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Long-read sequencing technologies allow the systematic interrogation of
transcriptomes from any species. However, functional characterization requires the
determination of the correct 5-to-3’ orientation of reads. Oxford Nanopore
Technologies (ONT) allows the direct measurement of RNA molecules in the native
orientation (Garalde et al. 2018), but sequencing of complementary-DNA (cDNA)
libraries yields generally a larger number of reads (Workman et al. 2018). Although
strand-specific adapters can be used, error rates hinder their detection. Current
methods rely on the comparison to a genome or transcriptome reference (Wyman
and Mortazavi 2018; Workman et al. 2018) or on the use of additional technologies
(Fu et al. 2018), which limits the applicability of rapid and cost-effective long-read
sequencing for transcriptomics beyond model species. To facilitate the interrogation
of transcriptomes de-novo in species or samples for which a genome or
transcriptome reference is not available, we have developed ReorientExpress
(https://github.com/comprna/reorientexpress), a new tool to perform reference-free
orientation of ONT reads from a cDNA library, with our without stranded adapters.
ReorientExpress uses a deep neural network (DNN) to predict the orientation of
cDNA long-reads independently of adapters and without using a reference.

ReorientExpress approach builds on the hypothesis that, despite the sequencing
errors, reads obtained from transcripts should still retain multiple sequence motifs
corresponding to a strand-specific RNP code that is responsible for RNA metabolism
(Rissland 2017; Hentze et al. 2018; Gerstberger et al. 2014). The model can be
trained from any set of RNA sequences with known orientation, like a transcriptome
annotations or ONT direct RNA sequencing (DRS) reads. ReorientExpress
calculates a matrix of normalized k-mer counts from the input sequences, with k from
1 to any specified length (Supp. Methods). A DNN model is then trained to classify
long reads into being in the correct 5’-to-3' orientation or in the reverse-
complemented orientation. We used a DNN with 5 hidden layers, 500 nodes in the
first one and half the amount at each subsequent layer (i.e. 500, 250, 125, 62, 1). The
last layer has only one node and applies a sigmoid function to approximate a
probability from its input score. This probability represents the certainty that the read
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is not in the right orientation. Additionally, the DNN uses dropout layers to reduce
overfitting. ReorientExpress implementation allows other DNN architectures.

To test ReorientExpress we trained a model on the human transcriptome using k-
mers from k=1 to k=5 (Supp. Methods). Testing this model on DRS reads from the
Nanopore Sequencing Consortium (Workman et al. 2018) showed 0.86 precision
and recall (Supp. Table 1). We trained a similar model using the Saccharomyces
cerevisiae transcriptome, which yielded 0.88 precision and recall values on DRS
reads from S. cerevisiae (Garalde et al. 2018) (Supp. Table 2). To evaluate the
accuracy of ReorientExpress on ONT cDNA-seq data with no known orientation, we
first mapped human (Workman et al. 2018) and S. cerevisae (Garalde et al. 2018)
ONT cDNA reads to their respective annotated transcriptomes using minimap2 (Li
2018), selecting only primary mappings. These mappings showed consistency for
the orientation of the read with all possible matching transcripts, which in human
mostly corresponded to multiple isoforms from the same gene. We assigned to each
read the strand according to the best matching transcript annotation according to a
score calculated as the fraction of the read length corresponding to matching bases.
Using these orientations, we tested ReorientExpress models trained on the
transcriptome annotations on the cDNA datasets. This yielded a precision of 0.84
and a recall of 0.83 for human (Figs. 1a and 1b) (Supp. Table 3), and a precision and
recall of 0.93 for S. Cerevisiae (Figs. 1c and 1d) (Supp. Table 4).

Remarkably, training with ONT DRS reads and testing with the ONT cDNA reads
yielded a lower accuracy (Supp. Table 5). This may suggest an effect due to the
presence of adapters or differences in poly-A tail lengths. To evaluate this, we
trimmed a number of nucleotides from both ends of the test cDNA reads. The same
human model showed a similar accuracy values at different trimmings (10nt -
precision = 0.84, 20nt - precision = 0.84, 40nt - precision = 0.83; 80nt — precision =
0.83; 100nt — precision = 0.81, 200nt — precision = 0.79) (Supp. Table 6). This
indicates that long reads contain signals beyond the poly-A tail that are specific of
the 5’-to-3’ orientation of RNA molecules.

For comparison, we trained a Markov model based on k-mer frequencies (k=1,...,5)
to predict cDNA read orientation (Supp. Methods). This yielded worse accuracy
compared to ReorientExpress (Precision and recall = 0.72) (Supp. Tables 7 and 8).
This indicates that although k-mers are informative for long-read orientation and
localization, more complex models, like the one implemented in ReorientExpress,
are needed to capture the complex associations of RNA motifs that are characteristic
of 5’-to-3’ orientation.

To demonstrate the suitability of ReorientExpress for samples without a genome
reference available, we mimicked this situation by building a DNN model in one
species and testing on a different one. We trained a model (k=1,...,5) with the mouse
transcriptome after removing pseudogenes (Supp. Material), and tested it on human
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ONT cDNA reads. This showed a comparable accuracy to the model trained on
human data (precision and recall = 0.83) (Fig. 1) (Supp. Table 9), and higher
accuracy values when tested on ONT DRS reads (precision and recall = 0.87)
(Supp. Table 10). We also trained a model (k=1,...,5) with the transcriptome
annotation for the fungus Candida glabrata. When tested on S. cerevisae ONT cDNA
reads, this model yielded accuracy values as high as for the previous S. cerevisae
model (precision and recall = 0.94) (Fig. 1) (Supp. Table 11). A similar situation was
found when the model was tested on DRS reads (precision and recall = 0.87) (Supp.
Table 12). Testing more distant cross-species models yielded slightly lower
accuracies (Supp. Table 13).

To further demonstrate the potential impact of ReorientExpress for the reference-free
interrogation of transcriptomes with long-reads, we performed clustering of the cDNA
reads using IsONCclust (Sahlin and Medvedev 2018). For the majority of clusters with
>2 reads (89.9% for human and 96.2% for yeast) ReorientExpress predicted
correctly more than 50% of the reads in a cluster (Figs. 1e and 1f) (Supp. Fig 1). We
thus applied a majority vote per cluster to set the orientation of all reads in each
cluster and set the orientation of all reads to be the majority label predicted by
ReorientExpress in the cluster (Supp. Methods). With this, ReorientExpress
established the right orientation for the majority of cDNA reads tested (92% for
human and 97% for yeast) (Fig. 19).

On the basis of the above results, we conclude that ReorientExpress facilitates the
interpretation of transcriptomes from long-read cDNA sequencing data without the
need of a genome reference or an additional technology. ReorientExpress provides
a crucial aid in the interpretation of transcripts using cDNA long-reads in samples for
which the genome reference is not known, as it is the case for many non-model
organisms, but also for long-reads from unstranded libraries in general in human and
model organisms beyond the available references. This is particularly relevant
considering the differences observed between individuals at large and small genomic
scales (Sherman et al. 2019; Dashnow et al. 2018). Our analyses show that
ReorientExpress can be very valuable in combination with long-read clustering
methods (Marchet et al. 2018; Sahlin and Medvedev 2018) to facilitate more
accurate downstream analyses of transcriptomes, like the prediction of open reading
frames (Watson and Warr 2019). The ability to predict the 5-to-3’ orientation of
cDNA nanopore reads using models trained on related species, makes
ReorientExpress a key processing tool for the study of transcriptomes from non-
model organisms with long-reads.
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Figure 1. Accuracy analysis of ReorientExpress. (a) Receiving Operating
Characteristic (ROC) curves, representing the false positive rate (x axis) versus the
true positive rate (y axis) for the orientation of human cDNAs. We show the curves
for the models trained on the human (blue) and mouse (orange) transcriptomes and
tested on human ONT cDNA reads. The curves are built by varying the minimum
score threshold required for the orientation prediction as produced by
ReorientExpress. (b) Precision (x axis) and recall (y axis) (same as true positive
rate) curve for the same models in (a). (¢) As in (a) but tested on S. cerevisiae
cDNAs. The curves show the accuracy for the models trained on the S. cerevisiae
(blue) and the C. glabrata (orange) transcriptomes and tested on S. cerevisiae ONT
cDNA reads. (d) Precision (x axis) and recall (y axis) curve for the same models in
(b). (e) Distribution of clusters according to the proportion of human ONT cDNA
reads in each cluster with orientation correctly predicted by ReorientExpress (x axis)
trained on the human transcriptome. Only clusters with more than 2 reads are
shown. Similar plots with all clusters and clusters with more than 1 read are shown in
Supp. Fig. 1. (f) Same as in (e) but for S. cerevisiae ONT cDNA reads (Garalde et al.
2018) and for the model trained on the S. cerevisiae annotated transcriptome. (g)
Comparison of the proportion of human or yeast ONT cDNA reads correctly oriented
in three cases: taking the default orientation from the FASTQ file (Default), using
ReorientExpress (ReorientExpress), and using a majority vote in clusters to predict
the orientation of all reads in each cluster (ReorientExpress and clustering).
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