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Abstract

Previous evolutionary reconstructions have concluded that early eukaryotic ancestors including both the last common
ancestor of eukaryotes and of all fungi had intron-rich genomes. By contrast, some extant eukaryotes have few introns,
underscoring the complex histories of intron—exon structures, and raising the question as to why these few introns are
retained. Here, we have used recently available fungal genomes to address a variety of questions related to intron
evolution. Evolutionary reconstruction of intron presence and absence using 263 diverse fungal species supports the
idea that massive intron reduction through intron loss has occurred in multiple clades. The intron densities estimated in
various fungal ancestors differ from zero to 7.6 introns per 1 kb of protein-coding sequence. Massive intron loss has
occurred not only in microsporidian parasites and saccharomycetous yeasts, but also in diverse smuts and allies. To
investigate the roles of the remaining introns in highly-reduced species, we have searched for their special characteristics
in eight intron-poor fungi. Notably, the introns of ribosome-associated genes RPL7 and NOG2 have conserved positions;
both intron-containing genes encoding snoRNAs. Furthermore, both the proteins and snoRNAs are involved in ribosome
biogenesis, suggesting that the expression of the protein-coding genes and noncoding snoRNAs may be functionally
coordinated. Indeed, these introns are also conserved in three-quarters of fungi species. Our study shows that fungal
introns have a complex evolutionary history and underappreciated roles in gene expression.
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Introduction

Spliceosomal introns are ubiquitous in eukaryotes. They are 2011), and 7) triggering nonsense-mediated decay in

removed from all regions of transcripts including the untrans- unspliced or partially spliced mRNAs thr?ugh exon junction
lated regions (UTRs) as well as coding sequences (CDS) (De complexes (EJCs) (Mekouar et al. 2010; Griitzmann et al. 2014;
Conti et al. 2013; Shi 2017; Lim et al. 2018). Early studies Zhang and Sachs 2015; Hellens ?t al. %016)' RecenFIy, we have
proposed that introns may be involved in generating multi- uncovered an unex'pected reIatlo/nshlp 'betweer? introns a'nd
domain genes by exon shuffling (Logsdon et al. 1995; Patthy translation, suggesting a role of 5'-UTR introns in promoting

2003; Stoltzfus 2004; Sverdlov et al. 2005), and promoting translation of upstream open reading frames (Lim etal.2018).
The most well-studied introns are those that interrupt the

protein-coding regions of genes. Extensive computational
studies estimate that the last eukaryotic common ancestor
(LECA) had a density of introns of about 4 introns/kb (the

intragenic recombination for higher fitness (Gilbert 1978;
Tonegawa et al. 1978, Comeron and Kreitman 2000; Duret
2001). Notable experimentally supported roles of introns in
eukaryotes include: 1) generating protein diversity by alterna- ) !
tive splicing (Kempken 2013; Irimia and Roy 2014), 2) harbor- number /c,)f.!ntrons per 1kb of CDS on average). (Stajich et al.
ing noncoding RNA (ncRNA) genes, such as snoRNAs and 2007; Csliros et al. 2011; Koonin et &.1|. 2013; Irimia and Roy
microRNAs (Chorev and Carmel 2012; Jo and Choi 2015), 3) 2014). Notably, a study of 99 eukaryotic genomes has revealed

maintaining genome stability by decreasing the formation of a surprising variability'of intron densities, ranging from 0.1
DNA-RNA hybrids called R-loops (Niu 2007; Bonnet et al. introns/kb in the baker’s yeast Saccharomyces cerevisiae to 7.8
2017), 4) intron-mediated enhancement of gene expression introns/kb in Trichoplax adhaerens (Csirds et al. 2011).
(Niu and Yang 2011; Gallegos and Rose 2015; Laxa 2016; Shaul Counterintuitively, T. adhaerens is one of the simplest free-
2017), 5) harboring binding sites for transcriptional or post- living multicellular animals (Srivastava et al. 2008). The large
transcriptional regulators of gene expression (Rose 2018), 6) v;.mablllty of intron den‘smes owes in large part to remarkable
allowing for an additional level of posttranscriptional regula- differences in rates of intron loss through eukaryotic evolu-
tion through regulation of RNA splicing (Witten and Ule tion (Roy and Gilbert 2005; Cstirds et al. 2011) and may, in
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part, be due to the transposable properties of some spliceo-
somal introns (Roy 2004; Worden et al. 2009; van der Burgt
et al. 2012; Huff et al. 2016; Wu et al. 2017). Several models
have also been proposed for the mechanism of intron loss, in
particular, through genomic deletion (Loh et al. 2008; Yenerall
et al. 2011; Zhu and Niu 2013a) and recombination of cDNA
with genomic DNA (Fink 1987; Roy and Gilbert 2005; Zhang
et al. 2010; Zhu and Niu 2013b).

As of March 2021, a total of 7,861 fungal genome assem-
blies were available in NCBI Genome. Fungi and their
genomes are of interests for many reasons, notably as food,
as plant/animal pathogens/symbionts, and for biotechnology
applications (Sapountzis et al. 2015; Wheeler et al. 2017; Chan
et al. 2018; Kijpornyongpan et al. 2018; Uhse et al. 2018).
Fungi comprise a diverse group of organisms evolving over
the past 900 My (Dornburg et al. 2017; Kumar et al. 2017),
and this diversity is reflected in diverse histories of exon-
intron structures. Some fungal clades have undergone mas-
sive loss of introns, in particular, the intracellular parasites
microsporidia as well as saccharomycetous yeasts (Byrne and
Wolfe 2005; Neuvéglise et al. 2011; Hooks et al. 2014; Corradi
2015; Han and Weiss 2017; Whelan et al. 2019; Priest et al.
2020; Wang et al. 2020). For instance, only 4% of S. cerevisiae
genes have introns. In contrast, some other fungj, for exam-
ple, the facultative pathogen Cryptococcus neoformans, have
a relatively high intron density of 4 introns/kb (Stajich et al.
2007; Csuros et al. 2011).

Previous results have suggested that frequent intron loss
events, relatively few instances of intron gain, and the reten-
tion of ancestral introns characterize the evolution of introns
throughout most fungal lineages (Csliros et al. 2007, 2017;
Stajich et al. 2007). With thousands of fungal genomes avail-
able to date (Priest et al. 2020), it is timely to revisit the
ancestral states and scale of intron gain and loss in the fungal
kingdom. Our analysis of 644 fungal genomes includes repre-
sentatives from nearly all phylum-level clades, including the
early-diverging  Blastocladiomycota,  Chytridiomycota,
Mucoromycota, Zoopagomycota, Cryptomycota, and
Microsporidia phyla. The diversity of exon—intron structures
and the wealth of kingdom-wide genomic resources of fungi
make them excellent models for studying the intron gain and
loss dynamics and the functional roles of introns (Priest et al.
2020). Here, we show how intron gain and loss reshape the
exon—intron gene structure and suggest why intron conser-
vation may be important for function.

Results

Evolutionary Reconstruction Reveals High Ancestral
Intron Densities and a General Bias toward Intron Loss
over Intron Gain

We aligned protein sequences and mapped corresponding
intron positions for 1,444 sets of orthologous genes from 263
fungal species. We reconstructed the evolutionary history of
intron gain and loss among these species. These 263 species
represented a wide variety of intron densities, from various
intronless Microsporidia to 4.5 introns/kb in the chytrid
Gonapodya prolifera (fig. 1). This reconstruction revealed a

remarkably dynamic and diverse history of intron loss and
gain, with many episodes of massive intron loss and/or gain
coupled to general stasis within large clades of organisms
(e.g, very low intron densities within all Microsporidia and
similar intron densities among nearly all Pezizomycotina).
Most strikingly, we reconstructed very high ancestral intron
densities, with some 7.6 introns/kb reconstructed in the fun-
gal ancestor (fig. 2 and table 1). Although it may be coun-
terintuitive that the ancestral fungus harbored nearly twice
as many introns as any modern fungus in this data set, this
finding is in keeping with previous results showing a general
bias toward intron loss over intron gain in many lineages, and
echoes the finding of considerably higher intron densities in
alveolate ancestors than in modern alveolates (Cs(iros et al.
2011). Although these results are in general agreement with
previous studies that inferred intron-rich ancestral fungi
(Stajich et al. 2007; Csiirds et al. 2011; Grau-Bové et al.
2017), our inferred densities are considerably higher, likely
due to improved model specification made possible by
greater species density. Interestingly, our reconstructed value
is relatively close to the inferred intron content of the animal
ancestor (8.8 introns/kb) in a study using the same recon-
struction method on a smaller, eukaryote-wide data set
(Cstros et al. 2011). In contrast to intron-rich ancestral states,
almost three-quarters of fungi have evolved to a state of less
than 10% of the intron density of the last fungal ancestor
(192 of 263 species; fig. 1; see also, supplementary tables S1
and S2 for intron densities at the genomic and orthologous
levels, respectively, Supplementary Material online).

These results also illuminate the history of massive intron
loss in two lineages. Many studies have found that the obli-
gate intracellular microsporidian parasites have zero or few
introns (Keeling et al. 2010; Cuomo et al. 2012; Peyretaillade
et al. 2012; Corradi 2015; Desjardins et al. 2015; Han and
Weiss 2017; Mikhailov et al. 2017; Ndikumana et al. 2017)
and that saccharomycetous yeasts have lost most of their
introns (Stajich et al. 2007; Cs(iros et al. 2011; Hooks et al.
2014). For both remarkable groups, our analysis includes
newly available genomes including relatively intron-rich spe-
cies at crucial phylogenetic positions (Rozella allomycis [2.5
introns/kb], representing a sister lineage to Microsporidia
and Lipomyces starkeyi [1.1 introns/kb], representing the
deepest known branch for Saccharomycotina), allowing for
improved resolution of the history of these organisms. In
both lineages, our reconstructions reveal a massive intron
loss event leading to the ancestor of a large clade of
intron-poor organisms. However, whereas in Microsporidia
this loss event occurred in the ancestor of the group after
divergence from Cryptomycota, for saccharomycetous yeast,
this massive loss event occured within the group, after diver-
gence of L. starkeyi from the ancestor of all other saccharo-
mycetous yeasts represented in the data set.

A General Bias toward Intron Loss Punctuated by
Several Independent Episodes of Intron Gain

A bias toward intron loss over intron gain is seen across the
fungal tree (fig. 1). This is evident not only in Microsporidia
and Saccharomycotina but also in groups with more
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Fic. 1. Widespread loss of introns during the evolution of fungi. Ancestral introns were inferred from 1,444 sets of orthologs in 263 fungal species
using a Markov model with rates across sites and branch-specific gain and loss rates. Branches are color-coded with intron densities from the
median posterior distribution for each node. A list of full names and intron densities are available in supplementary table S2, Supplementary
Material online; see also, table 1, figure 2, and supplementary figure S1 and table S1, Supplementary Material online. Green-filled circles denote
eight intron-poor species selected for additional analysis. Introns/kb, the number of introns per 1 kb of protein-coding sequence.

moderate intron densities, including in every species of the
filamentous ascomycetes Pezizomycotina and in all smuts/
allies within the group Ustilaginomycotina. Indeed, we found
a striking bias toward intron loss over gain. Among branches
estimated to have undergone at least 5% change in intron
density, ten times as many have more loss than gain.
Remarkably, a bias is seen even for lineages with very little
change (less than 5%), in which intron loss outweighs gain 2-
fold (supplementary fig. S1, Supplementary Material online).
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Although ongoing intron loss is characteristic of most
lineages, our results indicate several substantial episodes of
intron gain. Within Basidiomycotina, we estimated a 25%
increase in intron density leading to the ancestor of
Ustilaginomycetes and a 14% increase in the ancestor of
Pucciniomycotina. The most substantial intron gains oc-
curred, unexpectedly, within the famously intron-poor line-
ages Microsporidia and Saccharomycotina. We inferred
substantial, secondary independent intron gain in two extant
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Fic. 2. Intron densities of the fungal ancestral states derived from a Monte Carlo approximation of 100 bootstrap distributions. Vertical lines
denote the ancestral intron densities inferred from the median values of the 100 MCMC estimates (red), and Dollo parsimony (dotted blue) and
maximum likelihood (dotted green) models. The MCMC estimated intron densities of Saccharomycotina, Pezizomycotina, Rozella, and
Microsporidia ancestors are lower than 2 introns/kb. In contrast, the MCMC estimated intron densities of Mucoromycotina, Chytridiomycota,
and fungal ancestors are higher than 5 introns/kb; see also, figure 1 and table 1. Introns/kb, the number of introns per 1 kb of protein-coding

sequence; MCMC, Markov Chain Monte Carlo; ML, maximum likelihood.

microsporidians, (Nosema bombycis and Nosema apis) and
four saccharomycetous yeasts (Scheffersomyces stipitis,
Candida maltosa, Pichia kudriavzevii, and Spathaspora passa-
lidarum). Although preliminary analysis suggests the reality of
some of these gains, it is worthy of note that, given the small
absolute number of gains involved (leading to <1 intron/kb),
further detailed analysis will be necessary to confirm these
episodes.

Intron Density Has a Weak Relationship with Genome
Size

Large variations of intron density in fungi raise a question of
whether intron density (or number) correlates with genome
size. Given that genome size has been argued to relate to the
number of introns, organismal complexity, population size,
and generation time (Vinogradov 1999; Lynch and Conery

2003; Elliott and Gregory 2015), we examined the relation-
ships between genome size and several features of introns
using phylogenetic independent contrasts.

Interestingly, we found only a weak relationship between
genome size and intron density (supplementary fig. S2,
Supplementary Material online; Spearman’s rho=0.26,
P =10.0060). Analyses of ascomycetes and basidiomycetes
separately also showed similar results (fig. 3; Spearman’s
rho =0.32 and 0.29, P =0.0044 and 0.12, respectively), sug-
gesting that this is a common feature of fungi.

In contrast, although the relationship between genome
size and intron number is also generally weak across the entire
data set (supplementary fig. S2, Supplementary Material on-
line; Spearman’s rho = 0.30, P =0.0014), this relationship is
significantly stronger in basidiomycetes (fig. 3; Spearman’s
rho=062, P=26 x 10~ %). Similarly, total intron length
strongly correlates with genome size in basidiomycetes
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Table 1. Intron Densities of the Ancestral and Current States of Fungal Clades.

Clade Number of Species Ancestral State® Current State”
Mean Median

Cryptomycota (Rozella allomyces) 1 NA 2.53 2.53
Microsporidia 15 0.22 0.01 0.00
Chytridiomycota 2 5.30 3.93 3.93
Blastocladiomycota (Allomyces macrogynus) 1 NA 1.30 1.30
Entomophthoromycotina (Conidiobolus coronatus) 1 NA 1.58 1.58
Mucaromycota 5 5.35 2.42 2.01
Pucciniomycotina 8 3.76 2.80 2.74
Ustilaginomycotina 20 2.63 0.51 0.14
Agaricomycotina 39 4.23 3.28 3.41
Taphrinomycotina 13 4.19 1.08 0.88
Saccharomycotina 36 1.53 0.04 0.00
Pezizomycotina 122 0.98 0.47 0.47

Note.—See also figures 1 and 2. Introns/kb, the number of introns per 1 kb of protein-coding sequence; NA, not applicable.

*Obtained from the inference of intron gain and loss.
PArithmetic mean or median inferred introns/kb of the species within a clade.

(Spearman’s rho =063, P=18 x 10" ). Taken together,
these results highlight the distinct characteristics of introns
between intron-poor ascomycetes and intron-rich
basidiomycetes.

Intron Gain and Loss Shape the Exon—Intron Gene
Structure
To explore how gene structures evolve, we computed the
lengths of exons that have been reshaped by intron gain or
loss events from the analysis of intron/splice site histories
(1,444 sets of orthologs). We estimated a false positive rate
of 3% for recently gained introns using a posterior probability
cutoff of 0.99 (see Materials and Methods, intron site history
analysis). We identified four major classes of extant exons that
have been reshaped, where one exon has been divided into
multiple pieces, that is, 1) “1-into-3” or 2) “1-into-2", which
has arisen from two or one intron gains; and where multiple
exons have been fused into one piece, that is, 3) “2-into-1”" or
4) “3-into-1”, due to one or two intron losses (fig. 4A, see the
descriptive  statistics in  supplementary table S3,
Supplementary Material online). Significantly, the median
length of “3-into-1” exons is 2-fold larger than “2-into-1”
exons, and 6-fold larger than the extant exons that have
not been reshaped (two-sample t-tests, P < 10~ '; see also,
supplementary tables S3 and S4, Supplementary Material on-
line). This supports previous studies that proposed how in-
tron loss leads to the emergence of extraordinarily large exons
(Niu et al. 2005). Curiously, intron gain also produced exons
that are significantly larger than older exons (fig. 4A, P < 0.05).
We found that intron gain and loss can occur preferentially
at different ends of genes (fig. 4B). Introns are preferentially
gained at the first few intron positions of genes, mainly on
genes that previously had a single or two, or no introns
(fig. 4C, top panel, pairwise i tests for the first three intron
positions [as indicated by square brackets], P < 10~®). In con-
trast, introns are preferentially lost at the 3’ ends of genes
(fig. 4C, bottom panel, pairwise ” test for the last three intron
positions [square brackets], P=50 x 10~* for “Loss” vs.
“Presence”’; P=42 x10°° for “Gain” vs. “Presence’;
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P=0.25 for “Gain” vs. “Loss”), which supports the idea of
reverse transcriptase-mediated intron loss (Fink 1987; Roy
and Gilbert 2005; Russell et al. 2005; Lee et al. 2010; Zhang
et al. 2010; Franzén et al. 2013; Koonin et al. 2013; Zhu and
Niu 20133, 2013b; Irimia and Roy 2014). In addition, we were
intrigued by the bimodal position distribution of extant
introns (fig. 4B), which we have previously observed in
some intron-rich metazoa, in particular in Drosophila mela-
nogaster (Lim et al. 2018). It would be interesting to study this
bimodal position distribution in the future.

Notably, these recently gained introns contain 1.5 times
the proportion of repeat elements in older introns (fig. 4D
and supplementary fig. S3, Supplementary Material online,
0.42% vs. 0.28%; Kolmogorov—Smirnov test, P=23
x 10~%%). We were able to identify 15 recently gained introns
in 12 fungi genomes that harbor repeat elements (supple-
mentary table S5, Supplementary Material online).

These new repeat element-containing introns are likely to
be the remnants of transposition episodes that may have
occurred millions of years ago. Many transposable elements
are no longer active and have degenerated. Nevertheless, we
were able to detect many recognizable transposable elements
in these recently gained introns, including classes of DNA
transposons: 1) Kolobok-H, 2) P Instability Factor (PIF)/
Harbinger, and 3) TcMar-Fot1; and retrotransposons: 4)
Copia and 5) Gypsy long terminal repeats (LTRs) (supplemen-
tary table S5, Supplementary Material online). Notably, we
have also found many novel, uncharacterized repeat ele-
ments, by predicting repeats in each genome. Further inves-
tigation of these novel classes of repeat elements would be
useful for understanding the mechanism of intron gain.
However, caution is in order here, since it has been found
that newly gained introns can secondarily accumulate repet-
itive sequences (Roy and Penny 2006; Roy 2016).

Commonalities of Intron-Containing Genes in Intron-
Poor Species

Of particular interest are species which retain only a small
number of introns, since these introns are likely to be
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enriched in introns that encode functions. To illuminate the
functions of introns in intron-poor species, we chose eight
intron-poor species (with intron densities <10% of the fungal
ancestor), identified orthologous genes, and analyzed the evo-
lution of intron-containing and intronless genes. These spe-
cies included S. cerevisiae and Candida dubliniensis in
Saccharomycotina, Cyphellophora europaea and Sporothrix
schenckii in  Pezizomycotina, and Ustilago maydis,
Pseudozyma hubeiensis, Meira miltonrushii, and Malassezia
sympodialis in Ustilaginomycotina (fig. 1, green-filled circles),
representing six separate massive reductions in intron
number.

We identified 1,302 complete sets of orthologous genes
from these intron-poor species. Comparison of intron-
containing genes with intronless genes revealed a number

of differences. First, we found that intron-containing genes
are less likely to have undergone recent positive selection on
their protein-coding sequences than are intronless genes
(fig. 5A). We propose that this could reflect preferential re-
tention of introns in core genes such as ribosomal protein-
coding genes that are less likely to have undergone recent
bouts of adaptation.

We also found an association with gene duplication.
Significantly higher proportions of the intron-containing
genes have duplicate copies in S. cerevisiae and U. maydis,
but not in other species (fig. 5B, two-sided Fisher’s exact tests,
P <0.05). In S. cerevisiae, this finding could largely be
explained by the overrepresentation in highly-expressed ribo-
somal protein-coding genes. Alternatively, it could largely be
explained if intron-mediated cross-regulation among
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paralogous genes decreases dosage problems associated with duplication. Less is known about U. maydis: it would be in-
gene duplicates (Pleiss et al. 2007; Parenteau et al. 2017; teresting to see whether the introns of duplicated genes in
Petibon et al. 2016; Parenteau and Abou Elela 2019). U. maydis are retained through a similar process as that of
Notably, both of these explanations have key roles for ribo- S. cerevisiae.

somal protein-coding genes and other genes that date back

to the ancestral yeast whole genome duplication; consistent Retention of Orthologous Introns in Species with
with a crucial role for the genome duplication in establishing Independent Massive Intron Loss

this pattern, the association between intron presence and If a subset of introns encodes useful functions, we hypothesize
gene duplication is not seen in the related yeast that this subset should be preferentially retained in
C. dubliniensis, which is not descended from the genome intron-poor species. For each species pair drawn from the
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Candida dubliniensis; Ceur, Cyphellophora europaea; Mmil, Meira miltonrushii; Msym, Malassezia sympodiali; Phub, Pseudozyma hubeiensis;
Scer, Saccharomyces cerevisiae; Ssch, Sporothrix schenckii; Umay, Ustilago maydis.

eight intron-poor species, we calculated the number of ortho-
log pairs in which both genes contain introns, and compared
this with the null expectation (fig. 6A). We found a clear
signature toward orthologous genes retaining introns
(fig. 6B). Strikingly, two orthologous genes—RPL7B, which
encodes a multifunctional ribosomal protein, and NOG2,
which encodes a GTPase involved in ribosome biogenesis—
have conserved intron positions in all eight intron-poor spe-
cies (fig. 7). In particular, the NOG2 intron was previously
found to be highly conserved within the family
Saccharomycetaceae (Hooks et al. 2014, 2016).

We further explored the conservation of RPL7B (or its
paralog RPL7A) and NOG?2 introns in other fungi species.
We found that 82% and 72% of fungi species retain the
RPL7 and NOG2 intron positions (supplementary table S6
and fig. S4, Supplementary Material online). Interestingly,
in S. cerevisiae, both RPL7 and NOG2 introns contain
genes for snoRNAs, specifically a box C/D snR59 (or its
paralog snR39) and a box H/ACA snR191, respectively.
These noncoding RNAs are involved in rRNA and ribo-
some biogenesis.

As noted above, none of the fungi species have intron/
snoRNA-loss NOG2 paralogs (supplementary table S6,
Supplementary Material online). Only three species have an
intron/snoRNA-loss RPL7 paralog (Rozella allomycis,
Trichosporon asahii, and Botryobasidium botryosum). A func-
tional divergence may occasionally occur between the RPL7
paralogs by allowing intron/snoRNA loss in one paralog,

Our results suggest that these introns with conserved posi-
tions have some functions (e.g, as snoRNAs). Interestingly,
this conservation may not date to LECA, as snoRNA genes
have been shown to move within the genome (Weber 2006;
Luo and Li 2007; Schmitz et al. 2008; Hoeppner and Poole
2012). Such dynamics could produce a pattern in which cer-
tain introns could be conserved by selection in certain line-
ages, even large lineages (e.g, all fungi); however, which
introns are conserved could be expected to change through

evolutionary time, suggesting a pattern of phylogenetic
“heterotachy” (Philippe et al. 2005).

Roles of Introns in Gene Expression

We observed that introns are closer to initiation codons than
the null distributions (supplementary fig. S5, Supplementary
Material online), which substantiates the above results (fig. 4)
and previous studies (Bon et al. 2003; Mourier and Jeffares
2003; Niu et al. 2005; Russell et al. 2005; Franzén et al. 2013).
This observation is consistent irrespective of the roles of
intron-containing genes in translation.

Previous studies have shown that introns are common in
the ribosomal protein genes (e.g, RPL7) of intron-poor pro-
tozoa and saccharomycetous yeasts (Bon et al. 2003; Russell
et al. 2005; Franzén et al. 2013). However, the abundance of
introns in other classes of genes is less well-known. We ex-
amined the gene ontology (GO) terms of the orthologs of the
intron-poor species. We found that introns are highly abun-
dant not only in genes involved in cytoplasmic translation
(e.g, ribosomal proteins) but also in genes involved in proton
transport and endosome organization (fig. 8 and supplemen-
tary fig. S6, Supplementary Material online). In contrast,
introns are depleted in genes involved in protein folding
and small molecule biosynthetic processes. The reasons for
these biases are worth further exploration.

These findings prompted us to compare the transcription
level and translation efficiency between intron-containing
and intronless genes. We analyzed the matched RNA-seq
and ribosome profiling data sets for the fungal species that
are publicly available—S. cerevisiae (Heyer and Moore 2016),
Candida albicans (Muzzey et al. 2014), Schizosaccharomyces
pombe (Subtelny et al. 2014), and Neurospora crassa (Yu et al.
2015) (supplementary table S7, Supplementary Material on-
line). We further divided intron-containing and intronless
genes by GO terms, that is, with or without the keyword
“translation.”
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Notably, intron-containing genes tend to have higher
levels of mMRNA expression and translation efficiency than
intronless genes (fig. 9). This perhaps is not surprising for
genes that are associated with translation, in particular for
ribosomal protein genes, which are known to be intron-
rich and highly expressed (fig. 8). However, we also ob-
served a similar trend for genes that are not associated
with translation, suggesting that introns may enhance
transcription and translation in both intron-poor and
intron-rich fungi. Overall, our results provide indepen-
dent evidence of diverse roles of fungal introns in tran-
scription and translation.
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Discussion

A Detailed Portrait of Intron Evolution across a
Eukaryotic Kingdom

Eukaryotic species show a huge diversity of exon—intron
structures, with massive differences in intron numbers,
lengths, and sequences. A large amount of work has probed
the origins of these differences. On one hand, some studies
have analyzed focused clades of organisms, allowing for de-
tailed insights about the studied clades but raising questions
as to the generality of these findings (Roy and Penny 2006;
Loh et al. 2008; Sharpton et al. 2008; Zhang et al. 2010;
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Yenerall et al. 2011; Zhu and Niu 2013b; Hooks et al. 2014; Roy
2016). In addition, such studies may be motivated by prelim-
inary results, raising the possibility that the studied clades are
not representative. On the other hand, other studies have
compared across widely divergent organisms, attempting to
span all of eukaryotic diversity with a relatively small number
of deeply-diverged species (Cs(irs et al. 2011; Grau-Bové et al.
2017). Such studies allow for the possibility of general con-
clusions, however the vast evolutionary distances covered
raise the spectre of long-branch effects, potentially challeng-
ing the statistical conclusions.

In this work, we have leveraged the unprecedented avail-
ability of hundreds of genomic sequences spanning a single
eukaryotic kingdom. This allows for greater confidence about
the generality of our results, given the broad diversity of fungi
at various levels from lifestyle, to genome size and complexity
to life, and, crucially to intron number and size. This allows us
to study many evolutionary branches with minimal change in
exon—intron structures, allowing for maximally confident in-
ference, and allows us to compare parallel massive changes in
intron number that have occurred within related organisms.
These results both provide important confirmations of the
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Fic. 9. Intron-containing genes have higher levels of mMRNA expression and translation efficiency. Matched RNA-seq and ribosome profiling data
sets were used in this analysis (supplementary Table S7, Supplementary Material online). (A) mRNA abundance was calculated using RPKM. (B)
Translation efficiency was determined by the ratio of ribosome-protected fragments and RNA-seq read counts that were normalized by the
respective library sizes. Saccharomyces cerevisiae orthologs were grouped into four classes: (+-) intron-containing genes annotated with the GO
term “translation,” (+—) intron-containing genes annotated with other GO terms, (—+) intronless genes annotated with the GO term
“translation,” and (——) intronless genes annotated with other GO terms. The levels of mRNA expression and translation efficiency between
intron-containing and intronless genes were compared using Welch two-sample t-test. C. albicans, Candida albicans; N. crassa, Neurospora crassa;
GO, gene ontology; RPKM, reads per kilobase per million mapped reads; S. cerevisiae, Saccharomyces cerevisiae; Sc. pombe, Schizosaccharomyces

pombe.

generality of trends previously observed and provide several
new insights.

The Diversity of Fungal Exon—-Intron Structures

The comparative data set compiled here allows an apprecia-
tion of the diversity of fungal exon—intron structures. At one
extreme are microsporidian parasites, which have lost all, or
nearly all introns. Microsporidian parasites have the smallest
eukaryotic genomes and coding capacities known to date
(Corradi 2015; Han and Weiss 2017). On the other hand,
Chytridiomycota and Mucaromycota, two other early-
diverging phyla, are instead characterized by the retention
of ancestral introns and thus maintain relatively high intron
densities. Indeed, Gonapodya prolifera, a chytrid fungus, has
the highest intron density of all the fungi in our analysis (4.5
introns/kb), 60% of the intron density of Homo sapiens. A
great diversity of exon—intron structures is also observed
within Dikarya. In general, ascomycetes have roughly half as
many introns as do basidiomycetes, however any such gen-
erality is belied by substantial diversity within each group. This
diversity includes both groups of organisms that are well
known to be intron-sparse (Saccharomycotina within asco-
mycetes, Ustilagomycotina within basidiomycetes) (Byrne
and Wolfe 2005; Neuvéglise et al. 2011; Hooks et al. 2014),
but also newly-discovered instances of massive intron loss
including in the Pezizomycotina fungi Cyphellophora and
Sporothrix sp., conidia producing fungi that have a yeast or
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yeast-like stage as part of their life cycle (Barros et al. 2017;
Feng et al. 2014).

Fungi also show great diversities of intron lengths. At one
extreme, the microsporidian parasites that are devoid of
introns (e.g, Anncaliia algerae and Nematocida parisii). At
the other, the budding yeast Candida glabrata and the
smut fungi Pseudozyma hubeiensis that harbor long introns
(mean = 469 and 426 bp, respectively). Notably, these pat-
terns do not show a simple relationship to intron density.
For instance, S. cerevisiae has very few introns (n = 282), but
its introns are relatively long (mean = 397 bp); conversely, the
yeast Cryptococcus neoformans has many introns
(n=134,885) but they are relatively short (mean =63 bp).
Interestingly, though fungi do span most of the known eu-
karyotic intron density of intron density (see above), they do
not reach the extremes of intron length observed elsewhere,
for example, mean intron lengths >1kb in vertebrates.

A General Trend toward Intron Loss

Previous results have painted a picture in which different
lineages experience very different modes of intron evolution,
with different lineages experiencing a balance of intron loss
over intron gain, or an excess of one over the other (Stajich
and Dietrich 2006; Carmel et al. 2007, Worden et al. 2009).
Although the evidence collectively suggested that a trend
toward intron loss over intron gain was the dominant
mode of evolution, limitations existed, including concerns
over choice of taxa, and the ability of statistical methods to
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discriminate intron losses from parallel intron gains. In addi-
tion, many studies reconstructed intron loss and gain over
very long evolutionary branches, yielding a single ratio of in-
tron losses to gains over potentially very different periods of
evolution. The unprecedented species density of our data set
allows us to overcome these limitations by reconstruction of
intron losses and gains over much shorter timescales, both
reducing concerns about statistical errors (since evolutionary
reconstruction becomes much more challenging when indi-
vidual branches represent large amounts of evolutionary
change) and allowing for more focused snapshots of the evo-
lutionary process.

We find a remarkable dominance of intron loss over intron
gain. Among lineages undergoing at least a 5% change in
intron density, 92% have undergone a decrease in intron
density. Such a trend may be explained by either selection
against introns or mutational bias. That certain other lineages
have undergone massive intron gain would seem to weigh
against the selective hypothesis. This discrepancy could be
explained if such lineages experience altered selective dynam-
ics, for instance, reduced effective population size or reduced
selection against nonessential DNA (Lynch 2002; Lynch and
Conery 2003). Alternatively, such lineages could experience
altered mutational dynamics, fixing intron-creating transpos-
able element insertions (i.e,, introner elements) despite their
selective costs (Worden et al. 2009; van der Burgt et al. 2012;
Huff et al. 2016). Thus the general bias toward intron loss over
gain could potentially be explained by general selection
against introns.

On the other hand, the bias toward intron loss could
largely reflect differences in the rates of mutation. Notably,
introners have been found in few eukaryotic lineages, which,
together with repeated findings of very infrequent intron gain
in many lineages, suggests that only a small fraction of extant
eukaryotes harbor active introner elements (a conclusion also
supported by an ongoing systematic study by one of us and
others). In the absence of introner activity, intron gain
appears to occur mostly by highly idiosyncratic events rang-
ing from partial gene duplication to insertion of mitochon-
drial DNA segments (Li et al. 2009; Curtis and Archibald 2010;
Farlow et al. 2011; Hellsten et al. 2011). Perhaps the most
productive of these idiosyncratic events is splicing of se-
quence added by imprecise double-strand break repair (Li
et al. 2009; Farlow et al. 2011). However, such events would
seem on their face very unlikely to create introns, as they
require de novo creation of core and auxiliary splicing signals
from a single stochastic event. These considerations suggest
that such gains will tend to occur at low rates. Given these
considerations, most lineages may experience few intron
gains, thus allowing even a very low rate of intron losses to
outnumber gains.

On Methodologies for Reconstructing Intron

Loss and Gain

Notably, these results depend on the accuracy of our recon-
struction methods. Debate over reconstruction methods for
intron loss and gain are nearly as old as the discovery of
introns themselves. Concerns have been raised both of

overcounting of intron losses and of intron gains (Stajich
et al. 2007; Csliros et al. 2011; Li et al. 2014). Although no
methods are perfect, there are two reasons for optimism
about the accuracy of the current conclusions. First, limita-
tions of methods generally arise in the context of large
amounts of evolutionary change. In particular, when sites
for which multiple plausible evolutionary histories exist are
common within a data set (for instance, in Rogozin et al’s
classic 8-species data set, an intron position observed in only
animals and plants may plausibly be explained by either mul-
tiple gains or multiple losses) (Rogozin et al. 2003), choice of
reconstruction may depend exquisitely on the evolutionary
model (e.g, Buckley 2002; Lartillot et al. 2007). Notably, such
effects are particularly pronounced on branches with a high
degree of evolutionary change (hence “Long-Branch” effects),
and are greatly reduced when the degree of change along
individual branches is small. Here, the leveraging of large num-
bers of relatively closely related species allows us to recon-
struct evolution over branches with very small amounts of
change (<5% of sites estimated to have undergone changes
for >90% of branches in the data set), allowing much more
confident reconstruction of specific changes, at least for those
branches. Notably, these short branches show a clear trend of
an excess of intron losses over intron gains thus affords con-
fidence to the generality of this pattern (fig. 1).

Although the methods used here remain imperfect, previ-
ous theoretical and empirical results suggest that the major
conclusion, that intron losses tend to outnumber intron
gains, is likely to be robust to these concerns. First, previous
results have shown that improved taxonomic density tends
to increase the estimated ratio of intron losses to intron gains
(e.g, compare Csliros [2005] and Carmel et al. [2007]).
Because more speciose data sets contain more information,
they are expected to be more accurate, thus the trend toward
greater inference of intron loss with improved taxonomic
sampling suggests that imperfect data tend to lead to a
bias toward intron gains. This is perhaps clearest in the case
of reconstruction of the history of vertebrate introns. Initial
results suggest massive intron gain in the branch leading from
the animal ancestor to modern humans (Cslirés 2005;
Nguyen et al. 2005). However, ongoing sampling showed
that this inference was incorrect by revealing that the vast
majority of human introns are shared with nonbilaterian
animals (Sullivan et al. 2006; Srivastava et al. 2008).
Accordingly, this result was recovered when data sets were
improved to include more slowly-evolving taxa (Grau-Bové
et al. 2017). The likely reason for this general bias toward
overcounting of parallel intron gains and undercounting of
parallel intron losses is described in Stajich et al. (2007).
Namely, a failure to account for differences in rates of intron
loss between intron sites leads to a failure to reconstruct cases
of ancestral introns that have undergone parallel losses from
sites experiencing high rates of intron loss. Such failed recon-
structions simultaneously undercount ancestral introns and
numbers of losses and overcount intron gains, as well as
overcounting parallel gains, leading the model to overesti-
mate the incidence of parallel gains, which can have cascading
effects on the reconstruction of other sites (Stajich et al.
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2007). Thus, we believe that our estimation of intron losses
over intron gains as being the major mode of intron evolution
is likely to be accurate for the large number of short branches,
whereas in the case of long-branch effects, we expect this
inference to be robust to methodological concerns.

Also consistent with previous discussions (e.g, Stajich et al.
2007), the least certain parts of the tree are expected to be
those that have undergone the most intron gain. Under such
circumstances model misspecification will tend to cause mul-
tiple intron losses to be incorrectly reconstructed as one or
more intron gains. This is of particular importance for the
deepest branches within the tree. However, although it may
be difficult to determine the precise intron density of some
specific ancestors, the considerations directly above suggest
that the key biological conclusion, namely that deep fungal
ancestors were at least moderately intron-rich, should be ro-
bust to these limitations.

Notably, some phylogenetic relationships within fungi re-
main ambiguous, particularly among early-diverging lineages
(James et al. 2020). For our ancestral intron reconstruction,
we used a maximum likelihood model (Malin) that requires a
fixed species tree (Csliros 2008). We, therefore, used a pre-
liminary 1,100 taxa version of a concatenated, genome-scale
tree (Stajich J, personal communication, December 24, 2018).
The final, published version incorporated an additional 500
fungal species (Li et al. 2021) and indeed has some differences
in topology between major lineages near the base of the tree.
Firstly, the final, more speciose Li et al. (2021) analysis recov-
ered Blastocladiomycota (represented here by Allomyces
macrogynus) as sister to a clade of Chytridiomycota and fungi.
In contrast, we placed Chytridiomycota sister to a clade of
Blastocladiomycota and the rest of the fungi. Secondly, the
final analysis supported the monophyly of Zoopagomycota
(represented here by Conidiobolus coronatus) and
Mucoromycota. However, the smaller tree we used in our
analysis places Zoopagomycota sister to a clade consisting
of Mucaromycota and Dikarya. These ancient radiations re-
main contentious. Both of the alternative groupings used in
this analysis were recovered in other studies (e.g, Spatafora
et al. 2016; Ahrendt et al. 2018), in addition to receiving in-
termediate support in the Li et al. (2021) gene tree quartet
frequencies. Regardless, our wide taxon sampling within fungi
and the relative intron poverty of both Allomyces macrogynus
and Conidiobolus coronatus should limit the impact of poten-
tially misplacing them.

Another ancient relationship within fungi that has
been particularly difficult to resolve is that among the
three subphyla in Basidiomycota (Prasanna et al. 2020).
The concatenated tree used in this study, as well as the
larger version in Li et al. (2021), place Pucciniomycotina
sister to Ustilaginomycotina and Agaricomycotina/
Wallemiomycotina. However, the coalescence analysis in
Li et al. (2021) recovered Agaricomycotina as sister to the
other two, and gene tree quartet frequencies strongly
support each of the three as outgroups (in addition to a
hard polytomy). Despite this uncertainty, our overall find-
ing of the maintenance of relatively high ancestral intron
densities in Agaricomycotina and Pucciniomycotina
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versus a substantial loss in Wallemiomycotina and
Ustilaginomycotina should be robust to the conflicting
evolutionary scenarios.

Why Do Different Species Have Different Numbers of
Introns?

Another major question concerns eukaryotes' remarkable
differences in intron numbers, as reflected in our fungal
data set. Previous proposals have emphasized differences in
selection on introns in shaping modern intron densities
(Lynch 2002; Sun et al. 2015). The notion that mutation
rate governs intron density evolution suggests instead that
serendipity may play a larger role (Roy and Hartl 2006; Roy
and Penny 2007). The amount of intron loss over a given time
may largely reflect general evolutionary rates: most lineages
will experience intron number reduction, but generally faster
evolving lineages will experience greater reduction. Such a
pattern is suggested by other studies, in which generally
fast-evolving lineages seem to have shed more of their ances-
tral introns, whereas high intron density in vertebrates seems
to almost entirely reflect their atypically slow rate of loss
(Denoeud et al. 2010; Venkatesh et al. 2014). Conversely,
particularly intron-rich lineages may not be those with atyp-
ical selective dynamics, but instead those that happened to
have experienced an introner invasion (van der Burgt et al.
2012; Huff et al. 2016). Although differences in selective re-
gime could play a role in which lineages evolve introner
elements, it is of note that vertebrates, which have experi-
enced massive invasion of transposable elements, have gained
remarkably few introns gains (Venkatesh et al. 2014).
Consistent with a lack of a clear role for general selection
on genome size or complexity in governing intron loss and
gain, we find no strong relationship between intron density
and genome size within fungi. Notably, the repeated massive
loss of introns in diverse yeasts does indicate a predictability
of intron loss. This pattern could be explained by increased
selection against introns if unicellular species experience
greater selection for rapid replication. However, this pattern
could also be explained if the more rapid life cycle of yeasts
leads to more cell divisions per unit time and to generally
more rapid evolution.

Why Are There Introns?

What are the functions of introns? To address this question,
we chose eight ascomycetes and basidiomycetes with exten-
sive intron loss for in-depth analysis. These intron-poor spe-
cies all have a yeast or yeast-like stage in their life cycle. Our
evolutionary and statistical approaches have shown that
remaining introns are unlikely to be conserved by chance
(figs. 5-7).

Several studies have shown that the 5 splice sites of
intron-poor species are more conserved than that of
intron-rich species (Irimia et al. 2007; Skelly et al. 2009;
Neuvéglise et al. 2011). In addition, previous studies have
shown that deleting most introns in S. cerevisiae does not
significantly compromise growth but does compromise star-
vation resistance (Parenteau et al. 2008, 2011, 2019). These
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support our idea that only some introns are retained because
they encode specific functions.

Our intron conservation analysis prompted us to propose
that highly conserved intron positions are indicative of func-
tional importance. For example, the snoRNA genes snR59 and
snR197 embedded in the introns of RPL7B and NOG2 genes,
respectively (fig. 7 and supplementary fig. S4 and table S6,
Supplementary Material online). The box C/D snR59 (and its
paralog snR39) and the H/ACA snR191 serve as guide RNAs
for 2/-O-methylation (A807) and pseudouridylation (V2258
and W2260) of large subunit (LSU) pre-rRNA, respectively
(Badis et al. 2003; Piekna-Przybylska et al. 2007). In contrast,
RPL7 is required for LSU pre-rRNA processing (27SA; pre-
rRNA to 27SB pre-rRNA) (Jakovljevic et al. 2012), whereas
NOG2 is involved in cleavaging the C, site of 27SB pre-
rRNA, 7S pre-rRNA processing, and the nuclear export of
LSU (Saveanu et al. 2001). The conservation of these
snoRNA-harboring introns allows the snoRNAs and their
host genes to be cotranscribed at high levels and participated
in the early and/or middle stage of ribosome biogenesis. In
contrast, for snoRNAs that have independent transcription
start sites, the expression of several snoRNAs and ribosome
protein genes of ascomycetes have been shown to be tran-
scriptionally coregulated (Diao et al. 2014).

Interestingly, a search using a PomBase term “ncRNA in
intron” shows four additional protein-coding genes that har-
bor snoRNAs and two protein-coding genes that harbor
ncRNAs in the well-annotated Sc. pombe genome (supple-
mentary table S8, Supplementary Material online or https://
www.pombase.org/term_genes/PBO:0001137, last accessed
November 18, 2020) (Lock et al. 2018). Indeed, some other
introns may harbor functional structured RNA elements. For
example, the introns of RPL18A and RPS22B pre-mRNAs that
promote RNAse lll-mediated degradation, and the GLC7 in-
tron that modulates gene expression during salt stress
(Danin-Kreiselman et al. 2003; Juneau et al. 2006; Parenteau
et al. 2008; Hooks et al. 2016).

Regulatory Roles of Introns in Transcription and
Translation

Notably, most of the first introns are located near translation
initiation codons (supplementary fig. S5, Supplementary
Material online). Indeed, intron loss near the 3’ end of a
gene is prevalent in fungi (fig. 4) and some protozoa, probably
due to reverse transcriptase-mediated intron loss (Fink 1987;
Roy and Gilbert 2005; Russell et al. 2005; Lee et al. 2010; Zhang
et al. 2010; Franzén et al. 2013; Koonin et al. 2013; Zhu and
Niu 2013a, 2013b; Irimia and Roy 2014).

Introns are also more abundant in ancient genes, in par-
ticular, ribosomal protein genes (fig. 8 and supplementary fig.
S6, Supplementary Material online). This is in agreement with
a previous study on seven saccharomycetous yeasts (Bon
et al. 2003). In addition, introns are more abundant in genes
that have higher mRNA expression and translation efficiency,
irrespective of their cellular functions (fig. 9). This extends
previous analyses of global gene expression of S. cerevisiae
(Juneau et al. 2006). In metazoa and plants, introns may en-
hance transcription or translation, in part, through EJCs

(Wiegand et al. 2003; Diem et al. 2007; Chazal et al. 2013; Le
Hir et al. 2016). EJCs deposit at about 20-24 bases upstream
of the exon—exon junctions upon splicing, carrying over the
“memory” of splicing events to cytoplasmic translation.
However, S. cerevisiae has no EJCs, unlike complex eukaryotes
or even the fission yeast Sc. pombe. It remains unclear how
intron enhances transcription and translation in
Saccharomycetes (Moabbi et al. 2012; Hoshida et al. 2017).

Concluding Remarks

By encompassing an unprecedented number of species and
focusing a single group of eukaryotes with a range of very
different evolutionary histories, these results allow us to better
understand commonalities of intron evolution. We have
found a remarkable trend toward intron number reduction
across lineages and shown that intron gain and loss produced
significantly larger than average exons. We have identified
highly predictable patterns of intron retention in intron-
poor species at the level of gene function, specific gene, spe-
cific intron, and genic position. These characteristics of intron
shed light on the potential coordinated functions between
genes and introns that warrant further investigation.

Materials and Methods

Genome Sequences and Annotations

We retrieved 633 fungal genomes (FASTA and GTF files) from
the Ensembl Fungi release 34 (Zerbino et al. 2018). In addition,
the Lipomyces starkeyi and Neolecta irregularis genomes were
retrieved from Ensembl Fungi 42 and NCBI Genome, respec-
tively, whereas seven Ustilaginomycotina and two
Taphrinomycotina genomes from JGI MycoCosm (Cissé
et al. 2013; Grigoriev et al. 2014; Riley et al. 2016; Mondo
et al. 2017; Nguyen et al. 2017; Kijpornyongpan et al. 2018).
Detailed information can be found in supplementary table S1,
Supplementary Material online.

Redundant species were filtered by assembly level (http://
ftp://fep.ncbi.nlm.nih.gov/genomes/ASSEMBLY_REPORTS/as-
sembly_summary_genbank.txt, last accessed December 9,
2016) (Kitts et al. 2016). Complete genomes were retained,
otherwise the assemblies at the chromosome, scaffold, or
contig levels. For redundant assemblies, only the assemblies
with the highest numbers of CDS were retained. A total of 389
genomes passed the quality filters. For outgroups, the
genomes of Homo sapiens and the cellular slime mold
Fonticula alba were downloaded from Ensembl 95 and
Ensembl Protists 42, respectively.

The annotation of the UTR and UTR introns of
Saccharomyces cerevisiae was retrieved from YeastMine on
April 1, 2017 (Balakrishnan et al. 2012). The GO terms of
S. cerevisiae were retrieved from the Saccharomyces
Genome Database on April 27, 2017 (Cherry et al. 2012).

Taxonomic and Phylogenetic Trees

For the inference of ancestral introns, we manually pruned an
1,100 taxa tree from concatenated analyses (Stajich J, personal
communication, December 24, 2018) and retained 263 di-
verse fungi from 389 quality filtered genomes. Homo sapiens
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and Fonticula alba were included as outgroups. For visualiza-
tion, the tips and nodes were color-coded by inferred intron
densities using the R package ggtree v1.16.6 (Yu et al. 2017).

For phylogenetic independent contrasts analysis, we re-
trieved a timetree from the TimeTree database (http://time-
tree.org/, last accessed September 19, 2020) using a list of the
263 fungal species and the outgroups (Kumar et al. 2017). This
timetree consisted of 113 fungi species for which the evolu-
tionary timescale was available.

Orthology Analysis

For the inference of ancestral introns, orthologous genes were
identified using HMMER v3.1b2 (Johnson et al. 2010). A
HMM database was generated concatenating all the precom-
puted profile hidden markov models (HMM:s) from fuNOG
(n=19,084 models; eggNOG v4.5) and the 1,000 Fungal
Genomes Project (n=434 models; https://github.com/
1KFG/Phylogenomics_HMMs/tree/master/HMM/)GI_1086/
HMM3, last accessed November 12, 2017) (Huerta-Cepas,
Szklarczyk, et al. 2016; Bewick et al. 2019). Homology sequen-
ces were detected using hmmsearch. For species that have
multiple hits per HMM, only the top hit was retained. To
remove false positives, hits with bit scores over 276.48 were
retained. This threshold was estimated from the distribution
of bit scores (bimodal lognormal) using the R package cutoff
v0.1.0 (https://github.com/choisy/cutoff, last accessed July 3,
2019). Specifically, this bimodal distribution was modeled us-
ing a finite mixture model whose parameters were estimated
by an expectation—-maximization algorithm (using the em
function with arguments “log-normal,” “normal”), and the
threshold was computed by Monte Carlo simulations (using
the cutoff function with default settings). Only the orthologs
that captured at least 80% (211/265) of the species were used
in the subsequent analyses (1,444 sets of orthologs).

Eight intron-poor species were selected for analysis of in-
tron  functions, including S.  cerevisice  and
Candida dubliniensis in Saccharomycotina, Cyphellophora
europaea and Sporothrix schenckii in Pezizomycotina, and
U. maydis, Pseudozyma hubeiensis, Meira miltonrushii, and
Malassezia sympodialis in Ustilaginomycotina. The orthologs
of these intron-poor species were identified using proteinor-
tho5 (using parameter -synteny) (Lechner et al. 2011). A total
of 1,302 complete sets of orthologs were identified excluding
mitochondrial genes. In contrast to the above approach, this
approach is less scalable but unrestricted by a predefined set
of orthologs (i.e, the HMM database).

Duplicated genes were identified using SkewGD v1
(https://github.com/LongTianPy/SkewGD_v1, last accessed
April 24, 2017). This pipeline includes sequence clustering
and “age” estimation using K (the number of synonymous
substitutions per synonymous site) (Blanc and Wolfe 2004;
Vanneste et al. 2013).

Intron Alignment

For the inference of ancestral introns, protein sequences were
aligned using Clustal Omega v1.2.4 (using parameter —hmm-
in) (Sievers and Higgins 2018). Annotations of intron posi-
tions were extracted from GTF/GFF files using ReSplicer (by
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calling the splice.extractAnnotations class) (Seton Bocco and
Cslirés  2016). The alignments were realigned using
IntronAlignment to improve protein sequence alignments
using intron positions while obtaining properly aligned intron
sites (Cslros et al. 2007).

The orthologs of the intron-poor species were aligned us-
ing MUSCLE v3.831 (Edgar 2004). The protein sequences
were realigned using ReSplicer and IntronAlignment as above.
To correct mis-annotated intron positions, splice sites were
then reannotated using ReSplicer, by calling a series of java
classes splice.extractAnnotations, splice.collectStatistics, and
splice.checkSites. Realignment was repeated using reanno-
tated intron positions. These intron-aware alignment steps
were intended to produce high-quality sequence alignments
with properly aligned intron sites.

Inference of Ancestral Introns

We inferred ancestral introns from 1,444 sets of orthologs of
263 fungal genomes using Malin (Cslirés 2008). Firstly, we
generated a table of intron presence or absence in the ortho-
logs using Malin. It included 40,129 intron sites allowing a
maximum of 48 ambiguous characters per site. The inference
of intron gain and loss rely on unambiguously aligned sequen-
ces (Cslirés 2008), meaning that introns around alignment
gaps were excluded, at a cutoff of 48 ambiguous characters
per intron site. A more robust approach in handling these
challenging regions has been proposed (as implemented in
ReSplicer), in which the shifts of acceptor- and donor-sites are
taken into account in addition to intron gain and loss (Séton
Bocco and Csliros 2016). However, at the time of writing, this
parsimony-based reconstruction approach does not tolerate
missing orthologous sequences. We estimated that only 104
of 263 fungi genomes met such criteria, precluding us from
using this newer approach.

Failure to account for variation in intron loss rate across
sites can lead to an underestimation in intron density of eu-
karyotic ancestors (Stajich et al. 2007), and previous experi-
ments with rate variation models across sites in Malin showed
that model fit was significantly impacted solely by variation in
loss rate across intron sites (Csros et al. 2011). Here, intron
gain and loss rates were optimized in Malin using maximum
likelihood with a constant rate and rate-variation model start-
ing from the standard null model and running 1,000 optimi-
zation rounds (likelihood convergence threshold = 0.001).
For the constant rate model, each intron site has only a
branch-specific gain and loss rate. In contrast, for the rate-
variation model, intron sites additionally belong to one of two
discrete rate loss categories.

Malin calculates gain and loss rates and intron density at
the root by numerical optimization of the likelihood. For both
the constant rate and rate-variation models, we used 100
bootstrap replicates of the intron table to assess uncertainty
about inferred rate parameters and intron site histories for
every node. For model comparison, the likelihood-ratio test
statistic calculated as:
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A=—-2x (L —Ly),

where L, is the log-likelihood of the constant rate model
(L; = —354, 448) and L, is the log-likelihood of the rate-
variation model (L, = —349, 337). The likelihood-ratio test
statistic is 10,222, which was then compared with a y* distri-
bution with one degree of freedom. In this comparison, we
obtained a P value lower than machine precision. Therefore,
we rejected the constant rate results and chose the more
complex rate-variation model. In addition, we inferred ances-
tral densities by using Dollo parsimony (Farris 1977).

For all analyses, we scaled the number of inferred introns
to intron density by multiplying by 0.30 and dividing by 261,
where 0.30 and 261 are intron density and the number of
introns in S. pombe in the orthologous data set, respectively.
Sc. pombe was used as a reference because it has a high-
quality annotation and over an order of magnitude higher
intron density than S. cerevisiae (Cstir6s et al. 2011; Lock et al.
2018).

Intron Site History Analysis

Intron site histories were estimated using the rate variation
model. Only the intron site histories with a posterior proba-
bility >0.99 were retained. The candidates of recently gained
introns (n=3,328) were filtered by searching against the
NCBI Nucleotide database, fungi (taxid: 4751), using
BLASTN with default settings (last accessed November 28,
2020). To estimate the false positive rate of recently gained
introns, full-length matches to both the query species/genera
and the early-branching groups (in the NCBI taxonomy) were
considered as false positives and subsequently discarded
(n=101).

De Novo Repeat Family Identification
The repeat families of each fungal genome were identified
using Dfam TE Tools v1.2 (Flynn et al. 2020). This de novo
repeat  family identification pipeline includes
RepeatModeler2, RepeatMasker, RepeatScout, coseg, and sev-
eral other tools (Docker image available at https://github.
com/Dfam-consortium/TETools, last accessed September
27, 2020). The repeat families detected were used to build
species-specific profile HMM databases using hmmbuild and
hmmpress (Johnson et al. 2010) . These databases were used
to retrieve the genomic coordinates of repeat elements using
dfamscan.pl (bit score threshold = 10) (Hubley et al. 2016).
The overlapping regions between repeat elements and
introns, exons, and intergenic regions were obtained using
BEDTools v2.27.1 (Quinlan and Hall 2010). The proportions
of repeat elements in these genomic features were estimated
using bootstrap, that is, resampling 1,000 sets of length
matched sequences for 1,000 times. Mitochondrial chromo-
somes were excluded from this analysis.

Phylogenetic Independent Contrasts Analysis

The distributions of intron density (introns/kb), genome size,
and the number of CDS and introns, and the total lengths of
CDS and introns were examined for normality using different
transformation functions in the R package bestNormalize

v1.6.1. To avoid infinities, a pseudocount of 0.001 was used
for intron density, whereas a pseudocount of 1 for intron
number and total intron length. Box-cox transformation
was chosen and data were transformed using the boxcox
function.

Phylogenetic independent contrasts analysis was carried
out using the R package caper v1.0.1. Specifically, input var-
iables were mapped to the tips of the timetree phylogeny
using the comparative.data function. Independent contrasts
(fig. 3) were calculated using the crunch function. Outliers
were omitted using the caic.robust function with default set-
tings. A table of contrasts and nodal values were retrieved
using the caic.table function.

Branch-Site Test

The orthologous protein sequences were aligned using
PRANK v.150803 (Loytynoja and Goldman 2008; Jeffares
et al. 2015). The aligned protein sequences were converted
to aligned DNA sequences using PAL2NAL (Suyama et al.
2006). These aligned DNA sequences were used to build phy-
logenetic trees using RaxML v8.2.9 (using parameters -f a -x
1181 -N 1000 -m GTRGAMMA) (Stamatakis 2014). To iden-
tify positively selected genes, branch-site tests were per-
formed using both the aligned DNA sequences and
phylogenetic trees using ETE toolkit v3.1.1 (ete-evol, a
CodeML wrapper) (Yang 2007; Huerta-Cepas, Serra, et al.
2016). The positive selection (bsA, alternative hypothesis)
and relaxation (bsA1, null hypothesis) evolutionary models
were fit to the orthologous data set. This involved modeling
each branch by recursively marking the remaining branches
as the foreground branches, and comparing them using
likelihood-ratio tests (using parameters —models MO bsA
bsA1 —leaves —tests bsA, bsA1).

snoRNA Prediction

The Stockholm alignment files of fungal snoRNA families
were downloaded from http://www.bioinf.uni-leipzig.de/pub-
lications/supplementshtml (last accessed July 5, 2018)
(Canzler et al. 2018). These files were used to build HMMs
or covariance models using Infernal v1.1.2 (Nawrocki and
Eddy 2013). These models were used to detect the snoRNA
genes encoded by introns. The functional elements in the
snoRNAs were predicted using snoscan v0.2b and the
snoGPS web server (Lowe and Eddy 1999; Schattner et al.
2005).

Gene Ontology Analysis

Functional annotation of S. cerevisiae genes was performed
using the Bioconductor packages clusterProfiler v3.0.5 and
org. Scsgddb v3.4.0 (Yu et al. 2012, Huber et al. 2015).
Redundant GO terms were removed using the simplify func-
tion of clusterProfiler in conjunction with a semantic similar-
ity cutoff <0.5 (Supek et al. 2011). Orthologous genes were
grouped by GO terms and the relative intron abundance in a
species was calculated as:
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where x; is the number of introns in the genes of species i
annotated with the GO term x, s, is the number of genes
annotated with the GO term x, ¢; is the number of introns in
the genes of species i within the orthologous sets ¢, and the
number of orthologous sets, s, = 1, 030.

RNA-Seq and Ribosome Profiling Data Analyses
List of RNA-seq and ribosome profiling data sets used are
available in supplementary table S7, Supplementary
Material online. The genome and annotation files of
Candida albicans and Sc. pombe were downloaded from
the Candida Genome Database assembly 22 and PomBase
release 30, respectively (Skrzypek et al. 2017; Lock et al. 2018).

Reads were first aligned to ncRNAs using STAR v2.5.2b as
previously described (Dobin et al. 2013; Lim et al. 2018).
Unmapped reads were then aligned to the genome with
transcript annotation. Uniquely mapped reads were counted
using featureCounts v1.5.0-p3 (Liao et al. 2014).

The count data of RNA-seq were normalized to reads per
kilobase per million (RPKM) mapped reads.

10° - m;

RPKM =
n- I,'

)

where m; is the number of reads m mapped to gene i, I; is the
length | of gene i, and n is the total number of uniquely
mapped reads.

For ribosome profiling, translation efficiency (TE) was cal-
culated as:

TE = pi n ,
q m
where p; the number of ribosome footprints p mapped to
gene i, q is the total number of uniquely mapped ribosome
footprints, m; is the number of RNA-seq reads m mapped to
gene i, and n is the total number of uniquely mapped RNA-
seq reads.

We detected the S. cerevisiae orthologs in other species
using proteinortho5 (using parameter -synteny) (Lechner
et al. 2011). We found 3,063, 2,506, and 2,541 S. cerevisiae
orthologs in C. albicans, Sc. pombe, and Neurospora crassa,
respectively. The orthologs were grouped by introns presence
or absence and GO terms in order to compare their mRNA
levels and translation efficiency.

Statistical Analysis

Statistical analysis and plotting were performed using R v4.0.3
and Python v3.7.7. Fisher's exact test, y° test, Welch two-
sample t-test, Kolmogorov—Smirnov test and Spearman’s
rank correlation were calculated using the base R system,
SciPy v1.4.1, and Pingouin v0.3.8 (Vallat 2018; Virtanen et al.
2020). Computation of binomial confidence intervals using
Bayesian inference was performed using binom v1.1-1. Plots
were constructed using ggplot2, Matplotlib v3.1.3, and
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Seaborn v0.11.0 (Hunter 2007; Wickham 2016), unless other-
wise stated.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.

Acknowledgments

This work was supported by the Royal Society of New
Zealand Te Aparangi (Marsden Grant numbers 19-UOO-
229 and 19-UOO-040 to CM.B. and CSL, respectively), a
Dr. Sulaiman Daud 125th Jubilee Postgraduate Scholarship
(to CS.L.), and the National Science Foundation (award num-
ber 1616878 to SW.R. and BN.W.). The authors thank
Professor Jason E. Stajich for sharing the taxa tree and
Associate Professor Paul P. Gardner for fruitful discussions
on the profile HMM analyses.

Author Contributions

CS.L.and CM.B. conceived the study. CS.L. and B.N.W. recon-
structed the evolutionary history of introns. CS.L. carried out
the subsequent analyses and drafted the manuscript. CM.B.
and SW.R. supervised the study. All authors wrote, edited,
reviewed, and approved the manuscript.

Data Availability

Code and data for this study are available at https://github.
com/Brookesloci/fungi_intron_paper_2020/ and https://doi.
org/10.5281/zenod0.4273072, as listed below:
Jupyter notebooks and timetrees for phylogenetic
independent contrasts analysis.

Jupyter notebooks and annotation files for intron
site histories analysis.

A Jupyter notebook and data sets for enrichment
analysis of repeat elements.

Input files for Malin: sequence alignment files for
1,444 sets of orthologs, and a taxa tree.

Intermediate files generated using Malin: intron ta-
ble and rate files.

Output files and results for the inference of ances-
tral introns.

A custom GTF file of UTR annotation for S.
cerevisiae.

References

Ahrendt SR, Quandt CA, Ciobanu D, Clum A, Salamov A, Andreopoulos
B, Cheng J-F, Woyke T, Pelin A, Henrissat B, et al. 2018. Leveraging
single-cell genomics to expand the fungal tree of life. Nat Microbiol.
3(12):1417-1428.

Badis G, Fromont-Racine M, Jacquier A. 2003. A snoRNA that guides the
two most conserved pseudouridine modifications within rRNA con-
fers a growth advantage in yeast. RNA 9(7):771-779.


https://github.com/Brookesloci/fungi_intron_paper_2020/
https://github.com/Brookesloci/fungi_intron_paper_2020/
https://doi.org/10.5281/zenodo.4273072
https://doi.org/10.5281/zenodo.4273072

Intron Gain or Loss and Functions in Fungi - doi:10.1093/molbev/msab094

MBE

Balakrishnan R, Park J, Karra K, Hitz BC, Binkley G, Hong EL, Sullivan J,
Micklem G, Cherry JM. 2012. YeastMine — an integrated data ware-
house for Saccharomyces cerevisiae data as a multipurpose tool-kit.
Database 2012:bar062.

Barros M. B D L, de Almeida Paes R, Schubach AQ. 2011. Sporothrix
schenckii and Sporotrichosis. Clin Microbiol Rev. 24(4):633-654.
Bewick AJ, Hofmeister BT, Powers RA, Mondo SJ, Grigoriev IV, James TY,
Stajich JE, Schmitz R). 2019. Diversity of cytosine methylation across

the fungal tree of life. Nat Ecol Evol. 3(3):479-490.

Blanc G, Wolfe KH. 2004. Widespread paleopolyploidy in model plant
species inferred from age distributions of duplicate genes. Plant Cell
16(7):1667-1678.

Bon E, Casaregola S, Blandin G, Llorente B, Neuvéglise C, Munsterkotter
M, Guldener U, Mewes H-W, Van Helden J, Dujon B. 2003. Molecular
evolution of eukaryotic genomes: hemiascomycetous yeast spliceo-
somal introns. Nucleic Acids Res. 31(4):1121-1135.

Bonnet A, Grosso AR, Elkaoutari A, Coleno E, Presle A, Sridhara SC,
Janbon G, Géli V, de Almeida SF, Palancade B. 2017. Introns protect
eukaryotic genomes from transcription-associated genetic instabil-
ity. Mol Cell. 67(4):608-621.6.

Buckley TR. 2002. Model misspecification and probabilistic tests of to-
pology: evidence from empirical data sets. Syst Biol. 51(3):509-523.

Byrne KP, Wolfe KH. 2005. The Yeast Gene Order Browser: combining
curated homology and syntenic context reveals gene fate in poly-
ploid species. Genome Res. 15(10):1456—1461.

Canzler S, Stadler PF, Schor ). 2018. The fungal snoRNAome. RNA
24(3):342-360.

Carmel L, Wolf Y1, Rogozin IB, Koonin EV. 2007. Three distinct modes of
intron dynamics in the evolution of eukaryotes. Genome Res.
17(7):1034-1044.

Chan LG, Cohen JL, de Moura Bell JMLN. 2018. Conversion of agricultural
streams and food-processing by-products to value-added com-
pounds using filamentous fungi. Annu Rev Food Sci Technol.
9:503-523.

Chazal P-E, Daguenet E, Wendling C, Ulryck N, Tomasetto C, Sargueil B,
Le Hir H. 2013. EJC core component MLN51 interacts with elF3 and
activates translation. Proc Natl Acad Sci U S A. 110(15):5903-5908.

Cherry JM, Hong EL, Amundsen C, Balakrishnan R, Binkley G, Chan ET,
Christie KR, Costanzo MC, Dwight SS, Engel SR, et al. 2012.
Saccharomyces Genome Database: the genomics resource of bud-
ding yeast. Nucleic Acids Res. 40(Database Issue):D700-D705.

Chorev M, Carmel L. 2012. The function of introns. Front Genet. 3:55.

Cissé OH, Almeida ), Fonseca A, Kumar AA, Salojarvi J, Overmyer K,
Hauser PM, Pagni M. 2013. Genome sequencing of the plant path-
ogen Taphrina deformans, the causal agent of peach leaf curl. MBio
4(3).e00055-€00113.

Comeron JM, Kreitman M. 2000. The correlation between intron length
and recombination in Drosophila. Dynamic equilibrium between
mutational and selective forces. Genetics 156(3):1175-1190.

Corradi N. 2015. Microsporidia: eukaryotic intracellular parasites shaped
by gene loss and horizontal gene transfers. Annu Rev Microbiol.
69:167-183.

Cslirds M. 2005. Likely scenarios of intron evolution. In: McLysaght A,
Huson DH, editors. Comparative genomics. RCG 2005. Lecture
Notes in Computer Science. Vol. 3678. Berlin/Heidelberg
(Germany): Springer. p. 47-60.

Cslirés M. 2008. Malin: maximum likelihood analysis of intron evolution
in eukaryotes. Bioinformatics 24:1538-1539.

Cslirds M, Holey JA, Rogozin IB. 2007. In search of lost introns.
Bioinformatics 23(13):i87-i96.

Cslirés M, Rogozin 1B, Koonin EV. 2011. A detailed history of intron-rich
eukaryotic ancestors inferred from a global survey of 100 complete
genomes. PLoS Comput Biol. 7(9):¢1002150.

Cuomo CA, Desjardins CA, Bakowski MA, Goldberg J, Ma AT, Becnel JJ,
Didier ES, Fan L, Heiman DI, Levin JZ, et al. 2012. Microsporidian
genome analysis reveals evolutionary strategies for obligate intracel-
lular growth. Genome Res. 22(12):2478-2488.

Curtis BA, Archibald JM. 2010. A spliceosomal intron of mitochondrial
DNA origin. Curr Biol. 20(21):R919-R920.

Danin-Kreiselman M, Lee CY, Chanfreau G. 2003. RNAse lll-mediated
degradation of unspliced pre-mRNAs and lariat introns. Mol Cell.
11(5):1279-1289.

De Conti L, Baralle M, Buratti E. 2013. Exon and intron definition in pre-
mRNA splicing. Wiley Interdiscip Rev RNA. 4(1):49-60.

Denoeud F, Henriet S, Mungpakdee S, Aury J-M, Da Silva C, Brinkmann
H, Mikhaleva J, Olsen LC, Jubin C, Canestro G, et al. 2010. Plasticity of
animal genome architecture unmasked by rapid evolution of a pe-
lagic tunicate. Science 330(6009):1381-1385.

Desjardins CA, Sanscrainte ND, Goldberg JM, Heiman D, Young S, Zeng
Q, Madhani HD, Becnel ), Cuomo CA. 2015. Contrasting host-
pathogen interactions and genome evolution in two generalist
and specialist microsporidian pathogens of mosquitoes. Nat
Commun. 6:7121.

Diao L-T, Xiao Z-D, Leng X-M, Li B, Li J-H, Luo Y-P, Li S-G, Yu C-H, Zhou
H, Qu L-H. 2014. Conservation and divergence of transcriptional
coregulations between box C/D snoRNA and ribosomal protein
genes in Ascomycota. RNA 20(9):1376-1385.

Diem MD, Chan CC, Younis |, Dreyfuss G. 2007. PYM binds the cyto-
plasmic exon-junction complex and ribosomes to enhance transla-
tion of spliced mRNAs. Nat Struct Mol Biol. 14(12):1173-1179.

Dobin A, Davis CA, Schlesinger F, Drenkow ), Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. 2013. STAR: ultrafast universal RNA-seq
aligner. Bioinformatics 29(1):15-21.

Dornburg A, Townsend JP, Wang Z. 2017. Maximizing power in phylo-
genetics and phylogenomics: a perspective illuminated by fungal big
data. Adv Genet. 100:1-47.

Duret L. 2001. Why do genes have introns? Recombination might add a
new piece to the puzzle. Trends Genet. 17(4):172-175.

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accu-
racy and high throughput. Nucleic Acids Res. 32(5):1792-1797.
Elliott TA, Gregory TR. 2015. What's in a genome? The C-value enigma
and the evolution of eukaryotic genome content. Philos Trans R Soc

Lond B Biol Sci. 370(1678):20140331.

Farlow A, Meduri E, Schldtterer C. 2011. DNA double-strand break repair
and the evolution of intron density. Trends Genet. 27(1):1-6.

Farris JS. 1977. Phylogenetic analysis under Dollo’s law. Syst Biol. 26(1):77-88.

Feng P, Lu Q, Najafzadeh MJ, van den Ende AHGG, Sun J, Li R, Xi L,
Vicente VA, Lai W, Lu C, et al. 2014. Cyphellophora and its relatives in
Phialophora: biodiversity and possible role in human infection.
Fungal Divers. 65(1):17-45.

Fink GR. 1987. Pseudogenes in yeast? Cell 49(1):5-6.

Flynn JM, Hubley R, Goubert C, Rosen }, Clark AG, Feschotte C, Smit AF.
2020. RepeatModeler2 for automated genomic discovery of trans-
posable element families. Proc Natl Acad Sci U S A.
117(17):9451-9457.

Franzén O, Jerlstrom-Hultqvist J, Einarsson E, Ankarklev ), Ferella M,
Andersson B, Svard SG. 2013. Transcriptome profiling of Giardia
intestinalis using strand-specific RNA-seq. PLoS Comput Biol.
9(3):¢1003000.

Gallegos JE, Rose AB. 2015. The enduring mystery of intron-mediated
enhancement. Plant Sci. 237:8—15.

Gilbert W. 1978. Why genes in pieces? Nature 271(5645):501-501.

Grau-Bové X, Torruella G, Donachie S, Suga H, Leonard G, Richards TA,
Ruiz-Trillo I. 2017. Dynamics of genomic innovation in the unicellu-
lar ancestry of animals. Elife 6:¢26036.

Grigoriev 1V, Nikitin R, Haridas S, Kuo A, Ohm R, Otillar R, Riley R,
Salamov A, Zhao X, Korzeniewski F, et al. 2014. MycoCosm portal:
gearing up for 1000 fungal genomes. Nucleic Acids Res. 42(Database
Issue):D699-D704.

Griitzmann K, Szafranski K, Pohl M, Voigt K, Petzold A, Schuster S. 2014.
Fungal alternative splicing is associated with multicellular complexity
and virulence: a genome-wide multi-species study. DNA Res.
21(1)27-39.

Han B, Weiss LM. 2017. Microsporidia: obligate intracellular pathogens
within the fungal kingdom. Microbiol Spectr. 5:97-113.

Hellens RP, Brown CM, Chisnall MAW, Waterhouse PM, Macknight RC.
2016. The emerging world of small ORFs. Trends Plant Sci.
21(4):317-328.

4183



Lim et al. - doi:10.1093/molbev/msab094

MBE

Hellsten U, Aspden JL, Rio DC, Rokhsar DS. 2011. A segmental genomic
duplication generates a functional intron. Nat Commun. 2:454.
Heyer EE, Moore M. 2016. Redefining the translational status of 80S

monosomes. Cell 164(4):757-769.

Hoeppner MP, Poole AM. 2012. Comparative genomics of eukaryotic
small nucleolar RNAs reveals deep evolutionary ancestry amidst
ongoing intragenomic mobility. BMC Evol Biol. 12:183.

Hooks KB, Delneri D, Griffiths-Jones S. 2014. Intron evolution in
Saccharomycetaceae. Genome Biol Evol. 6(9):2543—2556.

Hooks KB, Naseeb S, Parker S, Griffiths-Jones S, Delneri D. 2016. Novel
intronic RNA structures contribute to maintenance of phenotype in
Saccharomyces cerevisiae. Genetics 203(3):1469-1481.

Hoshida H, Kondo M, Kobayashi T, Yarimizu T, Akada R. 2017. 5-UTR
introns enhance protein expression in the yeast Saccharomyces cer-
evisiae. Appl Microbiol Biotechnol. 101(1):241-251.

Huber W, Carey V), Gentleman R, Anders S, Carlson M, Carvalho BS, Bravo
HC, Davis S, Gatto L, Girke T, et al. 2015. Orchestrating high-throughput
genomic analysis with Bioconductor. Nat Methods. 12(2):115-121.

Hubley R, Finn RD, Clements J, Eddy SR, Jones TA, Bao W, Smit AFA,
Wheeler TJ. 2016. The Dfam database of repetitive DNA families.
Nucleic Acids Res. 44(D1):D81-D89.

Huerta-Cepas ), Serra F, Bork P. 2016. ETE 3: reconstruction, analysis, and
visualization of phylogenomic data. Mol Biol Evol. 33(6):1635-1638.

Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D, Walter MC,
Rattei T, Mende DR, Sunagawa S, Kuhn M, et al. 2016. eggNOG 4.5: a
hierarchical orthology framework with improved functional anno-
tations for eukaryotic, prokaryotic and viral sequences. Nucleic Acids
Res. 44(D1):D286-D293.

Huff T, Zilberman D, Roy SW. 2016. Mechanism for DNA transposons to
generate introns on genomic scales. Nature 538(7626):533-536.
Hunter JD. 2007. Matplotlib: a 2D graphics environment — IEEE journals

& magazine. Comput Sci Eng. 9(3):90-95.

Irimia M, Penny D, Roy SW. 2007. Coevolution of genomic intron num-
ber and splice sites. Trends Genet. 23(7):321-325.

Irimia M, Roy SW. 2014. Origin of spliceosomal introns and alternative
splicing. Cold Spring Harb Perspect Biol. 6(6):a016071.

Jakovljevic ), Ohmayer U, Gamalinda M, Talkish ), Alexander L,
Linnemann J, Milkereit P, Woolford JL Jr. 2012. Ribosomal proteins
L7 and L8 function in concert with six A; assembly factors to prop-
agate assembly of domains | and Il of 255 rRNA in yeast 60S ribo-
somal subunits. RNA 18(10):1805-1822.

James TY, Stajich JE, Hittinger CT, Rokas A. 2020. Toward a fully resolved
fungal tree of life. Annu Rev Microbiol. 74:291-313.

Jeffares DC, Tomiczek B, Sojo V, dos Reis M. 2015. A beginners guide to
estimating the non-synonymous to synonymous rate ratio of all
protein-coding genes in a genome. Methods Mol Biol. 1201:65-90.

Jo B-S, Choi SS. 2015. Introns: the functional benefits of introns in
genomes. Genomics Inform. 13(4):112-118.

Johnson LS, Eddy SR, Portugaly E. 2010. Hidden Markov model speed
heuristic and iterative HMM search procedure. BMC Bioinformatics
11:431.

Juneau K, Miranda M, Hillenmeyer ME, Nislow C, Davis RW. 2006.
Introns regulate RNA and protein abundance in yeast. Genetics
174(1):511-518.

Keeling PJ, Corradi N, Morrison HG, Haag KL, Ebert D, Weiss LM,
Akiyoshi DE, Tzipori S. 2010. The reduced genome of the parasitic
microsporidian Enterocytozoon bieneusi lacks genes for core carbon
metabolism. Genome Biol Evol. 2:304-309.

Kempken F. 2013. Alternative splicing in ascomycetes. Appl Microbiol
Biotechnol. 97(10):4235-4241.

Kijpornyongpan T, Mondo SJ, Barry K, Sandor L, Lee ), Lipzen A,
Pangilinan ), LaButti K, Hainaut M, Henrissat B, et al. 2018. Broad
genomic sampling reveals a smut pathogenic ancestry of the fungal
clade Ustilaginomycotina. Mol Biol Evol. 35(8):1840—1854.

Kitts PA, Church DM, Thibaud-Nissen F, Choi ), Hem V, Sapojnikov V,
Smith RG, Tatusova T, Xiang C, Zherikov A, et al. 2016. Assembly: a
resource for assembled genomes at NCBI. Nucleic Acids Res.
44(D1):D73-DS0.

4184

Koonin EV, Cslirés M, Rogozin IB. 2013. Whence genes in pieces: recon-
struction of the exon-intron gene structures of the last eukaryotic
common ancestor and other ancestral eukaryotes. Wiley Interdiscip
Rev RNA. 4(1):93-105.

Kumar S, Stecher G, Suleski M, Hedges SB. 2017. TimeTree: a resource for
timelines, timetrees, and divergence times. Mol Biol Evol.
34(7):1812-1819.

Lartillot N, Brinkmann H, Philippe H. 2007. Suppression of long-branch
attraction artefacts in the animal phylogeny using a site-
heterogeneous model. BMC Evol Biol. 7(Suppl 1):S4.

Laxa M. 2016. Intron-mediated enhancement: a tool for heterologous
gene expression in plants? Front Plant Sci. 7:1977.

Lechner M, Findeiss S, Steiner L, Marz M, Stadler PF, Prohaska SJ. 2011.
Proteinortho: detection of (co-)orthologs in large-scale analysis. BMC
Bioinformatics 12:124.

Le Hir H, Sauliere J, Wang Z. 2016. The exon junction complex as a node
of post-transcriptional networks. Nat Rev Mol Cell Biol. 17(1):41-54.

Lee RCH, Gill EE, Roy SW, Fast NM. 2010. Constrained intron structures
in a microsporidian. Mol Biol Evol. 27(9):1979-1982.

Li W, Kuzoff R, Wong CK, Tucker A, Lynch M. 2014. Characterization of
newly gained introns in Daphnia populations. Genome Biol Evol.
6(9):2218-2234.

Li W, Tucker AE, Sung W, Thomas WK, Lynch M. 2009. Extensive, recent
intron gains in Daphnia populations. Science 326(5957):1260-1262.

Li Y, Steenwyk JL, Chang Y, Wang Y, James TY, Stajich JE, Spatafora JW,
Groenewald M, Dunn CW, Hittinger CT. 2021. A genome-scale phy-
logeny of the kingdom Fungi. Curr Biol. [Internet]. Available from:
http://dx.doi.org/10.1016/j.cub.2021.01.074.

Liao Y, Smyth GK, Shi W. 2014. featureCounts: an efficient general pur-
pose program for assigning sequence reads to genomic features.
Bioinformatics 30(7):923-930.

Lim CS, T. Wardell S, Kleffmann T, Brown CM. 2018. The exon—intron
gene structure upstream of the initiation codon predicts translation
efficiency. Nucleic Acids Res. 46(9):4575-4591.

Lock A, Rutherford K, Harris MA, Wood V. 2018. PomBase: the scientific
resource for fission yeast. Methods Mol Biol. 1757:49-68.

Logsdon JM Jr, Tyshenko MG, Dixon C, D-Jafari ), Walker VK, Palmer JD.
1995. Seven newly discovered intron positions in the triose-
phosphate isomerase gene: evidence for the introns-late theory.
Proc Natl Acad Sci U S A. 92(18):8507-8511.

Loh Y-H, Brenner S, Venkatesh B. 2008. Investigation of loss and gain of
introns in the compact genomes of pufferfishes (Fugu and
Tetraodon). Mol Biol Evol. 25(3):526-535.

Lowe TM, Eddy SR. 1999. A computational screen for methylation guide
snoRNAs in yeast. Science 283(5405):1168-1171.

Loytynoja A, Goldman N. 2008. Phylogeny-aware gap placement pre-
vents errors in sequence alignment and evolutionary analysis. Science
320(5883):1632-1635.

Luo Y, Li S. 2007. Genome-wide analyses of retrogenes derived from the
human box H/ACA snoRNAs. Nucleic Acids Res. 35(2):559-571.
Lynch M. 2002. Intron evolution as a population-genetic process. Proc

Natl Acad Sci U S A. 99(9):6118-6123.

Lynch M, Conery JS. 2003. The origins of genome complexity. Science
302(5649):1401-1404.

Mekouar M, Blanc-Lenfle I, Ozanne C, Da Silva C, Cruaud C, Wincker P,
Gaillardin C, Neuvéglise C. 2010. Detection and analysis of alternative
splicing in Yarrowia lipolytica reveal structural constraints facilitating
nonsense-mediated decay of intron-retaining transcripts. Genome
Biol. 11(6):R65.

Mikhailov KV, Simdyanov TG, Aleoshin VV. 2017. Genomic survey of a
hyperparasitic microsporidian Amphiamblys sp.
(Metchnikovellidae). Genome Biol Evol. 9(3):454—467.

Moabbi AM, Agarwal N, El Kaderi B, Ansari A. 2012. Role for gene
looping in intron-mediated enhancement of transcription. Proc
Natl Acad Sci U S A. 109(22):8505-8510.

Mondo SJ, Dannebaum RO, Kuo RC, Louie KB, Bewick A, LaButti K, Haridas
S, Kuo A, Salamov A, Ahrendt SR, et al. 2017. Widespread adenine N6-
methylation of active genes in fungi. Nat Genet. 49(6):964-968.


http://dx.doi.org/10.1016/j.cub.2021.01.074

Intron Gain or Loss and Functions in Fungi - doi:10.1093/molbev/msab094

MBE

Mourier T, Jeffares DC. 2003. Eukaryotic intron loss. Science
300(5624):1393.

Muzzey D, Sherlock G, Weissman JS. 2014. Extensive and coordinated
control of allele-specific expression by both transcription and trans-
lation in Candida albicans. Genome Res. 24(6):963-973.

Nawrocki EP, Eddy SR. 2013. Infernal 1.1: 100-fold faster RNA homology
searches. Bioinformatics 29(22):2933-2935.

Ndikumana S, Pelin A, Williot A, Sanders JL, Kent M, Corradi N. 2017.
Genome analysis of Pseudoloma Neurophilia: a microsporidian par-
asite of zebrafish (Danio Rerio). | Eukaryot Microbiol. 64(1):18-30.

Neuvéglise C, Marck C, Gaillardin C. 2011. The intronome of budding
yeasts. C R Biol. 334(8-9):662-670.

Nguyen HD, Yoshihama M, Kenmochi N. 2005. New maximum likeli-
hood estimators for eukaryotic intron evolution. PLoS Comput Biol.
1(7):€79.

Nguyen TA, Cissé OH, Yun Wong ), Zheng P, Hewitt D, Nowrousian M,
Stajich JE, Jedd G. 2017. Innovation and constraint leading to com-
plex multicellularity in the Ascomycota. Nat Commun. 8:14444.

Niu D-K. 2007. Protecting exons from deleterious R-loops: a potential
advantage of having introns. Biol Direct. 2:11.

Niu D-K, Hou W-R, Li S-W. 2005. mRNA-mediated intron losses: evi-
dence from extraordinarily large exons. Mol Biol Evol.
22(6):1475-1481.

Niu D-K, Yang Y-F. 2011. Why eukaryotic cells use introns to enhance
gene expression: splicing reduces transcription-associated mutagen-
esis by inhibiting topoisomerase | cutting activity. Biol Direct. 6:24.

Parenteau ), Abou Elela S. 2019. Introns: good day junk is bad day trea-
sure. Trends Genet. 35(12):923-934.

Parenteau J, Durand M, Morin G, Gagnon ), Lucier J-F, Wellinger R,
Chabot B, Elela SA. 2011. Introns within ribosomal protein genes
regulate the production and function of yeast ribosomes. Cell
147(2):320-331.

Parenteau ), Durand M, Véronneau S, Lacombe A-A, Morin G, Guérin V,
Cecez B, Gervais-Bird J, Koh C-S, Brunelle D, et al. 2008. Deletion of
many yeast introns reveals a minority of genes that require splicing
for function. Mol Biol Cell. 19(5):1932-1941.

Parenteau J, Maignon L, Berthoumieux M, Catala M, Gagnon V, Abou
Elela S. 2019. Introns are mediators of cell response to starvation.
Nature 565(7741):612-617.

Patthy L. 2003. Modular assembly of genes and the evolution of new
functions. Genetica 118(2-3):217-231.

Petibon C, Parenteau J, Catala M, Elela SA. 2016. Introns regulate the
production of ribosomal proteins by modulating splicing of dupli-
cated ribosomal protein genes. Nucleic Acids Res. 44(8):3878-3891.

Peyretaillade E, Parisot N, Polonais V, Terrat S, Denonfoux J, Dugat-Bony
E, Wawrzyniak |, Biderre-Petit C, Mahul A, Rimour S, et al. 2012.
Annotation of microsporidian genomes using transcriptional signals.
Nat Commun. 3:1137.

Philippe H, Zhou Y, Brinkmann H, Rodrigue N, Delsuc F. 2005.
Heterotachy and long-branch attraction in phylogenetics.BMC Evol
Biol. 5(1):50.

Piekna-Przybylska D, Decatur WA, Fournier MJ. 2007. New bioinformatic
tools for analysis of nucleotide modifications in eukaryotic rRNA.
RNA 13(3):305-312.

Pleiss JA, Whitworth GB, Bergkessel M, Guthrie C. 2007. Rapid,
transcript-specific changes in splicing in response to environmental
stress. Mol Cell. 27(6):928-937.

Prasanna AN, Gerber D, Kijpornyongpan T, Aime MC, Doyle VP, Nagy
LG. 2020. Model choice, missing data, and taxon sampling impact
phylogenomic inference of deep Basidiomycota relationships. Syst
Biol. 69(1):17-37.

Priest S), Yadav V, Heitman ). 2020. Advances in understanding the
evolution of fungal genome architecture. F1000Res. 9:776.

Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26(6):841-842.

Riley R, Haridas S, Wolfe KH, Lopes MR, Hittinger CT, Goker M, Salamov
AA, Wisecaver JH, Long TM, Calvey CH, et al. 2016. Comparative
genomics of biotechnologically important yeasts. Proc Natl Acad Sci
U S A. 113(35):9882-9887.

Rogozin 1B, Wolf YI, Sorokin AV, Mirkin BG, Koonin EV. 2003.
Remarkable interkingdom conservation of intron positions and mas-
sive, lineage-specific intron loss and gain in eukaryotic evolution.
Curr Biol. 13(17):1512-1517.

Rose AB. 2018. Introns as gene regulators: a brick on the accelerator.
Front Genet. 9:672.

Roy SW. 2004. The origin of recent introns: transposons? Genome Biol.
5(12):251.

Roy SW. 2016. How common is parallel intron gain? Rapid evolution
versus independent creation in recently created introns in Daphnia.
Mol Biol Evol. 33(8):1902—-1906.

Roy SW, Gilbert W. 2005. The pattern of intron loss. Proc Natl Acad Sci U
S A. 102(3):713-718.

Roy SW, Hartl DL. 2006. Very little intron loss/gain in Plasmodium: intron
loss/gain  mutation rates and intron number. Genome Res.
16(6):750-756.

Roy SW, Penny D. 2006. Smoke without fire: most reported cases of
intron gain in nematodes instead reflect intron losses. Mol Biol Evol.
23(12):2259-2262.

Roy SW, Penny D. 2007. Patterns of intron loss and gain in plants: intron
loss-dominated evolution and genome-wide comparison of O. sativa
and A. thaliana. Mol Biol Evol. 24(1):171-181.

Russell AG, Shutt TE, Watkins RF, Gray MW. 2005. An ancient spliceo-
somal intron in the ribosomal protein L7a gene (Rpl7a) of Giardia
lamblia. BMC Evol Biol. 5:45.

Sapountzis P, Gruntjes T, Otani S, Estevez J, da Costa RR, Plunkett
G, 3rd, Perna NT, Poulsen M. 2015. The enterobacterium
Trabulsiella  odontotermitis presents novel adaptations related
to its association with fungus-growing termites. Appl Environ
Microbiol. 81(19):6577-6588.

Saveanu C, Bienvenu D, Namane A, Gleizes PE, Gas N, Jacquier A,
Fromont-Racine M. 2001. Nog2p, a putative GTPase associated
with pre-60S subunits and required for late 60S maturation steps.
EMBO . 20(22):6475—6484.

Schattner P, Brooks AN, Lowe TM. 2005. The tRNAscan-SE, snoscan and
snoGPS web servers for the detection of tRNAs and snoRNAs.
Nucleic Acids Res. 33(Web Server Issue):W686—W689.

Schmitz ), Zemann A, Churakov G, Kuhl H, Griitzner F, Reinhardt R,
Brosius J. 2008. Retroposed SNOfall-a mammalian-wide comparison
of platypus snoRNAs. Genome Res. 18(6):1005-1010.

Séton Bocco S, Cslirés M. 2016. Splice sites seldom slide: intron evolution
in oomycetes. Genome Biol Evol. 8(8):2340-2350.

Sharpton TJ, Neafsey DE, Galagan JE, Taylor JW. 2008. Mechanisms of
intron gain and loss in Cryptococcus. Genome Biol. 9(1):R24.

Shaul O. 2017. How introns enhance gene expression. Int | Biochem Cell
Biol. 91(Pt B):145-155.

Shi Y. 2017. Mechanistic insights into precursor messenger RNA splicing
by the spliceosome. Nat Rev Mol Cell Biol. 18(11):655-670.

Sievers F, Higgins DG. 2018. Clustal Omega for making accurate align-
ments of many protein sequences. Protein Sci. 27(1):135-145.

Skelly DA, Ronald J, Connelly CF, Akey JM. 2009. Population genomics of
intron splicing in 38 Saccharomyces cerevisiae genome sequences.
Genome Biol Evol. 1:466—478.

Skrzypek MS, Binkley ), Binkley G, Miyasato SR, Simison M, Sherlock
G. 2017. The Candida Genome Database (CGD): incorporation
of Assembly 22, systematic identifiers and visualization of high
throughput ~ sequencing  data.  Nucleic  Acids  Res.
45(D1):D592-D596.

Spatafora JW, Chang Y, Benny GL, Lazarus K, Smith ME, Berbee ML,
Bonito G, Corradi N, Grigoriev |, Gryganskyi A, et al. 2016. A phylum-
level phylogenetic classification of zygomycete fungi based on
genome-scale data. Mycologia 108(5):1028-1046.

Srivastava M, Begovic E, Chapman ), Putnam NH, Hellsten U, Kawashima
T, Kuo A, Mitros T, Salamov A, Carpenter ML, et al. 2008. The
Trichoplax genome and the nature of placozoans. Nature
454(7207):955-960.

Stajich JE, Dietrich FS. 2006. Evidence of mRNA-mediated intron loss in
the human-pathogenic fungus Cryptococcus neoformans. Eukaryot
Cell. 5(5):789-793.

4185



Lim et al. - doi:10.1093/molbev/msab094

MBE

Stajich JE, Dietrich FS, Roy SW. 2007. Comparative genomic analysis of
fungal genomes reveals intron-rich ancestors. Genome Biol.
8(10):R223.

Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic analysis
and post-analysis  of large phylogenies.  Bioinformatics
30(9):1312-1313.

Stoltzfus A. 2004. Molecular evolution: introns fall into place. Curr Biol.
14(9):R351-R352.

Subtelny AQ, Eichhorn SW, Chen GR, Sive H, Bartel DP. 2014. Poly(A)-tail
profiling reveals an embryonic switch in translational control. Nature
508(7494):66-71.

Sullivan JC, Reitzel AM, Finnerty JR. 2006. A high percentage of introns in
human genes were present early in animal evolution: evidence from
the basal metazoan Nematostella vectensis. Genome Inform.
17(1):2219-229.

Sun Y, Whittle CA, Corcoran P, Johannesson H. 2015. Intron evolution
in Neurospora: the role of mutational bias and selection. Genome Res.
25(1):100-110.

Supek F, Bosnjak M, Skunca N, Smuc T. 2011. REVIGO summarizes and
visualizes long lists of gene ontology terms. PLoS One 6(7):¢21800.

Suyama M, Torrents D, Bork P. 2006. PAL2NAL: robust conversion of
protein sequence alignments into the corresponding codon align-
ments. Nucleic Acids Res. 34(Web Server Issue):-W609-W612.

Sverdlov AV, Rogozin IB, Babenko VN, Koonin EV. 2005. Conservation
versus parallel gains in intron evolution. Nucleic Acids Res.
33(6):1741-1748.

Tonegawa S, Maxam AM, Tizard R, Bernard O, Gilbert W. 1978. Sequence
of a mouse germ-line gene for a variable region of an immunoglobulin
light chain. Proc Natl Acad Sci U S A. 75(3):1485-1489.

Uhse S, Pflug FG, Stirnberg A, Ehrlinger K, von Haeseler A, Djamei A.
2018. In vivo insertion pool sequencing identifies virulence factors in
a complex fungal-host interaction. PLoS Biol. 16(4):e2005129.

Vallat R. 2018. Pingouin: statistics in Python. ] Open Source Softw.
3(31):1026.

van der Burgt A, Severing E, de Wit PJGM, Collemare J. 2012. Birth of new
spliceosomal introns in fungi by multiplication of introner-like ele-
ments. Curr Biol. 22(13):1260—1265.

Vanneste K, Van de Peer Y, Maere S. 2013. Inference of genome dupli-
cations from age distributions revisited. Mol Biol Evol. 30(1):177-190.

Venkatesh B, Lee AP, Ravi V, Maurya AK, Lian MM, Swann JB, Ohta Y,
Flajnik MF, Sutoh Y, Kasahara M, et al. 2014. Elephant shark genome
provides unique insights into gnathostome evolution. Nature
505(7482):174-179.

Vinogradov AE. 1999. Intron-genome size relationship on a large evolu-
tionary scale. ] Mol Evol. 49(3):376-384.

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T,
Cournapeau D, Burovski E, Peterson P, Weckesser W, Bright ), et
al. 2020. SciPy 1.0: fundamental algorithms for scientific computing
in Python. Nat Methods. 17(3):261-272.

Wang B, Liang X, Gleason ML, Hsiang T, Zhang R, Sun G. 2020. A
chromosome-scale assembly of the smallest Dothideomycete

4186

genome reveals a unique genome compaction mechanism in fila-
mentous fungi. BMC Genomics 21(1):321.

Weber M. 2006. Mammalian small nucleolar RNAs are mobile genetic
elements. PLoS Genet. 2(12):¢205.

Wheeler ML, Limon JJ, Underhill DM. 2017. Immunity to commensal
fungi: detente and disease. Annu Rev Pathol. 12:359-385.

Whelan TA, Lee NT, Lee RCH, Fast NM. 2019. Microsporidian introns
retained against a background of genome reduction: characteriza-
tion of an unusual set of introns. Genome Biol Evol. 11(1):263-269.

Wickham H. 2016. ggplot2: elegant graphics for data analysis. New York:
Springer-Verlag.

Wiegand HL, Lu S, Cullen BR. 2003. Exon junction complexes mediate
the enhancing effect of splicing on mRNA expression. Proc Natl Acad
Sci U S A. 100(20):11327-11332.

Witten JT, Ule J. 2011. Understanding splicing regulation through RNA
splicing maps. Trends Genet. 27(3):89-97.

Worden AZ, Lee J-H, Mock T, Rouzé P, Simmons MP, Aerts AL, Allen AE,
Cuvelier ML, Derelle E, Everett MV, et al. 2009. Green evolution and
dynamic adaptations revealed by genomes of the marine
picoeukaryotes Micromonas. Science 324(5924):268-272.

Wu B, Macielog Al, Hao W. 2017. Origin and spread of spliceosomal
introns: insights from the fungal clade Zymoseptoria. Genome Biol
Evol. 9(10):2658-2667.

Yang Z. 2007. PAML 4: phylogenetic analysis by maximum likelihood.
Mol Biol Evol. 24(8):1586-1591.

Yenerall P, Krupa B, Zhou L. 2011. Mechanisms of intron gain and loss in
Drosophila. BMC Evol Biol. 11:364.

Yu C-H, Dang Y, Zhou Z, Wu C, Zhao F, Sachs MS, Liu Y. 2015.
Codon usage influences the local rate of translation elongation
to regulate co-translational protein folding. Mol Cell.
59(5):744—754.

Yu G, Smith DK, Zhu H, Guan Y, Lam TT. 2017. ggtree: an r package
for visualization and annotation of phylogenetic trees with
their covariates and other associated data. Methods Ecol Evol.
8(1):28-36.

Yu G, Wang L-G, Han Y, He Q-Y. 2012. clusterProfiler: an R package for
comparing biological themes among gene clusters. Omics
16(5):284-287.

Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J, Billis K,
Cummins C, Gall A, Girén CG, et al. 2018. Ensembl 2018. Nucleic
Acids Res. 46(D1):D754-D761.

Zhang L-Y, Yang Y-F, Niu D-K. 2010. Evaluation of models of the mech-
anisms underlying intron loss and gain in Aspergillus fungi. ] Mol Evol.
71(5-6):364-373.

Zhang Y, Sachs MS. 2015. Control of mRNA stability in fungi by NMD, EJC
and CBC factors through 3'UTR introns. Genetics 200(4):1133—-1148.

Zhu T, Niu D-K. 2013a. Frequency of intron loss correlates with proc-
essed pseudogene abundance: a novel strategy to test the reverse
transcriptase model of intron loss. BMIC Biol. 11:23.

Zhu T, Niu D-K. 2013b. Mechanisms of intron loss and gain in the fission
yeast Schizosaccharomyces. PLoS One 8(4):e61683.



