanogaster popu-
lation (Lack et al., 2015) and D.simulans populations from Madagascar
(Jackson et al., 2017; Rogers et al., 2014). For D.melanogaster, the
dataset consists of 197 individuals for autosomes and 196 for the
X chromosome. For analyses requiring comparison between chro-
mosomes, the individual missing from the X chromosome data was
also excluded from the autosomal data. Additionally, we repeated
the analyses for 69 Zambian individuals that showed no evidence of
admixture with European populations according to Lack et al. (2015).
The D.simulans dataset includes 21 individuals for each chromosome.
Sequences have been obtained as consensus FASTA files. Using an-
notations from the reference genomes of D.melanogaster (r5.57 from
http://www.flybase.org/) and D.simulans (Hu et al., 2013), intron co-
ordinates were extracted and alignments of all samples were created.
Due to alternatively spliced isoforms in the GFF file (see https://www.
ensembl.org/info/website/upload/gff.html; last accessed November
1, 2020), multiple entries may exist for the same intron. To avoid in-
cluding the same intron sequence more than once, only one entry of
an intron with the same coordinates was used. If the annotation in-
formation was coming from the non-coding strand, the sequence was
reverse-complemented, so that the direction of all alignments of tran-
scripts is from 5-to-3". The results presented in the main text focus on
the D.melanogaster dataset, while the D.simulans dataset is used for
comparison and can be found in Appendix S1.

In Drosophila, the length distribution of introns seems to fall into
a majority of short and a minority of long introns, but the boundary
between these two classes is unclear. Therefore we tried to define an
upper length limit for the short intron class by binning according to
length and then checking the nucleotide composition. For this analy-
sis, we also included 50 bases from the preceding and following exons.

We differentiated (i) a presumably neutral region between the
5’ end and the branch point, the 5LR and (ii) a presumably selected
region through the 3’ end with an excess of pyrimidines, the 3PT.
The 5LR is characterized by a ratio of approximately AT:GC=2:1,
which possibly reflects the mutation bias; the 3LR by a high pyrimi-
dine content, which possibly reflects selection. Note that the branch
point cannot easily be defined by a characteristic sequence pattern.
To compare regions among introns of varying length, consensus po-
sitions from the 5 and 3’ splice sites were defined among all length
classes. Additionally, an 8-bp long region that symmetrically strad-
dled the 3’ junction (4bp into the intron and 4 bp into the exon) was
extracted.

Sequences were filtered out if they overlapped with annotated
coding sequences or if they contained undefined nucleotides (N)
in at least one of the individuals in the alighment. Furthermore,
only alignments with full-length stretches (23 bp for the 5LR and
10bp for the 3PT; see Section 3) were used for further analyses.
Following these filtering steps, position-weight matrices and con-
sensus sequences were created for the remaining alignments, re-
sulting in 14762 and 2036 sequences for autosomal and X-linked
3PTs, respectively, and 11938 and 1556 sequences for autosomal
5LRs, respectively. By scanning these consensus sequences, all
possible dimer (4%2=16), trimer (4°=64), and tetramer sequences
(4*=256) were counted, separately for each region and chromo-
some. The expected proportion of oligomers was calculated from
the base composition of the particular region. Results from au-
tosomal introns are presented in detail in the text; results from
X-linked introns in Appendix S1.

To evaluate whether alternative splicing influences our results,
we binned introns that are in phase, i.e., of length 3n+0 (phase
0), and introns out of phase, i.e., of length 3n+1 or 3n+2 (non-
phase 0). We then repeated analyses for datasets including (i) only
non-phase O introns in D. melanogaster, (ii) only phase O introns in
D. melanogaster and excluding and (iii) common phase O introns be-
tween D.melanogaster and D.simulans, and compared the results
to the full dataset.

2.2 | Tests of strand symmetric evolution
in the 5LR

Under neutrality and without transcription-associated mutation
bias, counts of a motif and its reverse are expected to be identi-
cal. We examined this expectation in the 5LR with two, not mutually

exclusive, tests:

e Test 1: a chi-square test to see whether forward and reverse oli-
gonucleotide sequences are equally represented.

e Equivalence test: a test proposed by Afreixo et al. (2013), to see
whether there are significant deviations from a 1:1 ratio between
forward and reverse sequences. The procedure consists of obtain-
ing confidence intervals for ratios (Katz et al., 1978) and checking
if they are contained in the tolerance range, (1/5, ), where & rep-
resents a small tolerance to conclude equivalence for a ratio. If so,

equivalence can be assumed.

The lower and upper values of the confidence intervals for the

ratio of motifs, for a given z, are calculated as

fsP) (/i iit)
L= F R 1
. fs(R)e (1)
and
fs) o/ —iei)
U = F R , (2)
G
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where f¢(F)/fs(R) is the ratio between two proportions of forward and
reverse sequences from 5LR, N. and Np is the frequency of the for-
ward and reverse sequences, respectively and N is the total number
of oligonucleotide occurrences. To assume practical equivalence, we
used a stringent §=1.1 (Thanassoulis & Vasan, 2010).

2.3 | Controlling for GC-biased gene conversion
in the 5LR

A consequence of the repair of double strand breaks is gene conver-
sion. Heteroduplex mismatches formed during the repair of double
strand breaks can involve either pairing between the bases G and
C (strong: S:S), A and T (weak: W:W) or between strong and weak
bases, S:W. Preferential resolution of the S:W mismatches into
G:C rather than A:T leads to GC-biased gene conversion (gBGC;
Marais, 2003). Since, gBGC only affects S:W mismatches they are
referred to as GC-changing, while the others (S:S, W:W) are called
GC-conservative. This categorization allows us to use unpolarized
data to estimate GC bias while considering the site frequency spec-
tra (SFS) of all six possible nucleotide pairs (Borges et al., 2019). The
efficiency of gBGC (quantified by B) is directly related to effective
population size (N,), thus parametrized by the product of N, and con-
version bias (b). To infer the strength of gBGC in the 5LR, we used
the maximum likelihood estimator of Vogl and Bergman (2015) and
applied it to the SFS from GC-changing mutations of the 5LR. The
SFS from GC-conservative mutations was considered as putatively
neutral control (B=0). We performed likelihood-ratio tests (LRT) to
compare between the different nested models.

2.4 | Calculation of asymmetry scores
Strand asymmetry of mono- and oligonucleotides for each region
was calculated as

S=(Ng = Ng)/ (Ng +Ng) @)

Mononucleotide asymmetries T versus A and C versus G are de-
notedas S;, and S, respectively (Touchon etal.,2004). Additionally,
at the mononucleotide level, we also calculated asymmetry scores
for each position in the 5LR, the 3PT, and the 3’ junction and docu-
mented the change in the scores with position via regression analysis
to study whether there is a dependence on distance to the splice
site. The expected strand asymmetry of an oligonucleotide was pre-
dicted from the base composition of the region under consideration.

We also obtained the short introns of six additional eukary-
otes (human, sea urchin, Caenorhabditis elegans, moss, rice, and
Arabidopsis thaliana) from the exon-intron database, EID (Shepelev
& Fedorov, 2006) to document the strand asymmetry patterns in
polypyrimidine regions of other species. The length range for the
shortintron class was defined separately for each species depending
on the length distribution of introns and the nucleotide composition
similar to that described for Drosophila. Inside these introns, probable
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polypyrimidine tracts were again characterized by a high pyrimi-
dine content, and asymmetry scores of oligonucleotide motifs with
lengths two and three were calculated. The number of introns (3PT
region) used for each species; Human: 12740, Sea Urchin: 21285,
Rice: 24137, Arabidopsis: 55354, Moss: 50585, C.elegans: 54082.
Additionally, we obtained the introns of two yeast species, namely
Saccharomyces cerevisiae and Lachancea thermotolerans. The genomic
sequence and annotations for S.cerevisiae were extracted from the
Saccharomyces genome database (strain 5S288C, https://www.yeast
genome.org/, last accessed January 31, 2023). For L.thermotolerans,
the genomic sequence were retrieved from YGOB (http://ygob.ucd.
ie/, version 7, last accessed January 31, 2023), and annotations were
obtained from Hooks et al. (2014). Compared to other eukaryotes
yeast genomes contain very few introns (~300). Therefore we used
all the annotated and fully sequenced introns for these species and
extracted the pyrimidine-rich region at the 3’ end (277 and 216 in-
trons for S. cerevisiae and L.thermotolerans, respectively).

2.5 | Quantification of selection strengths via
strand asymmetry

Motifs distinguished from others by their strand asymmetry in
the previous step can be functionally constrained due to splicing-
coupled selection, which would lead to either under- or over-
representation of pairs of symmetric sequences. We quantified the
selection strength causing this asymmetry on particular motifs (de-

noted as M) using the 5LR as background:

faM)/ (1~ f3(M))
BT o m, 4
og<fs(M)/(1_fs(M))> o “

where f,(M) and f;(M) represent the proportion of motifs from 3PT and
5LR, respectively, and y=4N_s is the scaled selection strength, i.e., the
per generation selection strength s scaled by the effective population
size N,. The method does not require complete strand symmetry in the
5LR, but instead assesses the selective force leading to either deple-
tion or excess of the particular motif in the 3PT compared to the 5LR,
in the presence of non-selective forces such as mutation bias.

To create confidence intervals (Cls) around the estimates, we
bootstrapped by sampling introns (both 5LR and 3PT datasets) with
replacement 1000 times. The size of the each bootstrap sample was
approximately same with the original datasets. Selection coefficients
were recalculated for each motif from these bootstrap samples, the
2.5% and 97.5% quantiles of the resulting distributions were used as

lower and upper bounds of 95% Cls.
2.6 | Hypothesis testing via population
genetic modelling

On top of the strand asymmetry patterns to detect and quantify the
selection on motifs, we also applied a method to differentiate the
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relative contribution of selection on monomers and dimers to the
base composition of 3PT. We assumed that mutation rates are low,
such that the segregation of more than two alleles in the population
is negligible. Selection was modelled through its effect on fixation
probabilities (Kimura, 1962); with relatively small selection the fixa-
tion rate is as follows:

1-er/N  y

=N e T 1o

+0(/N?), (5)

Under neutrality, the mutation rate matrix is defined as

- HaT  Hac  Hac

Q(mut) _ HTa - H1c  HTC
Hca  Het - Hae

Hca  HcTt Hce -

where rows and columns are ordered as (A, T, G, C) and diagonal ele-
ments correspond to minus the sum of the other elements. Next, we
considered selection on monomers. We modelled selection effects
among the four bases as a vector with four elements, which sum to
zero: (yn, y1 7or 7o) With 37, = 0. We obtained the mutation-selection

rate matrix by replacing p; with ri=y;+7)u;;:

- r(=va+rr)uar r(=va+7c)Hac r(=7a+7c)Hac
Qutseh _ r(=r1+7a) Hra - r(=rr+re)ie  r(=rr+rc)urc
r(=re+ra)hon r(=rc+rr)uer - r(=ve+rc)Hoc

r(=vc+ra)uea r(=rc+rr)ucr r(=rc+76)Hes -

7

In addition to the monomer effects, the dimer AG was assumed
to be selected with strength y,.. Selection on monomers is local,
while selection on dimers is determined by the sequence context.
Conditional on an A preceding the focal position, we modified the
column p;q to r(=y;+ 5 +7ac) #ig and the row Hg;j to r(—yG+yj—yAG)ij.
Similarly, conditional on a G following the focal position, we
modified the column y;, to r(=y;+yy+raglua and the row u,; to
r('VA"'Vj‘VAG)/‘Aj- As above, the entry on the main diagonal balances
the rest of the entries in the row.

We assumed a strand symmetric mutation rate matrix, where
A and T or G and C nucleotides can interchange (i.e., ypr=p1p)
and inferred this matrix from the 5LR of short introns by using
the ML estimators from Vogl et al. (2020). We also obtained the
joint frequency matrix of the four bases at position i and i+ 1
(1<i<9) for each position in the 3PT. Given these we inferred
the mutation selection matrix for each position with selection
coefficients maximizing the likelihood calculated from the joint
frequency and transition matrices of four bases under selection.
We performed the inference under three different models, cor-
responding to three hypotheses, and compared the likelihoods
via likelihood ratio tests. The first hypothesis considered only
selection on monomers, the second only on the AG dimer, the
third selection on both monomers and the AG dimer. To create
confidence intervals around the parameter estimates of the best

fitting model, we bootstrapped by sampling introns with re-
placement 1000 times.

With the inferred values, we simulated a stretch of DNA of length
L=10 indexed by I. To ensure that all positions are equal, the stretch
was joined circularly, such that the next position after I=10 was I=1.
We initialized each position | by sampling a base from the stationary
distribution of the mutation matrix Q™. Then we iterated by cal-
culating an L x4 matrix consisting of a vector of mutation-selection
rates for each position conditional on its state and the neighbouring
states, by first calculating the vector of mutation rates away from
the current base, while setting the probability of remaining at the
current base to zero, and then multiplying these probabilities by the
fixation probabilities conditional on the neighbouring states. The
rate until the next change corresponds to the sum of this matrix;
the position | was sampled from the relative rates of change at the
L positions; and the new base corresponds to the relative probabil-
ity of the three possible newly mutated bases at that position. This
sequence was iterated 10° times. After a burn-in period of 10° iter-
ations, we calculated the base composition at each position, specif-
ically the joint frequency distributions at position i and i+ 1 for the
parameters estimated for each hypothesis, and compared them with

the empirical data.

3 | RESULTS

3.1 | Region definition inside short introns
The distribution of intron lengths in D.melanogaster has a very
high mode around minimal lengths, creating a “short intron” class
(Mount et al., 1992) and a long tail of longer introns. While the lower
limit of the short intron class is given by the data, the upper limit
is defined differently in studies of intron evolution (e.g., Halligan &
Keightley, 2006; Lawrie et al., 2013). Nevertheless all studies agree
on patterns specific for the presumably neutral part of short in-
trons: while the first seven bases at the 5’ end of each intron are af-
fected by the presence of splice sites, thereafter mutation pressure
in short introns leads to an AT-rich base composition of approxi-
mately AT:GC=2:1 (Haddrill et al., 2005; Parsch et al., 2010). This
matches our findings: bases in positions 8-30 of introns shorter
than 65bp exhibit a consistent AT:GC ratio of approximately 2:1.
For introns with lengths between 65 and 85bp, this presumably
neutral region stretches out until position 40. In longer introns of
more than 75bp length, the base composition in positions 8-30 ap-
proaches a ratio of AT:GC=1:1 (Figure 2a), presumably reflecting
the effect of selection. We therefore used the ratio of AT:GC=2:1
in positions 8-30 to differentiate short from long introns and in-
cluded only short introns up to 75bp in further analyses and ex-
tracted sequences between positions 8-30 as a proxy of a neutrally
evolving region (Figure 3).

We next searched for a region possibly under splicing-
coupled selection inside short introns. The proportion of purine
bases (A and G) and pyrimidine bases (C and T) is approximately
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FIGURE 3 Representation of the regions analysed. The base numbering of each region is ascending as going from 5’ to 3".

equal from base eight to the midpoint of each intron (Figure 2b).
From then pyrimidine bases become visibly and steadily more
abundant until four bases from the 3’ end of the intron. These
last four bases are already part of the splice signal. The length of
this pyrimidine-rich tract varies for different lengths of introns,
with longer introns having longer pyrimidine-rich tracts. For con-
sistency among length classes, we always extracted a region of
10bp length from the 3’ end after excluding the last four bases
(Figure 3).

By taking the minimal consensus position range among each
length class for analysed regions, we also avoided to include the
branch point, which shows significant sequence variability and does
not seem in a fixed distance from either the 5’ or the 3’ end.

3.2 | Neutrality of the 5LR
By exploring DNA-strand asymmetry patterns, we aimed to detect
whether there are localized, systematic biases for particular motifs
in the 3PT. If there are such motifs, the comparison with the pre-
sumably neutral 5LR may give insights about the selection strengths
for these motifs. However, even in the absence of splicing-coupled
selection, neutral processes might create strand asymmetry. And it
is not yet clear if the evolution in the 5LR is strand symmetric and
different from the 3PT at all. Hence we explored strand symmetry in
this region with two tests.

Both tests show that most of the 5LR motifs deviate from the
null hypothesis of DNA-strand symmetry (Figure 4a, b). As the
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FIGURE 4 Tests of strand symmetric evolution in the 5LR. (a) Ordered p-values from chi-square tests, for the equality of forward
and reverse complement trimers. (b) Confidence intervals for the ratios of forward and reverse complement trimers. Red dashed lines

correspond to the tolerance range to assume equivalence.

null-hypothesis for the chi-squared and equivalence test is identi-
cal, trimers with the lowest chi-squared p-values unsurprisingly also
have the most extreme equivalence test Cl.

Given the significant deviations from strand symmetry, we can say
that the 5LR is not conforming to the strand symmetric evolution. Yet,
the more extreme deviations observed for all 3PT motifs (Figure S1A,B),
compared to the relatively slight deviations for some 5LR motifs, indi-
cate different causes for asymmetries in these two regions.

Furthermore, despite the utility of the 5LR of short introns as a
neutral reference in population genetic analyses, their biallelic fre-
quency spectra deviate from the neutral prediction of symmetry,
with an excess of high-frequency GC variants, both in autosomes
and the X chromosome (Figure S2A,B). Nevertheless, in short in-
trons, evidence for the presence of directional selection is equiv-
ocal (Clemente & Vogl, 2012; Halligan & Keightley, 2006; Parsch
et al., 2010; Vogl & Bergman, 2015), with no plausible biological
explanation for a selective constraint at the base composition level.
This directional force favouring GC is either explained by context-
dependent mutational pattern (Clemente & Vogl, 2012) or by gBGC
(Jackson et al., 2017). If gBGC is a meiotic process, we would ex-
pect the effects of gBGC to be similar between autosomes and the

X chromosome, since the lack of recombination in male meiosis in
Drosophila and the reduced effective population size of the X chro-
mosome cancel out. This leads to the same expected intensity of
gBGC for autosomes and the X chromosome, unlike with directional
selection.

Bearing this in mind, we quantified the effect of gBGC for au-
tosomes and the X chromosome from the SFS of GC-changing mu-
tations constructed based on their segregating GC frequency. We
found a weak force, significantly different from B=0, favouring GC
both in autosomes and X (Table 1). On the other hand, the values

TABLE 1 Bvaluesinferred from the site frequency spectra
of GC-changing and conservative mutations, for autosomes, X
chromosome and pooled data (autosomes + X). Significance of
values are from the likelihood-ratio test, comparing B=0 model.

B (GC-changing) B (GC-conservative)

Autosomes 0.499*** -0.041

X 0.596*** -0.026

Pool 0.51*** -0.04
***p <0.001.
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inferred from the GC-conservative mutations are not significantly
different from 0, as expected under gBGC. Additionally, to under-
stand whether the strength significantly differs between autosomes
and X, we compared the pooled data likelihood to the sum of likeli-
hoods. B values inferred separately do not fit the data significantly
better than the pooled data (LRT ;(gf:1=2.238, p=0.135). This indi-
cates the same efficiency of the GC favouring force in autosomes
and the X chromosome, further suggesting gBGC as the cause of the

deviation in the SFS, rather than selection.

3.3 | Strand asymmetry patterns

Next, we studied strand asymmetry patterns in both regions to
examine the selective pressure exerted by the splicing process and
observe the differences/similarities between the patterns cre-
ated by neutral versus selective forces. Initially, we concentrated
on the mononucleotide asymmetry. The proportions of comple-
mentary nucleotides both in the 5LR and 3PT of autosomal and
X-linked introns significantly differ from the 1:1 ratio (Table 2,
Table S1). In the 5LR, there is a slight excess of T over A (;(gle
=18.464, p<0.001; 1§f:1=27.928, p<0.001 for autosomes and
the X chromosome, respectively) and a bigger excess of C over
G (;(gf:1=449.45, p<0.001; ;(ﬁf:1=56.976, p<0.001 for auto-
somes and X, respectively). The proportion of nucleotides were
calculated from the consensus sequences, and are similar to previ-
ously reported values in Bergman et al. (2017), calculated from
monomorphic sites. The same qualitative pattern is observed
for the 3PT, where the bias towards T and C is much more pro-
nounced (between A and T 42 _ =14474, p<0.001; 42 _, =1940,
p<0.001 for autosomes and X, respectively, and between G and C
;(fllez 9877.3,p<0.001; 1§f=1: 1517, p <0.001 for autosomes and
X, respectively). Accordingly, the resulting asymmetry scores are
higher for the 3PT and S, (Table 2).

The observed nucleotide bias, an excess of the pyrimidines T
and C, conforms to that previously noted for the 3PT, which has
been labelled “polypyrimidine” tract. The trend is more subtle but
similar in the 5LR. As the 5LR of short introns is considered to be
least selectively constrained, the trend there should reflect non-
selective processes, i.e., transcription-associated mutation bias.
As such processes should be similar over the whole region, we in-
vestigated how the trend is changing depending on the position.
The 5LR shows similar scores along its length without a significant
correlation with position, whereas the biases in the 3PT increase

slowly but significantly towards the 3’ junction (Figure 5). It thus

TABLE 2 Proportion of nucleotides (A, T, G, C) and
mononucleotide asymmetry scores (S, St,) in 5LR and 3PT of
autosomal introns.

A(%) T(%) G(%) C%)  Scc(®%)  Sp,(%)
5LR 3201 3268 1645 1886 6.81 1.02

3PT 21.12 46.95 8.66  23.27 45.78 37.95
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seems that the selection pressure is increasing with increasing
proximity to the splicing signal.

If over-representation of pyrimidines in the 3PT is affected by
selection against premature splicing, it should not only act on a sin-
gle base; rather the 3’ splice site consensus sequence is a tetramer,
YAG|G, where especially the central AG is conserved. Selection
should thus suppress the occurrence of this particular motif near
the splice junction, such that oligonucleotides associated with the
3’ splice signal should be strongly under-represented on the cod-
ing strand in the 3PT compared to the 5LR. The most conserved
sequence in the tetrameric splicing signal is the dimer AG and it is
unclear how much the preceding Y and following G contribute, i.e.,
if a dimeric, trimeric, or tetrameric motif is most strongly selected
against. We thus explored asymmetries of all possible dimeric, tri-
meric, or tetrameric motifs. Trimers provide more information com-
pared to dimers, and allow estimation of the relative importance of
bases following or preceding the AG motif, while the shear number of
tetramers makes them difficult to present. We thus show the results
for trimers in the text. Generally, results from dimers and tetramers
(which can be found in Appendix S1) confirm those from trimers.

Asymmetry scores are symmetrically distributed around O,
since each motif and its reverse complement have the same value
with opposite signs. In the 5LR, mononucleotide proportions of
complementary bases differ only slightly, such that counts of
oligonucleotides and their complement should be approximately
equal. As expected, pairs of asymmetry scores from the 5LR are
close to symmetry with a relatively low variance of 0.01 for both
autosomes and the X chromosome. The variance of pairs of asym-
metry scores from the 3PT is much higher with 0.39 for the au-
tosomes and 0.42 for the X chromosome (Figure 6a, Figure S3A).
This indicates selection in the 3PT. Tellingly, the most under-
represented trimers in the 3PT all contain the AG dimer, i.e., | the
most conserved part of the consensus 3’ splice site. Indeed, the
systematic biases in these motifs, compared to the 5LR and other
random motifs in the 3PT, cannot be explained by neutral evo-
lution. Rather they seem to be the result of selection depleting
splicing signals from the polypyrimidine tract.

Next, we asked whether there is a correlation between the
asymmetries of oligo- and mononucleotides. Because of the limited
information of mononucleotides, their asymmetry patterns hardly
allow inference of splicing-coupled selection. However, under-
representation of particular motifs in the 3PT, together with the
position-dependent skew, can be related to avoidance of splicing
signal in the 3’ extreme of introns. To understand the connection
between the two levels of asymmetries, we examined the relation-
ship between the observed asymmetries of trimers and that ex-
pected from the base composition of the region under consideration
(Figure 6b). They are highly and significantly correlated (Pearson
R?=0.815, p<0.0001; R?=0.932, p<0.0001, for 5LR and 3PT, re-
spectively). In the case of the 3PT, this high correlation suggests that
the extreme skew in the base composition (high pyrimidine content)
can indeed be affected by selection against the most conserved part
AG of the 3’ splice signal.
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3.4 | Selection coefficients via strand asymmetry mutation bias-TAMB), in line with the recent studies (Bergman

Deviations from strand symmetry in the 5LR can not be associ-
ated with selection-driven processes, either at the mono- or oli-
gonucleotide level. The observed slight, constant deviations along
the region possibly reflect the effect of transcription-coupled re-
pair leading to mutational asymmetries (transcription-associated

et al., 2017; Deger et al., 2019; Térma et al., 2020). Furthermore,
deviations in the biallelic frequency spectra of the 5LR are more
compatible with the neutral process GC-biased gene conversion
rather than directional selection. The inferred strength of direc-
tional force causing the deviation is not significantly different
from O for GC-conservative mutations, as opposed to those from
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FIGURE 6 (a) Asymmetry scores per trimer, per region. (b) Correlation between the observed asymmetry of trimers and that expected
from the base composition for each region. Orange dots corresponds to 3PT, while green dots are 5LR.

GC-changing mutations. This supports the presence of a direc-
tional force differing between these two classes of mutations,
likely gBGC. Additionally, due to the lack of recombination in
Drosophila males, we expected that the intensity of gBGC should
be identical for autosomes and X, and the expectations are met.
Thus, even though strand symmetric evolution can not be as-
sumed for the 5LR, it can still be used as a neutral reference for
each motif in the 3PT, as the non-adaptive forces affecting these
two regions should be similar.

Selection was assessed as the force leading to depletion or ex-
cess of motifs in the 3PT compared to the 5LR, which takes into
account the presence of non-adaptive forces. As with the asymme-
try scores, the strongest negative selection coefficients belong to
the trimer motifs containing AG (Figure 7, Figure S3B). Strikingly, the
three lowest selection coefficients belong to the motifs AGG, TAG,
and CAG, perfectly corresponding to the consensus 3’ splice signal,
YAG|G. While selection against these trimers is relatively strong
with absolute values of nearly three, the highest inferred positive
selection coefficient is around 1, much lower than in the reverse

direction. These slightly over-represented sequences are rich in py-
rimidines, i.e., C and T. Higher selection coefficients against trimers
involved in splicing than those for pyrimidine-rich trimers support
further that over-representation of pyrimidines is partly a result of
selection against splicing motifs.

The results from the dimer and tetramer analyses confirm this
pattern: motifs containing AG and YAG have the most extreme
skew in the asymmetry patterns and higher selection coefficients
(Figure S4). Interestingly, there is a slight increase in the inferred se-
lection strengths from dimer to tetramer. Stronger purifying selec-
tion might be expected as the motif gets longer and therefore more
specific. Strong selection on long motifs may lead to apparent selec-
tion on shorter motifs, even affecting the base composition leading
to the over-representation of pyrimidines.

Moreover, we did not observe systematic biases in asymmetry
or high selection strengths for the parts of the hexameric 5’ splice
signal at the dimer (e.g., GT), trimer (e.g., GTR, GGT) or tetramer
(e.g., GTRA, GGTR) level, but for 3’ splice signal starting from di-
mers (Figure S4). As predicted from the sequential nature of splicing,
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FIGURE 7 Scaled selection coefficients of each trimer (y(M)) in autosomal 3PT, calculated by Equation (4). Error bars represent 95% Cls

from 1000 bootstraps of the datasets.

selection against the 3’ splice signal in the pyrimidine tract should
be stronger than that against the 5’ splice signal. Indeed, inferred
selection strengths against motifs of the 3’ splice signal are always
stronger compared to those of the 5’ splice signal (Figure S5). We are
aware that the 5’ splice signal also contains the AG dimer and has
relatively high purine content. However, the most conserved part in
the 5 splice signal is the GT dimer, which is not depleted at the dimer
level (Figures S4 and S5). Therefore, we posit that strong selection
against the 3’ splice signal affects the base composition to create the
polypyrimidine tract.

Even though we excluded regions overlapping with coding se-
quences, there are studies showing an excess of phase O introns in
alternatively spliced genes (Long et al., 1995) and higher sequence
conservation of splice signals in exons flanking phase O introns
(Long & Deutsch, 1999). Thus, to assess whether intron phases in-
fluence our estimates, we created additional datasets including (i)
only non-phase O introns and (ii) only phase O introns in D.melano-
gaster. Since common phase 0 introns between D. melanogaster and
D.simulans might also be associated with a higher conservation, we
created another dataset (iii) excluding all common phase O introns.
Selection coefficients were similar for each trimer in all three data-
sets (Figure S6), showing that the magnitude of selection varies little
within the genome.

We also analysed the introns of D.simulans (Figure S7). The mag-
nitude of the selection strength is similar and consistent for each tri-
mer motif in both species. Although the splicing machinery is highly
conserved and we would expect selection against the splicing signal
in the polypyrimidine tract to be similar among species, it should be
noted that the similar patterns between these two Drosophila spe-
cies may not necessarily be due to a universal mechanism in intron
evolution. In fact, the majority of sites are shared between the two
species being compared, suggesting that the observed patterns may

be the result of phylogenetic inertia. To explore evolutionary univer-
sality, we rather utilized the asymmetry patterns in other eukaryotic
species in the last section.

3.5 | Positional effect on the base
composition of the 3PT

In the light of previous studies, we proposed three hypotheses that
might explain the base composition evolution in 3PT: hypothesis one
(HI) posits selection is only for pyrimidines, hypothesis two (HII) pos-
its only avoidance of AG dimer, and hypothesis three (HIIl) posits
both selection for pyrimidines and selection against AG. In the previ-
ous section, we systematically compared asymmetry patterns of all
dimers, trimers, and tetramers in the 3PT to those in the 5LR. Results
indicate that 3’ splice signal associated motifs are most strongly un-
derrepresented, which supports HIl. One might argue that selection
for pyrimidines (HI) can create under-representation of motifs rich
in purine bases; however, this cannot explain the stronger avoid-
ance of the trimer TAG compared to GGG (Figure 7) since the former
contains two purines and the latter three. Rather this gives HIl an
advantage over Hl, yet HIll may still be preferable to both Hl and HII.

For comparing the three hypotheses quantitatively, we applied
a method to infer the selection strength under these three models
and compared their likelihoods. Selection was modelled through its
effect on fixation probabilities (Equation 5), and given the mutation
matrix at neutral equilibrium inferred from the 5LR and the joint fre-
quency matrix of four bases at positioniandi+1 (1<i<9)inthe 3PT,
we obtained the selection coefficients for each position. Under the
first hypothesis, we obtained selection strengths for all monomers
(A, T, G, C). For the second hypothesis only AG, and for the third
hypothesis, both monomer and AG coefficients were inferred. We
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incorporated the selection against AG only through the positional
effect, meaning that selection is conditional on an A preceding or a
G following the focal position. Normally, selection on dimers and on
higher-order oligonucleotide motifs associated with the 3’ splicing
signal would create a selective effect on the monomer level. Yet it
is hard to disentangle the effect of dimer selection on the mono-
mer level or to consider selection on every possible oligonucleotide.
Thus, by inferring only the AG selection coefficient for the Hll, we
only test the effect of sequence context in the simplest scenario.

Comparison between the models with likelihood ratio tests
reveals that both for autosomes and the X chromosome, HIlI fits
significantly better than both HI and HIl at all positions of the 3PT
(Tables S2 and S3). This shows that only selection on monomers is
not enough, but the sequence context, more specifically selection
against the AG dimer is necessary to explain the observed pat-
terns. The selection coefficients inferred under the best fit model
HIll show that the constraint on the AG dimer is stronger than on
monomers (Figure 8, Figure S8). However, as we mentioned earlier,
the selection on dimer and monomer level is not independent. This
is because the longer the sequence, the more information there
is by a factor of four per added basepair. Therefore, the selection
strength is hard to compare between monomers and dimers. The
relative selection strength between pyrimidine bases, C and T, is
roughly similar and varies with the position along the 3PT. In gen-
eral, selection coefficients of AG and monomers increase towards
the 3’ end.

We validated our inference by simulating a DNA sequence of the
same length as the 3PT under the three models. To avoid differences
between positions, the sequence was circularly joined such that the
first and last positions were adjacent to each other (see Section 2).
We calculated the joint frequency matrix of the four bases at neigh-
bouring sites and used a ;(2—inspired statistic to visualize the devi-
ation of the simulated values from the empirical data. Once again
the HIll model provides the best fit to the data, as evidenced by the
overall lowest values obtained. Moreover, this analysis allowed us
to interpret the patterns that each model failed to explain, which

Gamma
1

Focal position

FIGURE 8 Inferred scaled selection coefficients y of the
monomers and dimer AG for each position in the autosomal 3PT
under the best fit model HIll. Error bars represent 95% Cls from
1000 bootstraps of the datasets.
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might hint at more complex scenarios that were not considered. The
HI model, which considers only selection on monomers, fails to ex-
plain not only the under-representation of the AG dimer but also
other motifs, especially in the beginning of the polypyrimidine tract
(Figures 9 and S9). While selection on both monomers and AG (HIII)
provides a better fit for motifs that HI cannot account for, it falls
short explaining the high frequency of motifs rich in pyrimidines,
such as TT. Lastly, the model considering only selection on the AG
dimer shows the worst fit for motifs high in pyrimidine in the begin-
ning of the sequence, and it also deviates for the AG dimer towards
the end.

3.6 | Asymmetry patterns of other
eukaryotic species

We used the 5LR of Drosophila short introns as a neutral reference
to compare the DNA-asymmetry patterns in the 3PT, validate the
effect of selection, and quantify its strength. While we are not aware
of a similar neutrally evolving region in other eukaryotic species, we
nevertheless qualitatively checked for the universality of avoidance
of the splice signal in the 3PT in other eukaryotes. If 3’ splice signal-
associated motifs are similarly under-represented in other eukary-
otes, the same evolutionary process is likely at work as in Drosophila.

To test this, we analysed the asymmetry patternsin polypyrimi-
dine tracts of human, sea urchin, worm (C. elegans), rice, mouse-ear
cress (A. thaliana), moss, and the two yeast species S. cerevisiae and
L.thermotolerans. Comparative analyses suggest that the strength
of the polypyrimidine tract with respect to length and pyrimidine
content differs between plants, metazoa, and fungi; it is very weak
in fungi and shows a gradual increase from plants to metazoa and
from C.elegans to human within metazoa (Schwartz et al., 2008).
The species we selected cover this range of diversity. Among
them, C.elegans displays unusual properties regarding splicing
(Riddle et al., 1997): introns are exceptionally short, most under
60 nucleotides, and seem to lack an obvious polypyrimidine tract.
Additionally, even though AG is generally highly conserved, they
use splicing signals not containing AG more often than other spe-
cies (Riddle et al., 1997). It has been demonstrated that AG is not
obligatory for the 3’ splice site recognition, since mutations from
G to A or to C did not affect splicing (Aroian et al., 1993; Zhang &
Blumenthal, 1996). The fungal genomes have also relatively short
and few introns (in the hundreds), while other eukaryotes contain
thousands of introns (Neuveglise et al., 2011). Moreover, the pro-
tein U2AF1, which is a nearly universal part of the spliceosome, is
lost in S. cerevisiae, but not in L. thermotolerans (Hooks et al., 2014;
Neuveglise et al., 2011). U2AF1 recognizes and binds to the 3’-AG
motif after scanning the region downstream of the branch point,
i.e., the polypyrimidine tract (Smith et al., 1993). Comparing these
two yeast species gives us a chance to test whether trans-splicing
factors associated with this region have a significant effect on the
base composition and motif representation in the polypyrimidine
tract.
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FIGURE 9 Deviations of the three hypotheses from the autosomal empirical joint frequency data of the four bases. Values calculated as
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pattern along the 3PT.

We again focused on the short intron class of each organism to
minimize selection not related to splicing, except for the yeast species
where all introns were utilized, as they have very few and relatively
short introns (Figure S10). Even though the relative nucleotide com-
position varies between species, pyrimidines are over-represented

close to the 3’ ends of short introns in all species. In human and sea

urchin both C and T increase in frequency, in the other species only
T (Figure S11). The distribution of asymmetry scores of dimeric and
trimeric motifs in these pyrimidine-enriched regions resembles that
in Drosophila (Figure 10, Figures S12 and S13). At the dimer level,
the most under-represented motif is AG for all species, except for
C.elegans. In C.elegans.
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FIGURE 10 Asymmetry scores of dimers (top row) and trimers (bottom row) from the pyrimidine enriched regions in the introns of eight
eukaryotic species. Species are shown with different shapes and trimer motifs containing AG in it are depicted with red symbols, while non-

AG motifs are represented with blue.

AA is the first and AC the third most under-represented dimers.
Mutational analyses showed these motifs can serve as the 3’ splice
sitein C.elegans (Aroian et al., 1993; Zhang & Blumenthal, 1996). Thus
observing them as the most under-represented dimers in asymmetry
scores still supports the effect of avoidance of premature splicing in
the nucleotide composition evolution of the 3’ region of short in-
trons. At the trimer level, AG-containing motifs have again the low-
est asymmetry scores in human, sea urchin, rice, and Arabidopsis. In
moss, C.elegans and yeasts, they are also under-represented (nega-
tive asymmetry scores), yet do not always have the lowest values.
This is in line with the previous studies reporting relatively weaker
polypyrimidine tracts and possibly reflects the variation in splicing
signal usage in these species (Schwartz et al., 2008).

Recently, Schirman et al. (2021) reported that the absence of the
U2AF1 protein in certain yeast species, including S. cerevisiae, leads
to increased selective pressure to avoid a premature splice signal.
In our study, the pattern of asymmetry scores looks grossly similar
in S.cerevisiae and L. thermotolerans. At the dimer level, both species
exhibit a strong under-representation of the AG motif (Figure 10,
Figure S12), and at the trimer level, most motifs containing AG have
similar asymmetry scores, except for CAG, which does not have a
high asymmetry score in L.thermotolerans (Figure 10 and Figure S13).
The reason for this seems to be an under-representation of the

reverse complement of the CAG motif (i.e., CTG). We cannot specu-
late why CTG is depleted. A difference between our study and that
of Schirman et al. (2021) may be the strategy used to identify de-
pletion of 3’ splice signal motifs. They did not use strand asymme-
try but compared the sequence context around introns' 3’ ends to
that of 1000 randomly selected genomic loci and did not investigate
depletion of the motifs TAG and CAG separately, but together. In
any case, a systematic depletion of the AG dimer and AG-containing
trimers in both species suggests that comparable base composition
and asymmetry patterns can arise even in the absence of the trans-
splicing factor U2AF1.

4 | DISCUSSION

Many in vivo and in vitro experiments have shown the func-
tional importance of the 3PT in splicing (Green, 1986; Spellman
et al., 2005). Indeed, the 3PT serves as the binding site for trans-
splicing factors (Singh et al., 1995) and mutations in it might resultin
a decreased splicing efficiency. Although it is well-known that the
nucleotide composition of the 3PT varies among introns and spe-
cies, its co-evolution with the trans-splicing factors is still largely
unknown. The belief that the composition of the 3PT evolved due
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to selective preference of pyrimidines has been challenged by
studies showing that the presence of purines is not detrimental
to splicing (Roscigno et al., 1993) and that splicing factors binding
to the polypyrimidine tract can tolerate different base composi-
tions (Singh et al., 1995, 2000). Thus selection at the monomer
level generally favouring pyrimidines, especially uridines, over
purines may be rather weak. On the other hand, strong selection
against premature splicing may lead to avoidance of the strongly
conserved splice signal AG, during scanning mechanism from the
branch point towards the 3’ end of the intron, to avoid premature
splicing. This selection may also contribute to the base composi-
tion evolution on the monomer level. Generally, our results show
that the high pyrimidine content is the result of purifying selection
against spurious or cryptic 3’ splice signals, thus against AG, as
well as the selection for pyrimidine bases, likely due to the binding
affinities of trans-splicing factors.

Fruit flies of the genus Drosophila have mainly short introns.
Within these short introns, the function of the 5LR between the 5’
splice signal and the branch point seems to be mainly or exclusively
to form a loop of the required length. Consequently, sequence evo-
lution within the 5LR appears to be unconstrained and has been used
as neutral reference for inference of selection (Lawrie et al., 2013;
Machado et al., 2020; Parsch et al., 2010). We also found no asso-
ciation of the nucleotide composition in the 5LR with selective pro-
cesses both in population genetic analyses of site frequency spectra
and DNA-asymmetry patterns. On the other hand, the sequence of
the 3PT is functionally important for splicing. Therefore, we used
strand asymmetry patterns to identify and quantify selection in the
3PT by comparing it to 5LR. We find that conserved motifs in the 3’
splice site are more avoided than others with similar or higher pyrim-
idine content, from which we conclude that selection in the 3PT is
not exclusively for pyrimidines.

To infer the relative importance of avoidance of the canonical
splice site and selection for higher pyrimidine content, we com-
pared the fit of three models to the data using a newly developed
inference method accounting for positional effects along the 3PT:
(i) selection for pyrimidines, (ii) selection against the AG dimer or
(iii) selection both for pyrimidines and against the AG dimer. Our re-
sults show that both selection for pyrimidines and avoidance of the
canonical 3’ splice signal are necessary to explain the base composi-
tion of the 3PT. Although our method has some limitations, such as
not accounting for selection against higher-order oligonucleotides or
correlation between selection at dimer and monomer levels, inferred
joint frequencies closely fit the empirical data.

In Drosophila, the presence of an established neutral reference,
the 5LR, enabled the detection of presumably selected motifs by
comparing asymmetry patterns and the quantification of selection
strength in the 3PT. In other eukaryotes, the preferred splice signal
and the nucleotide composition varies, as does the length of the 3PT
(Coolidge et al., 1997; Nguyen & Xie, 2019), although pyrimidines are
generally over-represented (Coolidge et al., 1997). Due to the lack of
a neutral reference in other eukaryotes, a similar approach to quan-
tification of the selection strength is not possible. Nevertheless the

asymmetry pattern within the 3PT also suggests the same mecha-
nism as in Drosophila: oligonucleotides containing the 3’ splice signal
are under-represented in the 3PT of short introns, i.e., the region
between the branch point and the 3’ splice signal. Thus selection
against premature splicing in the 3PT seems to be universal among
eukaryotes.

In a recent study, Rong et al. (2020) proposed an exaptation
mechanism (Gould & Vrba, 1982) to explain the evolution of exonic
splicing enhancers (ESEs): precursor ESEs would be created by the
joint action of mutation bias and purifying selection on the protein
code. Once ESE motifs started to appear, ESEs and trans-splicing
factors would co-evolve due to selection on splicing. A study in yeast
suggested that the avoidance of cryptic splicing through depletion
of the 3’ splice signal around the 3’ end drives intron sequence
evolution and splicing factors can co-evolve with this (Schirman
et al., 2021). In the light of our results, a positive feedback loop is
conceivable: once the pyrimidine content in the 3PT increased due
to avoidance of the 3’ splice signal, splicing factors co-evolved to
develop higher binding specificity to pyrimidines. In any case, the
co-evolution of splicing avoidance and binding specificity of trans-
splicing factors seems to determine the architecture of short introns,
where the splicing information is mainly intronic (“intron-definition”)
(Talerico & Berget, 1994).
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