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Spliceosomal introns are segments of eukaryotic pre-mRNA
that are removed ("'spliced'') during creation of mature mRNA,
and are one of the defining and domain-specific features of gene
structure in eukaryotes. Introns are spliced by a large, multi-
subunit ribonucleoprotein machinery called the spliceosome,
and most eukaryotic genomes contain two distinct sets of this
machinery—the major (or U2-type) spliceosome is responsible
for removal of the vast majority (usually > 99%) of introns in
a given genome, with the minor (or U12-type) spliceosome pro-
cessing the remaining minuscule fraction. Despite in some cases
only being responsible for the removal of single-digit numbers
of introns in entire genomes, the minor splicing system has been
maintained over the roughly 1.5 billion years of eukaryotic evo-
lution since the last eukaryotic common ancestor, and a number
of recent studies have suggested that minor introns may be in-
volved in certain aspects of cell cycle regulation and cancer de-
velopment. It is in this context that we present a broad bioinfor-
matic survey of minor introns across more than 3000 eukaryotic
genomes, providing a dramatic increase in information about
their distribution in extant species, descriptions of their evolu-
tionary dynamics and features across the eukaryotic tree, and
estimates of the minor intron complements of various ancestral
nodes.
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1 Introduction

Spliceosomal introns are sequences in eukaryotic genes that
are removed (spliced) from the pre-mRNA transcripts of
genes prior to maturation and nuclear export of the final
mRNA, so named by association with the machinery that per-
forms the splicing, the spliceosome [90, 50, 37]. For the bet-
ter part of a decade after spliceosomal introns (hereafter sim-
ply introns) were first characterized in eukaryotic genomes
[36, 29, 7, 8, 59], it was assumed that all introns shared a
fixed set of consensus dinucleotide termini—GT at the be-
ginning (5’ side) and AG at the end (3’ side)—and were pro-
cessed in the same way [53, 34]. This view was revised af-
ter the discovery of a small number of introns with AT-AC
termini [34, 30], and shortly thereafter an entirely separate
spliceosome was described that could process these aberrant
introns [87, 86], termed the minor spliceosome. The minor
spliceosome, like its counterpart now known as the major

spliceosome, has origins early in eukaryotic evolution [71].
Since minor introns were first documented as having AT-AC
termini, it has been shown that the majority of minor introns
in most species are in fact of the GT-AG subtype, although
an increasing diversity of termini (so-called "non-canonical”
introns, with boundaries that aren’t GT-AG, GC-AG or AT-
AC) seem to be able to be processed in certain contexts and
to varying degrees by both spliceosomes [25, 12, 63, 79, 55].
Until very recently [41], in every genome investigated mi-
nor introns have been found to comprise only a tiny fraction
(<~0.05%) of the total set of introns; despite this, they have
also been found to be well-conserved over hundreds of mil-
lions of years of evolution (e.g., 96% of minor introns in hu-
man are conserved in chicken, 83% in octopus 2).

While minor introns were almost certainly present in early
eukaryotes [71] and are retained in a wide variety of eukary-
otic lineages [47, 55], to date only two lineages are known
to retain more than a few dozen minor introns, namely an-
imals and plants [55]. Interestingly, in contrast to the mas-
sive intron loss observed in many lineages, in some lineages
minor intron complements are remarkably evolutionarily sta-
ble. This contrasting pattern of retention versus massive loss
raises a puzzle of minor spliceosomal intron function: if mi-
nor introns are not functionally important why are they al-
most entirely conserved over hundreds of millions of years
in some lineages; yet if they are important, how can they be
repeatedly decimated or lost entirely in other lineages? Two
observations are particularly relevant to the question of minor
spliceosomal intron function.

First, over the past ten or so years, some studies have
shown roles for minor introns in cellular differentiation, with
decreased minor activity driving downregulation of minor
intron-containing genes (MIGs) associated with cessation of
cell cycling [27, 22, 39]. Most compellingly, a recent study
showed that the splicing regulator SR10 is regulated at the
level of minor splicing, with inefficient splicing leading to
downregulation of other SR proteins whose pro-splicing ac-
tivities promote cell cycle progression [51]. Interestingly, a
negative association of minor splicing with cell differentia-
tion has also been argued for in plants [27, 2]. This pat-
tern is curious, given that the common ancestor of animals
and plants is thought to have been unicellular and thus not
to have undergone terminal differentiation (although recent
findings of multicellular stages as well as differentiation-like
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processes across diverse eukaryotes may ultimately call this
common assumption into question [56, 9]).

Second, minor introns show functional biases, being dis-
proportionately found in genes encoding various core cellu-
lar functions including DNA repair, RNA processing, tran-
scription and cell cycle functions that largely appear to hold
between plants and animals [27, 11] (though the strength of
these associations is questioned somewhat in [5]). Particu-
larly given the above evidence that regulation of minor splic-
ing regulates core cellular processes, these patterns would
seem to be consistent with an ancient role for minor splic-
ing in cell cycle regulation, that could have been secondarily
recruited for multicellular differentiation separately in ani-
mals and plants. However, other explanations remain pos-
sible. What is needed to understand the evolutionary history
and importance of minor spliceosomal introns is genomic and
regulatory characterization of additional lineages with rela-
tively large complements of minor spliceosomal introns.

Because minor introns possess sequence motifs distinct
from major introns [10, 11], it is possible to try to iden-
tify them using sequence-based bioinformatic methods [55,
1, 11, 3, 78, 43]. Using various unpublished tools, previ-
ous studies have cataloged the presence/absence of minor
introns/spliceosome components across multiple eukaryotic
genomes [47, 3, 78, 1], but many of these studies were nec-
essarily constrained in their analyses by the limits of the data
available at the time, and by the lack of a published or other-
wise convenient computational method to identify minor in-
trons. In this work, with the substantially larger and more
diverse genomic datasets now publicly accessible coupled
with the intron classification program intronIC [55], we
have been able to aggregate minor intron presence/absence
data with higher fidelity than earlier works across a much
larger sample of eukaryotic species, and characterize vari-
ous aspects of their primary sequences, containing genes and
evolutionary dynamics. In addition, we use the discovery of
hundreds of minor spliceosomal introns in a mycorrhizal fun-
gus to characterize several features of the minor spliceosomal
system across cell types, and suggest that the functional bi-
ases long observed in minor introns may largely be explained
by the age bias of their parent genes.

For the purposes of this investigation we have limited our
analyses to include only introns in protein-coding regions of
genes, yet many genes contain introns in their untranslated
regions (UTRs), at least some of which appear to be involved
in the regulation of gene expression [6, 16, 82, 77, 49]. UTR
introns generally are an understudied class of introns, and al-
most nothing is known about minor introns in UTRs; explor-
ing this in more detail would certainly be an exciting avenue
for future research.

2 Methods

2.1 Data acquisition

Genomes and annotations for all species were downloaded
from the online databases hosted by NCBI (RefSeq and Gen-
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Bank), JGI and Ensembl using custom Python scripts, and
taxonomic information for each species was retrieved from
the NCBI Taxonomy Database [24] using a Python script.
We used NCBI as our primary resource, since it contains the
largest number of species and in many cases serves as the up-
stream source for a number of other genome resources. Ad-
ditional species available only from JGI and Ensembl were
included for completeness, as were GenBank genomes with
standard annotation files (GTF or GFF; species with only
GBFF annotations were excluded). GenBank annotations
in particular are of highly variable quality and may be pre-
liminary, draft or otherwise incomplete, which is one of the
reasons we chose to also include annotation BUSCO scores
for all species. Accession numbers (where available) and re-
trieval dates of the data for each species are available under
the following DOI: https://doi.org/10.6084/m9.
figshare.20483655.

2.2 Identification of spliceosomal snRNAs

Each annotated transcriptome (genome-based searches at this
scale would have been time-prohibitive with our computa-
tional resources) was searched for the presence of the minor
snRNAs Ull1, Ul12, Udatac and Ubatac using INFERNAL
v1.3.3 [57] with covariance models from Rfam (RF00548,
RF00007, RF00618, RF00619). The default E-value cutoff
of 0.01 was used to identify positive snRNA matches, and
any snRNA with at least one match below the E-value cutoff
was considered present.

2.3 C(lassification of minor introns

For every genome with annotated introns,intronIC v1.2.3
[55] was used to identify putative minor introns using default
settings which includes introns defined by exon features (e.g.,
introns in UTRs) and excludes any introns shorter than 30 nt.

2.4 Identification of orthologous introns

A set of custom software was used to identify or-
thologs between various species as described previously
[41]. Briefly, transcriptomes for each species in a group
were generated using the longest isoforms of each gene
(https://github.com/glarue/cdseq). Then, the
program reciprologs (https://github.com/glarue/
reciprologs) was used in conjunction with DIAMOND
v2.0.13 (flags: ——very-sensitive —evalue 1le-10)
to identify reciprocal best hits (RBHs) between all pairs of
species, and construct an undirected graph using the RBHs
as edges. The maximal cliques of such a graph represent or-
thologous clusters where all members are RBHs of one an-
other. In certain cases, when only orthologous MIGs were
required (as opposed to all orthologs), reciprologs was run
as part of a pipeline using the —subset argument in com-
bination with separately generated lists of MIGs for each
species, which dramatically decreases runtime by constrain-
ing the query lists to only include MIGs (producing identical
results to the subset of a full alignment containing MIGs).
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Full ortholog searches were required for all ancestral density
reconstructions as well as all comparisons of minor and ma-
jor intron conservation/loss (Fig. 5).

Orthologous groups were aligned at the protein level us-
ing a combination of MAFFT v7.453 and Clustal Omega
v1.2.4, and intron positions within the alignments were com-
puted using a custom Python pipeline (following the ap-
proach in [66]). Local alignment quality of > 40% con-
served amino acid identity (without gaps) over a window of
10 residues both upstream and downstream of each intron po-
sition was required. Introns of the same type in the same posi-
tion within aligned orthologs were considered conserved. For
the analyses of putative intron type conversions (e.g., minor-
to-major), major introns were required to have scores < —30
instead of the default threshold of 0 to minimize the inclu-
sion of minor introns with borderline scores as major-type,
and intron alignments containing introns with such border-
line scores (a tiny fraction of the total alignments) were ex-
cluded. Intron sliding (the shifting of an individual intron’s
boundaries within a gene versus its ancestral location) [83] is
not explicitly accounted for by our pipeline (an intron sliding
event would be categorized as intron loss in the containing
gene); however, this phenomenon is at best very rare and un-
likely to meaningfully affect our results [62, 65, 83, 75].

2.5 Intron position within transcripts and in-
tron phase

Included in the output of intronIC [55] is information
about the relative position of each intron within its parent
transcript, represented as a percentage of the total length of
coding sequence, as well as intron phase (for introns defined
by CDS features). These were extracted for every species and
used in the associated analyses.

2.6 Non-canonical minor introns

Species were first analyzed to assess the number of puta-
tive non-canonical minor introns they contained, and those
with the highest numbers of non-canonical minor introns
were used to perform multiple alignments of different pairs of
species. From these alignments, all orthologous intron pairs
with a minor intron (minor-minor or minor-major) were col-
lected, and used to build clusters (subgraphs) of orthologous
introns. For animals, human was used in a majority of the
alignments to facilitate the generation of larger subgraphs
(where the same intron shared between different pairwise
alignments will group the alignments together); for plants,
Elaeis guineensis served the same purpose.

2.7 BUSCO analysis

Translated versions of the transcriptomes of all species
were searched for broadly-conserved eukaryotic genes using
BUSCO v5.3.2 [80] and the BUSCO lineage eukaryota_o
db10. Complete BUSCO scores were then integrated into the
overall dataset (e.g., Fig. 1 and 4).
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2.5 Intron position within transcripts and intron phase

2.8 Curation of minor intron data/edge cases

Due to the number of genomes involved in our analyses, there
may be some number of introns that appear superficially sim-
ilar to minor introns simply by chance, and intronIC is un-
able to filter out such introns because it does not account for
additional factors like local context, presence/lack of snR-
NAs, etc. In general this is not an issue, as the number of
false-positive minor introns per genome is usually very small.
However, when summarizing aggregate eukaryotic data and
attempting to provide a resource to be used as a reference, we
felt that some amount of curation was warranted to avoid the
inclusion of obviously spurious results.

We therefore used the following heuristics in deciding
whether to designate a given species as either confidently
containing or not containing minor introns—species not
meeting either set of criteria were assigned a minor intron
density color of gray in Fig. 1. First, it is important to
note that intronIC will automatically try to adjust intron
boundaries by a short distance if the starting boundaries are
non-canonical and there is a strong minor 5’SS motif within
~10 bp of the annotated 5’SS. In some poorly-annotated
species, or species with otherwise aberrant intron motifs this
can lead to increased false positives in the form of putatively
minor introns with "corrected" splice boundaries. Such in-
trons are documented by intronIC in the output, so it is
possible to determine their proportion in the final number of
minor introns reported. The criteria for presence of minor
introns in our dataset is a corrected minor intron fraction of
< 0.25 and any of the following: > 3 called minor introns and
at least two minor snRNAs; between 5 and 25 called minor
introns and at least three minor snRNAs; > 3 called minor
introns and all four minor snRNAs.

The criteria for absence of minor introns (assigned the
color black in the minor intron density color strip in Fig. 1)
is either of the following: < 3 called minor introns and fewer
than two minor snRNAs; < 5 called minor introns and fewer
than two minor snRNAs and fewer than five uncorrected AT-
AC minor introns and either annotated in RefSeq or with a
BUSCO score greater than or equal to Bgi — (1.5 X Brgr),
where B is all the BUSCO scores of the broad RefSeq cat-
egory to which the species belongs (i.e., "vertebrates", "in-
vertebrates", "plants”, "protozoa", "fungi"), Bg1 is the first
quartile of such scores and BygR is the inner quartile range
of such scores. The idea behind this metric is to only as-
sign confident minor intron loss to species whose BUSCO
scores aren’t extremely low; very low BUSCO scores could
indicate real gene loss or incomplete annotations, and nei-
ther of those scenarios forecloses on the possibility of the
species having minor introns (whereas a species with a high
BUSCO score and a very low number of minor introns/minor
snRNAs is more likely to be genuinely lacking either/both).
Finally, species with very low numbers of minor introns and
minor snRNAs but very high minor intron densities (> 1%)
were categorized as uncertain to account for a small num-
ber of edge cases with massive intron loss and spurious false
positives that, due to the low number of total introns, mis-
leadingly appear to be cases of outstandingly high minor in-
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tron density (e.g., Leishmania martiniquensis). Importantly,
Fig. 1 still includes the raw values for each species matching
the above criteria; it is only the minor intron density color
which is adjusted to indicate lack of confidence.

2.9 Calculation of summary statistics (in-
trons/kbp CDS, transcript length, etc.)

Transcriptomes for all species were generated using a cus-
tom Python script (https://github.com/glarue/
cdseq). Briefly, each annotated transcript’s length was cal-
culated as the sum of its constituent CDS features, and the
longest isoform for each gene was selected using this met-
ric. The number of introns per transcript was computed based
on the same data, and combined with the transcript length to
calculate introns/kbp coding sequence for each gene. Intron
lengths were extracted directly from intronIC output, as
was intron phase and intron position as a fraction of transcript
length (where the position of each intron, taken as the point
position in the coding sequence where the intron occurs, is
calculated as the cumulative sum of the preceding coding
sequence divided by the total length of coding sequence in
the transcript). For comparisons of intron densities and gene
lengths of MIGs and non-MIGs, species with fewer than ten
putative minor introns were excluded to avoid inclusion of
spurious minor intron calls.

2.10 Ancestral intron density reconstruction

Reconstructions of ancestral intron complements in different
nodes was performed as described in [67]. Briefly, for a set
of three species a, § and ~y where -y is an outgroup to « and
B (i.e., a and (8 are sister with respect to ), introns shared
between any pair of species are (under the assumption of neg-
ligible parallel intron gain) a priori part of the set of introns
in the ancestor of « and . For all introns shared between a
given species pair, for example « and v (but not necessarily
B) Na~, the probability of an intron from that set being found
in 8 (in other words, the fraction of ancestral introns retained
in 3) is
]55 _ Nopy
Novy '

where N, g is the number of introns shared between all three
species. Deriving these fractions of ancestral introns for each
of the aligned species, we then define N, as the total number
of ancestral introns, and its relationship to the conservation
states of introns in the alignments of the three species as

Naﬁv = NQ(PQ -pg ~p,y)7

the product of the ancestral intron number and the fraction of
ancestral introns present in each species. Finally, solving for
the number of ancestral introns we get the estimate

N :Naﬁ'Nav'Nﬁv
. (Napy)?

4 | bioRxiv

Performing the above procedure for both major and minor
introns in a given alignment allowed us to estimate the ances-
tral minor intron density for the corresponding node as

N, .
Cminor ___.100%.
+ N,

Qm,ajor

Pminor NQmmor
However, without a point of reference this number is difficult
to interpret, as the genes included in the alignments are not
an especially well-defined set—because these genes are sim-
ply all of the orthologs found between a given trio of species,
their composition is likely to change at least somewhat for
each unique group of aligned species. We deal with this by
normalizing to a chosen reference species included in each
group. For example, in our reconstructions of intron densities
in the ancestor of Diptera, human was used as the outgroup
and was therefore present in all alignments. After calculating
the estimated minor intron density in the Dipteran ancestor,
we then divided that value by the minor intron density in the
human genes present in the same alignments to produce the
estimated ancestral minor intron density relative to the corre-
sponding minor intron density in human. Because using hu-
man as the outgroup for reconstructions of fungal and plant
ancestors results in very small absolute numbers of minor in-
trons, kingdom-specific outgroups were chosen instead: the
estimates of ancestral fungal densities are relative to Rhizoph-
agus irregularis, and those for plants are relative to Lupinus
angustifolius. Because multiple species combinations were
used to estimate the minor intron density at each ancestral
node, we report the mean value over all n estimates for each
node

n
_ I
Pminor = E Z Pminor; s
i=1

= the standard error (Fig. 17).

As has been pointed out in other contexts, ancestral state
reconstructions may be confounded by several different fac-
tors [32, 23, 18]. Many such concerns are minimized in
our specific application given that a) the traits under consid-
eration are not complex, but rather the simple binary pres-
ence/absence of discrete genetic elements, b) calculations are
restricted to introns present in well-aligning regions of or-
thologs (thereby avoiding issues with missing gene annota-
tions in a given species, since alignments must include se-
quences from all species to be considered) and c) the con-
tribution of parallel intron gain, especially of minor introns,
is likely to be very small [69, 84, 15]. There are a number
of other potential sources of bias in our analyses, however,
which are worth addressing. First, our ancestral intron den-
sity estimates are (to a large, though not complete, extent)
dependent upon the accuracy of the phylogenetic relation-
ships in Fig. 1. Ideally, we would have perfect confidence
in all of the relationships underlying each node’s reconstruc-
tion, but such an undertaking is beyond both the scope of
this paper and the expertise of its authors. While we have
done our best to be assiduous in choosing nodes with well-
resolved local phylogenies—which is one reason we have not
provided similar reconstructions for a much larger number of
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nodes with less-confident phylogenetic relationships—it re-
mains the case that our reconstructions are only fully infor-
mative with respect to the tree upon which they are based.
That being said, unless the phylogeny for a given node is
so incorrect as to have mistaken one of the ingroups for the
outgroup (i.e., the chosen outgroup was not in fact an out-
group), the reconstruction should still represent the ancestor
of the two ingroup species. Second, we are relying on the
correct identification of minor introns within each species
to allow us to identify conserved/non-conserved minor in-
trons in multi-species alignments. Although the field in gen-
eral lacks a gold-standard set of verified minor introns upon
which to evaluate classifier performance, the low empirical
false-positive rate of intronIC (as determined by the num-
ber of minor introns found in species with compelling evi-
dence of a lack of minor splicing) and the high degree of cor-
respondence of its classifications with previously-published
data suggests that our analyses are capturing the majority of
the minor introns in each alignment. There is also the pos-
sibility that many minor introns are unannotated in many
genomes (and in fact, for certain annotation pipelines we
know that this has historically been the case). This concern is
mediated somewhat by the fact that, because we are only con-
sidering gene models that produce well-aligning protein se-
quences across multiple species, our alignments are unlikely
to contain unannotated introns of either type. Other unanno-
tated minor introns, necessarily residing in completely unan-
notated genes, would of course not be considered in our anal-
yses. The end result of this type of bias would be a shrinking
of the total number of orthologous genes compared, resulting
in the specter of the law of small numbers, whereby the sam-
ples can no longer be relied upon to represent the complete
data with sufficient confidence. We have done what we can
to combat this by choosing species with annotations of high
quality (as assessed by BUSCO completeness, for example),
and by using multiple combinations of species to reconstruct
each node—for reconstructions based upon a large number
of different alignments, the low standard errors of the esti-
mates give us some confidence that this kind of missing data
is unlikely to qualitatively change our results.

2.11 Differential gene expression

Single-end RNA-seq reads from previously-published cell-
type-specific sequencing of Rhizophagus irregularis [38]
(four biological replicates per cell type) were pseudoaligned
to a decoy-aware version of the transcriptome using Salmon
v1.6.0 [61] (with non-default arguments ——segBias —-s
oftclip). The Salmon output was then formatted with tx-
import v1.14.2 [81], and differential gene expression (DGE)
analysis was performed using DESeq2 v1.26.0 [48] with the
following arguments: test="LRT", useT=TRUE, minR
eplicatesForReplace=Inf, minmu=le-6, reduc
ed=~1. For each pairwise combination of cell types, genes
with significant DGE values (Wald p-value < 0.05) were re-
tained for further analysis.
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2.11 Differential gene expression

2.12 Rhizophgaus z-score metric

Following the methodology used by Sandberg et al. to as-
sign a proliferation index to cell types [74], z-scores were
calculated per feature (whether for gene expression or in-
tron retention/splicing efficiency) across all cell-type repli-
cates (n=20), and then summarized for each cell type by the
mean value of the corresponding replicate z-scores (departing
from the reference method in this aspect). Prior to conversion
to z-scores, the raw gene expression data was normalized by
running the output from tximport through the fpkm ()
function in DESeqg2. For group z-score comparisons (e.g.,
proliferation-index genes, minor introns vs. major introns),
the median of the top 50% of z-scores from each group was
used. As the z-score calculation requires there to be variation
across samples, certain genes/introns were necessarily omit-
ted under this metric.

2.13 Intron retention and splicing efficiency

For each RNA-seq sample, IRFinder-S v2.0 [52] was
used to compute intron retention levels for all annotated in-
trons. Introns with warnings of “LowSplicing” and “Low-
Cover” were excluded from downstream analyses. Across
replicates within each cell type, a weighted mean retention
value was calculated for each intron, with weights derived by
combining the average number of reads supporting the two
intron-exon junctions and the total number of reads support-
ing the exon-exon junction.

Intron splicing efficiency was calculated as previously de-
scribed [41]. Briefly, RNA-seq reads were mapped to splice-
junction sequence constructs using Bowt ie v1.2.3 [40] (ex-
cluding multiply-mapping reads using the non-default argu-
ment —m 1). Introns with fewer than five reads supporting
either the corresponding exon-exon junction or one of the
intron-exon junctions (or both) were excluded. For each in-
tron, the proportion of reads mapped to the intron-exon junc-
tion(s) versus the exon-exon junction was used to assign a
splicing efficiency value for each sample (see reference for
details). Within each cell type, the weighted mean of repli-
cate splicing efficiency values for each intron was calculated
in the same manner as for intron retention.

2.14 Spliceosome-associated gene expression

Orthologs of human spliceosome components were found in
Rhizophagus irregularis via a reciprocal-best-hit approach
(https://github.com/glarue/reciprologs)us-
ing BLAST v2.9.0+ [14] with an E-value cutoff of 1 x
10710, Four genes from each splicing system (major
and minor) were identified in Rhizophagus by this ap-
proach, consisting of orthologs to human minor spliceosome
genes ZMATS (U11/U12-20K), RNPC3 (U11/U12-65K),
SNRNP35 (U11/U12-35K), and SNRNP25 (U11/U12-25K)
and major spliceosome genes SF3A1 (SF3al20), SF3A3
(SF3a60), SNRNP70 (U1-70K) and SNRPA1 (U2 A’). Gene
expression values generated by Salmon for each set of genes
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in each cell type were averaged across replicates, and pair-
wise comparisons between cell types were made for the same
set of genes (e.g., minor spliceosome genes in IS vs. MS).
The significance of differences in expression between paired
gene sets from different cell types was assessed using a
Wilcoxon signed-rank test, with p-values corrected for mul-
tiple testing by the Benjamini-Hochberg method.

3 Results

3.1 Minor intron diversity in thousands of eu-
karyotic genomes

In order to better assess the landscape of minor intron di-
versity in eukaryotes, we used the intron classification pro-
gram intronIC [55] to process ~270 million intron se-
quences and uncover minor intron numbers for over 3000
publicly-available eukaryotic genomes, representing to our
knowledge the largest and most diverse collection of mi-
nor intron data assembled to date (Fig. 1, underlying plain
text data available at https://doi.org/10.6084/
m9.figshare.20483655) and one we hope will prove
useful in informing future investigations into minor intron
evolution.

Of the 1844 genera represented in our data, 1172 (64%)
have well-supported evidence of minor introns in at least one
species (see section Methods for details), with the remain-
ing 672 appearing to lack minor introns in all available con-
stituent species. Consistent with previous studies [11, 3, 35,
78, 1, 85, 44, 55, 88], minor intron numbers and densities
(fractions of introns in a given genome classified as minor
type) vary dramatically across the eukaryotic tree; average
values are highest in vertebrates and other animals, while
variation between species appears to be lowest within land
plants. Conservation of minor introns between different pairs
of species is largely consistent with previously-published re-
sults [1, 3, 44, 55] (Fig. 2). The intriguing pattern of punctu-
ated wholesale loss of minor introns is apparent within many
larger clades in our data, along with a number of striking
cases of minor intron enrichment in otherwise depauperate
groups.

3.1.1 Minor intron enrichment

A number of cases of minor-intron-rich lineages are worth
highlighting. As shown in Fig. 3, the highest known minor
intron density is found within the Amoebozoa; our recently-
reported data in the slime mold Physarum polycephalum [41]
dwarfs all other known instances of local minor intron enrich-
ment and appears to be an extremely rare example of signif-
icant minor intron gain. In the present study, we also find
relatively high numbers of minor introns (compared to other
amoebozoan species) in both the flagellar amoeba Pelomyxa
schiedti (n=90) and the variosean amoeba Protostelium au-
rantium (labeled Planoprotostelium fungivorum' in Fig. 1)

ncorrectly labeled in the NCBI database as Planoprotostelium fungivo-
rum; originally described as Planoprotostelium fungivorum in [31] but sub-
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(n=265). Although the numbers of minor introns in these
species conserved with other lineages (e.g., humans) are very
low, in all cases we find at least some degree of conservation.
For example, in alignments between human and P. aurantium
orthologs, 11% of human minor introns are conserved as mi-
nor introns in P. aurantium, comparable to proportions shared
between human and many plant species [55]; in alignments
with P. schiedti the proportion of conserved human minor in-
trons is closer to 2.5%, although this appears to largely be
due to massive minor-to-major conversion of ancestral minor
introns in P. schiedti, as 69% of the human minor introns in
those alignments are paired with major introns in P. schied!ti.
As reported by Gentekaki et al., the parasitic microbe Blas-
tocystis sp. subtype 1 within the stramenopiles contains hun-
dreds of minor introns [28], although our pipline identifies
~45% fewer (n=253) than previously described. Interest-
ingly, the Blastocystis sp. subtype 1 minor introns we identify
are highly enriched for the AT-AC subtype (77% or 196/253,
where AT-AC introns are only ~26% of all minor introns in
human), and the classic minor intron bias away from phase
0 is inverted, with 49% (124/253) of the putative minor in-
trons in Blastocystis being phase 0. Blastocystis also has the
shortest average minor intron length in the data we analyzed
at just under 42 bp (median 39 bp) (although introns shorter
than 30 bp were systematically excluded from all species).

Surprisingly, we find unusually high minor intron densi-
ties in a number of fungal species, a kindgom which until
now was not known to contain significant numbers of mi-
nor introns. In particular, the Glomeromycete species Rhi-
zophagus irregularis has a minor intron density comparable
to that of humans (0.272%, n=205), and Basidiobolus meris-
tosporus, in Zoopagomycota, has one of the highest minor
intron densities outside of the Amoebozoa (0.554%, n=249)
(Fig. 4). We do not find any convincing support for minor in-
trons in either of the two largest fungal groups, Ascomycota
and Basidiomycota, which seem to have lost most if not all
of the required minor snRNAs in the vast majority of species
as has been previously reported [47, 3]. Our analysis con-
firms the presence of a small number of minor introns in the
oomycete genus Phytopthora as reported by other groups [71,
3] (Fig. 4), and in addition we find that members of the stra-
menopile water mould genus Saprolegnia contain dozens of
minor introns each. While any species with a very low num-
ber reported number of minor introns raises concerns about
false positives, subsets of minor introns from each of these
lineages have been found in conserved positions with minor
introns in distantly-related species in our analyses, and minor
snRNAs in each of the aforementioned genomes provides fur-
ther evidence for the existence of bona fide minor introns in
these species (Fig. 4). Interestingly, given its sister placement
to the broadly minor-intron-poor nematode clade, the cactus
worm Priapulus caudatus appears to be quite minor-intron
rich (n=330, 0.316%), with substantial minor intron conser-
vation to other metazoan lineages.

sequently corrected in the main text (the incorrect usage remains in the sup-
plemental materials); see [76] for supporting evidence of its classification as
Pr. aurantium. Credit to Marek Eli4s for this addendum.
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3.1 Minor intron diversity in thousands of eukaryotic genomes

Clades

"] Amoebozoa
[[] stramenopiles
[] viridiplantae
[] Protostomia

["] peuterostomia
] Vertebrata

D Fungi

Fig. 1. Minor intron densities for thousands of eukaryotic species. The colored strip following the species name represents the relative minor intron density (darker = lower,
brighter = higher, gray values indicate species for which the estimated values are less confident, and may be enriched for false positives; see Methods). Additional data
from inside to outside is as follows: minor intron density (%), number of minor introns, presence/absence of minor snRNAs in the annotated transcriptome (red: U11, light
blue: U12, yellow: U4atac, purple: UBatac), BUSCO score versus the eukaryotic BUSCO gene set, average overall intron density in introns/kbp coding sequence. Taxonomic
relationships based upon data from the NCBI Taxonomy Database [24]; figure generated using iTOL [42]
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Fig. 2. Pairwise minor intron conservation between various species. Bottom num-
ber is the number of minor introns conserved between the pair; top number is the
number of conserved minor introns as a percentage of the minor introns present
in the alignments for the associated species (the row species). For example, there
are eight minor introns conserved between D. melanogaster and L. polyphemus,
which is 88.9% of the Drosophila minor introns present in the alignment, but only
4.3% of Limulus minor introns. Full names of species are as follows: Homo sapiens,
Gallus gallus, Xenopus tropicalis, Latimeria chalumnae, Asterias rubens, Limulus
polyphemus, Ixodes scapularis, Apis mellifera, Drosophila melanogaster, Priapu-
lus caudatus, Lingula anatina, Octopus sinensis, Acropora millepora, Basidiobo-
lus meristosporus, Rhizophagus irregularis, Arabidopsis thaliana, Lupinus angusti-
folius, Nicotiana tabacum, Zea mays, Amborella trichopoda, Sphagnum fallax
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Fig. 3. Average minor intron density (percentage of introns which are minor type;
blue bars) in various eukaryotic clades. Integer numbers following clade names de-
note number of species represented. Outer circle indicates the minor intron density
of the human genome. Taxonomic relationships based upon data from the NCBI
Taxonomy Database [24].
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Fig. 4. Minor intron densities and other metadata for selected species of interest.
Graphical elements are as described in Fig. 1.

Within the protostomes, one of the two sister clades of bi-
lateria, there are cases of relative minor intron enrichment in
both arachnids (Arachnida) and molluscs (Mollusca) (Fig. 1),
as well as in the brachiopod species Lingula anatina and
the horseshoe crab Limulus polyphemus. The order of ticks
Ixodida, including Ixodes scapularis, Dermacentor silvarum
and Rhipicephalus, has a much higher average minor intron
density than other groups within Acari, which includes both
mites and ticks and has seen substantial loss of minor introns
in many of its lineages. On the other side of the bilaterian
tree in deuterostomes, minor intron densities are far more
homogeneous. Vertebrates have consistently high (~0.3%)
minor intron densities, with only a handful of exceptions in
our data that are very likely due to incomplete or otherwise
problematic annotations (for an example, see Liparis tanakae
in Fig. 1, an individual species with dramatically lower mi-
nor intron densities than surrounding taxa, with a low BUSCO
score and no indication of minor spliceosome loss). The re-
maining deeply-diverging clades within deuterostomes have
minor intron densities comparable to vertebrates (the starfish
Asterias rubens being on the high side of vertebrate densities,
for example) with the exception of tunicates, which appear to
have lost a significant number of their ancestral minor intron
complements (and minor splicing apparatus, in the case of
the highly-transformed species Oikopleura dioica).

In their seminal paper examining spliceosomal snRNAs
in various eukaryotic lineages, Déavila Lépez et al. [47] re-
port a number of clades without some/any minor snRNAs
which, based upon our larger dataset, it now seems clear have
both minor introns and most if not all of the canonical minor
snRNAs. These include the Acropora genus of coral, which
has an average minor intron density higher than that of most
vertebrates; within the fungal phylum Chytridiomycota the
Chytridiomycete species Spizellomyces punctatus as well as a
number of Neocallimastigomycetes including Piromyces fin-
nis and Neocallimastix californiae; the genus of blood flukes
Schistosoma; and all of the species of Streptophyta included
in the earlier analysis (see Fig. 1 in [47]). Notably, we
also find minor introns (confirmed by comparative genomics)
in the green algal species Chara braunii (n=166) and Kleb-
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sormidium nitens (n=110), representatives of a group which
until now was thought to lack minor splicing entirely [47, 3,
71], as well as in the Glaucophyte alga Cyanophora paradoxa
(n=77) (which may have transformed minor splicing machin-
ery, as we only find significant hits to the U11 snRNA in that
species).

3.1.2 Minor intron depletion

Punctuated and dramatic loss of minor introns is a hallmark
feature of the minor splicing landscape, and it remains an out-
standing question why certain lineages undergo either partial
or complete loss of their ancestral minor intron complements
[88]. Previous work has delineated many groups that appear
to lack either minor introns, minor splicing components or
both [3, 71, 47], but the diversity and scope of more recently-
available data motivated us to revisit this topic. In addition
to the underlying data presented in Fig. 1, there are a number
of cases of severe and/or complete minor intron loss that we
highlight here. First, the amoebozoan Acanthamoeba castel-
lanii has been found to contain both minor splicing apparatus
as well as a limited number of minor-like intron sequences
[71]. While it remains likely that this species contains a small
number of minor introns based upon previous evidence, we
do not find conservation of any of the twelve Acanthamoeba
introns our pipeline classified as minor in either human or the
more closely-related amoeobozoan Protostelium aurantium.
This may not be particularly surprising, given the low abso-
lute number of minor introns under consideration—between
Protostelium aurantium and human, for example, ~23% of
Protostelium minor introns are conserved, and there are only
two minor introns from Acanthamoeba in regions of good
alignment with human orthologs. Furthermore, we do find a
single shared minor intron position between Acanthamoeba
and human when we disregard the local alignment quality
and simply consider all introns in identical positions within
aligned regions, which amounts to 20% of Acanthamoeba
minor introns in such alignments.

Among clades with extreme but incomplete loss (a clas-
sic case in animals being Diptera), notable examples include
the Acari (ticks and mites), bdelloid rotifers, the springtail
(Collembola) subclass of hexapods, We find no evidence for
minor introns in the following taxa, some of which corrobo-
rate earlier studies: tardigrades (e.g., Hypsibius exemplaris,
Discoba (e.g., Trypanosoma, Leishmania) [47], Orchrophyta
(stramenopiles), Alveolata (protists) [3, 47]. In addition to
an overall extreme reduction in minor introns throughout the
clade generally, the Acari also contains a number of cases of
apparent (by comparative genomic analysis) complete loss in
the parasitic mite Tropilaelaps mercedesae (though minor in-
trons are present in sister taxa) and the earth mite Halotydeus
destructor. We also report two other novel cases of appar-
ent complete minor intron loss outside of Acari. First, in the
Dipteran clade Chironomidae, we find scant evidence of mi-
nor introns in Clunio marinus, Polypedilum vanderplanki or
Belgica antarctica, all of which also appear to be missing
between half and three-quarters of their minor snRNAs. Sec-
ond, the copepod species of crustaceans Tigriopus californi-
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3.2 Minor introns have lower average conservation than major introns

cus and Eurytemora affinis each lack both conserved minor
introns and 75% of the minor snRNA set.

3.2 Minor introns have lower average conser-
vation than major introns

A persistent result in the minor intron literature is that minor
introns are more highly conserved than major introns (specifi-
cally, between animals and plants and even more specifically,
between human and Arabidopsis thaliana) [4], although this
assertion has been contradicted by at least one more recent
analysis [55]. The claim that minor intron conservation ex-
ceeds major intron conservation rests upon the numbers of
introns of both types found in identical positions within 133
alignments of orthologous human-Arabidopsis sequences, as
reported in Table 1 of Basu et al. [4]. For major (U2-type)
introns, they find 115 conserved as major in aligned ortholog
pairs, and 1391 either not present in one of the two orthologs
or present as a minor intron; for minor introns (U12-type),
they report 20 conserved and 135 missing/converted. For
each intron type, taking the number conserved and divid-
ing by the total number of introns of that type present in
the alignments results in conservation percentages of 7.6%
(115{‘_%) for major introns and 12.9% (%) for minor
introns, leading to the conclusion (although the aforemen-
tioned values are not explicitly stated in the text) that minor
introns are more highly conserved between human and Ara-
bidopsis than are major introns. To the extent that we cor-
rectly understand their approach, however, we believe there
may be a complication with this analysis.

Examining the ortholog pairs the authors provide in the
supplementary data, it is evident that many Arabidopsis se-
quences are present in multiple ortholog pairs, which sug-
gests that a standard reciprocal-best-hit criteria for ortholog
identification was not employed and that certain introns will
be counted multiple times within the orthologous alignments.
As many minor introns occur in larger gene families, this
methodology could lead to artificial inflation of the calcu-
lated minor intron conservation, especially given the small
absolute number of minor introns at issue. To attempt to
more thoroughly address the question of minor vs. major
conservation, we identified orthologs in many different pairs
of species across a range of evolutionary distances (see Meth-
ods), and calculated intron conservation using the same met-
ric as above. Within more than 100 such comparisons be-
tween animals and plants (and more than 60 between animals
and fungi), we find no cases where minor intron conservation
exceeds major intron conservation (Fig. 5).

Furthermore, we observe only a handful of cases where
minor intron conservation marginally exceeds major intron
conservation in alignments of more closely-related species
(~3% greater between the starfish Asterias rubens and the
stony coral Orbicella faveolata, for example). In the specific
case of human-Arabidopsis addressed by Basu et al., our data
show minor intron conservation to around half that of major
intron conservation (Table 1). Thus, in the final analysis we
find no compelling support for the idea that minor introns are
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Fig. 5. Comparison of major (y-axis) vs. minor (x-axis) intron conservation across
hundreds of pairs of species. Bilat.-non-bilat.: bilaterian vs. non-bilaterian (animal);
Deut.-prot.: deuterostome vs. protostome. The yellow triangle indicates levels of
conservation of major and minor introns between Homo sapiens and Arabidopsis
thaliana as reported by Basu et al. [4]. Size of markers indicates number of minor
introns conserved between each pair.

in general more conserved than major introns and in fact, the
opposite seems to be true in the vast majority of cases.

Major Minor
PFisher

Neonserved  Nvariabie ~ conservation (%) Neopserved  Nvariabie — conservation (%)

2052 14162 12.7 7 120 55 0.015

Table 1. Comparison of major and minor intron conservation between human and
Arabidopsis thaliana. Nconserved indicates the number of introns of each type
conserved as the same type in both human and Arabidopsis. Nyariabie indicates
the total number of introns (of both species) present in the alignments where the
corresponding position in the opposing sequence either does not contain an intron,
or contains an intron of the other type.

3.3 Minor intron loss vs. conversion

When an ancestral minor intron ceases to be a minor intron,
it is thought to happen primarily in one of two ways: the en-
tire intron sequence could be lost via, for example, reverse
transcriptase-mediated reinsertion of spliced mRNA [44, 17,
88, 33], or the intron could undergo sequence changes suffi-
cient to allow it to be recognized instead by the major spliceo-
some [11, 21, 20, 26]. From first-principles arguments based
on the greater information content of the minor intron motifs
[11, 10, 21] along with empirical analyses [44], it is assumed
that intron conversion proceeds almost universally unidirec-
tionally from minor to major. Previous work has also shown
that the paradigm of full intron loss (sequence deletion) ap-
pears to dominate over conversion in minor introns [44]; we
wondered whether any exceptions to this might exist.

10 | bioRxiv

We first assembled a manually-curated sample of species
with significant/complete minor intron loss, along with a
number of species with much higher minor intron conser-
vation for comparison. For each selected species, we chose
an additional species as well as a species to serve as an out-
group, and then identified orthologs between all members of
the group to allow us to identify ancestral major/minor in-
trons (see Methods for details) and estimate fractions of each
intron type retained. Considering loss to include both se-
quence deletion as well as type conversion (which we assume
to be unidirectional from minor to major, as discussed above),
Fig. 6 shows that minor intron loss is more pronounced than
major intron loss in the species we examined (also shown
more generally in Fig. 5).

We can, however, also decompose the phenomena con-
tributing to the higher degree of loss of minor introns and
ask whether sequence deletion specifically, for example, dif-
fers between the two types. Somewhat surprisingly, we find
that this form of intron loss is very similar between the two
types of introns in species which have lost significant frac-
tions of their minor introns (Fig. 7). Because the selected
species were chosen based upon putative loss of minor in-
trons and the sample size is low, it is difficult to interpret
the apparent bias toward minor intron deletion in the verte-
brates and plants in Fig. 7. For the other species, however,
this data suggests that there is not a particular selective pres-
sure toward removing minor intron sequences themselves, at
least not any more than there is pressure to remove intron se-
quences generally, in instances of pronounced minor intron
upheaval.

‘We can also look at the other side of the intron loss coin,
conversion from minor to major type rather than sequence
deletion. Here, we find that in many instances loss does
indeed outstrip conversion (as reported by [44]), sometimes
dramatically so, but there are interesting exceptions—in par-
ticular, the leech Helobdella robusta (HelRob), which seems
to have retained a large fraction of its ancestral major introns,
has lost ~80% of its minor introns primarily through conver-
sion to major-type (Fig. 8). By contrast, the annelid worm
Dimorphilus gyrociliatus (DimGyr), found in a clade (Poly-
chaeta) sister to Helobdella robusta, has undergone a seem-
ingly independent loss of minor introns of similar propor-
tion to Helobdella under a very different modality, with loss
(deletion) outweighing conversion (Fig. 8). It is unclear what
forces are responsible for the relative contributions of each
mechanism; in Helobdella, the major intron sequences are
slightly more degenerate at the 5'SS end than in e.g., human,
which might lower the barrier to entry for would-be minor-to-
major converts but this is purely speculative and more work
is needed to better characterize these dynamics. It should be
noted that under the current analysis we cannot differentiate
between losses and conversions followed by subsequent loss;
our conversion estimates, therefore, should be seen as lower
bounds.
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3.4 Positional biases of major and minor in-
trons

It has been known for many years that introns in many species
exhibit a 5’ bias in their positions within transcripts [54, 45,
72]. This can be explained in large part due to biased intron
loss: because a primary mechanism of intron loss (and, to
a more limited extent, gain) is thought to occur via reverse-
transcriptase mediated insertion of spliced mRNA [68, 70,
19], and because this loss appears to be biased toward the 3’
end of transcripts, over time such a process would result in
higher concentrations of introns closer to the 5" end of tran-
scripts.

Less attention has been paid to the positional biases of mi-
nor introns specifically, although at least one study [4] found
that minor introns appear to be especially over-represented
in the 5’ half of transcripts in both human and Arabidopsis
thaliana. We were curious to see whether the same patterns
were present in our own data and whether they generalized
beyond the two species so far examined.

We selected two sets of species to highlight—for the first,
we chose lineages with substantial numbers of minor introns
from a variety of groups; for the second, we picked species
with significant inferred amounts of minor intron loss to in-
vestigate whether any 5’ bias might be more extreme in the
remaining minor introns. In our analysis, we confirm the
5’ bias as previously described [4] in Arabidopsis thaliana
(Fig. 9a), although we do not find the same difference in ma-
jor and minor intron positions in human.

More broadly, our results point to a less-clear picture than
earlier work might suggest—while we do find a number of
cases of cases in animals where minor introns are more 5’-
biased than major introns (Fig. 9b, Amphibalanus amphitrite
and Trichinella spiralis), the pattern is not broadly signifi-
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Fig. 9. Intron position distributions for major (red) and minor (yellow) introns in selected species. (a) Species enriched in minor introns. (b) Species with significant inferred
minor intron loss; white dots represent individual minor introns. For both plots: Dashed lines represent the first, second and third quartiles of each distribution. Statistically
significant differences between minor and major introns are indicated with asterisks (two-tailed Mann-Whitney U test; » p < 0.05; «* p < 0.001; «** p < 0.0001; ns=not
significant). Note that in some cases of significant differences between the two intron types, e.g., within animals, the set with greater 5’ bias is the major introns.

cant and is occasionally reversed (e.g Ixodes scapularis), al-
beit in animal species with less-dramatic minor intron loss
(Fig. 9A). Within plants, however, we appear to find a clearer
pattern, with a much higher fraction of plants species in both
groups displaying a strong 5’ bias in their minor introns. To
determine how widespread this pattern of greater relative 5
bias in minor introns is, we searched our entire dataset for
species with 1) significant differences in minor intron occur-
rence between the 5" and 3’ halves of trancripts as assessed
by a two-tailed exact binomial test, where presence in the 5’
half of a transcript was considered a success (as in ref. [4]), 2)
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significant differences between major and minor positions as
determined via a two-tailed Mann-Whitney U test and 3) me-
dian minor intron positions more 5’ biased than median ma-
jor intron positions. Among such species, plants are highly
over-represented (Table 2, p = 8.9 x 10758 by a Fisher’s ex-
act test).

It is possible that this pattern, taken together with the
higher degree of stability of minor intron densities in plants,
reflects an ancient loss of minor introns in the plant ancestor,
the signature of which is now shared broadly among extant
species. It might also suggest a unique and/or more consis-

Larue etal. | Where the Minor Things Are


https://doi.org/10.1101/2022.09.24.509304
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.24.509304; this version posted September 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Clade Niotat Ny min %o
Streptophyta 290 112 38.6
Fungi 63 2 32
Metazoa 1204 21 1.7
Stramenopiles 16 0 00
Evosea 4 0 00
Discosea 1 0 00

Table 2. Proportions of species in various groups with statistically significant 5" bias
(N7 57 ) of minor intron positions within transcripts.

tent paradigm for minor intron loss in plants, distinct from
the more haphazard process seemingly at work within other
parts of the eukaryotic tree where losses have occurred more
recently and more frequently.

3.5 Phase biases of minor introns

Spliceosomal introns can occur at one of three positions rel-
ative to protein-coding sequence: between codons (phase 0),
after the first nucleotide of a codon (phase 1) or after the sec-
ond (phase 2). In most species, major introns display a bias
toward phase 02 [58, 46] (Fig. 10a), while minor introns are
biased away from phase 0 [11, 55] (Fig. 10b).

It remains an unsettled issue why minor introns are biased
in this way—one theory proposed by Moyer et al. [55] sug-
gests that such a bias could arise from preferential conversion
of phase 0 minor introns to major type, which would over
time lead to the observed pattern. Here, we wanted to make
use of the size of our dataset to better characterize the diver-
sity of intron phase more broadly, and identify any exceptions
to the general rule. As shown in Fig. 11a, the phase distribu-
tions of major introns are fairly tightly grouped. On average,
for major introns in minor-intron-containing species, phase
0 makes up 47%, phase 1 30% and phase 2 23%. In addi-
tion, the proportions of phase 0 and phase 1 introns are quite
highly correlated. Minor introns, on the other hand, are less
consistent in their phase distribution and have a lower phase
0 to phase 1 correlation, although the majority cluster quite
strongly around the average value of phase 0, 22% (Fig. 11b).

It is intriguing that a small number of species appear to
have much higher fraction of phase 0 minor introns (Figures
11b and 12). What’s more, these species (with the notable
exception of Blastocystis sp. subtype 1, addressed below) all
have very low numbers of minor introns (Fig. 12). While
these data are not necessarily incompatible with the conver-
sion paradigm mentioned above (which might predict minor
introns in species with pronounced loss to show especially
strong bias away from phase 0, although with such small
numbers of remaining minor introns it may simply be that
stochasticity dominates), it at least invites further investiga-
tion into the forces underlying the phase biases in minor in-
trons generally.

The species Blastocystis sp. subtype 1 is similar to the

2We note here for posterity the most striking case of this bias we have
found in the yeast species Candida maltosa (which lacks minor introns),
where all ~1000 annotated introns appear to be phase 0 (Fig. 10a, bottom-
right corner).
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3.5 Phase biases of minor introns

other unusual cases mentioned in its reduced minor intron
bias away from phase 0, but is remarkable for the number of
minor introns involved (n=253). It is also interesting that its
minor intron phase distribution is almost identical to the dis-
tribution of phases in its major introns (not shown). While
this raises the possibility that the minor introns in Blastocys-
tis sp. subtype I are false-positives, the fact that we find a) all
four minor snRNAs in the genome, b) a (small but non-zero)
number of its minor introns conserved in Lingula anatina
(not shown) and c) putative minor introns in a closely-related
species (Blastocystis hominis) provides evidence that they are
likely real. Assuming they are bona fide minor introns, an-
other possible explanation for the phase 0 enrichment could
be that they have been more recently gained, and (under the
conversion hypothesis) have not yet had time to develop the
phase bias present in older minor intron sets. More thorough
comparative genomics work within the clade after additional
species become available would help to clarify the evolution-
ary picture.

3.6 Non-canonical minor intron splice bound-
aries

The vast majority (>98.5%) of major introns in most eu-
karyotic genomes begin with the dinucleotide pair GT, and
end with the pair AG [12, 13, 55, 78], with an additional
much smaller contingent of GC-AG introns present in many
genomes. When minor introns were first discovered, they
were initially characterized largely by their distinct AT-AC
termini [30, 34]. However, it was subsequently discovered
that in fact the majority of minor introns in most species share
the same terminal boundaries as major introns [21, 11], al-
though the AT-AC subtype may constitute a more significant
fraction of minor introns in certain species [88, 64, 55, 1, 3].
Over time, additional non-canonical (i.e., not GT-AG, GC-
AG or AT-AC) subtypes of minor introns have been identified
in various organisms [60, 1, 55, 78, 44], but these analyses
have been limited to species for which there were available
minor intron annotations which until now were quite limited.

Because non-canonical introns do not (by definition) look
like normal introns, it can be difficult to differentiate between
biological insights and annotation errors when examining eu-
karyotic diversity at scale. For example, a recent report on
non-canonical introns in diverse species described significant
enrichment of CT-AC introns in fungi [25]. However, and
as addressed briefly in the paper itself, CT-AC boundaries
happen to be the exact reverse-complement of the canonical
GT-AG boundaries—additional sequence features of these
introns presented, such as a high occurrence of C 5 nt up-
stream of the 3’SS (which would perfectly match the hall-
mark +5G were the intron on the other strand) and an enrich-
ment in +1C after the 3’SS (corresponding to the canonical
-1G at the 5’SS on the other strand) make it very likely in
our estimation that such introns are in fact incorrectly anno-
tated due to some combination of technical errors and anti-
sense transcripts. To combat issues of this sort, we first per-
formed multiple within-kingdom alignments of various ani-
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mal and plant species with high relative levels of annotated
non-canonical minor intron boundaries. Conserved introns
were then clustered across many different alignments to form
conserved intron sets, which were then filtered to include
only minor introns in sets where at least two minor introns
were found (see Methods for details). These sets of introns
are much less likely to contain spurious intron sequences,
although they also may not fully represent more recent or
lineage-specific boundary changes and they do not include
introns from every species in our collected data.

Our results in animals (Fig. 13a) and plants (Fig. 13b) are
largely consistent with previous data on non-canonical mi-
nor introns [60, 78, 44], with only small differences in the
rank-order within each set. The set of plant non-canonical
minor intron termini is both less-diverse than the animal set
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3.7 Minor intron-containing genes are longer and more intron-rich than genes with major introns only
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Fig. 13. Non-canonical intron termini of conserved minor introns in (a) animals and
(b) plants.

and more lopsided; while the most common non-canonical
termini is AT-AA in both kingdoms, almost 75% of all non-
canonical minor introns we identify in plants are of the AT-
AA subtype, versus less than half that proportion for the same
subtype in animals. Interestingly, the second most common
non-canonical termini in animals, AT-AT, is almost entirely
absent in plants.

As can be seen in Table 3, the vast majority of non-
canonical termini differ by a single nucleotide from a canon-
ical terminus; only GT-TA, GT-CA, AT-GA, AT-CG, CT-AT,
and AT-GT in animals and AT-TT, AT-CA, AT-CG, AT-GA,
and AT-GT in plants differ by more than one nucleotide, and
each are only a tiny minority of the total non-canonical set.
Additionally, there are small differences between the con-
sensus sequences outside of the terminal dinucleotides be-
tween the different subtypes of minor introns (Fig. 14), and
also within the same subtype between animals and plants.
The most prominent examples of the latter are in the fol-
lowing subtypes: GT-GG (AT motif immediately preceeding
the 3’SS, and ATG motif immediately following it in plants),
AT-AG (—1C from the 3’SS in animals) and GT-AT (-1A in
animals).

3.7 Minor intron-containing genes are longer
and more intron-rich than genes with ma-
jor introns only

Across the eukaryotic tree, genomes can vary widely in
the number of introns contained in an average gene [70].
Some vertebrate genes have dozens or even hundreds of in-
trons (e.g., the gene titin in human), whereas most genes

Larue etal. | Where the Minor Things Are

of the yeast Saccharomyces cerevisiae lack introns entirely.
Given the fact that minor introns appear to be arranged non-
randomly throughout genomes where they are found [55, 43,
78, 1] a natural question to ask is to what extent and in
what ways are minor intron-containing genes (MIGs) differ-
ent than those without minor introns? As far as we are aware,
while this question has been addressed in a variety of ways
by different groups [4, 11, 35], relatively little attention has
been paid to possible differences in a number of basic gene at-
tributes, namely gene length (excluding introns) and number
of introns per unit coding sequence or "genic intron density"
(a coinage we will use here to distinguish from our more fre-
quent usage in this paper of "intron density" to describe some
number of introns in terms of their relative share of the total
introns in the genome).

Strikingly, when we compare the genic intron density of
MIGs to all other genes in species with minor introns, we
find that MIGs are universally more intron-dense on average
than non-MIGs (Fig. 15a). Furthermore, it appears that av-
erage MIG lengths (excluding intron sequences) are longer
than other genes in the vast majority of species with minor
introns (Fig. 15b). While there are a number of cases where
the median non-MIG gene length exceeds the median MIG
gene length, none of those differences are statistically signif-
icant (Mann-Whitney U test, p > 0.05). An in-depth analysis
of this qualitative finding is beyond the scope of the current
paper, but it seems an underappreciated difference between
the two intron types and would benefit from further investi-
gation.

Animals Plants

Termini % Count
AT-AA  73.6 690
GT-GG 123 115
AT-AG 6.7 63

Termini % Count
AT-AA 29 823
AT-AT  24.7 701
AT-AG 232 658

GT-AT 113 319 GT-AT 2 19
GT-GG 5.6 159 GT-TG 1.6 15
GT-CG 1.6 46 TT-AG 1.3 12
GT-TG 1 29 AT-CA 0.6 6
CT-AC 0.8 24 GT-CG 0.5 5
GG-AG 0.7 21 AT-AT 0.4 4
GA-AG 05 14  AT-TT 0.2 2
TT-AG 0.4 10
GT-TA 0.1 3
GT-CA 0.1 3
AT-GA 0.1 3
AT-GC 0.1 3
CT-AG 0.1 2
AT-CG 0.1 2
CT-AT 0.1 2
AT-CC 0.1 2
AT-GT 0.1 2

Table 3. Non-canonical minor intron termini in animals and plants. Termini with only
a single occurrence are excluded.
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3.8 Comparison of minor and major intron
lengths

While a number of studies have compared the length distri-
butions of the different intron types in a limited assortment of
genomes [43, 89, 55], without a large set of species contain-
ing minor introns to compare within it has been difficult to
gauge the extent to which minor intron lengths might differ
from major intron lengths. With the comprehensive minor
intron data we have collected, we were able to ask a very
basic question: what is the general relationship between av-
erage major and minor intron lengths? At a high level, the
answer appears to be that the relationship is roughly linear
(Fig. 16)—species with longer average major intron length
tend to also have longer average minor intron length (Spear-
man’s p = 0.625 for median values, p = 5.08 x 10~16). One
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interesting aspect of the data in Fig. 16 is shown more clearly
in the inset plot (which is simply the subset of the data in the
main plot with length < 1000 bp): certain species have signif-
icant minor intron loss (small markers) and large differences
between average minor and major intron lengths. It should
be noted that the set of species in that region is enriched
for Drosophila (a taxonomically over-represented genus in
the sequence databases), but includes many additional insect
species as well.

Although it is not clear what immediate conclusions can be
drawn from this data, some additional questions are raised:
Were shorter minor introns especially selected against in
these lineages, such that the only minor introns remain-
ing are disproportionately long? What is driving variation
within, for example, Drosophila such that in some species
the difference between minor and major is relatively modest
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Fig. 16. Median major intron length (y-axis) vs. median minor intron length (x-axis)
for all species with high-confidence minor introns. Size of markers indicates number
of minor introns in the genome. Inset: The subset of the data with length < 1000
bp.

(Drosophila busckii, major=65 bp and minor=189 bp) and
in others, it’s much more stark (Drosophila biarmipes, ma-
jor=77 bp and minor=677 bp)? It should be noted as well that
for Drosophila specifically, almost all of the minor introns are
conserved within the genus, so the previous example is made
more interesting because 100% of the D. busckii minor in-
trons are shared with D. biarmipes, yet are far longer in the
latter than the former. It did occur to us to check whether mi-
nor introns in these outlier species happen to be (for whatever
reason) in genes with longer-than-average intron size, and al-
though we have not done so systematically we have checked
a number of more extreme cases and have found the same
pattern recapitulated between minor and major introns of the
same genes. For example, in the black soldier fly Hermetia
illucens, the median minor intron length is 4019 bp and the
median major intron length is only 105 bp. Comparing mi-
nor to major within only the minor intron-containing genes
changes things, but not qualitatively—the median major in-
tron length becomes 399.5 bp, but the difference between mi-
nor and major is still significant (p = 0.0025 by one-tailed
Mann-Whitney U test under the alternative hypothesis that
minor intron lengths are longer).

3.9 Reconstruction of ancestral minor intron
densities

In an attempt to quantify some of the evolutionary dynam-
ics leading to the variegated pattern of minor intron densities
we see in extant lineages, we sought to estimate minor intron
densities for certain ancestral nodes throughout the eukary-
otic tree (see Methods). For each selected node, we identified
pairs of species for which the node is the most recent com-
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3.9 Reconstruction of ancestral minor intron densities

mon ancestor and, in combination with an outgroup species,
performed three-way protein-level alignments to allow us to
identify intron states for each species within the alignments.
Then, using the procedure described in [67], we calculated
the number of minor and major introns estimated to have
been present in the aligned regions in the ancestral genome,
and repeated this process using many different combinations
of species for each node to derive average values across all
such comparisons. Because the absolute number of introns
present in the aligned regions in the ancestor is not a par-
ticularly easy value to interpret, for reconstructions within a
given kingdom we normalized the ancestral density of each
intron type by a chosen reference species from that kingdom
present in every alignment (see Methods for details). The
reference species for animals, fungi and plants were Homo
sapiens (minor intron density 0.276%), Rhizophagus irreg-
ularis (minor intron density 0.272%) and Lupinus angusti-
folius (minor intron density 0.273%), respectively. Fig. 17
shows both distributions of minor intron densities in con-
stituent species from each terminal clade (violin plots), as
well as estimates of ancestral minor intron densities at vari-
ous nodes (colored boxes) as fractions of the density of minor
introns in the aligned regions of the reference species (i.e.,
ancestral densities > 1 indicate minor intron enrichment rela-
tive to the reference species, and ancestral densities <1 indi-
cate reduction).

As shown in Fig. 17, ancestral minor intron densities were,
in large part, modestly higher than minor intron densities in
the relatively minor-intron-rich reference species, with the
exception of a number of episodes of pronounced loss in
the ancestors of Diptera, Pancrustacea and Zoopagomycota.
The apparent enrichment of minor introns in the ancestor
of Chelicerata is interesting, as it suggests there many have
been some amount of minor intron gain along the path from
the arthropod ancestor. This result needs to be qualified,
however, by noting that in that region of the tree we were
constrained by lack of available data to using only Limulus
polyphemus for one of the two ingroup species, as well as
the fact that in any given reconstruction, the calculated intron
density is limited to the genes involved in the reconstruction.
With similar caveats, the low inferred ancestral minor intron
density of Zoopagomycota is notable as that group contains
Basidiobolus meristosporus, which has the highest minor in-
tron density so far discovered in fungi (0.554%). Overall,
these results paint a picture of ancestral minor intron com-
plements as generally analogous to those of minor intron rich
extant species, and highlight the quixotic nature of minor in-
tron loss dynamics throughout eukaryotic diversity. It would
be interesting to have these results expanded upon once phy-
logenetic uncertainty has been reduced throughout the tree
and even more diverse genomes are available for analysis.

3.10 Unprecedented minor intron density in
the fungus Rhizophagus irregularis

In our broad survey of eukaryotic species, we found a large
number of putative minor introns in the mycorrhizal fun-
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Fig. 17. Minor intron density distributions in selected clades, and ancestral reconstructions of minor intron densities at selected nodes. Ancestral density node label color

indicates relative enrichment (blue) or reduction (red) relative to the reference species in the alignments. For animals, the reference is Homo sapiens; for plants the reference
is Lupinus angustifolius; for fungi the reference is Rhizophagus irregularis.
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gus Rhizophagus irregularis, a member of the Glomeromy-
cota group of fungi. There is clear correspondence between
minor-versus-major spliceosomal sequence characteristics in
the two primary differentiating parts of the introns, namely
the 5’splice site and the 3’branchpoint structure (Fig. 18a),
and consensus sequence features closely follow those previ-
ously found in animals and plants (Fig. 18b). A subset of
minor introns were found at conserved gene positions with
minor introns in other fungi, animals and plants (Fig. 18c,d),
further increasing our confidence that these introns repre-
sent bona fide minor spliceosomal introns. Searches of the
genome further provided evidence for presence of many mi-
nor spliceosome-specific proteins as well as all four minor
spliceosome-specific non-coding RNAs (Ul1, U12, U4atac,
and Ub6atac) (Fig. 18e,f). As found previously in animals
and plants, we found a distinctive distribution of intron phase
(position at which introns interrupt the coding codon series,
whether between codons (phase 0) or after the first or second
nucleotide of a codon (phase 1 and 2, respectively): whereas
major introns typically show the pattern (phO > phl > ph2),
minor introns in R. irregularis followed the minor pattern in
animals and plants (ph1 > ph2 > ph0; [43, 55]) (Fig. 18g). In
total, we predict that 199 introns in R. irregularis are minor-
type (0.275% of 72,285 annotated introns), orders of magni-
tude higher than for other fungal species previously reported
to contain minor introns (~4 in Rhizopus oryzae and ~20 in
Phycomyces blakesleeanus) [3].

02 o4 o6 08
Fraction of U12-type introns

— Y.

Fig. 18. Evidence of minor introns and splicing machinery in Physarum poly-
cephalum. (a) BPS vs. 5’SS scores for Rhizophagus irregularis, showing the
expected cloud of introns with minor-intron-like 5SS and BPS scores in the first
quadrant. (b) Comparison of minor intron sequence motifs in Rhizophagus, hu-
man and Arabidopsis. (c) Conservation of Rhizophagus minor and major introns
in different species. (d) Examples of minor introns in Rhizophagus in conserved
alignments with minor introns in other species. (e) The four minor snRNAs U11,
U12, U4atac and U6atac found in Rhizophagus. (f) Comparison of minor intron
phase distributions in different species, showing the expected pattern in Rhizopha-
gus. Species abbreviations are as follow: HomSap: Homo sapiens, NemVec: Ne-
matostella vectensis, AraTha: Arabidopsis thaliana, PhyPat: Physcomitrium patens,
RhiMic: Rhizopus microsporus, ZeaMay: Zea mays, GalGal: Gallus gallus.
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3.11 No evidence for increased minor splicing in proliferating cells

3.11 No evidence for increased minor splicing
in proliferating cells

We next sought to test whether R. irregularis, like animals
and plants, upregulates splicing of minor introns in prolif-
erating cells. We used published transcriptomic data from
five cell types (four replicates each), and assessed likely pro-
liferation profiles of the six cell types using the previously
published proliferation index (PI) approach. Briefly, we first
identified putative orthologs of genes known to be associ-
ated with cell proliferation in humans. For each such pu-
tative PI ortholog, z-scores were calculated for all 20 sam-
ples, and those z-scores were then used for comparison across
cell types as well as for comparisons within cell types be-
tween putative PI orthologs and other genes. This allowed
us to calculate relative proliferation scores for all five cell
types. While % cell types showed similar PI values, one cell
type, immature spores, showed substantially and significantly
higher values (Fig. 19a), a pattern that also held when we
look at the more straightforward metric of adjusted FPKM
values (Fig. 20). This overall significance notwithstanding, it
should be noted that only a small fraction of genes included
in the PI individually showed significant differences in ex-
pression between cell types. In addition, we noted that many
non-PI genes are also overexpressed in immature spores rel-
ative to other cell types; while one interpretation of this re-
sult is that it reflects generally more active gene expression
in proliferating cells, it does provide a caveat for the overall
strength of the observed difference.
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Fig. 19. (a) Comparison of expression of proliferation-index genes (PI, light purple)
and all other genes (Non-PI, dark purple) across cell types, n=70 Pl and n=9276
non-Pl in each cell type. (b) As in (a), but for minor intron-containing genes (MIGs)
compared to non-MIGs; n=96 MIG and n=9249 non-MIG for each cell type. (c)
Intron retention values across cell types for U12- (blue, left) and U2-type (orange,
right) introns. Cell types are labeled as described in the text.
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We then tested the association between markers of mi-
nor spliceosomal activity and these proliferation scores. We
first looked for systematic differences in overall gene expres-
sion of MIGs between cell types with different proliferation
scores, using various approaches. First, using the same z-
score based approach as for the proliferation score (though
with MIGs instead of putative PI orthologs), we found that
MIGs were in fact more highly expressed in cell types with
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higher proliferation scores (Fig. 19b). On the other hand, we
found that very few MIGs reached significant levels of differ-
ential expression, and were in fact underrepresented among
genes that showed significant differential expression in multi-
ple comparisons between cell types of different proliferation
index scores (e.g., 4.2% of minor intron-containing genes
compared to 21.9% of other genes in the IS-MS compari-
son). In total, these results suggest that expression of MIGs
shows a detectable but only moderate association with prolif-
eration index in R. irregularis, in contrast to the robust results
previously observed in humans.

We next compared the efficiency of minor intron splicing
between cell types. Contrary to our hypothesis that minor
splicing would be more active in proliferating cells, we found
that minor intron retention was in fact significantly (though
only modestly) higher in proliferating cells (Fig. 19¢c). This
result held whether we used z-score-based metrics or the in-
tron retention values themselves, and whether we used splic-
ing efficiency or intron retention as our metric. We also as-
sessed expression of the minor splicing machinery itself (i.e.,
the known components of the minor spliceosome). In com-
parisons between immature spores and other cell types, no
component individually showed higher expression, however
collectively the machinery was 3.5x more highly expressed
in immature spores than other cell types, reaching signif-
icance when considered collectively. However, the major
spliceosomal machinery also showed a similar pattern (with
5x higher expression), and as such it seems that lower ex-
pression of the minor splicing machinery could be part of a
larger pattern of up/regulation of core molecular functions in
proliferating/quiescent cells.

The observed association between minor intron splicing
and cell proliferation in animals resonates with the long-
standing finding that minor introns are overrepresented in
genes involved in core cellular processes. Given that minor
intron splicing in Rhizophagus does not appear to be asso-
ciated with cell proliferation, we probed these patterns more
deeply.

Gene ontology analysis of Rhizophagus MIGs revealed a
curious pattern in which GO results were highly dependent
on the control dataset used. Because of the dearth of Rhi-
zophagus functional annotations, GO analyses were neces-
sarily run by identifying human orthologs of Rhizophagus
MIGs. When GO analysis was run on these orthologs as
a subset of all human genes, a number of overrepresented
functional categories were found, in large part mirroring re-
sults for humans. However, we realized that there is a poten-
tial bias in this analysis: all human genes present in the Rhi-
zophagus MIG ortholog set have Rhizophagus orthologs, thus
excluding most human genes (only 14%, 3190/23257, had
identified Rhizophagus orthologs), and in particular animal-
specific genes. Remarkably, when we limited our GO anal-
ysis control group to human genes with Rhizophagus or-
thologs, we found much less functional overrepresentation
(Table 4).

Notably, a similar concern applies to human MIGs in gen-
eral: because nearly all human minor introns are quite old,
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human MIGs are commensurately old, which could drive
functional correlations given known differences in functional
categories between genes of different ages. Indeed, when
we performed a GO analysis of human MIGs with Rhizoph-
agus orthologs, limiting the reference set to human genes
with Rhizophagus orthologs (a rough surrogate for gene age
given that, unlike baker’s yeast, Rhizophagus may not have
lost many ancestral genes [73]), we found a much lower
degree of functional enrichment (Table 5). These results
support the conclusion that the long-standing result that mi-
nor introns are functionally overrepresented in core cellular
processes may be largely explained by the fact that minor
introns fall primarily in evolutionarily older genes, which
are overrepresented in core cellular functions. Interestingly,
when we compared all human MIGs (given that minor intron
presence strongly suggests that a gene is ancient) to human
genes with Rhizophagus orthologs, we did see a significant
number of overrepresented functional categories (https:
//doi.org/10.6084/m9.figshare.20483841). It
is not entirely clear why all MIGs, but not MIGs with Rhi-
zophagus orthologs, show substantial functional differences
relative to all genes with Rhizophagus orthologs. Insofar
as MIGs are ancient genes, MIGs without Rhizophagus or-
thologs likely represent losses in fungi; gene losses are likely
to be functionally biased, perhaps explaining the observed
pattern.

4 Discussion

4.1 An expanded view of minor intron diver-
sity

Over the last decade, and after many if not all of the most
prominent papers examining minor intron diversity were pub-
lished, there has been a marked increase in the number of
annotated genomes publicly available for bioinformatic anal-
ysis. Ten years ago, for example, NCBI had annotated fewer
than 60 genomes—it now lists over 800, and that is counting
only annotations performed by NCBI itself. The breadth of
data now available has enabled us to undertake a much more
sweeping, if necessarily less focused, assessment of minor in-
tron diversity than has ever been possible before, uncovering
a wide variety of both novel and confirmatory information
about minor intron dynamics across the eukaryotic tree.

We have shown for the first time the presence of sub-
stantial numbers of minor introns as well as minor spliceo-
somal snRNAs in a variety of lineages previously thought
to be lacking them, including green algae, fungi and stra-
menopiles. In addition, we have described results contradict-
ing a number of longstanding results in the minor intron liter-
ature, and have highlighted various underappreciated differ-
ences between MIGs and other genes as well as broadening
the scope of earlier, more limited analyses.

Although we have endeavored to be as careful as possible
in curating the data we have reported, as with any compu-
tational study of this scale there is bound to be some noise,
especially given our reliance on existing gene annotations de-
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4.2 A relatively simple organism with a large number of minor introns

GO term Hs-Ri RiMIGs E O/U FE FDR

vesicle-mediated transport (GO:0016192) 288 33 12.82 + 2.57 1.16E-02
intracellular transport (GO:0046907) 434 39 19.32  + 2.02  3.00E-02
establishment of localization in cell (GO:0051649) 476 42 21.19 + 1.98 2.84E-02
small molecule metabolic process (GO:0044281) 549 5 24.44 - .20 6.81E-03
carboxylic acid metabolic process (GO:0019752) 309 1 13.75 - .07 3.41E-02
oxoacid metabolic process (GO:0043436) 314 1 1398 - .07 4.43E-02
organic acid metabolic process (GO:0006082) 319 1 1420 - .07  3.34E-02

Table 4. GO term enrichment for MIGs in Rhizophagus, compared to all human-Rhizophagus orthologs. E: expected, O/U: over/under, FE: fold enrichment, FDR: false-

discovery rate.

GO term Hs-Ri HMIGs g O/U FE FDR
w/RiO

intracellular transport (GO:0046907) 434 54 2965 + 1.82  4.27E-02

small molecule metabolic process (GO:0044281) 549 12 37.51 - 32 1.67E-03

carboxylic acid metabolic process (GO:0019752) 309 2 21.11 - .09  9.13E-04

oxoacid metabolic process (GO:0043436) 314 2 2145 - .09 8.72E-04

organic acid metabolic process (GO:0006082) 319 2 2179 - .09 1.12E-03

Table 5. GO term enrichment for human MIGs with Rhizophagus orthologs, compared to all human-Rhizophagus orthologs. E: expected, O/U: over/under, FE: fold

enrichment, FDR: false-discovery rate.

rived from heterogeneous pipelines. One persistent issue in
bioinformatic analyses of minor introns is the lack of a gold
standard, empirically-verified set of minor intron sequences.
While comparative genomics can do a great deal of heavy
lifting in this regard, it is often a time-consuming process at
scale and the field in general would benefit greatly from a
ground-truth set of minor introns based upon minor spliceo-
some profiling data or similar—we look forward to this type
of data becoming available to be used in improving the accu-
racy of minor intron identification and as a result, furthering
our understanding of minor introns and their evolutionary dy-
namics.

4.2 A relatively simple organism with a large
number of minor introns

Minor introns are primarily found in animals and plants and
have been implicated in specifically multicellular phenom-
ena, in particular cell differentiation, leading to the idea that
minor introns are closely associated with organismal com-
plexity (though that these minor introns’ by-and-large ap-
pear to date to early, likely unicellular, eukaryotic ances-
tors complicates this narrative). Here, we report a mycor-
rhizal fungus with only a few cell types and a simple body
plan, whose genome contains over 199 minor spliceosomal
introns. Whereas two previously reported instances of rel-
atively high minor intron densities outside of animals and
plants—in the slime mold Physarum polycephalum [41] and
the protist Blastocystis [28]—appear to be largely due to sec-
ondary minor intron creation ([41], G.E.L and S.W.R., un-
published data and this paper), the R. irregularis minor in-
tron content likely largely reflects retention of ancestral in-
trons, as evidenced by evolutionary conservation of the mi-
nor intron positions as well as functional biases of minor
intron-containing genes that largely echo those in animals
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and plants.

Insofar as the major determinant of modern minor intron
number across species appears to be the degree of minor in-
tron loss from an ancestral complement, a major contributor
to modern densities may be overall evolution rate, with faster-
evolving lineages having lost more introns. If so, then it may
be that Rhizophagus, like multicellular animals and plants,
owes its large minor intron complement mostly to generally
slower genomic evolution, as also could be the case for ma-
jor intron complement, with modern intron densities larger in
lineages with lower intron loss rates (e.g., [15]).

4.3 Neutral evolution can explain functional
biases in minor intron-containing genes

Two patterns of minor intron distribution have long lay in ten-
sion. On the one hand, minor introns’ overrepresentation in
genes with certain functions suggests a regulatory function
for minor splicing, and conservation of many of these func-
tional biases from animals to plants suggests these functions
are ancient. On the other hand, minor introns have been lost
en masse or entirely many times in eukaryotic evolution, sug-
gesting their expendability.

Here, we show that functional biases in MIGs are almost
entirely explained by biases of gene age: because most mi-
nor introns are old, most MIGs are old, and core cellular
processes are overrepresented among old genes. This sug-
gests that minor intron distributions across genes could sim-
ply reflect largely unbiased minor intron gain into ancestral
genomes, and then a lack of minor gain in more recent times.
It would be interesting to explore whether such a schema for
the evolution of a functional bias without selection is relevant
to other age-stratified phenomena.
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4.4 How did splicing of animal minor introns
become associated with cell cycle progres-
sion?

Prior to the current work, we perceived a chicken and egg
problem of functional biases among MIGs [11, 44] and con-
trol of cell proliferation by regulation of minor splicing ( [27,
51, 2]: that is, how could the regulatory control evolve with-
out the functional bias, by why would the functional bias
evolve without the regulatory function? We thus sought to
illuminate this question by studying a third minor intron-rich
lineage. The current findings that the observed functional bi-
ases appear to be largely explained by minor introns’ bias to-
wards older genes, and older genes bias towards core cellular
functions, suggest an answer. Thus, functional biases could
have initially evolved due to these gene age biases, and this
functional bias could then have secondarily been recruited to
regulate cell proliferation in animals in plants.

While this scenario makes sense schematically, is remains
a remarkable contention that decreased minor splicing could
evolve a function in cell regulation; insofar as MIGs repre-
sent a quasi-random subset of ancient genes, it seems likely
that a global reduction in minor splicing would have a wide
variety of impacts, many of them likely costly. Thus how
failure to process a quasi-randomly chosen set of ancestral
genes could evolve as a regulatory mechanism remains puz-
zling, and will require additional work across diverse minor
intron-containing lineages.

Our results do not support the emerging dominant hypoth-
esis for the existence of minor introns, namely that minor
introns provide a means for regulation of cell cycle progres-
sion. The reported lack of cell cycle-regulated minor intron
splicing in fungi suggests that this association is not a general
phenomenon, correspondingly weakening the hypothesis that
such a function could explain the persistence of minor introns
across eukaryotes generally. However, given the possibility
that it may be fungi that are atypical, having secondarily lost
this function, discovery and study of additional minor intron-
rich lineages is a priority, as is development and testing of
alternative hypotheses for the origins and functional biases
of minor intron-containing genes.

4.5 Limitations of the Rizhophagus analysis

Possible caveats of this analysis arise from two surrogates
that we have employed. First, to assess cell cycle activ-
ity/proliferation of cell types, we have used orthologs of hu-
man genes associated with proliferation. The possibility of
turnover of gene expression patterns raises the concern that
these genes are not an appropriate gene set to assess prolif-
eration. Indeed, while clear statistical differences in prolifer-
ation are seen when PI genes are viewed collectively, only a
small fraction (~5-10%) individually show significantly dif-
ferent expression between cell types. However, similar com-
parisons with model fungi attest to generally good conserva-
tion of genes’ association with proliferation, consistent with
an ancient core of cell cycle regulation. Second, we have
used available transcriptomic data not specifically generated

22 | bioRxiv

for the purposes of comparing proliferation, potentially lead-
ing to noise in the data. However, the general pattern ob-
served, in which developing spores show the highest prolif-
eration index, mirrors intuitive expectations, suggesting that
our proliferation scores are capturing at least some of the rele-
vant biological phenomena. Testing of transcriptomic effects
of direct manipulations of cell cycle would be very useful to
confirm (or refute) our results.

S Bibliography

References

[1] Tyler S Alioto. “U12DB: a database of orthologous
Ul2-type spliceosomal introns”. en. In: Nucleic Acids
Res. 35.Database issue (Jan. 2007), pp. D110-D115.
ISSN: 0305-1048. pOI: 10 .1093 /nar /gkl796.
URL: http://nar.oxfordjournals.org/
lookup/doi/10.1093/nar/gkl796.

[2] Fang Bai et al. “RNA Binding Motif Protein 48 Is Re-
quired for U12 Splicing and Maize Endosperm Dif-
ferentiation”. en. In: Plant Cell 31.3 (Mar. 2019),
pp- 715-733. 1SSN: 1040-4651, 1532-298X. DOI: 10.
1105/tpc.18.00754. URL: http://dx.doi.
0org/10.1105/tpc.18.00754.

[31 Sebastian Bartschat and Tore Samuelsson. “U12 type
introns were lost at multiple occasions during evo-
lution”. en. In: BMC Genomics 11.1 (Feb. 2010),
p. 106. 1SSN: 1471-2164. pol: 10 .1186 /1471~
2164-11-106. URL: http://bmcgenomics .
biomedcentral .com/articles/10.1186/
1471-2164-11-106.

[4] Malay Kumar Basu et al. “Ul2 intron positions are
more strongly conserved between animals and plants
than U2 intron positions”. In: Biol. Direct 3 (Jan.
2008), p. 19. 1SSN: 1745-6150. por: 10 . 1186 /
1745 - 6150 — 3 - 19. URL: http : / / www .
pubmedcentral.nih.gov/articlerender.
fcgi ? artid = 2426677 % 7B & $7Dtool =
pmcentrez$%$7B&%7Drendertype=abstract.

[S] Marybeth Baumgartner et al. “Minor spliceosome in-
activation causes microcephaly, owing to cell cycle de-
fects and death of self-amplifying radial glial cells”.
en. In: Development 145.17 (Aug. 2018). 1SSN: 0950-
1991, 1477-9129. pO1: 10 . 1242 /dev .166322.
URL: http://dx.doi.org/10.1242/dev.
166322.

[6] Alicia A Bicknell et al. “Introns in UTRs: Why
we should stop ignoring them”. In: Bioessays 34.12
(2012), pp. 1025-1034. 1SSN: 0265-9247. DOI: 10 .
1002 /bies . 201200073. URL: http: //dx.
doi.org/10.1002/bies.201200073.

[71 CBrack and S Tonegawa. “Variable and constant parts
of the immunoglobulin light chain gene of a mouse
myeloma cell are 1250 nontranslated bases apart™. en.
In: Proc. Natl. Acad. Sci. U. S. A. 74.12 (Dec. 1977),

Larue etal. | Where the Minor Things Are


https://doi.org/10.1093/nar/gkl796
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkl796
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkl796
https://doi.org/10.1105/tpc.18.00754
https://doi.org/10.1105/tpc.18.00754
http://dx.doi.org/10.1105/tpc.18.00754
http://dx.doi.org/10.1105/tpc.18.00754
https://doi.org/10.1186/1471-2164-11-106
https://doi.org/10.1186/1471-2164-11-106
http://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-11-106
http://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-11-106
http://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-11-106
https://doi.org/10.1186/1745-6150-3-19
https://doi.org/10.1186/1745-6150-3-19
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2426677%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2426677%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2426677%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2426677%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
https://doi.org/10.1242/dev.166322
http://dx.doi.org/10.1242/dev.166322
http://dx.doi.org/10.1242/dev.166322
https://doi.org/10.1002/bies.201200073
https://doi.org/10.1002/bies.201200073
http://dx.doi.org/10.1002/bies.201200073
http://dx.doi.org/10.1002/bies.201200073
https://doi.org/10.1101/2022.09.24.509304
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.24.509304; this version posted September 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Larue et al.

pp. 5652-5656. 1SSN: 0027-8424. po1: 10 .1073/
pnas.74.12.5652. URL: http://dx.doi.
org/10.1073/pnas.74.12.5652.

R Breathnach and P Chambon. “Organization and ex-
pression of eucaryotic split genes coding for proteins”.
en. In: Annu. Rev. Biochem. 50 (1981), pp. 349-383.
ISSN: 0066-4154. DOI: 10.1146/annurev.bi.
50.070181.002025. URL: http://dx.doi.
org/10.1146 /annurev.bi.50.070181.
002025.

Thibaut Brunet et al. “Light-regulated collective con-
tractility in a multicellular choanoflagellate”. en. In:
Science 366.6463 (Oct. 2019), pp. 326-334. ISSN:
0036-8075, 1095-9203. pO1: 10.1126/science.
aay2346. URL: http://dx .doi.org/10.
1126/science.aay2346.

C Burge and P A Sharp. “Classification of introns:
U2-type or Ul2-type”. In: Cell 91.7 (1997), pp. 875—
879. 1SSN: 0092-8674. pOI: 10 . 1016 / S0092 -
8674 (00) 80479~-1. URL: http://dx.doi.
org/10.1016/S0092-8674(00)80479~1.

C B Burge, R A Padgett, and P A Sharp. “Evolution-
ary fates and origins of U12-type introns”. en. In: Mol.
Cell 2.6 (Dec. 1998), pp. 773—785. 1SSN: 1097-2765.
DOI: 10.1016/S1097-2765(00) 80292 - 0.
URL: http://dx.doi.org/10.1016/S1097-
2765(00)80292-0.

M Burset, I A Seledtsov, and V V Solovyev. “Analysis
of canonical and non-canonical splice sites in mam-
malian genomes”. en. In: Nucleic Acids Res. 28.21
(Nov. 2000), pp. 4364-4375. 1SSN: 0305-1048, 1362-
4962. pOI: 10.1093/nar/28.21.4364. URL:
http://dx.doi.org/10.1093/nar/28.21.
4364.

M Burset, I A Seledtsov, and V V Solovyev.
“SpliceDB: database of canonical and non-canonical
mammalian splice sites”. en. In: Nucleic Acids Res.
29.1 (Jan. 2001), pp. 255-259. 1SSN: 0305-1048.
Christiam Camacho et al. “BLAST+: architecture and
applications”. en. In: BMC Bioinformatics 10 (Dec.
2009), p. 421. 1SSN: 1471-2105. por: 10 . 1186/
1471-2105-10-421. URL: http://dx.doi.
org/10.1186/1471-2105-10-421.

Liran Carmel et al. “Patterns of intron gain and con-
servation in eukaryotic genes”. In: BMC Evol. Biol. 7
(2007), p. 192. 1sSN: 1471-2148. por: 10 . 1186/
1471 -2148 -7 -192. URL: http : / / www .
pubmedcentral.nih.gov/articlerender.
fcgi?artid=2151770&tool=pmcentrezé&
rendertype=abstract.

Betty Y W Chung et al. “Effect of 5’UTR introns
on gene expression in Arabidopsis thaliana”. en. In:
BMC Genomics 7 (May 2006), p. 120. 1SSN: 1471-
2164.DO1: 10.1186/1471-2164-7-120. URL:
http://dx.doi.org/10.1186 /1471 -
2164-7-120.

| Where the Minor Things Are

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

REFERENCES

Noa E Cohen, Roy Shen, and Liran Carmel. “The role
of reverse transcriptase in intron gain and loss mech-
anisms”. en. In: Mol. Biol. Evol. 29.1 (Jan. 2012),
pp. 179-186. 1sSN: 0737-4038, 1537-1719. DOI: 10.
1093 /molbev /msr192. URL: http: //dx.
doi.org/10.1093/molbev/msrl92.

Clifford W Cunningham. “Some Limitations of An-
cestral Character-State Reconstruction When Testing
Evolutionary Hypotheses”. In: Syst. Biol. 48.3 (1999),
pp. 665-674. 1SSN: 1063-5157, 1076-836X. URL:
http://www. jstor.org/stable/2585333.
L K Derr and J N Strathern. “A role for reverse tran-
scripts in gene conversion”. en. In: Nature 361.6408
(Jan. 1993), pp. 170-173. 1sSN: 0028-0836. DOI: 10 .
1038/361170a0. URL: http://dx.doi.org/
10.1038/361170a0.

Rosemary C Dietrich, John D Fuller, and Richard
A Padgett. “A mutational analysis of Ul2-dependent
splice site dinucleotides”. en. In: RNA 11.9 (Sept.
2005), pp. 1430-1440. 1sSN: 1355-8382.

Rosemary C Dietrich, Robert Incorvaia, and Richard
A Padgett. “Terminal intron dinucleotide sequences
do not distinguish between U2- and Ul2-dependent
introns”. English. In: Mol. Cell 1.1 (Dec. 1997),
pp. 151-160. 1SSN: 1097-2765. por: 10 . 1016 /
S1097-2765(00) 80016~ 7. URL: http://
linkinghub . elsevier . com / retrieve /
pii / S1097276500800167 % 5Cnhttp : / /
ac.els—-cdn.com/S1097276500800167 /
1 -s2.0-1S1097276500800167 — main .
pdf?_tid=06fb8d62-1209-11e2-bfbe—
00000aacb35d & acdnat = 1349784255 _
a887e0227a%9aed594e325340d7d7b7£5.
Karen Doggett et al. “Early developmental arrest
and impaired gastrointestinal homeostasis in Ul2-
dependent splicing-defective Rnpc3-deficient mice”.
en. In: RNA 24.12 (Dec. 2018), pp. 1856-1870. ISSN:
1355-8382, 1469-9001. por: 10 . 1261 / rna .
068221 .118. URL: http://dx .doi.org/
10.1261/rna.068221.118.

Sebastian Duchéne and Robert Lanfear. “Phylogenetic
uncertainty can bias the number of evolutionary tran-
sitions estimated from ancestral state reconstruction
methods”. en. In: J. Exp. Zool. B Mol. Dev. Evol. 324.6
(Sept. 2015), pp. 517-524. 1SSN: 1552-5007, 1552-
5015.D01: 10.1002/jez.b.22638. URL: http:
//dx.doi.org/10.1002/jez.b.22638.
Scott Federhen. “The NCBI Taxonomy database”. en.
In: Nucleic Acids Res. 40.Database issue (Jan. 2012),
pp- D136-43. 1sSSN: 0305-1048, 1362-4962. DOI: 10 .
1093 /nar/gkrl1178. URL: http://dx.doi.
org/10.1093/nar/gkrll78.

Katharina Frey and Boas Pucker. “Animal, Fungi,
and Plant Genome Sequences Harbor Different Non-
Canonical Splice Sites”. en. In: Cells 9.2 (Feb. 2020).
ISSN: 2073-4409. DOI: 10.3390/cells9020458.

bioRxiv | 23


https://doi.org/10.1073/pnas.74.12.5652
https://doi.org/10.1073/pnas.74.12.5652
http://dx.doi.org/10.1073/pnas.74.12.5652
http://dx.doi.org/10.1073/pnas.74.12.5652
https://doi.org/10.1146/annurev.bi.50.070181.002025
https://doi.org/10.1146/annurev.bi.50.070181.002025
http://dx.doi.org/10.1146/annurev.bi.50.070181.002025
http://dx.doi.org/10.1146/annurev.bi.50.070181.002025
http://dx.doi.org/10.1146/annurev.bi.50.070181.002025
https://doi.org/10.1126/science.aay2346
https://doi.org/10.1126/science.aay2346
http://dx.doi.org/10.1126/science.aay2346
http://dx.doi.org/10.1126/science.aay2346
https://doi.org/10.1016/S0092-8674(00)80479-1
https://doi.org/10.1016/S0092-8674(00)80479-1
http://dx.doi.org/10.1016/S0092-8674(00)80479-1
http://dx.doi.org/10.1016/S0092-8674(00)80479-1
https://doi.org/10.1016/S1097-2765(00)80292-0
http://dx.doi.org/10.1016/S1097-2765(00)80292-0
http://dx.doi.org/10.1016/S1097-2765(00)80292-0
https://doi.org/10.1093/nar/28.21.4364
http://dx.doi.org/10.1093/nar/28.21.4364
http://dx.doi.org/10.1093/nar/28.21.4364
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
http://dx.doi.org/10.1186/1471-2105-10-421
http://dx.doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2148-7-192
https://doi.org/10.1186/1471-2148-7-192
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2151770&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2151770&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2151770&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2151770&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1186/1471-2164-7-120
http://dx.doi.org/10.1186/1471-2164-7-120
http://dx.doi.org/10.1186/1471-2164-7-120
https://doi.org/10.1093/molbev/msr192
https://doi.org/10.1093/molbev/msr192
http://dx.doi.org/10.1093/molbev/msr192
http://dx.doi.org/10.1093/molbev/msr192
http://www.jstor.org/stable/2585333
https://doi.org/10.1038/361170a0
https://doi.org/10.1038/361170a0
http://dx.doi.org/10.1038/361170a0
http://dx.doi.org/10.1038/361170a0
https://doi.org/10.1016/S1097-2765(00)80016-7
https://doi.org/10.1016/S1097-2765(00)80016-7
http://linkinghub.elsevier.com/retrieve/pii/S1097276500800167%5Cnhttp://ac.els-cdn.com/S1097276500800167/1-s2.0-S1097276500800167-main.pdf?_tid=06fb8d62-1209-11e2-bf6e-00000aacb35d&acdnat=1349784255_a887e0227a9aed594e325340d7d7b7f5
http://linkinghub.elsevier.com/retrieve/pii/S1097276500800167%5Cnhttp://ac.els-cdn.com/S1097276500800167/1-s2.0-S1097276500800167-main.pdf?_tid=06fb8d62-1209-11e2-bf6e-00000aacb35d&acdnat=1349784255_a887e0227a9aed594e325340d7d7b7f5
http://linkinghub.elsevier.com/retrieve/pii/S1097276500800167%5Cnhttp://ac.els-cdn.com/S1097276500800167/1-s2.0-S1097276500800167-main.pdf?_tid=06fb8d62-1209-11e2-bf6e-00000aacb35d&acdnat=1349784255_a887e0227a9aed594e325340d7d7b7f5
http://linkinghub.elsevier.com/retrieve/pii/S1097276500800167%5Cnhttp://ac.els-cdn.com/S1097276500800167/1-s2.0-S1097276500800167-main.pdf?_tid=06fb8d62-1209-11e2-bf6e-00000aacb35d&acdnat=1349784255_a887e0227a9aed594e325340d7d7b7f5
http://linkinghub.elsevier.com/retrieve/pii/S1097276500800167%5Cnhttp://ac.els-cdn.com/S1097276500800167/1-s2.0-S1097276500800167-main.pdf?_tid=06fb8d62-1209-11e2-bf6e-00000aacb35d&acdnat=1349784255_a887e0227a9aed594e325340d7d7b7f5
http://linkinghub.elsevier.com/retrieve/pii/S1097276500800167%5Cnhttp://ac.els-cdn.com/S1097276500800167/1-s2.0-S1097276500800167-main.pdf?_tid=06fb8d62-1209-11e2-bf6e-00000aacb35d&acdnat=1349784255_a887e0227a9aed594e325340d7d7b7f5
http://linkinghub.elsevier.com/retrieve/pii/S1097276500800167%5Cnhttp://ac.els-cdn.com/S1097276500800167/1-s2.0-S1097276500800167-main.pdf?_tid=06fb8d62-1209-11e2-bf6e-00000aacb35d&acdnat=1349784255_a887e0227a9aed594e325340d7d7b7f5
http://linkinghub.elsevier.com/retrieve/pii/S1097276500800167%5Cnhttp://ac.els-cdn.com/S1097276500800167/1-s2.0-S1097276500800167-main.pdf?_tid=06fb8d62-1209-11e2-bf6e-00000aacb35d&acdnat=1349784255_a887e0227a9aed594e325340d7d7b7f5
https://doi.org/10.1261/rna.068221.118
https://doi.org/10.1261/rna.068221.118
http://dx.doi.org/10.1261/rna.068221.118
http://dx.doi.org/10.1261/rna.068221.118
https://doi.org/10.1002/jez.b.22638
http://dx.doi.org/10.1002/jez.b.22638
http://dx.doi.org/10.1002/jez.b.22638
https://doi.org/10.1093/nar/gkr1178
https://doi.org/10.1093/nar/gkr1178
http://dx.doi.org/10.1093/nar/gkr1178
http://dx.doi.org/10.1093/nar/gkr1178
https://doi.org/10.3390/cells9020458
https://doi.org/10.1101/2022.09.24.509304
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.24.509304; this version posted September 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

REFERENCES

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

24

URL: http : / /dx . doi .
cells9020458.

M J Frilander and J A Steitz. “Initial recognition of
U12-dependent introns requires both U11/5” splice-
site and Ul2/branchpoint interactions”. en. In: Genes
Dev. 13.7 (Apr. 1999), pp. 851-863. 1SSN: 0890-9369.
DOI: 10.1101/gad.13.7.851. URL: http:
//dx.doi.org/10.1101/gad.13.7.851.
Christine M Gault et al. “Aberrant splicing in maize
rough endosperm3 reveals a conserved role for Ul12
splicing in eukaryotic multicellular development”. In:
Proceedings of the National Academy of Sciences
114.11 (2017), E2195-E2204. 1SSN: 0027-8424. DOT:
10.1073/pnas.1616173114. URL: http://
www . pnas . org / lookup /doi /10 .1073/
pnas.1616173114.

Eleni Gentekaki et al. “Extreme genome diversity in
the hyper-prevalent parasitic eukaryote Blastocystis”.
en. In: PLoS Biol. 15.9 (Sept. 2017), €2003769. 1SSN:
1544-9173, 1545-7885. DOI: 10.1371/ journal.
pbio.2003769. URL: http://dx.doi.org/
10.1371/journal.pbio.2003769.

W Gilbert. Why genes in pieces? 1978. DOIL: 10 .
1038/271501a0. URL: http://dx.doi.org/
10.1038/271501a0.

S L Hall and R A Padgett. “Conserved sequences
in a class of rare eukaryotic nuclear introns with
non-consensus splice sites”. In: J. Mol. Biol. 239.3
(1994), pp. 357-365. 1sSSN: 0022-2836. DOI: 10 .
1006/ jmbi.1994.1377. URL: http://www.
sciencedirect . com/ science /article/
pi1ii1/50022283684713775.

Falk Hillmann et al. “Multiple Roots of Fruiting Body
Formation in Amoebozoa”. en. In: Genome Biol. Evol.
10.2 (Feb. 2018), pp. 591-606. ISSN: 1759-6653. DOI:
10.1093/gbe/evy01ll. URL: http://dx.
doi.org/10.1093/gbe/evy011.

Barbara R Holland et al. “Accuracy of ancestral state
reconstruction for non-neutral traits”. en. In: Sci. Rep.
10.1 (May 2020), p. 7644. 1SSN: 2045-2322. DOI: 10..
1038 /541598~ 020—- 64647 - 4. URL: http :
//dx .doi.org/10.1038/s41598-020-
64647-4.

Manuel Irimia and Scott William Roy. “Origin of
spliceosomal introns and alternative splicing”. In:
Cold Spring Harb. Perspect. Biol. 6.6 (2014). 1SSN:
1943-0264. DOI: 10 . 1101 / cshperspect .
a016071. URL: http://dx.doi.org/10.
1101 /cshperspect.a0l16071.

I J Jackson. “A reappraisal of non-consensus mRNA
splice sites”. In: Nucleic Acids Res. 19.14 (July
1991), pp. 3795-3798. 1SSN: 0305-1048. URL: http:
/ / www . pubmedcentral . nih . gov /
articlerender . fcgi ? artid = 328465 &
tool=pmcentrezé&rendertype=abstract.

J Janice et al. “Ul2-type Spliceosomal Introns of In-
secta”. In: Int. J. Biol. Sci. 8.3 (Jan. 2012), pp. 344—

org /10 . 3390/

bioRxiv

(36]

(37]

(38]

(39]

(40]

[41]

[42]

[43]

352.1SSN: 1449-2288.D0OI: 10.7150/1jbs.3933.
URL: http://dx.doi.org/10.7150/1i7jbs.
3933.

A J Jeffreys and R A Flavell. “The rabbit beta-globin
gene contains a large large insert in the coding se-
quence”. en. In: Cell 12.4 (Dec. 1977), pp. 1097-
1108. 1SSN: 0092-8674. pDOI: 10 . 1016 / 0092 —
8674 (77)90172—-6. URL: http://dx.doi.
org/10.1016/0092-8674 (77)90172-6.
Melissa S Jurica. “Detailed close-ups and the big pic-
ture of spliceosomes”. en. In: Curr. Opin. Struct. Biol.
18.3 (June 2008), pp. 315-320. 1SSN: 0959-440X.
DOI: 10.1016/7j.sbi.2008.05.005. URL:
http://dx.doi.org/10.1016/j.sbi.
2008.05.005.

Hiromu Kameoka et al. “Structure-Specific Regula-
tion of Nutrient Transport and Metabolism in Arbus-
cular Mycorrhizal Fungi”. en. In: Plant Cell Physiol.
60.10 (Oct. 2019), pp. 2272-2281. 1SSN: 0032-0781,
1471-9053. DOI: 10 . 1093 /pcp/pczl22. URL:
http://dx .doi.org/10.1093/pcp/
pczl22.

Harald Konig et al. “Splicing segregation: the minor
spliceosome acts outside the nucleus and controls cell
proliferation”. en. In: Cell 131.4 (Nov. 2007), pp. 718—
729. 1sSN: 0092-8674. DOI: 10 .1016/ j.cell.
2007 .09.043. URL: http://dx.doi.org/
10.1016/3.cel1.2007.09.043.

Ben Langmead. “Aligning short sequencing reads
with Bowtie”. In: Curr. Protoc. Bioinformatics 32.1
(2010), pp. 11-17. 1SSN: 1934-3396. URL: https:
/ / currentprotocols . onlinelibrary .
wiley . com / doi / abs / 10 1002 /
0471250953.b11107s32.

Graham E Larue, Marek Elias, and Scott W Roy. “Ex-
pansion and transformation of the minor spliceosomal
system in the slime mold Physarum polycephalum”.
en. In: Curr. Biol. 31.14 (July 2021), 3125-3131.e4.
ISSN: 0960-9822, 1879-0445. po1: 10 . 1016/ 3.
cub.2021.04.050. URL: http://dx.doi.
org/10.1016/j.cub.2021.04.050.

Ivica Letunic and Peer Bork. “Interactive Tree Of Life
@ATOL) v5: an online tool for phylogenetic tree dis-
play and annotation”. en. In: Nucleic Acids Res. 49.W1
(July 2021), W293-W296. 1SSN: 0305-1048, 1362-
4962.D0I1: 10.1093/nar/gkab301. URL: http:
//dx.doi.org/10.1093/nar/gkab301.
Aaron Levine and Richard Durbin. “A computational
scan for Ul2-dependent introns in the human genome
sequence”’. en. In: Nucleic Acids Res. 29.19 (Oct.
2001), pp. 4006-4013. 1SSN: 0305-1048, 1362-4962.
DOI: 10.1093/nar/29.19.4006. URL: http:
//nar .oupjournals.org/cgi/content /
abstract /29 /19 / 4006 % 5Cnhttp : / /
www .ncbi.nlm.nih.gov/pmc/articles/
PMC60238/pdf/gke532.pdf.

Larue etal. | Where the Minor Things Are


http://dx.doi.org/10.3390/cells9020458
http://dx.doi.org/10.3390/cells9020458
https://doi.org/10.1101/gad.13.7.851
http://dx.doi.org/10.1101/gad.13.7.851
http://dx.doi.org/10.1101/gad.13.7.851
https://doi.org/10.1073/pnas.1616173114
http://www.pnas.org/lookup/doi/10.1073/pnas.1616173114
http://www.pnas.org/lookup/doi/10.1073/pnas.1616173114
http://www.pnas.org/lookup/doi/10.1073/pnas.1616173114
https://doi.org/10.1371/journal.pbio.2003769
https://doi.org/10.1371/journal.pbio.2003769
http://dx.doi.org/10.1371/journal.pbio.2003769
http://dx.doi.org/10.1371/journal.pbio.2003769
https://doi.org/10.1038/271501a0
https://doi.org/10.1038/271501a0
http://dx.doi.org/10.1038/271501a0
http://dx.doi.org/10.1038/271501a0
https://doi.org/10.1006/jmbi.1994.1377
https://doi.org/10.1006/jmbi.1994.1377
http://www.sciencedirect.com/science/article/pii/S0022283684713775
http://www.sciencedirect.com/science/article/pii/S0022283684713775
http://www.sciencedirect.com/science/article/pii/S0022283684713775
https://doi.org/10.1093/gbe/evy011
http://dx.doi.org/10.1093/gbe/evy011
http://dx.doi.org/10.1093/gbe/evy011
https://doi.org/10.1038/s41598-020-64647-4
https://doi.org/10.1038/s41598-020-64647-4
http://dx.doi.org/10.1038/s41598-020-64647-4
http://dx.doi.org/10.1038/s41598-020-64647-4
http://dx.doi.org/10.1038/s41598-020-64647-4
https://doi.org/10.1101/cshperspect.a016071
https://doi.org/10.1101/cshperspect.a016071
http://dx.doi.org/10.1101/cshperspect.a016071
http://dx.doi.org/10.1101/cshperspect.a016071
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=328465&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=328465&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=328465&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=328465&tool=pmcentrez&rendertype=abstract
https://doi.org/10.7150/ijbs.3933
http://dx.doi.org/10.7150/ijbs.3933
http://dx.doi.org/10.7150/ijbs.3933
https://doi.org/10.1016/0092-8674(77)90172-6
https://doi.org/10.1016/0092-8674(77)90172-6
http://dx.doi.org/10.1016/0092-8674(77)90172-6
http://dx.doi.org/10.1016/0092-8674(77)90172-6
https://doi.org/10.1016/j.sbi.2008.05.005
http://dx.doi.org/10.1016/j.sbi.2008.05.005
http://dx.doi.org/10.1016/j.sbi.2008.05.005
https://doi.org/10.1093/pcp/pcz122
http://dx.doi.org/10.1093/pcp/pcz122
http://dx.doi.org/10.1093/pcp/pcz122
https://doi.org/10.1016/j.cell.2007.09.043
https://doi.org/10.1016/j.cell.2007.09.043
http://dx.doi.org/10.1016/j.cell.2007.09.043
http://dx.doi.org/10.1016/j.cell.2007.09.043
https://currentprotocols.onlinelibrary.wiley.com/doi/abs/10.1002/0471250953.bi1107s32
https://currentprotocols.onlinelibrary.wiley.com/doi/abs/10.1002/0471250953.bi1107s32
https://currentprotocols.onlinelibrary.wiley.com/doi/abs/10.1002/0471250953.bi1107s32
https://currentprotocols.onlinelibrary.wiley.com/doi/abs/10.1002/0471250953.bi1107s32
https://doi.org/10.1016/j.cub.2021.04.050
https://doi.org/10.1016/j.cub.2021.04.050
http://dx.doi.org/10.1016/j.cub.2021.04.050
http://dx.doi.org/10.1016/j.cub.2021.04.050
https://doi.org/10.1093/nar/gkab301
http://dx.doi.org/10.1093/nar/gkab301
http://dx.doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/nar/29.19.4006
http://nar.oupjournals.org/cgi/content/abstract/29/19/4006%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC60238/pdf/gke532.pdf
http://nar.oupjournals.org/cgi/content/abstract/29/19/4006%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC60238/pdf/gke532.pdf
http://nar.oupjournals.org/cgi/content/abstract/29/19/4006%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC60238/pdf/gke532.pdf
http://nar.oupjournals.org/cgi/content/abstract/29/19/4006%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC60238/pdf/gke532.pdf
http://nar.oupjournals.org/cgi/content/abstract/29/19/4006%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC60238/pdf/gke532.pdf
https://doi.org/10.1101/2022.09.24.509304
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.24.509304; this version posted September 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Larue et al.

Chiao-Feng Lin et al. “Evolutionary dynamics of U12-
type spliceosomal introns”. en. In: BMC Evol. Biol.
10 (Feb. 2010), p. 47. 1SSN: 1471-2148. poI: 10 .
1186/1471-2148-10-47. URL: http://www.
pubmedcentral.nih.gov/articlerender.
fcgi?artid=2831892 &tool=pmcentrezé&
rendertype=abstract.

Kui Lin and Da-Yong Zhang. “The excess of 5’ in-
trons in eukaryotic genomes”. en. In: Nucleic Acids
Res. 33.20 (Nov. 2005), pp. 6522-6527. 1SSN: 0305-
1048, 1362-4962. por: 10.1093 /nar /gki970.
URL: http://dx.doi.org/10.1093/nar/
gki970.

M Long, C Rosenberg, and W Gilbert. “Intron phase
correlations and the evolution of the intron/exon struc-
ture of genes”. en. In: Proc. Natl. Acad. Sci. U. S.
A. 92.26 (Dec. 1995), pp. 12495-12499. 1SSN: 0027-
8424.

Marcela Davila Lopez, Magnus Alm Rosenblad, and
Tore Samuelsson. “Computational screen for spliceo-
somal RNA genes aids in defining the phyloge-
netic distribution of major and minor spliceoso-
mal components”. In: Nucleic Acids Res. 36.9 (May
2008), pp. 3001-3010. 1sSN: 0305-1048. poI: 10 .
1093 / nar / gknl42. URL: http : / / nar .
oxfordjournals . org/ lookup / doi /10 .
1093/nar/gknldé?2.

Michael I Love, Wolfgang Huber, and Simon Anders.
“Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2”. en. In: Genome Biol.
15.12 (2014), p. 550. 1SSN: 1465-6906. DOI: 10 .
1186/s13059-014-0550-8. URL: http://
dx.doi.org/10.1186/s13059-014-0550~
8.

Jianli Lu et al. “Gene expression enhancement medi-
ated by the 5 UTR intron of the rice rubi3 gene varied
remarkably among tissues in transgenic rice plants”.
In: Mol. Genet. Genomics 279.6 (June 2008), pp. 563—
572. ISSN: 1617-4615, 1617-4623. po1: 10.1007/
s00438-008-0333-6. URL: https://doi.
0rg/10.1007/s00438-008-0333-6.

A Gregory Matera and Zefeng Wang. “A day in the
life of the spliceosome”. en. In: Nat. Rev. Mol. Cell
Biol. 15.2 (Feb. 2014), pp. 108—-121. 1SSN: 1471-0072,
1471-0080. DOI: 10.1038/nrm3742. URL: http:
//dx.doi.org/10.1038/nrm3742.

Stefan Meinke et al. “Srsf10 and the minor spliceo-
some control tissue-specific and dynamic SR pro-
tein expression”. en. In: Elife 9 (Apr. 2020). ISSN:
2050-084X. DOI: 10.7554/eLife.56075. URL:
http://dx.doi.org/10.7554/elLife.
56075.

Robert Middleton et al. “IRFinder: assessing the im-
pact of intron retention on mammalian gene expres-
sion”. en. In: Genome Biol. 18.1 (Mar. 2017), p. 51.
ISSN: 1465-6906. DOI: 10.1186/s13059-017~

| Where the Minor Things Are

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

REFERENCES

1184 - 4. URL: http://dx.doi.
1186/s13059-017-1184-4.

S M Mount. “A catalogue of splice junction se-
quences”. en. In: Nucleic Acids Res. 10.2 (Jan. 1982),
pp- 459-472. 1SSN: 0305-1048.

Tobias Mourier and Daniel C Jeffares. “Eukaryotic
intron loss”. en. In: Science 300.5624 (May 2003),
pp. 1393-1393. 1SSN: 0036-8075, 1095-9203. poI:
10.1126/science.1080559. URL: http://
dx.doi.org/10.1126/science.10805509.
Devlin C Moyer et al. “Comprehensive database and
evolutionary dynamics of Ul2-type introns”. en. In:
Nucleic Acids Res. 48.13 (July 2020), pp. 7066—7078.
ISSN: 0305-1048, 1362-4962. DOI: 10.1093/nar/
gkaa464. URL: http://dx.doi.org/10.
1093/nar/gkaa4d64.

Sebastidan R Najle and Ifaki Ruiz-Trillo. “The pro-
tistan origins of animal cell differentiation”. In: Ori-
gin and Evolution of Metazoan Cell Types. CRC
Press, Apr. 2021, pp. 13-26. 1SBN: 9781315388229.
DOI: 10 . 1201 / b21831 — 2. URL: https :
/ / www . taylorfrancis . com / books /
9781315388212 / chapters / 10 . 1201 /
b21831-2.

Eric P Nawrocki and Sean R Eddy. “Infernal 1.1:
100-fold faster RNA homology searches”. en. In:
Bioinformatics 29.22 (Nov. 2013), pp. 2933-2935.
ISSN: 1367-4803, 1367-4811. por: 10 . 1093 /
bioinformatics / btt509. URL: http : / /
dx.doi.org/10.1093/bioinformatics/
btt5009.

Hung D Nguyen, Maki Yoshihama, and Naoya Ken-
mochi. “Phase distribution of spliceosomal introns:
implications for intron origin”. en. In: BMC Evol. Biol.
6 (Sept. 20006), p. 69.

R A Padgett et al. “Splicing of messenger RNA pre-
cursors”. en. In: Annu. Rev. Biochem. 55 (1986),
pp. 1119-1150. 1SSN: 0066-4154. DOI: 10 . 1146/
annurev . bi . 55 . 070186 . 005351. URL:
http://dx.doi.org/10.1146/annurev.
pi.55.070186.005351.

G E Parada et al. “A comprehensive survey of non-
canonical splice sites in the human transcriptome”. In:
Nucleic Acids Res. 42.16 (2014), pp. 10564-10578.
ISSN: 0305-1048. DOI: 10.1093 /nar /gku744.
URL: http://nar.oxfordjournals.org/
lookup/doi/10.1093/nar/gku744.

Rob Patro et al. “Salmon provides fast and bias-aware
quantification of transcript expression”. en. In: Nat.
Methods 14.4 (Apr. 2017), pp. 417-419. ISSN: 1548-
7091, 1548-7105. pOI: 10 .1038 /nmeth . 4197.
URL: http://dx.doi.org/10.1038/nmeth.
4197.

Irina V Poverennaya, Nadezhda A Potapova, and
Sergey A Spirin. “Is there any intron sliding in mam-
mals?” en. In: BMC Evol. Biol. 20.1 (Dec. 2020),
p. 164. ISSN: 1471-2148. DOI: 10.1186/s12862—

org/10.

bioRxiv | 25


https://doi.org/10.1186/1471-2148-10-47
https://doi.org/10.1186/1471-2148-10-47
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2831892&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2831892&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2831892&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2831892&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1093/nar/gki970
http://dx.doi.org/10.1093/nar/gki970
http://dx.doi.org/10.1093/nar/gki970
https://doi.org/10.1093/nar/gkn142
https://doi.org/10.1093/nar/gkn142
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkn142
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkn142
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkn142
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1007/s00438-008-0333-6
https://doi.org/10.1007/s00438-008-0333-6
https://doi.org/10.1007/s00438-008-0333-6
https://doi.org/10.1007/s00438-008-0333-6
https://doi.org/10.1038/nrm3742
http://dx.doi.org/10.1038/nrm3742
http://dx.doi.org/10.1038/nrm3742
https://doi.org/10.7554/eLife.56075
http://dx.doi.org/10.7554/eLife.56075
http://dx.doi.org/10.7554/eLife.56075
https://doi.org/10.1186/s13059-017-1184-4
https://doi.org/10.1186/s13059-017-1184-4
http://dx.doi.org/10.1186/s13059-017-1184-4
http://dx.doi.org/10.1186/s13059-017-1184-4
https://doi.org/10.1126/science.1080559
http://dx.doi.org/10.1126/science.1080559
http://dx.doi.org/10.1126/science.1080559
https://doi.org/10.1093/nar/gkaa464
https://doi.org/10.1093/nar/gkaa464
http://dx.doi.org/10.1093/nar/gkaa464
http://dx.doi.org/10.1093/nar/gkaa464
https://doi.org/10.1201/b21831-2
https://www.taylorfrancis.com/books/9781315388212/chapters/10.1201/b21831-2
https://www.taylorfrancis.com/books/9781315388212/chapters/10.1201/b21831-2
https://www.taylorfrancis.com/books/9781315388212/chapters/10.1201/b21831-2
https://www.taylorfrancis.com/books/9781315388212/chapters/10.1201/b21831-2
https://doi.org/10.1093/bioinformatics/btt509
https://doi.org/10.1093/bioinformatics/btt509
http://dx.doi.org/10.1093/bioinformatics/btt509
http://dx.doi.org/10.1093/bioinformatics/btt509
http://dx.doi.org/10.1093/bioinformatics/btt509
https://doi.org/10.1146/annurev.bi.55.070186.005351
https://doi.org/10.1146/annurev.bi.55.070186.005351
http://dx.doi.org/10.1146/annurev.bi.55.070186.005351
http://dx.doi.org/10.1146/annurev.bi.55.070186.005351
https://doi.org/10.1093/nar/gku744
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gku744
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gku744
https://doi.org/10.1038/nmeth.4197
http://dx.doi.org/10.1038/nmeth.4197
http://dx.doi.org/10.1038/nmeth.4197
https://doi.org/10.1186/s12862-020-01726-0
https://doi.org/10.1186/s12862-020-01726-0
https://doi.org/10.1101/2022.09.24.509304
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.24.509304; this version posted September 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

REFERENCES

[63]

[64]

[65]

[66]

[67]

(68]

[69]

[70]

(71]

[72]

26

020-01726-0. URL: http://dx.doi.org/
10.1186/s12862-020-01726-0.

Boas Pucker and Samuel F Brockington. “Genome-
wide analyses supported by RNA-Seq reveal non-
canonical splice sites in plant genomes”. en. In: BMC
Genomics 19.1 (Dec. 2018), p. 980. 1SSN: 1471-2164.
DOI: 10.1186/s12864-018~-5360~ z. URL:
http://dx.doi.org/10.1186/s12864-
018-5360-z.

Igor B Rogozin et al. “Origin and evolution of spliceo-
somal introns”. en. In: Biol. Direct 7.1 (Apr. 2012),
p- 11. 1SSN: 1745-6150. pOI: 10 . 1186/ 1745 -
6150-7-11. URL: http: //www .biology -
direct.com/content/7/1/11.

S W Scott W Roy. “Intronization, de-intronization
and intron sliding are rare in Cryptococcus”. In: BMC
Evol. Biol. 9 (Jan. 2009), p. 192. 1SSN: 1471-2148.
DOI: 10 . 1186 /1471 -2148 -9 - 192. URL:
http://www.biomedcentral .com/1471—
2148/9/192/.

Scott W Roy, Alexei Fedorov, and Walter Gilbert.
“Large-scale comparison of intron positions in mam-
malian genes shows intron loss but no gain”. en. In:
Proc. Natl. Acad. Sci. U. S. A. 100.12 (June 2003),
pp. 7158-7162. 1sSN: 0027-8424. pOI: 10 .1073/
pnas . 1232297100. URL: http://dx.doi .
org/10.1073/pnas.1232297100.

Scott W Roy and Walter Gilbert. “Complex early
genes”. In: Proc. Natl. Acad. Sci. U. S. A. 102.6 (Feb.
2005), pp. 1986-1991. 1SSN: 0027-8424. por: 10 .
1073/pnas.0408355101. URL: http://www.
ncbi.nlm.nih.gov/pubmed/24057835.
Scott W Roy and Walter Gilbert. “The pattern of intron
loss”. In: Proc. Natl. Acad. Sci. U. S. A. 102.3 (2005),
pp. 713-718. 1SSN: 0027-8424. por: 10 . 1073 /
pnas . 0408274102. URL: http://dx.doi .
org/10.1073/pnas.0408274102.

Scott William Roy. “How Common Is Parallel Intron
Gain? Rapid Evolution Versus Independent Creation
in Recently Created Introns in Daphnia”. en. In: Mol.
Biol. Evol. 33.8 (Aug. 2016), pp. 1902—-1906. ISSN:
0737-4038, 1537-1719. pol: 10.1093 /molbev/
msw091. URL: http://dx .doi.org/10.
1093/molbev/msw091.

Scott William Roy and Walter Gilbert. “The evolu-
tion of spliceosomal introns: patterns, puzzles and
progress”. In: Nat. Rev. Genet. 7.3 (Mar. 2006),
pp. 211-221. 1SSN: 1471-0056. por: 10 . 1038 /
nrgl807. URL: http://dx.doi.org/10.
1038/nrgl807.

Anthony G Russell et al. “An early evolutionary origin
for the minor spliceosome”. en. In: Nature 443.7113
(Oct. 2006), pp. 863-866. 1SSN: 0028-0836, 1476-
4687.D01: 10.1038/nature05228. URL: http:
//dx.doi.org/10.1038/nature05228.

A Sakurai et al. “On biased distribution of introns
in various eukaryotes”. en. In: Gene 300.1-2 (Oct.

bioRxiv

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

2002), pp. 89-95. 1SSN: 0378-1119. DOI: 10.1016/
s0378-1119(02) 01035~-1. URL: http://
dx .doi.org/10.1016/s0378-1119(02)
01035-1.

Jade Sales-Lee et al. “Coupling of spliceosome com-
plexity to intron diversity”. en. In: Curr. Biol. 31.22
(Nov. 2021), 4898-4910.e4. 1SSN: 0960-9822, 1879-
0445. por: 10.1016/ 3 .cub.2021.09.004.
URL: http://dx.doi.org/10.1016/7j.cub.
2021.09.004.

Rickard Sandberg et al. “Proliferating Cells Ex-
press mRNAs with Shortened 3’ Untranslated Re-
gions and Fewer MicroRNA Target Sites”. en.
In: Science 320.5883 (June 2008), pp. 1643-1647.
ISSN: 0036-8075, 1095-9203. por: 10 . 1126 /
science.1155390. URL: https://science.
sciencemag . org / content / 320 / 5883 /
1643.

Steven Sé€ton Bocco and Miklés Csiiros. “Splice Sites
Seldom Slide: Intron Evolution in Oomycetes”. en. In:
Genome Biol. Evol. 8.8 (Aug. 2016), pp. 2340-2350.
ISSN: 1759-6653. DOI: 10 .1093 /gbe /evwl57.
URL: http://dx.doi.org/10.1093/gbe/
evwlb57.

John D L Shadwick, Jeffery D Silberman, and Fred-
erick W Spiegel. “Variation in the SSUrDNA of the
Genus Protostelium Leads to a New Phylogenetic Un-
derstanding of the Genus and of the Species Concept
for Protostelium mycophaga (Protosteliida, Amoebo-
zoa)”. en. In: J. Eukaryot. Microbiol. 65.3 (May 2018),
pp. 331-344. 1SSN: 1066-5234, 1550-7408. DOI: 10.
1111/ jeu.12476. URL: http://dx . doi .
org/10.1111/jeu.12476.

Tejaswini Sharangdhar et al. “A retained intron in the
3’-UTR of Calm3 mRNA mediates its Staufen2- and
activity-dependent localization to neuronal dendrites”.
en. In: EMBO Rep. 18.10 (Oct. 2017), pp. 1762-1774.
ISSN: 1469-221X, 1469-3178. pOoI: 10 . 15252 /
embr . 201744334. URL: http://dx .doi.
0org/10.15252/embr.201744334.

Nihar Sheth et al. “Comprehensive splice-site anal-
ysis using comparative genomics”. en. In: Nucleic
Acids Res. 34.14 (Aug. 2006), pp. 3955-3967. 1SSN:
0305-1048. pOI: 10 .1093 /nar /gkl556. URL:
http: //www . pubmedcentral . nih . gov/
articlerender.fcgi?artid=1557818%7B&
%7Dtool=pmcentrez%$7B&%$7Drendertype=
abstract.

Christopher R Sibley, Lorea Blazquez, and Jernej Ule.
Lessons from non-canonical splicing. 2016. DOI: 10 .
1038/nrg.2016.46. URL: http://dx.doi.
0org/10.1038/nrg.2016.46.

Felipe A Simdo et al. “BUSCO: Assessing
genome assembly and annotation completeness
with single-copy orthologs”. 1In: Bioinformat-
ics (2015). 1ssN: 1367-4803, 1460-2059. DOI:
10 . 1093 / bioinformatics / btv351.

Larue etal. | Where the Minor Things Are


https://doi.org/10.1186/s12862-020-01726-0
http://dx.doi.org/10.1186/s12862-020-01726-0
http://dx.doi.org/10.1186/s12862-020-01726-0
https://doi.org/10.1186/s12864-018-5360-z
http://dx.doi.org/10.1186/s12864-018-5360-z
http://dx.doi.org/10.1186/s12864-018-5360-z
https://doi.org/10.1186/1745-6150-7-11
https://doi.org/10.1186/1745-6150-7-11
http://www.biology-direct.com/content/7/1/11
http://www.biology-direct.com/content/7/1/11
https://doi.org/10.1186/1471-2148-9-192
http://www.biomedcentral.com/1471-2148/9/192/
http://www.biomedcentral.com/1471-2148/9/192/
https://doi.org/10.1073/pnas.1232297100
https://doi.org/10.1073/pnas.1232297100
http://dx.doi.org/10.1073/pnas.1232297100
http://dx.doi.org/10.1073/pnas.1232297100
https://doi.org/10.1073/pnas.0408355101
https://doi.org/10.1073/pnas.0408355101
http://www.ncbi.nlm.nih.gov/pubmed/24057835
http://www.ncbi.nlm.nih.gov/pubmed/24057835
https://doi.org/10.1073/pnas.0408274102
https://doi.org/10.1073/pnas.0408274102
http://dx.doi.org/10.1073/pnas.0408274102
http://dx.doi.org/10.1073/pnas.0408274102
https://doi.org/10.1093/molbev/msw091
https://doi.org/10.1093/molbev/msw091
http://dx.doi.org/10.1093/molbev/msw091
http://dx.doi.org/10.1093/molbev/msw091
https://doi.org/10.1038/nrg1807
https://doi.org/10.1038/nrg1807
http://dx.doi.org/10.1038/nrg1807
http://dx.doi.org/10.1038/nrg1807
https://doi.org/10.1038/nature05228
http://dx.doi.org/10.1038/nature05228
http://dx.doi.org/10.1038/nature05228
https://doi.org/10.1016/s0378-1119(02)01035-1
https://doi.org/10.1016/s0378-1119(02)01035-1
http://dx.doi.org/10.1016/s0378-1119(02)01035-1
http://dx.doi.org/10.1016/s0378-1119(02)01035-1
http://dx.doi.org/10.1016/s0378-1119(02)01035-1
https://doi.org/10.1016/j.cub.2021.09.004
http://dx.doi.org/10.1016/j.cub.2021.09.004
http://dx.doi.org/10.1016/j.cub.2021.09.004
https://doi.org/10.1126/science.1155390
https://doi.org/10.1126/science.1155390
https://science.sciencemag.org/content/320/5883/1643
https://science.sciencemag.org/content/320/5883/1643
https://science.sciencemag.org/content/320/5883/1643
https://doi.org/10.1093/gbe/evw157
http://dx.doi.org/10.1093/gbe/evw157
http://dx.doi.org/10.1093/gbe/evw157
https://doi.org/10.1111/jeu.12476
https://doi.org/10.1111/jeu.12476
http://dx.doi.org/10.1111/jeu.12476
http://dx.doi.org/10.1111/jeu.12476
https://doi.org/10.15252/embr.201744334
https://doi.org/10.15252/embr.201744334
http://dx.doi.org/10.15252/embr.201744334
http://dx.doi.org/10.15252/embr.201744334
https://doi.org/10.1093/nar/gkl556
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1557818%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1557818%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1557818%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1557818%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
https://doi.org/10.1038/nrg.2016.46
https://doi.org/10.1038/nrg.2016.46
http://dx.doi.org/10.1038/nrg.2016.46
http://dx.doi.org/10.1038/nrg.2016.46
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1101/2022.09.24.509304
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.24.509304; this version posted September 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Larue et al.

URL: http : / /dx . doi .org/ 10 .1093/
bioinformatics/btv351.

Charlotte Soneson, Michael I Love, and Mark
D Robinson. “Differential analyses for RNA-
seq: transcript-level estimates improve gene-level
inferences”. en. In: FI000Res. 4 (Dec. 2015),
p- 1521. ISSN: 2046-1402. por: 10 . 12688 /
£f1000research 7563 2. URL: http
//dx.doi.org/10.12688/£f1000research.
7563.2.

Alexander Stark et al. “Animal microRNAs confer ro-
bustness to gene expression and have a significant im-
pact on 3???7UTR evolution”. In: Cell 123.6 (2005),
pp. 1133-1146. 1SSN: 0092-8674. DOI: 10 . 1016/
j.cell.2005.11.023. URL: http://dx.
doi.org/10.1016/3.cell1.2005.11.023.
Arlin Stoltzfus et al. “Intron “sliding” and the diver-
sity of intron positions”. In: Proceedings of the Na-
tional Academy of Sciences 94.20 (1997), pp. 10739—
10744. por: 10 .1073 /pnas . 94 .20 .10739.
eprint: https://www.pnas.org/doi /pdf/
10.1073/pnas.94.20.10739. URL: https:
//www.pnas.org/doi/abs/10.1073/pnas.
94.20.10739.

Alexander V Sverdlov et al. “Conservation versus par-
allel gains in intron evolution”. In: Nucleic Acids Res.
33.6 (2005), pp. 1741-1748. 1SSN: 0305-1048, 1362-
4962. D0O1: 10.1093/nar/gki316. URL: http:
//dx.doi.org/10.1093/nar/gki316.
Michat Wojciech Szcze$niak et al. “ERISdb: a
database of plant splice sites and splicing signals”. en.
In: Plant Cell Physiol. 54.2 (Feb. 2013), el10. ISSN:
0032-0781. DOI: 10 .1093 /pcp /pct001. URL:
http://dx .doi.org/10.1093/ pcp/
pct001.

W Y Tarn and J A Steitz. “Highly diverged U4 and
U6 small nuclear RNAs required for splicing rare AT-
AC introns”. en. In: Science 273.5283 (Sept. 1996),
pp- 1824-1832. 1SSN: 0036-8075. por: 10 .1126/
science.273.5283.1824. URL: http://dx.
doi.org/10.1126/science.273.5283.
1824.

Woan Y Tarn and Joan a Steitz. “A novel spliceosome
containing Ul1, Ul2, and U5 snRNPs excises a mi-
nor class (AT-AC) intron in vitro”. In: Cell 84 (1996),
pp. 801-811. 1SSN: 0092-8674. poI: 10 . 1016 /
S0092-8674(00) 81057 - 0. URL: http: //
dx.doi.org/10.1016/S0092-8674(00)
81057-0.

Janne J Turunen et al. “The significant other: splic-
ing by the minor spliceosome”. en. In: Wiley Inter-
discip. Rev. RNA 4.1 (Jan. 2013), pp. 61-76. 1SSN:
1757-7004. por: 10 . 1002 / wrna . 1141. URL:
http:/ /www . pubmedcentral . nih . gov/
articlerender.fcgi?artid=3584512%7B&
$7Dtool=pmcentrez%$7B& % 7Drendertype=
abstract.

| Where the Minor Things Are

[89]

[90]

6.1

2.0 -

6.1 Supplementary figures

Alexander E Vinogradov. “Intron—-Genome Size Rela-
tionship on a Large Evolutionary Scale”. In: J. Mol.
Evol. 49.3 (Sept. 1999), pp. 376-384. 1SSN: 0022-
2844.

Cindy L Will, Reinhard Liihrmann, and R Luhrmann.
“Spliceosome structure and function”. In: Cold Spring
Harb. Perspect. Biol. 3.7 (July 2011), pp. 1-2. ISSN:
1943-0264. po1: 10 . 1101 / cshperspect .
a003707. URL: http://cshperspectives.

cshlp . org / lookup / doi / 10 . 1101 /
cshperspect.a003707.
6 Supplementary materials
Supplementary figures
=3 PI
I Non-PI

Top 50% mean normalized FPKM

=
wn

=
=}

o
wn

o
=}

MS GT RH

Cell type

BAS

Fig. 20. Comparison of expression (normalized FPKM from DESeqg2, power-
transformed) of proliferation-index genes (PI, light purple) and all other genes (Non-
Pl, dark purple) across cell types.

bioRxiv | 27


http://dx.doi.org/10.1093/bioinformatics/btv351
http://dx.doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.12688/f1000research.7563.2
https://doi.org/10.12688/f1000research.7563.2
http://dx.doi.org/10.12688/f1000research.7563.2
http://dx.doi.org/10.12688/f1000research.7563.2
http://dx.doi.org/10.12688/f1000research.7563.2
https://doi.org/10.1016/j.cell.2005.11.023
https://doi.org/10.1016/j.cell.2005.11.023
http://dx.doi.org/10.1016/j.cell.2005.11.023
http://dx.doi.org/10.1016/j.cell.2005.11.023
https://doi.org/10.1073/pnas.94.20.10739
https://www.pnas.org/doi/pdf/10.1073/pnas.94.20.10739
https://www.pnas.org/doi/pdf/10.1073/pnas.94.20.10739
https://www.pnas.org/doi/abs/10.1073/pnas.94.20.10739
https://www.pnas.org/doi/abs/10.1073/pnas.94.20.10739
https://www.pnas.org/doi/abs/10.1073/pnas.94.20.10739
https://doi.org/10.1093/nar/gki316
http://dx.doi.org/10.1093/nar/gki316
http://dx.doi.org/10.1093/nar/gki316
https://doi.org/10.1093/pcp/pct001
http://dx.doi.org/10.1093/pcp/pct001
http://dx.doi.org/10.1093/pcp/pct001
https://doi.org/10.1126/science.273.5283.1824
https://doi.org/10.1126/science.273.5283.1824
http://dx.doi.org/10.1126/science.273.5283.1824
http://dx.doi.org/10.1126/science.273.5283.1824
http://dx.doi.org/10.1126/science.273.5283.1824
https://doi.org/10.1016/S0092-8674(00)81057-0
https://doi.org/10.1016/S0092-8674(00)81057-0
http://dx.doi.org/10.1016/S0092-8674(00)81057-0
http://dx.doi.org/10.1016/S0092-8674(00)81057-0
http://dx.doi.org/10.1016/S0092-8674(00)81057-0
https://doi.org/10.1002/wrna.1141
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3584512%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3584512%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3584512%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3584512%7B&%7Dtool=pmcentrez%7B&%7Drendertype=abstract
https://doi.org/10.1101/cshperspect.a003707
https://doi.org/10.1101/cshperspect.a003707
http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a003707
http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a003707
http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a003707
https://doi.org/10.1101/2022.09.24.509304
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Methods
	Data acquisition
	Identification of spliceosomal snRNAs
	Classification of minor introns
	Identification of orthologous introns
	Intron position within transcripts and intron phase
	Non-canonical minor introns
	BUSCO analysis
	Curation of minor intron data/edge cases
	Calculation of summary statistics (introns/kbp CDS, transcript length, etc.)
	Ancestral intron density reconstruction
	Differential gene expression
	Rhizophgaus z-score metric
	Intron retention and splicing efficiency
	Spliceosome-associated gene expression

	Results
	Minor intron diversity in thousands of eukaryotic genomes
	Minor intron enrichment
	Minor intron depletion

	Minor introns have lower average conservation than major introns
	Minor intron loss vs. conversion
	Positional biases of major and minor introns
	Phase biases of minor introns
	Non-canonical minor intron splice boundaries
	Minor intron-containing genes are longer and more intron-rich than genes with major introns only
	Comparison of minor and major intron lengths
	Reconstruction of ancestral minor intron densities
	Unprecedented minor intron density in the fungus Rhizophagus irregularis
	No evidence for increased minor splicing in proliferating cells

	Discussion
	An expanded view of minor intron diversity
	A relatively simple organism with a large number of minor introns
	Neutral evolution can explain functional biases in minor intron-containing genes
	How did splicing of animal minor introns become associated with cell cycle progression?
	Limitations of the Rizhophagus analysis

	Bibliography
	Supplementary materials
	Supplementary figures


