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sequencing. These methods are limited because they sequence a synthetic DNA copy of mRNA instead of the native transcripts. Furthermore, they can identify only a short
segment of the transcript proximal to the poly(A) tail which
makes it diﬃcult to assign the measured poly(A) tail length
uniquely to a single transcript isoform. With the introduction of native RNA sequencing by Oxford Nanopore Technologies, it is now possible to sequence full-length native
RNA. A single long read contains both the transcript and
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the associated poly(A) tail, thereby making transcriptomewide isoform-speciﬁc poly(A) tail length assessment feasible. We developed tailﬁndr — an R-based package for esti-

Online Protocol
dx.doi.org/10.17504/protocols.io.9cjh2un

mating poly(A) tail length from Oxford Nanopore sequencing data. In this chapter, we describe in detail the pipeline

Code Repository
github.com/adnaniazi/tailﬁndr

for transcript isoform-speciﬁc poly(A) tail proﬁling based on
native RNA Nanopore sequencing — from library preparation to downstream data analysis with tailﬁndr.
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INTRODUCTION

A poly(A) tail is formed by the non-templated addition of a stretch of adenosines to the 3‘-end of messenger RNA
(mRNA) during RNA processing in the nucleus [1]. It mediates the transfer of processed RNA from nucleus into the
cytoplasm in eukaryotes [2]. Furthermore, it is known to stabilize or destabilize the mRNA depending on its length:
relatively long poly(A) tails inhibit degradation of mRNA by 3’-exonucleases and 5’-cap hydrolysis, whereas short
poly(A) tails mark the mRNA for degradation by the exosome [3]. Additionally, the length of the poly(A) tail can, under
certain conditions, inﬂuence the translational eﬃciency of the mRNA [4–6]. Measuring isoform-speciﬁc poly(A) tail
length over the whole transcriptome is therefore important in understanding its role in regulation of mRNA localization,
mRNA half-life and translation regulation.
Existing methods for transcriptome-wide estimation of poly(A) tail length — which are primarily based on Illumina
short-read sequencing technology [5, 7, 8] — have numerous limitations. First, RNA in its native form cannot be sequenced using Illumina sequencing: the RNA must ﬁrst be reverse transcribed into cDNA, and subsequently ampliﬁed
with PCR cycles to form clusters on the ﬂow cell that are sequenced by synthesis. The conversion of RNA into cDNA
results in loss of information; for example the occurrence of native RNA modiﬁcations might be interesting to study
along with the poly(A) tail length. Second, the repeated PCR cycles may introduce artefacts in the homopolymer regions that may cause errors in poly(A) tail length estimation [9–11]. Third, these methods do not query the native
poly(A) tail; instead, they estimate poly(A) tail length by inferring cDNA poly(A) or poly(T) segments using additional
library preparation steps or custom-designed software for processing raw images of the sequencing clusters. This
renders these methods not only time-consuming but also technically challenging. Lastly, as Illumina sequencing is a
short-read sequencing technology, a sequenced read from these methods contains only a small segment reﬂecting
parts of the transcript proximal to the poly(A) tail. With such partial transcript fragments, transcript isoform-speciﬁc
poly(A) tail assignment is hard, and in many instances impossible. This is because a read may align equally well to
two or more transcript isoforms, making it impossible to decipher as to which transcript the read — and its associated
poly(A) tail measurement — belongs to (see Figure 1). Until recently it was therefore impossible to address whether
diﬀerent transcript isoforms have diﬀerent poly(A) tail lengths.
With the advent of long read sequencing methods it recently became possible to sequence full length transcripts
and their associated poly(A) tails [12–14]. In addition to oﬀering long read sequencing only limited by the molecules
integrity [15], Oxford Nanopore Technologies (ONT) novel sequencing approach also allows to sequence native RNA
molecules without the conversion into cDNA [16]. This new technology has the potential to address isoform-speciﬁc
poly(A) length measurements and RNA modiﬁcation detection in a single assay [14, 17].
In this chapter, we will explain how ONT’s sequencing approaches allow direct poly(A) measurement of native RNA
(Section 2), describe the necessities for eﬃcient Nanopore library preparation (Section 3), and how to process the
data generated using tailﬁndr to perform transcriptome-wide isoform-speciﬁc poly(A) tail proﬁling (Section 4).
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F I G U R E 1 | (a) A poly(A)-tailed mRNA. (b) A full-length transcript uniquely and unambiguously maps to the
isoform that it originated from. In the illustrated case, the read perfectly aligns to isoform X of gene A, and the
measured poly(A) tail length can be uniquely attributed to isoform X. (c) A partially-sequenced transcript can map
equally well to multiple transcript isoforms, making it impossible to decipher from which of the many possible
isoforms the read originated from. In this case, the partially-sequenced transcript aligns equally well to both isoform
X and isoform Y of gene A. Thus transcript-isoform speciﬁc poly(A) tail length assignment is not possible.
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NANOPORE SEQUENCING

In ONT sequencing approaches, a protein nanopore is suspended in a hydrophobic material (membrane) that separates
two buﬀer-ﬁlled wells [18]. A cross-membrane voltage of -180mV is applied such that the trans side of the membrane
is set at a positive potential compared to the cis side (see Figure 2). This causes a constant ionic current to ﬂow
through the pore. The molecule to be sequenced, which can be either DNA or RNA, is located on the cis side of the
membrane. Under the inﬂuence of the applied voltage, the negatively-charged nucleotide strand threads through the
pore. To ensure a homogeneous translocation rate (450bps for DNA and 70bps for RNA, [19] and to minimize the
inﬂuence of secondary structure or DNA duplex binding energy, the DNA or RNA is fed into the pore by the ratcheting
action of a motor protein. The nucleotides located in the constriction of the pore — 5 to 6 nucleobases at any given
time — modulate the current passing through the pore, thereby creating sequence-speciﬁc modulations in the current.
This current is sampled at a rate of 3012 samples/second and saved as an array in a .fast5 ﬁle by MinKNOW — the
data acquisition and experiment management software provided by ONT. The resulting signal trace — the so-called
squiggle — thus contains the information of the contiguous nucleotide strand and possible RNA modiﬁcations and
should be stored as ‘raw data ﬁles’. The raw data ﬁles are then used by a basecaller to predict the original sequence.
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F I G U R E 2 | RNA sequencing using ONT Direct-RNA sequencing. The RNA to be sequenced is ﬁrst
reverse-transcribed to make an RNA-cDNA duplex; this step removes RNA secondary structure that may otherwise
cause pore blockage. The RNA-cDNA duplex, along with the ligated adaptor that contains the motor protein, is
initially located on the cis side of the membrane. The tethers attached to the DNA adaptor have an aﬃnity for the
lipid membrane and help anchor the RNA-cDNA duplex to it. Under the inﬂuence of the applied voltage, the duplex
shifts towards the pore, and eventually the RNA part of the duplex threads through the pore. The motor protein
unwinds the RNA-cDNA duplex, and ratchets the RNA through the nanopore one base at a time. The ﬂuctuations in
the pore current as the RNA strand translocates through the pore are recorded.

In the special case of ONT native RNA sequencing, the motor protein is added at the 3’-end of the molecule by
poly(A)-guided ligation (see Figure 4). Reverse transcription is optional, as the synthesized cDNA strand will not be
sequenced at any time. Nevertheless it is recommended to perform reverse transcription, as the resulting RNA-cDNA
heteroduplex is devoid of secondary structure that potentially interferes with pore translocation. Furthermore, the
RNA-cDNA heteroduplex is more stable than single-stranded RNA towards degradation by RNases (see Note 1). The
added motor protein threads the RNA through the pore from its 3’-end to the 5’-end. The resulting current signal thus
contains in this order: signal for the adaptor sequence that initially carried the motor protein, the poly(A) tail and the
full-length transcript.
Although in theory it should be possible to infer the length of the poly(A) tail from the basecalled sequence alone, in
practice this is not the case. When the raw signal is basecalled, the number of adenosines (reﬂected as A in sequence)
called by the current basecallers in the poly(A) tail region is far lower than the actual number of adenosines in the
poly(A) tail of the original RNA sequence (see Figure 3). This is because the raw signal corresponding to a homopolymeric stretch of adenosine is a monotonous current devoid of any detectable transition from one adenosine to the
next [20, 21]. The basecaller cannot decide where the signal of one adenosine ends and the next one starts; the
entire poly(A) tail signal is therefore treated as a single adenosine base that got stalled in the nanopore for a long time.
Thus, the poly(A) tail length currently cannot be faithfully estimated from basecalled sequences directly as it will often
underestimate the actual poly(A) tail length. To accurately estimate the poly(A) tail length from Nanopore sequencing
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data, we developed an R package — tailﬁndr [12]. The software uses basecalled .fast5 ﬁles and annotates the reads
with poly(A) tail estimates (for more details refer to Section 4).
In the following sections, we will describe how to successfully perform library preparation for native RNA sequencing
using Nanopore, and how to use tailﬁndr to obtain isoform-speciﬁc poly(A) tail measurements from the obtained data.
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F I G U R E 3 | Current basecalling algorithms underestimate poly(A) tail length. (a) A full-length mRNA with a
17-nt long poly(A) tail. (b) Raw signal generated by ONT sequencing when the sequence shown in (a) passes through
the nanopore. Notice that the signal corresponding to the poly(A) tail is low-variance and monotonous. (c) Sequence
predicted by the basecaller. Notice that the basecaller predicts only one adenosine in the poly(A) tail whereas the
original sequence has 17 adenosines in the poly(A) region. This shows that although the raw signal for poly(A) tail is
captured using Nanopore sequencing, it is not basecalled properly, preventing poly(A) tail length estimation directly
from basecalling. N.B.: The sequences shown in this ﬁgure represent exempliﬁed data.
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LIBRARY PREPARATION

ONT sequencing provides single-molecule long-read sequencing applications for RNA for the ﬁrst time. However,
the quality of the produced data and — most importantly — the quantity of data output directly depends on the
quantity and quality of the provided RNA. It is therefore essential to make sure that enough RNA of good quality
can be achieved prior to planning the experiment. Any RNA degradation not only aﬀects the read length of the
data obtained, but also makes library preparation ineﬃcient, as it is based on poly(A)-dependent ligation of DNA
adapters (Figure 4). Therefore, all experimental procedures upstream of sequencing should be reviewed for forces
that could degrade molecules, such as vigorous shaking or pipetting. Furthermore, RNA should be extracted as fresh
as possible, or alternatively stored at -80C in RNA storage medium (TRI reagent or RNALater). Extraction should be
chosen to avoid any contaminants, as these could be detrimental to the sequencing chemistry. In our experience, silicacolumn based puriﬁcation strategies not only degrade RNA by physical force, but also retain Guanidine-hydrochloride
contamination. We thus recommend the use of phenol-chloroform extraction methods, such as the use of TRI reagent.
These are more time-consuming, but in our hands yield higher quality RNA with minimal contaminant carry-over. An
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example workﬂow for the use of TRI reagent for puriﬁcation, as well as poly(A) enrichment based on the Poly(A)Purist
MAG Kit, is described in an exemplary protocol at the end of this section.
Enriching for poly(A)-containing RNA is necessary in current ONT protocols, as the adapters are added speciﬁcally
to the poly(A) tail. The addition of adapters happens through RNA ligation. However, the presence of high amounts
of non-polyadenylated RNA (such as rRNA) can signiﬁcantly impact the eﬃciency of adapter ligation by titrating the
enzyme or adapters by non-productive binding events. Poly(A) enrichment based on magnets is the gold-standard
experimental approach, but any other strategies that do not involve physical forces — such as vortexing, vigorous
pipetting or column-based puriﬁcation — would work as well.

Full length RNA transcript
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ligation

TTTT
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TTTT

Reverse
transcription
AAAAAAAAAAA
TTTTTTTTTTT

Ligation of
sequencing
adaptor and
dual tethers

+
AAAAAAAAAAA
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Oxford Nanopore
MinION sequencer

F I G U R E 4 | Representation of ONT Direct-RNA library preparation protocol. The reverse transcription
adaptor containing a T-overhang is ligated to the full-length RNA (shown in grey). This adaptor can only bind at the
3’-end of the transcript and initiates reverse transcription. The reverse transcription creates a DNA strand (shown in
orange). In this way, an RNA-cDNA duplex is formed. Next, a sequencing adaptor containing the motor protein is
ligated to the RNA-cDNA duplex along with dual tethers. During sequencing on a ONT MinION sequencer, these
tethers anchor the DNA strand to the lipid bilayer membrane, which helps to eﬃciently feed the RNA strand
through the pore.
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The eﬃciency of library preparation solely depends on the eﬃciency of DNA-RNA ligation procedures. A schematic
workﬂow of Nanopore Library preparation is provided in Figure 4. Any contaminant that reduces ligation eﬃciency
will impact the sequencing performance of the library. It is thus important to follow the recommendations given in the
Nanopore protocols (nanoporetech.com) for RNA quality and quantity measures. The only exception are ligation and
bead puriﬁcation incubation times, which we routinely double. A longer incubation time at room temperature might
increase the risk of RNA degradation, yet also increases the chance of successful ligation or DNA binding or elution
events to beads, which leads to a more eﬃcient library preparation. Finally, it is crucial to proceed quickly from the ﬁnal
ligation to actual sequencing and avoid harsh chemicals and temperatures with the ﬁnal library, as an active protein
has been added whose function is essential for sequencing. An example protocol for library preparation including
total RNA extraction and poly(A) enrichment together with notes arising from our library preparation experience can
be found at dx.doi.org/10.17504/protocols.io.9cjh2un.
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BIOINFORMATICS ANALYSIS

To accurately estimate the poly(A) tail length from Nanopore native RNA sequencing data, we developed an R package
— tailﬁndr [12]. Brieﬂy, tailﬁndr estimates poly(A) tail length by ﬁrst locating the monotonous stretch of current signal
corresponding to the poly(A) tail within the raw signal, and then calculating its duration in samples (see Figure 5). Next,
a read-speciﬁc translocation rate is computed; it speciﬁes the average of samples per nucleotide translocation. After
estimating this translocation rate, it is used to normalize the tail length in samples found earlier to yield tail length
in nucleotides. During all these steps, tailﬁndr only needs basecalled FAST5 ﬁles to estimate the poly(A) tail length,
making it independent of downstream data processing and thus implementable in real-time data analysis pipelines.
The following paragraphs will give you detailed instructions on how to use tailﬁndr towards obtaining isoform-speciﬁc
poly(A) measurements from Nanopore native RNA sequencing.

4.1
4.1.1

| Requirements
|

Test dataset

We extracted RNA from Zebraﬁsh (Danio rerio) using the protocol described above, and sequenced it on a MinION
sequencer. A subset of reads from this experiment can be downloaded from tiny.cc/polya_rna_data. We will now
demonstrate the various steps involved in transcript-isoform speciﬁc poly(A) tail length assessment using this example
dataset, but you can use your own dataset as well.

4.1.2

|

Hardware requirements

The example dataset can be processed on any laptop or desktop computer running a UNIX-based operating system
with at least 3GB of free disk space. For a large real-world dataset, it is recommended that the pipeline is run on a
Linux cluster, or a powerful workstation. For accelerating the basecalling speed, GPUs can be used. For more details on
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which GPUs are compatible with the current basecaller, please refer to this link: https://community.nanoporetech.
com/posts/guppy-3-0-gpu-recommendati (requires community login).
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F I G U R E 5 | A simpliﬁed view of how tailﬁndr estimates poly(A) tail length. (a) Complete raw signal
corresponding to an RNA transcript translocating through the pore. The signal consists of a series of current samples
measured in picoAmperes (pA). (b) tailﬁndr ﬁrst locates the monotonous signal corresponding to the poly(A) tail
(highlighted in brown). In this example, the segment is 500 samples long. (c) Next, tailﬁndr estimates the
read-speciﬁc translocation rate, i.e., the average number of samples generated per nucleotide in a given read. (d)
Poly(A) length is calculated by dividing the tail length in samples by the read-speciﬁc translocation rate.
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4.1.3

|

Software requirements

Software requirements The following software should be installed on the analysis computer:

1. Python 3 environment
2. R (version 3.5.3 or greater)
3. Git

4.2

| Data analysis pipeline

There are various steps involved in going from raw reads produced by ONT sequencing to transcript isoform-speciﬁc
poly(A) tail length assignment, as shown in Figure 6. We will now describe each of these steps in detail.

Prepare library

Sequence on an Oxford Nanopore device using MinKNOW

Raw FAST5
files

Base-call raw sequecing data using Guppy

sequencing_summary.txt

Quality
control
using
NanoPlot

FASTQ
files

FAST5
files

Merge all
FASTQs

Estimate
Poly(A) tail
lengths
tailfindr::find_tails()

transcriptome

FASTQ file

Poly(A) tail
length
estimates in
CSV file

Map reads to transcriptome
with Minimap2

Alignments in
SAM file

Assign transcript
IDs to tail length
estimations
tailfindr::annotate_tails()

Final output containing tail length for each transcript

FIGURE 6

|

Flowchart for poly(A) tail length estimation using Nanopore sequencing and tailﬁndr.
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4.2.1

|

Basecalling

Nanopore sequencing produces raw FAST5 ﬁles that record the current signal through the pore as an RNA molecule
translocates through it (see Figure 7a). The ﬁrst step is to basecall this raw signal to ﬁnd the nucleotide sequence
corresponding to the recorded current. There are many basecallers that can do this; please refer to [22] for a review
on this topic. Some of the basecallers have been developed by ONT, while others are developed by Nanopore users.
Albacore is a widely-used basecaller developed by ONT. Guppy — a recently released basecaller, also developed by
ONT — has now replaced Albacore because it has better basecalling performance, and is faster than its predecessor.
We recommend using the latest version of Guppy which can be downloaded from the ONT Community website
https://community.nanoporetech.com/downloads.
Basecalling a raw FAST5 ﬁle using Guppy will add a Basecall_1D_000 group to the FAST5 ﬁle hierarchy (see Figure
7b). This basecall group contains a Move table (Events table in case of Albacore) which is used by tailﬁndr to compute
the read-speciﬁc translocation rate. The structure of a FAST5 ﬁle — raw or basecalled — can be easily explored by
opening it in HDFView (https://www.hdfgroup.org/downloads/hdfview/).

a

b

F I G U R E 7 | Structure of a FAST5 ﬁle as displayed by HDFView software. (a) File structure of a raw FAST5 ﬁle
generated by MinKNOW. (b) The same ﬁle as in (a) after basecalling by Guppy. During basecalling a new FAST5 is
generated that contains not only raw signal data, but also additional basecalling information. Notice how additional
levels of information (mintinlinebashAnalyses, Basecall_1D_000 etc.) have now been added in this new ﬁle.
Guppy has both CPU and GPU versions. If you have access to an Nvidia GPU, then install and use the GPU version
of Guppy, as it is faster to basecall on GPUs compared to CPUs. Here, we will demonstrate basecalling using the CPU
version of Guppy (see Note 2 on where to get the latest version of Guppy). Assuming that you have a Quad Core
processor (with 2 threads per processor; 8 threads in total) and 16GB of RAM, basecalling can be done by executing
the following on the command line:
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guppy_basecaller \
--config rna_r9.4.1_70bps_hac.cfg \
--input_path \path\to\raw\reads\folder \
--recursive \
--save_path \path\to\save\basecalled\data\to \
--fast5_out \
--trim_strategy none \
--num_callers 1 \
--cpu_threads_per_caller 8 \
2>&1 | tee logfile.txt

Parameter description
--config specify the model conﬁguration to be used during basecalling. In this case, we have chosen the “high accuracy” (hac) RNA model for pore version 9.4.1. The hac models yield more accurate basecalls at the cost of basecalling
speed.

Refer to:
• Note 3 for choosing a faster basecalling model.
• Note 4 for selecting an appropriate conﬁg ﬁle for your experiment in case you are not sure.
• Note 5 if your data is from a legacy RNA kit.

--input_path specify the path of the folder containing raw FAST5 ﬁles produced by the ONT sequencing platform.
When using the example dataset, extract it ﬁrst, and then specify the path of the extracted directory here.
--recursive speciﬁes that the input_path directory should be recursively searched to discover all raw FAST5 ﬁles
within any subfolders.
--save_path specify the path of the directory where basecalled ﬁle should be stored.
--fast5_out speciﬁes that in addition to the FASTQ ﬁles, the basecaller should also output FAST5 ﬁles. Basecalled
ﬁles containing FAST5 output is essential for tailﬁndr to calculate the read-speciﬁc translocation rate for normalizing
the poly(A) tail length.
--trim_strategy should be set to none so that the basecaller does not trim oﬀ the adaptor sequence that was added
to the 3’ end of the poly(A)+ RNA.
--num_callers speciﬁes how many basecallers to use in parallel. --cpu_threads_per_caller speciﬁes how many
threads should be used per basecaller. In general, num_callers * cpu_threads_per_caller should not exceed the
total number of threads available on the machine. Furthermore, there must be at least 4GB + 1GB * num_callers
RAM available. In our case, both these criteria are satisﬁed for the machine that we are using. For more exhaustive
information on these settings, please refer to the document “Guppy basecaller and Guppy basecaller server” (https://
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community.nanoporetech.com/protocols/Guppy-protocol/v/gpb_2003_v1_revm_14dec2018/guppy-basecallerand-guppy-basecaller-server) on Nanopore Community.
2>&1 | tee logfile.txt speciﬁes that the output, and any errors produced by the command, should be saved in a
text ﬁle in addition to being displayed in the terminal. It is a good practice to do this for troubleshooting in case of a
computer crash, power failure etc.
After successfully running the above, the basecalled FASTQ and FAST5 ﬁle can be found in the directory as speciﬁed
in save_path. The structure of this directory is depicted in Figure 8. Please refer to Note 6 to ﬁnd how the structure
of this directory changes when multi-fast5 ﬁles are basecalled.
basecalled_data
fastq_file_1.fastq
fastq_file_2.fastq
fastq_file_3.fastq
fastq_file_3.fastq
fastq_file_4.fastq
.
.
.
sequencing_summary.txt
workspace
0
read_1.fast5
read_2.fast5
.
.
.
read_4000.fast5
1
2
3
.
.
.

F I G U R E 8 | Structure of the output directory produced by the Guppy basecaller. Each FASTQ ﬁle in the
output of the basecaller contains sequence and quality scores for 4000 (default) reads. The
sequencing_summary.txt ﬁle contains a summary of useful basecalling information, which is used by tools such as
NanoPlot. The workspace folder contains numbered subfolders, each of which contain 4000 basecalled FAST5 ﬁles,
which are used by tools such as tailﬁndr.
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4.2.2

|

Quality control after basecalling

Running quality control checks after basecalling is an optional but recommended step as it can reveal important information about the sequencing run such as the length of the reads (Figure 9a), sequencing performance over time
(Figure 9b), and the quality of the reads (Figure 9c).
There are many tools to perform QC on Nanopore data, but the ones that produce the most informative plots are
NanoPlot (https://github.com/wdecoster/NanoPlot) and PycoQC (https://a-slide.github.io/pycoQC/) [23,
24].
Here, we will use NanoPlot to perform quality control checks on the basecalled data. NanoPlot requires only the
sequencing_summary.txt ﬁle produced by Guppy. To run NanoPlot, ﬁrst activate a Python 3 environment, and then
run the following in the command line:
NanoPlot \
--summary \path\to\sequencing_summary.txt \
--outdir \output\path \
--loglength

Parameter description
--summary path of the summary ﬁle generated by Guppy.
--outdir path of the directory where NanoPlot output should be saved.
--loglength speciﬁes that the read lengths should scaled logarithmically in the plots.
The output of NanoPlot is an HTML ﬁle that can be viewed in any browser of your choice.

4.2.3

|

Installing and running tailﬁndr

We are now ready to estimate poly(A) tail lengths in the basecalled data using tailﬁndr. Please refer to its documentation (https://github.com/adnaniazi/tailfindr) to learn how to install it. After installing tailﬁndr, poly(A) tail
lengths can be estimated by using the following commands in R:
library(tailfindr)
df <- find_tails(fast5_dir = '/path/to/basecalled_data',
save_dir = '/path/to/save/directory/',
csv_filename = 'rna_tails.csv',
num_cores = 2)

tailﬁndr discovers all FAST5 ﬁles recursively within the fast5_dir. The resulting CSV ﬁle — as speciﬁed in the
csv_filename parameter — is saved in the save_dir. num_cores speciﬁes the number of physical cores on the
machine to be used when running tailﬁndr.
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F I G U R E 9 | A subset of ﬁgures generated by NanoPlot. (a) Read length histogram. This plot can be useful in
understanding if RNA degradation signiﬁcantly aﬀected the sample. This particular histogram was generated for a
sequencing run in which Zebraﬁsh RNA was spiked with a synthetic GFP RNA construct of approx. 800bp in length.
The spike in the histogram around 800 represents these GFP reads, and the background represents the read length
distribution for the Zebraﬁsh transcriptome. (b) Basecall quality vs. time of sequencing. This plot is useful in
assessing if the sequencing chemistry — which might degrade over time — is having an adverse eﬀect on the quality
of the reads. Ideally, the basecalling quality should not drop dramatically during the sequencing run. (c) Read length
vs. average read quality plot. It is useful in understanding how the read quality varies over read length. In a good
sequencing run, the read quality for the majority of the reads should be around 8-14 for RNA (9-20 for DNA).
Higher reads quality are good, and lower read qualities for majority of reads might warrant revisiting the library
preparation steps and ﬁguring out what might have gone wrong.
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Please refer to:
• Note 7 if you are running tailﬁndr on MinKNOW Live-basecalled data.
• Note 8 if you want to generate plots highlighting the poly(A) tail region in the raw current data
• Note 9 on how to use tailﬁndr for estimating poly(A)/(T) length in cDNA data

The output of tailﬁndr is CSV ﬁle contain six columns as described in Table 1.
TA B L E 1

|

Description of columns in the CSV output of tailﬁndr

Column name

Column type

Description

read_id

character

Read ID as given in the FAST5 ﬁle

tail_start

numeric

Sample index of start site of the tail in raw data

tail_end

numeric

Sample index of end site of the tail in raw data

samples_per_nt

numeric

Read-speciﬁc translocation rate in terms of samples per nucleotide

tail_length

numeric

Tail length in nucleotides. It is obtained by dividing the diﬀerence
between tail_end and tail_start divided by samples_per_nt

file_path

character

Absolute path of the FAST5 ﬁle

Now that we have the poly(A) tail length for each read in the CSV ﬁle, it is possible to perform quality control checks
of this data. For example, a distribution of poly(A) tail lengths can be plotted to see if it aligns with the expected
distribution of poly(A) tail lengths. Furthermore, a distribution of the translocation rate samples_per_nt can also be
plotted. Ideally, this distribution should be unimodal with no skew (see Figure 12).

4.2.4

|

Concatenate FASTQ ﬁles

During the basecalling step, Guppy produced both FASTQ and FAST5 ﬁles. By default, each FASTQ ﬁle contains
sequences of 4000 reads (see Figure 8). Downstream processing software, such as the mapper Minimap2 [25], require
only a single FASTQ ﬁle as input. Therefore, all FASTQ ﬁles produced by Guppy should be concatenated. Execute the
following script in command line to combine all FASTQ ﬁle into one:

BASECALLED_DATA_PATH=/directory/containing/basecalled/data
OUTPUT_PATH=/directory/where/concatenated/fastq/is/to/be/saved
# Do not edit the code below this line
cd $BASECALLED_DATA_PATH
find ${BASECALLED_DATA_PATH} -name '*.fastq' | cat > ${OUTPUT_PATH}/filenames.txt
{ xargs cat < ${OUTPUT_PATH}/filenames.txt ; } > ${OUTPUT_PATH}/all_reads.fq
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The above shell script searches BASECALLED_DATA_PATH directory for all ﬁles with .fastq extension and produces
the following two ﬁles in the OUTPUT_PATH directory:

1. filenames.txt ﬁle that contains the names of all FASTQ ﬁles that were found in BASECALLED_DATA_PATH directory, and will be concatenated.
2. all_reads.fq ﬁle that contains the concatenated FASTQ sequences from all the FASTQ ﬁles recorded in the
filenames.txt ﬁle.

4.2.5

|

Alignment of data to transcriptome

Although we have estimated poly(A) tail lengths for all reads, we still do not know which transcript each of these reads
originated from. To ﬁnd the transcript identities, the reads must be mapped to the transcriptome of the organism
from which the RNA was extracted (please refer to Note 10 if no reliable transcriptome is present and data should be
mapped to a reference genome). The alignment information can then be merged with tailﬁndr output to associate the
poly(A) tail length estimations to their respective transcript IDs.
To map the data to the transcriptome, we will use Minimap2 (https://github.com/lh3/minimap2) [25]. Minimap
needs a single FASTQ ﬁle containing all the reads to be aligned. Run the following command in command line to
invoke Minimap2:
minimap2 \
-ax map-ont \
/path/to/reference.fa \
/path/to/all_reads.fq > /path/to/alignments.sam
2>&1 | tee logfile.txt

Parameter description
Here is a description of the parameters used in the above command:
-a Speciﬁes that CIGAR string and output alignments should be produced in the SAM format.
-x Use predeﬁned settings for mapping. As each of these sequencing technologies diﬀer in their insertion, deletion and
error rates, there are a number of presets available in Minimap2 to choose from; map-ont is one of them. It speciﬁes
that Minimap2 should use alignment parameters ﬁne-tuned for ONT sequencing data. This is because Minimap2 can
align reads from Illumina, PacBio, and ONT sequencing.

4.2.6

|

Annotating tailﬁndr output with transcript IDs

Now that we have the poly(A) tail length estimates from tailﬁndr in a CSV ﬁle, and the alignment information in a SAM
ﬁle, we are ready to merge them together. This will annotate each read with its corresponding transcript ID. To do
this, invoke tailﬁndr’s builtin convenience function annotate_tail() in R:
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df_annotate <annotate_tails(
sam_file = "/path/to/sam/file.sam",
tails_csv_file = "/path/to/tails.csv",
output_file = "/path/to/annotated_tails.csv"
)

This command will add three more columns to the input CSV ﬁle as described in Table 2.
TA B L E 2

|

A comparison of raw read accuracies between fast and high-accuracy basecalling models

Column name

Column type

Description

transcript_id

character

Transcript ID from from the transcriptome

mapping_quality

numeric

Mapping quality of the transcript

sam_flag

numeric

SAM ﬂag

We now have the tail length and the corresponding transcript IDs in the annotated_tails.csv ﬁle. Thus we have
successfully annotated each read with a transcript-isoform ID and a corresponding poly(A) tail length.

4.2.7

|

What next?

Now that we have transcript-speciﬁc poly(A) tail lengths, we can do a number of things. For example, we can plot
the distribution of poly(A) tail length of our dataset. We can also annotate the poly(A) tail length of a transcript
with additional features such as gene name, gene length and its function. These steps are beyond the scope of this
chapter, however, the reader should note that they can be easily done within R using the biomaRt Bioconductor
package [26]. With gene name annotations, we can for instance generate a scatter plot of poly(A) tail length vs.
gene length to see if there is any interesting relationship between the two. Additionally it is possible to plot poly(A)
tail distributions from transcript isoforms of the same genes. Many further possibilities for data analysis exist, and
implementation depends on the particular research question. The here described tailﬁndr-based pipeline provides the
ﬁrst step towards exploring these possibilities enabling the study of isoform-speciﬁc poly-A tail-dependent regulation.

5

|

CONCLUSION

We have here demonstrated how long read ONT native RNA sequencing in combination with tailﬁndr can be used for
transcriptome-wide isoform-speciﬁc poly(A) tail proﬁling. This method simpliﬁes isoform-speciﬁc poly(A) tail measurements and avoids common caveats from short-read based sequencing approaches, namely (I) the possible introduction
of ampliﬁcation artefacts, (II) transcript isoform quantiﬁcation based on statistical analysis of short reads spanning
exon borders, and (III) elaborate and time-consuming sequencing sample preparation.
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The portability and low investments for ONT sequencers, coupled with its ability to basecall and analyze sequencing
data in real-time, enables anyone to sequence anything, anywhere. Additionally, the ability of direct RNA sequencing
to detect any epigenetic modiﬁcation in native RNA alleviates the need for separate assays for detecting each RNA
modiﬁcation. This enables future studies — both in the ﬁeld and in a laboratory settings — to assay poly(A) tail length
and RNA modiﬁcations in a single experiment. Such a transcriptome-wide holistic approach would provide a valuable
insight in understanding RNA biology — one long molecule at a time.

6

|

NOTES

1. Reverse-transcribing RNA into an RNA-cDNA duplex is an optional but recommended step. Without performing
this step, the throughput will be about 30% lower and basecalling quality scores will also be slightly lower. Most likely
this is caused by secondary RNA structure aﬀecting pore translocation, making current signal more variable. Additionally, RNA degradation causes the average read length to be shorter. We recommend that you perform this step
unless you have a very good reason not to.
2. We demonstrated how to basecall reads using the latest basecaller at the time of this writing provided by ONT
— Guppy v3.2.4. However, it should be noted that the basecalling technology is constantly evolving. Always check
ONT’s Software Download section (https://community.nanoporetech.com/downloads) to read about the latest
version of the basecaller and how to use it, as these might signiﬁcantly increase basecalling accuracy and thus transcript isoform assignment.
3. If basecalling speed is more important than basecalling accuracy, then you can use the fast model conﬁguration
ﬁle rna_r9.4.1_70bps_fast.cfg. At the time of this writing, the fast models are approximately 5-8 times faster than
the high accuracy model. Table 3 shows a comparison between raw read accuracy of fast and high accuracy models.
TA B L E 3

|

Sample Type

A comparison of raw read accuracies between fast and high-accuracy basecalling models
Model Name

Raw Read Accuracy

Fast basecalling

92.1%

High-accuracy basecalling

95.0%

Fast basecalling

88.6%

High-accuracy basecalling

93.9%

DNA

RNA

4. If your experiment uses a pore version other than 9.4.1, then ensure that you specify a conﬁguration ﬁle that
matches the version of the pore used. You can ﬁnd a list of all available conﬁguration ﬁles for every ﬂow cell and
sequencing kit by executing the following command:
guppy_basecaller --print_workflows
If you are still unsure as to which conﬁguration ﬁle to use, then, instead of specifying the conﬁguration ﬁle, you can also
let Guppy choose the appropriate conﬁguration ﬁle for you. In this case, however, you have to specify the ﬂowcell
and kit arguments. Assuming if the ﬂow cell and kit used in the experiment are FLO-MIN106 and SQK-RNA001,
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respectively, then use the following command in command line to invoke Guppy:
guppy_basecaller \
--flowcell FLO-MIN106 \
--kit SQK-RNA001 \
--input_path \path\to\raw\reads\folder \
--recursive \
--save_path \path\to\save\basecalled\data\to \
--fast5_out \
--trim_strategy none \
--num_callers 1 \
--cpu_threads_per_caller 8 \
2>&1 | tee logfile.txt
5. The use of tailﬁndr is compatible with any RNA kit — including legacy kits — as all of these kits sequence both the
transcript and the poly(A) tail. Thus, you can use tailﬁndr to ﬁnd poly(A) tail lengths on any older RNA dataset where
the initial aim of the study was something entirely diﬀerent. For tailﬁndr to work, the only requirement is the availability of FAST5 ﬁles — either raw or basecalled; tailﬁndr cannot be used if the only ﬁle remaining from past experiments
are FASTQ ﬁles. We recommend that you always re-basecall the old previously-basecalled FAST5 ﬁles before using
tailﬁndr on it, and specify an appropriate value for basecall_group parameter when invoking tailﬁndr.
6. If the Raw FAST5 ﬁles produced by MinKNOW have only one read per FAST5 ﬁle, then reads within the workspace
folder are arranged in numbered subfolders such that each folder contains 4000 FAST5 reads, as depicted in Figure
8. However, if the raw FAST5 ﬁles, produced by the sequencer, have multiple reads per FAST5 ﬁle, then there are no
subfolders within workspace folder, and each basecalled FAST5 ﬁle in workspace folder will contain multiple reads
(default is 4000) inside them.
7. MinKNOW — the data acquisition software used during sequencing on ONT sequencers — can basecall while the
raw data is being acquired. This feature is called “MinKNOW Live Basecalling”. Currently, tailﬁndr does not support
MinKNOW live basecalled data because these FAST5 ﬁles do not contain Event/Move table (see Figure 10a). The
Event/Move table is required by tailﬁndr to compute a read-speciﬁc translocation rate in order to normalize the poly(A)
tail length in samples to yield poly(A) tail length in nucleotides.
To circumvent this problem, please basecall MinKNOW live-basecalled data again using standalone Guppy or Albacore. This will add an additional Basecall group (Basecall_1D_001) in the ﬁle structure of the FAST5 ﬁle (see Figure
10b). When using tailﬁndr on these re-basecalled reads, you must correctly specify the Basecall group containing the
Event/Move table. For example, the read shown in Figure 10, the Event/Move table in the re-basecalled ﬁle is in the
Basecall_1D_001 in the FAST5 ﬁle structure hierarchy. tailﬁndr, in the case, should be invoked in R as shown below:
df <- find_tails(fast5_dir = '/path/to/basecalled_data',
save_dir = '/path/to/save/folder/',
basecall_group = 'Basecall_1D_001',
csv_filename = 'rna_tails.csv',
num_cores = 2)
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The default value of basecall_group is Basecall_1D_000, which in the command above, has been changed to
Basecall_1D_001.

a

b

F I G U R E 1 0 | Hierarchy of contents within basecalled FAST5 ﬁles as viewed through the HDFView software.
(a) Contents of a MinKNOW live Basecalled read. Notice that under the Basecall_1D_000 group, there is no Move
table, which is required by tailﬁndr to ﬁnd the read-speciﬁc translocation rate (b) Contents of the read shown in (a)
after it has been basecalled again using standalone Guppy. Notice the addition of Basecall_1D_001 group in the
FAST5 ﬁle hierarchy, which now contains Move table. tailﬁndr should now be invoked with basecall_group
parameter set to 'Basecall_1D_001' to ensure that it can ﬁnd the Move table.
8. tailﬁndr allows you to generate plots that show the tail location in the raw squiggle (see Figure 11). You can save
these plots as interactive .html ﬁles by using ’rbokeh’ as the plotting_library. You can then interactively zoom
in on the tail region in the raw squiggle and see the exact location of the tail. To generate these plots, execute the
following command in R:

df <- find_tails(fast5_dir = '/path/to/basecalled_data',
save_dir = '/path/to/save/folder/',
csv_filename = 'rna_tails.csv',
save_plots = TRUE,
plotting_library = 'rbokeh',
num_cores = 2)

Generating plots can slow down the performance of tailﬁndr. We recommend that you generate these plots only for
a small subset of your reads.
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F I G U R E 1 1 | A plot generated by tailﬁndr. The poly(A) tail is highlighted in red in the current trace. Each spike
in the bottom panel shows the locations in the current trace where the basecaller has detected a nucleotide
transition. Notice how the poly(A) tail region is devoid of any base transition. This is because the basecaller cannot
distinguish when one adenosine base in the poly(A) tail ended and the next one started. It can detect a nucleotide
transition only if a more diverse sequence is encountered.

9. Although we have demonstrated how to perform poly(A) tail proﬁling using Nanopore sequencing of native RNA,
it is also possible to perform poly(A)/(T) proﬁling using complementary DNA (cDNA) sequencing data produced by
Nanopore sequencing. Sequencing cDNA instead of RNA has many advantages:
a. cDNA is more stable compared to RNA which can degrade quickly if not handled very carefully at every step of
library preparation protocol
b. cDNA sequencing requires less starting material compared to RNA sequencing
c. cDNA sequencing on Nanopore devices produces 10 times more data per ﬂowcell compared to RNA sequencing
because of the faster motor protein, and
d. poly(A) tail length estimates in DNA are more robust compared to RNA because the motor protein used in DNA
sequencing ratchets the DNA at a more controlled speed compared to the motor protein used in RNA sequencing
(see Figure 12).

RNA
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cDNA
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Translocation rate estimate (samples/nucleotide)

F I G U R E 1 2 | Comparison of cDNA and RNA translocation rate estimates. RNA translocates at a slower
speed compared to DNA. Furthermore, the spread in RNA translocation rate is greater than that of cDNA. This in
turn translates to more spread in RNA poly(A) tail lengths compared to cDNA poly(A)/(T) tail lengths.
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For more information on poly(A)/(T) proﬁling in cDNA, please refer to the tailﬁndr paper [12] and documentation on
GitHub.
10. Reads from RNA sequencing can be mapped either to a reference transcriptome, or to a genome. The latter
is more cumbersome, but could yield the identiﬁcation of new transcript isoforms. This is especially useful if the
reference transcriptome is known to be erroneous and is being assessed for the ﬁrst time by long-read sequencing.
For aligning reads to a genome with Minimap2, use the following command:
minimap2 \
-ax splice -uf -k14 \
/path/to/reference_genome.fa \
/path/to/all_reads.fq > /path/to/alignments.sam
2>&1 | tee logfile.txt
Parameter description
Here is a description of additional parameters in the above command:
-splice Speciﬁes that spliced alignment should be done.
-uf By default, spliced alignment assumes the read orientation relative to the transcript strand is unknown and therefore it tries two rounds of alignment to infer the read orientation. This ﬂag forces Minimap2 to consider only the
forward transcript strand during mapping.
-k14 For noisy Nanopore Direct RNA-seq reads, it is recommended to use a smaller k-mer size for increased sensitivity
to the ﬁrst or the last exons. Default value of k-mer size is 15.
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