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ABSTRACT

Many eukaryotes use RNA processing, including alternative splicing, to express multiple gene products from the same
gene. The budding yeast Saccharomyces cerevisiae has been successfully used to study the mechanism of splicing and
the splicing machinery, but alternative splicing in yeast is relatively rare and has not been extensively studied.
Alternative splicing of SKI7/HBS1 is widely conserved, but yeast and a few other eukaryotes have replaced this one alter-
natively spliced gene with a pair of duplicated, unspliced genes as part of a whole genome doubling (WGD). We show
that other examples of alternative splicing known to have functional consequences are widely conserved within
Saccharomycotina. A common mechanism by which alternative splicing has disappeared is by replacement of an alterna-
tively spliced gene with duplicate unspliced genes. This loss of alternative splicing does not always take place soon after
duplication, but can take place after sufficient time has elapsed for speciation. Saccharomycetaceae that diverged before
WGD use alternative splicing more frequently than S. cerevisiae, suggesting that WGD is a major reason for infrequent al-
ternative splicing in yeast. We anticipate thatWGDs in other lineages may have had the same effect. Having observed that
two functionally distinct splice-isoforms are often replaced by duplicated genes allowed us to reverse the reasoning. We
thereby identify several splice isoforms that are likely to produce two functionally distinct proteins because we find them
replaced by duplicated genes in related species.We also identify some alternative splicing events that are not conserved in
closely related species and unlikely to produce functionally distinct proteins.

Keywords: alternative splicing; yeast; evolution; subfunctionalization

INTRODUCTION

Alternative splicing is thought to be an important mecha-
nism to generate multiple functionally distinct proteins
from a single gene. While the majority of mammalian
genes are alternatively spliced, other eukaryotes use this
process less frequently. Although the budding yeast
Saccharomyces cerevisiae has proven to be a powerful
tool to understand the mechanism of splicing, only a few
genes are thought to encode two functionally distinct pro-
teins through alternative splicing. Even in cases where al-
ternative splicing occurs in S. cerevisiae, the functional
significance of both isoforms is incompletely understood.

PTC7 is a well-understood example of an alternatively
spliced gene encoding two functionally distinct proteins
in S. cerevisiae (see Fig. 1G below). Ptc7 is a protein phos-

phatase whose localization is altered by splicing.
Translation of the unspliced PTC7 mRNA results in the in-
clusion of a transmembrane helix and insertion of Ptc7 into
the nuclear membrane (Juneau et al. 2009). This Ptc7 iso-
form confers resistance to Latrunculin A (Juneau et al.
2009). Alternatively, when PTC7 mRNA is spliced, the en-
coded protein is localized in the mitochondria (Juneau
et al. 2009). Ptc7 is required to dephosphorylate mito-
chondrial proteins, which likely reflects that the spliced iso-
form directly carries out this function (Guo et al. 2017). The
spliced and unspliced isoforms also have different effects
on mitochondrial function (Awad et al. 2017). Thus, the
Ptc7 isoforms seem to perform separate functions.
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Similarly, Fes1 is a nucleotide exchange factor for Hsp70
that is targeted to the nucleus when translated from the
spliced mRNA and remains cytoplasmic when translated
from the unspliced mRNA (see Fig. 7F below; Gowda
et al. 2016). The cytoplasmic form has been shown to be
important for the degradation of misfolded proteins and
is required for growth at high temperature, but the func-
tion of nuclear Fes1, if any, is unknown (Gowda et al. 2016).

A third example is provided by
SRC1, which generates two proteins
through the use of alternative 5′ splice
sites (see Fig. 6F below; Rodriguez-
Navarro et al. 2002; Grund et al.
2008). The alternative 5′ splice sites
of SRC1 are separated by 4 nt, result-
ing in the downstream exon being
used in two different reading frames.
Both the 95 kDa “full-length” and 73
kDa “truncated” proteins are inserted
into thenuclearmembrane.The lackof
the full-lengthprotein causes a growth
defect inmutants when the THO com-
plex is also defective, suggesting that
the full-length protein has some func-
tion that is not sharedwith the truncat-
ed protein (Grund et al. 2008). In
contrast, a specific function for the
truncated protein has not been identi-
fied. The full-lengthprotein is also sim-
ilar to a paralog that arose as part of a
whole genome doubling (WGD) that
occurred anestimated 95million years
ago (MYA). The functional differences
between this paralog (Heh2) and Src1
are also not well understood.

We have recently shown that in
Lachancea kluyveri, another member
of the Saccharomycetacea, a single
gene encodes Ski7 and Hbs1 through
alternative splicing, but that this alter-
natively spliced gene is replaced by
separate SKI7 and HBS1 genes in
S. cerevisiae (Marshall et al. 2013).
Both HBS1 and SKI7 lack introns.
Ski7 tethers the Ski complex to the cy-
toplasmic RNAexosome complex and
thereby mediates mRNA degradation
(van Hoof et al. 2000; Araki et al. 2001;
Kowalinski et al. 2016). Hbs1 instead
delivers Dom34 to stalled ribosomes,
which allows Dom34 to recycle the
ribosomal subunits for subsequent
rounds of translation (Shoemaker
et al. 2010; Beckeret al. 2011; Pisareva
et al. 2011). These separable functions

of Ski7 and Hbs1 can be assigned to the L. kluyveri splice-
isoforms, with proximal 3′ splice site usage resulting in a
functional Ski7, anddistal 3′ splice site usage in a functional
Hbs1. We further showed that this alternative splicing of
SKI7/HBS1 is conserved in animals, fungi, and plants (Mar-
shall et al. 2013, 2018).
During our studies focused on SKI7/HBS1, we noted an-

ecdotally that two other gene pairs fit the same pattern.
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FIGURE 1. Alternative splicing of PTC7 orthologs in the Saccharomycotina. (A) Splicing pat-
tern is shown for each of the species analyzed, alongwith the species phylogeny. Key branches
are indicated: the branch leading to the subphylum Saccharomycotina, the branch leading to
the family Saccharomycetacea, and the branch leading to the WGD clade. Red species names
highlight the WGD clade. Green asterisk indicates the most likely origin of PTC7 intron reten-
tion. Red asterisk indicates the most likely replacement of one alternatively spliced gene with
duplicate genes. (B–G) Sashimi plots of a representative RNA-seq data set for the indicated
species. Each plot indicates in the top left corner the read coverage scale on the y-axis.
Arches indicate introns that were spliced out, and the numbers along the arches indicate
the number of exon junction reads for that splicing pattern. Below each sashimi plot is the likely
RNA structure with boxes indicating coding exons and lines indicating intron. TM indicates a
transmembrane helix predicted to be encoded by the retained intron. (B) C. albicans diverged
before the likely origin of PTC7 alternative splicing and no alternative splicing was detected.
(C ) Intron retention in the PTC7 ortholog fromC. jadinii. (D) Intron retention in the PTC7 ortho-
log from T. delbrueckii. (E,F ) T. blattae contains two PTC7 orthologs, with one lacking an intron
and the other containing a constitutive intron. (G) Intron retention in PTC7 of S. cerevisiae. The
box around this panel indicates this panel confirms the previously described alternative
splicing.
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First, the S. cerevisiae YSH1 and SYC1 genes arose by
duplication of an alternatively spliced YSH1/SYC1 gene
that uses alternative 3′ splice sites (see Fig. 3C below;
Marshall et al. 2018). In S. cerevisiae, Ysh1 is the endonu-
clease that is responsible for the 3′ end formation of
mRNAs in the cleavage and polyadenylation reaction,
while Syc1 is required for cleavage-independent 3′ end
formation of some noncoding RNAs (Lidschreiber et al.
2018). Syc1 is similar to the carboxy-terminal domain of
Ysh1, and through this domain the two proteins interact
with the same partners. However, Syc1 lacks the endonu-
clease domain (Nedea et al. 2003). Thus it appears that
an alternatively spliced YSH1/SYC1 gene in L. kluyveri is
replaced by duplicate YSH1 and SYC1 genes that both
lack introns (Marshall et al. 2018).

The second previously noted example of an alternatively
spliced gene being replaced by duplicate genes is PTC7.
As noted above, the S. cerevisiae PTC7 gene encodes
two protein phosphatases with distinct localization
(Juneau et al. 2009). In contrast, Tetrapisispora blattae
contains two PTC7 genes, and we have speculated that
one contains an intron. This predicted intron contains
stop codons that prevent translation of any intron-retained
mRNA (Marshall et al. 2013). However, there is no experi-
mental evidence supporting this suggestion and introns in
T. blattae have not been carefully annotated. Unlike SKI7/
HBS1 alternative splicing, which is conserved in animals,
fungi and plants, neither the YSH1/SYC1 nor PTC7 alterna-
tive splicing events appeared to be conserved from an an-
cient ancestor, but when these alternative splicing events
arose has not been extensively studied.

Strikingly, the duplication of SKI7 and HBS1, YSH1 and
SYC1 and PTC7 each date to the WGD (Kellis et al. 2004;
Scannell et al. 2007; Marcet-Houben and Gabaldon
2015). This WGD also gave rise to the SRC1 and HEH2
paralogs mentioned above. These observations suggest
that the WGD event in the Saccharomyces lineage may
be a contributor to the relatively infrequent use of alterna-
tive splicing to diversify its proteome, but the relationship
between WGD and loss of alternative splicing is incom-
pletely understood.

Here, we more systematically analyze when previously
identified examples of alternative splicing in Saccharomy-
cotina arose, how extensively they are conserved, and
whether they were replaced by duplicated genes in any
species. The results reveal the generality that most genes
that likely encode two distinct functional proteins through
alternative splicing in one species of Saccharomycotina are
replaced by duplicate unspliced genes in other species.
However, this generality does not extend to regulatory al-
ternative splicing, as in the PRP5 gene. In this case, splicing
functions in a negative feedback loop to prevent accumu-
lation of the spliced mRNA, and thus the spliced mRNA
does not have a separate function (Karaduman et al.
2017). Finally, we use these observations to suggest

some alternative splicing events that likely generate a
functional gene product, and some that appear less likely
to do so.

RESULTS

Study design

The subphylum Saccharomycotina is divided into approxi-
mately a dozen clades, which generally correspond to
families, and in the current study we included all the
clades/families with available genome and RNA-seq data
(Supplemental Fig. 1; Shen et al. 2016). We sampled the
Saccharomycetaceae family more densely to gain a better
understanding of the relationship between WGD and loss
of alternative splicing. The Saccharomycetaceae are divid-
ed into three clades: theKLE, ZT, andWGDclades (Marcet-
Houben and Gabaldon 2015; Shen et al. 2016). The KLE
clade is composed of the Kluyveromyces, Lachancea and
Eremothecium genera, while the ZT clade is composed
of the Zygosaccharomyces and Torulaspora genera (Sup-
plemental Fig. 1). Although the WGD event was initially
described as a duplication, more recent analysis (Marcet-
Houben and Gabaldon 2015) suggests it was a hybridiza-
tion between one parent from the KLE clade and another
parent from the ZT clade (and we therefore prefer whole
genome doubling instead of whole genome duplication
to describe the outcome rather than themechanism). After
this single hybridization, theWGDclade diverged into Sac-
charomyces, Kazachstania,Naumovozyma, Tetrapisispora,
and Vanderwaltozyma genera (Supplemental Fig. 1). The
original hybridization occurred before the extant species
of the KLE and ZT clades diverged from each other and
thus, the parents cannot be meaningfully assigned to one
of the extant species. We therefore included two represen-
tatives from both the KLE and ZT clades, and four from the
WGD clade. Within each clade we maximized the diversity
analyzed. For example, the first branch within the WGD
clade separates theT. blattae lineage from the S. cerevisiae
lineage andwe therefore includedboth of these species. In
addition to these Saccharomycotina, we analyzed alterna-
tive splicing in RNA-seq data from Aspergillus fumigatus,
which is a representative of the other Ascomycota.

To find alternatively spliced target genes, we performed
extensive literature searches for “alternative splicing” and
each species name. We focused on alternative splicing
events with some evidence that the alternative splicing
event has some functional consequence (to eliminate
splicing errors and heterogeneity in splicing without func-
tional consequences). This literature search was supple-
mented by inspecting RNA-seq data from two species,
L. kluyveri andCandida albicans, which identified one nov-
el intron retention event (in the L. kluyveri NUP116/
NUP100 gene). Similar inspection of RNA-seq data has
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previously identified candidate alter-
native splicing events (Kawashima
et al. 2014; Schreiber et al. 2015),
and we also included several of the
most prominent candidates from
those studies. However, other exam-
ples from the Schreiber et al. study
were not detected in our S. cerevisiae
RNA-seq analysis and were only sup-
ported by a single exon junction
read in the original analysis, suggest-
ing that they may be sequencing or
mapping errors rather than robust bi-
ological phenomena.
We then mapped RNA-seq reads

from each of the species to the ge-
nome sequence and inspected each
of the genes of interest for evidence
of alternative splicing. Although an-
notating alternative splicing de novo
is complicated by difficulties distin-
guishing errors in splicing, sequenc-
ing, or mapping, the previously
described functional events were ob-
vious in RNA-seq alignments (see
boxed panels in each of the figures
below). The use of alternative splice
sites was reflected in exon-junction
reads where the read starts in one
exon and ends in the next exon, pre-
cisely defining the splice sites used.
Thus, RNA-seq analysis reliably con-
firmed each of the previously report-
ed alternative splicing events (see
boxed panels in Figs. 1–11). As
expected from our earlier studies
(Marshall et al. 2013, 2018), we detected the use of alter-
native SKI7/HBS1 3′ splice sites in early diverging
Saccharomycotina. Although this confirmed our previous
conclusions, it revealed no novel findings, and thus, is
not included here.

A conserved alternatively spliced PTC7 gene
is replaced by duplicate genes

As described in the introduction, PTC7 is a well-under-
stood example of alternative splicing in S. cerevisiae and
encodes two distinct proteins. Ptc7 is a protein phospha-
tase with distinct functions and localization depending
on intron removal or retention (Juneau et al. 2009; Awad
et al. 2017; Guo et al. 2017). We detected this intron reten-
tion in S. cerevisiae (Fig. 1A and boxed panel 1G).
Importantly, we also observed alternative splicing in other
pre- and post-WGD species (Fig. 1A,C,D). In each case, the
intron length was a multiple of three and lacked stop co-

dons, and a substantial number of reads mapped to within
the intron, indicating intron retention. However, this alter-
native splicing was not detected in any earlier diverging
species such as C. albicans (Fig. 1B). Instead, these earlier
diverging species lack an intron in the orthologous posi-
tion (Fig. 1B; Supplemental Fig. 2). Because the diver-
gence time of Cyberlindnera jadinii has not been
estimated, we cannot precisely time the emergence of
the alternative splicing, but it occurred between 114
MYA and 304 MYA (green asterisk in Fig. 1A). The protein
encoded by the unspliced C. albicans gene is localized to
the mitochondria (Wang et al. 2007), and thus, the mito-
chondrial function of the spliced mRNA in S. cerevisiae
likely predates the gain of alternative splicing.
We have previously speculated that the PTC7 gene was

duplicated in T. blattae and that both duplicates lost alter-
native splicing (Marshall et al. 2013), but this speculation
was not supported by any data at the RNA level. T. blattae
is positioned at an interesting juncture, as the split between
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FIGURE 2. Alternative splicing ofMDH orthologs in the Saccharomycotina and A. fumigatus.
(A) Splicing pattern is shown for each of the species analyzed, along with the species phylog-
eny as in Figure 1A. In addition, the black asterisks indicate a change of splicing pattern.
Specifically, the ancestor likely used both intron retention and alternative 3′ splice sites. (∗)
Loss of alternative 3′ splice sites in L. starkeyi, loss of intron retention in Y. lipolytica, and the
conversion of the peroxisomal gene into a pseudogene inO. polymorpha. (B) Intron retention
and alternative 3′ splice sites in the A. fumigatus MDH gene. The light gray box indicates a
reading frame that is different from the dark gray boxes. PTS indicates a peroxisomal targeting
signal. (C ) Intron retention (likely coupledwith an intronic polyadenylation site) in the L. starkeyi
MDH gene. (D) Alternative 3′ splice sites in the Y. lipolytica MDH gene. (E,F ) DuplicatedMDH
genes in S. cerevisiae lack introns. In panels B–D, only the 3′ end of the gene is shown.
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T. blattae and S. cerevisiae is the earliest known split after
WGD (Fig. 1A). We therefore generated RNA-seq data
from T. blattae, which confirmed that the PTC7 ortholog
predicted tobecytoplasmic is indeedconstitutively spliced
(Fig. 1F), while the nuclear membrane ortholog lost the ca-
pacity to splice (Fig. 1E). Even if therewere a low level of in-
tron-retained mRNA for this spliced gene, it would contain
a stopcodon,preventing the formationof a secondprotein.
Thus, as predicted, the alternatively spliced PTC7 gene is
replaced by two genes that have lost the capacity for alter-
native splicing (red asterisk in Fig. 1A).

Strikingly, in several species with PTC7 intron retention,
the intron has splice sites that perfectly match the consen-
sus intron sequence (GUAUGU…UACUAAC…YAG in
T. delbrueckii, Z. rouxii and K. lactis). It is therefore not
clear why this intron is retained, but sequences outside
the core splice sites, secondary structure, and trans-acting
factors may all contribute. In contrast, the 5′ splice site in T.
blattae does not match perfectly to the consensus se-
quences (GUAAGU…UACUAAC…UAG). Thus, the disap-
pearance of the intron retention form in T. blattae might
be primarily due to the gain of a stop codon within the in-
tron, which is expected to trigger nonsense-mediated de-
cay (Kawashima et al. 2014).

A conserved alternatively spliced MDH gene
is replaced by duplicate unspliced genes

It has been reported that exon 3 of a malate dehydroge-
nase (MDH) gene from Yarrowia lipolytica starts with alter-
native UAG 3′ splice sites (Kabran et al. 2012). Although
the alternative 3′ splice sites are only 4 nt apart (i.e.,
UAGCUAG), and the two proteins only differ by a single
amino acid, the proteins are localized differently. The distal
splice site generates a peroxisomal targeting signal (PTS;
Supplemental Fig. 3), while the proximal splice site does
not create a PTS, and this has been shown to affect protein
localization (Kabran et al. 2012). The use of these alterna-
tive 3′ splice sites was confirmed by our RNA-seq analysis
(Fig. 2A,D).

We also observed alternative splicing of the orthologous
gene in A. fumigatus (Fig. 2B) and Lipomyces starkeyi (Fig.
2C). InA. fumigatuswedetected threedistinctmRNAs: The
most abundant and annotated mRNA retained the final in-
tron. A second mRNA uses a proximal 3′ splice site (AAG)
for a novel intron and a third mRNA uses a distal 3′ splice
site (UAG) for the same intron.As inY. lipolytica the 3′ splice
sites are 4 nt apart. Use of the proximal 3′ splice site results
in the exact same protein sequence as intron retention (re-
placing only the wobble base of the last sense codon and
the stop codon; Supplemental Fig. 3). In contrast, as in Y.
lipolytica, the distal 3′ splice site adds a single amino acid
and generates a putative PTS1.

Similarly, in L. starkeyi the MDH ortholog either retains
the final intron and encodes a likely cytoplasmic protein,

or splices the final intron generating a PTS1 signal (Fig.
2C; Supplemental Fig. 3). Themost parsimonious explana-
tion of these observations is that the A. fumigatus gene
structure represents the ancestral state, with Y. lipolytica
having lost the intron retention and L. starkeyi having lost
the proximal 3′ splice site due to a single nucleotide
change (AAG toAAU; black asterisk in Fig. 2A). This implies
that the alternative splicing event is conserved from a com-
mon ancestor of all Saccharomycotina and A. fumigatus
that lived >590 MYA.

In all other Saccharomycotina we detected two orthologs
for this gene (Fig. 2A,E,F; Supplemental Fig. 3). None of
these orthologs had an intron in the same position as the
Y. lipolytica gene. However, in each species one ortholog
encodes a protein that ends with a PTS1 signal, while the
other gene lacked a similar sequence (Supplemental Fig.
3). We conclude that a single alternatively spliced gene
was replacedby twounsplicedgenes.Note that“unspliced”
here and in other cases below indicates unspliced at this po-
sition. In some cases other introns are present. The common
ancestorwhere this duplication and loss of splicingoccurred
lived >304 MYA (red asterisk in Fig. 2A).

A conserved alternatively spliced YSH1/SYC1 gene
is replaced by duplicate unspliced genes

Wehavepreviously reportedthat theL.kluyveriYSH1/SYC1
geneusesalternative3′ splicesites (Marshalletal.2018)and
this was confirmed by RNA-seq (Fig. 3A,C). This gene is the
ortholog of both YSH1 (CPSF73 in mammals) and SYC1 in
S. cerevisiae, which arose as part of the WGD. Ysh1 and
Syc1 share a similar carboxy-terminal domain. In addition,
Ysh1 has an endonuclease domain that is absent
from Syc1. Alternative splicing in L. kluyveri generates
Ysh1-like and Syc1-like proteins from a single gene (Fig.
3C; Supplemental Fig. 4). The orthologs in L. kluyveri,
Kluyveromyces lactis, Torulaspora delbrueckii, and T. blat-
tae each contain an intron that uses alternative 3′ splice
sites. The 5′ splice site for this intron is in the 5′ UTR with a
proximal 3′ splice site and AUG codon upstream of the en-
donuclease domain and a distal 3′ splice site and AUG co-
don internal to the ORF that would skip the endonuclease
domain (Fig. 3A,C,D). Noneof the earlier diverging species
contains an orthologous alternatively spliced intron. Thus,
alternative splicing likely arose >304 MYA. However,
some earlier diverging species (C. jadinii, Y. lipolytica, and
L. starkeyi) contain an intron in what appears likely the
orthologousposition,but this intron is constitutively spliced
(Fig. 3B). This suggests that alternative splicing arose by
adding a distal 3′ splice site to a preexisting intron.

In the four WGD species, the duplicated orthologs fol-
lowed three different paths (Fig. 3A). T. blattae maintained
one alternatively spliced gene and lost the duplicate copy
(Fig. 3D). In the lineage leading to S. cerevisiae and
Candida glabrata, both genes lost the intron and one gene
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expresses Ysh1, and the other only Syc1 without either one
being spliced (Fig. 3E,F). Finally, Naumovozyma castellii
containsonlyonecopyof thisgene,which is not alternatively
spliced. Thus,N. castellii appears to have lost Syc1 as a dis-
tinct splice isoform. It is possible that it expresses Syc1 by
some other mechanism such as alternative start codon use
and/or alternative transcription start sites.

A conserved alternatively spliced NUP116/NUP100
gene is replaced by duplicate unspliced genes

While identifying novel alternative splicing events in L.
kluyveri, we discovered a novel potential intron that is re-
tained some of the time in the NUP116/NUP100 gene
(Fig. 4A,C). Intron retention results in the annotated pro-
tein, while splicing generates a protein that lacks 127 inter-
nal amino acids. We observed the same intron retention
pattern in orthologs from other species of the KLE and ZT
clades (all pre-WGD Saccharomycetaceae) (Fig. 4A,C,D).
The splice sites and branchpoint sequences (GUAUGU …

UACUAAC… UAG in all four species) are perfect matches
for the consensus splicing signals in those species (Neu-

veglise et al. 2011) and it is not clear
why this intron is sometimes retained.
This conservation suggests that this al-
ternative splicing event arose in a
common ancestor of the Saccharomy-
cetaceae that lived about 114 MYA.

The NUP116/NUP100 gene is the
ortholog of both NUP116 and
NUP100, two S. cerevisiae nucleo-
porin-encoding genes that resulted
from the WGD. The functional differ-
ence between Nup116 and Nup100
is a Gle2 binding site that is present
in Nup116 but absent in Nup100
(Fig. 4E,F; Supplemental Fig. 5; Bailer
et al. 1998). This sequence is con-
served in the retained intron of the
KLE and ZT clades (Fig. 4C,D; Supple-
mental Fig. 5). This suggests that the
spliced mRNA encodes a protein
that has the Nup100 function, while
the intron retained mRNA encodes a
protein with Nup116 function. This
Gle2 binding site is also clearly pre-
sent in orthologs that diverged earlier
(Fig. 4B; Supplemental Fig. 5). This
suggests that the intron arose by con-
verting coding sequence to an intron
by gaining splicing sites.

The NUP116/NUP100 intron reten-
tion event was not detectable in the
WGD clade, which suggests that this
alternative splicing event was lost af-

ter WGD >69 MYA (Fig. 4A,E,F). The low similarity of the
protein level, and the repetitive nature of nucleoporin se-
quences, limited the ability to generate a high confidence
alignment of the Nup100 proteins from the WGD clade
(Supplemental Fig. 5). Nevertheless, the alignment is con-
sistent with the intron being precisely deleted in NUP100,
possibly by recombination with a cDNA (Fink 1987). The
Nup116 proteins aligned better, allowing us to identify
where the splice sites used to be. This revealed that all
three splice signals are mutated in the WGD species
(e.g., to GAAUGU …UACCAAU … UGG in S. cerevisiae).
It is impossible to determine which change originally
caused loss of alternative splicing and which occurred sub-
sequently. Thus, an alternative spliced NUP116/100 gene
appears to be replaced in WGD species by duplicated
unspliced genes.

Conserved alternative splicing of a GND gene
was lost but not replaced by duplicate genes

It has previously been reported that the C. albicans
6-phosphogluconate dehydrogenase (GND) gene uses
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FIGURE 3. Alternative splicing of YSH1/SYC1 orthologs in the Saccharomycotina. (A) Splicing
pattern is shown for each of the species analyzed, along with the species phylogeny as in
Figure 1A. Black asterisks indicate that Z. rouxii and N. castellii appear to have lost Syc1. (B)
C. jadinii diverged before the likely origin of YSH1/SYC1 alternative splicing and its ortholog
contains a constitutive intron. (C ) Alternative 3′ splice sites in the YSH1/SYC1 ortholog of L.
kluyveri, as previously reported. (D) Alternative 3′ splice sites in the YSH1/SYC1 ortholog of
T. blattae. (E,F ) Duplicated YSH1 and SYC1 genes in S. cerevisiae lack introns.
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alternative 3′ splice sites (Strijbis et al. 2012). In this case,
use of the proximal 3′ splice site causes inclusion of a
PTS2 signal and targeting to the peroxisome, while use
of the distal 3′ splice site results in a cytoplasmic protein
(Strijbis et al. 2012). Although it was reported that the per-
oxisomal splice-isoform accounts for only ∼0.1% of the to-
tal mRNA, we were able to detect exon junction reads in
two different RNA-seq data sets (one of which is shown
in Fig. 5D). The evidence for alternative splicing was
more robust in RNA-seq data from L. starkeyi, Y. lipolytica,
and C. jadinii (Fig. 5A–C). In each case, a minor splice iso-
form included a putative PTS2 (Supplemental Fig. 6).
Although the peroxisomal isoform appears to be minor,
in these species we detected dozens of exon junction
reads. Thus this alternative splicing appears to have arisen

in a common ancestor >332MYA. The
orthologs from A. fumigatus and
Candida auris have a potential proxi-
mal 3′ splice site that would cause in-
clusion of a PTS2 (Supplemental Fig.
6), but we did not detect exon junc-
tion reads for this splicing pattern.
Whether this splice site is used infre-
quently or under specific conditions
remains to be determined, and thus
this alternative splicing may have aris-
en even earlier than >332 MYA.
The alternative splicing of the GND

gene appears to have been lost
twice, in Ogataea polymorpha and in
the Saccharomycetaceae (both >114
MYA). In these species, we failed to
detect any RNA-seq reads suggesting
alternative splicing, nor was there a
candidate alternative 3′ splice site
that would cause inclusion of a
PTS2. After WGD, S. cerevisiae re-
tained both copies of the GND gene
(GND1 and GND2), but these do not
appear to be related to the loss of al-
ternative splicing as neither gene has
a PTS (Supplemental Fig. 6), and nei-
ther has been localized to peroxi-
somes (Huh et al. 2003).

A conserved alternatively spliced
SRC1/HEH2 gene is twice
replaced by duplicate genes

As mentioned in the introduction,
S. cerevisiae uses alternative 5′ splice
sites in SRC1 to express a full-length
and a truncated protein. This alterna-
tive splicing is clearly visible in RNA-
seq data (Fig. 6F). Genetic evidence

indicates that the full-length protein is functional, but
whether the truncated protein has a distinct function is
not entirely clear.

Analyzing RNA-seq data from various species showed
that alternative splicing of SRC1 is ancient, with alternative
5′ splice sites present in many different Saccharomycotina
(Fig. 6A–E). Thus, the use of alternative 5′ splice sites is
conserved from >332 MYA. Even the A. fumigatus ortho-
log is alternatively spliced (Fig. 6B), although it uses alter-
native 3′ splice sites, pushing the likely origin of alternative
splicing to >590MYA. In each of these orthologs, the alter-
native splice sites cause the downstream exon to be used
in two different reading frames, with one splice pattern
generating a full-length protein, and the other splice pat-
tern a truncated protein. The full-length protein has been
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FIGURE 4. Alternative splicing of NUP116/NUP100 orthologs in the Saccharomycotina. (A)
Splicing pattern is shown for each of the species analyzed, along with the species phylogeny
as in Figure 1A. (B) C. jadinii diverged before the likely origin of NUP116/NUP100 alternative
splicing and its ortholog lacks an intron. The C. jadinii ortholog contains a sequence that is ho-
mologous to the sequence in Nup116 that binds to Gle2. (C ) Intron retention in the NUP116/
NUP100 ortholog of L. kluyveri. (D) Intron retention in theNUP116/NUP100 ortholog of T. del-
brueckii. (E,F ) Duplicated NUP116 and NUP100 genes in S. cerevisiae lack introns and only
Nup116 contains the Gle2 binding site.
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shown to be functional, and consistent with that, the en-
coded protein in this reading frame is conserved (Supple-
mental Fig. 7).
Interestingly, instead of the single alternatively spliced

gene, O. polymorpha has two unspliced orthologs, with
one being full-length, and the other truncated (Fig. 6A;
Supplemental Fig. 7). The observation that the alterna-
tively spliced gene is replaced by two unspliced genes
in O. polymorpha suggests that both proteins are
functional.
The functionality of the truncated protein is further sup-

ported by amino acid conservation patterns (Supplemental
Fig. 7). The exondownstream from the alternatively spliced
intron is translated in two different reading frames and the
amino acid sequence in both reading frames is conserved.
In the first∼150 nt of the exon, two reading frames are used
and the encoded amino acid sequence conservation is
higher for the truncated protein (Supplemental Fig. 7).
The second part of the exon forms part of the 3′ UTR in
the truncated mRNA, but encodes conserved amino acids
in the full-length protein (Supplemental Fig. 7). This pattern
of sequence conservation in both reading frames strongly
suggests that both proteins are functional.

More support for the functionality of
the truncated protein comes from
changes in the position of the alterna-
tive 5′ splice sites. In the early diverg-
ing species Y. lipolytica, the 5′ splice
site for the truncated form is 5 nt distal
of the full-length 5′ splice site (Fig.
6C). The same pattern occurs in
C. jadinii. Interestingly, this spacing
has changed twice: In the Saccharomy-
cetacea (including S. cerevisiae and
L. kluyveri; Fig. 6D–F), the truncating
5′ splice site ismovedfrom+5to−4 rel-
ative to the full-length encoding splice
site. This same change from +5 to −4
occurred in Candida albicans. The ob-
servation that these shifts in the trun-
cating 5′ splice sites each time occur
in a multiple of three suggests that
the sequence of the truncating protein
is important, not just the fact that the al-
ternative form is truncated. Thus, dupli-
cation inO. polymorpha, conservation
of sequence, and conservationof read-
ing frame all suggest that both splice
isoforms are functional.

In each of the Saccharomycotina,
both 5′ splice sites in SRC1 are poor
matches to the consensus. Specifi-
cally, the splice site for full-length
Src1 is GUgaGU in all Saccharomyce-
tacea, while the truncating 5′ splice

site at−4 is alwaysGcAaGU (deviations from the consensus
GUAUGU are in lower case). Furthermore, C. auris and C.
jadinii both use the alternative 5′ splice site at +5, and the
GcAaGU motif is accordingly shifted from −4 to +5. Thus
the shift in the alternative 5′ splice site correlates with the
shift in GcAaGU.
We noted one additional change in alternative splicing

pattern that may be related to why both SRC1 and HEH2
were maintained after WGD. The RNA-seq data from
both species of the ZT clade indicate that three different
protein encoding mRNAs are expressed from a single
SRC1/HEH2gene (Fig. 6E). In addition to the useof alterna-
tive 5′ splice sites, all in frame stop codons were lost from
the intron, such that an intron-retained mRNA encodes a
third protein. Because the WGD arose after hybridization
between the KLE clade and the ZT clade, the common an-
cestor of theWGD clade likely inherited one gene from the
KLE clade that expressed two different SRC1/HEH2 pro-
teins plus one gene from the ZT clade that expressed three
different SRC1/HEH2 proteins, for a total of five proteins. If
the three proteins from the ZT clade eachwere functionally
distinct, the WGD species might have to maintain expres-
sion of all three proteins. This could be accomplished by
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FIGURE 5. Alternative splicing of GND orthologs in the Saccharomycotina and A. fumigatus.
(A) Splicing pattern is shown for each of the species analyzed, along with the species phylog-
eny as in Figure 1A. The alt 3′? indicates that although a potential alternative 3′ splice site is
conserved, we did not detect any exon junction reads indicating its usage under the specific
conditions analyzed. The black asterisk indicates a change from alternative 3′ splice site to
exon skipping. (B) Alternative 3′ splice sites in the GND ortholog in L. starkeyi. (C ) Exon skip-
ping in the GND ortholog in Y. lipolytica. (D) Alternative 3′ splice sites in the GND ortholog in
C. albicans, as previously reported. (E) The T. delbrueckii ortholog contains a constitutive in-
tron in the orthologous position.
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completely losing the gene inherited from the KLE clade,
but that is not what appears to have happened. Instead
the three isoform gene inherited from the ZT clade and
the two isoform gene inherited from the KLE clade likely
each lost one splice isoform. This reduced the total number
of proteins from the gene pair from five to three.

Conserved alternative splicing of a FES1 gene was
lost but not replaced by duplicate genes

FES1 encodes a nucleotide exchange factor for Hsp70. It
has previously been reported that an intron can be spliced

out near the 3′ end. The second exon
of FES1 adds a 16 amino acid Lys and
Arg rich sequence that functions as a
nuclear localization sequence (NLS)
(Gowda et al. 2016). Alternatively,
the intron can be retained. The re-
tained intron contains four sense co-
dons, a stop codon and a poly(A)
site. This splicing pattern was readily
apparent in our RNA-seq analysis
(Fig. 7F), confirming the previous re-
port. We detected intron retention in
FES1 orthologs of eight other species
(Fig. 7A,C,D). In each case the re-
tained intron is in the same position
in the gene. The species that is most
diverged and showed intron retention
is O. polymorpha (Fig. 7C). Thus,
FES1 intron retention is conserved be-
tween species, and arose >304 MYA.

In S. cerevisiae the second exon of
FES1 has been shown to add an NLS
(Gowda et al. 2016). In these other
species the second exon is similarly
short (14–17 AA) and Lys/Arg-rich,
suggesting that they also encode an
NLS (Supplemental Fig. 8). Alterna-
tively, when the intron is retained
translation stops four to seven codons
into the intron. This suggests that the
alternative localization of Fes1 splice
isoforms is likely also conserved.

Contrary to the genes discussed so
far, the alternatively spliced FES1
gene was not replaced by duplicate
genes in any of the species we exam-
ined (Fig. 7A). We did note that
T. blattae, C. albicans, and C. auris
have lost the second exon. Thus either
they have lost the nuclear isoform of
Fes1, or they use some other signal
to import Fes1 into the nucleus.

Conserved inefficient splicing of PRP5 has not been
replaced with duplicated genes.

The alternative splicing events discussed so far all result
in the production of two different proteins that are both
likely to be functional, and whose function appear to dif-
fer. Instead of producing multiple functional proteins, in
some cases alternative splicing is used to modulate the
amount of one protein. A prime example of this is
PRP5, which encodes an RNA helicase required for splic-
ing (Vijayraghavan et al. 1989). Interestingly, PRP5 is reg-
ulated by feedback inhibition such that when Prp5
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FIGURE 6. Alternative splicing of SRC1/HEH2 orthologs in the Saccharomycotina andA. fumi-
gatus. (A) Splicing pattern is shown for each of the species analyzed, along with the species
phylogeny as in Figure 1A. The black asterisks indicate a change from alternative 3′ splice sites
to alternative 5′ splice sites or vice versa between A. fumigatus and the Saccharomycotina,
changes in the position of the minor 5′ splice site in the Candida genus and the
Saccharomycetacea, and the addition of an intron retention variant in the ZT clade. (B)
Alternative 3′ splice sites in the SRC1/HEH2 ortholog in A. fumigatus. (C ) Alternative 5′ splice
sites in the SRC1/HEH2 ortholog in Y. lipolytica. (D) Alternative 5′ splice sites in the SRC1/HEH2
ortholog in L. kluyveri. (E) Alternative 5′ splice sites and intron retention in the SRC1/HEH2
ortholog in Z. rouxii. (F,G) Duplicated SRC1 and HEH2 genes in S. cerevisiae. SRC1 uses alter-
native 5′ splice sites, as previously reported, while HEH2 lacks an intron.

Hurtig et al.

1472 RNA (2020) Vol. 26, No. 10

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.075655.120/-/DC1


activity is high, it causes splicing of its own mRNA, re-
moving the start codon and reducing its own expression
(Karaduman et al. 2017). We detected this inefficient
splicing/intron retention in RNA-seq data from S. cerevi-
siae (Fig. 8E). Importantly, we also detected inefficient
splicing of the orthologous intron in a number of other
Saccharomycotina, and even in A. fumigatus (Fig. 8A,B,
D). In each case, splicing removed the start codon of
the PRP5 ORF. This suggests that in each of these species
splicing functions to reduce the expression of Prp5, pre-
sumably in response to Prp5 abundance. This feedback
inhibition splicing event therefore appears to be con-
served from >590 MYA.
Similar to other genes, the inefficiently spliced intron of

PRP5 appears to have been lost (e.g., in L. starkeyi; Fig.
8C). However, even though this inefficient splicing is an-
cient and predates WGD, we did not find PRP5 duplicated
with loss of alternative splicing in any species. This charac-
teristic is expected for an alternative splicing event that

regulates the amount of protein, rath-
er than produces multiple proteins,
because a feedback inhibition splic-
ing event could not operate in trans
(see Discussion).

Alternative splice site usage
in MTR2, GCR1, and APE2
are not well conserved

We next investigated some other
genes that have been reported to be
alternatively spliced in S. cerevisiae,
but where the functional consequenc-
es were not clear. MTR2, GCR1, and
APE2 all have been reported to use al-
ternative 5′ and/or 3′ splice sites in
S. cerevisiae (Davis et al. 2000; Paren-
teau et al. 2008; Meyer et al. 2011;
Hossain et al. 2016), and in each
case these were readily detectable in
RNA-seq data (Figs. 9D, 10D, 11D).
However, the orthologs, even within
the family Saccharomycetaceae did
not use alternative splice sites.

In the case of MTR2, the intron was
absent from all other Saccharomyce-
taceae (Fig. 9A,B), confirming that
this intron recently arose in the Sac-
charomyces genus (Talkish et al.
2019). Remarkably, deletion of the
MTR2 intron is lethal (Parenteau
et al. 2008). Given the recent origin
of the intron and its inefficient splicing
we suggest that the DNA sequence
that was deleted in the previous study

may have some essential function other than serving as an
intron.
In contrast, the orthologous intron is conserved inGCR1

and APE2 orthologs from other Saccharomycetaceae but
uses only one 5′ and one 3′ splice site (Figs. 10, 11). To
the best of our knowledge, it has not been shown that
the distinct spliced mRNAs in these genes have distinct
functions, and the absence of conservation of multiple
splice sites suggests that the choice of splice site may
not be functionally important. The apparent origin of
these alternative splice sites after WGD also precludes
them being replaced by duplicate genes as part of the
WGD.
One common feature betweenMTR2, APE2, and GCR1

is that splicing these genes appeared inefficient with a sig-
nificant number of reads mapping within the intron. For all
three genes, either the intron retained mRNA or an mRNA
with a transcription start site within the annotated intron
appeared to be abundant (Figs. 9D, 10D, 11D).
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FIGURE 7. Alternative splicing of FES1 orthologs in the Saccharomycotina. (A) Splicing pat-
tern is shown for each of the species analyzed, along with the species phylogeny as in
Figure 1A. (B) Y. lipolytica diverged before the likely origin of the FES1 retained intron and
no splicing was detected. (C ) Intron retention in the FES1 ortholog from O. polymorpha.
(D) Intron retention in the FES1 ortholog from K. lactis. (E) The retained intron has been lost
from the FES1 ortholog in T. blattae. (F ) Intron retention in the FES1 ortholog from S. cerevisiae
as previously reported. NLS indicates the location of a nuclear localization signal.
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Interestingly, it has been shown that GCR1 produces two
distinct proteins by the use of start codons in exon 1 and
in the intron, respectively (Hossain et al. 2016).
Furthermore, both proteins are required for optimal
growth (Hossain et al. 2016). This inefficient splicing and
the intronic AUG were conserved in GCR1 from some
but not all Saccharomycetacea (Fig. 10; Supplemental
Fig. 9). Thus, the inefficient splicing of GCR1 and the po-
tential to encode two proteins is conserved from an ances-
tor >97 MYA, but the use of multiple splice sites is a more
recent addition in Saccharomyces. Orthologs outside the
Saccharomycetacea could not be identified unambiguous-
ly, preventing us from tracing the intron evolution further
back in time.

Similarly, for APE2, the RNA-seq data suggested that an
alternative protein could be encoded starting at an AUG
codon near the end of the annotated intron. In this case,

this alternate AUG codon appears to
be present as part of an mRNA that
starts at an alternate transcription start
site within the intron (Fig. 11D). This
potential to use an alternative start
codon and an alternative transcription
start site was conserved in all Saccha-
romycetacea (Supplemental Fig. 10),
thereby dating back to a common an-
cestor >114 MYA. This conservation
pattern strongly suggests that the
start site within the annotated intron
is functionally important. Ape2 en-
codes an aminopeptidase that has
been shown to localize to both the cy-
toplasm and mitochondria (Huh et al.
2003). Interestingly, translation start-
ing from the AUG in exon 1 encodes
a predicted mitochondrial protein,
while translation starting within the
annotated intron encodes a predicted
cytoplasmic protein (Fig. 11; Supple-
mental Fig. 10). Overall this suggests
that APE2 uses alternative translation
start sites, and possibly alternative
transcription start sites, to encode
two functionally distinct proteins.
We also investigated whether

MTR2, GCR1, and APE2 were re-
placed by duplicate genes, and found
only one species with duplicated
GCR1 and three species with dupli-
cated APE2, all resulting from the
WGD. T. blattae encodes two ortho-
logs of GCR1 (Supplemental Fig. 9).
One of these retains the inefficiently
spliced intron, while the other lacks
an intron. Due to the low sequence

conservation it is unclear whether the protein from the sec-
ond T. blattae gene corresponds to the spliced or
unspliced isoform of its single gene orthologs (Supple-
mental Fig. 9).

APE2 was present in duplicates in three species from
the WGD clade, with the paralog named AAP1 in S. cer-
evisiae. The fourth WGD species (T. blattae) appears to
have lost both copies of APE2/AAP1 after WGD. In S. cer-
evisiae, Aap1 has been localized to the cytoplasm and
nucleus (Huh et al. 2003), but the basis for the difference
in localization between Ape2 and Aap1 is unknown. In
the other two WGD species with duplicated APE2/
AAP1 genes, one gene of the pair (AAP1) lacks an intron
and only appears to encode the cytoplasmic/nuclear pro-
tein, while the other gene (APE2) uses alternative start
sites to encode predicted cytoplasmic and mitochondrial
isoforms (Fig. 11; Supplemental Fig. 10). Thus in this
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FIGURE 8. Inefficient splicing of PRP5 orthologs in the Saccharomycotina and A. fumigatus
disrupts the ORF and likely serves to feedback inhibit PRP5 expression. (A) Splicing pattern
is shown for each of the species analyzed, along with the species phylogeny as in Figure
1A. N.D. indicates that splicing pattern could not be determined because of the low expres-
sion level in the conditions analyzed. (B) Splicing of the first intron of the PRP5 ortholog in
A. fumigatus disrupts the ORF by removing the start codon. (C ) The inefficiently spliced intron
has been lost from the PRP5 ortholog in L. starkeyi. (D) Splicing of the first intron of the PRP5
ortholog in C. jadinii disrupts the ORF by removing the start codon. (E) Splicing of the first in-
tron of PRP5 in S. cerevisiae disrupts the ORF by removing the start codon, as previously re-
ported. In panels B–D, only the 5′ end of the gene is shown.
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case, after WGD, AAP1 appears to have lost a conserved
alternative start site.

DISCUSSION

Here, we survey the evolution of alter-
native splicing in the Saccharomyco-
tina during their 330 million year
divergence, especially as it relates to
genome and gene duplication. Al-
though alternative splicing is rarer
in the Saccharomycotina than in
Metazoa, all 14 Saccharomycotina
species studied here use alternative
splicing to functionally diversify their
proteome.

Alternative splicing events in
Saccharomycotina are conserved

By analyzing RNA-seq data from
diverse Saccharomycotina we have
shown that well-characterized alterna-
tive splicing events are conserved for
hundreds of millions of years. Several
alternative splicing events were
even conserved with A. fumigatus,
which we analyzed as a representative
Ascomycete outside the Saccharomy-
cotina. Thus thesemost anciently con-

served alternative splicing events are
conserved from >590 MYA, and in-
clude SKI7/HBS1, MDH, GND,
SRC1/HEH2, andPRP5.Other splicing
events arose later, with FES1 alterna-
tive splicing arising >304 MYA, and
PTC7,NUP100/NUP116, andYSH1 al-
ternative splicing both arising >114
MYA. In contrast, the alternative 5′

and/or 3′ splice site usage of MTR2,
GCR1, and APE2 are more recent ad-
ditions specifically in the Saccharomy-
cesgenus. Although alternative 5′ and
3′ splice site usage inGCR1 and APE2
is a recent addition, both genes do ap-
pear to use alternative start codons,
that are potentially linked to intron re-
tention and/or the use of alternative
transcription start sites. This conserva-
tion during >100 million years indi-
cates that alternative splicing in the
Saccharomycotina is functionally im-
portant and deserves further studies.

We also describe several changes
in alternative splicing events, where the use of alternative
5′ sites, alternative 3′ sites, intron retention and/or exon
skipping replace each other while maintaining the func-
tional consequences at the protein level. The observation
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FIGURE 9. The alternatively spliced intron inMTR2 is not well conserved. (A) Splicing pattern
is shown for each of the species analyzed, along with the species phylogeny as in Figure 1A.
(B) The K. lactis MTR2 ortholog does not contain an intron. (C ) The C. glabrata MTR2 ortholog
does not contain an intron. (D) Splicing ofMTR2 in S. cerevisiae is inefficient and uses multiple
5′ and 3′ splice sites, as previously reported.
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FIGURE 10. Alternative splicing of GCR1 orthologs in the Saccharomycetacea. (A) Splicing
pattern is shown for eachof the species analyzed, alongwith the species phylogeny as in Figure
1A. A clear ortholog of GCR1 is not present outside the Saccharomycetacea. (B) The K. lactis
GCR1 ortholog does not contain an intron. (C ) The C. glabrata GCR1 ortholog contains an in-
tron, but no alternative 5′ or 3′ splice sites. Translation from anAUG codon in the intron the pre-
dicted to produce an alternate isoform. (D) Splicing of GCR1 in S. cerevisiae is inefficient and
uses alternative 3′ splice sites, as previously reported. It may also use alternative 5′ splice sites
at low frequency. Translation from an AUG codon in the intron produces an alternate isoform.
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that alternative splicing itself is more conserved than the
exact mechanism (or cis-acting elements) suggests that
the production of functionally distinct proteins is critical,
but multiple means that accomplish this are functional.

These conservation times are similar to the divergence
of vertebrates from each other. For example, human and
fish diverged an estimated 435 MYA, while humans di-
verged from marsupials 159 MYA and from mice 90
MYA. Although, we describe several examples of conser-
vation, our analysis is not exhaustive, and we expect there
to be additional alternative splicing events that are con-
served from >100 MYA.

Loss of alternative splicing events often follows gene
duplication

OurRNA-seq analysis revealed six instanceswhereanalter-
native splicing event was lost in the Saccharomycotina and
replaced by duplicated genes. The parents of the WGD
event appear to have used alternative splicing in eight dif-
ferent genes. Four of these eight genes are replaced by a
pair of duplicated unspliced genes in at least some WGD
species (SKI7/HBS1, PTC7, NUP116/NUP100, YSH1/
SYC1). Some of these losses of alternative splicing are
shared with all WGD species, and thus may have occurred

soon after WGD (before Tetrapisis-
pora and Saccharomyces diverged).
However, the PTC7 and YSH1/SYC1
loss of alternative slicingmusthaveoc-
curred after the T. blattae lineage di-
verged from the S. cerevisiae lineage
since alternative splicing ismaintained
in one species but replaced by du-
plicated genes in the other species.
These different outcomes in different
WGD species suggest that the loss of
alternative splicing does not always
take place soon after duplication, but
can take place after sufficient time
has elapsed for speciation.
Interestingly, loss of alternative

splicing is more frequent inWGD spe-
cies than other Saccharomycotina.
Specifically, the WGD clade diverged
at about the same time that C. albi-
cans diverged from C. auris, K. lactis
from L. kluyveri, and Zygosaccharo-
myces rouxii from T. delbrueckii (Fig.
1A), but only one loss of an alternative
splicing event occurred in any of these
six species (YSH1/SYC1 in Z. rouxii).
While loss of alternative splicing is

more common after WGD, we also
detected two losses that followed
small-scale duplications: a single al-

ternatively spliced SRC1/HEH2 gene was replaced by du-
plicated unspliced genes in O. polymorpha, and a
single alternatively splicedMDH gene was replaced by du-
plicated unspliced genes in a common ancestor of
Saccharomyces, Candida, and Ogataea.

In the majority of cases, loss of alternative splicing was
accomplished by loss of the intron, but in a minority
of cases the alternatively spliced intron was converted to
a constitutive intron (e.g., one of the T. blattae PTC7 dupli-
cates). The exact nucleotide changes that caused the loss
of alternative splicing in many cases could not be identi-
fied. One contributing factor was that many of the splicing
events occurred in relatively poorly conserved regions of
the genes. Additionally, over the long times examined
here many nucleotide changes occurred, and the initial
cause of loss of alternative splicing is lost among addition-
al changes.

Our observation that loss of alternative splicing often oc-
curs after gene duplication suggests that gene duplication
may be the initiating and rate-limiting event. The observa-
tion that alternative splicing was replaced with duplicated
genes multiple times does not imply an evolutionary ad-
vantage for such a replacement. Instead, we consider neu-
tral events sufficient to explain our observations. Although
we repeatedly found loss of alternative splicing, we found

B
A

C

D

FIGURE 11. Alternative splicing of APE2 and AAP1 orthologs in the Saccharomycetacea.
(A) Splicing pattern is shown for each of the species analyzed, along with the species phylog-
eny as in Figure 1A. A clear ortholog of APE2 could not be identified outside the
Saccharomycetacea. (B) The K. lactis APE2/AAP1 ortholog contains an intron, but no alterna-
tive 5′ or 3′ splice sites. Translation from an AUG codon in the intron is predicted to produce an
alternate isoform. (C,D) Duplicated APE2 and AAP1 genes in S. cerevisiae. APE2 uses alterna-
tive 3′ splice sites, as previously reported, while AAP1 lacks the intron. In addition, there may
be a transcription start site within the intron and translation from an AUG codon in the intron is
predicted to produce an alternate isoform. Mito indicates the presence of a predicted mito-
chondrial targeting sequence in the optional first exon.

Hurtig et al.

1476 RNA (2020) Vol. 26, No. 10



many species that have maintained it and neither species
has gone extinct. Thus, both mechanisms to express two
different proteins have lead to evolutionary success in
each of these genes. If there is any advantage, it must be
specific for specific genes/species rather than a general
rule of one being advantageous over the other. Instead,
a series of neutral events can lead to loss of alternative
splicing: After duplication, one paralog might randomly
lose one splice isoform. This should not reduce fitness
since a functionally redundant splice isoform is still pro-
duced by the other paralog. Later, the other paralogmight
lose the second splice isoform also without a change in fit-
ness. Thus, fitness neutral events are sufficient to explain
the reproducible loss of alternative splicing events we
observed.
The replacement of bifunctional genes by duplicated

genes is probably not specific for alternative splicing,
and we suspect that genes that make distinct functional
products by other RNA or protein processing events could
also be replaced by duplicated genes. This would include
genes using multiple start codons, edited mRNAs, and
even genes that encode both a protein and an ncRNA
such as a snoRNA. One example of this appears to be
that before WGD APE2/AAP1 used alternative transcrip-
tion and translation start sites to encode mitochondrial
and cytoplasmic proteins, and the upstream start site
and mitochondrial form appear to have been lost from
AAP1. Another example is that it has been suggested
that the snR38 snoRNA and TEF4 mRNA are processed
from one primary transcript in pre-WGD species but re-
placed by duplicated genes that produce only the
snoRNA and only the mRNA, respectively, in some post-
WGD species (Hooks et al. 2014). Furthermore, we antici-
pate that other small-scale duplication and WGD events,
including the two rounds of WGD in the human lineage,
had similar effects.

Alternative splicing arose by intronization
and exonization

Alternative splicing can arise by generation of an intron
from previously exonic events (intronization), or by gener-
ating an exon out of previously intronic sequences (exoni-
zation). NUP116/NUP100 and YSH1/SYC1 provide clear
examples of intronization: in both cases conserved amino
acid sequences are encoded in (alternative) introns, and
the sequence conservation predates the origin of the in-
tron. Thus, preexisting conserved exon sequence must
have been converted into alternative intron sequence, pre-
sumably by the point mutations that introduce splice sites.
Because these introns arose in an ancient ancestor we are
unable to determine the exact sequence changes that
occurred.
We detected one example of exonization: the conver-

sion of intronic sequences to exonic sequences in the

SRC1 gene of the ZT clade by loss of all the stop codons
from the intron.
In contrast to these clear examples of intronization in

YSH1/SYC1 and NUP116/NUP100 and exonization in
SRC1/HEH2, we were not able to clearly establish the ori-
gin of other alternative splicing events, nor is it possible to
establish what nucleotide changes caused the initial gain
or loss of splicing. Many of the alternative splicing events
affect the extreme amino or carboxyl termini (or in YSH1/
SYC1 the 5′ UTR), which are difficult to align over long evo-
lutionary times. Furthermore, given the long time since
these splicing events originated and disappeared, many
additional sequence changes occurred obscuring the ini-
tial change that affected splicing patterns.

Distinguishing functionally distinct splice isoforms,
regulatory splicing, and unproductive splicing from
patterns of evolution

Individual alternative splicing events can have a variety of
functions, or not have functional consequences at all.
Broadly speaking, alternative splicing events can be func-
tional because they producemultiple proteins with distinct
functions or because they regulate the amount of protein
being produced by the gene. In addition to these function-
al splicing events, some heterogeneity in splice sites may
be splicing errors (where one splice product is nonfunc-
tional) or splicing inaccuracies (where the proteins may dif-
fer by a few amino acids, but are interchangeable). Finally,
RNA-seq alignment algorithms are not fool proof and can
artifactually suggest exon junctions that do not exist in
vivo. We suggest that examination of RNA-seq in related
species is a facile way to help distinguish between these.
Alternative splicing that is functionally important should
be conserved, and we do indeed find that the case for sev-
eral genes. On the other hand, the alternative splicing
events that are not conserved such asMTR2 aremost likely
nonfunctional noise of the splicing machinery, or in rare in-
stances may be recent species-specific evolutionary inno-
vations. Furthermore, we suggest that alternative splicing
that produces functionally distinct proteins can be expect-
ed to be replaced with duplicate unspliced genes in relat-
ed species (e.g., PTC7, MDH, GND, SKI7/HBS1, YSH1/
SYC1, and NUP116/NUP100), while alternative splicing
that regulates the protein amount should not be easily re-
placed by unspliced duplicated genes (e.g., PRP5). In the
case of the PRP5 example, the feedback inhibition mech-
anism cannot be replaced by an unspliced gene that al-
ways produces a functional mRNA and a constitutively
spliced gene that always produces the nonproductive
RNA.
Using this logic, conservation patterns suggest the NLS

added to Fes1 by alternative splicingmay not be critical for
two reasons: The NLS-containing isoform is lost from
C. albicans, C. auris, and T. blattae and this alternative
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splicing is not replaced by duplicated unspliced genes in
any of the species examined. It remains to be determined
whether these species have lost nuclear Fes1 or they use
an alternative mechanism to target this Hsp70 nucleotide
exchange factor to the nucleus. On the other hand, our ob-
servation that the SRC1 alternatively spliced gene is re-
placed by duplicated genes in O. polymorpha suggests
that both protein products have a critical function.

MATERIALS AND METHODS

The times of species divergence cited are from
timetree.org and represent a consensus
of available data

We performed extensive literature searches for “alternative splic-
ing” and each of our target species. We included all examples
with some evidence that the alternative splicing event resulted
in functionally distinct proteins. The previously predicted alterna-
tive splicing of PGK in Y. lipolytica (Freitag et al. 2012) could not
be detected in RNA-seq data from that species (data not shown)
and thus was not included. We also excluded some cases of reg-
ulated splicing where only the amount of the encoded protein is
affected because this would require quantitative RNA-seq analy-
sis from many different conditions (e.g., C. albicans DUR31)
(Donovan et al. 2018). This literature search was supplemented
by inspecting RNA-seq data from two strategically placed spe-
cies, L. kluyveri and C. albicans, which identified one novel intron
retention event (in the L. kluyveri NUP116/NUP100 ortholog).

For most species, raw RNA-seq reads from previous
studies were downloaded from EBI (https://www.ebi.ac.uk/ena).
Because there was no publicly available RNA-seq data from
the Tetrapisispora/Vanderwaltozyma branch we generated
RNA-seq data from T. blattae (deposited in SRA under project
PRJNA613484). As explained above, this branch diverged soon
after WGD and thus was critical in understanding the fate of alter-
native splicing after WGD. We obtained T. blattae from the
United States Department of Agriculture, Agricultural Research
Service Culture Collection (https://nrrl.ncaur.usda.gov/), grew
duplicate cultures in YPD medium at 30°C, isolated RNA by a
hot phenol method (He et al. 2008), and generated paired-end
150 nt RNA-seq data (25,338,942 and 30,978,862 pairs for the bi-
ological replicates).

Both downloaded and newly generated RNA-seq reads were
adaptor and quality trimmed with TrimGalore when needed
(https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/), and aligned to the genome downloaded from
Genbank (https://www.ncbi.nlm.nih.gov/genome/) using
TopHat2 (Kim et al. 2013). Several of the data sets were also
aligned with HiSat2 (Kim et al. 2015) and RNA STAR (Dobin
et al. 2013) with identical results. At least two data sets from
each species were analyzed (Supplemental Table 1). If more
than two data sets were available, preference was given to data
sets generated in two independent studies of the same species,
paired-end reads, 150 nt reads, data sets with 20–30 million
reads, data sets from the same wild-type strain as that used for
whole genome sequencing and data sets from standard growth
conditions. These preferences were all designed to ease the

detection of alternative splicing. TopHat2 settings were adjusted
to allow introns from 30 nucleotides to 10 kb in size. The resulting
alignment files were manually inspected in IGV (https://software
.broadinstitute.org/software/igv/), and Sashimi plots were gener-
ated in IGV.

A genewas considered to use alternative splice sites if the num-
ber of exon junction reads for the minor splicing patterns was at
least 10% of that for the major splicing pattern detected. An ex-
ception was made for GND1/GND2 alternative splicing because
it has previously been shown that the PTS2-included form ac-
counts for only ∼0.1% of the mRNA, yet is functionally important
(Strijbis et al. 2012). This low level of alternative splicing could be
reliably detected because of the very high expression of this gene
(Fig. 5B–D). The PTC7 and NUP100/NUP116 intron was consid-
ered retained if the read coverage within the intron was at least
10% of the exon junction reads, if the intron length was a multiple
of three, and if the intron contained no in frame stop codons. For
MDH2/MDH3 and FES1 the intron was considered to be retained
if read coverage within the intron was at least 10% of the exon
junction reads, and extended past the first in-frame stop codon.

To understand the functional divergence of splice isoforms and
duplicate genes, multiple sequence alignments were generated
with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/)
after correcting some of the protein sequences based on the ob-
served splicing patterns. PSORT II (https://psort.hgc.jp/form2
.html) was used to aid in the prediction of protein localization,
and TMHMM2.0 was used to predict transmembrane helices in
PTC7 http://www.cbs.dtu.dk/services/TMHMM/.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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