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Abstract

Background In trypanosomatids, a group of unicellular eukaryotes that includes numerous important human
parasites, cis-splicing has been previously reported for only two genes: a poly(A) polymerase and an RNA helicase.
Conversely, trans-splicing, which involves the attachment of a spliced leader sequence, is observed for nearly every
protein-coding transcript. So far, our understanding of splicing in this protistan group has stemmed from the analysis
of only a few medically relevant species. In this study, we used an extensive dataset encompassing all described trypa-
nosomatid genera to investigate the distribution of intron-containing genes and the evolution of splice sites.

Results We identified a new conserved intron-containing gene encoding an RNA-binding protein that is univer-
sally present in Kinetoplastea. We show that Perkinsela sp., a kinetoplastid endosymbiont of Amoebozoa, represents
the first eukaryote completely devoid of cis-splicing, yet still preserving trans-splicing. We also provided evidence

for reverse transcriptase-mediated intron loss in Kinetoplastea, extensive conservation of 5' splice sites, and the pres-
ence of non-coding RNAs within a subset of retained trypanosomatid introns.

Conclusions All three intron-containing genes identified in Kinetoplastea encode RNA-interacting proteins,

with a potential to fine-tune the expression of multiple genes, thus challenging the perception of cis-splicing in these
protists as a mere evolutionary relic. We suggest that there is a selective pressure to retain cis-splicing in trypanoso-
matids and that this is likely associated with overall control of MRNA processing. Our study provides new insights

into the evolution of introns and, consequently, the regulation of gene expression in eukaryotes.
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Background

Introns are noncoding gene elements that are excised
from nascent RNA during maturation by various mecha-
nisms depending on the intron type [1]. Spliceosomal
introns are excised from precursor mRNA (pre-mRNA)
by the spliceosome, a large ribonucleoprotein complex
comprising five small nuclear RNAs (snRNAs) and, typi-
cally, over a hundred proteins [2]. In the predominant cis-
splicing reaction, fragments of the same RNA molecule
are ligated together after intron removal, while trans-
splicing, a less common modality, results in the fusion
of RNA fragments transcribed from non-contiguous
loci [3]. Introns excised by the spliceosome contain con-
served splicing signals, usually GT/AG dinucleotides at
their 5' and 3' ends, a branchpoint/lariat sequence, and
a polypyrimidine tract [2]. From here on, we will refer to
introns removed during cis-splicing as cis-spliceosomal
introns [4].

Cis-spliceosomal introns can serve multiple functions,
such as enhancing protein diversity through alternative
splicing, hosting diverse non-coding RNAs, regulating
gene expression, RNA stability and targeting, and influ-
encing mRNA transport and chromatin assembly [5].
Eukaryotic lineages differ drastically in their intron con-
tent and length, with the genomes of vertebrates, plants,
and some fungi being intron-rich, whereas those of some
intracellular endosymbionts are highly reduced and
devoid of introns [6]. For instance, human genes con-
tain an average of eight introns. In contrast, the nucleo-
morph (a highly reduced remnant of algal endosymbiont
nucleus) of the cryptophyte Hemiselmis andersenii and
nuclei of some microsporidia (obligate intracellu-
lar parasites related to fungi) apparently lack cis-spliceo-
somal introns [7-9]. However, complete loss of introns is
extremely rare and has never been documented in eukar-
yotes endowed with trans-splicing [10].

The phylum Euglenozoa, a group of unicellular eukar-
yotes (protists) including kinetoplastids, diplonemids,
euglenids, and symbiontids [11], serves as an excellent
example of a lineage that unites organisms with drastic
differences in intron content. Introns are widespread in
diplonemid and euglenid genomes, whose genes con-
tain conventional (with typical GT/AG borders, excised
by the spliceosome) and non-conventional (with atypi-
cal dinucleotides at the borders, stable secondary struc-
ture and an unknown excision mechanism) introns, or a
combination thereof [12—15]. Conversely, in the genomes
of trypanosomatids (Kinetoplastea: Trypanosomati-
dae), cis-spliceosomal introns are reportedly confined to
only two genes: poly(A) polymerase (PAPI) and a puta-
tive RNA helicase (DBP2B) [16]. Genome-wide analysis,
employing transcriptomic data from different life stages
of Trypanosoma brucei, strongly supported the notion
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that no additional intervening sequences are present
in the thoroughly investigated genome of this parasite
[17]. PAP1 is involved in the polyadenylation of noncod-
ing RNAs, particularly small nucleolar RNAs (snoRNAs)
and long noncoding RNAs (IncRNAs) [18]. Silencing
of PAPI in T. brucei reduces the levels of mature snoR-
NAs [18], which are important translation regulators in
this parasite [19]. Eleven nucleotides (nt) at the 5’ splice
site of the PAPI intron sequence are highly conserved
between T. brucei and T. cruzi and point mutations
within this region abolish splicing [20]. However, it is
not clear whether such extended conserved sequence at
the 5’ splice site is characteristic for other Kinetoplastea.
To the best of our knowledge, no data on the functional
significance of the trypanosomatid RNA helicase and its
intron were obtained since the first identification [21, 22].
However, the well-studied yeast homolog of this protein
(DEAD-box ATPase DBP2) is involved in RNA metabo-
lism, including transcription [23, 24], nonsense-mediated
mRNA decay, and ribosomal RNA processing [25]. In
addition, it has been reported to disrupt RNA G-quad-
ruplex structures [26] and to interact with RNA viruses
[27].

Recently, the genome sequences and transcriptomic
data of virtually all formally described trypanosoma-
tid genera have become available [28, 29]. Nevertheless,
studies of intervening sequences have typically focused
on a limited set of the kinetoplastid genomes belong-
ing to medically and veterinary-relevant pathogens of
the genera Leishmania and Trypanosoma [17, 20, 21].
Therefore, a systematic analysis of introns in Kineto-
plastea is timely. Here, we investigate the distribution of
intron-containing genes and the respective introns using
a phylogenetically balanced dataset that includes numer-
ous recently sequenced genomes [28], analyze conserved
intron features, alternative transcript isoforms, and eval-
uate a potential role for reverse transcriptase (RT)-medi-
ated intron loss in the evolution of these iconic protists.

Results

A novel intron-containing gene in Kinetoplastea encodes
an RNA-binding protein

Genome-wide analysis of cis-splicing in Kinetoplastea
has been limited to a handful of trypanosomatids that
infect vertebrates, such as T. brucei and Leishmania
major [17, 21]. Genomic and transcriptomic data for
nearly all formally recognized trypanosomatid genera
are now available [29]. This significantly extended data-
set was subjected to two independent intron identifica-
tion strategies: (i) based on the presence of conserved
sequences at the 5" intron border and (ii) analysis of split
reads mapping [20, 30].
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Using the first approach, we found an intron in the
gene encoding a putative RNA-binding protein (7. bru-
cei accession Tb927.8.6440) previously designated as
RBP20 [31] and identified its orthologues in all ana-
lyzed genomes (Additional file 1: Table S1). The RBP20
protein orthologues contain a glutamine-rich and two
glycine/arginine-rich low complexity regions of vari-
able length and an RNA recognition motif (Fig. 1A).
The length of RBP20 in Kinetoplastea ranges from 216
amino acids (aa) in the parabodonid Trypanoplasma
borreli to around 350 aa in a monoxenous relative
of Leishmania, the trypanosomatid Zelonia costari-
censis. The protein length variation primarily stems
from divergence within low complexity regions, with
the T. borreli sequence lacking the glutamine-rich
region being the shortest (Fig. 1A). The position of the
RBP20 intron is highly conserved across kinetoplastids
(Fig. 1A). Moreover, all identified introns have canoni-
cal GT/AG borders (Fig. 1B and C), with splicing sup-
ported by the presence of split reads in transcriptomic
data mapped on the genome assembly and by a sharp
decrease in read coverage at intron ends (Fig. 1B).

The analysis of split read mappings identified 237
splice junction candidates for Bodo saltans and 373
for Perkinsela sp. However, manual inspection did
not reveal any valid intron predictions for Perkinsela
sp. and confirmed the three known intron-containing
genes in B. saltans. Erroneously predicted splice junc-
tions were associated with repetitive regions and the
genome assembly artefacts.

Taken together, this evidence suggests that we have
identified a third gene in Kinetoplastea harboring a cis-
spliceosomal intron. Similar to PAPI and DBP2B, the
RBP20 gene encodes a protein likely involved in RNA
metabolism, as suggested by the presence of RNA rec-
ognition motif, although its exact function remains
undefined.

(See figure on next page.)
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Distribution of cis-spliceosomal introns in Kinetoplastea
The information on intron-containing genes and cor-
responding intervening sequences in Kinetoplastea is
fragmentary, with a sampling bias toward medically
and veterinary important species. To achieve a com-
prehensive understanding with deeper implications for
kinetoplastid genome evolution, we conducted a system-
atic analysis of intron distribution across a broad set of
genomes.

We identified homologs of the three intron-containing
genes in all analyzed kinetoplastid genomes, with rare
exceptions that are likely related to the lower quality of
genome assemblies (Fig. 2; Additional file 1: Table S1).
Nevertheless, the evolutionary trajectories of each of
these three genes were distinct. In the case of poly(A)
polymerase, there were two basal clades, of which one
was represented mostly by intron-containing genes
(PAPI), while the other was formed exclusively by intron-
less homologs (PAP2) (Additional file 2: Fig. S1A). Each
of these two clades contained a single kinetoplastid gene
and two genes from Paradiplonema papillatum. The phy-
logeny of the RNA helicase showed a gene duplication
in Metakinetoplastia (Additional file 2: Fig. S1B). While
Perkinsela sp. has a single intron-less DBP2A gene, Tryp-
anosomatidae and their closest free-living relative, B.
saltans, have both the intron-containing and intron-less
homologs (Additional file 2: Fig. S1B). This duplication
was independent of that in P papillatum. Regrettably,
due to the low quality of the assembly for T. borreli, it
was not possible to ascertain the DBP2B gene(s) con-
figuration in this species. The RBP20 phylogeny was the
simplest: all analyzed taxa possess a single gene, with
the exception of B. saltans, which possesses an addi-
tional intron-less paralogue (Additional file 2: Fig. S1C), a
duplication that likely occurred in Eubodonida.

In Kinetoplastea, the intron within PAPI and RBP20
genes was independently lost at least twice, with both
losses occurring outside the family Trypanosomati-
dae: in the prokinetoplastid Perkinsela sp. and in the

Fig. 1 A novel intron-containing gene encodes an RNA-binding protein. A Alignment of RBP20 proteins from several kinetoplastids. The

intron position is indicated by a magenta arrow. Sequence conservation level for each alignment position is depicted with height and color

of the underlying bars (short brown and high yellow bars indicate low and high conservation, respectively). The asterisk next to the T. borreli name
indicates that its protein is encoded by an intron-less gene. The borders of RNA recognition motif and low complexity regions are defined according
to the sequence from B.saltans. G, glycine; Q, glutamine; R, arginine. Amino acids are colored according to the Clustal scheme implemented

in Jalview. B A snapshot of RNA-seq data mapping onto the genome assembly at the RBP20 locus in various kinetoplastids. Exons are depicted

by blue bars (drawn to scale for each species), and the upper track shows RNA-seq read coverage (with the maximum value indicated on Y axis).

A splice junction track (SJ) features arcs connecting alignment blocks from split reads, highlighted in red and blue for the forward and the reverse
strands, respectively. The height and thickness of the arcs are proportional to the coverage depth. For each gene, the genomic coordinates, strand
(in brackets), and length are shown. Transcriptomic data from public databases were used to generate coverage plots (see Additional File 1: Table S1
for details). C RNA-seq data derived from non-polysomal RNA library mapped onto the RBP20 gene of Leishmania donovani. Brown bar indicates
the borders of BLAST hit to ncRNA in RNAcentral database (see Additional file 1: Table S4)



Kostygov et al. BMC Biology (2024) 22:281 Page 4 of 20
A . N
Q-rich low complexity region Bodo saltans scaffold CYKH01002175:
10 20 30 40 80 60 6,766..8,063 (+); gene length - 1,298 nt
B. saltans MsBBEB - - - Mm NIBABL - - - - sFQEE@EP - - - - - - " 150x
L. major - -MBsH- - - R aTABva
T. borreli* - - | ERMIEREVAL R -
T. brucei - -MEDN - - - R
W. rigidus - -MBQP - - - Q
Z. costaricensis - -MBSB - - - R
A
e G T G e—
Sequence I exon1(471nt) intron (551 nt)  exon 2 (276 nt)
conservation
S 6967 ---96489 45 7 ca---caa---oooo-- 1000011 —-----mmmmmmmm-- 11011
Leishmania major scaffold LmjF.24:
70 80 666,770..669,204 (-); gene length - 2,435 nt
B.salfans W- - - - - - - - - o oo 800x
L.major Q--------------- g
T BOMeli* - - - - - e e o s
T brucei H---- ---------- 3
W. rigidus AI SEFVFATTQEAPESQSQSQ -~~~ ------ sososomﬂ . o
Z. costaricensis QP - - - - - - - - - - - - La@a@aaaaPAvsMFamPRaaaaaavPrabABvaaa o == —
exon2(276nt) intron (1,544 nt) exon 1(615nt)
S 006 81--75221--
140 150 160 Trypanosoma brucei scaffold Th927_08:
B. saltans - - - - - - HPVQAAA - AQGFPR YPG-----AQB- -BAPABVQPE - - - - - - - - - - .- 1,863,511..1,865,253 (+); gene length - 1,743 nt
L. major - -lFMlTIQQlD - -ISQQQQmQr 1,000
T boreli* - -« -« oo el S
T. brucei - - - - vPaPmaHa - -HanaasB8as s
W. rigidus E1FT NPSVETEFSE 1GssFPAQPA - - - - - 2
Z. costaricensis - -PFLPTPSPSE - -MQMQQAQQYQP SMQQSAYM| &) a o —

seee - 120000--000000000120----=------ 2002020 - - - -

RNA recognition motif

i

exon 1 (546 nt) intron (972nt)  exon2(225nt)

220 230 240

B. saltans - Q

L. major

T. borreli*

T. brucei

W. rigidus

Z. costaricensis

e

9798 9 6841388 3 972869 59799°9°9°95

GR-rich low complexity region
300

456 6 9

Wallacemonas rigidus scaffold Sld_577:
55,539..57,789 (-); gene length - 2,251 nt

1,000%

Coverage

|

exon2(291nt)

intron (1,285 nt) exon 1(675nt)

6684+5 9 9

320 Zelonia costaricensis scaffold 3134:
------ A 13,782..17,329 (-); gene length - 3,548 nt
T
»»»»» o A g 200x
o
____________ s
------ - 8
Z. costaricensis TKNNANFRGST I | VIHKRSNFKP - - - - - - - -GRGGR - 6AVRGRGRGGA - - - - - - - s S Lowemine oo il
ST ——ammm——
89 9¢ 4-33003 4683 768878887 exon2(288nt) intron (2,498 nt) exon 1(762nt)
GR-rich low complexity region
390
B. saltans MGVGMQQNMGG - - - - -
L. major
T. borreli*
T. brucei
W. rigidus
Z. costaricensis
776+85665 3 90
c _
Leishmania donovani
50%
(o)
jo)
o
o
>
o
° il st
GA = TG
exon 2 BLAST hit to ncRNA exon 1
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parabodonid T. borreli (Fig. 2; Additional file 1: Table S1).
The intron in the DBP2B gene is absent from Perkinsela
sp. and was lost at least five times independently within

the family Trypanosomatidae: specifically, in the com-
mon ancestor of Angomonas sp., in Porcisia hertigi, Ser-
geia podlipaevi, Strigomonas oncopelti, and Trypanosoma
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Fig. 2 Intron distribution in the genes encoding poly(A) polymerase, RNA helicase, and RNA-binding protein in Euglenozoa. Intron presence/
absence is depicted using rectangles: blue, present; cyan, gene is partial with an intron fragment; orange, intron absent; question mark, no data
(unavailability of genome assembly, absence of the gene, or the gene fragment too short to infer intron presence). For each clade/species intron
length is displayed as bar plot (showing minimal and maximal intron length values for the group). Only the length of introns for complete genes
is shown. Dashed bar is used for the intron out of scale of the graph. Intron losses on the tree are depicted by magenta circles (dashed outline

in case of losses only in some species of the group: H, RNA helicase gene; P, poly(A) polymerase; R, RNA-binding protein). Magenta arrow indicates
massive intron loss in the kinetoplastid common ancestor. The cladogram is based on [29] and [32]. Asterisk, although introns are present in P.
papillatum homologs, we excluded them from the analysis as their positions differ from those in Kinetoplastea

conorhini (Fig. 2; Additional file 1: Table S1). Thus, the
only kinetoplastid devoid of cis-spliceosomal introns
in our dataset is Perkinsela sp., an endosymbiont of an
amoebozoan with a massively reduced genome [33]. An
examination of a more contiguous Perkinsela assem-
bly [34] with N5, of ~1 megabase (Mb) did not reveal

any evidence of introns. The fish parasite T. borreli lacks
introns in PAP1 and RBP20 genes, and we were unable to
identify an orthologue of DBP2B in this species to inves-
tigate the presence of an intron (see above). Homologs of
all three genes in the P. papillatum genome possess mul-
tiple introns, but their positions do not correspond to the
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positions of those in the kinetoplastid genes, leaving the
ancestral intron configuration for these genes in Glyco-
monada unresolved.

The location of introns varies between PAP1, DBP2B,
and RBP20 in Kinetoplastea. In PAPI, about three-
quarters of the protein, including most of the poly(A)
polymerase domain, is encoded by the second exon
(Additional file 3: Fig. S2). In contrast, the other two
genes exhibit a different pattern—the intron is located
between the first exon encoding a conserved domain
and the second exon encoding low complexity regions
(glycine and glycine/proline-rich in DBP2B and gly-
cine/arginine-rich in RBP20) (Additional file 3: Fig. S2).
Introns within these three genes exhibit uniform phase
(i.e., position within/between codons) across different
species. However, the phase differs among genes, with
RBP20, DBP2B, and PAPI interrupted by the inter-
vening sequences with phases 0, 1, and 2, respectively
(Additional file 1: Table S1). The introns within PAPI
orthologues in B. saltans, A. deanei, and P. serpens, as
well as that in the DBP2B gene in T. conorhini, do not
harbor stop codons (Additional file 1: Table S1). Among
the analyzed kinetoplastid genes, the PAPI gene’s inter-
vening sequence is the shortest, with a median length of
approximately 440 nucleotides (Fig. 2). Conversely, the
RNA helicase intron is the longest, with a median length
of around 3350 nt, and the RBP20 intron exhibits inter-
mediate values, being approximately 1300 nt long (Fig. 2).

Our analysis indicates the absence of cis-spliceosomal
introns in Perkinsela sp., whereas the eubodonid B. sal-
tans and trypanosomatids invariably harbor PAPI and
the newly identified RBP20 introns. The DBP2B interven-
ing sequence is less persistent, having been lost multiple
times within the family Trypanosomatidae.

Alternative splicing inferred from transcriptomics

We utilized short-read transcriptomic data to validate
the occurrence of splicing and analyzed publicly avail-
able long-read datasets to explore the diversity of tran-
script isoforms. Importantly, in all species with available
short-read transcriptomic data in which we could iden-
tify full-length intron-containing genes, we detected
split reads indicative of functional splicing, with a few
exceptions (Additional file 1: Table S1). These exceptions
include PAPI and RBP20 genes in Leishmania donovani,
Trypanosoma avium, T. scelopori, and the PAPI gene in
Blastocrithidia nonstop, Trypanosoma boissoni, and Vick-
ermania spp. In most of these examples, the transcrip-
tome coverage for the respective loci is relatively low,
and all mapped reads apparently either originate from
pre-mRNA or indicate intron retention. It is not possible
to distinguish between these two options using the short-
read data only. However, considering that RNA-seq data
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for the majority of these species is derived from poly(A)-
selected libraries, presumably enriched for mature
mRNAs, the option of intron retention is more plausible.

Additionally, we examined several publicly available
long-read RNA-seq datasets and determined that among
these seven datasets, only one [35, 36] contained reads
of sufficient quality and length, with at least two reads
covering the genes of interest. This dataset contains tran-
scriptome data for the procyclic and bloodstream stages
of T. brucei [36]. We only considered reads representing
mature transcripts, i.e., containing the spliced leader (SL)
sequence at the 5" end. Unfortunately, we were unable to
identify SL-containing reads covering the DBP2B gene.
For both PAP1 and RBP20 genes, we identified reads
corresponding to two different transcript isoforms: SL
sequence attached to two exons joined together with
the intron spliced out (SL-5" untranslated region (UTR)-
exonl-exon2), and SL sequence attached to the 5' end
of the second exon (SL-exon2). In the case of the PAPI,
one out of two and two out of six reads corresponded to
the SL-exon2 isoform in the bloodstream and procyclic
stages, respectively. For RBP20, one out of 12 and two out
of 12 reads corresponded to the SL-exon2 isoform in the
bloodstream and procyclic stages, respectively. Unfortu-
nately, the sample size was insufficient for a quantitative
analysis.

We used complementary DNA (cDNA) from L. mexi-
cana to investigate whether the transcript isoform
diversity observed in T. brucei is present in a broader
phylogenetic context. Indeed, from polymerase chain
reaction (PCR) products (refer to the Additional file 1:
Table S2 for the primers used), we assembled transcripts
representing SL-5' UTR-exonl-exon2 and SL-exon2
sequences for each of the three intron-containing genes
(Additional file 4: Fig. S3A-G). Additionally, among PAPI
transcripts originating from L. mexicana amastigotes, we
identified an isoform (SL-intronic_fragment-exon2) that
originated by usage of an intra-intronic trams-splicing
site. These data suggest an interplay between cis- and
trans-splicing in Trypanosomatidae.

Conserved features of cis-spliceosomal introns and their
potential roles as splicing signals

A previous analysis of 5' splice sites in T. brucei and T.
cruzi revealed striking sequence conservation, which was
hypothesized to be important for the recognition by the
spliceosomal Ul snRNA [20]. However, it was unclear
whether the extended 5’ splicing sites are conserved in
other kinetoplastids, and additional intronic features
remained even more elusive. To clarify this, we under-
took a systematic analysis of intervening sequences in
diverse kinetoplastids.
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Sequence conservation was observed within several
nucleotides at the 5' end of the introns in all three genes
and was most pronounced in the PAPI gene, in which a
10-nt-long motif was predominant. In the other genes,
only six to eight nucleotides showed high levels of con-
servation (Additional file 5: Fig. S4A). Conservation
around the 3' splice site was in general lower. Besides the
invariant AG dinucleotide site itself, the PAPI and RBP20
genes lack recognizable motifs at the 3’ end of the intron,
while the —3 position in the DBP2B intron was most
frequently occupied by C (Additional file 5: Fig. S4A).
Sequence conservation was also observed in the exon
sequences adjacent to the introns (Additional file 5: Fig.
S4A).

The search for intraspecific sequence motifs at the 5'
intron end of the three intron-containing genes revealed
a highly conserved pentanucleotide GTATG, with a
shorter motif (GTAT) present only in Kentomonas sor-
sogonicus (Additional file 5: Fig. S4B). In several other
species, this motif was longer, being either contiguous
(up to nine nucleotides in Wallacemonas rigidus) or dis-
rupted by 1-3 variable nucleotides (up to 17 out of 18 in
B. saltans). In most cases, downstream of the conserved
motif(s), isolated or grouped invariant pyrimidines were
observed, with specific nucleotides (C or T) distinct for
each species. In addition, in all genes, there was an invar-
iable A at the position —4 (i.e., four exonic nucleotides
upstream of the splice site), and in the majority of spe-
cies, this was accompanied by T at the position —2 (Addi-
tional file 5: Fig. S4B).

The search for intronic gapped motifs identified addi-
tional features possibly associated with the regulation
of splicing in these genes (Additional file 6: Fig. S5).
Only the polypyrimidine tracts were universally pre-
sent, however, without a specific position with respect
to the introns’ termini, similarly to other identified
gapped motifs (Additional file 6: Fig. S5; Additional file 1:
Table S3). This and the fact that kinetoplastids do not
have a conserved recognition motif for branchpoints did
not allow identification of the latter [37].

In addition to various conserved features important
for correct splicing, introns in some eukaryotes contain
non-coding RNA (ncRNA) species, which can indicate an
evolutionary pressure for intron retention [38]. We inves-
tigated whether this is the case for kinetoplastid introns
through RNAcentral database [39]. For the introns of
some Leishmaniinae, trypanosomes, Herpetomonadi-
nae, Wallacemonas spp., and several others, we indeed
obtained hits to IncRNAs (Additional file 1: Table S4).
However, the results of these searches could be impacted
by low-complexity sequences within introns. Even for the
hit with the highest identity (76.2%) and target coverage
(86.3%), a microRNA of Trypanosoma vivax similar to a
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subsequence of RBP20 intron in Trypanosoma caninum,
the analysis with LocARNA-P showed only a moder-
ate reliability (mostly below 0.5). Therefore, we chose
an independent confirmation. Available transcriptome
sequencing data enriched for ncRNAs are very scarce for
trypanosomatids, but we found RNA-seq data enriched
for the fraction of non-polysomal RNAs bound to pro-
teins derived from L. donovani promastigotes [40, 41].
RNA helicase and RBP20 introns of this species show
significant hits (e-value below e '°) to ncRNAs (Addi-
tional file 1: Table S4), and the intron of RBP20 gene
showed ~ 35X coverage by transcriptome data at the
region overlapping the respective BLAST hit, while
the exon sequences were not covered by reads (Fig. 1C)
strongly suggesting that a ncRNA is indeed expressed
from this intronic locus.

The repertoire and characteristics of U1 snRNAs

in Kinetoplastea

Conservation of several 5'-region nucleotides of the
intron is consistent with their binding to the 5' termi-
nus of the Ul snRNA [42]. Therefore, we searched for
Ul snRNAs and used these sequences to predict pair-
ing between 5' ends and those of the introns consider-
ing previously proposed interactions [43] and de novo
predictions.

U1 snRNAs were identified in all kinetoplastids except
T. borreli, for which only a low-quality assembly is avail-
able. In most cases, there was a single variant (Additional
file 7: Fig. S6). However, in Lafontella sp. and Herpeto-
monas muscarum, two highly similar sequences were
found, while for Paratrypanosoma confusum, three diver-
gent candidates were detected (Additional file 7: Fig.
$6). Guided by the previously published predictions for
model trypanosomatids, we inferred secondary struc-
tures of Ul snRNAs (Fig. 3A). The majority of trypano-
somatid U1l snRNAs contained typical features conserved
in reference species, specifically two hairpins and three
additional conserved motifs (Fig. 3A). The first conserved
motif required for interaction with the intron’s 5' end
(consensus: AACUCACCUGCA) consisted of 10-11 nt
at the 5' end. The second motif (consensus: CAUCAA
GAAA) required for Ul small nuclear ribonucleoprotein
70 kDa (U1-70 K) binding was present within the loop of
the first hairpin. The third motif (consensus: AAAUUU
UGA), representing a site for Smith (Sm)-like proteins
binding, was situated between the two hairpin loops.

Despite some sequence variation, these motifs were
recognizable and similar to those from very distantly
related eukaryotes, such as Homo sapiens [44, 45]. The
sequences of the hairpin stems differed both in composi-
tion (but typically were G/C rich) and in size: they could
include from 3 to 16 base pairs, but most frequently
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4 (Fig. 3A; Additional file 7: Fig. S6A). In some species,
the predicted stem of the first hairpin included the first
nucleotide of the Ul-70 K binding site, although this
nucleotide differed from the consensus (U vs C). Besides
this, the size of the first loop was invariant among trypa-
nosomatids, while the second loop ranged in length from
three to 28 nt (Fig. 3A; Additional file 7: Fig. S6A). B.
saltans differed from trypanosomatids in two respects:
the Ul lacks an Sm-like binding motif and possesses a
longer first loop, where an additional small hairpin is pre-
dicted (Fig. 3A; Additional file 7: Fig. S6A). Of note, the
sequence for this hairpin was the only region with low
similarity to the Sm-like motif. In contrast to kinetoplas-
tids, their close relative P. papillatum has a cloverleaf-
like secondary structure of Ul snRNA, which is typical
for opisthokonts, with only slight differences from that of
H. sapiens (Fig. 3A).

The alignments of U1l snRNA sequences and structures
were satisfactory for all species except P. confusum with
three low-confidence candidate sequences and a single
one for Perkinsela sp., which was expected to lack the
Ul snRNA gene, considering that it lacks cis-spliceoso-
mal introns (Additional file 7: Fig. S6B). We attempted
to reassemble available genomic reads for P. confusum,
but the resulting assembly revealed the same sequences
that lacked a recognizable Sm-binding site, with the
deviations within conserved intron recognition and/
or U1-70 K-binding motifs (Additional file 7: Fig. S6B).
Predicted Ul snRNA for Perkinsela sp. featured eight
nucleotides at the 5' terminus matching the consensus
and a recognizable U1-70 K-binding motif; however, the
latter was not associated with a characteristic hairpin.
Moreover, the only predictable hairpin in this area sig-
nificantly overlapped with the U1-70 K binding motif.
This sequence also did not contain identifiable Sm-like
binding site (Additional file 7: Fig. S6B). We assessed the
potential interaction of the 5’ termini of SL gene intron
and Ul snRNA in Perkinsela sp. and concluded that it
may include up to 9 base pairs, i.e., more than in refer-
ence trypanosomatid species C. fasciculata and T. brucei,
in which no more than 7 bases are involved (Fig. 3B). This
is within the range observed for the interactions between
spliceosomal introns and Ul snRNA in trypanosoma-
tids (Fig. 3C), suggesting an involvement of Ul snRNA
into trams-splicing in this species. Interestingly, while
the data on the potential role of Ul snRNA of Kineto-
plastea in SL RNA processing is obscure, a recent in vivo
study unambiguously demonstrated the interaction of U1
small nuclear ribonucleoprotein (snRNP) with SL RNA
in T brucei [46]. The search for Ul snRNA-associated
proteins in Perkinsela sp. identified only U1-70 K and a
divergent Ul small nuclear ribonucleoprotein A (U1A)-
like sequence, while the kinetoplastid-specific U1l small
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nuclear ribonucleoprotein 24 kDa (Ul-24 K) and the
broadly conserved Ul small nuclear ribonucleoprotein C
(U1-C) were absent. Notably, Perkinsela sp. and T. borreli
were the only analyzed euglenozoan species lacking the
U1-C protein.

It was challenging to select a single variant of pairing
between 5' splice site and Ul snRNA, as sometimes we
obtained up to three competing hypothetical interac-
tions. In most cases, the inferred interaction involved
the GUA-CGU pairing as in [43] and often followed by a
1-4-nt-long bulge in one of the RNA molecules (Fig. 3B;
Additional file 8). The number of base pairs varied
between species and genes. In B. saltans characterized
by the longest conserved 5' intron sequence, the distal
nucleotides of the latter showed complementarity to the
5' end of the snRNA, thereby providing more total paired
bases than predicted for T. brucei (Additional file 8). The
strongest interaction was inferred for DBP2B RNA heli-
case gene of Z. costaricensis, which has only a 6-nt-long
conserved motif.

Thus, the Ul snRNAs in kinetoplastids are simplified
as compared to opisthokonts and are generally conserved
in terms of structure and functional motifs. A very diver-
gent form has been retained in Perkinsela sp. despite the
absence of cis-spliceosomal introns, probably due to its
involvement in trans-splicing that remains present in
this highly derived organism [33]. The observed variation
in interaction strength between the introns of the three
genes and Ul snRNAs may determine differences in their
splicing efficiency and, consequently, expression levels.

A mechanism for intron loss in Kinetoplastea
The genomes of euglenozoan relatives of Kinetoplastea,
E. gracilis and P. papillatum contain numerous introns
[14, 15]. This implies that the genome of the euglenozoan
common ancestor was significantly more intron-rich
than that of extant kinetoplastids and suggests a sub-
stantial intron loss in the kinetoplastid common ances-
tor (Fig. 2). Additionally, there were subsequent sporadic
intron losses within Kinetoplastea, resulting in variation
in intron content even between closely related species
(Fig. 2). Several mechanisms of intron loss have been
proposed to date, including RT-mediated loss, simple
deletion, and exonization [47]. RT-mediated loss is one of
the best-characterized mechanisms, leaving discernible
footprints in the genome: (i) “exact” intron removal with-
out affecting the adjacent exon sequence; (ii) preferential
occurrence at the 3' end of the gene; (iii) bias towards
losing adjacent introns; and (iv) a syntenic location for
intron-less genes compared to their intron-containing
orthologues in closely related species [47, 48].

To assess the potential for RT-mediated intron loss
in kinetoplastid evolution, we searched for footprints
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of this mechanism in the available genomes. We used
pairs of closely related species differing in intron con-
tent and assessed whether the removal of an intervening
sequence was precise or it has also impacted an exon.
For this, we aligned protein sequences corresponding to
the intron-containing and intron-less genes in those spe-
cies’ pairs, under the assumption that the intron posi-
tion was conserved among them (Fig. 4A). Our analysis
revealed that intron loss was exact in all cases, and the
coding sequences adjacent to the putative ancestral
intron were unaffected, as evidenced by their conserva-
tion at the amino acid level (Fig. 4A). This observation
holds true not only for closely related species within
the same genus, such as Porcisia deanei and P. hertigi or
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Strigomonas culicis and S. oncopelti, but also extends to
distantly related B. saltans and Perkinsela sp. Further-
more, intron loss appears to be precise for all three ana-
lyzed genes—DBP2B, PAP1, and RBP20. However, for the
latter two genes, our evidence is derived from the com-
parisons between only two species, B. saltans and Perkin-
sela sp. (Fig. 4A).

The RT-mediated mechanism assumes that the
intron-less ¢cDNA is inserted into the genome via
homologous recombination, and the insertion likely
occurs at the intron-containing version of the gene
locus, i.e., preserving synteny. As a result, we expect
that the intron-less genes will be syntenic with intron-
containing orthologues in the closely related species.

530
AGKTGDA1 ISAIPS
AGISKGF AL RSH-Y

8 57 47

Poly(A) polymerase
9| 100 110

1 1 1
B. saltans WA AFAFG.GLEANVTS.IIVLLVCPLTIIPILFLAAFPA
Perkinsela sp. LELFGSSAVGTSTEC VNL IVPPLETQENEFEGERK

49757 489867 6 678 786 84

RNA-binding protein
140 150 180

B. saltans AGBKAL DV.NANF SAII -LYRPGAVRGGAPGAG
Perkinsela sp. GASNATATIKNLA | L RTLEITKKRT - - - - - - - - - NVPGMK

--------- 78 85

86 58 668

W. rigidus

D D [
[13200 [15400 [17600 [19800 [22000 [24200 [26400

> [ D L D[ D D L D
[28600 % (35200 [37400 [39600 [a1800 [a4000 (46200 [48400 [se600

4 7 = — P
— — — ———

2200 4400 6600 8800 éum_l [13200 15400 [17600 |19800 22000 24200 26400 28600 30800 33000 35200 37200 [390

Fig. 4 Footprints of reverse transcriptase-mediated intron loss in Kinetoplastea genomes. A Protein alignment around the exon—exon junctions.
The upper protein in the alignment is derived from the intron-containing gene, whereas the lower one is from the intron-less orthologue. The
magenta arrow indicates the intron position, placed between amino acids in case of intron phase 0 (RBP20) and above the respective amino acid
for introns of phases 1 and 2 (RNA helicase and PAP1, respectively). Sequence conservation level for each alignment position is depicted with bars
(short brown and high yellow bars indicate low and high conservation, respectively). Amino acids are colored according to the Clustal scheme
implemented in Jalview. B A snapshot of the genomes of Wallacemonas rigidus and Sergeia podlipaevi demonstrating synteny at the RNA helicase
locus. Genes are shown as blue rectangles; the rectangle corresponding to RNA helicase is shown within red box. Blue lines link conserved regions
within the two genomes. Numbers indicate gene position within scaffolds

S. podlipaevi




Kostygov et al. BMC Biology =~ (2024) 22:281

Thus, we conducted an analysis of synteny around
the genes of interest in the examined pairs of species
(Fig. 4A), facilitated by the high levels of synteny gener-
ally observed in trypanosomatids [49]. The intron-less
DBP2B RNA helicase in Sergeia podlipaevi is syntenic
to the intron-containing orthologue from Wallac-
emonas rigidus (Fig. 4B), whereas orthologues in the
genus Trypanosoma are non-syntenic. We were una-
ble to perform synteny analysis for Perkinsela sp. and
B. saltans due to significant divergence between their
genomes. For Porcisia and Strigomonas spp., analysis
was impeded by assembly fragmentation in the region
of interest. Given that extant kinetoplastids possess
only a single intron per gene and the respective introns
are absent from the closest outgroup species, P. papilla-
tum, we cannot determine whether intron loss is biased
towards the 3' end of the gene or if there is a tendency
to lose adjacent introns [47].

Next, we investigated the hypothesis that the RT-
mediated intron loss had contributed to the elimination
of introns in the kinetoplastid common ancestor. To this
end, we clustered predicted proteins from three trypano-
somatids, as well as the diplonemid P. papillatum and the
heterolobosean Naegleria gruberi (Additional file 9: Fig.
S7), into orthologous groups (OGs). We considered an
intron as ancestral if it was identified in two latter species
and its position in their genomes did not differ by more
than 10 codons. From a set of 643 OGs, each contain-
ing a single protein per species, we selected 107 groups
containing highly conserved proteins (with an average
protein identity of>50%). Among these, seven genes
contained presumably “ancestral” introns lost in the
kinetoplastid common ancestor (Additional file 9: Fig.
S7). Almost all of these introns were phase 0 support-
ing their ancient origin [50]. In each case, intron loss in
Kinetoplastea appeared to be precise, as the amino acid
sequence in the region of the putative ancestral intron
was highly conserved, with no observed gaps within five
amino acids in the vicinity of the intron positions in P
papillatum and N. gruberi (Additional file 9: Fig. S7).

We identified RT domain-containing proteins in the
genomes of nearly all analyzed euglenozoans, includ-
ing those that have lost the RNA helicase intron. Find-
ing over 2000 such proteins in the P. papillatum genome
suggests that RT domains with a potential of mediat-
ing intron loss were present in the common ancestor of
Glycomonada, likely indicative of the increased activ-
ity of type I transposable elements and/or retroviruses
[48]. Taken together, these observations suggest that the
RT-mediated intron loss played an important role in the
intron elimination throughout kinetoplastid evolution.
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Discussion

Kinetoplastid genomes exhibit a striking scarcity of
introns compared to their closest euglenozoan relatives,
the diplonemids and euglenids [10, 14, 15]. For exam-
ple, in the diplonemid P papillatum genome, ~40% of
protein-coding genes contain introns, with an average
of 1.6 introns per gene [14]. The E. gracilis genome har-
bors both conventional and non-conventional introns,
and similar to P. papillatum, there is evidence for alter-
native splicing [15]. Conversely, within Kinetoplastea,
only two gene transcripts have been previously reported
to undergo cis-splicing, those encoding poly(A) polymer-
ase PAP1 involved in polyadenylation of certain noncod-
ing RNAs and an RNA helicase DBP2B, whose function
remains unknown [20-22]. However, our view on intron
distribution in kinetoplastids was derived from the
medically and veterinary relevant yet phylogenetically
restricted members of the genera Leishmania and Trypa-
nosoma [17, 20], with scarce reports from their free-liv-
ing relatives [51]. Another obstacle to a comprehensive
understanding of intron evolution within this group
arises from a common method for intron identification
involving analysis of transcriptomic split reads, derived
from mature mRNAs [30]. This method may not be ideal
for repetitive genomes such as those of trypanosomatids,
which contain large multigenic families [52], because
it may lead to predictions of spurious introns and mask
the presence of real ones. Indeed, mapping of sequenced
c¢DNA fragments from the transcriptomes of the procy-
clic and bloodstream stages of T. brucei to the genome
assembly did not reveal any new cis-spliceosomal introns
[17].

Using a new approach for intron identification relying
on the occurrence of a highly conserved sequence pre-
sent at the 5' end of introns (Additional file 5: Fig. S4), we
identified a bona fide novel intron-containing gene across
Kinetoplastea encoding the RBP20 protein (Fig. 1). The
homologs of the three intron-containing genes RBP20,
PAPI, and DBP2B are invariably present in kinetoplas-
tids with a few exceptions likely due to incompleteness
of the respective genome assemblies (Fig. 2; Additional
file 1: Table S1). During their evolution, these genes
experienced duplications, after which one copy lost the
intron. Moreover, in some taxa, intron loss was observed
also in the “main” copy, but this has not happened if the
gene had not been duplicated. There are just two excep-
tions from this rule: the intracellular endosymbiont of
an amoebozoan, the prokinetoplastid Perkinsela, whose
genome is highly reduced due to the simplification of its
life strategy [33], and the fish blood parasite, the para-
bodonid T. borreli, for which the assembly is of low
quality, and therefore, artifacts are likely. Interestingly,
compared to Kinetoplastea, the genome of diplonemid
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P. papillatum has experienced more duplications in the
PAPI and DBP2B genes, which correlates with its signifi-
cantly larger size and may reflect a more complex regula-
tion of RNA metabolism.

The general scarcity of introns in kinetoplastid genomes
may offer an evolutionary advantage to these r-selected
organisms by reducing the time required for gene tran-
scription and genome replication, thereby allowing faster
cell proliferation [7]. The preservation of introns within
the RBP20, PAPI, and DBP2B genes (Fig. 2) implies a
corresponding selective pressure. One of the factors
determining intron retention, at least in some trypano-
somatids, may be the presence of ncRNA genes within
them (Fig. 1C; Additional file 1: Table S4). This suggests a
contemporaneous functional significance, contrary to the
notion that introns in Kinetoplastea are non-functional
evolutionary relics [46]. However, the scenario differs for
the RNA helicase gene, as its respective intron, which is
the longest of all, has been independently lost at least five
times within Trypanosomatidae (Fig. 2). We were unable
to trace the ancestry of the RBP20, PAPI1, and DBP2B
introns beyond the common ancestor of eubodonids and
trypanosomatids, as homologous introns could not be
reliably identified in more divergent T. borreli, Perkinsela
sp., and P, papillatum. While P. papillatum does contain
introns within the putative orthologues of these genes,
their positions significantly differ from those found in the
kinetoplastids.

A plausible scenario for the origin of the three introns
is that they were acquired by the common ancestor of B.
saltans and trypanosomatids. An alternate model posits
that these introns were already present in the kineto-
plastid common ancestor and subsequently lost in Per-
kinsela sp. and T. borreli (the scenario depicted in Fig. 2
and considered above). To resolve these scenarios, more
genomic sequences of Kinetoplastea are needed. Regard-
less, our analysis of intron distribution strongly suggests
that Perkinsela sp. completely lacks the cis-spliceosomal
introns (Fig. 2). However, contrary to our expectations,
we identified its putative Ul snRNA gene, which is pre-
sumed to recognize the 5' splice site based on comple-
mentarity during cis-splicing (Additional file 1: Table S1).
It cannot be excluded that Ul snRNA and the reduced
(compared to other kinetoplastids) repertoire of proteins
binding it function in trans-splicing [46]. Notably, Per-
kinsela sp. and T. borreli are the only euglenozoans in our
dataset lacking a homolog of U1-C, a highly conserved
Ul-associated protein that stabilizes the interaction
between Ul small nuclear ribonucleoprotein and the 5'
splice site in humans [53]. In 7. brucei, knockdown of the
corresponding gene reduced the efficiency of cis-splicing
for the PAPI gene, while trans-splicing remained unaf-
fected [46]. While complete loss of spliceosomal introns
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is observed in the nucleomorph of the cryptophyte Hem-
iselmis andersenii and certain microsporidia with highly
reduced genomes [7-9], Perkinsela sp. stands out as the
first known lineage that has lost cis-splicing while retain-
ing the trans-splicing. A comparative study involving the
spliceosome of Perkinsela and that of its relatives, which
carry out both cis- and trans-splicing, could elucidate the
minimal spliceosome necessary for the latter process in
Kinetoplastea and its specific components, an unresolved
aspect of kinetoplastid biology [16].

The presence of prolonged conserved sequences at the
5' splice site of kinetoplastid introns (Additional file 5:
Fig. S4) mirrors the situation in rare Ul2-type introns,
which are excised by a minor spliceosome [54]. In addi-
tion, unusually long 5’ splicing signals are observed in
comparably intron-poor organisms, such as the diplo-
monads Giardia and Spironucleus [4]. In the only gene
experimentally studied from this point of view in kine-
toplastids, namely PAPI in T brucei, the extended
conserved sequence at the 5' splice site of the intron
proved to be crucial for its removal [20]. The conserved
sequence, which is nearly complementary to the 5’ end of
the Ul snRNA, may be important for recognition of the
5' splice site by the spliceosome [20]. Our data suggests
that the presence of an extended conserved motif cannot
be a universal requirement for intron removal in kineto-
plastids since the extent of complementarity varies across
taxa and genes potentially contributing to different splic-
ing efficiency and, therefore, expression levels. In addi-
tion to the canonical conserved intron elements, such as
the polypyrimidine tract, kinetoplastid introns contain
additional motifs (Additional file 6: Fig. S5), which might
function as splicing regulators [55]. The position of these
elements within introns varies across Kinetoplastea, sug-
gesting that their function (if any) is mainly defined by
their sequence.

Establishing scenarios of intron loss presents a consid-
erable challenge since multiple mechanisms can operate
within the same genome simultaneously or substitute
each other during the evolution of the same lineage [7,
47]. We evaluated the potential role of the RT-mediated
intron loss in Kinetoplastea, as it has been convincingly
shown to cause an extensive intron loss in several eukary-
otic groups, including microsporidia, fungi, angiosperms,
and mammals [47, 48, 56]. Our findings suggest that the
elimination of introns by this mechanism followed the
radiation of Kinetoplastea from their common ancestor.
Our analysis indicates that the same mechanism likely
played a role in the massive intron loss in the kinetoplas-
tid common ancestor, as suggested by the “exact” intron
excision in the set of highly conserved genes in the extant
kinetoplastids compared to the orthologues in the out-
groups, for which the high-quality genome assemblies are
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available (Additional file 9: Fig. S7). However, the extent
of this mechanistic contribution awaits further investiga-
tion, particularly as more high-quality genomes become
available for the closest euglenozoan relatives of Kineto-
plastea, such as diplonemids and euglenids.

Most functional information about the products of the
three intron-containing genes is available for PAP1 in
T. brucei. This is not the major poly(A) polymerase for
mRNAs, this role is apparently carried out by PAP2 [57].
The main substrates for PAP1 are snoRNAs and IncR-
NAs, of which the former apparently undergo dual poly-
adenylation by PAP1 and PAP2 [18]. The RNA helicase
encoded by the intron-containing gene has been local-
ized to the nucleus in T, brucei [58], and RNAi-mediated
depletion has not led to a severe impact on the culture
growth [59]. While the exact function of RBP20 in trypa-
nosomatids remains unknown, several studies suggest
its nuclear localization in T. brucei [58, 60]. Additionally,
in T. brucei, there is evidence of the interaction between
RBP20 and RNA-binding zinc finger CCCH-type con-
taining protein 11, which stabilizes several chaperone
mRNAs in both bloodstream and procyclic stages of the
parasite and represents a component of the post-tran-
scriptional regulatory network [61].

The analysis of transcript isoforms in 1. brucei 35, 36]
and L. mexicana suggests the existence of sequences cor-
responding to SL-5" UTR-exonl-exon2, and SL-exon2.
Functional implications for the existence of such tran-
script isoforms (given they are successfully translated
to proteins) might differ for the three intron-containing
genes. The PAPI intron interrupts the catalytic domain,
with some critical aspartic acid residues located in both
exon 1 and exon 2 [57], likely making a protein encoded
solely by exon 1 not functional. In contrast, in the DBP2B
and RBP20 genes, the intron separates the bulk of the
functional domains localized in the exon 1 from the exon
2 containing low complexity glycine/arginine- and gly-
cine/proline-rich sequences in RBP20 and RNA helicase,
respectively (Additional file 3: Fig. S2). The presence of
glycine/arginine-rich domain was shown to regulate the
subcellular localization of proteins [62]. This raises the
possibility that alternative trans-splicing of RBP20 might
lead to the generation of a protein encoded solely by exon
1 and localized elsewhere. Although our analysis of pro-
cessed transcripts using long-read transcriptomic data
did not reveal such isoforms, the low coverage does not
allow us to confidently exclude such a possibility.

The two genes previously known to contain cis-spli-
ceosomal introns in Kinetoplastea, poly(A) polymerase
and RNA helicase, encode proteins potentially capable
of interacting with multiple RNAs. Since PAP1 depletion
leads to a decrease in the levels of mature snoRNAs in
T. brucei [18], and many snoRNAs in this organism have
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been shown to play crucial roles in rRNA processing and
modifications [63], it is tempting to speculate that the
regulation of PAP1 splicing may serve as a mechanism
for controlling ribosome biogenesis and/or function,
ultimately enhancing adaptation to various environ-
mental conditions. The identification of the intron in
the gene coding for RBP20, protein potentially impact-
ing transcription, strengthens the idea that regulation
of cis-splicing represents an additional mechanism of
fine-tuning gene expression in Kinetoplastea [64]. These
introns might affect the speed of transcription, contain
splicing enhancers and suppressors, and recognition
sites for RNA binding proteins [65, 66]. Hence, the deci-
sion whether to cis- or trans-splice might affect protein
localization and function. We propose that cis-splicing
in Kinetoplastea, which essentially lack mechanisms for
regulating gene expression at the transcriptional level,
serves as a means of “regulating the regulators”—genes
whose products may influence the expression of numer-
ous other genes. This hypothesis awaits a comprehensive
experimental validation.

Conclusions

In this work, we scrutinized cis-spliceosomal introns in
the available genome assemblies of kinetoplastids and
their free-living relatives. We observed extended splice
site conservation and identified putative ncRNAs within
kinetoplastid introns. In addition, we discovered a novel
cis-spliceosomal intron-containing gene encoding an
RNA-binding protein, bringing the total number of these
genes in trypanosomatids to three and demonstrated
the complete absence of such introns in the genome of
the early-branching kinetoplastid Perkinsela, which is
endowed with trans-splicing. All three cis-spliced genes
are involved in key processes of RNA metabolism; there-
fore, we propose that Kinetoplastea, which lost regulation
of individual gene expression at the transcriptional level,
preserve cis-splicing for genes having a global impact on
the transcriptome.

Methods

Lafontella sp. genome sequencing and assembly

The genome assemblies are available for virtually all tryp-
anosomatid genera, except Lafontella, for which only the
transcriptome has been published [28]. Therefore, we
sequenced and assembled its genome for the purpose of
intron identification. Lafontella sp. isolate GMO-01 was
cultivated as described previously [28]. The species iden-
tity was confirmed as in [67]. DNA was isolated using
DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany)
and sequenced on Illumina NovaSeq 6000 platform at
Macrogen (Amsterdam, Netherlands) yielding approxi-
mately 22.8 million 150-nt-long reads. The reads were
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adapter- and quality-trimmed using Fastp v.0.23.2 with
default settings [68], and around 21.9 million paired-
end reads were retained for further analysis. The quality
of raw and trimmed reads was evaluated using FastQC
v.0.11.8 [69]. These trimmed genomic reads were assem-
bled using SPAdes v.3.13.0 [70] with default settings. The
scaffolds shorter than 200 bp were discarded and the final
assembly contained 32,943 scaffolds with a total length of
approximately 34.2 Mb and Nj, of 3473 base pairs. The
same procedure was used for the reassembly of P. confu-
sum genome using published reads [71] with the aim of
U1 snRNA identification (see below).

Analysis of cis-spliceosomal intron-containing genes

The high-quality genome assemblies and available
genome-derived proteomes for 78 kinetoplastid spe-
cies (of which 74 belong to Trypanosomatidae) and
the diplonemid P. papillatum were obtained from the
sources specified in Table S1 (Additional file 1). Twenty-
five of these genomes (one species per genus; marked by
asterisks in Table S1) comprised a representative data-
set used for the analysis. The homologs of the two genes
known to contain cis-spliceosomal introns in Trypano-
somatidae, PAP1 and DBP2B, as well as the newly iden-
tified gene encoding RPB20 were searched for in the
reference Euglenozoa dataset (Additional file 1: Table S1).
BLASTp and tBLASTn searches [72] were performed
with an e-value thresholds of e !° (PAP1 and RBP20)
and e'% (RNA helicase) using 7. brucei proteins as
queries (Th927.3.3160 — PAP1; Th927.8.1510 — DBP2B;
Tb927.8.6440 — RBP20).

For phylogenetic analysis, the respective protein
sequences after the exclusion of incomplete sequences
(Additional file 10) were aligned with MAFFT v.7.520
[73] using L-INS-i algorithm, BLOSUM45 substitution
matrix, and gap open penalty of 1.25. The resulting align-
ment was trimmed with trimAl v.1.2 [74] in “gappyout”
mode. Maximum likelihood phylogenetic trees were
inferred in IQ-TREE v.2.2.2.6 [75] with automatic selec-
tion of the amino acid substitution model by the built-
in ModelFinder and edge support estimated by ultrafast
bootstrap method with 1000 replicates.

Functional domains in T. brucei proteins were pre-
dicted with the online SMART tool [76]. Low-complexity
regions in RBP20 protein were predicted using the Pla-
ToLoCo server [77] with default settings.

Intron identification

When available, the transcriptomic reads for the refer-
ence species were downloaded from the NCBI Sequence
Read Archive and/or European Nucleotide Archive
(Additional file 1: Table S1) [78]. Illumina paired-end
and single transcriptomic reads underwent adapter
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and quality trimming using Trimmomatic v.0.39 [79].
Paired and single reads were processed in paired- and
single-end mode, respectively. The trimming param-
eters applied were [TruSeq3-PE-2.fa/Nextera]:2:20:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15. For
paired-end reads, the “MINLEN” parameter was set to
50 and for single reads to 30. In the case of paired-end
reads, only those reads that remained paired after trim-
ming were included in further analyses. Read quality was
assessed with FastQC v.0.11.8 before and after trimming.
Trimmed Illumina reads were mapped to the genome
assemblies using a splice-aware aligner HISAT2 v.2.2.1
[80] with default settings. Long reads were mapped using
Minimap2 v.2.26-r1175 [81] with “map-pb” and “map-
ont” for PacBio and Oxford Nanopore reads, respectively,
and other options at their default values. The read map-
pings were sorted using Samtools v.1.13 [82] and visual-
ized in Artemis v.18.2.0 [83].

The identification of intron borders in the genes found
as described above relied on the following criteria: (i)
the presence of canonical GT and AG dinucleotides at
the 5' and 3' ends, respectively and (ii) for species with
available transcriptomic data, at least one split read cov-
ering the intron was required (a few exceptions are speci-
fied in Additional file 1: Table S1, where we inferred the
presence of an intron without transcriptomic evidence).
By a split read, we understand a read originating from
a mature mRNA and exhibiting a gapped alignment to
the reference genome, where the gap corresponds to the
intron, while the mapped regions represent the exons.
For species lacking transcriptomic data, intron borders
were predicted by alignment of protein sequences from
closely related species and considering the conserved
GT/AG dinucleotides at the intron borders. The correct-
ness of intron prediction was verified by translating the
respective exon sequences and aligning predicted pro-
teins to their homologs.

The search for new cis-spliceosomal intron-containing
genes was conducted using two independent approaches.
In the frame of the first approach, 15-nt-long sequences
located at the 5 splice site in poly(A) polymerase- and
RNA helicase-encoding genes were collected from 25
species in the representative dataset (Additional file 1:
Table S1; Additional file 10). The sequences were used as
an input for MEME suite v.5.5.5 [84] with the maximum
motif length set to 5 and then 15 nt with other settings
left at default values. Both retrieved motifs were used as
the input for FIMO program of the MEME suite v.5.5.5,
which scanned genome assemblies of Blastocrithidia
nonstop, Bodo saltans, Leishmania major, Leptomonas
pyrrhocoris, Perkinsela sp., and T. brucei for the pres-
ence of potential intronic motifs. The top 50 hits in each
genome were manually inspected using transcriptomic
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read mappings visualized in Artemis v.18.2.0. The second
approach focused on analyzing split reads mapping and
did not depend on sequence conservation at the splice
sites (enabling the identification of nonconventional
introns). For this, the genomes of B. saltans and Perkin-
sela sp., along with the corresponding read mappings
generated as described above, were used as input for
Portcullis v.1.1.2 with the default settings [85]. The set of
high-confidence splice junctions for each species was fur-
ther filtered by discarding junctions supported by fewer
than 5 unique reads and those located within 50 nucleo-
tides of the scaffold ends. The remaining candidates were
manually inspected using Artemis.

Analysis of transcript isoforms using long reads and PCR
Publicly available long-read transcriptomic data pro-
duced using MinION and PacBio platforms were down-
loaded from NCBI (PRJEB38965 [86] and PRJEB60500
[87] — Leishmania infantum; PRJEB60502 [88] — L. dono-
vani; PRJEB60504 [89] — L. braziliensis; PRJEB60505
[90] - L. major; PRJEB39255 [91] and PRJEB60364 [35]
— T. brucei). The read quality was assessed using FastQC
[69], and the reads with a Phred quality score lower than
8 and/or shorter than 500 nt were discarded. Reads con-
taining spliced leader sequence were selected using
Cutadapt v.1.18 [92] with the following settings: -g SL
-m 20 -O 8 -e 0.3, where “SL” corresponds to a 15-nt-
long conserved sequence at the 3' end of the mini-exon
(TTTCTGTACTTTATT for T. brucei). Only those reads
that contained SL sequence within the first 50 nt at the
5" end were retained. Complete gene sequences of PAPI,
DBP2B, and RBP20 were used as queries in BLASTn
searches with the filtered reads as the database, an
e-value threshold of e, and other settings left as default
[72]. The gene sequences were aligned to the respective
BLAST hits using MAFFT with default settings and visu-
ally inspected in Jalview v.2.11.3.2 [93].

For the analysis of transcript isoforms using PCR,
Leishmania mexicana promastigotes were cultured in
M199 medium (Cayman Chemical, Ann Arbor, USA)
supplemented with 2 pg/mL biopterin (Cayman Chemi-
cal, Ann Arbor, USA), 2 pg/mL hemin (Jena Bioscience,
Jena, Germany), 25 mM HEPES, 50 units/mL of penicil-
lin/streptomycin (both from Biowest, Nuaillé, France),
and 10% fetal bovine serum (BioSera, Cholet, France) at
23 °C. Metacyclic promastigotes and amastigotes were
differentiated by adjusting pH and temperature according
to an established protocol [94]. Total RNA was isolated
using TRIzol Reagent (MRC, Cincinnati, USA). Tran-
scriptor First Strand cDNA synthesis kit (Roche Life Sci-
ence, Penzberg, Germany) was used for cDNA synthesis
with oligo (dT) primer.
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All PCR amplification reactions were performed using
PCRBIO Taq Mix Red (PCR Biosystems, London, UK).
A single-step conventional PCR assay was performed for
exon-exon junction amplification. Amplification of the
SL-exonl and SL-exon2 regions in all three genes was
achieved by a semi-nested PCR approach with the use
of SL_F and internal reverse primers in the second run
(Additional file 1: Table S2). In the case of PAP1, ampli-
cons produced in the first PCR run were purified by the
QIAquick PCR & Gel Cleanup Kit (Qiagen, Hilden, Ger-
many) before the second run. Conventional PCRs and
the first run of semi-nested PCRs were performed with
an annealing temperature of 55 °C, which was increased
to 58 °C in the second-step reactions. The PCR products
were resolved in a 1% agarose gel that was post-stained
with Midori Green dye (Nippon Genetics Europe, Diiren,
Germany), and the major bands were extracted from
the gel using the QIAquick PCR & Gel Cleanup Kit and
sequenced at Eurofins Genomics (Ebersberg, Germany).
The SL-exonl amplicon of RBP20 was purified from the
gel and cloned into pJET1.2 (Thermo Fisher Scientific,
Carlsbad, USA) prior to sequencing as above.

Inference of intron features

Sequence logos were produced using the online tool
WebLogo [95] for single-gene alignments of sequences
from a representative dataset (Additional file 1: Table S1;
Additional file 10) focusing on two regions: (i) the first 50
nt of the intron and 10 nt upstream of the splice site (i.e.,
belonging to exon 1) and (ii) the last 50 nt of the intron
and 10 nt downstream (i.e., belonging to exon 2). The
same analysis was done for alignments of the region (i) in
all available cis-spliceosomal intron-containing genes of a
single species.

Intronic motifs in kinetoplastids were identified using
the GLAM2 program of the MEME suite v.5.5.5 with the
search performed only on the sense strand and other set-
tings left as default. For each motif, the replicate with the
highest score was collected.

For the identification of putative ncRNAs, intron
sequences were used as queries for online searches in the
RNAcentral database (release 23) [39]. The hits were fil-
tered according to the following criteria: e-value thresh-
old of 7', target sequence coverage higher than 20%,
sequence identity higher than 35%, and only the best hit
(based on the lowest e-value) was retained for each query
sequence. In addition, available RNA-seq data for L.
donovani promastigotes enriched for the fraction of non-
polysomal RNAs bound to proteins were downloaded
from the NCBI [40, 41]. Transcriptome reads were pro-
cessed and mapped to the genome as described in the
section “Intron identification,” except for the “MINLEN”
parameter of Trimmomatic that was set to 30.
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For establishing if introns in the genes encoding PAP1,
DBP2B, and RBP20 are ancestral for Glycomonada (the
clade consisting of Kinetoplastea and Diplonemea [96]),
protein sequences for each gene identified in reference
species (Additional file 10) were aligned to their ortho-
logues from P. papillatum using MAFFT with default set-
tings in Jalview v.2.11.3.2. We considered that the intron
position is shared between kinetoplastids and diplone-
mids (i.e., the intron is ancestral to Glycomonada) if the
intron positions differed by no more than five codons
between at least 50% of species in the reference dataset
and P, papillatum.

Analysis of intron loss in Kinetoplastea

For analysis of intron loss in kinetoplastids, we aligned
homologous proteins from closely related pairs of species
differing in intron content, such as B. saltans and Per-
kinsela sp., Porcisia deanei and P. hertigi, Wallacemonas
rigidus and Sergeia podlipaevi, Strigomonas culicis and
S. oncopelti, T. cruzi and 1. conorhini, using MAFFT
with default settings in Jalview v.2.11.3.2. Intron loss was
considered “exact” if no gaps were observed within five
amino acids (five codons) to either side of putative intron
position. Synteny analysis was performed and data visu-
alized in Artemis Comparison Tool v.18.2.0 [97] with the
homology regions identified with tBLASTx at NCBI with
the following parameters: max target sequences: 5000,
expected threshold: e %, and other settings at default
values.

For the analysis of intron loss in the kinetoplastid com-
mon ancestor, annotated proteins of the trypanosoma-
tids L. major, P. confusum, and T. brucei along with the
eubodonid B. saltans were downloaded from TriTrypDB
release 63 [98], and data for the diplonemid P. papilla-
tum and a heterolobosean relative of Euglenozoa, N. gru-
beri, were obtained from the NCBI [99, 100]. Due to a
high fragmentation of the genome of Euglena gracilis and
the presence of nonconventional introns, only N. gruberi
and P. papillatum were used as references for this analy-
sis. Proteins were clustered into OGs using OrthoFinder
v.2.5.5 [101] with BLAST as a sequence search program
and with other parameters at default values. The OGs
containing a single protein per species were retained
for further analysis. The proteins within each OG were
aligned using MAFFT v.7.490 [73] with L-INS-i algo-
rithm. The average sequence identity within each OG
was calculated using esl-alistat script from the HMMER
package v.3.3.2 [102]. OGs with average identity >50%
were manually checked for the presence of ancestral
introns, i.e., those with a shared position (separated
by an arbitrary threshold of no more than 10 codons)
between P. papillatum and N. gruberi. Please note that
we applied a more relaxed threshold compared to that
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used for comparing kinetoplastid genes to P papilla-
tum (five codons), acknowledging a larger evolutionary
distance between Euglenozoa and Heterolobosea. The
identification of these introns relied on transcriptomic
data mapped to the respective genomes, as described
in the section “Intron identification” The alignments of
the respective OGs were visually inspected in Jalview
v.2.11.3.2.

For the identification of RT domain-containing pro-
teins, Pfam model PF00078 [103] was used as a query for
hidden Markov model-based searches with an e-value ¢~
against the database of annotated euglenozoan proteins.

Identification and analysis of U1 snRNA orthologues
and U1-associated proteins
For searching the Ul snRNAs in the representative
genome dataset (Additional file 1: Table S1), annotated
Ul snRNAs were collected from TriTrypDB release
67: L. braziliensis (LbrM.23.snRNA1), L. donovani
(LACL_230012650), L. major (LmjF.23.snRNA.0), T.
brucei (Tb927.8.2855), and T. cruzi (C3747_21nc9). The
sequences were aligned using LocARNA v.1.9.1 [104],
and the alignments in the Stockholm format served as
an input to build and calibrate a covariance model using
the “cmbuild” and “cmcalibrate” functions of Infernal
v.1.1.4 [105]. Next, we searched for snRNA sequences
in genomes of representative species using a calibrated
model with “cmsearch” function of Infernal v.1.1.4 with
default settings. Since we were unable to obtain hits for
all species using this approach, the reference dataset
of snRNAs was expanded by combining additional hits
from the first round of searches and the publicly available
Ul snRNA sequence of E. gracilis (GenBank accession
U57366.1). The searches were repeated after incorporat-
ing the hits obtained in the previous rounds until no new
U1 snRNA sequences could be identified in the dataset.

Using the previously published information on Ul
snRNAs of Crithidia fasciculata, Leishmania tarentolae,
and T. brucei [43, 45], we manually identified the ter-
mini that had been incomplete predominantly at the 3’
end due to a relatively low sequence conservation, func-
tional motifs, and predicted secondary structures for the
sequences analyzed in this work. The IPknot web server
[106] was used to facilitate the identification of poten-
tially pairing subsequences. Out of the four genomic cop-
ies of Ul snRNA for P. papillatum differing by one to
three nucleotides, the one localized in the scaffold JAP-
JBO010001534.1 (positions 29,166—29,329) was used for
the secondary structure prediction based on a previously
published inference [14]. Visualization of RNA secondary
structures was made using RnaViz v.2.0.3 [107].

For each species from the representative dataset,
potential interactions of the 5" end of Ul snRNA with
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that of the introns of each gene were predicted based on
the previously published inference [43] and those made
using the RN Acofold web server [108].

For the identification of Ul-associated proteins, the
sequences of T. brucei U1-70 K (Tb927.8.4830), UlA
(Tb927.10.8280/8300), U1-C (Tb927.10.2120), and
U1-24 K (Tb927.3.1090) were downloaded from TriT-
rypDB release 63. They were used as BLAST (BLASTp
and tBLASTn) queries with an e-value of 1 and all
euglenozoan protein/genome sequences as a database.
To detect divergent homologs, BLASTp hits with an
e-value<e ™ were retrieved, aligned using MAFFT
v.7.520 with the L-INS-i algorithm and subsequently
used for several rounds of hidden Markov model-based
searches with hmmsearch from the HMMER package
v.3.3.2 using default settings and euglenozoan proteins
as the database. The identities of the hits were confirmed
using HHpred and InterProScan web servers [109, 110].

Abbreviations

cDNA Complementary DNA

DBP2 DEAD-box ATPase 2

DBP2B ATP-dependent RNA helicase (DEAD-box protein 2B)
INcRNA Long noncoding RNA

Mb Megabase

ncRNA Noncoding RNA

nt Nucleotide

0G Orthologous group

PAP1 Poly(A) polymerase 1

PCR Polymerase chain reaction

pre-mRNA  Precursor mRNA

RBP20 RNA-binding protein 20

RT Reverse transcriptase

SL Spliced leader

Sm protein  Smith protein

snoRNA Small nucleolar RNA

SNRNA Small nuclear RNA

snRNP Small nuclear ribonucleoprotein

U1-24K U1 small nuclear ribonucleoprotein 24 kDa
U1-70K U1 small nuclear ribonucleoprotein 70 kDa
UTA U1 small nuclear ribonucleoprotein A
U1-c U1 small nuclear ribonucleoprotein C

UTR Untranslated region
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Additional file 1: Table S1-S4. Table S1. Dataset used in this study. Some
genome assemblies contained gaps within the sequences of the studied
genes, which is mentioned in the columns for introns’ presence. Repre-
sentative genome assemblies are marked with asterisks. Table S2. PCR
primers used in this study. Table S3. Position of common motifs identified
within the intron of the three studied genes. Start and end positions of a
motif were estimated relative to the 5'end of the intron (positive numbers,
blue bars) and to the 3'end (negative numbers, red bars). Table S4.
Regions of kinetoplastid introns demonstrating similarity to noncoding
RNAs.

Additional file 2: Fig. S1. Maximum likelihood phylogenetic trees of the
three studied genes reconstructed using amino acid sequences. A. Poly(A)
polymerase. B. RNA helicase. C. RNA-binding protein 20. The clades of
poly(A) polymerases and RNA helicases containing exclusively intron-less
genes are collapsed and designated as PAP2 and DBP2A, respectively.
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Numbers at branches are ultrafast bootstrap supports, maximal (100)
values are shown as circles. Double-crossed branches have 50% of their
actual length. The scale bar denotes the number of substitutions per
site.

Additional file 3: Fig. S2. Domain architecture of proteins encoded

by intron-containing genes in T. brucei. The scale bar shows protein
length. Intron position is indicated by a vertical dashed line with a
number indicating the position of the first amino acid encoded by the
second exon. Protein domains are indicated with colored shapes: black
rectangle — poly(A) polymerase; red rectangle and orange rhombus —
RNA helicase; green square — RNA recognition motif. Coiled coils and
low complexity regions are indicated with green and magenta boxes,
respectively. G - glycine; P — proline; Q - glutamine; R - arginine.

Additional file 4: Fig. S3. Transcript isoforms of the studied genes identi-
fied by PCR in Leishmania mexicana. A-C. PAP1. D-E. RBP20. F-G. DBP2B.
Sequences of PCR products with accompanying chromatograms are
aligned to predicted mature transcripts for each gene (except panel C
where a part of intron is depicted). Base calling quality is shown as a
blue bar graph; chromatogram peaks for individual bases are depicted
in red, blue, yellow, and green for A, C, G, and T, respectively. PCR prim-
ers are shown as green bars.

Additional file 5: Fig. S4. Conservation of splice sites in the genes
encoding poly(A) polymerase, RNA helicase and RNA binding protein at
the interspecific (A) and intraspecific (B) levels. The analysis at the inter-
specific level is based on the representative sequences from genomes
of 24 kinetoplastid species: Angomonas deanei, Blastocrithidia nonstop,
Blechomonas ayalai, Bodo saltans, Borovskyia barvae, Crithidia fasciculata,
Endotrypanum monterogeii, Herpetomonas samuelpessoai, Jaenimonas
drosophilae, Kentomonas sorsogonicus, Leishmania major, Leptomonas
pyrrhocoris, Lotmaria passim, Novymonas esmeraldas, Obscuromonas
modryi, Paratrypanosoma confusum, Phytomonas francai, Porcisia deanei,
Sergeia podlipaevi, Strigomonas culicis, Trypanosoma brucei, Vickermania
ingenoplastis, Wallacemonas rigidus, Zelonia costaricensis. For each gene,
60 nucleotides around 5 and 3" splice sites (10 nucleotides of the exon
and 50 nucleotides of the intron sequence) were extracted and analyzed
with WebLogo. The conservation within the exon upstream of the intron
border was not always associated with preservation of the amino acid
sequence (for example, Phe/Cys change in the last position of PAPT exon
1 or Leu/Met alteration in the penultimate codon of the first exon of
the RBP20 gene). Within the five last nucleotides A or T were predomi-
nant. The 5' end of the second exon demonstrated different patterns
between the three genes, of which two could not be explained by
amino acid conservation. In each of the first three codons of exon 2, the
PAPT gene had predominant pyrimidines at the third position, while the
first and third position nucleotides in the same codons were invariant

in the DBP2B gene. Exon 2 of the RBP20 gene represented an exception:
the absolute conservation of the first two nucleotides (GT) was associ-
ated with encoding an invariant Val. For the analysis at the intraspecific
level (B), only the representative species, for which the sequences of the
three cis-spliced intron containing genes were available, are included.
Black dotted vertical lines indicate splice sites.

Additional file 6: Fig. S5. Nucleotide motifs identified in the introns of
PAP1, DBP2B and RBP20 genes by GLAM2. Except for polypyrimidine
tracts, no further motifs were detected in the PAPT gene intron. The
RBP20 introns also featured an adenine-rich motif. RNA helicase introns
contained GT- and AC-rich motifs as well as a distinct polypyrimidine
tract, where Ts were predominant.

Additional file 7: Fig. S6. Alignment of U1 snRNAs in Euglenozoa.

A. Trypanosomatidae and Bodo saltans. B. Alignment of UT snRNA
candidates of Paratrypanosoma confusum and Perkinsela sp. with the
sequences of Bodo saltans, C. fasciculata and T. brucei as references. The
three characteristic conservative motifs are boxed. The purple box-
line-box signs designate hairpins (stems and loops, respectively). The
majority-rule consensus of aligned sequences is shown on top.

Additional file 8: Predicted interactions between the 5' ends of U1
snRNA and the three studied protein-coding genes. Multiple compet-
ing variants are shown in some cases.
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Additional file 9: Fig. S7. Protein alignment around the exon-exon junc-

tions corresponding to presumably ancestral euglenozoan introns. Intron
positions are marked by black rectangles. Species abbreviations: B. saltans

- Bodo saltans; L. major — Leishmania major; N. gruberi — Naegleria gruberi;
P confusum - Paratrypanosoma confusum; P. papillatum — Paradiplonema
papillatum; T. brucei — Trypanosoma brucei.

Additional file 10. Intron and protein sequences of PAP1, DBP28B, and
RBP20.
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