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Abstract

Trans-splicing of a spliced leader (SL) to the 5′ ends of mRNAs is used to produce mature mRNAs in several phyla of great importance
to human health and the marine ecosystem. One of the consequences of the addition of SL sequences is the change or disruption of
the open reading frames (ORFs) in the recipient transcripts. Given that most SL sequences have one or more of the trinucleotide NUG,
including AUG in flatworms, trans-splicing of SL sequences can potentially supply a start codon to create new ORFs, which we refer
to as slORFs, in the recipient mRNAs. Due to the lack of a tool to precisely detect them, slORFs were usually neglected in previous
studies. In this work, we present the tool slORFfinder, which automatically links the SL sequences to the recipient mRNAs at the trans-
splicing sites identified from SL-containing reads of RNA-Seq and predicts slORFs according to the distribution of ribosome-protected
footprints (RPFs) on the trans-spliced transcripts. By applying this tool to the analyses of nematodes, ascidians and euglena, whose
RPFs are publicly available, we find wide existence of slORFs in these taxa. Furthermore, we find that slORFs are generally translated
at higher levels than the annotated ORFs in the genomes, suggesting they might have important functions. Overall, this study provides
a tool, slORFfinder (https://github.com/songbo446/slORFfinder), to identify slORFs, which can enhance our understanding of ORFs in
taxa with SL machinery.
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Introduction
Trans-splicing of spliced leader (SL) sequences has been found in
seven taxa that are widely distributed phylogenetically, including
nematodes, flatworms, cnidarians, rotifers, ascidians, dinoflagel-
lates and euglenozoa [1, 2]. Many organisms in these taxa, such
as trypanosomes, flatworms and nematodes, are pathogenic to
humans. Others, such as dinoflagellates, are crucial to the marine
ecosystem as endosymbionts of coral or causal algae of harmful
blooms.

The process of SL trans-splicing is similar to the process of
intron splicing. The SL RNA molecule is separated into two parts
by the splice donor site, possibly a GT dinucleotide. The 5′ part is
the leader sequence, which will be added to the recipient mRNAs,
and the 3′ part contains a putative binding site of Sm-protein [1].
A two-step process was proposed for the trans-splicing of SLs [1,
3]. The 3′ part is spliced and forms a ‘Y’ shape structure with the
outron sequences resembling the lariat structure required by the

splicing of the intron, which is then followed by the ligation of
the 5′ SL sequence to the acceptor sites on the transcripts [1, 3].
A recent study suggests that the trimming of the 5′ SL might also
be involved in the maturation of the SL trans-spliced mRNAs [4].
Eventually, trans-splicing of SL results in the replacement of a part
of the sequences of the original 5′ untranslated regions (5′ UTRs)
on the transcripts, which can have a variety of biological conse-
quences. For example, it can stabilize the mRNAs [5], remove reg-
ulatory elements, such as upstream open reading frames (uORFs)
in the 5′ UTR, and enhance the translation efficiency of recipient
mRNAs [6]. It can also result in the translation of alternative
ORFs or disruption of existing ORFs on the transcripts [7]. The
trans-splicing of the flatworm SL sequence, which ends with the
trinucleotide AUG at its 3′ terminus, can even create new ORFs by
providing a start codon to the recipient transcripts [8] (Figure 1A).
Given that the SL sequences in some species also carry at least one
cognate start codon (NUG), providing start codons to the recipient
transcripts could be pervasive in these species.
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Figure 1. Overview of slORFfinder. (A) SL sequences in different taxa. The bolder letters represent the cognate start codons. (B) The workflow of
slORFfinder. Four input files and SL sequences, indicated in red in the workflow, are used for slORFfinder: the reference genome sequence (in fasta
format), the genome annotation (in gtf format), the alignment of RNA-Seq reads and Ribo-Seq reads (in bam format), and the sequence of SL. The
genome sequences and annotations are used to extract the sequences of nascent mRNAs, the alignments of RNA-Seq reads are used to identify the SL
trans-splicing sites according to the SL sequences provided, and the alignments of Ribo-Seq reads are used to identify the P-sites on mature mRNAs to
predict ORFs.

Following the development and application of the Ribo-
Seq technique, accumulating evidence is showing the roles of
small/short ORFs, particularly uORFs, in various organisms. Ribo-
Seq, also called ribosome profiling, captures ribosome-protected
mRNA fragments (RPFs), so it can be used to predict ORFs [9]. Many
tools implementing different algorithms have been developed to
predict ORFs from RPFs, such as riboHMM [10], RiboTaper [11],
RiboCode [12], RiboWave [13], ORFquant [14] and RiboNT [15].
However, most, if not all, of the existing tools were developed
to study mammals or yeasts, which do not possess SL trans-
splicing machinery. All existing tools for detecting ORFs along the
native transcripts will certainly miss slORFs. Due to the lack of
appropriate tools, the investigation of slORFs has been neglected
in previous studies.

In this work, we developed slORFfinder, a tool that automati-
cally detects the splicing sites of SL sequences and predicts ORFs
on the trans-spliced mature transcripts. By applying slORFfinder
to the datasets of Caenorhabditis elegans, Columnea brenneri, C.
remanei [16], Typanosoma brucei [17] and Oikopleura dioica [18], we
found that slORFs are pervasive in these species. Furthermore,
the slORFs are generally more actively translated and have higher
translation efficiencies in comparison to other types of ORFs,
including the annotated ORFs (aORFs).

Methods and datasets
Datasets
To detect slORFs, we searched for reads of RPFs in studies of
species with SL machinery by querying the keywords ‘RiboSeq,’
‘RPF,’ ‘Translatome,’ and ‘Ribosome profiling,’ coupled with the
scientific name of the corresponding species or higher-level taxon.
As a result, we found RPFs for euglenozoa Trypanosoma brucei [17]
and Trigonoscuta cruzi [19]; nematodes C. elegans, C. brenneri and C.
remanei [16]; a marine chordate O. dioica [18]; and a dinoflagellate
Lingulodinium polyedra [20]. The RPFs and parallelized RNA-Seq
reads of these species were downloaded from the NCBI database,
except L. polyedra due to the lack of reference genome sequences
and annotations (Table S1). We evaluated the quality of the RPFs
and discarded those of poor quality, without significant 3-nt
periodicity which is required for the identification of ORFs. As a
result, only the RPFs of C. elegans, C. brenneri, C. remanei, O. dioica
and T. brucei were retained for further analyses.

Alignment of reads
The adaptors were trimmed from the Ribo-Seq reads, resulting
in RPFs, which were then mapped to the corresponding reference
genomes (Table S2) using STAR [21] with default parameters. The
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RNA-Seq reads were also aligned to the references to enable the
detection of the SL splicing sites.

Simulation of testing datasets
To measure the accuracy and sensitivity of slORFfinder, we
produced datasets containing simulated slORFs with different
expression levels. To eliminate the impact from real SL trans-
splicing events, the simulated datasets were generated from
a previously published RNA-Seq and Ribo-Seq dataset of rice
[22], in which the SL trans-splicing machinery is absent, and an
imagined SL sequence (CCGUAGCCAUUUUGGCUCAG) was used
to create the simulated slORFs. We selected genes with expression
levels ranging from 1 to more than 800 reads per kilobase per
million mapped reads (RPKMs) and replaced their reads with the
simulated reads from their corresponding slORFs, which were
created by replacing the first 3, 6 or 9 nucleotides with the SL
sequence. The simulated reads were produced using ART [23] with
the reads length set to 50 bp according to the reads features in the
original datasets. Then slORFfinder was used on the simulated
dataset to recover the simulated slORFs, and the recall rate
(number of recovered slORFs/total number of simulated ORFs)
was calculated. This test was repeated three times independently.

Quantification of translation levels
The translation and transcription levels of ORFs were calculated
using featureCounts [24]. For the slORFs overlapped with the
annotated major ORFs (mORFs), the reads mapped to the over-
lapped regions were proportionally assigned to the slORFs or
mORFs according to the ratio of reads mapped to the distinct
regions in slORFs or annotated mORFs before they were collec-
tively used to calculate the translation or transcription levels of
slORFs or mORFs.

Validation of predicted slORFs using MS datasets
To validate the predicted slORFs, we searched for protein mass
spectrometry (MS) datasets of the tested species. Only the MS
data of C. elegans were found in the PRIDE archive (https://www.
ebi.ac.uk/pride/). We downloaded the MS dataset of C. elegans
(PXD032260) to validate the slORFs identified in this dataset. The
raw data of MS were loaded into MaxQuant [25] to search for
evidence of slORF-encoded peptides with default parameters.

Results
Overview of slORFfinder
Our proposed tool, slORFfinder, predicts ORFs primarily based on
the mapping positions of RPFs, and it also considers the codon
usages like some other tools [15, 26]. It consists of three steps and
takes four input files, namely the reference genome sequence (in
fasta format), the genome annotation (in gtf format), the align-
ment of RNA-Seq reads and Ribo-Seq reads (in bam format), and
the sequence of SL (Figure 1B). Like many other tools, slORFfinder
first calculates the offsets of RPFs of different lengths and the
genome-wide usages of codons according to their appearance
in the annotated gene coding sequences. Second, it reads the
alignment of RNA-Seq reads to identify SL splicing sites from the
soft clipped reads by the following two criteria: (1) more than eight
bases (by default) are soft clipped from the aligned reads, and
(2) these clipped sequences are the 3′ terminuses of the inputted
SL sequence(s). The sequences upstream of the SL splicing sites
are then replaced by the SL sequence to produce the sequences
of mature transcripts. Third, slORFfinder reads the mapping loci

of RPFs and allocates them to the positions on the mature tran-
scripts according to the offsets trained in the first step to predict
ORFs following the algorithm implemented in RiboNT [15] or
OrfPP [26]. Briefly, this tool automatically tests if the depths of
RPFs and the usages of codons at the nth positions are significantly
greater than at the (n + 1)th and (n + 2)th positions, where n denotes
the positions that are multiples of three in the candidate ORFs,
and it combines the P values in these four tests into a final P value,
taking into account the weights assigned according to the quality
of RPFs (Figure 1B) [15]. We denote trans-ORFs resulting from the
trans-splicing of SL as slORFs to distinguish them from the trans-
ORFs resulting from the fusion of exons from different genes. It
is optional to predict the ORFs in all the transcripts or only the
slORFs in the trans-spliced transcripts.

Detection of non-canonical start codons
Our tool, slORFfinder, is designed based upon the assumption
that the cognate start codons, such as UUG, on SL sequences can
initiate translation of the trans-spliced transcripts, but there is
no direct evidence to support this assumption. To confirm this
assumption, we searched for the footprints at the initiation sites
in the RPFs. The SL sequences are added to the 5′ terminus of
the recipient mRNAs with varied distances from the start codons.
Usually, the SL sequences are not translated when they are distant
from the translation initiation sites, whereas those close to the
start codons can be captured in the RPFs. Therefore, the RPFs
containing SL sequences (SL-RPFs) represent the footprints of
the translation initiation complex, allowing the identification of
the utilized start codons. We calculated the offsets from the
start codons to the 5′ terminuses of the RPFs of different sizes
by performing metagene analyses. Briefly, the RPFs mapped to
the annotated start codons were pooled and plotted (Figure 2A),
which enabled the calculation of the distances from the 5′ termi-
nuses of the RPFs to the start codons, because the most upstream
RPFs must be derived from the ribosomes stalled at the initiation
sites. The data showed that the distances from the 5′ terminuses
of the RPFs to the translating codons were consistently 12 nt for
C. elegans, C. brenneri and C. remanei (Figure 2A). By searching the
triplets at 12 nt of the SL-RPFs in the datasets of these species,
we found that many non-canonical start codons other than AUG,
such as UUG, were also used to initiate translation (Figure 2B). As
expected, AUG was the most frequently used start codon, followed
by UUG, in all three species, with usages ranging from 19% to
22% (Figure 2C). Together, these results suggest the capability of
translation initiation of cognate start codons.

Test of slORFfinder in simulated datasets
To evaluate the performance of slORFfinder, we artificially created
a dataset including a total of 1753 simulated slORFs of varying
translation levels ranging from 1 to more than 800 RPKM. By
applying slORFfinder to this simulated dataset, we recovered
145–191 of these slORFs with a recall rate of 8.27–9.87%. The
results reveal that the identification of slORFs is remarkably
affected by their abundance. Clearly, the higher the translation
level of slORFs, the greater the chance they can be recovered
by slORFfinder (Figure 3). As much as 81.81% of the slORFs at
translation levels higher than 800 RPKM were successfully recov-
ered, whereas only 7.45% of the slORFs at lower levels (1–200
RPKM) were recovered (Figure 3). We noticed that the recall rate
increased dramatically at the level of 200–400 RPKM, suggesting
slORFfinder might be powerless to detect slORFs with translation
levels lower than 200 RPKM. These results suggest slORFfinder can
efficiently identify slORFs expressed at adequate levels.

https://www.ebi.ac.uk/pride/
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Figure 2. Evidence of the use of non-canonical start codons. (A) The offsets from the 5′ terminuses of RPFs to the translating codons calculated from
metagene plots of C. elegans, C. brenneri and C. remanei. (B). Examples of footprints at translation initiation sites showing the use of non-canonical start
codons. (C) The usage of codons at translation initiation sites.

Figure 3. The recall rate of slORFfinder tested in simulated datasets.

The identification of slORFs
There are seven taxa of species that are known to have SL trans-
splicing machinery [2] (Figure 1A). We searched for their RPFs in
NCBI datasets (Table S1) to predict slORFs in these species. As a
result, RPFs of seven species were found, including three nema-
todes, two euglenozoas, one chordate and one dinoflagellate. The
RPFs of the dinoflagellate L. polydera were not used for slORF
detection because of the lack of reference genome sequence. To
better identify the slORFs in their genomes, we pooled the RNA-
Seq reads and Ribo-Seq reads separately, which were then mapped
to the corresponding reference genomes using STAR [21]. The
alignment files were then used to predict slORFs by slORFfinder
with corresponding SL sequences inputted. Thus, we identified
334, 276, 233 and 586 slORFs from C. elegans, C. brenneri, O. dioica

and T. brucei, respectively (Table S3), suggesting the common pres-
ence of slORFs in these species. Several of them are translated in
frames different from their corresponding host ORFs. Specifically,
the translating frames of 8.38% (28 of 334), 8.34% (23 of 276), 4.72%
(11 of 233) and 1.88% (11 of 586) of the slORFs are shifted (Table
S4). The RPFs of several slORFs are shown in Figure 4, in which
the cyan, orange and purple lines indicate the RPFs at frames 0,
1 and 2 in the transcript, respectively, where frame 0 corresponds
to slORFs. These plots confirm that the majority of the RPFs are
in the same frame in these predicted ORFs. Several slORFs are
overlapped with the downstream annotated mORFs. Some of the
overlapped slORFs are translated in a frame different from that
of the annotated mORFs (Figure 4). Figure 4 shows some slORFs
translated out of or in the frame of their corresponding annotated
mORFs. These plots clearly show that both the slORFs and mORFs
are actively translated under the tested conditions, and the counts
of RPFs from slORFs are generally much higher than the counts of
RPFs from mORFs, suggesting higher translation levels of slORFs
in these studies. Furthermore, some slORFs are in the same frame
as the mORFs. They usually share the same stop codons with the
mORFs but with varied initiation sites due to the trans-splicing of
SL sequences (Table S3).

To validate these predicted slORFs, we searched for protein MS
data in public databases, but found only the MS of C. elegans.
We queried the MS data against the slORF-encoded peptides and
found that 29.64% of the slORFs were supported by the MS data
(Table S3). Some slORFs may have gone undetected due to their
low levels of expression. Indeed, the MS-supported slORFs were
expressed at higher levels than those not supported (Figure S1).
Although only approximately one-third of the predicted slORFs
were supported by MS evidence, this ratio is adequate given
the limited power of MS in detecting proteins encoded by inac-
tive genes. Indeed, only 6.98% of the annotated ORFs in the
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Figure 4. The distribution of RPFs in some examples of the slORFs identified in (A) C. elegans, (B) C. brenneri, (C) O. dioica and (D) T. brucei. The cyan, orange
and purple lines represent frames 0, 1 and 2, respectively. The labels of ‘out-frame’ and ‘in-frame’ in the parentheses in each plot indicate whether these
slORFs are translated in a frame different from its corresponding annotated ORF (out-frame) or not (in-frame).

C. elegans genome were supported by this MS dataset. Among
the C. elegans slORFs with shifted frames, 28.57% (8 of 28) were
supported by MS data. This percentage is close to the overall
supporting degree (29.64%) of the C. elegans slORFs, suggesting
that the confidence of these frame-shifted slORFs is compara-
ble to those not shifted. These results suggest that the trans-
splicing of SL can substantially increase the diversity of proteins in
the cells.

The translation of slORFs
To compare the translation levels of slORFs and the levels of other
types of ORFs, we collected the RNA-Seq reads and RPFs from the
studies of C. elegans, C. brenneri, T. brucei and O. dioica, in which more
than 32 different treatments, such as the C. elegans and T. brucei
at different development stages (Table S1), were investigated. We
first compared the translation levels and translation efficiencies
between the mRNAs with or without slORFs (Figure 5). Our data

https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbac610#supplementary-data
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Figure 5. Comparison of the translation levels between the mRNAs with or without slORFs in (A) C. elegans, (B) C. brenneri (C) O. dioica and (D) T. brucei.

indicate that the transcripts with slORFs are more actively trans-
lated than those without slORFs in most of the tested species
except T. brucei (Figure 5), in which both the translation levels and
translation efficiencies are lower for the transcripts with slORFs.
We also compared the translation levels and efficiencies of slORFs
and the annotated ORFs by calculating their transcription and
translation levels under different conditions. Our data indicate
that the translation levels and translation efficiencies of slORFs
are generally higher than those of other types of ORFs, including
the annotated ORFs (Figure 6). The high levels of translation imply
critical biological functions of slORFs.

Discussion
The trans-splicing of SL sequences is known to be influential to the
translation of the recipient mRNAs. For example, the nematode
SL contributes an N-2,2,7-trimethylguanosine cap (TMG-cap) to
more than 70% of the recipient mRNAs, and both the TMG-cap and
the SL itself are required for efficient translation of mRNAs [27]. SL
addition can result in the truncation of ORFs, the alteration of sig-
nal peptides and the interruption of existing ORFs [7]. Researchers
first noticed that the SL sequence might be able to provide a
start codon to the recipient mRNAs in flatworms because its
SL sequence ends with a trinucleotide AUG (Figure 1A). It was
reported in 2006 that the 3′ terminus AUG in the SL sequence is
in-frame with 28% of the trans-spliced transcripts of Schistosoma
mansoni, and more than 40 cDNAs require the AUG from the SL
sequence to initiate their translation in a correct frame [8]. The
profiling of RPFs at the translation initiation sites in many organ-
isms revealed the translation initiation by many non-canonical
start codons, including UUG, CUG, GUG and other variants of AUG,
such as AGG and ACG [28–30]. Given that the SL end with AUG

can supply a start codon to the recipient mRNAs [8], and most SL
sequences have cognate start codons (Figure 1A), it is reasonable
to assume that the addition of SL sequences can potentially create
new ORFs in the recipient mRNAs. Indeed, our analyses of SL-
RPFs supported the fact that non-canonical start codons can
also initiate translation in the tested species. By reanalyzing the
previously published RPFs of nematodes, ascidians and euglena,
we successfully identified slORFs in C. elegans, C. brenneri, T. brucei
and O. dioica. The failure of slORF identification in T. cruzi and C.
remaneri could be attributed to the small amount of RPFs. Together
with the slORFs reported in the flatworm S. mansoni, our data
suggest that slORFs are common in the taxa with SL machinery.

It is noteworthy the number of slORFs identified in this study
is highly underestimated because this prediction depends on the
total number of SL-containing reads, which are informative in
identifying the trans-splicing sites. In this work, we used RNA-Seq
reads to identify trans-splicing sites, but these reads encompassed
only a small proportion of SL-containing reads. Furthermore, the
limited data and poor quality of RPFs in some of the datasets
also limited the identification of slORFs. Instead of normal RNA-
Seq reads, large-scale identification of slORFs can use the SL-
PCR method [31] to capture more SL trans-splicing sites before
sequencing the libraries of cDNA. Briefly, reverse-transcribing the
mRNAs with a customized primer designed according to the SL
sequences and a random primer can, in principle, capture all the
trans-splicing sites. This approach can efficiently enrich the SL
trans-splicing sites in the datasets.

Trans-splicing is known to be involved in the translational
regulation of genes. For example, it can repress the translation
of nutrient-responsive genes under the challenged conditions
[18, 32]. A study on T. brucei reported that more than 85% of
the transcripts of the annotated protein-coding genes were
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Figure 6. Comparison of the translation levels between slORFs and other types of ORFs in (A) C. elegans, (B) C. brenneri, (C) O. dioica and (D) T. brucei. uORF:
upstream ORF, aORF: annotated ORF, dORF: downstream ORF.

trans-spliced, resulting in various changes of the existing ORFs,
and 40% of the trans-spliced transcripts were dynamically
regulated under different conditions [7]. Many trans-splicing
events can affect the translation of the ORFs in the recipient
mRNAs in a manner dependent on the trans-splicing sites. For
example, events resulting in the trimming of AUG from coding
sequences can lead to the failure of translation, while those
SLs inserted into uORF can change the translation levels of
the downstream ORFs, given that uORFs usually regulate the
translation of downstream ORFs [6, 9, 33]. Due to the lack of
a proper tool to identify slORFs in the transcriptome, the roles
of slORFs are rarely investigated. Many of the slORFs identified
in this study were overlapped with the annotated ORFs but
in different frames, whereas some of them shared the same
frame with the annotated ORFs but with varied lengths. Trans-
splicing of SL to create new ORFs may play a significant part
in increasing the diversity of the protein reservoir without any
genomic changes. The relatively high translation levels of slORFs
imply they have critical biological roles, but more research on this
topic is necessary.

Overall, we present the tool slORFfinder to identify slORFs
from Ribo-Seq reads in taxa with SL trans-splicing machinery. As
slORFs are widely present in these taxa with SL machinery, as
shown by previous studies and our data, this tool will help in
our future studies of these species and substantially further our
understanding of the roles of slORFs and SL trans-splicing.

Usage of slORFfinder
slORFfinder has been deposited in GitHub (https://github.com/
songbo446/slORFfinder) and can be easily downloaded and
installed in Linux. It requires four inputs: the reference genome

sequence (in fasta format), the genome annotation (in GTF
format), RNA-Seq alignments (in bam/sam format) and Ribo-Seq
alignments (in bam/sam format), and a sequence or sequences of
SL(s).

In some cases, more than one SL sequence needs to be inputted
since some species have more than one SL sequence [2], and some
species, such as dinoflagellate species [34], have degenerate bases
in the SL sequence. slORFfinder allows the input of multiple SL
sequences by separating these SLs using a comma without spaces.
slORFfinder searches for the SL-containing reads in the inputted
alignments of RNA-Seq reads and Ribo-Seq reads. Regardless of
the length of the SL sequences, it searches for the last 8 bp by
default at the 3′ end of the inputted SL(s) in the reads. Users
can also customize this length by giving a value to the option ‘—
slseed.’ If the degenerate bases are located at the 5′ end of the SL
sequence, or if multiple SL sequences share an identical sequence
at their 3′ ends, users can input only the common sequence as
long as all the potential start codons (NUG) are included.

The filtering, adaptor trimming, and mapping of RNA-Seq reads
and Ribo-Seq reads should be performed before the use of this
tool. slORFfinder reads the alignment files of RNA-Seq and Ribo-
Seq in bam or sam format directly. STAR is the recommended
aligner, but the outputs (in bam/sam format) of other aligners
are also acceptable. The aligner should allow partial alignment of
reads because slORFfinder looks for the soft clipped reads. If the
partial aligned reads are not reported, the splicing sites cannot be
determined, which will lead to the failure of slORF identification.
It can be expected that longer reads will be more routinely used
in transcriptomic studies to resolve alternative splicing and trans-
splicing events. In these cases, users can also report the align-
ment results into ‘sam’ format before they are used to identify
slORFs. For example, if minimap2 [35] is used for the alignment of

https://github.com/songbo446/slORFfinder
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long-reads, a parameter ‘-a’ can be selected to output the results
in ‘sam’ format.

Key Points

• slORFfinder, a tool to predict ORFs resulting from SL
trans-splicing (slORFs), is developed.

• Evidence shows the wide presence of slORFs in the taxa
with SL machinery.

• slORFfinder could facilitate large-scale identification of
slORFs.
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