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Direct full-length RNA sequencing reveals unexpected
transcriptome complexity during Caenorhabditis elegans

development

Runsheng Li,' Xiaoliang Ren,'* Qiutao Ding," Yu Bi,' Dongying Xie,’

and Zhongying Zhao'-?

' Department of Biology, Hong Kong Baptist University, Hong Kong, 999077, China; *State Key Laboratory of Environmental and
Biological Analysis, Hong Kong Baptist University, Hong Kong, 999077, China

Massively parallel sequencing of the polyadenylated RNAs has played a key role in delineating transcriptome complexity,
including alternative use of an exon, promoter, 5 or 3’ splice site or polyadenylation site, and RNA modification. However,
reads derived from the current RNA-seq technologies are usually short and deprived of information on modification, com-
promising their potential in defining transcriptome complexity. Here, we applied a direct RNA sequencing method with
ultralong reads using Oxford Nanopore Technologies to study the transcriptome complexity in Caenorhabditis elegans. We
generated approximately six million reads using native poly(A)-tailed mRNAs from three developmental stages, with
average read lengths ranging from 200 to 1100 nt. Around half of the reads represent full-length transcripts. To utilize
the full-length transcripts in defining transcriptome complexity, we devised a method to classify the long reads as the
same as existing transcripts or as a novel transcript using sequence mapping tracks rather than existing intron/exon struc-
tures, which allowed us to identify roughly 57,000 novel isoforms and recover at least 26,000 out of the 33,500 existing
isoforms. The sets of genes with differential expression versus differential isoform usage over development are largely dif-
ferent, implying a fine-tuned regulation at isoform level. We also observed an unexpected increase in putative RNA mod-
ification in all bases in the coding region relative to the UTR, suggesting their possible roles in translation. The RNA reads
and the method for read classification are expected to deliver new insights into RNA processing and modification and their

underlying biology in the future.
[Supplemental material is available for this article.]

Alternative splicing is a hallmark of eukaryotic transcriptomes.
Over 90% of human genes show evidence of alternative splicing
(Pan et al. 2008; Wang et al. 2018). It plays a key role not only in
cell fate specification (Gerstein et al. 2010; Linker et al. 2019) but
alsoin the development of higher organisms with sophisticated tis-
sues, organs, and developmental processes by expanding the com-
plexity of the transcriptome and thus of the proteome (Mudge et al.
2011; Ragleetal. 2015; Angiolini et al. 2019). Aberrant splicing has
been frequently linked to various diseases, including cancer (Zhang
et al. 2019), aging (Adusumalli et al. 2019), diabetes (Eizirik et al.
2012), abnormal nutritional response (Maxwell et al. 2012), and
neuronal disorders (Lee et al. 2016). In addition, the transcriptome
is further subjected to various base modifications with different
biological implications (Yang et al. 2018). Systematic detection of
such modifications and understanding of their roles in vivo re-
mains a significant challenge.

Identification of all types of transcripts produced by a ge-
nome is crucial for understanding the functional complexity of
normal development and disease progression but remains a chal-
lenging task even in an organism with a relatively small genome.
For example, to facilitate annotation of the transcriptome of
Caenorhabditis elegans or C. briggsae with a genome size of ~100
Mb (The C. elegans Sequencing Consortium 1998; Stein et al.
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2003; Ross et al. 2011; Li et al. 2016; Ren et al. 2018), various
data sets have been used, including ESTs, full-length cDNAs, and
RNA sequencing (RNA-seq) of cDNA fragments using massively
parallel sequencing (Reboul et al. 2003; Ramani et al. 2011; Uyar
et al. 2012; Griin et al. 2014; Boeck et al. 2016; Tourasse et al.
2017). Short RNA-seq reads, typically shorter than 200 nt, have
played a leading role in transcriptome annotation during the
past decade. However, it is difficult to reconstruct and quantify al-
ternative transcripts using short reads, which is further complicat-
ed by a requirement of an amplification step (Steijger et al. 2013).
Clearly, the ability to produce longer reads using the native RNA
molecule without amplification would minimize perturbation
of transcript integrity, permitting capturing of full-length RNA
molecules, which would be ideal for elucidating transcriptome
complexity, including alternative splicing, alternative transcrip-
tional start and ending, as well as the underlying biology. To this
end, synthetic long-read RNA sequencing has been introduced
(Tilgner et al. 2015), which relies on subpooling of full-length
cDNAs followed by sequence amplification, fragmentation, and
assembly to produce a long read. The method has been shown to
be able to recover many novel isoforms in humans and mice.
However, the amplification and reverse transcription steps make
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it problematic for quantification and detection of native modifi-
cations. The current method of choice for profiling RNA methyla-
tion is RNA immunoprecipitation using modification-specific
antibodies followed by reverse transcription and massively parallel
sequencing (Helm and Motorin 2017; Yang et al. 2018). However,
it provides poor resolution in terms of modification site. Third
generation sequencing technology, for example, the Pacific
Biosciences (PacBio) RSII platform, is able to produce long reads
and detect DNA methylation based on polymerase kinetics during
DNA synthesis, but a reverse transcription step is required for se-
quencing of the RNA molecule indirectly (Flusberg et al. 2010).
Therefore, direct sequencing of native RNA molecules is still not
feasible.

Recently, Oxford Nanopore Technologies (ONT) has devel-
oped a direct sequencing method for both DNA and RNA based
on changes in the ion current profile when a nucleotide passes
through a nanopore (Loman and Watson 2015). Due to its
ultralong read length, it has been adopted for many applications,
including resolving repeats within human Y Chromosome centro-
meres (Jain et al. 2018), improving the existing genome assembly
(Ren et al. 2018), the rapid on-site sequencing of pathogens (Jain
etal. 2016), and detecting 5-methylcytosine (5™C) in the genomes
of humans and yeast. Direct sequencing of single-molecule native
RNA is expected to benefit transcript integrity by getting rid of
the steps for reverse transcription and amplification. The DNA
modifications detected with ONT are highly correlated with those
from the bisulfite sequencing-based method (Rand et al. 2017;
Simpson et al. 2017; Jain et al. 2018). Because ONT relies on the
change of profile in electric current to differentiate nucleotide bas-
es, with appropriate positive and negative training data sets, the
platform may be able to detect known or unknown modifications
in native RNA molecules without any pretreatment step (Garalde
et al. 2018).

Given arelatively high error rate of the long reads, using them
to define transcriptome complexity is not trivial. Several methods
have been developed to call transcript isoforms with a reference ge-
nome using long reads, including ToFU (Gordon et al. 2015) and
SQANTI (Tardaguila et al. 2018), which were designed for PacBio
cDNA reads. These methods depend heavily on existing splicing
junctions to classify the reads into representative isoforms, which
may compromise the potential of the long read in defining novel
splicing junction. Therefore, they demand precise junctions for
each individual read track. To satisfy this requirement, the junc-
tions must be precorrected for each read using existing junctions
or massively parallel sequencing reads (referred to as short reads
hereafter). A method for calling transcript isoforms without a ref-
erence genome has also been developed (Marchet et al. 2019).
However, the method suffers from a higher false-positive rate
and is problematic in handling close paralogs, which are often
associated with short reads (Grabherr et al. 2011). With the de-
creasing costs of third generation sequencing, it has become in-
creasingly desirable to define the transcriptome complexity of an
existing genome using long reads only. However, a method capa-
ble of meeting this challenge is still lacking.

RNA modifications are emerging as a significant player
not only in the regulation of rRNAs and tRNAs but also in
post-transcriptional regulation of mRNAs. More than 150 RNA
modifications are known (Helm and Motorin 2017), but the true
potential of only a few of these has recently been revealed at the
transcriptome scale, which is mainly due to the rapid develop-
ment in detection technology based on high-throughput sequenc-
ing (Dominissini et al. 2012). For example, transcriptome-wide

RNA modification is mainly achieved by coupling antibody
immunoprecipitation (Meyer et al. 2012) or chemical treatments
(Schaefer et al. 2008) to massively parallel sequencing. However,
these techniques suffer from low resolution or limited capacity
for generalization. A more straightforward method for detection
of transcriptome-wide modification is necessary.

The C. elegans genome is one of the best characterized meta-
zoan genomes due to its homozygosity and lack of gaps (The C. ele-
gans Sequencing Consortium 1998). The 5 end of most of its
mRNAs carries a unique SL that is derived from independent loci
(Lasda and Blumenthal 2011), making it straightforward to evalu-
ate the completeness of mRNA transcripts purified using oligo(dT)
magnetic beads. To examine the potential of ONT RNA sequenc-
ing in defining transcriptome complexity, we first performed
direct sequencing of poly(A)-tailed RNAs from different develop-
mental stages of C. elegans. We next devised a novel method for
de novo discovery of alternative splicing events by using the map-
ping tracks of full-length RNA transcripts, which allowed us to
identify 57,000 novel isoforms that are absent in the current anno-
tation. We detected putative stage-specific expression of isoforms
that was independent of the stage-specific expression of genes.
Finally, we observed coding sequence-specific candidate RNA
modification in all types of nucleotides.

Results

Statistics of read length and mappability

To evaluate the potential of direct RNA sequencing in identifying
novel splicing isoforms, we first purified poly(A)-tailed RNAs. Most
of these RNAs were expected to be mRNAs encoding proteins. We
then performed direct RNA sequencing using portable MinION de-
vices and generated a total of approximately six million long reads
from three developmental stages, that is, embryo (EMB), L1 larva
(L1), and young adult (YA). For each stage, we produced at least
1.6 million reads with an average read length of 1118, 908, and
925 nt for EMB, L1, and YA, respectively (Table 1). These reads
are substantially longer than the short reads produced by massive-
ly parallel sequencing, which are typically <200 nt in length. We
refer to the direct RNA sequencing reads as long reads hereafter.
We expect that a subset of these reads represents full-length tran-
scripts derived from the C. elegans genome.

We mapped the reads against the C. elegans genome
(WormBase release 260) (Lee et al. 2018) using minimap2 through
“split-read” alignment, which implements “concave gap cost” for
long insertions and deletions to accommodate intron skipping
(Li 2018). Taking into account mismatches and small insertions
and deletions (indels) against the C. elegans genome, the overall
read accuracy is roughly 85% (Table 1). Despite this relatively
low read accuracy, the percentage of long reads that can be mapped
back to the C. elegans genome, referred to as mappability hereafter,
is 99.7%, indicating the high specificity of the long reads, consis-
tent with previous mapping results using other types of long reads,
including PacBio cDNA reads (Pan et al. 2008; Wang et al. 2018).
Despite a relatively low read quality score (average Q score=11)
of the long read compared with the short reads, this mappability
is significantly higher than the short reads that are routinely used
in RNA-seq, the mappability of which is around 80% (Derrien et al.
2012). The substantially elevated mappability over an extended ge-
nomic interval provides an advantage in discovery of novel splic-
ing isoforms. Consistent with this, when we mapped the long
reads against existing annotated spliced exons and UTRs and
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Table 1. Read statistics

Read characteristics EMB L1 YA Overall
Read number® 1,638,628 1,829,380 2,440,814 5,908,822
Average length 1118 908 925 974
Median length 916 718 729 765
N50 length 1385 1083 1110 1184
Maximum read length 20,913 22,897 20,145 22,897
Average read quality 11 11 11 11
Average mapped length® 1072 855 914 940
Medium mapped length 865 660 705 730
Maximum mapped length 15,710 15,577 16,152 16,152
N50 of mapped reads 1347 1069 1107 1169
Average read accuracy 84% 83% 86% 85%

“Read number is the raw read number, including that of the eno-2 internal control.
bBased on WormBase WS260, containing a total of 33,501 protein-coding isoforms.

noncoding transcripts in the WormBase WS260, the overall
mappability dropped to 76.7%. The nearly perfect mappability
against the C. elegans genome contrasts sharply with a much

lower mappability against its annotated
transcripts, suggesting a possibility of
novel transcripts that are currently miss-
ing in the WormBase, highlighting the
value of the long reads in defining novel
splicing isoforms.

To examine to what extent the long
reads represent a full-length transcript,
we classified them into two categories,
that is, full-length and partial-length
reads. Given that the mRNAs were puri-
fied using oligo(dT) beads, most of
them had intact 3’ ends. Therefore, we
defined the full-length reads as those
that span at least 95% of the length of
their best hit of an existing transcript
as described previously (Jenjaroenpun
et al. 2018) or those that carry a splicing
leader (SL) at 5’ end. The remaining reads
were defined as partial-length reads (Fig.
1A). Over 65% of the SL sites (34,639
out of 52,846) identified using the long
reads were also identified by meta-analy-
sis of RNA-seq data (Tourasse et al. 2017)
or were currently annotated in Worm-
Base (Supplemental Fig. S1; Supplemen-
tal Table S1). Approximately half of the
long reads were defined as full-length
ones with these criteria. YA showed a
slightly higher percentage of full-length
reads than L1 and EMB (Fig. 1B). Of the
long reads, 23% carried an SL (Fig. 1C).
A previous analysis showed that ~80%
of C. elegans protein-coding transcripts
carried a SL at the 5’ end (Tourasse et al.
2017). Judged by that benchmark, the
percentage of SL-containing long reads
in this study was lower than the expected
80% of the full-length reads, which
would have corresponded to roughly
40% of the total long reads with the
assumption that 3’ ends are intact.

Two factors may have contributed to the underrepresentation of
SL-containing reads. First, the mRNAs were purified from their 3’
end, which was expected to preferentially enrich reads that were
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Figure 1. Fraction of full-length RNA reads (defined as reads with an SL signal or covering >95% length

[indicated by dashed line] of an annotated transcript) out of all RNA reads. (A) Count distribution of reads
over the fraction of the mapped length out of the length of existing transcripts (WS260). (B) Proportion of
reads over the fraction of their mapped lengths against those of the annotated transcripts derived from
embryos (EMB), larvae (L1), and young adults (YA). (C) Distributions of read count over read length. The
reads with and without SL and the simulated reads are colored in brown, gray, and blue, respectively. The
annotation simulation curve was generated by replacing the actual length of long reads with the length
of an annotated transcript to which it shows the highest similarity. (D) Distribution of full-length reads
derived from the mitochondrial genome. Top: Read coverages of mitochondrial genes color-coded based
on the respiratory chain complex. Bottom: Fractions of full-length reads for individual genes. Read counts

are shown proportional to the circle area.
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intact at that end. Consistent with this, the 5’ but not 3’ end of the
long reads seemed to undergo degradation (Supplemental Fig. S2).
Second, the technical issues associated with the ONT platform
could have contributed to this phenomenon. The platform has
been demonstrated to be problematic in resolving the very end
of the last few nucleotides (Byrne et al. 2017; Garalde et al.
2018). This was further complicated with a relatively higher rate
of read error by the Nanopore platform than by the massively par-
allel sequencing platform (Table 1).

To independently evaluate the capability of Nanopore long
reads in recovering full-length transcript, we calculated the per-
centage of full-length transcripts encoded by mitochondrial genes,
which also carry a poly(A) tail but no intron in C. elegans (Li et al.
2018), for which we expect few complications associated with
splicing. Nearly 80% of the mitochondrial transcripts were full-
length, although for nduo-5, the total was <70% (Fig. 1D), indicat-
ing that the long reads were able to recover the majority of full-
length transcripts that undergo no alternative splicing. The higher
percentage of full-length transcripts from mitochondrial than
from nuclear genes was probably due to their smaller size or lack
of introns. Although the shorter genes tend to have a higher
coverage of full-length reads, the long reads were still able to cover
80% length of the transcripts for both mitochondrial and nuclear
genes whose transcripts were up to 3000 nt in length (Supplemen-
tal Fig. S3). Only 5% of existing nuclear genes were shown to pro-
duce transcript over 3000 nt in length. The results highlight the
value of these reads in resolving transcript complexity.

A pipeline for reference genome-based identification
of alternative splicing events

Current methods for identifying alternative splicing events using
long reads mainly depend on predefined exon-intron junctions,
leading to a high false-positive rate in calling novel isoforms
(Tardaguila et al. 2018). For example, if an existing junction is in-
accurately predicted, it will overwrite any isoforms defined by the
long read mapping. In addition, existing methodologies for using
long reads to identify isoforms are not designed for quantifying ex-
pression levels (Tardaguila et al. 2018; Marchet et al. 2019). Given
the extremely high mappability of our long reads against the high-
quality C. elegans genome, these full-length reads hold promise for
de novo identification of intron-exon junctions, alternative pro-
moter and polyadenylation sites, as well as variation in the UTR,
which were collectively referred to as transcriptome complexity.
To take advantage of the long reads in defining transcriptome
complexity, we devised a new method, called TrackCluster, which
took full advantage of the mapping tracks of the full-length long
reads to de novo construct a transcript isoform and determine its
expression level. Using a customized classifier, TrackCluster either
de novo identifies an isoform using a full-length transcript or
groups the transcript with an existing isoform by their similarity
score (Fig. 2; Supplemental Fig. S4). To increase the confidence
of calling of an isoform, we demanded that the calling of an iso-
form must be simultaneously supported by at least five indepen-
dent full-length long reads. Specifically, the mapping tracks of
full-length reads were subjected to two rounds of clustering
through calculating their intersection/overlapping scores (see
Methods). The first round clustered all of the full-length reads
with similar mapping tracks (exon/intron combinations) into dis-
tinct groups (Fig. 2B,C), whereas the second round merged the par-
tial-length reads with an established group defined in the first
round so as to quantify the expression level of the isoform (Fig.

2D,E). All of the transcript isoforms annotated in the WormBase
WS260 were also included as a single track and clustered along
with the long-read tracks. Therefore, TrackCluster not only outputs
the isoforms that are consistent with the existing isoforms but also
holds promise to identify novel isoforms that could be missing
from the existing annotations. As a result, TrackCluster outputs
12 categories of novel splicing isoforms relative to the existing iso-
forms to which they bear the highest similarity (Fig. 2). Four of
these categories involve the alternative use of promoter or polyade-
nylation sites, that is, bearing extra or missing exon(s) at the 5" or
3’ end. Another four categories involve UTR extensions or trunca-
tions at the 5’ or 3’ end, in which all of the newly identified intron-
exon boundaries match with those of an existing isoform except
the first or the last exon. To satisfy those latter four categories,
the difference must be at least 5% of the summed length of all ex-
ons from the existing isoform. Two categories involve new combi-
nations of exons within the gene body, including extra or missing
exon(s). One category involves intron retention, and the last cate-
gory involves fusion of two separate isoforms from adjacent genes
into a single isoform (Fig. 2). Many of those with a retained intron
contained a premature codon. Some of them did have an intact
open reading frame. However, we did not know the role of these
isoforms from our data only. Alternatively, TrackCluster is also
able to de novo identify an isoform independent of a reference iso-
form, making it more useful for annotation of any newly se-
quenced genome.

To demonstrate the performance of TrackCluster, we generat-
ed simulation data sets for the gene unc-52, for which 17 isoforms
are currently annotated in the WormBase. For each isoform, we
randomly generated 10-300 long reads. To mimic the characteris-
tics of our actual reads, we generated the reads with around
85% accuracy (3.9% mismatch, 6.1% deletion, and 5% insertion),
around 65% of which were expected to be full-length based on the
statistics of our Nanopore reads. In addition, 23% of the full-length
reads were marked with an SL signal. In 100 simulations, we achi-
eved a FDR smaller than 5% in terms of novel isoform calling and
a variation smaller than 10% in terms of isoform quantification.

An underestimation of transcriptome complexity in C, elegans

With approximately three million full-length long reads and
approximately another three million partial-length long reads,
we identified 169,804 splicing junctions. Out of those junctions,
150,591 (88.7%) were identical to those annotated in the
WormBase (WS260), And 4537 (23.6%) of the remaining junc-
tions (19,213) were also identified by meta-analysis of RNA-seq
data (Supplemental Fig. S1B; Supplemental Table S3; Tourasse
et al. 2017). Consequently, we recovered approximately 25,000
(75%) out of the existing 33,500 isoforms and identified a total
of about 57,000 novel isoforms, which significantly expanded
the complexity of existing isoforms annotated in the WormBase
WS260 (Fig. 3A; Supplemental Fig. S5). Given our relatively low
read coverage compared with the aggregated coverage of short
RNA-seq reads used for exon annotation, it was not surprising
that we missed approximately 7000 existing isoforms (Fig. 3A).
The novel isoforms we identified involved 11,921 genes
(Supplemental Table S2). Given that the summed exonic regions
currently annotated in the WormBase are around 31.5 million
bps, about 4.99 million (15.8%) of these are missed by our long
reads. Most of the novel isoforms were contributed by variations
in the 5 and/or 3’ end of the existing isoforms, that is, an alterna-
tive promoter or alternative polyadenylation site (Fig. 2G,H). For
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(excluding existing transcripts) are merged if their distance scores satisfy our cutoff. Only the one with the
biggest size of summed exons is retained (indicated with “+/*) from each group along with the existing
one (indicated with “#”) for subsequent isoform calling. The remaining tracks (indicated with “x") in-
cluding existing transcripts are assigned as “subreads” and used only for expression quantification and
boundary correction. Note, during track merging, a minor shift (indicated with “*”, within 5% change
in “score 1” defined in Methods) in exon-intron boundary caused by read error is permitted to avoid
overcalling of novel isoform. (D) The retained tracks from C are subjected to a 2nd round of track cluster-
ing based on mutual distance scores (see “score 2” in Methods). (E) The tracks (including existing tran-
scripts) are merged if their distances satisfy our cutoff to avoid calling a novel isoform from a possible
partially degraded read retained in C except for those starting with an SL. (F) Existing annotated (black)
and novel isoforms (gray) after junction correction (see Supplemental Fig. S4). The retained track is called
a novel isoform due to its distance score with any existing transcript satisfying our cutoff. (G-/) Schematic
representation of each category of the newly identified isoform. Novel isoforms involving newly defined
5" and/or 3’ end. “5" and/or 3’ extra or missing” are/is defined as novel isoform with an extra or missing
exon at both or either end(s) of a novel isoform relative to an existing transcript. “UTR extensions” or
“UTR truncations” is defined as a novel isoform involving changes only in the UTR relative to an existing
transcript. (J-M) Novel isoform involving the exon change within the gene body. Note that straightfor-
ward assignment of an exon combination constitutes the main advantage of the long reads (/).

moter and alternative polyadenylation
site, respectively (Zahler 2012). “UTR ex-
tensions or truncations” was defined as
a novel isoform involving an extra or
missing part only in the UTR relative to
an existing transcript, respectively. We
identified a total of 17,646 5" UTRs (Sup-
plemental Fig. S1D). About half of them
are annotated in WormBase WS$S260.
Roughly one-third of the 5 UTRs identi-
fied by Nanopore reads were also identi-
fied with Cap-seq analyses (Gu et al.
2012; Chen et al. 2013; Kruesi et al.
2013; Saito et al. 2013), whereas the
majority of the UTRs identified by the
Cap-seq analyses were missed by Nano-
pore reads, which could be contributed
by artifacts, very low-frequency events,
or unannotated trans-spliced sites.

It is worth noting that nearly half of
the members of the category of “fusion
gene” (defined as a fusion between two
existing separate transcripts) belong to
an operon (Supplemental Fig. S6), which
serves as a nice validation of the identi-
fied isoform. These transcripts were likely
captured before processing into two
separate ones. Another half may contain
some operonic transcripts that are cur-
rently unidentified. Part of the fusion
transcripts could be derived from un-
identified operonic transcripts. There
were some reads that spanned two inde-
pendent loci located even on different
chromosomes. We manually removed
these reads during calling of fusion iso-
form, resulting in a much smaller size of
the category (Figs. 2A-C, 3A; Supplemen-
tal Fig. S6). The category of “missing or
extra exon” (defined as an isoform out-
put by TrackCluster that shows a differ-
ent exon combination relative to that of
any existing transcript) within a gene
body contributes a relative small frac-
tion of the novel isoforms, indicating
that massively parallel sequencing-based
RNA-seq analyses have been effective in
recovering exons within the gene body.
However, the ability of straightforward
assignment of exon combinations high-
lights the main advantage of the long
reads over the short reads. This is particu-
larly true for genes with numerous exons
and complicated splicing patterns. There
are still 71,668 reads (around 1.2% of all

example, it was frequently observed that an exon was missing at
either end of a novel isoform relative to an existing transcript. It
was also common that a UTR was expanded or truncated relative
to an existing UTR. “5’ or 3’ extra or missing” was defined as a nov-
el isoform with an extra or missing exon at the 5’ or the 3’ end of a
novel isoform relative to an existing transcript, respectively. Such
variations in the 5’ and 3’ end were referred to as an alternative pro-

our reads) that do not show obvious overlap with any existing iso-
forms. However, most of these reads are short, with a size smaller
than 100 (Supplemental Table S4). We did not include these reads
in our analysis of isoforms.

To examine whether different categories of novel isoforms
demonstrated differential expression levels, we plotted their accu-
mulated expression level from the three developmental stages. The
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Figure 3. Statistics of the newly called isoforms with long reads. (A) Summary of the isoforms called using long reads. Left: Bar plots of the number of
existing isoforms that are recovered (defined as coverage of over 95% length of an existing transcript by at least a single long read, colored in black) or
uncovered (the remaining isoforms, colored in gray). Right: Bar plots of the number of novel isoforms called by TrackCluster. Breakdown of the novel iso-
forms is color-coded as in Figure 2 and is also shown at the bottom. (B,C) Abundance (B) or length distribution (C) of the novel isoforms of various categories
as defined in Figure 2. (D) Count of the isoforms output by TrackCluster (gray), existing isoforms (yellow), and their ratio (blue) over read length, in nt.
(E) An example of TrackCluster predicted isoforms. Shaded in blue is the accumulative long read coverage of unc-52 in all developmental stages.
Shaded in gray are three novel isoforms (colored in red or green as in B) supported by the highest read coverage along with the existing isoforms (black)
to which they bear the highest similarity. Genomic coordinates are shown at the top, in kb.

category involving UTR extensions demonstrated a higher expres-
sion level than the remaining categories (Fig. 3B), indicating that
many isoforms differentiate themselves from others by changing
their UTR. To evaluate whether the sizes of novel isoforms varied
across categories, we plotted the length for all categories of novel
isoforms. The results showed that the isoforms associated with
exon change within the gene body usually involved genes with a
relatively large size (Fig. 3C). The one category that showed a sig-
nificantly smaller size involved missing sequences in UTRs. The
overall size of the novel isoforms identified by TrackCluster was
comparable to that of the existing ones (Fig. 3D).

To help illustrate the use of long read coverage in identifying
novel isoforms, we depicted three novel isoforms of unc-52 that
were identified by TrackCluster with the highest coverage of long
reads. Also shown were the three existing isoforms that have the
highest level of similarity to the newly identified isoforms (Fig.
3E). One of the three novel isoforms was produced by skipping
of multiple exons at its 3’ end relative to the existing isoform to
which it has the highest level of similarity, that is, the category
of “3’ missing” (Fig. 2B). A careful examination of the accumulated
coverage of the long reads showed a sharp drop in one relevant
exon compared with its neighbouring tracks. This exon was part
of only one of the three novel isoforms (Fig. 3E). The remaining
two isoforms skipped the exon relative to its closest reference iso-
form; that is, they belonged to the category of “missing exon.”

In a few cases, the long reads were able to recover missing se-
quence within the C. elegans genome. For example, the long read
derived from the tsr-1 locus indicated absence of an exon along
with its flanking sequences (Supplemental Fig. S7). Examination
of the Illumina synthetic long reads we produced previously
showed that the exon along with its flanking intronic area was
also missing in the current genome (Li et al. 2015). By parsing
the results from the read-to-genome alignments, we were able to
obtain an additional 730 loci that possibly carry a missing se-
quence longer than 50 nt. All of these missing sequences were
supported by at least five long reads. These loci involved 437 pro-
tein-coding genes in total (Supplemental Table S5). Consistent
with this, recent publication of the genome of an N2-derived strain
VC2010 suggested that roughly 2% of the C. elegans encoded genes
were affected by the deficiencies in the existing N2 reference ge-
nome (Yoshimura et al. 2019). It remains a possibility that part
of the missing sequences were produced by genetic variations
unique to the strain we used for sequencing.

The polyadenylation sites from long reads form an indepen-
dent resource for identification of its motif, that is, polyadenyla-
tion signal (PAS). We determined the PAS as described (Mangone
et al. 2010) for both canonical (defined as those annotated in
WormBase WS260 and with hits by long read in the locus) and
noncanonical isoforms (defined as isoforms whose polyadenyla-
tion site is at least 15 nt away from canonical isoforms based on
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long reads) (Supplemental Fig. S8A,B). The occurrences of a
canonical PAS (AATAAA) consist of 25% and 20% in the canonical
and noncanonical isoforms, respectively (Supplemental Fig.
S8C). However, the polyadenylation sites only show a moderate
overlap with those of previous studies (Supplemental Fig. S1A;
Supplemental Table S6; Mangone et al. 2010; Tourasse et al.
2017). This could be due to the difficulty of Nanopore reads in re-
solving the ion current signal of poly(A) sequence, which may lead
to a slight shift of the boundary of the poly(A) tail.

The sets of genes with differential expression versus differential
isoform usage are largely different

The capability to unambiguously assign isoforms using the long
reads permitted quantification of stage-specific expression not
only at the gene level but also at the isoform level. To evaluate
whether stage-specific expression at the gene level is contributed
by differential expression of their isoforms, we quantified the iso-

forms from three developmental stages, that is, EMB, L1, and YA,
using TrackCluster (Supplemental Tables S3, S7, S8). Despite a rel-
atively high correlation of expression between gene levels mea-
sured with RNA-seq and the long reads (Fig. 4A), we observed a
moderate overlap between the genes with stage-specific expression
at the gene and isoform levels (Fig. 4C; Supplemental Fig. S9;
Supplemental Tables S7, $8). In addition, most of the stage-specific
genes were shared among the three stages, but fractions of the
shared isoforms were much reduced at the isoform level (Fig.
4D). Gene Ontology analysis of stage-specific expression at the
gene and isoform levels also demonstrated little overlap with
each other (Supplemental Fig. S10), indicating that stage-specific
expression at the gene and isoform level is largely uncorrelated
from each other.

To illustrate the power of the long reads in delineating stage-
specific expression of the isoform, we plotted stage-specific
read tracks along with the novel isoforms identified by the long
reads as well as the existing isoforms for gene efhd-1 (Fig. 4B).
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Figure 4. Relationship between expression at gene level and isoform level during development. (A) Correlations of expression at gene levels in three
developmental stages determined by the long reads in this study and by the existing RNA-seq reads (WormBase release WS260). (B) An example of
stage-specific abundance of TrackCluster predicted isoforms. Shaded in light blue is the coverage of long reads for gene efhd-1 over development.
Existing (black) and TrackCluster predicted novel isoforms are shaded in gray. Novel isoforms are labeled as “1” to “5” and are colored as in Figure 2
and existing isoforms are labeled as “a”, “b,” or “c”. The existing isoform without any supporting long read is shown at the bottom. Note that the
exon (indicated with arrowhead) with an elevated usage in young adult (55%) is highlighted in the black box. The elevation is produced by stage-specific
expression of the isoform “1.” The abundance of the isoforms in EMB, L1, and YA is indicated (5%, 9%, and 55%, respectively). (C) Intersection of differ-
entially expressed genes (DEG) and isoforms (DEI) between L1 and embryonic stages (L1_vs_EMB). Left: Venn diagram between DEG and DEI. Number of
unique and shared genes are indicated. Right: Simulation of intersection between two sets of genes randomly chosen from the expressed genes eitherin L1
or embryos based on long reads. Number of genes sampled in each set is the same as that in DEG or DEI. (D) Venn diagrams showing the intersection of
DEG (left) or DEI (right) among three stages.
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TrackCluster identified a total of five isoforms supported by at least
five long reads, while there were a total of four existing isoforms
annotated in WormBase. Our isoform “1” showed the highest level
of similarity to the existing isoform, efhd-16b. Approximately 55%
of the long reads derived from YA were contributed by expression
of the isoform “1,” whereas roughly 5% and 9% of the long reads
from the EMB and L1 stages, respectively, were contributed by ex-
pression of that isoform.

Embryonic transcripts are longer than postembryonic transcripts

One unexpected observation was that the long reads derived from
EMB were significantly longer in size than those of the remaining
stages for both raw reads and mapped reads (Mann-Whitney
U test, P<107'%) (Fig. 5A,B). The poly(A) tails derived from EMB
were also significantly longer than those of the remaining stages
(Mann-Whitney U test, P<107'%) (Fig. 5C). The sizes of both
long reads and poly(A) tails were comparable between the L1
and YA stage. The size difference between the embryonic and post-
embryonic transcripts was not unique to the isoforms newly iden-

tified by the long reads (Fig. SD). Existing transcripts annotated in
the WormBase WS260 also showed a similar trend. The functional
implications of the elevated size in embryonic transcripts remain
to be determined.

Elevated putative RNA modifications within coding regions

To explore the capability of direct RNA-seq to identify modifica-
tions in RNA molecules, we first identified all of the possible mod-
ified bases via the deviation of their ion current profile from that of
known unmodified nucleotides using Tombo (Stoiber et al. 2017).
It worked by computing the possibility of a modification on
each site for every read and outputting the fraction of a possible
modification on the site out of all input reads. The modification
was detected by reproducible deviations of the ion current profile
of a base in question from that of an unmodified base without
knowledge of the exact chemical identity of the modification (Sup-
plemental Figs. S11, S$12; Supplemental Table S9). This was
achieved with the assumption that the deviation in the ion current
profile of read error occurs randomly. We next normalized
the ratio of the modified bases against
their relative position within the gene
body, including UTRs. We then plotted

Length (nt)
Length (nt)

|

the normalized ratio of each base along
the gene body, including UTRs. A previ-
ous study in C. elegans predominantly
identified modified adenosines in the
noncoding regions of DNA transposons
(Zhaoetal. 2015). We observed an appar-
ent increase in the modification of all
four types of bases within the coding re-
gion relative to the UTR (Fig. 6).

To investigate whether the modi-
fication in cytosine was contributed
by 5™C only, we detected 5™C and quan-
tified its ratio in RNA using a well-estab-
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is similar to that of total cytosine modi-
fications but at a much smaller scale
(Fig. 6; Supplemental Fig. S11), suggest-
ing that 5™C contributed to a fraction
of the observed ratio of modification in
cytosine. The putative modifications in
the bases A and U demonstrated opposite
patterns from each other immediately
before the start codon, whereas the mod-
ifications in all four bases except for U
showed a sharp decrease immediately
after the stop codon, suggesting that
RNA modifications play an important
role in protein translation and that U
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Figure 5. The long reads derived from embryos are significantly longer than those from L1 larvae or
young adults. (A) Violin plots showing the length of raw reads derived from embryos (EMB), L1 larvae
(L1), and young adults (YA). (B) Violin plots showing the length of mapped reads from EMB, L1, and
YA stages. (C) Violin plots showing the length of poly(A) tails derived from EMB, L1, and YA stages.
(D) Genes with a higher expression level (High) in embryo have an overall longer isoform. Box plots show-
ing the length of isoforms from three categories of genes, that is, those that are expressed at a high
(High), low (Low), or moderate (Mid) level in EMB compared to both L1 and YA stages (see
Methods). Note that the genes with elevated expression in the embryo tend to have longer transcripts.
The results from existing WormBase annotation (Release 260) and TrackCluster output are differentially

color-coded in green and yellow boxes, respectively.

Isoform length

may have a unique role in termination
of translation. In addition, the relative
modification in U was higher in the YA
stage than the remaining two stages, sug-
gesting its stage-specific modification. It
is worth noting that de novo detection
of RNA modifications could be error-
prone and should be treated with cau-
tion. It remains possible that the detect-
ed modification may be a sequence
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Figure 6. Percentage of putative modified bases along the gene body in
three developmental stages: (A) embryos; (B) L1 larvae; (C) young adults.
Putative base modifications are predicted with Tombo (version 1.4) and
are differentially colored as indicated. The “de novo” model is used to
identify all potential modifications on each base. The fraction of modifica-
tion at each site indicates the normalized percentage of a putative modifi-
cation out of all available reads at this site.

context-dependent artifact without independent validation.
Independent validation is required before working on the roles
of the modified bases.

Discussion

The capability of direct sequencing of full-length transcripts pro-
vides a key advantage over massively parallel sequencing-based
RNA-seq analysis in several ways. First, direct sequencing of a
full-length RNA transcript makes it straightforward to identify
a transcript isoform with numerous exons. Second, it enables
profiling of developmental stage-specific or cell-specific expres-
sion of isoforms, which is problematic using RNA-seq, which
may provide important insights into developmental processes.
Finally, it holds promise to define RNA modifications de novo
without an extra treatment step, for example, by measuring
the deviation in the ion current profile from that of wild-type
RNA. Here, we performed direct RNA sequencing of C. elegans

poly(A)-tailed RNAs derived from three developmental stages us-
ing ONT technology and devised a pipeline for identifying iso-
form variants based on read track, allowing straightforward
characterization of transcriptome complexity in a stage-specific
way.

The actual number of novel isoforms could be
even higher

We recovered ~75% out of the existing 33,500 isoforms and
identified another 57,000 novel isoforms with approximately 6
million long reads. It is likely that the actual number of novel
isoforms may be substantially higher due to the following rea-
sons. First, our sampling depth was not as high as those of anal-
yses using RNA-seq both spatially and temporally. For example,
we only sampled three developmental stages, whereas RNA-seq
has been performed for tens of developmental stages in different
cell or tissue types (Gerstein et al. 2010). Second, we demanded
simultaneous support by at least five full-length reads to define a
novel isoform. If we reduced this requirement to two full-length
long reads, approximately 20,000 more candidate novel isoforms
could be identified (Supplemental Data Set). Third, the ratio of
full-length reads may also be underestimated. This was because
our definition of full-length was based on alignment against ex-
isting transcripts. Many transcript isoforms may not exist in the
WormBase that is currently annotated. For example, the full-
length ratio of mitochondrial reads that carry no intron was
78%, whereas the ratio of nuclear mRNAs was only 49% (Fig.
1D). Although the proportion of full-length reads decreases
slightly over transcript length (Supplemental Fig. S3), this cannot
account for the sharp decrease of the full-length proportion be-
tween the mitochondrial and nuclear transcripts. It also suggests
that a portion of the partial-length reads may be bona fide full-
length ones but are absent in the current WormBase. The main
purpose of this study was not to capture as many isoforms as
possible but to demonstrate the capacity of the direct RNA se-
quencing technology in characterizing transcriptome complexity
and in identifying novel RNA modifications. Future work should
focus on systematic identification of alternative splicing events
at different developmental stages and tissue/cell types. This
work also provides an entry point for biochemical and func-
tional characterization of various RNA modifications observed
in vivo.

Intron-retaining isoforms seem to be nonfunctional

One category of novel isoform output by TrackCluster is “intron re-
tention,” defined as a novel transcript that carries a well-estab-
lished intron supported by various RNA-seq data (Fig. 2). We
initially speculated that the retention of introns could be due to in-
complete processing of pre-mRNAs, which were expected to retain
multiple introns and to be enriched at the 3’ end, that is, the end at
which their processing terminated. However, most (89.9%) of the
isoforms with intron retention only retained one intron and are
shared between developmental stages, and location of the retained
introns was enriched in the middle of the gene body rather than at
the 3’ end (Supplemental Fig. S13), suggesting that these errors
could be a product of incorrect rather than incomplete processing
of pre-mRNA. Most of these intron-retaining isoforms carried a
premature stop codon, suggesting that they were not functional
in coding a protein.
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Complications associated with Nanopore direct RNA sequencing

It is possible that at least a fraction of the long reads could be
artifacts. This is because these reads contain sequences derived
from different parts of a single chromosome or from different
chromosomes. However, the chromosome assembly in the rele-
vant regions seems to be intact, as judged by a lack of repetitive
sequences or gaps in these regions. We speculate that these
reads could be chimeric ones created during adaptor ligation;
that is, two separate reads were ligated together. We estimate
that about 0.5% of the long reads were likely to be the results of
such artifacts.

Despite the ultralong read length offered by Nanopore direct
RNA-seq, a few notable caveats might limit its application in the
following respects. First, its sequence throughput is substantially
lower than conventional RNA-seq, translating into a much higher
sequencing cost per nucleotide. Currently, only one to two Gb of
data of RNA sequences can be generated per flow cell, whereas over
10 Gb of data of DNA sequences can be produced using the same
flow cell. This low throughput significantly inhibits its application
in research areas that are heavily dependent on gene expression
profiling, which demand an especially high coverage for these
low-abundance transcripts. Second, the relatively high error rate
in read sequences is problematic during alignment in some cases.
A customized alignment algorithm must be used to accommodate
these errors. Third, Nanopore direct RNA-seq is known to be defi-
cient in calling the very last bases that it sequences. This could
have contributed to our lower than expected percentage of calling
of SL-containing transcripts. Given that Nanopore direct RNA-seq
produces sequence from the 3’ to the 5’ end, we speculate that the
underrepresentation of SL signals was partially due to incomplete
sequence at the 5’ end of the long reads, which inhibited reliable
calling of SL signals, typically only 22 nt in length (Lasda and
Blumenthal 2011). Fourth, methodology for detecting RNA bases
is in its infancy and under active development. A more robust
method is needed to reliably detect the RNA base modifica-
tion and its chemical identity. Any putative RNA base modifica-
tions reported in this study could be an artifact resulting from
various noises. Functional characterization of these modifica-
tions is not warranted until they are independently validated.
Finally, Nanopore direct RNA-seq demands a large amount of
starting RNAs in the magnitude of ~100 pg. This limits its use in
single-cell analysis. Future development should focus on adapta-
tion of Nanopore direct RNA-seq to small amounts of starting ma-
terials, which would maximize its potential in identifying novel
isoforms.

Although numerous potential modifications were named in
this study, the software we used (Stoiber et al. 2017) is likely to
be error-prone. For example, we do not have a way to prove to
what extent the observed modification is dependent on sequence
context. The validity of the modification signal should be con-
firmed using an independent method. Methodology for RNA
modification detection from a single molecule is under active de-
velopment. A more robust method with thorough negative and
positive controls in various sequence contexts will definitely im-
prove the accuracy of modification detection.

Taken together, with our newly devised classifying method,
the long reads generated by ONT greatly facilitate the unambigu-
ous resolution of alternative splicing events. The reads also hold
great potential in de novo identification of RNA modifications,
which is expected to catalyze the functional characterization of
the new isoforms and modifications. Given the evidence of

conserved splicing events between nematode and mammals
(Barberan-Soler and Zahler 2008; Irimia et al. 2008), some of the
splicing events were expected to be conserved across species.

Methods
Purification and sequencing of mRNAs with MinlON

Synchronized embryos, L1, and young adult N2 animals were col-
lected, and total RNAs were extracted using TRIzol (Invitrogen).
Approximately 900 ng of poly(A)-tailed mRNAs was purified using
a Dynabeads mRNA Purification kit (Invitrogen), immediately fol-
lowed by library construction using a Direct RNA sequencing kit
(cat# SQK-RNA0O1), which was sequenced on MinION (ONT).

Mapping of mRNA reads

Sequences were separately mapped against the C. elegans transcrip-
tome with parameters “-ax map-ont” and against the C. elegans
genome with parameters “-ax splice” using minimap2 (Li 2018).

The resulting SAM files were sorted and indexed with
SAMtools (v2.1) (Li et al. 2009) by sequence coordinate. For
visualization on a genome browser, they were converted to
bigGenePred format (https:/genome.ucsc.edu/goldenpath/help/
examples/bigGenePred.as) using customized script in the
TrackCluster package. The coverage track was generated by using
BEDTools (2.24) (Quinlan and Hall 2010).

Defining novel isoforms with TrackCluster using the long reads

The details of TrackCluster design are described in Supplemental
Methods.

Identification of spliced leaders

A previous study showed that Nanopore direct RNA reads were
truncated by a few nucleotides in the 5 end (Garalde et al.
2018), which made the determination of the SL problematic. To
maximize the possibility to recover an SL, a customized script
was written as part of TrackCluster, which used the Smith-
Waterman (SW) alignment algorithm to detect a putative SL signal
by aligning the very first 22 nt of the long reads against seven SL
sequences. Reads with SW scores over 11 were treated as SL-con-
taining reads. Simulation suggested that the FDR was lower than
20% using these parameters and cutoff.

Identification of PAS motif

A PAS motif was identified as described (Mangone et al. 2010). A
50-nt region immediately upstream of poly(A) sites was scanned
for all possible hexamer sequences to identify the top 50 overrep-
resented motifs. The overrepresented motifs were then scanned
against the sequences of 14-24 nt (1945 nt) upstream of a PAS to
obtain occurrence of the motifs within these regions. The count
of motifs with the same composition of nucleotides, for example,
AATAAA, AAATAA, and ATAAAA, were not merged as described
(Mangone et al. 2010).

Modification identification

Modifications of the RNA sequences were identified with Tombo
package version 1.4 (Stoiber et al. 2017). The models of “5™C”
and “de novo” were implemented separately to detect possible
modification in each read. The score on each site indicated the
fraction of a possible modification on a given site. For plotting
the modification coverage along the gene body, the modification
coverage was normalized for each isoform using a “w0” method
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with a bin size of 5 nt with EnrichedHeatmap (Gu et al. 2018).
Only the isoforms with both 5" and 3’ UTRs longer than 50 nt
were used in the calculation.

Characterization of poly(A) tail length

The poly(A) lengths of each read were calculated using Nanopolish
(Loman et al. 2015). The raw current signal from the 3’ unaligned
ends of reads was extracted to estimate the length of poly(A) tail,
which was deduced by the duration of the signal.

Analysis of differential expression

An isoform was defined as differentially expressed between stages
when the change of its relative abundance (percentage of read
count) out of all the transcripts derived from the same locus was
>20% across stages. A gene was defined as differentially expressed
between stages when the fold-change of its abundance of com-
bined transcripts (read count per million) derived from its locus
is greater than four across stages. Only genes supported by at least
five long reads were used for the subsequent statistical analyses.
Differences in the lengths of long reads between different develop-
mental stages were calculated using a Mann-Whitney U test imple-
mented in R 3.4.4 (R Core Team 2018).

Data access

All raw and processed sequencing data generated in this study
have been submitted to the NCBI Gene Expression Omnibus
(GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession num-
ber GSE130044. The source code for TrackCluster has been depos-
ited in GitHub (https://github.com/Runsheng/trackcluster) and is
also available as Supplemental Code. All the isoforms are also in-
cluded in Supplemental Data Set and Supplemental Table S3.
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