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Abstract

Trichomonas vaginalis infects the urogenital tract of men and women and causes the sexually
transmitted infection trichomoniasis. Since the publication of its draft genome in 2007, the genome
has drawn attention for several reasons, including its unusually large size, massive expansion of gene
families, and high repeat content. The fragmented nature of the draft assembly made it challenging to
obtain accurate metrics of features, such as spliceosomal introns. The number of introns identified
varied over the years, ranging from 41 when first characterized in 2005, to 32 in 2018 when the
repertoire was revised. In both cases, the results suggested that more introns could be present in the
genome. In this study, we exploited our new T. vaginalis G3 chromosome-scale assembly and
annotation and high-coverage transcriptome datasets to provide a definitive analysis of the complete
repertoire of spliceosomal introns in the species. We developed a custom pipeline that distinguishes
true splicing events from chimeric alignments by utilizing the extended motifs required by the splicing
machinery and experimentally verified the results using transcript evidence. We identified a total of 63
active introns and 34 putative “inactive” intron sequences in T. vaginalis, enabling an analysis of their
length distribution, extended consensus moatifs, intron phase distribution (including an unexpected
expansion of UTR introns), and functional annotation. Notably, we found that the shortest intron in T.
vaginalis, at only 23 nucleotides in size, is one of the shortest introns known to date. We tested our
pipeline on a chromosome-scale assembly of the bird parasite Trichomonas stableri, the closest
known relative to T. vaginalis. Our results revealed some conservation of the main features (total
intron count, sequence, length distribution, and motifs) of these two closely related species, although
differences in their functional annotation and duplication suggest more specialized splicing machinery

in T. vaginalis.

Introduction
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Trichomonas vaginalis causes trichomoniasis, the most prevalent nonviral sexually transmitted
infection (STI) worldwide, with an incidence of 354 million in 2019 [1]. Atypically for an STI, its
prevalence is higher in women >40-50 years old, but it can produce adverse outcomes during
pregnancy, including preterm birth, premature rupture of membranes, and low birth weight babies. Of
major concern is that T. vaginalis infection is associated with a 1.5-fold increased risk for HIV
acquisition [2, 3]. Despite its high morbidity and adverse clinical outcomes, trichomoniasis is
considered a neglected disease since public awareness of it is low, research funding is scarce, and
knowledge of the parasite at the molecular level is limited [4]. T. vaginalis is closely related to
Trichomonas species found in the oral cavities of American columbid birds (pigeons and doves)[5, 6],
supporting an ancestral origin of the species in this monophyletic order. The ancestor of T. vaginalis
likely jumped from columbids to humans during a recent Holocene epoch spillover event following
colombid colonization of the Americas, followed by adaptation of the parasite to the human

reproductive tract [7].

The first draft genome of T. vaginalis strain G3, released by our group in 2007, consisted of ~17,000
scaffolds comprising a total of ~160 Mb and ~60,000 protein-coding genes [8]. Among the key
genomic characteristics educed from this assembly were the unusually large genome size for a
unicellular eukaryote, a high proportion of repetitive DNA content (~65%) consisting mainly of
transposable elements (TEs), several massively amplified gene families, and a striking lack of introns
(non-coding sequences within open reading frames). Only 65 T. vaginalis genes were predicted to

contain one or more introns.

Initially assigned to “junk” DNA, spliceosomal introns play an important role in the molecular biology of
eukaryotic cells. In addition to being involved in gene regulation and generating protein diversity, the
functions of introns are usually divided into three main categories: (1) those associated with splicing,
(2) non-coding DNAs (and related functions), and (3) storage of regulatory elements (including nested

genes)[9-11]. It has been hypothesized that the origin and evolution of introns are closely associated
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with the evolution of genomes, making understanding introns essential to understanding the evolution

of eukaryotes [9, 10].

The count of introns in T. vaginalis has varied widely over the years. In 2005, Vanacova et al. [12]
experimentally confirmed the existence of functional splicing machinery in T. vaginalis. They identified
single putative spliceosomal introns in 41 genes in a prepublication release of the T. vaginalis G3
assembly, with conserved motifs at both 5’ and 3’ ends of the introns, including canonical GT/AG and
branch site (BS) similar to those needed for intron recognition by the splicing machinery in yeast and
metazoa. The 65 intron-containing genes subsequently reported in the 2007 G3 draft genome
sequence (5), were revised to 61 upon deposition to TrichDB (24). In 2009, Deng et al. [13] identified
a gene with a new 25 bp intron, the shortest known, whose motifs differed from those previously
described, suggesting the possibility of a more extensive intron repertoire. In 2018, Wang et al. [11]
revisited the 62 putative intron-containing genes, using comparative PCR of their genomic DNA and
cDNA to test each for splicing. They confirmed spliced introns in 31 of those genes, noted RNA-seq
evidence for splicing in five more of them, found a new short intron in the 5’ UTR of a gene not on the
list, and classified T. vaginalis introns into two types based on the conservation of the sequence and
its length. The disparity between the initial conserved motif-based estimate and the number from
experimental PCR testing was striking and given the divergent nature of the organism and the
fragmented state of the draft genome assembly, it seemed likely that a definitive accounting of introns

in T. vaginalis remained to be done.

We present here the most comprehensive analysis to date of the repertoire of spliceosomal introns in
T. vaginalis G3, leveraging our new long-read chromosome-scale genome assembly, new RNAseq
datasets, and a custom pipeline to identify genes containing introns and validating them using exon-
intron boundary RT-PCR. We furthermore applied the same pipeline and analyses to a similarly high-
guality chromosome-scale genome assembly from the closely related avian parasite Trichomonas

stableri strain BTPI-3. Our results establish important similarities and differences between these two
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species and highlight specific features with potential impact on the evolution of trichomonads. We
confirmed that trichomonad introns can be classified into two groups based on their length and
sequence, identified conserved and extended intron motifs (including the BS), shortened the minimum
intron length, expanded the repertoire of introns located in UTRs, and, for the first time, confirmed the

existence of genes containing two introns.

Results

Custom, semi-automated pipeline for intron identification and curation

An initial mapping of our T. vaginalis strain G3 RNA-seq reads, generated from biological triplicate
libraries as part of our project to generate a new chromosome-grade assembly of the parasite [14],
suggested far more numerous splice events (or splice junctions (SJs)) than previously reported.
Approximately 220 potential introns were identified (data not shown), including some that were
unlikely >100 kilobases in length. Most of those SJs contained the universal and canonical GT/AG
dinucleotides and were conserved among replicates, making it difficult to resolve whether they were
real or artifactual. However, most of the questionable SJs were observed in regions enriched with TEs
and containing significant GC troughs/peaks, indicating that those RNA-seq read alignments may
have resulted from the highly repetitive content of the genome. A manual inspection of the predicted
introns, combining a search for the motifs needed by the spliceosomal machinery with transcript
assembly, identified at least 51 high-confidence intron-containing genes and enabled a recalculation
of the consensus sequences of the motifs at both splice sites. The results also indicated that more
introns might be present and the need for a more exhaustive analysis. Therefore, we designed an
automated pipeline workflow to identify splicing events from RNAseq alignments by using the SJ

coordinates and their flanking regions to search for conserved splicing motifs.

The semi-automated pipeline was developed to identify and assemble intron-containing genes in T.

vaginalis using RNA-seq data and the degenerate intron motifs at the 5’ (GYAYGY, GTWYWD) and 3’
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(RCTAACACAYAG, TCTAACHI1-2]AACAG) ends identified and confirmed by Vanacova et al. [12],
Deng et al [13] and Wang et al [11]. The pipeline is summarized in Fig 1. Briefly, in the first step (Fig 1,
blue), the RNAseq reads are mapped to the reference genome. In the second step (Fig 1, cyan), SJs
mapping to regions lacking degenerate intron motifs are filtered out. Finally, transcript assembly is

performed in the third step (Fig 1, yellow).

Fig 1. Semi-automated pipeline for the identification and assembly of intron-containing genes
in T. vaginalis using RNAseq and degenerate intron motifs. In the first step, the RNAseq reads
are mapped to the reference genome using STAR using default parameters (the mapping output file
must be in a sorted BAM format and contain all SAM attributes). In the second step, SJs mapping to
regions without the canonical intron motifs (degenerated intron motifs) are discarded. Finally, the
transcript assembly is performed using the filtered version of the BAM file and StringTie using default

parameters.

Refinement of the T. vaginalis intron count

We ran the new chromosome-scale T. vaginalis genome sequence and RNAseq datasets in triplicate
through our semi-automated pipeline. A total of 99.7% of the questionable SJs were filtered out, and
the alignments passing the filter showed a clear pattern of introns with lengths of between ~20 and
~200 nucleotides (S1 Fig) in accord with the minima and maxima previously described for this
parasite [11]. The list of putative intron-containing genes and their IDs can be found in
Supplementary Table 2 (S2 Table). After transcript assembly using StringTie, we identified single
introns in 63 transcripts. Just over half (n=35) can be considered new since no earlier references to
them were found, while 28 correspond to introns previously described by Vanacova et al. [12], Deng

et al. [13], the 2007 draft genome annotation [8], and Wang et al. [11] (Fig 2).

Fig 2. An upset plot summarizing the intron content in T. vaginalis G3 described by different

authors since 2005 and the present work. The horizontal bars (dark cyan) indicate the total number

6
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of introns found by each author. Next to them, the intersection matrix shows the overlaps and unique
elements among the different datasets. Finally, the height of the vertical bars (pink) indicates the

number of elements in each intersection.

Four genes reported to have ‘functional introns’ by Wang et al. (2018) (TVAG_056030,
TVAG_134480, TVAG_324910, TVAG_416520) were not validated by our results. Comparison of the
primer sequences for TVAG_134480 to the new T. vaginalis G3 assembly shows that they match
equally well to TVAG_089630, a 97% identical paralog containing a 26 bp intron. Therefore, we
consider the Wang et al. PCR product for TVAG_134480 is a false positive -- an amplification of the
TVAG_089630 intron. Wang et al. report the three other positives (TVAG_056030, TVAG_324910,
TVAG_416520) that we could not validate as having a short (25-26 nt) intron length and classification
as type B introns. We identified the CDS of these three genes in the new assembly (S2 Fig), but no
introns were detected in them, and as we identified no paralogs or potential misassembles, we

considered them false positives and excluded them from further analysis.

Experimental validation of predicted T. vaginalis introns

We experimentally validated the 35 new intron-containing transcripts identified through our pipeline by
PCR comparison of the genomic DNA (un-spliced) and cDNA (spliced) amplicon lengths (Fig 3).
Transcript TVAGG3_0930320 is a 100% conserved paralog of TVAGG3_ 0931505 (including the
intron, but on the opposite strand), and it was, therefore, not included in the figure. In addition, the
transcript TVAGG3_0998030 is a paralog of the TVAGG3_0105790 gene (including the intron and
both coding on the reverse strand) and was also not included in the figure. In agreement with previous
results [8, 11, 12], most cDNAs produced both the un-spliced and spliced versions of the transcript,
which was also confirmed by RNAseq reads crossing the intron sequence (Fig 3). RNAseq coverage

results for our complete set of 63 intron-containing genes are shown in Supplementary Figure 3 (S3

Fig).
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Fig 3. The 35 new intron-containing transcripts found in the T. vaginalis G3 genome. The new
introns (delimited by vertical red lines) were identified by RNAseq (coverage shown in cyan) and
validated by PCR (lane 1; low range ladder, lane 2; gDNA product and lane 3; cDNA product). The

paralogs TVAGG3_0930320 and TVAGG3_0998030 were not included in this figure.

In contrast with the results described by Vanacova et al. (2005), our findings confirmed that the 63
spliceosomal introns contain the GT/AG universal motifs at the splice site. Moreover, these intron
signatures at both ends include an extended and highly conserved 5’ motif (up to seven nucleotides in

total) and a BS (branch-site; ACTAA) fused with the 3’ motif for 12 nucleotides (Fig 4).

Fig 4. Consensus sequence motif at the splice sites and intron features in T. vaginalis. (A) The
consensus sequence surrounding the exon-intron junction (+/- 20 bp) for the 63 intron-containing
genes is shown; the heatmap shows the nucleotide frequency at each position; (B) length distribution
of the new introns compared to those previously described and the complete repertoire; (C) the intron
phase distribution (excluding the 9 UTR introns). In both cases (panels B and C), the violin plots
display the distribution of the values, and the plot width represents the density of data points at that

value.

Wang et al. (2018) proposed classifying T. vaginalis introns into two types (A and B) based on
conservation of intron motifs and their lengths. We found four out of the eight introns classified as type
B in their results to be false positives. However, with the new repertoire including 35 novel introns,
inferring two types of introns is still possible if we solely consider these two characteristics. T. vaginalis

introns are thus either uniformly short (~25 nucleotides, type B) or long (50-196 nucleotides, type A).

Twenty-four introns can be classified as type B. Of these, eighteen are introns newly described in our
work, and six represent the shortest intron lengths reported for this parasite to date, with three

sequences measuring 24 nt and three measuring 23 nt in length. We confirm that type B introns are
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characterized by a higher sequence variability at their 5’ and 3’ ends, including the BS and the
consensus motifs (Fig 4A). The 5’ end is the more divergent; while positions +3 and +4 are composed
of only two nucleotides (A/T and C/T), positions +5, +6, and +7 exhibit greater heterogeneity with up
to three or four possible combinations. Positions +8 and +9 are well conserved with thymines. The 3’
end motif is comparatively variable. The first adenine of the BS motif (ACTAA) spanning from position
-8 to -12 is replaced by thymine and followed by CTAA nucleotides with a single exception
(TVAGG3_0315850) at position -11, where the cytosine is replaced by a thymine, in agreement with
previous findings (Fig 4A and S4 Fig). In addition, it is also possible to identify a deletion at position -4
in the six shortest introns (S4 Fig). In both cases of the type B introns, the remaining sequence mainly

comprises polypyrimidine tracts.

In contrast, type A introns (39 in total) are more variable in length, ranging from 56 up to 196
nucleotides, but with higher conservation of both motifs surrounding the splice site (Fig 4 A, B). The
seven nucleotides of the 5’ end are well conserved with minor exceptions at positions +4, +6, and +7,
and the 12 nucleotides of the 3’ end are almost perfectly conserved with minor exceptions at positions
-12, -3 and -4. The first nucleotide of the BS (position -12) is predominantly composed of adenines
rather than thymines, which agrees with previous findings. In contrast to type B introns, the
polypyrimidine tract next to the 5’ and 3’ motifs is only slightly conserved at the 3’ end. The
surrounding nucleotides of both motifs exhibit a significantly lower percentage of G+C compared to

the exon sequences, and no additional consensus motifs were identified.

Although most introns in T. vaginalis (and other eukaryotes) can be classified as phase zero, one, or
two (Fig 4C), Wang et al. reported the presence of one intron located at the 5’ UTR end of the
TVAG_269270 gene that does not follow such classification. Our findings confirmed this result and
produced a significant expansion of this class of introns (referred to as “UTR introns”), identifying nine
new instances with only one in the 3' UTR (TVAGG3_0535830, S2 Table). Despite the classification

of most (7/10) of these UTR introns as type B, no additional shared characteristics, such as functional

9
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annotation or sequence conservation, were identified. In line with observations in many other
organisms, phase 0 introns are the most abundant in this parasite, totaling 25 instances, followed by

19 phase 2, and the phase 1 introns are less represented, with only nine occurrences.

The predicted functions of the proteins encoded by the intron-containing genes are equally diverse,
ranging across protein phosphorylation, transcription, intracellular signaling, cellular movement, and
‘hypothetical’ (unknown function), among others (Table 1). Most functions are found in multi-gene
families (e.g., kinases, Armadillo-type repeats, leucine-rich, dyneins, cyclins, and GTPases). The most
common products are those with predicted kinase functions. All of their introns are type A, but the
motifs at both splice sites are not necessarily conserved (especially at the 5’), with phase 0 being the

most frequent feature.

Eleven genes were classified as encoding hypothetical proteins (or proteins with unknown function),
the second most frequent annotation. This group’s introns are more divergent than those from the

protein kinases, containing both type A and B introns in all three phases and having two UTR introns.

The third most frequent “function” comprises proteins containing Armadillo repeats. These genes are
also characterized by short intron length (type B), phase 2, and two 5’'UTR introns. Other genes with
repetitive domains (ankyrin and leucine-rich, mainly) showed higher divergence, with both types of

introns and phase 0, phase 2, and 5' UTR introns. In all cases, no correlation was found between the

functional annotation and the conservation of the intron motifs.

Table 1. Functional annotation of the intron-containing genes in T. vaginalis and intron

attributes.

Product name Count Gene IDs Intron type Intron phase

TVAGG3_ 0860620, TVAGG3_ 0764700, TVAGG3_ 0199570,
Protein kinase domain 16 A 0:11, 1:5
TVAGG3_0661130, TVAGG3_1058000, TVAGG3_1043790,

10
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Unknown

Armadillo-type fold

FCP1 homology domain
Initiator binding domain
Ankyrin repeat-
containing domain
Dynein light chain
Tctex-1 like

Arf GTPase activating
protein

Pleckstrin homology
domain

Small GTPase
Pre-mRNA-splicing
factor 18

Cyclin Dependent
Kinase Inhibitor 2C
Leucine-rich repeat
domain superfamily
LSM domain
superfamily

MOB kinase activator
family

P-loop containing
nucleoside triphosphate
hydrolase
Palmitoyltransferase,

DHHC domain

11

TVAGG3_0677070, TVAGG3_0972410, TVAGG3_0299880,
TVAGG3_0511450, TVAGG3_0403570, TVAGG3_0034870,
TVAGG3_0914340, TVAGG3_0971890, TVAGG3_0321945,
TVAGG3_0392230

TVAGG3_1019300, TVAGG3_0002250, TVAGG3_0124245,
TVAGG3_0315850, TVAGG3_0388310, TVAGG3_0732885,
TVAGG3_0143860, TVAGG3_0185960, TVAGG3_0986220,
TVAGG3_0757690, TVAGG3_0773150

TVAGG3_0108840, TVAGG3_0283200, TVAGG3_0841800,
TVAGG3_1058190, TVAGG3_0701590, TVAGG3_0681590
TVAGG3_0288310, TVAGG3_0182080, TVAGG3_0644560

TVAGG3_0984150, TVAGG3_1006950, TVAGG3_0662830

TVAGG3_0031770, TVAGG3_0136820, TVAGG3_1017660

TVAGG3_0930320, TVAGG3_0931505

TVAGG3_0432630, TVAGG3_0889910

TVAGG3_0656270, TVAGG3_0997450

TVAGG3_0006570, TVAGG3_0073825

TVAGG3_0105790, TVAGG3_0998030

TVAGG3_0948240

TVAGG3_0731840

TVAGG3_0420590

TVAGG3_0032670

TVAGG3_1032880

TVAGG3_0684960

A:3, B:8

A:2,B:1

0:3, 1:2, 2:4,

5UTR:2

2:4, 5UTR:2

0:1, 2:1,

5UTR:1

5UTR

2,0

5UTR

11
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Polymerase, nucleotidyl

1 TVAGG3_0321030 A 1
transferase domain
RNA-Binding ASCH

1 TVAGG3_0998660 A 1
domain
TAF6, C-terminal HEAT

1 TVAGG3_0852200 A 2
repeat domain
Transcription initiation

1 TVAGG3_0998160 A 2
factor TFIID subunit 6
U6 snRNA-associated

1 TVAGG3_0535830 A 3UTR

Sm-like protein Lsm3

Interestingly, three intron-containing genes encode proteins with predicted roles in the spliceosomal
machinery (U6 snRNA-associated protein and pre-mRNA splicing factor), two of which are almost

perfectly conserved paralogs (TVAGG3_ 0105790, TVAGG3_0998030) and the other being the only
one with an intron located in the 3' UTR (TVAGG3_0535830). The three introns are type A (100 and

102 nucleotides in length for the two paralogs and TVAGG3_0535830, respectively).

Intron prediction and validation in the closest relative of birds, T. stableri

To validate our results and pipeline, we conducted the same analysis for the sister species of T.
vaginalis, the bird parasite Trichomonas stableri (strain BTPI-3). This trichomonad infects columbid
birds (pigeons and doves) and was associated with widespread Pacific Coast band-tailed pigeon
mortality in California in 2006—2007 [15]. We analyzed the intron differences and similarities between
these two species using the same pipeline described in Fig 1 and a new chromosome-scale T.
stableri BTPI-3 genome assembly and triplicate RNA-seq dataset generated by our group [14]. We
identified a total of 81 T. stableri intron-containing genes (versus 63 in T. vaginalis G3), 78 with one

intron per gene, and for the first time in a trichomonad, three genes with two introns.

We found an unexpected degree of divergence between these two species in their intron

characteristics: first, in the total number of intron-containing genes, second, in the number of introns
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280 per gene, and third, in the conservation of the intron motifs (Fig 5). T. stableri BTPI-3 type A introns
281  are similarly abundant to T. vaginalis (32 versus 39) and have the same length distribution (56-196
282  nucleotides). Type B introns are more than twice as abundant in T. stableri (52 versus 24) compared
283  to T. vaginalis, with a length varying from 23-28 nucleotides (23-25 in T. vaginalis), and a higher

284  variability in the consensus intron motifs (Fig 5). Notably, the introns present in the three transcripts
285  with three exons are all type B (Fig 5, A-B), and we found polymorphisms differing from the T.

286 vaginalis G3 consensus motifs in one of them (TsBTPI-3-004276), in both the 5’ and 3’ ends. In the 3’
287 end, we found SNPs at positions -3 (A), -8 (C), -10 (A), and -12 (C), and one SNP in the 5’ end at
288  position +4 (A) (Fig 5A). Given these polymorphisms, the DNA and mRNA sequences for this gene
289  were validated by PCR (Fig 5C). In summary, T. stableri BTPI3 exhibits a wider and more variable
290 sequence repertoire of short introns (with up to two introns per gene) and a conserved repertoire of
291 large introns (type A), compared to T. vaginalis G3.

292

293  Fig 5. T. stableri BTPI-3 intron features. Consensus sequence motifs and nucleotide frequency are
294  shown in panel A, an histogtram of the intron length distribution is shown in panel B, and the PCR
295  validation of the gene TsBTPI-3_004276 in panel C; lanes 1,2, and 3 are the replicates of the cDNA
296 amplification, lane 4; RNA, lane 5 gDNA amplification, lane 6; negative control, and lane 7 the 1k Plus
297  DNA ladder.

298

299  Of the 81 intron-containing genes identified in T. stableri BTPI3, 50 (~62%) are conserved in T.

300 vaginalis G3 with an average identity of 91% (+/- 3% , including the intron sequence). However, we
301 only found signatures of positive selection (dN/dS ratio > 1) in 24 of these genes (S2 table), and their
302 functional annotations suggest they might be involved in constitutive functions such as gene

303 expression, protein trafficking, cellular movement, and energy production. Interestingly, for 11 of these
304 conserved genes, the spliceosomal intron is perfectly conserved, and all of them are classified as type
305 B introns (length 23-26 nucleotides). The remaining 39 conserved genes exhibited variable intron

306 sequences between the species, although we did not detect a significant change in their length that
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would classify them into different groups (A or B) or affect the intron phase among species. Most of
the conserved and species-specific intron-containing genes were predicted to have similar functions in

the two species or belong to the expanded gene families (S2 table).

The intron phase distribution did not show significant differences between the two species, e.g., phase
0 introns were also confirmed as the most abundant in T. stableri BTPI-3 (30 introns versus 25), and
similar numbers for phase 2 (21 vs 19 in G3) and UTR introns (ten in both species) were found. In
contrast, only phase 1 introns exhibited significant expansion, with 20 instances versus 9in T.

vaginalis.

Finally, we performed a de novo search in both species’ genomes for intron sequences not captured
by RNAseq and/or the transcript assembly but containing the newly identified putative intron motifs (5’
and 3’). The search was performed on both strands, no overlapping or redundant introns were
allowed, and only potential introns with a maximum length of 200 nucleotides were considered. Our
search yielded 34 potential introns in the T. vaginalis G3 genome (20 type A and 14 type B). Of those,
only nine are located within or near an annotated ORF (S3 Table). In T. stableri BTPI3, we identified a
total of 20 likely valid sequences (S3 Table). The majority were classified as type A (19), with only

three sequences as type B, and nine of those are located within or close to an annotated ORF.

Discussion

Due to the sequence repetitiveness of the T. vaginalis genome (largely from multiple copies of TE
families and multicopy protein-coding gene families), standard RNAseq mapping reported thousands
of likely artifactual chimeric splice junctions, suggesting hundreds of spliced transcripts, many
spanning distances ranging from few kilobases to hundreds of thousands of kilobases. Although such
mapping issues are well known in repetitive sequences with few solutions to this problem available

[16], motifs conserved in the 5" and 3’ ends of the introns that are specific to the splicing machinery in
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T. vaginalis enabled us to identify and filter out artifactual mappings by referring to their genomic
sequences. In line with this observation, recent analysis using a logistic regression classifier has
shown conservation patterns on the splice sites across more than 400 species, confirming that the
annotation of spliceosomal introns goes beyond the GT/AG dinucleotides and might lead to erroneous
annotations [17]. Armed with this knowledge, we developed a custom pipeline to identify spliceosomal
introns using RNAseq data, allowing us to finally identify the complete repertoire of intron-containing
genes in T. vaginalis G3, and identify introns for the first time in its sister species, the bird parasite T.
stableri BTPI-3. Our results significantly expanded the repertoire and knowledge about spliceosomal

introns in these parasites, including the number of introns, intron size, and the consensus motifs.

A combination of the new chromosome-grade assembly of T. vaginalis G3 [14] -- constituting ~180 Mb
in six chromosome-length scaffolds and ~44,000 putative protein-coding genes (plus ~47,000
transposable element genes) -- and our results, identifying and validating 35 new spliceosomal introns
for a total of 63, allows us to finally confirm a low per-kilobase intron density across the complete
genome, and conclude that T. vaginalis is an intron-poor parasite. Furthermore, functional annotation
of the new assembly indicates the existence of only 57 genes associated with the spliceosome
machinery [14], supporting the hypothesis that intron-poor genomes are also constrained in their
spliceosome machinery [18]. A chromosome-scale assembly of the closest sister species to T.
vaginalis, the bird parasiteT. stableri BTPI-3, generated by our group and composed of ~70 Mb in six
chromosomes and ~32,000 putative protein-coding genes [14], and the results presented in this
manuscript, further confirm that trichomonad genomes have a low intron density generally, while
exhibiting interesting similarities and differences in their intron characteristics, e.g., a more extensive
repertoire of introns in T. stableri BTPI-3 despite a shorter genome length and lesser gene count
compared to T. vaginalis G3; conservation of intron motifs needed by the splicing machinery (including

the BS); and a highly conserved intron length distribution.
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Although our identified intron-containing genes code for proteins with unknown functions or belong to
the highly expanded multicopy gene families, some exceptions suggest they are also involved in
essential molecular mechanisms such as transcription (Table 1 and S2 Table). Duplication of some of
these genes in the T. vaginalis genome might accord with this hypothesis and suggest a more
sophisticated transcription control. Overall, our results describing the intron content and their most
relevant features in two species of genus Trichomonas can be used to track the relevance of the

splicing machinery during the evolution of this eukaryote and in comparison with other species.

We could not confirm four of the previously described introns in T. vaginalis, and we believe this is due
to the fragmentation and misassembly of the 2007 draft genome. We found that one of those false
positives and two newly validated introns (including the CDS) could be used to understand the activity
of DNA transposons in the genome. First, we found that a true positive intron-containing gene
(TVAG_089630) has an intron-less paralog (a false positive) in the opposite strand (previously named
TVAG_134480), suggesting that it may have been duplicated by a transposable element (or a
retrotransposon after the intron removal). Second, TVAGG3_0930320 and TVAGG3_0931505, both
containing novel introns, are perfectly conserved paralogs, which also suggests their duplication by
DNA transposons before intron removal. Our genome annotation results [14] also support this
hypothesis, confirming that both pairs of paralogs are flanked by TEs. These results suggest that gene
duplication through transposable element high-jacking in T. vaginalis is a highly selective and stringent
process, given the massive expansion of transposable elements that has occurred within the genome
and the very low intron density. In agreement with this hypothesis, we did not identify intron-containing
genes undergoing these mechanisms in T. stableri BTPI-3. On the other hand, a third pair of intron-
containing T. vaginalis gene paralogs located on different chromosomes but the same strand
(TVAGG3_0105790 and TVAGG3_0998030) suggest that their duplication was produced using an
alternative mechanism since they are not flanked by TEs in contrast to the former two pairs of

paralogs.
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386 The shortest intron we identified in both Trichomonas species is 23 nucleotides long, among the

387  shortest known and comparable only with the 15 nucleotides of an intron in the Stentor coeruleus
388  (trumpet ciliate) genome [19] and the 18 nucleotide intron in Bigelowiella natans (unicellular marine
389 algae) genome [20]. The longest intron we confirmed is 196 nucleotides in T. vaginalis, which is short
390 compared with most eukaryotes, where maximum intron length varies from a few hundred bases to
391 tens of kilobases [21, 22]. While it conforms with the hypothesis that intron size is positively correlated
392  with genome size, where short genomes (<500 Mb) tend to have short introns (<1 kb) and less

393  specialized spliceosomal machinery [10, 18], our results are in contrast to the suggestion that short
394 introns (less than 40 bp) cannot form complete introns and do not contain regulatory elements [9, 19,
395  23]. We found that the simplicity of the splicing machinery corresponds with the simplicity of the

396 spliceosomal repertoire, including short introns, the absence of multiple introns per transcript, the
397 absence of potential isoforms, and the absence of alternative splicing insertion sites. Besides, our
398 results in both species of trichomonads confirm the conservation of motifs (including the BS) needed
399 Dby the splicing machinery.

400

401 We also confirmed that introns in Trichomonas species could be classified into two groups based on
402  their length and intron motifs, with type A comprising longer introns (>50 nt) and type B comprising
403  shorter (<<50 nt) ones, as suggested by Wang et al. [11]. Studies in diplomonad and parabasalid
404 genomes have demonstrated that these differences in intron length do not affect the processing

405 efficiency of the spliceosome, for example, through the formation of stem-loops and shortening the
406 distance between exons and the branch site with the splice sites, facilitating intron removal

407  independent of their length [18].

408

409  An additional interesting feature of T. vaginalis introns is the presence of extended consensus motifs
410 at both splice sites (Fig 4A). Since their discovery, the high similarity to these present in Giardia and
411  Saccharomyces has been demonstrated [12, 24]. However, in T. vaginalis, the 5’ motif is extended up

412  to seven nucleotides, and the 3’ motif is fused with the BS for a total of 12 nucleotides. This contrasts
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with most eukaryotes (with a longer length distribution), where the BS is separated from the 3’ splice
site by a non-conserved sequence of variable length (usually a polypyrimidine tract)[24]. The
conservation of this structure in this deep-branching eukaryote might confirm that the efficiency of the
splicing machinery relies on the conservation of the splice site and the BS, while the capacity of the
intron sequence to form secondary structures to shorten the distance between the BS and the 3’

splice site is a complementary mechanism evolving differently between species [12, 18].

The intron phase is another feature used for intron classification and analysis of their evolution [9, 10].
It refers to the intron position relative to the codons of the flanking exon sequences (phase 0 falls
between two codons, phase 1 between the first and second nucleotide, and phase 2 between the
second and third nucleotide of the flanking codon). In most eukaryotes, where U2-type introns are the
major spliceosome (as is the case of T. vaginalis and T. stableri), phase 0 introns are more abundant
than phase 1 (the second most abundant) and phase 2 [9]. We found phase 0 introns to be the most
abundant in both Trichomonas species (S2 Table). However, we found two interesting exceptions for
phases 1 and 2 in T. vaginalis. First, phase 2 is the second most expanded (19 in total), and second,
phase 1 is as abundant as those located in the UTRs (10 instances each). Furthermore, the high
abundance of introns we found located in UTRs (nine in the 5’UTR and one in the 3’'UTR in T.
vaginalis) contrasts with their very low occurrence in most organisms [22, 25]. Second, the excess of
phase 2 over phase 1 introns is typically found in U12-dependent introns [21], but U12 spliceosome
subunit genes appear to be absent in the T. vaginalis [14]. Also, the strong conservation of intron
motifs (including the BS conserved in Giardia and Saccharomyces specific to U2 introns [18, 24])
supports the hypothesis that U12-dependent introns are absent in T. vaginalis and T. stableri.
Consequently, these results challenge the “intron-first” hypothesis, which posits that present-day
introns derive from sequences between minigenes in the progenote and, therefore, must lie in phase
0. Instead, our results align more closely with the “introns-late” hypothesis, which suggests that the

non-uniformity of intron phase distribution reflects the nonrandomness of intron insertions.
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440 Finally, it is also important to note that the intron motifs located in UTRs are as well conserved as
441  those found in the CDS, and no significant differences were found among them or when compared
442  with CDS introns. Furthermore, similar numbers of this class of introns were validated to exist in both
443  species. Our results accord with the assumption that introns in 3'UTRs are less abundant than those
444  found in 5’UTRs, but more importantly, we attest that this class of introns should not be ignored or
445  considered less relevant [26], especially in a low intron-density organism. For instance, it has been
446  reported that introns located in 5’ UTRs contain regulatory elements such as small nucleolar RNA
447  genes and microRNA precursors and, therefore, can be subjects of selection, playing an important
448 role in gene expression [25, 27-29]. Further studies are needed to understand the biological relevance
449  of this class of introns and their conservancy in these species over evolution.

450

451  Further analysis will also confirm if the additional intron sequences we detected by a de novo search
452 (34 inT. vaginalis and 20 in T. stableri, but not validated by RNAseq) using the newly recalculated
453  intron signatures are remains of old genes or if they are part of active genes expressed only in

454  alternative and less common parasite forms, such as pseudocysts [30].

455

456  Conclusions

457  We used a new chromosome-scale genome assembly, RNAseq data, and a custom pipeline to filter
458  chimeric alignments to report the most complete repertoire of spliceosomal introns in the human

459  pathogen T. vaginalis. We confirmed the existence of 35 new introns for a total of 63 (one per gene).
460 These new results confirmed some of the most relevant features previously described using the draft
461 genome, such as conserved motifs at the intron boundaries and their short length. But our results
462  significantly expand information about intron features that can contribute to understanding the

463  evolution of this parasite, including revising downwards the minimum intron length, establishing

464  sequence conservation at the splice site at higher resolution, and describing the phase distribution

465  with a significant increase of introns at the UTRs. We also confirmed the absence of U12-type introns,
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466 the ubiquitous presence of the GT/AG dinucleotides, the conservation of the BS fused with the 3’
467  splice site, and a few genes potentially duplicated by RNA and DNA transposons.

468

469 By applying the same methods to high-quality sequence data from a related species, we also

470 generated the first repertoire of spliceosomal introns in the bird parasite T. stableri BTPI-3, consisting
471  of 81 examples, of which three are genes containing two introns. Our results showed a high

472  conservation of splicing signals between species. However, observed differences prompt further

473  investigation to analyze the independent evolution of introns and their implications for the molecular
474  biology of the parasites.

475

476  Both species of Trichomonas we studied appear to possess intron-poor genomes. The functional
477  annotation of these genes suggests an enriched repertoire of constitutive functions, with T. vaginalis
478  potentially harboring a more specialized spliceosomal machinery than T. stableri. On the other hand,
479  an excess of phase zero introns and the conserved non-uniform distribution of phase one, phase two,
480 and UTR introns in both species agree with observations in most eukaryotes of the introns-late

481  hypothesis. Our results contribute to understanding introns in non-model organisms and their

482  evolution over time.

483

484 Materials and Methods

485 Parasite culture and nucleic acid extraction

486  T. vaginalis strain G3 and T. stableri strain BTPI-3 parasites were grown in axenic culture at 37°C in
487  modified Diamond's Medium [31] supplemented with 10% horse serum, penicillin, and streptomycin
488 (Invitrogen), and iron solution composed of ferrous ammonium sulfate and sulfosalicylic acid (Fisher
489  Scientific), as described previously [32]. Cultures were grown overnight in 10 ml of media in 15 ml

490 loose-capped conical tubes. Total DNA was extracted from T. vaginalis and T. stableri cultures using
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the DNeasy Blood and Tissue kit (Qiagen) following the manufacturer’s instructions. Total RNA from T.
vaginalis G3 was extracted from biological triplicate cultures using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. Total RNA from T. stableri BTPI-3 was extracted with
TRIzol (Ambion #15996018) following the manufacturers’ instructions. DNA and RNA concentrations

were determined using a Qubit fluorometer.

Trichomonas genome and transcriptome datasets

Chromosome-grade assemblies of T. vaginalis strain G3 (PRIJNA885811) and T. stableri strain BTPI-3
(PRJINA816543) were used. Transcriptome datasets consisting of RNA-seq reads from libraries of
biological triplicates of T. vaginalis G3 (SRR22985603-SRR22985607) and T. stableri BTPI-3
(SRR22985597-SRR22985599) were also analyzed. The quality of the RNA-seq reads was assessed
using FastQC [33] and were filtered and trimmed using Trimmomatic v0.39 [34] to a minimum length
and overall quality of 70 nucleotides and 28 (phred score), respectively; adapter contamination was

also removed when present.

Semi-automated pipeline for intron validation

A semi-automated pipeline for intron validation was generated using a collection of bioinformatics
tools and in-house python scripts. First the RNAseq reads are mapped to the reference genome using
STAR v.2.7.6a [35], with no custom parameters except --outSAMattributes All to report all the
alignment attributes in the alignment file and --outSAMtype BAM SortedByCoordinate to sort the BAM
file by read coordinate. Second, SJs mapping to regions lacking degenerated intron motifs are filtered
out from the BAM file using an in-house Python script and the SJ coordinates reported by STAR in the
SJ.out.tab file. Third, the transcript assembly is carried out using StringTie (v.2.1.6, default
parameters), and the resulting BAM file from step 2 (the BAM file must be sorted and indexed using

Samtools[36]). The pipeline is available at https://github.com/biofcallejas/pysplicing. An additional
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search of potentially functional introns not captured by the RNAseq or previous analyses was
performed using custom in-house Python scripts and the consensus sequences determined in the
previous section. The search was performed in both strands; no overlaps were allowed and the

maximum intron length was set to 200 nucleotides.

Experimental validation of introns

Primer3 plus [37] was used to design pairs of PCR primers flanking predicted intron sequences. Their
specificity was confirmed using a local version of Blastn (using -task blastn-short) and the new
genome assemblies. The complete set of primer sequences is available in supplementary table 1
(S1 Table). T. vaginalis G3 and T. stableri BTPI-3 cDNA were generated as follows: polyA mRNA was
isolated from total RNA using the NEBNext Poly(A) mRNA Magnetic Isolation Module (#E7490), and
cDNA was synthesized from poly(A) mRNA with oligo(dT) using the SuperScript Ill First-Strand
Synthesis System (Invitrogen #18080051) following the manufacturer’s instructions. PCRs were
performed using DreamTaq Green DNA Polymerase (Thermofisher) and standard conditions for 30
cycles. We used the previously validated (Wang et al. (8) and confirmed by our RNAseq results)
TVAG_350500, and TVAG_306990 as positive controls. Negative controls were from cDNA synthesis
reactions using poly(A)+ mRNA but no reverse transcriptase. PCR products were compared side by
side on a 2.0% (w/v) agarose electrophoresis gel stained with 3 pl of ethidium bromide and a BioRad

Low Range DNA Ladder.

Functional annotation and intron features

Open reading frames for the intron-containing genes were predicted using Augustus [38] (local
version v.3.5.0) and the standard genetic code. Functional annotation was predicted using the protein
domain identifier InterProScan (v 5.50)[39]. Intron phase was determined using the structural

annotation from the previous step and in-house Python scripts, considering the longest ORF crossing
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the exon-exon junction. Multiple sequence alignment (MSA) for all the validated splicing sites was
calculated using MAFFT (BLOSUMG62) [40] and visualized using Jalview [41].The genome and
RNAseq alignments were visualized using IGV v.2.16.0 [42]. Consensus sequences were generated
using WebLogo v2.8.2[43] and formatted using Adobe lllustrator. All other figures were generated

using R and Rstudio [44].

Acknowledgments

Research reported in this publication was supported by the National Institute Of Allergy And Infectious
Diseases of the National Institutes of Health under Award Number R21A1149449. This work was
supported in part through the NYU IT High-Performance Computing resources, services, and staff

expertise.

References

1. FuL, SunY, Han M, Wang B, Xiao F, Zhou Y, et al. Incidence Trends of Five Common Sexually
Transmitted Infections Excluding HIV From 1990 to 2019 at the Global, Regional, and National Levels:
Results From the Global Burden of Disease Study 2019. Front Med (Lausanne). 2022;9:851635. Epub
20220302. doi: 10.3389/fmed.2022.851635. PubMed PMID: 35308518; PubMed Central PMCID:
PMCPMC8924524.

2. PAHO. Trichomoniasis: Pan American Health Organization: PAHO; 2023 [cited 2023]. Available
from: https://www3.paho.org/hqg/index.php?option=com content&view=article&id=14868:sti-
trichomoniasis&Itemid=0&lang=en#gsc.tab=0.

3. CDC. Trichomoniasis, Center for Disease Control and Prevention 2023. Available from:
https://www.cdc.gov/std/treatment-guidelines/trichomoniasis.htm.
4. Muzny CA. Why Does Trichomonas vaginalis Continue to be a "Neglected" Sexually

Transmitted Infection? Clin Infect Dis. 2018;67(2):218-20. doi: 10.1093/cid/ciy085. PubMed PMID:
29554227; PubMed Central PMCID: PMCPMC6030825.

5. Girard YA, Rogers KH, Gerhold R, Land KM, Lenaghan SC, Woods LW, et al. Trichomonas stableri
n. sp., an agent of trichomonosis in Pacific Coast band-tailed pigeons (Patagioenas fasciata monilis).
Int J Parasitol Parasites Wildl. 2014;3(1):32-40. Epub 20131228. doi: 10.1016/j.ijppaw.2013.12.002.
PubMed PMID: 24918075; PubMed Central PMCID: PMCPMC4047957.

6. Gerhold RW, Yabsley MJ, Smith AJ, Ostergaard E, Mannan W, Cann JD, et al. Molecular
characterization of the Trichomonas gallinae morphologic complex in the United States. J Parasitol.
2008;94(6):1335-41. doi: 10.1645/GE-1585.1. PubMed PMID: 18576862.

23


https://doi.org/10.1101/2024.11.13.623467
http://creativecommons.org/licenses/by-nc-nd/4.0/

574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.13.623467; this version posted January 16, 2025. 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-NC-ND 4.0 International license.

7. Peters A, Das S, Raidal SR. Diverse Trichomonas lineages in Australasian pigeons and doves
support a columbid origin for the genus Trichomonas. Mol Phylogenet Evol. 2020;143:106674. Epub
20191107. doi: 10.1016/j.ympev.2019.106674. PubMed PMID: 31707138.

8. Carlton JM, Hirt RP, Silva JC, Delcher AL, Schatz M, Zhao Q, et al. Draft genome sequence of
the sexually transmitted pathogen Trichomonas vaginalis. Science. 2007;315(5809):207-12. doi:
10.1126/science.1132894. PubMed PMID: 17218520; PubMed Central PMCID: PMCPMC2080659.

9. Poverennaya IV, Roytberg MA. Spliceosomal Introns: Features, Functions, and Evolution.
Biochemistry (Mosc). 2020;85(7):725-34. doi: 10.1134/5S0006297920070019. PubMed PMID:
33040717.

10. Rogozin IB, Carmel L, Csuros M, Koonin EV. Origin and evolution of spliceosomal introns. Biol
Direct. 2012;7:11. Epub 20120416. doi: 10.1186/1745-6150-7-11. PubMed PMID: 22507701; PubMed
Central PMCID: PMCPMC(C3488318.

11. Wang SE, Amir AS, Nguyen T, Poole AM, Simoes-Barbosa A. Spliceosomal introns in
Trichomonas vaginalis revisited. Parasit Vectors. 2018;11(1):607. Epub 20181127. doi:
10.1186/s13071-018-3196-7. PubMed PMID: 30482228; PubMed Central PMCID: PMCPMC6260720.
12. Vanacova S, Yan W, Carlton JM, Johnson PJ. Spliceosomal introns in the deep-branching
eukaryote Trichomonas vaginalis. Proc Natl Acad Sci U S A. 2005;102(12):4430-5. Epub 20050311. doi:
10.1073/pnas.0407500102. PubMed PMID: 15764705; PubMed Central PMCID: PMCPMC554003.
13. Deng XL, Xu MY, Xu XY, Ba-Thein W, Zhang RL, Fu YC. A 25-bp ancient spliceosomal intron in the
TvRabla gene of Trichomonas vaginalis. Int J Biochem Cell Biol. 2009;41(2):417-23. Epub 20080925.
doi: 10.1016/j.biocel.2008.09.014. PubMed PMID: 18926921.

14. Sullivan Steven A. OJC, Callejas-Hernandez Francisco, Blow Frances, Ranallo-Benavidez
Timothy, Peters Andrew, Raidal Shane, Girard Yvette A., Johnson Christine K., Rogers Krysta, Gerhold
Richard, Mangelson Hayley, Liachko Ivan, Chandler Chris, Srivastava Harsh, Berenberg Daniel,
Gligorijevic Vladimir, Bonneau Richard A., Huang Po-Jung, Yeh Yuan-Ming, Lee Chi-Ching, Liu Hsuan,
Chen Ting-Wen, Tang Petrus, Schatz Michael C., Carlton Jane M. Comparative genomics reveals
relaxed and convergent evolution in host-switching trichomonads including the human genital
parasite Trichomonas vaginalis. bioRxiv. 2024. doi: 10.1101/2024.12.22.629724.

15. Girard YA, Rogers KH, Woods LW, Chouicha N, Miller WA, Johnson CK. Dual-pathogen etiology
of avian trichomonosis in a declining band-tailed pigeon population. Infect Genet Evol. 2014;24:146-
56. Epub 20140313. doi: 10.1016/j.meegid.2014.03.002. PubMed PMID: 24632451.

16. Lanciano S, Cristofari G. Measuring and interpreting transposable element expression. Nat Rev
Genet. 2020;21(12):721-36. Epub 20200623. doi: 10.1038/s41576-020-0251-y. PubMed PMID:
32576954.

17. Minkin I, Salzberg SL. Quality assessment of splice site annotation based on conservation
across multiple species. bioRxiv. 2023. Epub 20231202. doi: 10.1101/2023.12.01.569581. PubMed
PMID: 38076842; PubMed Central PMCID: PMCPMC10705407.

18. Hudson AJ, McWatters DC, Bowser BA, Moore AN, Larue GE, Roy SW, et al. Patterns of
conservation of spliceosomal intron structures and spliceosome divergence in representatives of the
diplomonad and parabasalid lineages. BMC Evol Biol. 2019;19(1):162. Epub 20190802. doi:
10.1186/512862-019-1488-y. PubMed PMID: 31375061; PubMed Central PMCID: PMCPMC6679479.
19. Nuadthaisong J, Phetruen T, Techawisutthinan C, Chanarat S. Insights into the Mechanism of
Pre-mRNA Splicing of Tiny Introns from the Genome of a Giant Ciliate Stentor coeruleus. Int J Mol Sci.
2022;23(18). Epub 20220919. doi: 10.3390/ijms231810973. PubMed PMID: 36142882; PubMed
Central PMCID: PMCPMC9505925.

24


https://doi.org/10.1101/2024.11.13.623467
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.13.623467; this version posted January 16, 2025. 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-NC-ND 4.0 International license.

619  20. Gilson PR, Su V, Slamovits CH, Reith ME, Keeling PJ, McFadden Gl. Complete nucleotide

620 sequence of the chlorarachniophyte nucleomorph: nature's smallest nucleus. Proc Natl Acad Sci U S A.
621  2006;103(25):9566-71. Epub 20060607. doi: 10.1073/pnas.0600707103. PubMed PMID: 16760254;
622  PubMed Central PMCID: PMCPM(C1480447.

623 21. Moyer DC, Larue GE, Hershberger CE, Roy SW, Padgett RA. Comprehensive database and

624  evolutionary dynamics of U12-type introns. Nucleic Acids Res. 2020;48(13):7066-78. doi:

625 10.1093/nar/gkaad64. PubMed PMID: 32484558; PubMed Central PMCID: PMCPMC7367187.

626  22. Wang D. IntronDB: a database for eukaryotic intron features. Bioinformatics.

627  2019;35(21):4400-1. doi: 10.1093/bioinformatics/btz242. PubMed PMID: 30949679.

628  23. Rose AB. Introns as Gene Regulators: A Brick on the Accelerator. Front Genet. 2018;9:672.
629  Epub 20190207. doi: 10.3389/fgene.2018.00672. PubMed PMID: 30792737; PubMed Central PMCID:
630 PMCPMC6374622.

631 24. Bon E, Casaregola S, Blandin G, Llorente B, Neuveglise C, Munsterkotter M, et al. Molecular
632 evolution of eukaryotic genomes: hemiascomycetous yeast spliceosomal introns. Nucleic Acids Res.
633  2003;31(4):1121-35. doi: 10.1093/nar/gkg213. PubMed PMID: 12582231; PubMed Central PMCID:
634 PMCPMC150231.

635  25. Hong X, Scofield DG, Lynch M. Intron size, abundance, and distribution within untranslated
636  regions of genes. Mol Biol Evol. 2006;23(12):2392-404. Epub 20060915. doi: 10.1093/molbev/msl111.
637 PubMed PMID: 16980575.

638  26. Bicknell AA, Cenik C, Chua HN, Roth FP, Moore MJ. Introns in UTRs: why we should stop

639  ignoring them. Bioessays. 2012;34(12):1025-34. Epub 20121026. doi: 10.1002/bies.201200073.

640 PubMed PMID: 23108796.

641 27. Majewski J, Ott J. Distribution and characterization of regulatory elements in the human

642 genome. Genome Res. 2002;12(12):1827-36. doi: 10.1101/gr.606402. PubMed PMID: 12466286;
643  PubMed Central PMCID: PMCPMC(C187578.

644  28. Tycowski KT, Shu MD, Steitz JA. A small nucleolar RNA is processed from an intron of the

645 human gene encoding ribosomal protein S3. Genes Dev. 1993;7(7A):1176-90. doi:

646  10.1101/gad.7.7a.1176. PubMed PMID: 8319909.

647  29. Rearick D, Prakash A, McSweeny A, Shepard SS, Fedorova L, Fedorov A. Critical association of
648  ncRNA with introns. Nucleic Acids Res. 2011;39(6):2357-66. Epub 20101110. doi:

649  10.1093/nar/gkq1080. PubMed PMID: 21071396; PubMed Central PMCID: PMCPMC3064772.

650 30. Shiratori M, Patel A, Gerhold RW, Sullivan SA, Carlton JM. Persistent Trichomonas vaginalis
651 infections and the pseudocyst form. Trends Parasitol. 2023;39(12):1023-31. Epub 20231006. doi:
652 10.1016/.pt.2023.09.009. PubMed PMID: 37806787; PubMed Central PMCID: PMCPMC10844888.
653 31. Diamond LS. The establishment of various trichomonads of animals and man in axenic

654  cultures. J Parasitol. 1957;43(4):488-90. PubMed PMID: 13463700.

655  32. Conrad M, Zubacova Z, Dunn LA, Upcroft J, Sullivan SA, Tachezy J, et al. Microsatellite

656  polymorphism in the sexually transmitted human pathogen Trichomonas vaginalis indicates a

657  genetically diverse parasite. Mol Biochem Parasitol. 2011;175(1):30-8. Epub 20100909. doi:

658 10.1016/j.molbiopara.2010.08.006. PubMed PMID: 20813140; PubMed Central PMCID:

659 PMCPMC(C2974001.

660  33. Andrews S. FastQC: a quality control tool for high throughput sequence data. 0.12.0 ed2010.
661 34. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data.
662  Bioinformatics. 2014;30(15):2114-20. Epub 20140401. doi: 10.1093/bioinformatics/btu170. PubMed
663  PMID: 24695404; PubMed Central PMCID: PMCPMC4103590.

25


https://doi.org/10.1101/2024.11.13.623467
http://creativecommons.org/licenses/by-nc-nd/4.0/

664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696

697

698

699

700

701

702

703

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.13.623467; this version posted January 16, 2025. 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-NC-ND 4.0 International license.

35. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal
RNA-seq aligner. Bioinformatics. 2013;29(1):15-21. Epub 20121025. doi:
10.1093/bioinformatics/bts635. PubMed PMID: 23104886; PubMed Central PMCID:
PMCPMC3530905.

36. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map
format and SAMtools. Bioinformatics. 2009;25(16):2078-9. Epub 20090608. doi:
10.1093/bioinformatics/btp352. PubMed PMID: 19505943; PubMed Central PMCID:
PMCPMC(C2723002.

37. Untergasser A, Nijveen H, Rao X, Bisseling T, Geurts R, Leunissen JA. Primer3Plus, an enhanced
web interface to Primer3. Nucleic Acids Res. 2007;35(Web Server issue):W71-4. Epub 20070507. doi:
10.1093/nar/gkm306. PubMed PMID: 17485472; PubMed Central PMCID: PMCPM(C1933133.

38. Stanke M, Diekhans M, Baertsch R, Haussler D. Using native and syntenically mapped cDNA
alignments to improve de novo gene finding. Bioinformatics. 2008;24(5):637-44. Epub 20080124. doi:
10.1093/bioinformatics/btn013. PubMed PMID: 18218656.

39. Quevillon E, Silventoinen V, Pillai S, Harte N, Mulder N, Apweiler R, et al. InterProScan: protein
domains identifier. Nucleic Acids Res. 2005;33(Web Server issue):W116-20. doi: 10.1093/nar/gki442.
PubMed PMID: 15980438; PubMed Central PMCID: PMCPMC1160203.

40. Madeira F, Pearce M, Tivey ARN, Basutkar P, Lee J, Edbali O, et al. Search and sequence analysis
tools services from EMBL-EBI in 2022. Nucleic Acids Res. 2022;50(W1):W276-W9. doi:
10.1093/nar/gkac240. PubMed PMID: 35412617; PubMed Central PMCID: PMCPM(C9252731.

41. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ. Jalview Version 2--a multiple
sequence alignment editor and analysis workbench. Bioinformatics. 2009;25(9):1189-91. Epub
20090116. doi: 10.1093/bioinformatics/btp033. PubMed PMID: 19151095; PubMed Central PMCID:
PMCPMC(C2672624.

42. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative
genomics viewer. Nat Biotechnol. 2011;29(1):24-6. doi: 10.1038/nbt.1754. PubMed PMID: 21221095;
PubMed Central PMCID: PMCPM(C3346182.

43. Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: a sequence logo generator. Genome
Res. 2004;14(6):1188-90. doi: 10.1101/gr.849004. PubMed PMID: 15173120; PubMed Central PMCID:
PMCPMC419797.

44, Team RC. R: A language and environment for statistical computing. 2021 [cited 2023]. Available
from: https://www.R-project.org/.

Supporting information

S1 Fig. Splice junctions detected by mapping the RNAseq data to the new chromosome-scale
assembly of T. vaginalis G3. Coverage and length (log10-based) for each SJ are shown in the “Y”
and “X” axes, respectively. SJs were classified as invalid and valid by filtering those mapping to

genomic regions lacking the degenerated intron motifs needed by the spliceosomal machinery.
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S2 Fig. False positive intron-containing genes reported by Vanacova et al. (2005) and Wang et
al. (2018). The RNAseq coverage (violet) mapped to the new genome and the new genome
annotation (Sullivan et al., 2023, unpublished results) are shown in the first and second panels,
respectively (top to bottom). The exons predicted by Vanacova et al. (2005), Wang et al. (2018), and
the first genome annotation (2007) are shown in the following panels (3,4). The primers used for their

validation by Wang et al (2018) are shown in the bottom panels (5,6).

S3 Fig. RNAseq coverage for the complete set of intron-containing transcripts in T. vaginalis
G3. The intron sequences are delimited by vertical red lines, the RNAseq coverage is shown in cyan

(y-axis), and the transcript length is indicated in the x-axis.

S4 Fig. Multiple sequence alignment (MSA) of the 63 spliceosomal introns in T. vaginalis. The
upper panel shows the MSA for the type A introns (length from 56-196 nucleotides), and the lower

panel shows type B introns.

S1 Table. The complete list of primers used for the PCR validation of the T. vaginalis and T.
stableri introns. Forward (top) and reverse (bottom) sequences and their main features are specified
for all the primers. The length of the PCR product is specified in columns 6-7, and the length of the

flanking intron is specified in column 8.

S2 Table. Complete set of intron-containing genes in T. vaginalis and T. stableri. All the data for

both sets of spliceosomal introns, including their structural and functional annotation and the new

corresponding gene IDs.

S3 Table. The list of additional putative introns in T. vaginalis and T. stableri genomes. These

additional intron sequences were not validated by RNAseq evidence.
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