
from promoter P1 and end at the 3′ hairpin (PCR-cDNA:
44%; cDNA: 53%) protecting the primary transcript from
degradation. Consequently, this represents themost abun-
dant transcript (PCR-cDNA data shown in Supplemental
Fig. 26b–d). Additionally, frequent degradation events
from the 3′ end after processing at M2 and minor popula-
tions (e.g., transcript cleavage at M3, transcription from a
second upstream promoter or termination readthrough)
can be observed.

In summary, nanopore sequencing is capable of not only
accurately detecting complex transcriptional unit struc-
tures but can also aid in quantification or in deciphering
the unprecedented transcriptional heterogeneity, which
may be improved by using specialized strains or conditions
depending on the scientific question.

DISCUSSION

In this study, we performed a comprehensive comparison
of all currently available kits from Oxford Nanopore for
the analysis of RNAs, including direct sequencing of native
RNA (RNA001, RNA002), direct cDNA (DCS109), and PCR-
cDNA sequencing (PCB109) in the bacterial model organ-
ism Escherichia coli K-12. As a result, we demonstrate that
multiple properties of the transcriptome can be examined
simultaneously with high accuracy. This study therefore
provides the first extensive analysis of ONT RNA-seq
methods in prokaryotes. Furthermore, after screening im-
portant quality control metrics of the sequenced libraries,
we show that nanopore RNA-seq is suitable for making
quantitative measurements and correlates well with data
of the most commonly used short-read Illumina RNA-seq

data. Additionally, we provide a bioinformatics workflow
that allows accurate determination of transcript boundar-
ies and quantitative analysis of transcriptional units appli-
cable to all prokaryotes.

However, at present, some disadvantages of nanopore
RNA-seq should be considered that are summarized in Fig-
ure 6A. First, it must be ensured that the polyadenylation
reaction in the organism of choice works equally effectively
for all RNAs. Second, direct sequencing of RNAs requires a
large amount of starting RNA material (>10 µg) to yield
enoughmRNA (500 ng) left after effective rRNA depletion.
Since the depletion kits are usually not designed for these
quantities, the additional reactions are another cost factor.
Higher costs for DRS also originate from the slower se-
quencing speed, which negatively impacts throughput
and the current lack of a barcoding option provided by
ONT. Although there are already excellent option to build
a custom set of DRS barcodes, this is not as straightforward
to use as for (PCR)-cDNA libraries (Smith et al. 2020). Re-
garding 5′ end detection, it has been shownmultiple times
that about 12 bases are missing from the DRS 5′ ends. This
observation can be explained by the motor protein falling
off at the end of a transcript resulting in a loss of control
to guide the RNA through the nanopore, which is not the
case for the (PCR)-cDNA data (Soneson et al. 2019; Work-
man et al. 2019). Another point of criticism that is repeated-
ly discussed is the comparatively low accuracy, especially
for DRS, but also for (PCR)-cDNA data sets (Garalde et al.
2018; Soneson et al. 2019;Workman et al. 2019). Although
this is not a significant problem formost questions, it affect-
ed the base-accurate trimming of adaptor sequences and
thus influenced the accuracy of the determination of the

A B

FIGURE 6. Advantages, disadvantages, and application of nanopore RNA-seq in prokaryotes. (A) Advantages and disadvantages of the three
ONT library preparation protocols for RNA sequencing are shown divided into different aspects that can be considered when setting up an ex-
periment. Significant pros or cons are indicated by a double sign. Efficient polyadenylation of all transcripts is critical for all protocols. (B)
Applications of nanopore RNA-seq in prokaryotes (left), the suggested library protocol (middle), and the suggested workflow (right).
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transcript ends. In particular, up to four more bases are
trimmedoff at the 3′ ends since the homo-poly(A) sequence
is usually low in quality and can only be trimmed inaccurate-
ly. Determining the 3′ ends without trimming, which per-
forms better at the 5′ ends, performed even worse since
long-read nanopore mappers like minimap2 allow a higher
numberof errors (Li 2018). In general, the choice of themap-
ping tool should bewell considered as it greatly impacts the
quality of the analysis. We applied the widely used and ac-
tively developed minimap2, which fails to align small RNAs
(∼80 bases cutoff) (Li 2018). While other mapping tools,
like Magic-BLAST (Boratyn et al. 2019) or GraphMap2
(Sovic ́ et al. 2016) can align short transcripts, it is usually at
the expense of other aspects, and themethod of choice de-
pendent on the respective question. Despite or even
because of these limitations, the nanopore community is
very active and interested in providing solutions for the
problems discussed. Indeed, there are already promising
applications that will also further improve ONT RNA-seq in
prokaryotes in the future, like the error-correction of (PCR)-
cDNA reads using isONcorrect (Sahlin et al. 2021) or the im-
provement of 5′ end detection in DRS after 5′-dependent
adaptor ligation (Parker et al. 2020).
Based on our results and considering the most cost-ef-

fective way to create and sequence libraries, we conclude
that (PCR)-cDNA sequencing is the method of choice for
most scientific questions, except for the analysis of RNA
modifications (Begik et al. 2021). As only 1 ng of rRNA-de-
pleted RNA is sufficient to generate PCR-cDNA libraries,
PCR-cDNA-seq is highly preferable for organisms or condi-
tions where the amount of RNA isolated is a crucial criteri-
on. Our data clearly show that the number of cycles in the
PCR should be controlled with special care. Otherwise,
small AT-rich transcripts arepreferentially amplified and se-
quenced,which distorts the quantification and further anal-
yses. However, if this is handled correctly and the number
of cycles is as low as possible, in our case 12, the PCR-
cDNA data are highly comparable to the direct cDNA re-
sults. In any case, reverse transcription is a critical point
for all (PCR)-cDNA libraries.Nevertheless, theONT-recom-
mended Maxima H Minus Reverse Transcriptase (Thermo
Fisher Scientific) performed quite well for our samples as
documented in the gene body coverage data and the re-
producibly good quantification. Another advantage of
the enzyme used is that the reaction temperature can be in-
creased to transcribe sequences with exceptionally high
GC content or secondary structures.
In fact, there are already some sophisticatedways to pro-

file full-length transcripts in E. coli, including the SMRT-
Cappable-seq (Yan et al. 2018) and the SEnd-seq (Ju
et al. 2019) protocols. Comparison of SMRT-Cap and
ONT data show that both data sets are highly congruent,
although the repeatedly discussed size selection in the
PacBio libraries plays a critical role and is a disadvantage.
Unfortunately, despite the introduction of these methods,

they have not yet been used in the prokaryotic community
for further studies, although the reasons for thismaywell be
diverse. However, we can imagine that the low initial costs
of purchasing a MinION and the excellent performance
could encourage some laboratories to use nanopore
RNA-seq in prokaryotes. The additional costs and IT infra-
structure requirements are also limited, with basecalling
of the data representing the highest computational effort
for these analyses.
Taken together, a key advantageofONTRNA-seq is that

multiple features can be addressed simultaneously with
high accuracy (Fig. 6B). This versatility distinguishes the
technique from the various RNA-seq technologies de-
signed to tackle only one specific question or biochemical
assays. Furthermore, since nanopore sequencing is a bona
fide single-molecule method, molecular heterogeneity at
the transcriptome level can be analyzed. Additionally,
evenminor RNApopulations canbedetected that are inev-
itably lost in ensemble sequencing approaches. However,
we observed a complex transcription pattern with multiple
possible RNAvariants. Given that transcription and transla-
tion are coupled in E. coli, new questions about the transla-
tion efficiency and transcript stability of the transcript
variants emerge (Proshkin et al. 2010; Wang et al. 2020;
Webster et al. 2020; Irastortza-Olaziregi and Amster-
Choder 2021). Furthermore, high-quality long-read RNA-
seq data can be used to analyze degradation or processing
patterns to gain new insights into mRNA decay in prokary-
otes. With this study, we not only show the applicability of
ONT RNA-seq in prokaryotes, but also provide representa-
tive long-read transcriptome data from E. coli and a robust
bioinformatical workflow to the community that can be
used to tackle various questions.

MATERIALS AND METHODS

Cell growth and RNA extraction

Escherichia coli K-12 MG1655 cells were grown in rich medium
(10 g tryptone, 5 g yeast extract, 5 g NaCl per liter, pH 7.2) to
an OD600nm of 0.5–0.6. To stabilize RNAs, two volumes of
RNAlater (Thermo Fisher Scientific) were immediately added to
the cultures and stored at−20°C until cells were harvested by cen-
trifugation at 4°C.
Total RNA of all samples except RNA001 was extracted using

RNeasyMini Kit (Qiagen) according to the manufacturer’s instruc-
tions. RNA001 RNA was purified using the Monarch Total RNA
Miniprep Kit (New England Biolabs). The integrity of total RNA
from E. coli was assessed via a Bioanalyzer (Agilent) run using
the RNA 6000 Pico Kit (Agilent), and only RNAs with RNA integrity
numbers (RIN) above 9.5 were used for subsequent treatments
and sequencing. In short, the RIN value, calculated on a scale
from 0 to 10, has evolved as a standard to estimate integrity of
RNA samples from the size distribution and is calculated by an al-
gorithm that is based on the combination of different features, like
16S and 23S rRNA areas (Schroeder et al. 2006).
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Poly(A) tailing, rRNA depletion, and additional RNA
treatment

Next, RNAs were heat incubated at 70°C for 2 min and snap
cooled on a prechilled freezer block before polyadenylating
RNAs using the E. coli poly(A) polymerase (New England
Biolabs). Briefly, 5 µg RNA, 20 units poly(A) polymerase, 5 µL re-
action buffer and 1 mM ATP were incubated for 15 min at 37°C in
a total reaction volume of 50 µL. Note that the identical reaction
conditions were chosen here as described in the SMRT-Cap pro-
tocol that resulted in successful and efficient poly(A)-tailing (Yan
et al. 2018). To stop and clean up the reaction, poly(A)-tailed
RNAswere purified following the RNeasyMicro clean-up protocol
(Qiagen), which was used for all subsequent RNA clean-ups. The
efficiency of poly(A)-tailing was evaluated via a Bioanalyzer run.
Ribosomal RNA (rRNA) depletion was performed using the Pan-
Prokaryote riboPOOL by siTOOLs, which effectively removes
rRNAs from E. coli. For TEX-treated samples, partial digestion
of RNAs that are not 5′-triphosphorylated (e.g., tRNAs, rRNAs)
was achieved by incubation of the RNA with a 5′-Phosphate-de-
pendent Terminator Exonuclease (TEX, Lucigen). Therefore, 10
µg of RNA used in the RNA001 sample, were incubated with 1
unit TEX, 2 µL TEX reaction buffer, and 0.5 µL RiboGuard
RNase Inhibitor (Lucigen) in a total volume of 20 µL for 60 min
at 30°C. Besides, 20 ng of rRNA-depleted samples subsequently
used in the PCR-cDNAworkflow (replicate 4 and 5), were only par-
tially TEX-treated using the same enzyme and buffer concentra-
tions but reducing the reaction time to 15 min. All reactions
were terminated by adding EDTA and cleaned up following the
RNeasy Micro clean-up protocol. Before library preparation, the
extent of the remaining buffer and DNA contamination were test-
ed by performing standard spectroscopic measurements
(NanoDrop One) and using the Qubit 1× dsDNA HS assay kit
(Thermo Fisher Scientific). Input RNAs were finally quantified us-
ing the Qubit RNA HS assay kit.

Library preparation and sequencing

Libraries for nanopore sequencing were prepared from poly(A)-
tailed RNAs according to protocols provided by Oxford
Nanopore (Oxford Nanopore Technologies) for direct sequenc-
ing of native RNAs (SQK-RNA001, SQK-RNA002), direct cDNA
native barcoding (SQK-DCS109 with EXP-NBD104), and PCR-
cDNA barcoding (SQK-PCB109) with the following minor modifi-
cations: Agencourt AMPure XP magnetic beads (Beckman
Coulter) in combination with 1 µL of RiboGuard RNase Inhibitor
(Lucigen) were used instead of the recommended Agencourt
RNAclean XP beads to clean up samples. For reverse transcrip-
tion, Maxima H Minus Reverse Transcriptase (Thermo Fisher
Scientific) was used for all cDNA samples and for the RNA002
samples (SuperScript III Reverse Transcriptase from Thermo
Fisher Scientific used for RNA001 sample). The amount of input
RNA, barcoding strategy, number of PCR cycles, and extension
times can be found in Supplemental Table 1 and are also summa-
rized in part in Figure 1A.

Nanopore libraries were sequenced using either a MinION
Mk1B connected to a laptop with the recommended specifica-
tions for nanopore sequencing or a Mk1C. All samples were se-
quenced on R9.4 flow cells and the recommended scripts in
MinKNOW to generate fast5 files with live basecalling enabled.

In case of an observed drop in translocation speed and subse-
quent reduced read quality, the flow cells were refueled with flush
buffer, as recommended by ONT. Flow cells were subsequently
washed and reused for further runs, provided there were a suffi-
cient number of active pores left. To avoid cross-contamination
of reads, a different set of barcodes was used for the next
run. Also, the starting voltage of reused flow cells was adjusted
for the next run to account for the voltage drift during a sequenc-
ing run.

Data analysis

Basecalling, demultiplexing of raw reads, and quality
control of raw reads

All fast5 reads were re-basecalled using guppy (ont-guppy-for-
mk1c v4.3.4) in high-accuracy mode (rna_r9.4.1_70bps_hac.cfg,
dna_r9.4.1_450bps_hac.cfg) without quality filtering. While stan-
dard parameters were used for basecalling fast5s from cDNA se-
quencing, fast5 files from RNA sequencing were basecalled with
RNA-specific parameters (–calib_detect, –reverse_sequence and
–u_substitution). Next, basecalled fastq files from cDNA runs
were demultiplexed in a separate step by the guppy suite com-
mand guppy_barcoder using default parameters and the respec-
tive barcoding kit. After that, relevant information from the guppy
sequencing and barcode summary files were extracted to analyze
the properties of raw reads (Supplemental Table 1). Please note
that in Supplemental Table 2, all figures created from numerical
data are referenced and linked to the corresponding code in
the Github repository (github.com/felixgrunberger/microbe-
pore).

Read alignment

Files weremapped to the reference genome from Escherichia coli
K-12MG1655 (GenBank: U00096.3) (Riley et al. 2006), usingmini-
map2 (release 2.18-r1015, github.com/lh3/minimap2) (Li 2018).
Output alignments in the SAM format were generated with -ax
splice -k14 for nanopore 2D cDNA-seq and -ax splice, -uf, -k14
for direct RNA-seq with (i) -p set to 0.99, to return primary and sec-
ondary mappings, and (ii) with -MD turned on, to include the MD
tag for calculating mapping identities. Alignment files were fur-
ther converted to bam files, sorted, and indexed using
SAMtools (Li et al. 2009). To evaluate the alignments, we first cal-
culated the aligned read length by adding the number of M(atch)
and I(nsertion) characters in the CIGAR string (Soneson et al.
2019). Based on this, the mapping identity was defined as (1-
NM/aligned_reads) × 100, where NM is the edit distance report-
ed taken from minimap2. Read basecalling and mapping metrics
can be found in Supplemental Table 1. To analyze single reads in
more detail with respect to the RNA type (mRNA, rRNA, other
ncRNA, unspecified) they map to, bam files were first converted
back to FASTQ using bedtools v2.29.2 (Quinlan and Hall 2010).
Next, FASTQ files were remapped to a transcriptome file using
minimap2 with the previously mentioned parameters to assign
single-read names with feature IDs. To handle multimapping
reads, only the mapping location with (i) the highest overall iden-
tity or if identical (ii) the position with most aligned bases was kept
for every read ID.
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Gene abundance estimation

Apublicly available short-read Illumina data set (SRR1927169) ob-
tained from RNA-seq data of E. coli K-12 grown under rich condi-
tions was downloaded from Gene Expression Omnibus (GEO)
GSE67218. Reads were first quality trimmed using Trimmomatic
v0.39 (Bolger et al. 2014) (leading:20, trailing:20, sliding-
window:4:20, minlen:12) and mapped to the reference genome
using bowtie2 (-N 0, -L 26) (Langmead and Salzberg 2012).

SMRT-Cap data obtained from sequencing data from rich-me-
dium samples (SRR7533626, SRR7533627) were downloaded
from GEO GSE117273 (Yan et al. 2018). PacBio reads were pro-
cessed as described in the SMRT-Cap protocol using the pacbio_-
trim.py script downloaded from github.com/elitaone/SMRT-
cappable-seq. In short, reads were filtered and trimmed using
the respective filter and poly functions. Next, reads were mapped
to the E. coli K-12 genome using minimap2 with PacBio-specific
(-ax map-pb) options (Li 2018). Bam files from Illumina and
SMRT-Cap sequencing were converted to FASTQ format and re-
mapped to the gene file as described before.

To estimate gene abundances from ONT, short-read Illumina
and SMRT-Cap libraries, Salmon (v.1.4.0) was applied in align-
ment-based mode (Patro et al. 2017). Transcripts per million
(TPM) were recalculated using the salmon-computed effective
transcript length, after dropping reads mapping to rRNAs, that
are variable between nondepleted and depleted RNA sets.

Identification and trimming of full-length sequenced
transcripts

Full-length cDNA reads containing strand-switching primer (SSP)
and anchored oligo(dT) VN primer (VNP) in the correct orientation
were identified using Pychopper (v.2.5.0) with standard parame-
ters using the default pHMM backend and autotuned cutoff pa-
rameters estimated from subsampled data (github.com/
nanoporetech/pychopper). After a first round, a second round of
Pychopper was applied to the unclassified direct cDNA reads
with DCS-specific read rescue enabled. Reads from rescued and
full-length folders were merged and used for subsequent steps.
To evaluate the influence of different trimming approaches on
the accuracyof transcript boundary analysis,weapplied additional
5′ and 3′ trimming steps usingCutadapt v3.2 (Martin 2011). To this
end, poly(A) sequences were removed from the 3′ ends (-a A{10},
-e 1, -j 0) and remaining SSP sequences were removed from the 5′

ends (-g TTTCTGTTGGTGCTGATATTGCTGGG, -e 1, -j 0) of di-
rect RNA and full-length sequenced cDNA reads. Finally, trimmed
reads were mapped using minimap2 as described before. Reads
with more than 10 clipped bases on either side were removed
from the alignments using samclip (v.0.4.0, github.com/tsee-
mann/samclip).

To assess the impact of trimmings on gene body coverage, a
coverage meta-analysis was performed. First, a transcript file
was created for all genes with an ONT-annotated primary 5′

and 3′ end (see next section). Based on this, strand-specific cover-
age files were created from the bam files and coverage analysis
performed using a custom R script. The genomic coordinates
and the counted reads per position were first scaled to values be-
tween 0 and 100 and the mean coverage distribution per normal-
ized position was calculated. To evaluate the coverage profiles
and the decay at the 5′ or 3′ ends, we calculated the quartile co-

efficient of variation (interquartile range/median) (Parker et al.
2020) and additionally compared the mean coverage in the first
and last 10% of the positions to the median values.

Detection of transcript boundaries

Thedeterminationof enriched5′ and3′ endswas carriedout in the
same way, but independently of each other, and is briefly ex-
plained in the following: First, strand-specific read ends in bed-
graph format were created from bam files using bedtools
genomecov (-5 or -3 option, -bga) (Quinlan and Hall 2010).
Next, the previously published Termseq_peaks script (Adams
et al. 2021) was used to call peaks for each sample individually
without including replicates (github.com/NICHD-BSPC/term-
seq-peaks). This script is based on scipy.signal.find_peaks, which
is running in the background of Termseq_peaks with lenient
parameters (prominence= (None,None), width= (1,None),
rel_height = 0.75). However, we deliberately used Termseq_-
peaks since its ability to include replicates by applying an Irrepro-
ducible Discovery Rate method, which can be applied to future
studies. For end detection, only the leniently called peaks in the
narrowPeak file were used after adding the number of counts for
each position using bedtools intersect. Enriched positions were fi-
nally filtered and annotated based on the following criteria: (i) For
each peak the position with the highest number of reads was se-
lected. (ii) Positions within 20 bases weremerged and only the po-
sition with the highest number of reads retained. (iii) Positions with
less than three readswere filtered out. (iv) Positions were assigned
based on their relative orientation to a gene and their respective
peak height as primary (depending on 5′ or 3′ detection: highest
peak within 300 bases upstream or downstream from a gene, re-
spectively), secondary (each additional peak 300 bases up/down-
stream from a gene) and internal (each peak in the coding range).
Reproducibility and comparability of primary 5′ and 3′ ends

were evaluated based on Pearson coefficients calculated from
pairwise complete observations. Additionally, 5′ and 3′ untrans-
lated regions (UTRs) were calculated based on the distance of
the enriched primary site to the start or end of a coding region,
respectively. The positions of primary sites called from direct
RNA-seq data were corrected by 12 bases.

Detection and quantification of transcriptional units

Tables containing each read as a single rowwere created from the
bam files using the R package genomic alignments (Lawrence
et al. 2013). Reads thatmapped to the opposite strand of an anno-
tated mRNA or ncRNA or that mapped to widely separated geno-
mic positions were discarded. Next, all range overlaps sharing
more than 100 bases were defined between the read table and
the genomic feature table using the findOverlaps function from
the GenomicRanges package. This way, multiple features can be
assigned to each individual read. If their genomic positions are ad-
jacent, the combination of features coveredby a coverage-depen-
dent number of reads (10 reads for PCR-cDNA replicate 4) are
considered as a transcriptional unit. To enable a quantitative as-
sessment of the transcriptional units and the respective context,
the number of reads is first determined for each feature individu-
ally and then comparedwith the number of reads in each detected
unit.Wecompared the transcriptional units with the operon tables
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from the RegulonDB database (Santos-Zavaleta et al. 2019) and
the SMRT-Cappable-seq study (Yan et al. 2018).

Public data

In addition to the publicly available results from the SMRT-
Cappable-seq study (Yan et al. 2018), the short-read Illumina
data for gene expression comparison and the RegulonDB
(Santos-Zavaleta et al. 2019) mentioned above, we also com-
pared ONT RNA-seq 5′ ends with the results of a differential
RNA-seq study (Thomason et al. 2015) and 3′ ends with Term-
seq results (Dar and Sorek 2018).

DATA DEPOSITION

To facilitate easier access basecalled and demultiplexed FASTQ,
mapped bam files from untrimmed reads and large read summary
files are publicly available from zenodo.org/record/4879174#.
YLSkjy221pQ. All scripts and codes used in this work are available
on GitHub (github.com/felixgrunberger/microbepore). Addition-
ally, a more detailed documentation can be found at felixgrun-
berger.github.io/microbepore. Sequencing files in original fast5
format are publicly available in the Sequence Read Archive SRA
(RNA001: PRJNA632538; all other data sets: PRJNA731531).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Felix Grünberger

Meet the First Author(s) is a new editorial feature within RNA,
in which the first author(s) of research-based papers in each is-
sue have the opportunity to introduce themselves and their
work to readers of RNA and the RNA research community.
Felix Grünberger is the first author of this paper, “Nanopore se-
quencing of RNA and cDNAmolecules in Escherichia coli.” Felix
is currently a postdoctoral fellow in Dina Grohmann’s laboratory
at the Institute of Microbiology and German Archaea Centre at
the University of Regensburg, with a research focus on using se-
quencing-based techniques to learn more about general and
regulatory features of archaeal transcription.

What are the major results described in your paper
and how do they impact this branch of the field?

In our newmanuscript, we evaluate how nanopore sequencing can
be used to perform RNA-seq in prokaryotes. Therefore, we per-

formed a comprehensive comparison of all currently available
RNA-seq protocols fromOxford Nanopore, namely direct RNA se-
quencing, direct cDNA sequencing and PCR-cDNA sequencing in
Escherichia coli. The main advantage of this sequencing technolo-
gy is that it captures both ends of a transcript, which can be used to
analyze transcriptional heterogeneity and processing patterns on
the single-molecule level. Additionally, numerous other transcrip-
tomics features, like start and termination sites, transcriptional
units, and gene expression levels can be mapped simultaneously
with high accuracy. While nanopore sequencing is quite popular
in microbial genomics thanks to the super long reads, it has been
hardly used for transcriptomics so far since the protocols from Ox-
fordNanopore are optimized for polyadenylated eukaryotic RNAs.
By providing a detailed wet laboratory protocol and bioinformati-
cal analysis, and by discussing critical considerations of the differ-
ent applications, we hope to help the microbiological community
get started using nanopore RNA-seq in Bacteria or Archaea.

What led you to study RNA or this aspect of RNA science?

I did my PhD in Winfried Hausner’s laboratory, working on gene
regulatory networks and looking into regulatory aspects of archae-
al transcription factors, using RNA mainly as a measure for gene
expression. However, in the course of various projects and the lon-
ger I work with RNA, the more I realize that RNA is such a fascinat-
ing and versatile molecule with huge regulatory and medical
impact and potential. In Regensburg, we are lucky to be part of
the collaborative research group SFB960 that is investigating prin-
ciples of RNP biogenesis and offers a fantastic opportunity to learn
about different topics of RNA biology. For the nanopore
project, for example, we collaborate with the group of Sébastien
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Ferreira-Cerca, trying to use the technology to learn more
about the insufficiently described rRNA maturation pathway in
Archaea. Unfortunately, working with archaeal organisms, sooner
or later, you realize that some methods cannot be applied or
are not validated yet, which is a bit frustrating and delays many dis-
coveries. This is precisely the motivation for this publication: pro-
viding the microbiological community with a comprehensive
comparative study to be able to use the technology for their
own research.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

At first, we were a bit surprised by howmany different features you
can look at with quite good accuracy compared to short-read
methods. However, the most striking thing from a biological per-
spective was seeing so much transcriptional heterogeneity when
we analyzed bacterial transcriptional units. Although we are aware
of the speed and the multitude of all processes taking place in a
cell, we did not expect this. While the publication did not change
our research focus, we believe that nanopore RNA-seq offers an
exciting opportunity to investigate this heterogeneity, and we
will definitely use this tool in the future.

What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

I cannot say that there was a single decisive moment when I knew
that I wanted to become a scientist. It was and still is a continuous
process in which I become evenmore awarewith each newproject
of how much there is still to discover, which is kind of fascinating.
Looking back, there were probably a few key experiences, includ-
ing reading National Geographic, passionate teachers and profes-
sors, who conveyed this fascination.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

When I started coding in the first year of my PhD and got more in-
volved with bioinformatics, I tried to use as many different media
and sources as possible to progress quickly. Among other things,
I listened a lot to the data science podcast “Not so standard devi-
ations” by Hilary Parker and Roger Peng. Although it had nothing
to dowithmy own scientific questions, theymanaged to talk about
topics like reproducible research, analysis correctness, experimen-
tal design and data science in academia and industry in an interest-
ing and actually fun way. During my biology studies, I had not
come into contact with any of the topics before, but now many
of the principles are essential when I analyze data.
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