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SUMMARY

RNA sequencing (RNA-seq) has in recent years become the preferred method for
gene expression analysis and whole transcriptome annotation. While initial RNA-seq
experiments focused on eukaryotic messenger RNAs (mRNAs), which can be puri-
fied from the cellular ribonucleic acid (RNA) pool with relative ease, more advanced
protocols had to be developed for sequencing of microbial transcriptomes. The
resulting RNA-seq data revealed an unexpected complexity of bacterial transcrip-
tomes and the requirement for specific analysis methods, which in many cases is
not covered by tools developed for processing of eukaryotic data.

The aim of this thesis was the development and application of specific data
analysis methods for different RNA-seq-based approaches used to gain insights into
transcription and gene regulatory processes in prokaryotes.

The differential RNA sequencing (dRNA-seq) approach allows for transcriptional
start site (TSS) annotation by differentiating between primary transcripts with a
5’-triphosphate (5'-PPP) and processed transcripts with a 5-monophosphate (5-P).
This method was applied in combination with an automated TSS annotation tool
to generate global trancriptome maps for Escherichia coli (E. coli) and Helicobacter
pylori (H. pylori).

In the E. coli study we conducted different downstream analyses to gain a deeper
understanding of the nature and properties of transcripts in our TSS map. Here, we
focused especially on putative antisense RNAs (asRNAs), an RNA class transcribed
from the opposite strand of known protein-coding genes with the potential to reg-
ulate corresponding sense transcripts. Besides providing a set of putative asRNAs
and experimental validation of candidates via Northern analysis, we analyzed and
discussed different sources of variation in RNA-seq data.

The aim of the H. pylori study was to provide a detailed description of the dRNA-seq
approach and its application to a bacterial model organism. It includes informa-
tion on experimental protocols and requirements for data analysis to generate a
genome-wide TSS map. We show how the included TSS can be used to identify and
analyze transcriptome and regulatory features and discuss challenges in terms of
library preparation protocols, sequencing platforms, and data analysis including
manual and automated TSS annotation.

The 1TSS maps and associated transcriptome data from both H. pylori and E. coli

were made available for visualization in an easily accessible online browser.
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Furthermore, a modified version of dRNA-seq was used to identify transcrip-
tome targets of the RNA pyrophosphohydrolase (RppH) in H. pylori. RppH initiates
5’-end-dependent degradation of transcripts by converting the 5-PPP of primary
transcripts to a 5-P. I developed an analysis method, which uses data from com-
plementary DNA (cDNA) libraries specific for transcripts carrying a 5’-PPP, 5"-P or
both, to specifically identify transcripts modified by RppH. For this, the method
assessed the 5'-phosphorylation state and cellular concentration of transcripts in
rppH deletion in comparison to strains with the intact gene. Several of the identi-
fied potential RppH targets were further validated via half-life measurements and
quantification of their 5’-phosphorylation state in wild-type and mutant cells. Our
findings suggest an important role for RppH in post-transcriptional gene regulation
in H. pylori and related organisms.

In addition, we applied two RNA-seq-based approaches, RNA immunoprecipita-
tion followed by sequencing (RIP-seq) and cross-linking immunoprecipitation fol-
lowed by sequencing (CLIP-seq), to identify transcripts bound by Hfq and CsrA,
two RNA-binding proteins (RBPs) with an important role in post-transcriptional
regulation.

For RiP-seq-based identification of CsrA binding regions in Campylobacter jejuni
(C. jejuni), we used annotation-based analysis and, in addition, a self-developed
peak calling method based on a sliding window approach. Both methods revealed
flaA mRNA, encoding the major flagellin, as the main target and functional analysis
of identified targets showed a significant enrichment of genes involved in flagella
biosynthesis. Further experimental analysis revealed the role of flaiA mRNA in post-
transcriptional regulation.

In comparison to RIP-seq, CLIP-seq allows mapping of RBP binding sites with a
higher resolution. To identify these sites an approach called “block-based peak
calling” was developed and resulting peaks were used to identify sequence and
structural constraints required for interaction of Hfq and CsrA with Salmonella
transcripts.

Overall, the different RNA-seq-based approaches described in this thesis together
with their associated analyis pipelines extended our knowledge on the transcrip-
tional repertoire and modes of post-transcriptional regulation in bacteria. The
global TSS maps, including further characterized asRNA candidates, putative RppH
targets, and identified RBP interactomes will likely trigger similar global studies in
the same or different organisms or will be used as a resource for closer examination

of these features.
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ZUSAMMENFASSUNG

RNA-Sequenzierung (RNA-seq) entwickelte sich in den letzten Jahren zur bevor-
zugten Methode fiir Genexpressionsanalysen und die Annotation ganzer Tran-
skriptome. Nachdem sich erste RNA-seq-Experimente hauptsachlich mit eukaryo-
tischen Boten-RNAs (mRNAs) beschiftigt hatten, da diese sich relativ einfach aus
dem zelluliren RNA-Gemisch aufreinigen lassen, war die Entwicklung von fort-
schrittlicheren Methoden notig, um mikrobielle Transkriptome zu sequenzieren.
Die sich daraus ergebenden RNA-seq-Daten enthiillten eine unerwartete Komple-
xitat bakterieller Transkriptome und die Notwendigkeit der Anwendung spezifi-
scher Analyseverfahren, welche von Tools zur Prozessierung eukaryotischer Daten
haufig nicht zur Verfiigung gestellt werden.

Das Ziel dieser Doktorarbeit war die Entwicklung und Anwendung spezifischer
Verfahren zur Datenanalyse fiir verschiedene RNA-seq-basierte Methoden, um Er-
kenntnisse beziiglich Transkription und genregulatorischer Vorgénge bei Proka-
ryoten zu erlangen.

Die Differentielle-RNA-Sequenzierungsmethode (dARNA-seq) ermdglicht die An-
notation von Transkriptionsstartpunkten (TSS), indem sie Primértranskripte mit
einem 5’-Triphosphat (5"-PPP) von prozessierten Transkripten mit einem 5’-Mono-
phosphat (5-P) unterscheidet. Diese Methode wurde in Kombination mit einem
automatisierten TSS-Annotationstool zur Erstellung globaler Transkriptomkarten
tiir Escherichia coli (E. coli) and Helicobacter pylori (H. pylori) verwendet.

In der E. coli-Studie haben wir verschiedene Folgeanalysen durchgefiihrt, um
ein tieferes Verstandnis fiir die Natur und Eigenschaften der in unserer Transkrip-
tomkarte enthaltenen Transkripte zu erlangen. Das Hauptaugenmerk lag dabei
auf mutmaflichen Antisense-RNAs (asRNAs). Diese stellen eine RNA-Klasse dar,
welche vom entgegengesetzten Strang von bekannten proteinkodierenden Genen
transkribiert wird, und die das Potenzial hat, entsprechende Sense-Transkripte zu
regulieren. Wir stellen nicht nur eine Liste mutmafllicher asRNAs zur Verfiigung,
von der einige Kandidaten durch Northern Blots validiert wurden, sondern disku-
tierten auch von uns untersuchte Griinde fiir auftretende Variation bei RNA-seq-
Daten.

Das Ziel der H. pylori-Studie war es, eine detaillierte Beschreibung der dRNA-
seq-Methode und deren Anwendung auf einen bakteriellen Modellorganismus zur

Verfiigung zu stellen. Sie enthdlt Informationen beziiglich experimenteller Proto-
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kolle und fiir die Datenanalyse notwendige Schritte, zur Erstellung einer genom-
weiten TSS-Karte. Wir zeigen, wie die enthaltenen TSS verwendet werden konnen,
um verschiedene Transkriptomelemente, einschliefslich solcher mit regulatorischen
Eigenschaften, zu identifizieren und zu analysieren. Zusétzlich diskutieren wir
Probleme, welche bei der Erstellung von Sequenzierlibraries, der Verwendung von
Sequenzierplattformen und bei der Datenanalyse, einschliefslich manueller und
automatisierter TSS-Annotation, auftreten konnen.

Die TSS-Karten fiir H. pylori und E. coli, einschliefslich der damit verbundenen
Transkriptomdaten, haben wir in Form eines leicht zugdnglichen Online-Browsers
verfiigbar gemacht.

Desweiteren wurde eine modifizierte Version der dRNA-seq-Methode verwen-
det, um Transkripte zu identifizieren, welche von der RNA Pyrophosphohydrolase
(RppH) in H. pylori gespalten werden. RppH initiiert den vom 5’-Ende abhédngigen
RNA-Abbau, indem sie das 5-PPP von Primértranskripten in ein 5-P umwan-
delt. Ich habe eine Analysemethode entwickelt, welche Daten basierend auf unter-
schiedlichen Komplementar-DNA (cDNA)-Libraries verwendet, welche entweder
spezifisch fiir Transkripte mit einem 5’-PPP oder einem 5'-P sind, oder beides ent-
halten, um spezifisch Transkripte zu indentifizieren, die durch RppH modifiziert
werden. Um dies zu erreichen wurden der 5’-Phosphorylierungsstatus und die zel-
luldre Konzentration der Transkripte zwischen einer rppH-Deletionsmutante und
Stimmen mit intaktem Gen verglichen. Weiterhin wurden mehrere der identifi-
zierten, von RppH gespaltenen Transkripte durch Messung ihrer Halbwertszeit
und Quantifizierung ihres 5’-Phosphorylierungsstatus bei Wildtyp- und mutierten
Zellen validiert. Unsere Ergebnisse lassen auf eine wichtige Rolle von RppH bei
der Genregulation in H. pylori und verwandten Organismen schliefien.

Zusitzlich haben wir zwei weitere RNA-seq-basierte Methoden namens RNA-
Immunprézipitation gefolgt von RNA-Sequenzierung (RIP-seq) und Quervernet-
zung und Immunprézipitation gefolgt von RNA-Sequenzierung (CLIP-seq) ver-
wendet, um Transkripte zu identifizieren, welche von Hfq und CsrA gebunden
werden, zwei RNA-Bindeproteinen (RBPs), die eine wichtige Rolle bei posttran-
skriptionaler Regulation spielen.

Zur RIP-seg-basierten Identifikation von CsrA-Binderegionen bei Campylobacter
jejuni (C. jejuni) haben wir eine annotationsbasierte Analyse und zusitzlich eine
eigens entwickelte Peak-Bestimmungsmethode verwendet. Beide Methoden haben
die flaiA mRNA, welche das Hauptflagellin kodiert, als starksten Bindepartner iden-
tifiziert. Die Funktionale-Anreicherungsanalyse hat aufierdem eine Anreicherung

von Genen ergeben, welche fiir die Flagellenbiosynthese von Bedeutung sind.



Im Vergleich zu RIP-seq ermoglicht CLIP-seq eine hohere Auflosung bei der
Kartografierung von Bindestellen. Um diese Stellen zu identifizieren wurde eine
Methode mit der Bezeichnung “block-based peak calling” entwickelt, und die dar-
aus resultierenden Peaks wurden verwendet, um sequenz- und strukturabhédngige
Bedingungen zu bestimmen, die bei Salmonella fiir die Interaktion von Transkrip-
ten mit Hfq und CsrA notwendig sind.

Insgesamt betrachtet haben die verschiedenen RNA-seqg-basierten Methoden,
welche in dieser Doktorarbeit beschrieben wurden, in Kombination mit den da-
mit verbundenen Analysepipelines, unser Verstandnis des transkriptionellen Re-
pertoires und der Art und Weise, wie posttranskriptionelle Regulation bei Bakteri-
en ablduft, erweitert. Die globalen TSS-Karten, einschliefdlich der charakterisierten
asRNA-Kandidaten, die mutmaflich von RppH gespaltenen Transkripte und die
identifizierten RBP-Interaktome werden hochstwahrscheinlich zur Durchfiihrung
dhnlicher Studien bei den gleichen oder anderen Organismen fiihren, oder konnen
als Grundlage fiir eine detailliertere Untersuchung dieser Elemente verwendet wer-

den.
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AIM AND ORGANIZATION OF THE THESIS

The aim of this thesis was the development of appropriate biocomputational meth-
ods for the analysis of data derived from different RNA sequencing (RNA-seq)-
based approaches conducted in several bacterial species. For this purpose, I in-
tegrated self-developed software together with existing tools to generate specific
analysis pipelines.

The thesis is organized as follows. Chapter 2 provides general background on
high-throughput sequencing, with focus on the RNA-seq-based approaches applied
in this thesis and the associated requirements for data analysis.

Chapter 3 starts with a short summary of the findings of each publication in-
cluded in this thesis followed by the original publications including supplementary

materials. The publications are arranged in the following order:

Section 3.2: Maureen K. Thomason et al. “Global Transcriptional Start Site Map-
ping Using Differential RNA Sequencing Reveals Novel Antisense RNAs in Es-
cherichia coli.” en. In: Journal of Bacteriology 197.1 (Jan. 2015), pp. 18-28. 1SSN: 0021-
9193, 1098-5530. DOIL: 10.1128/JB.02096 - 14. URL: http://jb.asm.org/content/
197/1/18 (visited on o1/07/2015)

Section 3.3: Thorsten Bischler et al. “Differential RNA-seq (ARNA-seq) for an-
notation of transcriptional start sites and small RNAs in Helicobacter pylori.” In:
Methods. Bacterial and Archaeal Transcription 86 (Sept. 2015), pp. 89-101. 1SSN:
1046-2023. DOI: 10.1016/].ymeth.2015.06.012. URL: http://www.sciencedirect.
com/science/article/pii/S1046202315002546 (visited on 02/29/2016)

Section 3.4: Thorsten Bischler et al. “Identification of the RNA Pyrophosphohy-
drolase RppH of Helicobacter pylori and Global Analysis of Its RNA Targets.” en.
In: Journal of Biological Chemistry 292.5 (Feb. 2017), pp. 1934-1950. ISSN: 0021-9258,
1083-351X. DOL: 10.1074/jbc.M116.761171. URL: http://www. jbc.org/content/
292/5/1934 (visited on 02/20/2017)

Section 3.5: Gaurav Dugar et al. “The CsrA-FliW network controls polar localiza-
tion of the dual-function flagellin mRNA in Campylobacter jejuni.” en. In: Nature

Communications 7 (May 2016), p. 11667. DOIL: 10 . 1638 /ncomms11667. URL: http:


https://doi.org/10.1128/JB.02096-14
http://jb.asm.org/content/197/1/18
http://jb.asm.org/content/197/1/18
https://doi.org/10.1016/j.ymeth.2015.06.012
http://www.sciencedirect.com/science/article/pii/S1046202315002546
http://www.sciencedirect.com/science/article/pii/S1046202315002546
https://doi.org/10.1074/jbc.M116.761171
http://www.jbc.org/content/292/5/1934
http://www.jbc.org/content/292/5/1934
https://doi.org/10.1038/ncomms11667
http://www.nature.com/ncomms/2016/160527/ncomms11667/abs/ncomms11667.html
http://www.nature.com/ncomms/2016/160527/ncomms11667/abs/ncomms11667.html
http://www.nature.com/ncomms/2016/160527/ncomms11667/abs/ncomms11667.html
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//www.nature.com/ncomms/2016/160527/ncomms11667/abs/ncomms11667 . html
(visited on 07/13/2016)

Section 3.6: Erik Holmqvist et al. “Global RNA recognition patterns of post-
transcriptional regulators Hfq and CsrA revealed by UV crosslinking in vivo.”
en. In: The EMBO Journal (Apr. 2016), €201593360. ISSN: 0261-4189, 1460-2075. URL:
http://emboj . embopress.org/content/early/2016/04/04/embj.201593360
(visited on 04/05/2016)

The publications in sections 3.2 and 3.3 apply the standard differential RNA
sequencing (dRNA-seq) approach for transcriptome-wide transcriptional start site
(TSS) annotation.

In the publication in section 3.2 we aimed to gain further insights into the tran-
scriptional repertoire of the widely-used model organsim E. coli strain K-12 with
focus on antisense transcription.

In the publication in section 3.3 our aim was to provide a detailed description
of the dRNA-seq approach using Helicobacter pylori (H. pylori) 26695 as an example
including all steps required for data analysis and the generation of a TSs map. Fur-
thermore, we wanted to analyze the effect of library preparation and higher read
coverage based on Illumina sequencing by comparing our results to the findings
of the original study [156].

The publication in section 3.4 uses a modified version of dRNA-seq to exploit its
capability for processing site detection in order to globally identify targets of the
RNA pyrophosphohydrolase (RppH) in H. pylori.

In the publication in section 3.5, we applied RNA immunoprecipitation followed
by sequencing (RIP-seq) to identify ribonucleic acid (RNA) binding partners of CsrA
in Campylobacter jejuni (C. jejuni), while cross-linking immunoprecipitation followed
by sequencing (CLIP-seq) was used in the publication in section 3.6 to identify
targets and binding sites of the RNA-binding proteins (RBPs) Hfq and CsrA in
Salmonella.

Chapter 5 contains a common discussion of the findings of the five publications
followed by conclusions and perspectives in chapter 6.

Contributions by others are listed in section a.1 in the Appendix.


http://www.nature.com/ncomms/2016/160527/ncomms11667/abs/ncomms11667.html
http://www.nature.com/ncomms/2016/160527/ncomms11667/abs/ncomms11667.html
http://www.nature.com/ncomms/2016/160527/ncomms11667/abs/ncomms11667.html
http://emboj.embopress.org/content/early/2016/04/04/embj.201593360

INTRODUCTION

2.1 RNA SEQUENCING

The advent of high-throughput sequencing technologies has revolutionized ge-
nomic research in recent years. We are now able to collect an unprecedented
amount of information on nucleic acid sequences with single-base resolution and
at much lower costs compared to traditional Sanger sequencing platforms [64].
RNA-seq is a high-throughput method that can be used to qualitatively and quan-
titatively analyze the entire transcriptome of a cell or a collection of cells [127,
186]. The transcriptome consists of all transcripts expressed at a given time point
and under specific physiological conditions and a thorough understanding of it
is essential to interpret the functional constituents of a genome. Unlike formerly
used hybridization-based approaches as microarrays or tiling arrays, which apply
previously-designed probes that cover specific parts of or even a whole genome,
RNA-seq does not require prior knowledge of sequence or structure of expressed
genomic elements but can also be used for de novo sequencing and assembly of
transcripts. In addition, RNA-seq has a higher dynamic range and needs less input
material than array-based approaches without suffering from cross-hybridization.
RNA-seq can be used for detection of transcripts as well as quantitative profil-
ing of transcript expression under different biological conditions. It is possible to
compare expression between different genetic backgrounds, growth conditions or
different tissues and cell types, and to detect changes upon exposure to chemi-
cal signals or environmental stresses. Qualitatively, RNA-seq is used to annotate
all kinds of transcripts in pro- and eukaryotes, as messenger RNAs (mRNAs) or
non-coding RNAs (ncRNAs) including small regulatory RNAs (sRNAs), and to eluci-
date the transcriptional structure of genes and operons with their 5’- and 3’-ends,

alternatively spliced isoforms and post-transcriptional modifications.

2.1.1  High-throughput sequencing technologies

The term high-throughput sequencing describes methods to determine the se-
quences of a large number of molecules of either of the two principal nucleic

acids: deoxyribonucleic acid (DNA) or RNA. The sequence describes the exact or-



INTRODUCTION

der of nucleotides carrying the four bases adenine (A), guanine (G), cytosine (C)
and thymine (T) in a single strand of DNA with uridine (U) instead of thymine (T)
for an RNA strand. A contiguous sequence of bases derived from a single template
molecule via a certain sequencing method is called a “read”. Importantly, differ-
ent sequencing methods can vary tremendously in terms of quality and maximum
length of these reads.

To determine the sequence of an RNA molecule most sequencing methods re-
quire reverse transcription of RNA into complementary DNA (cDNA), which means
that the read-out is not the actual RNA sequence but the DNA sequence of the ge-

nomic region from which it is transcribed.

2.1.1.1  Short-read technologies

The completion of the Human Genome Project in 2003 [33] greatly stimulated
development of novel high-throughput sequencing approaches in the following
years [115]. These technologies, previously called next generation sequencing (NGS)
and currently second-generation sequencing, provided much higher throughput
at greatly reduced costs in comparison to the Sanger sequencing method [150]. In
exchange, they require extensive template amplification, which might introduce
bias, and suffer from shorter read lengths and higher error rates [64, 108]. Due to
the shorter read lengths in comparison to Sanger sequencing, they are also referred
to as short-read sequencing techniques.

The first second-generation sequencer launched in 2005 was the 454 pyrose-
quencing machine [116]. Recently, the production of sequencers using this technol-
ogy was stopped, but other second generation sequencing platforms encompass-
ing Illumina, SOLiD [180] and Ion Torrent [148], to name some important exam-
ples, are still available. Therefore, there is not only one sequencing technology that
works best for all purposes, and different options depending on the application
should be considered.

[llumina sequencing is currently the most widely used technology on the mar-
ket and supports a variety of different applications, such as, for example whole-
genome or exome sequencing, epigenomics applications such as chromatin im-
munoprecipitation followed by sequencing (ChiP-seq) [132] or DNA methylation
sequencing (methyl-seq) [21] and, most important for the work described in this
thesis, RNA-seq. In the following I will describe the Illumina sequencing method,
which has been used for all RNA-seq-based approaches presented in this thesis.

[llumina sequencing is based on a sequencing-by-synthesis (SBS) approach, which
makes use of a polymerase to add new nucleotides to an elongating strand where

incorporation of each new base is detected via a fluorophore [64].



2.1 RNA SEQUENCING

As is the case for most second-generation sequencing approaches, Illumina re-
quires clonal amplification of the template sequence prior to sequencing. This is
achieved by solid-phase bridge amplification [52] where two kinds of oligos, each
complementary to one of the terminal adapter sequences, are bound to a glass slide
(the flow cell). First, template strands hybridize with oligos on the flow cell. Next,
the DNA strands bend and unbound terminal sequences bind to near complemen-
tary oligos for priming followed by synthesis of the complementary strand. The
formed double-strand is denatured, the template is washed away and the process
is repeated until dense clusters of identical DNA sequences consisting of forward
and reverse strands are formed. Afterwards, all reverse strands are removed so
that only forward strands are left as template for sequencing ([64, 115]).

For sequencing, [llumina applies 3’-blocked nucleotides. These deoxynucleotides
(dNTPs) prevent strand elongation so that only one nucleotide can be incorporated
at each elongating complementary strand per cycle. After hybridization of a se-
quencing primer, a mixture of all four dNTPs is added. Each dNTP is individually
labeled with a fluorophore using either two- or four-color chemistry. Following in-
corporation of the complementary nucleotide, remaining dNTPs are washed away
and the flow cell is imaged to identify the base that was added to each cluster.
Afterwards, the fluorophore and blocking group is removed and the next sequenc-
ing cycle can begin. Imaging is conducted via total internal reflection fluorescence
(TIRF) microscopy. Except for the NextSeq and MiniSeq sequencers, which apply
the two-color chemistry, all other platforms use a separate laser channel for each
of the four nucleotides.

In most cases, multiple cDNA libraries are sequenced in a single sequencing run.
In order to discriminate which of the resulting sequencing reads belong to each
library, a library-specific index sequence is integrated as part of the adapters and
sequenced in one or two (dual-indexing) separate index reads. These index reads
are used in the so-called demultiplexing step to assign reads from each cluster to
the respective library. In general, demultiplexing is conducted by the sequencing
facility using software provided by the manufacturer.

Most second-generation sequencing platforms, including Illumina sequencers,
are capable of conducting paired-end sequencing. Here, in contrast to single-end
sequencing, the DNA template is not only sequenced in one direction, but from
both ends. Depending on the size of the fragment, forward and reverse reads can
overlap or not. Paired-end sequencing has the advantage that, by taking into ac-
count fragment size, reads can be placed more accurately during assembly or align-

ment to a reference sequence. A special application of paired-end sequencing is
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the sequencing of mate pair libraries that make it possible to sequence the ends of

much larger fragments using a specific library preparation protocol [115].

2.1.1.2 Long read technologies

Short read sequencing technologies have problems resolving more complex parts
of a genome, such as long repetitive regions and copy number or structural vari-
ations. Long read technologies represent a new third generation of sequencing
technologies, which are able to generate reads with a length of several kilobases.
Such long reads can span these complex regions and facilitate unambiguous read
placement and determination of the size of genomic elements. Furthermore, they
can be used for RNA-seq to allow precise analysis of isoforms or operon structures.
Current long read technologies consist of single-molecule long read approaches
and synthetic long read approaches. Synthetic long read approaches apply exist-
ing short read technologies in order to assemble long reads in silico. Platforms
that are able to generate natural long reads consist of Pacific Biosciences single-
molecule real time sequencing (SMRT) platforms [49] and nanopore sequencers
[31] from Oxford Nanopore Technologies. Both technologies conduct sequencing
of single molecules without the requirement for clonal amplification of a sequenc-

ing library. In addition, they do not require chemical cycling to add single dNTPs
[64].

2.1.2 Experimental design

A crucial step for every RNA-seq-based experiment is the selection of an appropriate
experimental design. This involves choosing adequate protocols for RNA extraction
and library preparation, as well as considering the required number of replicates,
sequencing depth, read length, and if sequencing should be conducted in single-
or paired-end mode. Besides data acquisition, the steps and tools used for the
analysis of the data play an important role.

In a typical RNA-seq experiment, a population of RNA, either total RNA or a cer-
tain fraction thereof, is extracted and converted into a cDNA library with adapters
specific for the applied sequencing platform (Figure 2.1). In most cases, this pro-
cess involves a PCR amplification step to increase the amount of cDNA fragments.
For sequencing of short RNA species such as eukaryotic microRNAs (miRNAs), short
interfering RNAs (sikNAs) and Piwi-interacting RNAs (piRNAs) or bacterial sRNAs,
library preparation can be conducted directly. For longer RNAs, due to read-length

limitations of most sequencing platforms, additional fragmentation of RNA or re-
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Figure 2.1: Steps of a typical RNA-seq experiment.

verse transcribed <DNA is required in advance to restrict the size of molecules to
be sequenced.

A major challenge for RNA-seq experiments, especially with bacteria, has been
the presence of abundant RNA species such as ribosomal RNAs (rRNAs) or transfer
RNAs (tRNAs), which if sequenced would occupy almost the entire pool of sequenc-
ing reads. rRNA is especially problematic, since it typically constitutes more than
90% of the RNA in a cell. While this issue can be overcome for sequencing of mature
eukaryotic mRNAs, which carry a poly(A) tail at their 3’-end, by conducting poly(A)
selection via poly(T) oligomers or oligo(dT) amplification of <DNA, other meth-
ods were required for sequencing of ncRNA species and non-polyadenylated bac-
terial mRNAs. Early RNomics approaches for eukaryotic sRNA identification used
Sanger sequencing of specialized cDNA libraries constructed by reverse transcrip-
tion and vector cloning of size-selected RNA fractions [79]. While such approaches
have also been used to identify prokaryotic sRNAs [184], they are not applicable to
sequence whole bacterial transcriptomes. Methods for rRNA depletion in RNA-seq
experiments utilize oligonucleotide-based removal of rRNAs via magnetic beads
or size fractionation using gel electrophoresis [38, 162]. Importantly, even if such
methods enrich the amount of non-rRNA reads, they can also cause problems. For
example, rRNA depletion was recently found to introduce coverage bias [94].

In our publication “Differential RNA-seq (ARNA-seq) for annotation of transcrip-
tional start sites and small RNAs in Helicobacter pylori” [19], presented in section

3.3, we describe a library preparation protocol with inherent rRNA depletion via E.
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coli poly(A) polymerase (PAP 1), which has a preference for polyadenylating mRNAs
over rRNAs [58]. This protocol was used in all studies presented in sections 3.2 to 3.5.
In the CLIP-seq study presented in section 3.6, the experimental protocol includes
co-immunoprecipitation (coIP) of a subset of cellular RNAs and ribonuclease (RNase)
treatment, resulting in sufficient exclusion of rRNAs. Furthermore, steadily decreas-
ing sequencing costs and the option for very deep sequencing counter the necessity
for depletion of abundant RNA species.

Another important aspect of experimental design is the question of whether
sequencing should be conducted in a strand-specific manner. Early RNA-seq studies
used random hexamer priming to initiate reverse transcription [126]. The drawback
of this method is that it does not retain strand information, which is important to
identify and analyse overlapping transcripts or antisense RNAs (asRNAs), especially
in complex bacterial transcriptomes. Different protocols have been developed to
enable strand-specific sequencing of RNA pools [101]. We applied strand-specific
library preparation protocols in all publications presented in this thesis, either via
5" adapter ligation and poly(A)-tailing (sections 3.2 to 3.5) or by using a commercial
strand-specific kit (section 3.6).

[llumina sequencers provide read lengths of up to 300 nucleotides (nts) in single-
end mode (Illumina MiSeq v3, 2 x 300 nts paired-end) [64]. The single-end sequenc-
ing data in our studies consisted of read lengths ranging from ~100 nts based on
HiSeq 2000/2500 machines (sections 3.2 to 3.5) to 120 nts using the older Genome
Analyzer IIx (section 3.2). The paired-end sequencing data obtained for the publi-
cation in section 3.6 encompassed read pairs with a length of 2 x 75 nts. In addition,
we used previously-generated 454 sequencing data (section 3.3) with a maximum
mapped read length of ~350 nts [156]. In general, paired-end sequencing is used for
applications such as de novo transcript assembly or analysis of isoform expression
in eukaryotes where mapping both ends of long transcripts facilitates analysis [61,
86]. In addition, sequencing of longer reads results in improved mappability and
transcript identification [61, 93].

Sequencing depth or library size describes the number of sequenced reads for
a single cDNA library. Deeper sequencing results in increased transcript detection
and improved quantification [126]. Nevertheless, optimal sequencing depth de-
pends on the organism under study and the experimental approach used to an-
swer a specific biological question. A target sequencing depth of 5 million reads
has been established for primary transcriptome profiling in bacteria with a typical

genome size of 5 megabases [155].
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2.1.3 Data analysis

After sequencing on one of the available sequencing platforms (see section 2.1.1),
the resulting output consists of the base sequence for each sequencing read and an
associated quality score for each base call. Depending on the sequencing platform,
this information is represented in a specific file format. For example, FASTQ is a
common format that includes sequence and quality information [32]. Next, I will
describe a general workflow for processing of Illumina sequencing data and give

examples of common tools used for the different steps.

2.1.3.1  Quality control and preprocessing

First, quality of the reads assigned to each library is checked via a tool like FastQC
[7], which among other metrics provides information on the quality distribution
of base calls, sequence length distribution, GC content distribution, presence of
duplicated or overrepresented sequences, per-base N content, per base sequence
content, and k-mer content. The accuracy of base calling is measured by the Phred
quality score (Q score), which represents the most common metric used to assess
the accuracy of a sequencing platform. The score indicates the probability (P) that
a base is called incorrectly by the sequencer and is calculated according to equation

2.1 [51].

Q = —10log10(P) (2.1)

For example, a Phred score of 20 (Q20) represents a base call accuracy of 99%,
meaning that an incorrect base is called with a probability of 1 in 100. For Illu-
mina sequencing, quality commonly decreases towards the 3’-end of sequencing
reads. In order to facilitate downstream processing, low quality bases are com-
monly trimmed from the 3’-end via tools like FASTX quality trimmer [69] or cu-
tadapt [117].

Afterwards, additional preprocessing steps are required depending on the ap-
plied library preparation protocol. In cases where cDNA inserts are shorter than
the sequenced read length, typical steps involve adapter or poly(A) clipping to en-
sure that resulting reads only consist of real transcriptome sequences. These and
additional functions are also implemented in the FASTX toolkit [69] or cutadapt
[117].
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2.1.3.2 Transcriptome profiling

After a set of high-quality reads is generated for each library, different workflows
can then be applied, depending on the presence of a reference genome or transcrip-
tome for the used organism [34]. In cases where no reference exists, it is possible
to conduct de novo transcriptome assembly via tools like SOAPdenovo-Trans [192],
Oases [151], Trans-ABySS [65], or Trinity [67]. After de novo transcriptome assem-
bly, reads are commonly mapped back to this newly generated reference using an
ungapped mapper like Bowtie [96] and quantified via tools like Htseq-count [5] or
RSEM [102]. Otherwise, if a transcriptome or genome assembly is available for the
respective organism, the more common option is to align reads to this reference.
For use with an existing reference transcriptome, reads can be aligned directly via
Bowtie followed by transcript identification and read counting via, for example,
RSEM. Another option is to conduct alignment-free quantification with tools such
as kallisto [20] or Sailfish [134] that rely on k-mer counting in reads. For mapping
to a reference genome, a splicing-aware mapper like TopHat [87, 176] or STAR [43]
is used for eukaryotic organisms followed by application of, for example, Cufflinks
[145] for annotation-based transcript identification or de novo transcript discovery
and quantification. For these analysis workflows, and partly also for the prepro-
cessing, one can select among a plethora of different analysis tools and pipelines.
Because there is no optimal pipeline that covers all aspects of a specific RNA-seq
analysis, sometimes different tools have to be combined to generate the desired
analysis result. Figure 2.2 depicts a workflow for a typical RNA-seq experiment
with different analysis paths, such as was applied in the publications presented in
this thesis with slight modifications.

Next, I will give an overview of the problems that need to be addressed for
calculation and comparison of expression levels between different samples based

on RNA-seq data.

2.1.3.3 Quantification and differential expression analysis

Besides annotation of genomic features such as different kinds of transcripts, the
most common application of RNA-seq is estimation of gene or transcript expres-
sion. This is primarily achieved by counting the number of reads that map to
each gene or transcript or alternatively via alignment-free approaches as described
above. Gene-level-based quantification can be conducted most easily via e.g Htseq-
count [5], based on genomic locations of genes and exons provided in a gene trans-
fer format (GTF) file. Importantly, it is not possible to compare expression levels

among genes or samples using raw read counts, as these are affected by different
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Figure 2.2: RNA-seq analysis workflow. Different analysis steps and outcomes are depicted
and examples for tools (FastQC [7], FASTX [69], cutadapt [117], STAR [43], segemehl [75],
Bowtie [96], Oases [151], Trinity [67], Htseq-count [5], READemption [56], RSEM [102],
Culfflinks [145], edgeR [146] and DESeq2 [111]) are provided in italics. The step “Read
alignment and transcript quantification” consists of the steps “Alignment to reference tran-
scriptome” and “Transcript quantification”, and can be conducted via the tools listed for
these steps.
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factors such as total number of reads, transcript length, and sequencing biases.
Reads per kilobase of exon model per million mapped reads (RPKM) [126] is a mea-
sure to normalize read counts based on feature-length and library size. Fragments
per kilobase of exon model per million mapped reads (FPKM) is the equivalent
for paired-end sequencing data, where read pairs can map to the same transcript
and are therefore counted only once. Together with transcripts per million (TPM),
where only the order of operations in the normalization process differs and values
always add up to 1,000,000, these measures are frequently used to report RNA-seq
gene expression values.

When expression levels of the same feature are compared between samples, in
contrast to between features in a single sample, a length normalization is not nec-
essary. In the latter case, normalization is required to account for the fact that
more reads are derived from a longer feature with the same expression level than
a shorter one. Tools like Cufflinks [145] that estimate feature lengths from the data
instead of using fixed annotations are likely to find significant differences in length
for the same feature in different samples, which must be considered for the com-
parison. In general, TPM values are regarded as being more comparable among
samples with approximately the same number of transcripts, since the sum over
all TPM values is identical for each sample. Nevertheless, further biases might exist
in the data, which have to be addressed by additional normalization techniques
such as TMM (trimmed-mean of M-values) [146].

For comparison of expression levels among samples, a differential gene expres-
sion analysis is conducted. For this purpose, RPKM-, FPKM-, or TPM-normalized
expression values should be avoided as they do not account for the fact that differ-
ent samples might express very different RNA repertoires and can thus be heavily
influenced by the presence of a small set of highly and differentially expressed fea-
tures [22, 42]. Normalization methods that address this problem by ignoring such
outliers include TMM [146], DESeq [4], PoissonSeq [104], or UpperQuartile [22].

These normalization methods work well for count data based on identical ge-
nomic features with a similar positional read distribution, but are not applicable
for comparison on the level of eukaryotic transcripts where changes in transcript
length or coverage along the trancript can occur together with additional biases.
For this, more sophisticated statistical models as implemented in Cufflinks [145]
or RSEM [102] are required to estimate expression levels of transcripts. One excep-
tion is, for example, DEXseq [6], which detects differential exon usage based on
exonic read counts and applies the DESeq normalization [4].

Popular tools for differential expression analysis encompass methods that apply

a negative binomial model as edgeR [146], DESeqz2 [111], and baySeq [70], non-
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parametric approaches as NOISeq [168] and SAMSeq [103], as well as methods
for transcript-level-based quantification that also report differential expression on
the gene-level like EBSeq [100] and Cuffdiff 2 [175]. An approach that applies a
transformation of read counts to allow for linear modeling of the data is voom
[98], which is used in combination with the limma package previously developed
for the analysis of microarray data [144]. All tools have certain strenghts and weak-
nesses and no tool works best for all kinds of data. However, no matter which tool
is applied, a very important aspect is the number of replicates used in an RNA-seq
experiment [34]. Even if lower numbers (for example, three replicates) are com-
mon, a recent study suggests the use of at least six replicates for the design of an

experiment with differential expression analysis [152].

2.1.3.4 Bacterial RNA-seq analysis with READemption

For the bacterial RNA-seq data presented in this thesis, I used the RNA-seq pipeline
READemption [56], which was specifically developed in our lab to analyze RNA-seq
data based on our library peparation method [19]. The pipeline includes size fil-
tering of preprocessed reads and poly(A) clipping from the 3’-end. Alignment to a
reference genome is conducted via the mapper segemehl [75], followed by genera-
tion of positional read coverage files in wiggle (WIG) format for visualization in a
genome browser like the Integrated Genome Browser (IGB) [57] or the Integrative
Genomics Viewer (IGV) [173]. Gene expression quantification is conducted based
on provided gene annotations in GFF3 (gene feature format version 3) files and
the resulting count data can be used for differential gene expression analysis via
DESeq2 [111].

2.2 BACTERIAL TRANSCRIPTOME ANALYSIS

Bacterial transcriptome landscapes were found to be much more complex than
originally thought [164]. New global approaches uncovered dense patterns of tran-
scriptional activity along bacterial genomes that surpass the view of a simple
mono- or polycistronic expression of mRNA, tRNA, and rRNA genes [38, 182].
Mapping of bacterial transcript boundaries via RNA-seq facilitates elucidation
of operon structures, annotation of untranslated regions (UTRs), and discovery of
novel transcripts such as sRNAs. However, due to the presence of a large amount
of degradation fragments in the RNA pool, it is in most cases not possible to de-
termine the precise genomic position of a TSs. Established methods for mapping
of 5’-ends of single transcripts such as primer extension [172] or 5" rapid amplifi-

cation of cDNA ends (RACE) [9, 16, 184] are time-consuming and thus cannot be
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used on a global scale. RNomics approaches based on Sanger sequencing of cloned
cDNAs have been used to identify bacterial sRNAs [184], but are also not applicable
to whole transcriptomes. To overcome this problem, several RNA-seq-based proto-
cols for sequencing of transcript 5-ends have been developed [29, 30, 88, 138, 158,
190]. One of these methods is the dRNA-seq approach, which was used in several

publications described in this thesis.

2.2.1  Differential RNA sequencing

dRNA-seq is an RNA-seq-based method that was specifically developed to annotate
TSS in bacteria. First used to annotate the primary transcriptome of the human
pathogen H. pylori [156], it was subsequently applied to a multitude of different
organisms, including mainly bacteria but also archaea and eukaryotic organelles
[155].

The method takes into account specific features of the RNA pool of a bacterial
cell, which consists of primary transcripts that carry a 5’-triphosphate (5-PPP) and
processed transcripts with a 5-monophosphate (5-P) or to a lower extent a 5'-
hydroxyl (5-OH) group. dRNA-seq aims to selectively sequence primary transcripts
to annotate the Tss of all transcripts in a bacterial cell. The protocol for construction
of dRNA-seq libraries is explained in detail in the publication “Differential RNA-seq
(dRNA-seq) for annotation of transcriptional start sites and small RNAs in Heli-
cobacter pylori” [19] presented in section 3.3. In brief, each RNA sample containing
total RNA is split in two for the preparation of a matching pair of <DNA libraries.
One half is treated with the enzyme terminator 5’-phosphate-dependent exonu-
clease (TEX) to generate a +TEX library, while the other half is left untreated to
generate a —TEX library. The TEX enzyme selectively digests processed transcripts
carrying a 5’-P, which results in an enrichment of primary transcripts in the +TEX
sample. Apart from TEX treatment, the cDNA libraries are prepared in exactly the
same way. The strand-specific protocol involves poly(A) tailing at the 3’-end of
each RNA molecule followed by differential TEX treatment. Afterwards, treatment
with tobacco acid pyrophosphatase (TAP) is conducted to convert 5-PPP into 5'-P.
This is required to allow ligation of a 5" RNA linker, which cannot be ligated to
a 5-PPP or 5-OH. Consequently, fragments with a 5-OH group are not captured
in the dRNA-seq libraries. First-strand <DNA synthesis is conducted via an oligo(dT)
adapter primer and index sequences for multiplexing are incorporated during PCR
amplification. As mentioned above, rRNA depletion is not required due to the inher-
ent depletion via PAP I. Instead of applying poly(A) tailing, ligation of a 3" linker

together with a matching adapter primer would also be possible. However, this
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Figure 2.3: dRNA-seq enrichment and TSS classification.

again would result in higher rRNA concentrations and might require additional
depletion or deeper sequencing.

Computational analysis of dRNA-seq data is conducted similar to regular RNA-seq
data. Reads are quality-checked, preprocessed, and aligned to a reference genome.
Expression of features is calculated based on the number of reads mapping to their
genomic locations and positional coverage plots are generated for each library and
strand for visualization in a genome browser or automated annotation of TsS (Fig-
ure 2.2). In these coverage plots, a charateristic enrichment of the +TEX compared
to the —TEX library is observed at TSS positions, which is utilized for their annota-
tion (Figure 2.3).

While in initial dRNA-seq studies TSS annotation was conducted via manual in-
spection of coverage plots in a genome browser [156], in subsequent studies, sev-
eral software tools have been developed for automated TSS [3, 84] or transcript
[18] annotation based on dRNA-seq data. Manual TSS annotation is laborious and in
general, not reproducable and should therefore be avoided. In the dRNA-seq stud-
ies presented in this thesis [19, 170], we applied the tool TSSpredator, which was

originally developed for TSS annotation of several C. jejuni strains [46]. The tool uses
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positional coverage files as input and returns TSS positions with a classification
according to their relative localization with respect to user-provided gene anno-
tations. TSS located upstream of an annotated coding DNA sequence (CDS) are
classified as primary TSS (pTSS) or secondary TSS (sTSS), with the pTSS having the
highest expression level. In contrast, internal TSS (iTSS) are located inside a CDs,
whereas antisense TSS (asTSS) are located on the opposite strand and within a cer-
tain distance to a CDS. TSS can be assigned to multiple of these classes and if not
assigned to any class, are annotated as orphan TSS (oTSs) (Figure 2.3). Furthermore,
TSSpredator is able to generate a comparative TSS map using either data from dif-
ferent biological conditions for a single strain or data from different closely related
strains by mapping the transcriptome data to a common coordinate system, the
so-called SuperGenome. In both cases, the use of replicates is supported. Despite
this flexibility, application of TSSpredator is not trivial as TSS prediction strongly
depends on selected values for a set of parameters, with the most important ones
describing required expression and enrichment at the TSS position as well as sup-
port by a certain number of replicates. Besides Tss identification, other parameters
are used to set the maximum allowed distance to annotated CDSs for classification
of start sites as pTSS and sTSS on the sense strand or asTSS on the antisense strand.
Choosing appropriate parameter thresholds for a specific organism and data set is
a major challenge for the automated generation of a TSS map.

After a TSS map is generated, another difficulty is finding appropriate ways to
make this data available to other researchers. Providing the TSS positions together
with additional information in a table is useful for different kinds of downstream
analysis but does not allow for visual inspection of read distribution and genomic
context. A solution for this, which we used in our publications, is including this

data in an easily accessible online browser like GenomeView [1].

2.2.2  Analysis of antisense RNAs in E. coli

One class of transcripts that can be studied via dRNA-seq are RNAs that are tran-
scribed from the genomic strand opposite of annotated coding regions. These
asRNAs have the potential to interact with their sense transcripts via complemen-
tary base-pairing or affect their expression via transcriptional interference [63, 171].
The initial dRNA-seq study identified asTSS for almost half of the annotated H. pylori
genes [156], while subsequent studies in other bacteria reported amounts of genes
with asRNAs between 2 and 30% [91, 92, 124, 130, 189, 191]. This variation could ei-
ther be caused by differences in the extent of antisense transcription in the bacterial

species or result from different experimental setups and data analysis methods.
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Escherichia coli (E. coli) is a Gram-negative, facultatively anaerobic, rod-shaped
Gammaproteobacterium that inhabits the gut of humans and warm-blooded ani-
mals. E. coli is one of the best-studied model organisms in research and different
strains can be either commensals or significant human pathogens [169]. Neverthe-
less, the numbers of asRNAs reported by different transcriptome studies in E. coli [29,
30, 35, 44, 66, 88, 105, 122, 135, 136, 139, 149, 157] show a wide degree of variation,
ranging from hundreds to thousands supporting the assumption that differences
in the amount of reported asRNAs are likely of technical rather than biological ori-
gin.

Considering the number of reported asRNAs, even based only on the most conser-
vative estimates, it is still surprising that only few functional members of this RNA
class have been identified. Some askRNAs have been shown to affect transcription,
stability or translation of their corresponding sense transcripts [63, 171]. Further-
more, asRNAs have been reported to play a role in global RNA processing in Gram-
positive but not Gram-negative bacteria where they form duplexes with their over-
lapping sense transcripts and thereby enable digestion via the endoribonuclease
RNase III [97]. Another function of asRNAs has been highlighted in a paradigm
called the “excludon” where an unusually long asRNA with one or more included
CDSs is transcribed opposite to divergent genes or operons with related or oppos-
ing functions. Being both an mRNA and an antisense regulator, these asRNAs can act
as fine-tuning regulatory switches in bacteria [153]. Despite these findings, other
studies conclude that most asRNAs result only from pervasive transcription [107,
139], inefficient transcription termination [130, 135, 136], collisions between repli-
cation and transcription machinery [133], or contamination with genomic DNA [66],
and therefore do not have a biological function.

In the included study of E. coli (section 3.2), we used TSSpredator for the first
time to generate a TSS map based on several growth conditions for a well-studied
bacterial model organism. Besides selecting appropriate prediction parameters, it
was also challenging to find appropriate computational methods to characterize
the identified antisense transcripts and compare them to previous findings from

other studies.

2.2.3 Transcriptome mapping in Helicobacter pylori

H. pylori is a Gram-negative, microaerophilic Epsilonproteobacterium that is present
in about half of the human population. It resides in the acidic environment of the
human stomach and represents a major human pathogen that can cause gastritis,

peptic ulcers and gastric cancer [37, 165].
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The original dRNA-seq study on H. pylori strain 26695, which has a genome size
of ~1.6 megabases and ~1,600 annotated genes, identified more than 1,900 TSS via
454 sequencing of dRNA-seq libraries from five different biological conditions [156].
By taking into account genomic context, the TSS could be assigned to different
genomic features including 5'UTRs and leaderless mRNAs, asRNAs for about half
of the annotated CDSs, as well as more than 60 sRNAs. Furthermore, this study
helped to elucidate operon structures, which were found to harbor a multitude of
alternative suboperons.

By taking into account the existing data from the above study, we sought to con-
duct a comparison between manual TSS annotation based on 454 sequencing data
and automated annotation via TSSpredator using the increased covarage of Illu-
mina sequencing. Besides selection of parameters for TSS prediction, this required

the development of different approaches for data comparison.

2.2.4 Global identification of RppH targets in Helicobacter pylori

While dRNA-seq was mainly used for TSS annotation, it can also be exploited for
global annotation of processing sites. RNA degradation is an important mechanism
for gene expression control in all organisms. In E. coli and other Gammaproteobac-
teria, mRNA decay is mediated by a set of RNases. It involves endonucleolytic cleav-
age by ribonuclease E (RNase E) and exonucleolytic cleavage from the 3’-end via
polynucleotide phosphorylase (PNPase), ribonuclease II (RNase 1I), and ribonuclease
R (RNase R) [78].

While Epsilonproteobacteria like H. pylori have homologs for 3’-exonucleases, they
lack RNase E [85, 174]. In contrast, they contain two RNases important for RNA decay
in Gram-positive bacteria like e.g. Bacillus subtilis (B. subtilis), the 5"-exoribonuclease
ribonuclease J (RNase J) and the endoribonuclease ribonuclease Y (RNase Y) [118, 140,
154].

RNase E and RNase ] have been shown to prefer RNA substrates with a 5'-P [113,
142]. However, as explained before, bacterial primary transcripts typically carry
a 5-PPP. Consequently, the generation of 5-monophosphorylated substrates is an
important step for RNA degradation by these enzymes. This can be achieved via
two distinct mechanisms. Either monophosphorylated substrates are generated by
RNase cleavage [163] or the 5'-PPP is converted to a 5-P by the enzymatic activity of
an RppH homolog [41, 142].

Since specific analysis tools were only available for the purpose of TSS annotation,
a novel computational approach had to be developed which can utilize dRNA-seq

data to examine processing of transcript 5" ends by RppH.
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Interactions between RNA and proteins play an important role in various post-tran-
scriptional processes. Besides RNA stability, which is affected by proteins such as,
for example, RppH and various RNases, other RBPs can influence RNA structure, splic-
ing, translation, localization, and export. Recent studies in eukaryotes identified a
plethora of previously unknown RBPs and their binding sites [10, 13, 23, 90]. In
contrast, only few bacterial RBPs have been characterized due to a lack of system-
wide studies [14].

Hfq and CsrA are two bacterial RBPs with an important role in post-transcrip-
tional regulation. Hfq is a key player in skNA-mediated regulation. It serves as
an RNA chaperone that promotes binding of many sRNAs to their respective target
mRNAs. Hfq is conserved in about half of all bacterial species including Gammapro-
teobacteria like E. coli and Salmonella. Interestingly, despite the large number of
sRNAs detected in Epsilonproteobacteria like H. pylori [156] and C. jejuni [46] no Hfq
homolog could be identified in this bacterial class [27, 185].

CsrA, also referred to as RsmA or RsmE, is the central RBP of the widespread Csr
(carbon storage regulator)/Rsm (repressor of stationary-phase metabolites) regula-
tory systems [147]. It primarily acts as a repressor of mRNA translation by binding
to 5'UTRs [11]. In Gammaproteobacteria, the CsrB/C and RsmX/Y/Z sRNA families
antagonize the function of CsrA [11, 147]. These sRNAs form structures represent-
ing several high-affinity CsrA binding sites that can titrate away the protein from
its other targets [48].

C. jejuni is a Gram-negative, microaerophilic Epsilonproteobacterium that is the
leading cause of bacterial food-borne disease in the industrial world [40, 195]. In
this organism CsrA was shown to affect motility, biofilm formation, oxidative stress
response, and infection [55], however, no global information on direct binding
partners was yet available. In addition, both C. jejuni and H. pylori lack homologs of
the antagonizing sRNAs [46, 156].

Salmonella enterica serovar Typhimurium is a Gram-negative Gammaproteobac-
terium that, as a food-borne pathogen, invades and replicates inside many eukary-
otic host cells. As a bacterial model organism it has been widely used to study
post-transcriptional regulation by sRNAs and the respective role of the RBPs Hfq
and CsrA [72, 183, 187].

Studies using transcriptome and colP approaches have suggested global roles
for Hfq and CsrA in regulation of Salmonella virulence genes [8, 99, 159] but
left open questions in terms of precise binding locations and mechanisms in vivo.

While a more recent colP approach predicted interactions of Hfq with hundreds of
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sRNAs and more than thousand mRNAs [26], no such data is available for CsrA in
Salmonella.

In order to identify binding partners of CsrA in C. jejuni and targets and bind-
ing sites of Hfq and CsrA in Salmonella, we applied two global RNA-seq-based
approaches coined RIP-seq and CLIP-seq, respectively. In both cases, a major chal-
lenge was the selection of appropriate analysis software. In the following sections,
I will give an overview of these experimental approaches including options for

data analysis.

2.3.1  RNA immunoprecipitation followed by sequencing (RIP-seq)

RIP-seq is a method to identify binding sites of a specific RBP in the transcriptome
to get insights into its biological function. The approach includes a coIP step where
protein and bound RNA are purified from a lysed cell or tissue sample. For this,
either an antibody specific for the protein of interest is used [71, 188] or, alterna-
tively, the protein is modified with an epitope tag and an antibody against this tag
is applied for the pull-down [71, 143]. Subsequently, an RNA-seq library is prepared
from the extracted RNA.

In order to discriminate between real targets and unspecific RNA the use of ap-
propriate control libraries is important. These can be based on total input RNA [188]
or a pull-down via a control antibody unspecific for the protein of interest [71]. For
epitope-tagged proteins, a colP with the anti-tag antibody can be conducted on a
wild-type sample where the protein of interest is untagged [143]. Figure 2.4 shows
a typical enrichment in read coverage between experiment (signal) and control
libraries observed for a transcript interacting with an RBP.

After sequencing and initial data processing as conducted for RNA-seq, RBP tar-
gets can be identified by calculating an enrichment score between experiment and
control libraries. Here, enrichment of whole genomic features can be assessed via
the same tools used for differential expression analysis based on normal RNA-seq
data (see section 2.1.3). Additionally, since enrichment is not always observed span-
ning whole annotations or, in the case of unknown features, is located in intergenic
regions, specific peak calling tools that do not rely on existing annotations have
been developed. For example, Piranha [179], RIPseeker [106] and JAMM [80] are
generic peak callers that can be used for RiP-seq data but also other approaches like
CLIP-seq (see section 2.3.2).

The above-mentioned tools for peak detection have different drawbacks. Piranha
[179] divides the genome into non-overlapping bins of a fixed size and calculates

the number of read starts for each bin. Counts for control libraries can be supplied
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Figure 2.4: Identification of RBP binding sites.

as covariates to correct for differences in transcript abundance or protocol biases.
Piranha assumes that most regions with read coverage are background and fits a
distribution to calculate p-values corresponding to the probability of a bin being
background. Unfortunately, the approach does not support replicates. RIPseeker
[106] integrates replicate information by conducting peak detection for each repli-
cate separately followed by subsequent merging of the predicted peaks into a con-
sensus set. RIPseeker cannot call strand-specific peaks from the entire set of input
reads but must be run separately for reads mapping to each strand. This problem
also persists in JAMM [80], which in contrast is able to natively call consensus

peaks based on several replicates.

2.3.2  Cross-linking immunoprecipitation followed by sequencing (CLIP-seq)

CLIP-seq, also known as high-throughput sequencing of RNA isolated by crosslink-
ing immunoprecipitation (HITS-CLIP), is an extension of the RIP-seq approach that
applies in vivo crosslinking by ultraviolet (UV) light to introduce covalent bonds
between protein and bound RNA. This method has several advantages: (1) more
stringent purification protocols can be used to remove unspecific RNA, (2) crosslink-

ing allows trimming of the unprotected RNA parts to greatly increase binding-site
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resolution, and (3) protein digestion often leaves a crosslinked peptide attached
to purified RNA fragments, which results in mutations during reverse transcrip-
tion that can be used to precisely map binding site positions [198]. In contrast to
RIP-seq, control libraries can also be based on non-crosslinked versions of the CLIP
samples. Figure 2.4 depicts typical read coverage patterns of RiP-seq and CLIP-seq
experiment and control libraries for a transcript interacting with an RBP and ex-
emplifies how the higher resolution of CLIP-seq allows identification of multiple
binding sites while only one enriched region is detected by RIP-seq.

Several refinements of the original CLIP-seq approach have been developed. The
photoactivatable-ribonucleoside-enhanced-CLIP (PAR-CLIP) method [68] uses pho-
toreactive ribonucleoside analogs (e.g., 4-thiouridine) to enhance cross-linking ef-
ficiency and allows mapping of crosslink sites by T to C conversions in the cDNA
sequence. The iCLIP method [89] takes advantage of the observation that reverse
transcription frequently stops at crosslink sites, which results in cDNA fragments
missed by the normal CLIP-seq approach. Library preparation for iCLIP includes
these fragments to precisely map crosslink-nucleotides. Further protocols with
specific enhancements encompass enhanced CLIP (eCLIP) [181] and infrared-CLIP
(ircrIpP) [197].

In general, peak calling for CLIP-seq data can be conducted via the same generic
tools used for RiP-seq (see section 2.3.1). In addition, specific software has been
developed for binding site identification based on data from CLIP-seq or related
approaches. For example, PARalyzer calls crosslink sites from PAR-CLIP data by
examining patterns of T to C conversions [36] and CLIPper [110] is used in the
eCLIP pipeline [181] to identify peaks inside user-provided annotations based on
read profiles.

Nevertheless, not all tools that are, in theory, applicable to a certain approach
work equally well for each data set and most existing tools have been developed
with a focus on eukaryotic data. We found our bacterial RIP-seq and CLIP-seq data
to be quite complex with particularly high levels of background expression, which
might interfere with appropriate detection of RBP binding. Since trials with existing
tools did not yield satisfying results, development of novel peak calling approaches

tailored to our data sets was required.
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In the Results section, I present five manuscripts where different deep sequencing-
based methods have been applied to gain novel biological insights into transcrip-
tomes and gene regulation in different bacterial species. In these publications, I
was mainly responsible for the whole or parts of the Bioinformatics analysis while
wet lab experiments were conducted by other authors. Please see section a.1 in the

Appendix for a listing of individual contributions.

3.1 SUMMARY OF RESULTS

3.1.1  Analysis of antisense RNAs in E. coli

In our publication “Global Transcriptional Start Site Mapping Using Differential
RNA Sequencing Reveals Novel Antisense RNAs in Escherichia coli” presented in
section 3.2, we applied the dRNA-seq approach to generate a genome-wide TSS map
of E. coli strain K-12 substr. MG1655 based on three representative growth condi-
tions. The strain has a genome size of ~4.6 megabases with ~4,500 annotated genes.
Using different biological and technical library replicates, which were sequenced
on three sequencing runs with two distinct Illumina sequencers, I examined dif-
ferent sources of variation in the dRNA-seq data using correlation analysis. Using
TSSpredator, I predicted 14,868 potential TSS, of which 6,297 were detected un-
der all three conditions. Using computational methods, I compared genes with
a pTSS to operon annotations in the DOOR database [114] and our pTSs and sTSS
to data from RegulonDB [149]. Furthermore, I examined the localization of iTSSs
within genes and identified 212 divergently transcribed gene pairs with overlap-
ping 5 UTRs.

For characterization of asRNA candidates, I compared expression levels of asTSS to
those of other TSS and known asRNAs and found that most of them were expressed
at lower levels compared to the other transcripts. Additionally, I calculated the
overlap between our asRNA candidates to annotations from other RNA-seq-based
studies [35, 44, 122, 139, 149, 157] and found large variations in numbers and only
a limited amount of matching positions. Furthermore, we conducted differential

expression analysis between the different conditions and analyzed promoter motifs
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upstream of TSs. Finally, we experimentally verified 14 asRNA candidates via North-
ern analysis and found nine to be differentially affected by nucleases reported to
be involved in asRNA processing. The complete E. coli TSS map is available via an

easily accessible online browser at http://cbmp.nichd.nih.gov/segr/ecoli/.

3.1.2  Transcriptome mapping in Helicobacter pylori

In our publication “Differential RNA-seq (dRNA-seq) for annotation of transcrip-
tional start sites and small RNAs in Helicobacter pylori” [19] presented in section
3.3, we give a detailed description of the dRNA-seq approach using H. pylori 26695
as an example including all steps required for data analysis. In addition, we dis-
cuss different options for library preparation and sequencing platforms. Instead
of examining different growth conditions, analyzed samples consist of several bi-
ological replicates for mid-log growth, which include the respective 454 libraries
from the previous study [156] as well as three new replicates sequenced on two
different Illumina sequencers. First, I conducted TSs prediction with TSSpredator
using only the three Illumina replicates and compared the resulting TSS positions
to the previous manual annotations [156]. Based on this analysis, we highlight
differences observed between the replicates. For generation of the final TSS map
and further examination of overlap to manual annotations, I also included the 454
data for TSs prediction. Based on these final annotations, we explain how Tss po-
sitions can be used to identify promoter motifs and detect regulatory elements
such as riboswitches in 5'UTRs. We give examples for different genomic features
that can be found, including intergenic sRNAs, cis-encoded asRNAs, and overlap-
ping 5'UTRs that can result in antisense-mediated regulation. Finally, we provide
the global TSS maps and cDNA coverage plots of the previous and newly gen-
erated H. pylori 26695 dRNA-seq data in an easily accessible online browser (http:

//www.imib-wuerzburg.de/research/hpylori/).

3.1.3 Global identification of RppH targets in Helicobacter pylori

In our study “Identification of the RNA Pyrophosphohydrolase RppH of Helicobac-
ter pylori and Global Analysis of Its RNA Targets” [18] presented in section 3.4, we
examined two potential RppH homologs in H. pylori and identified one of them as
the real enzyme. We conducted in vitro characterization of its substrate specificity
and applied a variant of dRNA-seq to globally identify transcriptome targets of RppH
in H. pylori.


http://cbmp.nichd.nih.gov/segr/ecoli/
http://www.imib-wuerzburg.de/research/hpylori/
http://www.imib-wuerzburg.de/research/hpylori/

3.1 SUMMARY OF RESULTS

Besides TSS annotation, dRNA-seq can be used to analyze the amount of tran-
scripts with a distinct 5" status, i.e. monophosphorylated vs. triphosphorylated
transcripts. In order to identify RppH targets, we compared relative levels and 5'-
phosphorylation state of transcripts among isogenic H. pylori 26695 strains contain-
ing or lacking the rppH gene. Instead of the usual two dRNA-seq libraries, we con-
structed three distinct libraries from each sample by differential treatment with
the enzymes TEX and TAP. TEX selectively digests processed transcripts carrying a
5’-P, while TAP converts 5-PPPs into 5-Ps. The library treated with both enzymes
(+TEX/+TAP) is enriched for transcripts with a 5-PPP, while the library treated
only with TAP (—=TEX/+TAP) captures both transcripts with a 5-PPP and a 5"-P.
The third library treated with neither TEX nor TAP (—TEX/—TAP), is specific for
transcripts with a 5’-P due to the inability to ligate RNA 5" adapters to a 5’-PPP. Li-
brary preparation, sequencing and data processing was conducted similar to the
other dRNA-seq publications [19, 171]. Instead of using the resulting data for Tss
prediction, I developed a computational approach for RppH target identification
based on previously annotated TSS of mRNAs and ncRNAs as well as annotations for
sRNAs [156]. The method takes into account changes in transcript expression based
on (—TEX/+TAP) libraries and significant differences in 5’-phosphorylation based
on (+TEX/+TAP) and (—TEX/—TAP) libraries between both wild type and rppH
complementation versus the rppH deletion strain. Using this approach, I identified
an overlapping set of 63 transcripts (53 mRNAs and 10 sRNAs) that were affected by
RppH. Furthermore, we validated several of these potential RppH targets via half-life
measurements and PABLO (phosphorylation assay by ligation of oligonucleotides)

analysis [24, 25].

3.1.4 CsrA target identification in Campylobacter jejuni

In our publication “The CsrA-FliW network controls polar localization of the dual-
function flagellin mRNA in Campylobacter jejuni” [47] presented in section 3.5, we
applied a RiP-seq approach [143, 159] to globally identify RNAs that interact with
CsrA in C. jejuni strains NCTC11168 and 81-176. For this we used chromosoma-
lly 3xFLAG-tagged and, as controls, their respective untagged wild-type strains.
The coIP of protein and bound RNA was performed with an anti-FLAG antibody;,
and subsequent library preparation and sequencing was conducted similar to the
—TEX libraries in the dRNA-seq publications [18, 19, 171]. Similar to normal RNA-seq
experiments, the resulting reads were mapped to the respective reference genomes,
followed by quantification and generation of positional coverage plots. Differential

expression analysis of the CsrA-3xFLAG- versus control-colP samples via Gfold
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[54] identified fliA mRNA encoding the major flagellin as the main CsrA target
with more than 300-fold enrichment, and functional analysis based on genes with
>5-fold enrichment revealed an overrepresentation of the class “Surface structures”,
which includes a selection of flagellar genes. Visual inspection of cDNA coverage
in the genome browser showed CsrA binding sites in form of enriched peaks in
diverse regions of mRNA transcripts such as in 5'UTRs or between genes in poly-
cistronic operons. To systematically identify peaks in the whole transcriptome, I
developed a peak-detection algorithm based on a sliding-window approach, which
uses normalized coverage files of the CsrA-3xFLAG and control colP libraries as
input to determine sites showing a continuous enrichment in the CsrA-3xFLAG-
tagged library compared with the control. The approach predicted 328 potential
CsrA binding sites based on a >5-fold enrichment in the NCTC11168 colP. Mo-
tif analysis based on these peaks via MEME [12] and CMfinder [194] identified a
(C/A)A(A/T)GGA sequence motif and a structural motif with AAGGA in the loop
of a hairpin-structure, respectively. These findings agree with binding sites iden-
tified for other CsrA homologs [45]. Similar results were obtained for the 81-176
colP.

Follow-up experiments revealed that indeed the flzA mRNA is translationally re-
pressed by CsrA but that it also titrates CsrA activity and together with the FliW
protein, which antagonizes CsrA, controls post-translational regulation of flagellar

genes.

3.1.5 Identification of RNA recognition patterns of Hfg and CsrA in Salmonella Ty-

phimurium

In our publication “Global RNA recognition patterns of post-transcriptional regu-
lators Hfq and CsrA revealed by UV crosslinking in vivo” [76] presented in section
3.6, we applied CLIP-seq to identify binding sites of the RBPs Hfq and CsrA in the
transcriptome of Salmonella enterica serovar Typhimurium strain SL1344. For this
study, we used Salmonella strains where either Hfq or CsrA was chromosomally
FLAG-tagged and purification of protein-bound RNA was conducted with an anti-
FLAG antibody. In order to identify binding sites with high confidence, we used
three biological replicates of both crosslinked and non-crosslinked control samples
for each protein. In contrast to the other studies described above, cDNA libraries
were prepared using a commercial kit (NEBNext Multiplex Small RNA Library
Prep Set for Illumina, #E7300, New England Biolabs) and sequencing was con-
ducted on an Illumina NextSeq 500 in 2 x 75 cycle paired-end mode. The reason

that paired-end sequencing was applied was that due to very short fragment sizes,
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most fragments are sequenced completely from both directions. This yields no
additional information on the genomic localization, but allows an additional inter-
rogation of the sequence that facilitates differentiation between sequencing errors
and crosslink-mutations.

I conducted data processing for this study in a similar fashion to the other publi-
cations, with the main difference that in order to remove putative PCR duplicates,
which could obscure actual transcript abundance, I used the tool FastUniq [193] to
collapse identical reads. Furthermore, to enhance peak resolution I conducted size
filtering retaining only reads with a length between 12 and 25 nts. In addition, I
addressed the presence of crosslink mutations by decreasing the required accuracy
for read mapping via READemption [56] and segemehl [75] to 80%. Only uniquely
aligned reads were used for further analysis.

Since none of the existing tools for peak detection yielded satisfying results,
we investigated two different algorithmic options for peak calling. First, I devel-
oped an extended version of the sliding window approach used for RiP-seq-based
annotation of binding regions, as described above, but with support for several
replicates and using a more advanced statistical model based on repeated G-tests
of goodness-of-fit [121]. In addition, our collaboration partners from the Backofen
group developed a peak calling approach termed “block-based peak calling” [178].
In brief, the signal sequencing data from the crosslinked libraries is used to define
clusters of blocks of overlapping reads via the blockbuster algorithm [95]. These
blocks are subsequently joined to define peak boundaries using heuristics, which
take into account peak shape. Finally, final binding sites are called by testing the
resulting initial peaks for enrichment in comparison to the control libraries via
DESeq2 [111]. Since block-based peak calling yielded slightly better results, this
approach was used to identify the final set of binding sites (see section 5.3 for a
discussion of both approaches).

Using peaks and identified crosslink-mutations as a basis, we conducted a thor-
ough analysis of Hfq and CsrA interactions with their target RNAs including an
investigation of the respective binding motifs. We confirmed the role of Hfq as a
mediator of sRNA-target mRNA binding and explored ways to improve prediction
of sRNA targets. In addition, our examination of CsrA binding sites revealed its

function in direct regulation of Salmonella virulence genes.

3.2 GLOBAL TRANSCRIPTIONAL START SITE MAPPING USING DIFFERENTIAL
RNA SEQUENCING REVEALS NOVEL ANTISENSE RNAS IN ESCHERICHIA

COLI
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While the model organism Escherichia coli has been the subject of intense study for decades, the full complement of its RNAs is
only now being examined. Here we describe a survey of the E. coli transcriptome carried out using a differential RNA sequencing
(dRNA-seq) approach, which can distinguish between primary and processed transcripts, and an automated prediction algo-
rithm for transcriptional start sites (TSS). With the criterion of expression under at least one of three growth conditions exam-
ined, we predicted 14,868 TSS candidates, including 5,574 internal to annotated genes (iTSS) and 5,495 TSS corresponding to
potential antisense RNAs (asRNAs). We examined expression of 14 candidate asRNAs by Northern analysis using RNA from
wild-type E. coli and from strains defective for RNases III and E, two RNases reported to be involved in asRNA processing. Inter-
estingly, nine asRNAs detected as distinct bands by Northern analysis were differentially affected by the rnc and rne mutations.
We also compared our asRNA candidates with previously published asRNA annotations from RNA-seq data and discuss the
challenges associated with these cross-comparisons. Our global transcriptional start site map represents a valuable resource for
identification of transcription start sites, promoters, and novel transcripts in E. coli and is easily accessible, together with the

cDNA coverage plots, in an online genome browser.

fter many years of study, we are only now beginning to un-

derstand and appreciate the complexity of bacterial transcrip-
tomes. With the recent advances in deep-sequencing technology,
transcriptome sequencing (RNA-seq) now allows for the detec-
tion of transcripts that are present at low levels or were previously
missed by other methods of detection, the generation of global
transcript maps, and improved genome annotation (reviewed in
references 1 and 2). While these studies provide vast amounts of
information about bacterial transcriptomes and regulatory ele-
ments, they also raise challenges regarding comparisons between
studies and functions of the newly identified transcripts.

One group of underappreciated transcripts being uncovered
by these genome-wide analyses are RNAs that map opposite an-
notated coding regions, termed antisense RNAs (asRNAs). The
abundance of pervasive antisense transcription start sites (asTSS)
was first highlighted in an RNA-seq survey of the human pathogen
Helicobacter pylori, where asTSS were identified opposite ~46% of
the genes (3). Subsequent RNA-seq studies in cyanobacteria (4)
and Gram-negative (5, 6) and Gram-positive (7-9) bacteria iden-
tified asRNAs expressed opposite 2 to 30% of annotated genes.
This wide range in numbers of asRNAs reported may reflect dif-
ferences in bacterial lifestyle or differences in the experimental
setup or analyses of the RNA-seq data sets.

Even for the transcriptome analyses of the well-studied model
organism Escherichia coli (10-22), the numbers of asRNAs re-
ported range from hundreds to thousands. This significant varia-
tion is due, in part, to differences in cDNA library preparation,
sequencing technology, and coverage as well as the criteria for
what is considered an asRNA. For example, three different RNA-
seq studies identified asRNAs opposite ~2.6% (13), ~23% (14),
and ~80% (15) of genes. In another study, the number of asRNAs
found opposite coding regions ranged from ~2% to ~28%, de-
pending on the detection threshold (16).

18 jb.asm.org
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Despite the hundreds of asRNAs reported, even using the most
conservative estimates, it is surprising how few functions have
been elucidated for these RNAs. A limited number of asRNAs have
been shown to modulate transcription, stability, or translation of
the corresponding sense transcripts (reviewed in references 23 and
24). Other recent genome-wide studies have proposed more gen-
eral functions for asRNAs. These include asRNA-directed diges-
tion of sense transcripts by RNase III in Gram-positive but not
Gram-negative organisms (25) and reciprocal effects on the ex-
pression of sense RNAs in a so-called “excludon” model (reviewed
in reference 26). Still other studies conclude most asRNAs lack
function and result from pervasive transcription (16, 27), colli-
sions between replication and transcription machinery (28), or
inefficient transcription termination, particularly in the absence
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of the Rho protein (9, 17, 18), or correspond to contaminating
genomic DNA (22).

To further explore the Escherichia coli transcriptome on a ge-
nome-wide scale, particularly the subset of asRNAs, we carried out
differential RNA sequencing (dRNA-seq) analysis (reviewed in
reference 29), which we analyzed by an automated TSS prediction
algorithm (30). This approach led us to identify, across three
growth conditions, >5,500 potential TSS within genes, 212 diver-
gently transcribed gene pairs with overlapping 5’ untranscribed
regions (UTRs), and >5,400 potential asRNA loci. We examined
expression of 14 candidate asRNAs by Northern analysis and
found 9 to be differentially degraded by RNase III and RNase E,
two RNases implicated in asRNA-based regulation. Our global
TSS map is one of the best and most sensitive data sets for pro-
moter and transcript identification in the widely used model or-
ganism E. coli and is easily accessible at RegulonDB (21) and via an
online browser at http://cbmp.nichd.nih.gov/segr/ecoli/.

MATERIALS AND METHODS

Strain construction. The strains and oligonucleotides used for this study
are listed in Tables S1 and S2, respectively, in the supplemental material.
The asRNA deletion control strains were constructed using N Red-medi-
ated recombination (31) to replace the region encompassing the asRNA
signal along with 300 nucleotides (nt) on either side with a kanamycin
cassette. Deletion constructs were confirmed by sequencing and moved
into new wild-type or mutant backgrounds by P1 transduction.

Growth conditions. Cells were grown at 37°C in LB (10 g of tryptone,
5 g of yeast extract, 10 g of NaCl per liter) or M63 minimal glucose me-
dium (supplemented with final concentrations of 0.001% vitamin B, and
0.2% glucose) to an optical density at 600 nm (ODy,) of ~0.4 and 2.0 for
LB and an ODy, of ~0.4 for M63. At the indicated ODy, 25 ml of cells
(ODg 0f 0.4) or 5 ml of cells (ODg, of 2.0) was combined in a 5:1 ratio
of cells to stop solution (95% ethanol, 5% acid phenol [pH 4.5]), vortexed,
incubated on ice for 10 min, and collected by centrifugation. Cell pellets
were snap-frozen in an ethanol-dry ice slurry and stored at —80°C.

Deep-sequencing sample preparation. Details for sample preparation
for deep sequencing can be found in Materials and Methods in the supple-
mental material. Briefly, RNA extraction for RNA-seq analysis was performed
as described previously using hot-acid phenol chloroform (3, 32). RNA sam-
ples were treated with DNase I to remove contaminating genomic DNA. RNA
samples free of genomic DNA were treated with terminator 5’-phosphate-
dependent exonuclease (TEX) (Epicentre) followed by tobacco acid pyro-
phosphatase (TAP) treatment (Invitrogen) as described previously (3). Con-
trol reactions lacking terminator exonuclease were run in parallel for each
sample. Unfractionated total RNA was used to construct cDNA libraries for
sequencing on GAIIx and HiSeq 2000 machines.

Analysis of deep-sequencing data. For a detailed description of the
read mapping, expression graph construction, normalization of expres-
sion graphs, correlation analysis, TSS prediction, comparison to other
data sets, and other computational analyses, see Materials and Methods in
the supplemental material.

(i) Read mapping. Between 1.8 and 9.8 million reads for each of the
cDNA libraries were mapped to the E. coli MG1655 genome (NCBI acces-
sion no. NC_000913.2 [24 June 2004]) using our RNA-seq pipeline
READemption (33) and segemehl, with an accuracy cutoff of 95% (34).

(ii) Correlation analysis. Nucleotide- and gene-wise Spearman and
Pearson correlation coefficients were calculated based on concatenated
values of forward and reverse strand position-wise coverage files and vi-
sualized using the R package corrplot. Gene-wise correlation values uti-
lized read overlap counts based on NCBI annotations (accession no.
NC_000913.2).

(iii) TSS prediction. Transcriptional start site (TSS) prediction was
performed using the program TSSpredator (http://it.inf.uni-tuebingen
.de/TSSpredator) (30). TSS were classified as primary TSS (pTSS), sec-
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ondary TSS (sTSS), asTSS, internal TSS (iTSS), or orphan TSS (oTSS)
based on the location relative to gene annotations. pTSS and sTSS are
within 300 nucleotides upstream of a gene, with pTSS having the highest
expression values. All other TSS associated with the gene are considered
secondary. iTSS are internal to a gene on the sense strand, while asTSS are
internal or within 100 nucleotides of a gene on the opposite strand of the
annotation. oTSS do not meet any of the above requirements.

(iv) Comparison to DOOR. A table containing all operon annotations
(1,526 single-gene operons and 851 operons consisting of multiple genes)
was downloaded from the Database of prOkaryotic OpeRons (DOOR) 2.0
website (35) and compared to a final set of 2,441 TSS.

(v) Comparison of pTSS and sTSS to RegulonDB promoters. We
extracted 6,406 TSS annotated based on the “strong evidence” classifica-
tion (21) from the RegulonDB promoter table (version RegulonDB 8.5,
11-28-2013) and classified them according to our classification scheme,
resulting in a set of 3,987 pTSS and sTSS. We conducted a pairwise com-
parison of the positions to our data (4,261 pTSS and sTSS) based on a
maximum allowed distance of 3 nt.

(vi) Expression analysis and binning. Expression values for predicted
TSS classified as exclusively antisense or exclusively primary or secondary
were calculated based on overlap counts for a 50-nt window downstream
of the respective TSS position from which reads per kilobase per million
mapped reads (RPKM) values were calculated (36). The TSS were
grouped into six bins according to their RPKM values.

(vii) Comparison of asRNAs detected in our and previous studies.
asTSS annotations were retrieved from the Materials and Methods sec-
tions in the supplemental material from published studies (13, 14, 16, 19)
or were downloaded from RegulonDB (data set version 3.0 [21] and data
set version 2.0 [20]). We excluded the study by Li et al. (15), which re-
vealed >82,000 asTSS, as this number is very high compared to previous
studies and our study and thus would bias the comparative analyses. We
compared the asTSS from each data set, including our 6,379 predicted
asTSS, to the asTSS of all other data sets in a pairwise manner, requiring
either a precise match of the annotated positions or allowing a variation of
1,2,3,0r 10 nt.

Northern analysis. RNA extraction for Northern analysis was per-
formed using TRIzol reagent (Invitrogen). Northern analysis of 10 g of
total RNA was performed on denaturing 8% acrylamide—7 M urea gels as
described previously (37), with minor changes for detection using ribo-
probes (for details and oligonucleotides used to create the riboprobes, see
Materials and Methods in the supplemental material).

RNA-seq data accession number. Raw sequence reads were uploaded
to the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm
.nih.gov/geo) under accession no. GSE55199.

RESULTS

dRNA-seq reveals the primary transcriptome of E. coli MG1655.
To detect the transcripts expressed by E. coli, we collected two
independent biological replicates (Bl and B2 samples) from
MG1655 wild-type cells grown to the exponential phase (ODg, of
~0.4) or stationary phase (ODg, of ~2.0) in LB medium (sam-
ples LB 0.4 and LB 2.0, respectively) or grown to the exponential
phase (ODg, of ~0.4) in M63 minimal glucose medium (sample
M63 0.4) (Fig. 1; see also Table S3 in the supplemental material).
For all six biological samples, total RNA was extracted and sub-
jected to dRNA-seq library preparation for primary transcriptome
analysis as described previously (3). Specifically, prior to cDNA
library construction, half of each RNA sample was treated with 5
terminator exonuclease (+TEX samples), which degrades RNAs
containinga 5’-monophosphate (5'-P), thereby enriching for pri-
mary transcripts containing 5'-triphosphates (5'-PPP). The other
half of each sample was left untreated (—TEX samples) and thus
contains both primary transcripts (5'-PPP) and processed RNAs
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Biological
conditions M63 0.4 LB 0.4 LB 2.0
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B1 B2 B1 B2 B1 B2
Biological
replicates
Library L1 L1 L1 _ L1 _ L1 L2 L1 L2
replicates = =
Ve Mo T
Sequencing GA HS1 HS2
runs GAIIx HiSeq 2000 HiSeq 2000

FIG 1 Summary of the biological, library, and Illumina sequencing replicates that were subjected to dRNA-seq analysis in this study.

(5'-P). Subsequently, the 5'-PPP ends in both samples were con-
verted to 5'-P ends for cDNA library preparation.

The cDNA libraries of the first biological replicates (B1-L1)
were sequenced on an [llumina Genome analyzer IIx (GA sam-
ples), while the second biological replicates (B2-L1) were se-
quenced on a HiSeq 2000 sequencer (HS1 samples). To examine
variation between sequencing runs, the B2-L1 libraries were rese-
quenced using the HiSeq 2000 (HS2 samples). To identify varia-
tion introduced during library preparation, technical replicates of
the LB 2.0 libraries (B1-L2 and B2-L2 samples) were also gener-
ated and sequenced using the HiSeq 2000 (Fig. 1; see also Table S3
in the supplemental material).

Strand-specific sequencing resulted in a total number of ~1.8
to 3.6 million reads per sample for the GA set and ~5.3 to 9.8
million reads per sample for the HS sets after quality trimming
(see Table S4 in the supplemental material). For all of the libraries,
>70% of the reads could be mapped to the E. coli genome (NCBI
accession no. NC_000913.2) indicating that the sequencing runs
consisted of numerous high-quality reads. Read mapping analysis
showed that for all three growth conditions, 65 to 80% of reads
mapped to annotated regions of the genome while 2 to 6%
mapped antisense to published annotations. The remainder of the
reads mapped to unannotated intergenic regions, which also in-
clude UTRs (see Table S5 in the supplemental material). These
data indicate the majority of transcripts correspond to the sense
strand of genes; however, a small percentage of antisense tran-
scription occurs, particularly opposite mRNAs.

Correlation analysis reveals variation associated with library
preparation and sequencing platform. To assess the similarity
between replicates, we calculated Spearman and Pearson correla-
tion coefficients for nucleotide-wise expression values for both
strands of all the —TEX and +TEX libraries (see Fig. SI in the
supplemental material). For each biological condition and both
types of analysis, we noted the highest correlation among sequenc-
ing replicates (B2-L1-HS1 and B2-L1-HS2). The lowest correla-
tion was between libraries sequenced on the GAIlx and HiSeq
2000, likely due to differences in sequence coverage and cDNA
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library preparation protocols for the two platforms. Since the nu-
cleotide-wise correlations are sensitive to slight fluctuations in
cDNA read counts, we also assessed the correlation coefficients for
gene-wise expression values, defined as the number of mapped
reads within genes annotated by NCBI, among the —TEX and
+TEX libraries. Overall the correlation increased but had a pat-
tern similar to that seen for the nucleotide-wise comparisons.

Despite the high correlation between replicates and overall
similar cDNA coverage patterns, a few regions showed variable
expression or enrichment in the +TEX libraries across samples,
likely due to the number of reads produced by the different se-
quencing instruments combined with differences in library prep-
aration. However, as we had high correlation between replicates,
similar read distributions across replicates, and agreement on the
positions of transcript ends, we proceeded with automated ge-
nome-wide TSS annotation.

The automated TSSpredator pipeline predicts previously
unannotated TSS. Several RNA-seq-based studies have reported
genome-wide annotations of 5" ends of E. coli genes, but most
cannot distinguish between primary and processed transcripts,
limiting the potential to identify these distinct types of transcripts
(12, 20). Our dRNA-seq approach allows for the precise annota-
tion of TSS based on a characteristic enrichment pattern in the
+TEX libraries relative to the — TEX libraries, which facilitates the
differentiation between primary (5'-PPP) and processed (5'-P)
transcripts (see Fig. S2A in the supplemental material) (3). In
previous dRNA-seq studies, global (TSS) annotations were car-
ried out by laborious manual inspection of enrichment patterns
(3, 5, 6). To automate this annotation step, we utilized the TSS-
predator pipeline recently developed to annotate TSS among mul-
tiple strains of Campylobacter jejuni (30). The TSSpredator pre-
diction algorithm employs the dRNA-seq data to determine the
location of a TSS based on identifying positions with sharp in-
creases in expression in the +TEX library relative to the untreated
—TEX control (see Fig. S2A and Materials and Methods in the
supplemental material).

Using TSSpredator, TSS can be annotated in a comparative
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manner among libraries through the integration of replicate in-
formation. If a strong enrichment is observed in one replicate, less
strict parameters can be applied to the same position in other
replicates to ensure identification of TSS despite differences in
library or sequencing preparations while still maintaining strin-
gent criteria for detection. To perform such an analysis for our
replicates of the three biological conditions (see Materials and
Methods in the supplemental material), we adjusted the “match-
ing replicates” parameter, which defines the minimum number of
replicates in which a TSS must be detected for a particular biolog-
ical condition. For the M63 0.4 and LB 0.4 conditions, where only
three replicates were available, we required a TSS to be detected in
at least two replicates, while for the LB 2.0 condition, we required
detection in at least three of the five replicates. All other parame-
ters were set to default values as established previously (30).

We predicted a total of 14,868 potential TSS mapping through-
out the E. coli genome (see Data set S1 in the supplemental mate-
rial). Of these, 6,297 were detected under all three conditions,
1,151 were detected only in cells growing exponentially in M63
minimal medium, 470 TSS were found in cells growing exponen-
tially in LB, and 1,947 were found in stationary-phase cells grow-
ing in LB (Fig. 2A; see also Fig. S3A in the supplemental material
for examples of TSS detected under only one condition). The
higher number of TSS identified for the LB stationary-phase cells
might be a result of changes in transcriptional programs required
to survive in the stationary phase (38).

TSSpredator automatically assigns TSS to five different classes:
primary TSS (pTSS; main transcription start of a gene or operon),
secondary TSS (sTSS; alternative start with lower expression), in-
ternal TSS (iTSS; start within a gene), antisense TSS (asTSS; tran-
script start antisense to a gene =100 nt), and orphan TSS (oTSS;
not associated with annotation) based on the location relative to
existing gene annotation (see Fig. S2B in the supplemental mate-
rial). A TSS can fall into more than one category, depending on its
location relative to the surrounding gene annotations. For exam-
ple, in the case of overlapping 5° UTRs, a particular TSS can be
both a pTSS and an asTSS. For downstream genes within operons,
a pTSS can also be internal to the upstream genes. Among the
14,868 predicted TSS, we identified 2,672 pTSS (1,707 classified
solely as pTSS), 1,589 sTSS (850 classified solely as sTSS), 5,574
iTSS (4,466 classified solely as iTSS), and 6,379 asTSS (5,495 clas-
sified solely as asTSS) (Fig. 2B).

To assess the coverage of our TSS predictions, we compared the
number of TSS classified as pTSS only or pTSS and asTSS (2,057) and
the number classified as pTSS and iTSS or pTSS, iTSS, and asTSS
(615) with the number of genes classified as single-standing genes
(1,526) or first genes within operons (851) in the Database of prO-
karyotic OpeRons (DOOR) (35). In total, after excluding all TSS as-
signed to genes not annotated in DOOR (see Materials and Methods
in the supplemental material), we used 2,441 of our TSS classified as
pTSS. In agreement with the assumption that a pTSS must precede
genes annotated as single genes or first genes in DOOR, we detected a
pTSS for ~78% of the single-standing or first genes in operons
(1,847/2,377) (see icIR in Fig. S3B in the supplemental material). The
~22% of single or first genes of operons for which no pTSS was
predicted by our data (530/2,377) (see ybeT in Fig. S3B) generally
were missed due to low read coverage. For several of the genes with-
out detected TSS, we found a processing site upstream, as indicated
by an enrichment in the —TEX compared to the +TEX libraries,
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FIG 2 Automated TSS prediction across three different growth conditions
using TSSpredator. (A) Distribution of predicted TSS across the biological
conditions M63 0.4, LB 0.4, and LB 2.0. (B) Distribution of predicted TSS in
the primary, secondary, internal, orphan, and antisense TSS classes (pTSS,
sTSS, iTSS, oTSS, and asTSS, respectively).

indicating that they could be cotranscribed with upstream genes (see
fbaA in Fig. S3B).

Approximately 24% (594/2,441) of genes for which we de-
tected a pTSS were not classified in DOOR as single or first genes
in an operon. The majority of these TSS likely correspond to real
promoters that are located internal to upstream genes within an
operon defined by DOOR (see thrA in Fig. S3B in the supplemen-
tal material). These TSS could drive transcription of unannotated
alternative suboperons and thereby uncouple expression of the
subset of genes from the longer operon. Some of these TSS are also
found upstream of genes previously predicted to be in operons but
are likely single genes (see pheM in Fig. S3B). Overall, these com-
parisons indicate that despite previous global transcriptome stud-
ies, the full complexity of the E. coli transcriptome is not yet
known.

A comparison of our TSS predictions with TSS annotated in
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FIG 3 Examples of genes with newly detected pTSS. Screenshots showing the
relative cDNA coverage plots for representative —TEX or +TEX libraries for the
M63 0.4, LB 0.4, and 2.0 growth conditions across the genomic regions encom-
passing the IspA (A) and plsX (B) genes. The x axis depicts the genomic coordi-
nates, while the y axis indicates the relative cDNA scores (normalized number of
mapped cDNA reads). Red arrows indicate the previously unannotated TSS de-
tected by our analysis. Promoter sequences for the new TSS, including the —10 and
—35 sequences (boxed) and bases corresponding to TSS (red) are depicted below
each plot.

RegulonDB (21), using a maximum distance of 3 nt, revealed that
~34% of our pTSS and sTSS overlap those annotated in Regu-
lonDB (see Data set S1 in the supplemental material), while ~41%
of the TSS from RegulonDB, classified as pTSS or sTSS, overlap
our predictions. A TSS detected in our data but previously not
annotated in RegulonDB is the pTSS for IspA, encoding a prolipo-
protein signal peptidase, located internal to the upstream ileS gene
(Fig. 3A). A promoter corresponding to the TSS based on direct
experimental evidence was previously reported (39). Figure 3B
shows a clear exponential-phase-specific pTSS for plsX, encoding
a putative phosphate acyltransferase, although no evidence was
present in RegulonDB, and the sequence does not carry an obvi-
ous promoter consensus sequence. These discrepancies illustrate
that, even in a well-studied model organism like E. coli, TSS anno-
tation is still incomplete. We next carried out further character-
ization of the noncanonical iTSS and asTSS.

iTSS are abundant and frequently located at the 3’ ends of
genes. We identified 5,574 iTSS internal to annotated genes (Fig.
2B). It was recently reported that the majority of iTSS identified in
the Gram-negative bacterium Shewanella oneidensis are present
near the 5" or 3’ ends of the genes (40). For a comparison, we
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examined the location of the 4,466 iTSS classified as iTSS only as
one group and the 968 iTSS that are also annotated as pTSS or
sTSS as a second group. Each annotated gene in which an iTSS was
detected was divided into 10 equal sections, and the number of
iTSS located in each section was counted for all genes. Those clas-
sified as iTSS only showed a broad distribution with similar num-
bers across the entire gene (see Fig. S4A in the supplemental ma-
terial). In contrast, for the group of iTSS also classified as pTSS or
SsTSS, the majority (~86%) were located in the last 30% of the
gene (see Fig. S4B). These 86% are likely TSS for downstream
genes, driving alternative expression of suboperons (for an exam-
ple, see thrA in Fig. S3B in the supplemental material) or the syn-
thesis of small regulatory RNAs corresponding to the 3’ ends of
mRNAs as was observed for the MicL RNA, whose promoter is
within the cutC gene (41). Whether any of the iTSS in other cate-
gories result from spurious transcription or are generating func-
tional alternative mRNAs or regulatory RNAs will require further
characterization.

pTSSand sTSS from divergently transcribed gene pairs could
also serve as asRNA regulators. In addition to the 5,495 TSS clas-
sified as asTSS only, we identified 350 pTSS and 386 sTSS that are
also classified as asTSS. Examination of the regions encompassing
these TSS revealed 212 divergently transcribed gene pairs with
possible overlapping 5" UTRs (see Data set S2A in the supplemen-
tal material), which could result in asRNA-mediated regulation of
these genes (reviewed in reference 26) or could influence pro-
moter occupancy (42). The set includes several gene pairs that
encode proteins of opposing function, such as entS and fepD, en-
coding an enterobactin efflux system and a ferric enterobactin
ABC transporter, respectively, and pspF and pspA, encoding the
transcription factor PspF (phage shock protein F) and its antago-
nizing regulatory protein, PspA (see Fig. S5 in the supplemental
material). Further characterization of these gene pairs will be re-
quired to determine if asRNA-mediated regulation occurs via the
overlapping 5" UTRs.

Some asTSS show high or differential levels of expression.
Given that several asRNAs with characterized functions are ex-
pressed at high levels (reviewed in reference 43), we compared the
relative expression levels for the 5,495 asTSS only (see Data set S3
in the supplemental material) to all pTSS only and sTSS only (see
Data set S1 in the supplemental material) and TSS corresponding
to known annotated asRNAs (see Table S6 in the supplemental
material). We calculated reads per kilobase per million mapped
reads (RPKM) values for all libraries utilizing a 50-nt window
downstream of the predicted asTSS. The TSS were subsequently
grouped into <10, 10 to 10%, 10 to 10%, 10° to 10*, 10* to 10°, and
>10’ bins according to their RPKM values. Using the highest
expression value for a TSS among all conditions, we plotted the
distribution of exclusively asTSS, exclusively pTSS or sTSS, and
known annotated asRNAs for all conditions (Fig. 4A) and for each
library individually (data not shown). For both the combined and
individual sets, the distributions for pTSS or sTSS differ from the
distributions for asTSS. Most pTSS or sTSS group within the 10
to 10% and 10° to 10* expression bins, while most asTSS are in the
10 to 10* and 10” to 10° expression bins (Fig. 4A). In contrast,
most previously annotated asRNAs fall into the 10 to 10* and 10*
to 10° bins. These distributions suggest that while a subset of as-
RNA candidates could be present at a high level, the majority of
our predicted asRNA candidates might only exist as a few copies
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FIG 4 Comparison of asTSS. (A) Distribution of only asTSS, only pTSS or sTSS, and NCBI-annotated asRNAs in RPKM expression bins. The RPKM expression values
were calculated based on cDNA read counts within 50-nt windows starting at the TSS. (B) Distribution of TSS classified exclusively as asTSS across the three biological
conditions M63 0.4, LB 0.4, and LB 2.0. (C) Pairwise comparison of asTSS identified by our study and in previously published studies by Conway et al. (19), Dornenburg
etal. (14), Raghavan et al. (16), Shinhara et al. (13), Mendoza-Vargas et al. (20), and Salgado et al. (21). The total numbers of annotated asTSS are shown on the main
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per cell or might be unstable transcripts that are rapidly degraded  dicted asTSS across the different growth conditions (Fig. 4B). A
during RNA isolation and library preparation. total of 2,071 of the 5,495 asTSS were detected under all condi-

Since several functional asRNAs are expressed under specific ~ tions. In general, candidate asRNAs in the >10° expression bin,
conditions (44, 45), we also examined the distribution of the pre-  showed a high signal for all growth conditions and library repli-
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cates (see Data set S3 in the supplemental material). Like the over-
all TSS distribution, most condition-specific asTSS were detected
in LB 2.0 (719), many of which are found in the 10* to 10° expres-
sion bin, followed by M63 0.4-specific asTSS (516), and LB 0.4-
specific asTSS (205). There was significant overlap (1,285) be-
tween asTSS detected in exponential growth in M63 minimal
glucose and stationary-phase LB medium, but limited overlap
(145) between asTSS detected in the exponential- and stationary-
phase LB samples. Again, these distributions mirror the ratios in
the overall transcription profiles.

The majority of pTSS, iTSS, and asTSS are preceded by ¢”°
promoter elements. To detect potential differences between the
promoters corresponding to the pTSS, iTSS, and asTSS, we com-
pared the difference in expression for the pTSS only, iTSS only, and
asTSS only detected in LB 0.4 with those detected in M63 0.4 (see Fig.
S6 in the supplemental material). Overall, there were proportionally
more pTSS showing differential expression than iTSS and asTSS. This
suggests that the pTSS generally are more highly regulated.

We also examined the sequences upstream of the 1,707 pTSS
only, 4,466 iTSS only, and 5,495 asTSS using the MEME soft-
ware (46). With a window of —50 to +1 relative to the TSS, the
promoter motifs derived for the three classes of TSS overall
were very similar (see Fig. S7 in the supplemental material). All
had a potential —10 element resembling the TATAAT consen-
sus for the housekeeping o”° transcription factor (reviewed in
reference 47). The enrichment for two T residues comprising a
potential 07° —35 element was significantly less than what was
observed for the —10 element; however, both pTSS and iTSS
logos showed some enrichment for a G at position —14, char-
acteristic of an extended —10 sequence associated with o”°
promoters with weak —35 elements. A window of —50 to +5
relative to the TSS revealed that a subset of pTSS, iTSS, and
asTSS show enrichment for a purine at +1 and a pyrimidine at
—1, features of E. coli ¢”° promoters reported previously (10).
Opverall, despite differences in the dRNA-seq signal, most of the
pTSS, iTSS, and asTSS are likely transcribed by the o7 holoen-
zyme.

Comparison of asTSS prediction with published data sets re-
veals limited overlap in candidate asRNAs. A number of transcrip-
tome data sets have recently been published for E. coli with differ-
ent extents of antisense transcription reported (13-16, 19-21).
Given the discrepancy in numbers of annotated asRNAs, we were
interested in the extent of overlap between our asRNA predictions
and those of the other studies. For our cross-study comparison, we
only included studies where detailed asRNA annotations were
provided. We compared our asTSS only (see Data set S3 in the
supplemental material) to the asRNA candidates reported by each
group rather than to the primary data, given the differences in data
generation, analysis, quality, and quantity of reads mapping to the
E. coli genome (see Table S7 in the supplemental material). We
first required the TSS positions between two studies to match
precisely (Fig. 4C). This resulted in very limited overlap across the
studies. The largest overlap occurred between our data set and that
of Shinhara et al. (13), with 33% of their asRNAs overlapping our
predictions. In some cases, increasing the window size within
which an asTSS could match, to 1, 2, 3, or 10 nt, increased the
overlap between studies (see Fig. S8 in the supplemental material).
For example, with the 1-nt window, 79% (71/90) of the asRNAs
detected by Raghavan et al. (16) corresponded to an asTSS in our
data compared to ~12% (11/90) when an exact match was re-
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quired. In other cases, the increase in window size did not make
much difference. There was no overlap between the asRNAs pre-
dicted by Mendoza-Vargas et al. (20) compared to Raghavan et al.
(16), Shinhara et al. (13), and Salgado et al. (21), regardless of the
window size. The discrepancies between the asTSS reported likely
result from combinations of differences in the quality of the se-
quencing reads, analysis pipelines, expression cutoffs, and defini-
tions of what constitutes an asRNA.

We also compared our asTSS map to a recent study by Ly-
becker et al. examining the double-stranded transcriptome of
E. coli (48). The premise of this study was that RNAs under as-
RNA-mediated control would be present in double-stranded
RNA duplexes and thus should be identified by coimmunopre-
cipitation (co-IP) with a double-stranded RNA (dsRNA)-specific
antibody followed by RNA-seq. We compared these reported IP
dsRNAs to our asTSS set and considered them to match if an
asTSS is found within the region 10 nucleotides upstream of an IP
dsRNA 5’ end to 10 nucleotides upstream of the corresponding 3’
end on at least one strand (see Data set S2B in the supplemental
material). We excluded the class of overlapping 3’ UTRs identified
by Lybecker et al. from our analysis as they are not covered by our
dRNA-seq, which sequences from the 5’ end of transcripts. This
comparison yielded matching asTSS for 63% of the IP dsRNAs
(193/308).

Candidate asRNAs are detected as distinct bands by North-
ern analysis. As independent verification of the predicted
asRNAs, we selected a panel of 14 candidate asRNAs for Northern
analysis (Fig. 5; see also Fig. S9 and Table S8 in the supplemental
material). While we primarily selected candidates from the two
highest-expression bins (see Data set S3 in the supplemental ma-
terial), we also randomly selected a few candidates, which showed
differences in expression among growth conditions or were not
detected by others, from the third expression bin. We employed
riboprobes covering the region of the dRNA-seq signal and im-
portantly also probed total RNA from control strains where the
region of mapped signal was deleted from the E. coli chromosome.
In addition, we included total RNA isolated from strains defective
for ribonucleases reported to be involved in asRNA processing
and degradation; an rnc mutant lacking RNase III, an endonu-
clease that cleaves double-stranded RNAs, and an rne-131 mutant
with defective RNase E, an essential endonuclease that associates
with the RNA degradosome and cleaves single-stranded RNA. The
C terminus of RNase E is deleted in the rne-131 mutant, such that
the enzyme can no longer associate with the degradosome, thus
giving rise to reduced RNA turnover (49, 50).

We detected clear specific bands for RNA isolated from wild-
type cells for six of the candidate asRNAs (as-gsiB, as-argR,
as-ymfL, as-eutB, as-speA, and as-yliF) (Fig. 5; see also Fig. S9 in
the supplemental material). Specific bands for five other candi-
dates (as-qorA, as-holE, as-serU, as-thrW, and as-ytf]) were most
evident in one or both of the RNase mutant strains, while three
candidates (as-yea], as-gmr, and as-yggN) were only detected as
smears. For 10 of the probes, we detected nonspecific bands pres-
ent in all lanes serving as a loading control and emphasizing the
importance of including samples from control deletion strains.

asRNAs show differential sensitivity to degradation by
RNase E and RNase ITI. We were surprised to find that the RNase
mutants had varied impacts on the levels of our asRNA candi-
dates. First, counter to expectations, the levels of some asRNAs,
such as as-ymfL and as-speA were decreased in both RNase mutant
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respective candidate asRNAs are shown on the right, with the position and direction of the asTSS indicated by red arrows. y axes indicating relative cONA

coverage have the same scale for the forward and reverse strands.

strains (Fig. 5; see also Fig. S9 in the supplemental material). Pos-
sibly these asRNAs are destabilized by interactions with RNAs that
are normally degraded by RNase III and RNase E, or alternatively,
processing is required for stabilization of these transcripts (51).
The levels of three asRNAs (as-argR, as-qorA, and as-eutB) were
elevated in the rne mutant, while the levels of four others (as-holE,
as-serU, as-ytf], and as-thrW) were greatly elevated in the rnc mu-
tant relative to the wild-type strain. Northern analysis carried out
with RNA isolated from rnc mutants lacking the four chromo-
somal regions confirmed that the signal was specific (see Fig. S10
in the supplemental material; data not shown for as-thrW). Over-
all, these observations show that our detected asRNAs are sub-
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strates for different RNases and that regulation of asRNA levels by
RNases may be more complex than previously thought.

DISCUSSION

In this study, we applied dRNA-seq and automated TSS predic-
tion to the E. coli K-12 strain MG1655 grown under three different
conditions to reveal >14,000 candidate TSS, of which >5,500
correspond to potential iTSS and >5,400 correspond to potential
asRNAs. In contrast to previous E. coli transcriptome studies,
dRNA-seq allowed us to globally map TSS since the approach
specifically captures primary 5’ ends and thus allows discrimina-
tion between processed and primary transcripts. Our global TSS
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map and coverage plots are integrated into RegulonDB and are
easily accessible in an online browser at http://cbmp.nichd.nih
.gov/segr/ecoli/, which allows researchers to readily identify can-
didate TSS and examine relative expression for their genes of in-
terest. Our data represent a useful resource for the further
characterization of promoters and novel RNAs in E. coli.

Automated TSS prediction has advantages and disadvan-
tages. While the dRNA-seq analysis combined with automated
TSS prediction used here provides a wealth of information, some
reflection on the advantages and disadvantages is warranted. An
automated approach for TSS annotation avoids potential bias in-
troduced by manual annotation given that it follows defined rules
and parameters. Automated annotation also facilitates rapid rep-
etition of the analysis with different parameters or with additional
data sets, a refinement that is impractical for manual annotation,
especially for larger genomes or multiple strains or multiple con-
ditions. However, choosing the right parameters for automated
annotation, with the appropriate balance between sensitivity and
specificity, can be difficult. Increasing the stringency for detection,
for example, by filtering for those TSS whose step height is
greater than 10 (see Data set S1 in the supplemental material)
would reduce the number of TSS to ~4,400 (data not shown).
Additionally, we analyzed the data for two of our LB 2.0 sam-
ples using another automated annotation program, TSSAR,
with default parameters (52). This program predicted almost
twice as many TSS as the TSSpredator program (data not
shown) but is unable to integrate information from replicate
samples. Therefore, for the TSS map presented in this study, we
chose to use the parameters established on the basis of manual
annotation of Helicobacter pylori ARNA-seq data and used for TSS
annotation in Campylobacter jejuni (3, 30), which predicted TSS
that were most consistent with manual annotation of selected re-
gions of our E. coli data.

The automated TSSpredator program employed here led to the
prediction of many more TSS candidates in E. coli than for other
manually annotated data sets. To understand this difference be-
tween manual and automated annotations, we carried out auto-
mated TSS prediction using our E. coli parameters with the Sal-
monella dRNA-seq data sets from Kroger et al. (6). For the
Salmonella dRNA-seq sets, we predicted ~22,000 potential candi-
date TSS, of which ~9,700 were found under all conditions (data
not shown). These numbers are 4-fold higher than the TSS pre-
dicted by manual annotation. During manual TSS annotation,
TSS corresponding to poorly expressed RNAs may not be anno-
tated, resulting in underdetection of potential promoters tran-
scribed at low levels. On the other hand, a higher discovery rate
associated with automated TSS prediction may result in the false
annotation of some promoters. It is also likely that our global map
is still not saturated and that we have missed TSS that are not
expressed under the limited growth conditions examined, as has
been found for studies of Salmonella grown under a wide range of
conditions (6).

Comparison of deep-sequencing data sets reveals sources of
variation. When we compared our replicate deep-sequencing
data sets, we found variation between different library prepara-
tions and sequencing platforms. The comparison of biological and
technical replicates revealed that library preparation itself can lead
to larger variation than found among biological replicates for
which ¢cDNA libraries were generated in parallel. ’t Hoen et al.
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similarly found that library preparation is a major source of vari-
ation for human samples (53).

Our comparisons of asRNAs predicted by different published
RNA-seq data sets further highlighted discrepancies and led us to
consider additional sources of variation. Differences in RNA iso-
lation protocols might limit the ability to capture unstable tran-
scripts or RNAs of certain sizes. For example, small RNA fractions
are often lost in column-based purification methods, and rRNA
depletion kits can lead to unintended removal of non-rRNA tran-
scripts. The use of terminator exonuclease (TEX) treatment to
enrich for primary transcripts may miss the TSS of RNAs that are
monophosphorylated due to the pyrophosphate removal by the
enzyme RppH (54). However, we identified TSS for the majority
of validated RppH targets, suggesting this is not a significant lim-
itation in our data set (data not shown). Other inherent properties
of the RNA molecules also can be a source for bias as it has been
reported that RNAs with high GC content are less readily ampli-
fied and that linker ligation is more efficient when certain nucle-
otides are at the 3" and 5" ends (55).

Additionally, differences in data analysis, including differences
in read quality filtering, mapping protocols (using all or only
uniquely mapped reads), and especially different methods and
thresholds for assembling and annotating transcripts, can lead to
significantly different results. Despite a rapid increase in data gen-
eration, the availability of standardized RNA-seq analysis pipe-
lines is still limited (56), particularly for bacterial transcriptomes.
Nevertheless, RNA-seq has been an invaluable resource and has
revolutionized bacterial, archaeal, and eukaryotic transcriptome
analyses. Hopefully, as the field of deep sequencing continues to
mature, standards for sample preparation, depth of sequencing,
number of replicates sequenced, and data analysis as well as simple
platforms for shared data visualization can be developed that will
facilitate the comparisons of data generated by different groups.

Independent documentation of asRNAs is advised before
functional analysis. Our dRNA-seq approach revealed more than
5,400 asTSS. We do not know how many of these predicted asTSS
correspond to spurious transcripts rather than functional RNAs,
although some show differential expression under the growth
conditions examined (see Data set S3 in the supplemental mate-
rial). The above-mentioned RNA-seq study of Salmonella, which
analyzed RNAs from 22 different growth conditions, reported
<500 asRNAs (5, 6). These authors found that ~1.75% of their
reads mapped antisense to annotations (5) which is similar to
what we observed (2 to 4%) (see Table S5 in the supplemental
material) and to what has been reported for another E. coli RNA-
seq study (~2%) (16). Thus, the high number of asTSS we detect
probably is not due to large differences in general transcriptome
coverage but rather is due to differences in data analyses and an-
notation. Moreover, we specifically enriched for the 5’ ends of
transcripts, which might be more stable than internal degradation
fragments, and did not include fragmentation steps that could
result in the lower numbers of sequenced 5’ ends of transcripts.

As our comparison among different E. coli studies showed,
there is extensive variation in asRNA annotation. Nevertheless, we
found that several asRNAs were detected in multiple RNA-seq
studies (Fig. 4C; see also Fig. S8 and Data set S3 in the supplemen-
tal material). Given the laborious process of functional investiga-
tion, however, we propose that further validation of asRNAs with
appropriate controls is critical for defining candidates for further
study. We independently validated expression of 14 candidate as-
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RNAs by Northern analysis. For several of the asRNA candidates
tested, nonspecific bands were detected in all lanes, emphasizing
the importance of including samples from the control deletion
strains. Expression was tested by Northern or quantitative PCR
(qPCR) analysis for a subset of previously predicted asRNAs (13,
16, 48), although none of these studies included control deletion
strains.

Overall, with the exponential increase in deep-sequencing
studies and rapidly improving sequencing performance and cov-
erage, more and more asRNA candidates will be reported in all
organisms. To answer the questions of how many asRNAs identi-
fied in these analyses function as base-pairing RNA regulators, are
used on a global scale for driving RNA processing, or are abortive
transcripts resulting from degenerate promoters or RNA poly-
merase collisions, will require further experimental validation and
characterization. Automated prediction of candidate asRNAs as
reported here, combined with detection by multiple approaches,
by multiple studies, or under specific growth conditions, will help
identify those candidates most promising for future examination
of phenotypes associated with the lack of the asRNA as well as
mechanisms of asRNA action.
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SUPPLEMENTAL MATERIALS AND METHODS

Deep sequencing sample preparation.

RNA extraction. Frozen cell pellets were thawed on ice and resuspended in 880 pl of lysis
buffer (0.5 mg/ml lysozyme dissolved in TE pH 8.0, 1% SDS), mixed by inversion and
incubated at 65°C for 2 min or until the samples cleared. The samples were cooled and 88 ul of
IM sodium acetate, pH 5.2 was added along with 1 ml of acid phenol:chloroform (Ambion).
Samples were incubated at 65°C for 6 min with mixing and spun 10 min at 13,000 rpm, 4°C. The
aqueous layer was extracted a second time with chloroform using Phase Lock Gel 2.0 tubes
(5Prime) after which the aqueous layer was ethanol precipitated, washed and resuspended in 100
ul of DEPC-H,0. RNA concentration was measured by reading the absorbance at ODy¢9 and the
integrity was checked by running ~2 pg aliquots of each sample on a denaturing 1% agarose 1X
TBE gel followed by ethidium bromide staining.

DNase I treatment. Total RNA (40 pg) was denatured at 65°C for 5 min. The RNA was
then combined with 1X DNase I buffer + MgCl, (Fermentas), 20 U of RNase Inhibitor
(Invitrogen), and 10 U of DNase I (Fermentas) in a final volume of 100 ul. The mixture was
incubated for 45 min at 37°C and then extracted with phenol:chloroform:isoamylalcohol
(Invitrogen) in 2 ml Phase Lock Gel Heavy tubes (5Prime). Samples were precipitated, washed,
and resuspended in 40 pl of DEPC-H,0. RNA concentration and integrity of ~100 ng aliquots
were checked as above, and the absence of genomic DNA contamination was confirmed by PCR
using primer MK0095 and MK0096.

Terminator exonuclease (TEX) and tobacco acid pyrophosphatase (TAP) treatment. TEX
treatment was performed as described previously (1). Briefly, 7 pg of DNase I-treated RNA was
denatured for 2 min at 90°C, cooled on ice for 5 min and combined with 10 U RNase Inhibitor
(Invitrogen), 1X Terminator Exonuclease Buffer A (Epicentre), and 7 U of Terminator
Exonuclease (Epicentre) in a final reaction volume of 50 pl. Control reactions lacking terminator
exonuclease were run in parallel for each sample. Reactions were incubated at 30°C for 1 h and
stopped by the addition of 0.5 pl of 0.5 M EDTA, 50 pl DEPC-H,O and extraction with
phenol:chloroform:isoamylalcohol with Phase Lock Gel 2.0 Tubes. The supernatant was
precipitated, washed and resuspended in 11 pl of DEPC-H,O. RNA concentration was
determined by reading the absorbance at ODaso. TAP treatment was performed by incubating

TEX-treated and untreated control samples with tobacco acid pyrophosphatase (TAP) for 1 h at
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37°C with 1X TAP Buffer (Invitrogen), 10 U RNase Inhibitor and 5 U Tobacco Acid
Pyrophosphatase (Invitrogen) in a final reaction volume of 20 ul. The samples were extracted
with phenol:chloroform:isoamylalcohol (Invitrogen), precipitated, washed, and resuspended in
20 ul of DEPC-H,0. RNA concentration was determined by reading the absorbance at ODg,
and RNA integrity was checked on a denaturing 4% acrylamide-7M urea gel in 1X TBE and
visualized with Stains-all nucleic acid stain (Sigma).

¢DNA library construction. cDNA libraries for Illumina sequencing were constructed by
vertis Biotechnology AG, Germany (http://www.vertis-biotech.com/) in a strand specific manner
as described previously for eukaryotic microRNA (2) but omitting the RNA size-fractionation
step prior to cDNA synthesis. In brief, equal amounts of RNA samples were poly(A)-tailed using
poly(A) polymerase. Then, the 5'-PPP structures were removed using tobacco acid
pyrophosphatase (TAP). Afterwards, an RNA adapter was ligated to the 5’-phosphate of the
TAP-treated, poly(A)-tailed RNA. In the case of the GAllx-libraries, the 5’linker contained the
barcode sequence at its 3’end. For HiSeq 2000 libraries, the barcode was introduced in a later
step during PCR-amplification of the cDNA library. First-strand cDNA was synthesized by using
an oligo(dT)-adapter primer and the M-MLYV reverse transcriptase. In a PCR-based amplification
step using a high fidelity DNA polymerase the cDNA concentration was increased to 20-30
ng/pl. For all libraries the Agencourt AMPure XP kit (Beckman Coulter Genomics) was used to
purify the DNA, which was subsequently analyzed by capillary electrophoresis.

For the GAllx-libraries, PCR products for sequencing were generated using the following
primers designed for amplicon sequencing according to the instructions of Illumina/Solexa:
5’-end_primer
5’-AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGACGATCNNNN-3’
3’-end_primer

5’-CAAGCAGAAGACGGCATACGATTTTTTTTTTTTTTTITTTITTTITTT-3’

The samples were run on an [llumina GAIIx instrument with 120 cycles in single-read mode.

For the HiSeq2000 libraries, a library-specific barcode for multiplex sequencing was
included as part of a 3'-sequencing adapter. The following adapter sequences flank the cDNA
inserts:

TrueSeq_Sense primer
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5.
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC
T-3

TrueSeq Antisense NNNNNN_primer (NNNNNN = 6n barcode for multiplexing)
5’-CAAGCAGAAGACGGCATACGAGAT-NNNNNN-
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC(dT25)-3’

The samples were run on an Illumina HiSeq 2000 instrument with 100 cycles in single-read
mode.

Analysis of deep sequencing data.

Read mapping and coverage plot construction. To assure high sequence quality, the
[llumina reads in FASTQ format were trimmed with a cutoff phred score of 20 by the program
fastq_quality trimmer from FASTX toolkit version 0.0.13. After trimming, poly(A)-tail
sequences were removed and a size filtering step was applied in which sequences shorter than 12
nt were eliminated. The collections of remaining reads were mapped to the E. coli MG1655
genome (NCBI Acc.-No: NC 000913.2; Jun 24, 2004) using our RNA-seq pipeline
READemption (3) and segemehl (4) with an accuracy cutoff of 95%. Coverage plots
representing the numbers of mapped reads per nucleotide were generated. Reads that mapped to
multiple locations contributed a fraction to the coverage value. For example, reads mapping to
three positions contributed only 1/3 to the coverage values. Each graph was normalized to the
number of reads that could be mapped from the respective library. To restore the original data
range, each graph was then multiplied by the minimum number of mapped reads calculated over
all libraries.

Normalization of expression graphs. Prior to the comparative analysis, the expression
graphs with the cDNA coverages that resulted from the read mapping were further normalized. A
percentile normalization step was applied to normalize the +TEX graphs. To this end, the 90"
percentile of all data values was calculated for each +TEX graph. This value was then used to
normalize the +TEX graph as well as the respective “TEX graph. Thus, the relative differences
between each +TEX and —TEX graph were not changed in this normalization step. Again, all
graphs were multiplied with the overall lowest value to restore the original data range. To
account for different enrichment rates, a third normalization step was applied. During this step,

prediction of TSS candidates was performed for each replicate of each strain. These candidates
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were then used to determine the median enrichment factor for each +/—TEX library pair. Using
these medians all “TEX libraries were then normalized against the library with the strongest
enrichment. Besides annotation of transcriptional start sites, the resulting graphs were also used
for visualization in the Integrated Genome Browser (5).

Correlation analysis. To assess similarity between different libraries, nucleotide and
gene-wise Spearman and Pearson correlation coefficients were calculated based on concatenated
values of forward and reverse strand position-wise coverage files and visualized in a correlation
matrix for both the +TEX and —TEX libraries using the R package corrplot. Gene-wise
correlation values utilized read overlap counts based on NCBI annotations (Acc.-No:

NC _000913.2). Each read with a minimum overlap of 10 nt was counted with a value based on
the number of locations where the read was mapped. If the read overlapped more than one
annotation, the value was divided by the number of regions and counted separately for each
region (e.g. 1/3 for a read mapped to 3 locations).

Transcriptional start site (TSS) annotation. Based on the normalized expression graphs
we conducted automated TSS prediction in a similar manner as described in Dugar ef al. 2013
(6) utilizing TSSpredator (http://it.inf.uni-tuebingen.de/TSSpredator). In brief, for each position
(i) in the expression graph corresponding to the TEX treated libraries, the algorithm calculates an
expression height, e(i), and compares that expression height to the preceding position by
calculating e(i) — e(i-1), which is termed the flank height. Additionally, the algorithm calculates a
factor of height change e(i)/e(i-1). To determine if a TSS is a primary TSS and not a processed
transcript end an enrichment factor is calculated as e.rex(i)/e.tex(i), where esrex(i) is the
expression height for the terminator exonuclease treated sample and e.rgx(i) is the expression
height for the untreated sample. For all positions where these parameters exceed the predefined
thresholds a TSS is annotated.

We set the thresholds for the “minimum flank height” and the “minimum factor of height
change” which are used to determine if a TSS is “detected” to 0.3 and 2.0, respectively. Here, the
value for the “minimum flank height” is a factor to the minimum 90" percentile over all libraries
resulting in an absolute value of 1.62. If the TSS candidate reaches these thresholds in at least
one replicate of one condition, the thresholds are decreased for the other replicates to 0.1 (0.54
absolute) and 1.5, respectively. Furthermore, we set the “matching replicates” parameter which

determines the number of replicates in which a TSS must exceed these thresholds in order to be
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marked as “detected” within a condition to 2 for M63 0.4 and LB 0.4 and to 3 for LB 2.0. Ifa
TSS was detected in a certain condition, the lowered thresholds also apply to all remaining
libraries of the other conditions. Furthermore, we consider a TSS candidate to be enriched in a
condition if the respective enrichment factor for at least one replicate is not less than 2.0. A TSS
candidate has to be enriched in at least one condition and is discarded otherwise. If a TSS
candidate is not enriched in a condition but still reaches the other thresholds it is only indicated
as “detected”. However, a TSS candidate can only be labeled as detected in a condition if its
enrichment factor is above 0.66. Otherwise we consider it to be a processing site. In order to take
into account slight variations between TSS positions the respective parameters for clustering
between replicates and conditions were set to a value of 1. In doing so a consensus TSS position
in a three nucleotide window is determined based on the maximum “flank height” among the
respective libraries. The same parameters were recently used in our comparative dRNA-seq
analysis of multiple Campylobacter jejuni strains (6).

Comparison to Database of prOkaryotic OpeRons (DOOR). A table containing all operon
annotations (1,526 single gene operons and 851 operons consisting of multiple genes) was
downloaded from the DOOR 2.0 website (7) (on Sep 18, 2013). Two genes (b0816 and b1470)
not included in the NCBI annotations used for the TSS prediction were discarded. We divided
our genes with predicted primary TSS (2,672) into two groups. The first consisted of genes
(2,057) for which the TSS was classified only as primary (1,707) or primary and antisense (350).
The second consisted of genes (615) with a primary and internal TSS (611) or primary, internal
and antisense (4). Furthermore, 231 genes from both groups lacking DOOR locus tags and
information regarding operon structure were excluded from the analysis. This resulted in a final
set of 2,441 TSS that were considered for the DOOR overlap: group one contained 1,562
primary and 566 primary and secondary and group two contained 309 primary and antisense and
4 primary, internal and antisense. The overlap was calculated by comparing the primary TSS-
associated genes of either group to the set of single-standing genes and first genes in an operon
from DOOR.

Analysis of iTSS localization. The 5,574 1TSS were split into two groups, iTSS that were
also annotated as pTSS or sTSS (968) and the remaining iTSS (4,606) where iTSS in both
groups can also be annotated as asTSS. Each gene in which an iTSS was detected was split into

10 equal-sized sections ordered from 5" to 3" end (the first section covers the first 10% of the
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gene, the second section the second 10%, etc.) and the number of iTSS localizing to each section
was counted over all genes. Histogram plots were generated to visualize the distribution of iTSS
in each group.
Comparison of expression under different growth conditions. Expression values for TSS
(based on a 50 nt window downstream of the TSS position) were calculated as described above
for the gene-wise correlation analysis but using only libraries from the M63 0.4 and LB 0.4
conditions. Differential expression between these two conditions was assessed for pTSS only,
iTSS only and asTSS only based on all replicates using DESeq2 (8). TSS with an adjusted p-
value < 0.05 were defined as differentially expressed. A Fisher exact test based on all TSS in the
three classes was performed to determine if there is over- or underrepresentation of any class.
Detection of promoter motifs. Sequences from —50 to +1 as well as from —50 to +5
relative to the TSS were extracted for pTSS only, iTSS only and asTSS only and analyzed using
MEME (9). For the —50 to +1 sequences a motif of length 48 nt was predicted to allow a distance
of 0 to 3 nt to the TSS position. For the —50 to +5 sequences a motif length of 56 nt was applied.
Identification of overlapping 5° UTRs. Based on all primary and secondary TSS (see Data
Set S1) all possible pairs of overlapping 5° UTRs with the first UTR on the forward and second
one on the reverse strand were computed with the restriction that the overlapping region must
have a minimum length of 10 nucleotides. The data for this is depicted in Data Set S2A.
Comparison of asRNAs detected in our and previous studies. To compare the annotations
of previously detected antisense RNAs with our predictions, asRNA annotations were retrieved
from the Supplemental Materials and Methods sections from previously published studies (10-
12) or were downloaded from RegulonDB (13, 14). For the Raghavan ef al. data, 90 asTSS were
identified antisense to distinct genes which, combined with the gene names, was used to infer
strand information for the asTSS (11). For the Shinhara et al. data, 229 novel candidate SRNAs
were assembled from the mapped sequencing reads (12). From these reads we extracted the TSS
positions of 112 candidate SRNAs labeled as “cis-antisense”. For the Dornenburg et al. data, we
used all 1,005 putative TSS located antisense to genes and 385 putative TSS located antisense to
predicted untranslated regions (10). The TSS data obtained from RegulonDB consists of one data
set with 1,490 TSS from which we extracted 165 TSS described as antisense to a gene (13) (Data
set version 2.0), and a second set which includes 5,197 single TSSs and TSS clusters of varying

length (14) (Data set version 3.0). We selected 182 single TSS and TSS clusters defined as either

45



46

RESULTS

located antisense to a gene or to be “convergent”, i.e. the TSS is located sense to one gene and
antisense to another. In these cases, we used the specific nucleotide position for a single TSSs
and the respective region for a TSS cluster. Additionally, we included set of 89 asRNA predicted
by Conway et al. (15). We compared the asTSS from each data set, including our 6,379 predicted
asTSS, to the asTSS of all other data sets in a pair-wise manner, requiring either a precise match
of the annotated positions or allowing a variation of 1, 2, 3 or 10 nt.

Comparison of asTSS to IP-dsRNAs. IP-dsRNAs were extracted from Lybecker et al.
(16). Afterwards, all dsRNAs assigned to the category “Convergent” were excluded since
overlapping 3’UTRs might not be covered in our dRNA-seq analysis as our protocol sequences
from the 5 ends of genes. For the comparison we used all TSS annotated as asTSS including the
ones also assigned to other classes. An overlap is reported if an asTSS is annotated in a region
between 10 nucleotides upstream of the [P-dsRNA 5’ end and 10 nucleotides upstream of the
dsRNA 3’ end on at least one strand.

Northern analysis. The oligonucleotides used to create the riboprobes are listed in Table
S2. To synthesize the riboprobe, 3.5 pg of gene-specific PCR product was added to a reaction
mix containing 5 pl of 0-’P-UTP, 1X T7 RNA polymerase buffer, 2000 U/ml T7 RNA
polymerase (NEB), 20 U RNasin, 4 mM DTT (Invitrogen), 0.16 mg/ml BSA (NEB), 0.4 mM
GTP, CTP, and ATP, and 0.01 mM UTP (Invitrogen) in a total volume of 25 pl. After 1 h
incubation at 37°C, 2000 U/ml of T7 RNA polymerase was added, and the samples were
incubated an additional 1 h at 37°C. After a final incubation with 1 U/ul of DNase I (Fermentas)
at 37°C for 15 min, probes were purified using G50 columns (GE Healthcare). RNA samples
were separated on denaturing 8% acrylamide-7M urea gels, transferred and UV crosslinked to
Zeta Probe GT membranes (Bio-Rad) as before (17). The membranes were subsequently
incubated for 2 h at 50°C in 20 ml hybridization buffer (50% formamide, 1.5X SSPE, 1% SDS,
0.5% dry milk), after which the hybridization buffer was exchanged for 20 ml of fresh buffer.
Riboprobes were denatured with 100 pl of 10 mg/ml yeast RNA at 95°C for 4 min, added to the
membrane and left to hybridize overnight at 50°C. The membranes were subsequently rinsed
once with 2X SSC + 0.1% SDS, washed once for 20 min at 50°C with 2X SSC + 0.1% SDS, and
twice for 20 min at 50°C with 0.1X SSC + 0.1% SDS. The membranes were rinsed two more
times with 0.1X SSC + 0.1% SDS, allowed to dry, and exposed to Hyperfilm (Amersham) at
—80°C.
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FIG. S1. Reproducibility of cDNA coverage among —TEX (A) and +TEX (B) cDNA libraries.
Nucleotide-wise Spearman and Pearson correlation values for all possible combinations of
library pairs from all growth conditions were based on expression values from both strands.
Gene-wise Spearman and Pearson correlation values for all possible combinations of library
pairs were based on expression values for genes as annotated by NCBI. A legend for the extent

of correlation is given on the left



48 RESULTS

o AE
A TEX-treated K quotient of TEX-treated
—— untreated Pl and untreated library
i ' (enrichment factor)
flank height (e(i)-e(i-1)) i A
and the factor of height ————
change (e(i)/e(i-1)) !
¢
B
primary internal  primary primary & internal orphan
o S
| gene|1 | | gene 2 |_| gene 3 | gene 4 |
<300 secondary <100 | <100
<> —|—
<
antisense antisense

FIG. S2. TSS prediction parameters and classification. (A) Schematic representation of the
criteria used for TSS prediction. (B) The different TSS classes (primary, secondary, internal,
antisense, and orphan) are depicted according to their location relative to annotated genes. The
height of the black arrows depicts differences in expression strength while the distance cutoffs

for flanking genes are shown in red. The figures are adapted from (6).
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FIG. S3. cDNA coverage plots for examples of TSS detection. (A) Examples of TSS that were
detected in only one of three conditions. Each panel shows a primary TSS (indicated by red
arrow) that was detected only in one of the three examined growth conditions. (B) Examples of
primary TSS (indicated by red arrows) detected in our study that agree or disagree with
annotation from the DOOR database (7). The primary TSS detected for the ic/R gene is in

agreement with its annotation as a single gene transcription unit. We did not detect a primary
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TSS for ybeT and fbaA. However, enrichment in the —TEX libraries for fbaA4 indicates the
presence of an upstream processing site. The th7B gene, located within an operon, was assumed
to not have a primary TSS. However, we detect an internal TSS within the upstream thr4 gene
that serves as a primary TSS for thrB. A primary TSS upstream of pheM, in the rplT-pheM
operon, indicates pheM could be independently transcribed. Screenshots were taken for the B2

L1 HSI libraries.
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FIG. S4. Location of internal TSS (iTSS) relative to gene annotations. The relative location was
determined for all TSS that are only classified as iTSS (A) or for iTSS that are also pTSS or
sTSS (B). Each gene in which an iTSS was detected was divided into 10 equal sections and the
number of iTSS located in each section was counted over all genes. Eight iTSS in (A) are

internal to two distinct but overlapping gene annotations.
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FIG. S5. cDNA coverage plots for examples of overlapping 5 UTRs. The TSS for overlapping
5” UTRs of divergently transcribed gene pairs entS/fepD and pspA/pspF are indicated in red. The
locations of the annotated IP-dsRNAs reported by Lybecker et al. (16) are shown in blue where

present. Screenshots were taken for the B2 L1 HSI1 libraries.
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FIG S6. Comparison of mean

LB 0.4 vs. M63 0.4 pTSS only

log,, base mean

LB 0.4 vs. M63 0.4 iTSS only

log,, base mean

LB 0.4 vs. M63 0.4 asTSS only

log,, base mean

expression levels and differential expression of TSS classified as

pTSS only, iTSS only and asTSS only in LB 0.4 and M63 0.4. There is an overrepresentation of
pTSS that show regulation (odd ratio 3.06, p-value: 3.75x107%) and underrepresentation of
asTSS that show regulation (odd ratio 0.41, p-value: 2.98x10™'%). The iTSS show neither of these
tendencies (odd ratio: 1.02, p-value: 0.79).
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FIG S7. Promoter motifs for pTSS, iTSS and asTSS. The motif search was conducted in
sequences extracted based on the 1,707 pTSS only (A), 4,466 iTSS only (B) and 5,495 asTSS
only (see Supplemental Materials and Methods). The first motif in A, B and C was predicted for
sequences ranging from position —50 to +1 relative to the TSS while the second and third
represent the two top-scoring motifs based on sequences ranging from position —50 to +5. The
first motif in A,B and C shows a canonical 6" -10 sequence found in almost all sequences of the
respective TSS class while the second and third motifs reveal a subset of TSS showing a slight
enrichment for a pyrimidine at position —1, a purine at position +1 and a pyrimidine at position

+2 as described previously (18).
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1 nt window 2 nt window

Conway et al. Conway et al.

Dornenburg et al. Dornenburg et al.

Raghavan et al. Raghavan et al.

Shinhara et al. Shinhara et al.

Mendoza-Vargas et al. Mendoza-Vargas et al.

Salgado et al. Salgado et al.

This study This study

3 nt window 10 nt window

Conway et al. Conway et al.

Dornenburg et al. Dornenburg et al.

Raghavan et al. Raghavan et al.

Shinhara et al. Shinhara et al.

Mendoza-Vargas et al. Mendoza-Vargas et al.

Salgado et al. Salgado et al.

This study This study

FIG. S8. Pair-wise comparisons of asTSS from this and other studies. The total numbers of
annotated asTSS are shown on the main diagonal of the matrix. asTSS positions from the studies
in the rows are compared to asTSS positions from the studies in the columns and the number of
overlapping asTSS positions within a maximum distance of 1, 2, 3 and 10 nt is listed in the

respective matrix entries. Differences in the number of matching TSS for a given pair of studies,

18



3.2 THOMASON AND BISCHLER ET AL., JOURNAL OF BACTERIOLOGY, 2015

if either one or the other study is used as the basis for comparison, can be explained by cases
where unequal numbers of TSS are matched (for example, a single TSS in study I matches
several TSS from study II located in close proximity). Background color depicts the percentage

of overlapping asTSS relative to the total number of asTSS from the respective study in the row.
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FIG. S9. Northern analysis for asRNA candidates. Northern blots and corresponding cDNA

coverage plots of the —/+ TEX libraries for the three growth conditions are shown for the tested
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asRNA candidates: as-eutB, as-sped, as-ytfJ, as-yeaJ, as-gmr, as-yliF, as-thrW, and as-yggN.
Black stars indicate the primary bands detected for each asRNA candidate. Red arrows in the

coverage plots indicate the positions of the asTSS relative to the corresponding sense gene.
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FIG. S10. Northern analysis for control rnc mutant strains. Strains deleted for both the rnc and
the as-y#fJ, as-holE or as-serU loci were grown in LB to the indicated ODggo and northern

analysis was performed as in Fig. 5 and Supplemental Fig. S9.
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TABLE S1. Strains used in this study.

Name nrr:IIa(er Genotype Source
MG1655 E. coli F- A- ilvG- rfb-50 rph-1 lab stock
NM500 MG1655 mini-A:tet N. Majdalani

NB478 MPKO0331 MG1655 Arnc::cat (19)
EM1377 MPKO0330 MG1655 Alac X174, rne131 zce-726::Tn10 (20)
GS0659 MPKO0310 MG1655 Aas-eutB::kan This study
GS0660 MPKO0313 MG1655 Aas-ymfL::kan This study
GS0661 MPK0298 MG1655 Aas-qorA::kan This study
GS0662 MG1655 Aas-argR::kan This study
GS0663 MG1655 Aas-gmr::kan This study
GS0664 MG1655 Aas-holE::kan This study
GS0665 MG1655 Aas-yggN::kan This study
GS0666 MG1655 Aas-yliF::kan This study
GS0667 MG1655 Aas-speA::kan This study
GS0668 MG1655 Aas-gsiB::kan This study
GS0669 MG1655 Aas-yead::kan This study
GS0670 MG1655 Aas-serU::kan This study
GS0671 MG1655 Aas-thrW::kan This study
GS0672 MG1655 Aas-ytfJ::kan This study
GS0O718 MG1655 Arnc::cat, Aas-holE::kan This study
GSO719 MG1655 Arnc::cat, Aas-ytfJ::kan This study
GS0673 MG1655 Arnc::cat, Aas-serU::kan This study
GS0674 MG1655 Arnc::cat, Aas-thrW::kan This study
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TABLE S2. Oligonucleotides used in this study.

Number Sequence Use
CTTCCATGGCGTCAAGAAACAGC Forward primer for gDNA contamination PCR check; use
MKO0095 :
with MK0096
GTTCTCAGCCTGTATCAGTCT Reverse primer for gDNA contamination PCR check; use
MKO0096 .
with MK0095
Oligos used for antisense deletion construction
GAACGAGAGTGATCGGCCAGGAAACGCAG Forward primer for deletion of antisense eutB strain
MK0383 CAGCGCCTGCGGTGTAGGCTGGAGCTGCT construction; use with MK0399
TC
AAGGCCAATACCACCATCGGTATTCCGGGC Reverse primer for deletion of antisense eutB strain
MKO399  ACCTTTAGCGATTCCGGGGATCCGTCGACC construction; use with MK0383
CACACTGCGCTTTCAGCGCTTCAACAG Forward primer for antisense eutB PCR check; use with
MK0385
MKO0400
AGCATCAGCGAACTGCGTGAG Reverse primer for antisense eutB PCR check; use with
MKO0400
MKO0385
CGGCTCCCAACGAATGACTCTGACGGGCA Forward primer for deletion of antisense ymfL strain
MK0415 CTCCGTAGTGAGTGTAGGCTGGAGCTGCTT construction; use with MK0416
C
TTGCCGAGTGGTTACGCTGAAGCGGCTGA Reverse primer for deletion of antisense ymfL strain
MK0416 CTGGCTCGATGATTCCGGGGATCCGTCGA construction; use with MK0415
cC
GCCAGCACACACCTTCGTCATTACT Forward primer for antisense ymfL PCR check; use with
MK0417
MKO0418
GACTTAAGACCGGATATCTATC Reverse primer for antisense ymfL PCR check; use with
MKO0418
MKO0417
MK0387 GCCGTGGTTACTACTGGCGATTGCGGTGGT Forward primer for deletion of antisense qor strain
GTGGGTTATTGTGTAGGCTGGAGCTGCTTC construction; use with MK0388
MKO0388 ACCACGCGGGAGGAATTAACCGAGGCCAG Reverse primer for deletion of antisense qor strain
TAATGAACTGATTCCGGGGATCCGTCGACC construction; use with MK0387
GTCATGCTGATGGTCACCGGCG Forward primer for antisense qor PCR check; use with
MK0389
MKO0389
CTGCAACGCCGCGGCTTAATGGTCAG Reverse primer for antisense qor PCR check; use with
MK0390
MKO0390
AZ1312 GTACGCTTAATGCAGCAACAGTGGGTGTAG Forward primer for deletion of antisense argR strain
GCTGGAGCTGCTTC construction; use with AZ1313
AZ1313 GAAATGGTTTACTGCCTGCCAGCTATTCCG Reverse primer for deletion of antisense argR strain
GGGATCCGTCGACC construction; use with AZ1312
CGTTGCGCCTTTCTCTTCCGC Forward primer for antisense argR PCR check; use with
AZ1314
AZ1315
GCTCGGCTAAGCAAGAAGAACTAG Reverse primer for antisense argR PCR check; use with
AZ1315
AZ1314
AZ1282 GCGCCGGGCATCCTCAAATAGGTGTAGGC Forward primer for deletion of antisense gmr strain
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AZ1283

AZ1284

AZ1285

AZ1300

AZ1301

AZ1302

AZ1303

AZ1306

AZ1307

AZ1308

AZ1309

AZ1288

AZ1289

AZ1290

AZ1291

AZ1261

AZ1262

AZ1263

AZ1264

AZ1255

AZ1256

3.2 THOMASON AND BISCHLER

TGGAGCTGCTTC
CAACAATTTAGCCAACTAGGTGCGCATTCC
GGGGATCCGTCGACC
GAAACTCCAGTGGCTTTTGCCAG

CTGCACGTCAGCTCGCCG

GAGAGATCGGGTGGGGCA
GGTGTAGGCTGGAGCTGCTTC

CGTAGCGAAGGGAGCGTGCATTCCGGGGA
TCCGTCGACC

GACATGCACCATGACTCTGATGG

CACCACTGAATCCTGTTTCAACACC

CGCCAACTTTACCCACTGTGT
AGGTGTAGGCTGGAGCTGCTTC

GCAGCAAAATGCGCAGCCGTCATTCCGGG
GATCCGTCGACC

GAAGCCGTCGGTCTTATCGCAG

CGGTAAGCAATATTCCCTGAATGCC

CGCAAATACATACAATCCGGTCGG
CGTGTAGGCTGGAGCTGCTTC

CATTCTCCGCCTGGGATAAAAGTGGATTCC
GGGGATCCGTCGACC

GCCCGCCATCCAGTACGCG

CGGTACTGCGGGAAAAATTGTGCG

GTGGTCGATAGCACCGTCAGAGTGTGTAG
GCTGGAGCTGCTTC

CAGTGCTTCGACGTCGGCGGATTCCGGGG
ATCCGTCGACC

CGAACACGTCAACCGCTTCGGTA
GTTGAAACCCTGCGTGAAGCCG
CTGCGCGGTGCTGTGGTTATGGTGTAGGCT

GGAGCTGCTTC

CGGAAGCGATCGATCCGACAACATTCCGG
GGATCCGTCGACC
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construction; use with AZ1283
Reverse primer for deletion of antisense gmr strain
construction; use with AZ1282

Forward primer for antisense gmr PCR check; use with
AZ1285

Reverse primer for antisense gmr PCR check; use with
AZ1284

Forward primer for deletion of antisense holE strain
construction; use with AZ1301

Reverse primer for deletion of antisense holE strain
construction; use with AZ1300

Forward primer for antisense holE PCR check; use with
AZ1303

Reverse primer for antisense holE PCR check; use with
AZ1302

Forward primer for deletion of antisense yggN strain
construction; use with AZ1307

Reverse primer for deletion of antisense yggN strain
construction; use with AZ1306

Forward primer for antisense yggN PCR check; use with
AZ1309

Reverse primer for antisense yggN PCR check; use with
AZ1308

Forward primer for deletion of antisense yliF strain
construction; use with AZ1289

Reverse primer for deletion of antisense yliF strain
construction; use with AZ1288

Forward primer for antisense yliF PCR check; use with
AZ1291

Reverse primer for antisense yliF PCR check; use with
AZ1290

Forward primer for deletion of antisense speA strain
construction; use with AZ1262

Reverse primer for deletion of antisense speA strain
construction; use with AZ1261

Forward primer for antisense speA PCR check; use with
AZ1264

Reverse primer for antisense speA PCR check; use with
AZ1263

Forward primer for deletion of antisense gsiB strain
construction; use with AZ1256

Reverse primer for deletion of antisense gsiB strain
construction; use with AZ1255
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AZ1257

AZ1258

AZ1273

AZ1274

AZ1275

AZ1276

AZ1249

AZ1250

AZ1251

AZ1252

AZ1267

AZ1268

AZ1269

AZ1270

AZ1294

AZ1295

AZ1296

AZ1297
Oligos used

MK0372

MKO0373

MKO0374

MKO0375

GGTTGAAGCCGACCAGCCAG

GTGCTGGCGGAGAGTTATACCG

CGAATCGACTGTTTAATCGCCTGAGGTGTA
GGCTGGAGCTGCTTC

GTCCTTCCTGCAGTCAGGAAGTAATTCCGG
GGATCCGTCGACC

CCGGAAGAGAAGCCGATCTCTTTC

GCTTTTGATCAGGCAGTGGAAGGC

GATACAAAGGCTTTCAAAAAAGCTGCGGTG
TAGGCTGGAGCTGCTTC

TGTAAAAAACGTTCGGCAAGAGTGACATTC
CGGGGATCCGTCGACC

CAACGCGTCATAAATGTTTACGCAAGTG

CCACAAATGGCGCAGGATAAATTAAGAC

CACCACTACAGCGGAACTTTCTTCAGTGTA
GGCTGGAGCTGCTTC

CTTAGTGACTATAGACTATCCGGGCATTCC
GGGGATCCGTCGACC

CCCCTATCCCATAGATAACGATAGG

GTATAACCGTCCACGGAACAGGATC

CGTAACAACGTAGTACGATGAACATTGCGT
GTAGGCTGGAGCTGCTTC

CGGAAGTGGCGGTAAGCACACATTCCGGG
GATCCGTCGACC

CAC CCTAGC CGATGCCGT G

CGATGCCATCGCCCATATTCGTG

for riboprobe construction
CTTGTCCCATTGACGCCATCACGCT
CAGAGATGCATAATACGACTCACTATAGGG
GGTGATGACATCATGCTCAACTAC
GTTATGACCGCTGGCGTTACTAAGG

CAGAGATGCATAATACGACTCACTATAGGG

Forward primer for antisense gsiB PCR check; use with
AZ1258

Reverse primer for antisense gsiB PCR check; use with
AZ1257

Forward primer for deletion of antisense yeadJ strain
construction; use with AZ1274

Reverse primer for deletion of antisense yead strain
construction; use with AZ1273

Forward primer for antisense yeaJ PCR check; use with
AZ1276

Reverse primer for antisense yeaJ PCR check; use with
AZ1275

Forward primer for deletion of antisense serU strain
construction; use with AZ1250

Reverse primer for deletion of antisense serU strain
construction; use with AZ1249

Forward primer for antisense serU PCR check; use with
AZ1252

Reverse primer for antisense serU PCR check; use with
AZ1251

Forward primer for deletion of antisense ytfJ strain
construction; use with AZ1268

Reverse primer for deletion of antisense ytfJ strain
construction; use with AZ1267

Forward primer for antisense ytfJ PCR check; use with
AZ1270

Reverse primer for antisense ytfJ PCR check; use with
AZ1269

Forward primer for deletion of antisense thrW strain
construction; use with AZ1295

Reverse primer for deletion of antisense thrW strain
construction; use with AZ1294

Forward primer for antisense thriWW PCR check; use with
AZ1297

Reverse primer for antisense thrW PCR check; use with
AZ1296

Forward primer for riboprobe construction for antisense
eutB; use with MK0373

Reverse primer for riboprobe construction for antisense
eutB; use with MK0372

Forward primer for riboprobe construction for antisense
qor; use with MK0375

Reverse primer for riboprobe construction for antisense
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MK0413

MK0414

AZ1310

AZ1311

AZ1280

AZ1281

AZ1298

AZ1299

AZ1304

AZ1305

AZ1286

AZ1287

AZ1259

AZ1260

AZ1253

AZ1254

AZ1271

AZ1272

AZ1247

AZ1248

AZ1265
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CTGTTCTCTTTGATTGCCAGCGGTGTGA

CGGTACAGGAAGCGCAATCAGTTGCGAG

CAGAGATGCATAATACGACTCACTATAGGG
GAAGACGGTGTAGTGGAACCGCATGA

GTATTCATTGTGTGAATGACATGTCGC

CAGAGATGCATAATACGACTCACTATAGGG
ACCACCCCTGCTAACGGTTTC

GCAAAAGGGGGAAAATGAATAATGC

CAGAGATGCATAATACGACTCACTATAGGG
CCAAGAACGGGATCAATGAGC

GCAGGCGTTATGTAAGAAAGTGTAACTC

CAGAGATGCATAATACGACTCACTATAGGG
GGCATTTAAAGAACGCTACAATATGCCG

GGAGATCTACAAAGTTAGAGGCAGG

CAGAGATGCATAATACGACTCACTATAGGG
TGGGGGGGCTGCAATCCTC

GGTTTTACCGTCAAAAGAGATAAACCCTG

CAGAGATGCATAATACGACTCACTATAGGG
CAGCTGTTGGTTGGTTTGCGCAC

CATGCTCAAATAAAGCTGCTCAGCC

CAGAGATGCATAATACGACTCACTATAGGG
CTGCAGAAGATGCGCCGCG

GCGTCACGTTCATACTGATATAACGC

CAGAGATGCATAATACGACTCACTATAGGG
GCCCAAACTGGACAGCATAACCTG

GCACCATATTCAGCAAAATTAACGCCG

CAGAGATGCATAATACGACTCACTATAGGG
CTAACCGATACCGATTCGGGGC

GAATCAAGTGCTGAATGTCACAGTATCG

CAGAGATGCATAATACGACTCACTATAGGG
GGACCGGTCTCGAAAACCGGAG

CAGCAATATGTTGCAGTACTCGCAC

qor, use with MK0374

Forward primer for riboprobe construction for antisense
ymfL; use with MK0414

Reverse primer for riboprobe construction for antisense
ymfL; use with MK0413

Forward primer for riboprobe construction for antisense
argR ; use with AZ1311

Reverse primer for riboprobe construction for antisense
argR; use with AZ1310

Forward primer for riboprobe construction for antisense
gmr; use with AZ1281

Reverse primer for riboprobe construction for antisense
gmr; use with AZ1280

Forward primer for riboprobe construction for antisense
holE; use with AZ1299

Reverse primer for riboprobe construction for antisense
holE; use with AZ1298

Forward primer for riboprobe construction for antisense
yggN; use with AZ1305

Reverse primer for riboprobe construction for antisense
yggN; use with AZ1304

Forward primer for riboprobe construction for antisense
yliF; use with AZ1287

Reverse primer for riboprobe construction for antisense
yliF; use with AZ1286

Forward primer for riboprobe construction for antisense
speA; use with AZ1260

Reverse primer for riboprobe construction for antisense
speA; use with AZ1259

Forward primer for riboprobe construction for antisense
gsiB; use with AZ1254

Reverse primer for riboprobe construction for antisense
gsiB; use with AZ1253

Forward primer for riboprobe construction for antisense
yeaJ; use with AZ1272

Reverse primer for riboprobe construction for antisense
yeaJ; use with AZ1271

Forward primer for riboprobe construction for antisense
serU; use with AZ1248

Reverse primer for riboprobe construction for antisense
serU; use with AZ1247

Forward primer for riboprobe construction for antisense
ytfJ; use with AZ1266
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AZ1266

AZ1292

AZ1293

CAGAGATGCATAATACGACTCACTATAGGG Reverse primer for riboprobe construction for antisense
CTACGCAAGATTCTGGCACTCAC ytfJ; use with AZ1265

GTG AGC GAA GCC CTATCA GGC Forward primer for riboprobe construction for antisense
thrW:; use with AZ1293

CAGAGATGCATAATACGACTCACTATAGGG Reverse primer for riboprobe construction for antisense
GCGCATTCGTAATGCGAAGGTCG thrW; use with AZ1292
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TABLE S3. Summary of E. coli K-12 MG1655 dRNA-seq libraries analyzed in this study.
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Biological
Biological Library Sequencing condition Sequencing
replicate replicate run M63 0.4 LB 0.4 LB 2.0 technique
B1 L1 GA X X X GAllx
B2 L1 HS1 X X X HiSeq 2000
B2 L1 HS2 X X X HiSeq 2000
B1 L2 HS2 X HiSeq 2000
B2 L2 HS2 X HiSeq 2000
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TABLE S4. Read mapping statistics for the E. coli ARNA-seq libraries. This table contains the
total number of reads after quality trimming, the number of mapped and uniquely mapped reads
for each growth condition, library replicate and sequencing replicate (see Supplemental Materials

and Methods). Percentage values are relative to the total number of reads after quality trimming.

Total number of

quality trimming
M63 0.4 B1 +TEX 2,226,993 2,179,278 97.86 1,353,514 60.78
M63 0.4 B1 -TEX 3,618,430 3,587,012 99.13 1,641,287 45.36
?9: LB 0.4 B1 +TEX 3,386,772 3,319,935 98.03 2,450,714 72.36
hr LB 0.4 B1 -TEX 2,348,269 2,313,292 98.51 1,448,100 61.67
LB 2.0 B1 +TEX 1,812,576 1,662,957 91.75 1,255,341 69.26
LB 2.0 B1 -TEX 2,950,320 2,833,237 96.03 1,369,732 46.43
M63 0.4 B2 +TEX 8,676,235 8,320,773 95.90 5,616,514 64.73
M63 0.4 B2 -TEX 8,180,585 7,878,531 96.31 4,840,039 59.16
é LB 0.4 B2 +TEX 6,173,388 6,034,843 97.76 4,521,459 73.24
- LB 0.4 B2 -TEX 7,901,590 7,050,172 89.22 3,178,987 40.23
LB 2.0 B2 +TEX 7,039,151 6,785,582 96.40 4,724,268 67.11
LB 2.0 B2 -TEX 5,486,064 4,662,787 84.99 2,771,432 50.52
M63 0.4 B2 +TEX 8,785,626 8,433,738 95.99 5,688,313 64.75
M63 0.4 B2 -TEX 9,814,115 9,463,702 96.43 5,799,209 59.09
(E LB 0.4 B2 +TEX 5,878,169 5,753,542 97.88 4,301,601 73.18
- LB 0.4 B2 -TEX 8,321,493 7,434,035 89.34 3,356,765 40.34
LB 2.0 B2 +TEX 7,792,864 7,520,559 96.51 5,221,142 67.00
LB 2.0 B2 -TEX 6,648,330 5,654,792 85.06 3,352,443 50.43
LB 2.0 B1 +TEX 6,336,509 5,383,288 84.96 3,970,765 62.66
§ LB 2.0 B1 -TEX 7,782,920 5,842,996 75.07 3,399,792 43.68
S LB 2.0 B2 +TEX 6,543,088 5,961,511 91.11 3,984,821 60.90
LB 2.0 B2 -TEX 5,327,191 3,753,567 70.46 2,217,871 41.63
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TABLE S5. Mapping statistics based on strand and RNA class. This table indicates the number
of reads mapped to the different RNA classes (mRNA, ncRNA, rRNA, tRNA, and tmRNA) for

each strand across all libraries and biological conditions. The numbers for both the mapped and

uniquely mapped reads per RNA class are shown with percentage values calculated from the

total number of mapped reads regardless of mapped location (taken from Table S4) for the

respective biological conditions.

M63 0.4

Biological condition

LB 0.4

LB 2.0

Mapped reads Uniquely mapped

Mapped reads

Uniquely

Mapped reads

Uniquely

reads mapped reads mapped reads

Total* 39,863,034 24,938,876 31,905,819 19,257,626 50,061,276 32,267,607
mMRNA 7,542,584 (19%) 7,459,916 (30%) 4,754,092  (15%) 4,679,204  (24%) 12,621,458  (25%) 12,449,865 (39%)
o MeRNA 2,144,882 (5%) 2,134,932 (9%) 1,974,888 (6%) 1,972,296  (10%) 6,865,538 (14%) 6845341  (21%)
g rRNA 9,337,211 (23%) 1,281,358 (5%) 8,409,540  (26%) 843,630 (4%) 16,392,800  (33%) 1,723,029  (5%)
?  rNa 8,608,679 (22%) 5,226,638 (21%) 5500,223  (17%) 4,821,845  (25%) 3,695,560 (7%) 1,600,498  (5%)
tmRNA 283,482 (1%) 283,431 (1%) 182,898 (1%) 182,884 (1%) 510,495 (1%) 510,408 (2%)
mMRNA 976,736 (2%) 945,150 (4%) 566,133 (2%) 535,981 (3%) 1,900,343 (4%) 1,834,877  (6%)
S noRNA 544,883 (1%) 541,313 (2%) 131,872 (0%) 131,022 (1%) 301,004 (1%) 300,376 (1%)
§ rRNA 1,820 (0%) 70 (0%) 2,498 (0%) 30 (0%) 3,385 (0%) 435 (0%)
E tRNA 2,471 (0%) 2,022 (0%) 2,542 (0%) 2,152 (0%) 30,965 (0%) 29,200 (0%)
tmRNA 8 (0%) 7 (0%) 12 (0%) 12 (0%) 26 (0%) 26 (0%)

*Total reads were calculated by summing all the reads mapped to the E. coli genome from all libraries (+TEX and —-TEX) from a
particular condition including reads that mapped to locations other than the listed RNA classes. The numbers were generated
from the data in Supplemental Table S4.
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TABLE S6. Known annotated asRNAs. This table contains the previously known annotated

asRNAs taken from NCBI annotation.

Locus

Gene tag Strand Start End Description

arrS  b4704 - 3656009 3656077 asRNA ArrS, GadE-regulated, function unknown

gadY b4452 + 3662887 3662991 asRNA regulator of transcriptional activator GadX mRNA

ohsC b4608 + 2698542 2698618 asRNA regulator of shoB toxin

rdlA b4420 + 1268546 1268612 asRNA RdIA affects LdrA translation; proposed addiction
module in LDR-A repeat, with toxic peptide LdrA

rdiB b4422 + 1269081 1269146 asRNA RdIB affects LdrB translation; proposed addiction
module in LDR-B repeat, with toxic peptide LdrB

rdIC  b4424 + 1269616 1269683 asRNA RdIC affects LdrC translation; proposed addiction
module in LDR-C repeat, with toxic peptide LdrC

rdID b4454 + 3698159 3698224 asRNA RdID affects LdrD translation; proposed addiction
module in LDR-D repeat, with toxic peptide LdrD

sibA  b4436 + 2151333 2151475 asRNA regulator of toxic IbsA protein; in SIBa repeat

sibB  b4437 + 2151668 2151803 asRNA regulator of toxic IbsB protein; in SIBb repeat

sibC  b4446 + 3054871 3055010 asRNA regulator of toxic IbsC protein; in SIBc repeat

sibD  b4447 - 3192745 3192887 asRNA regulator of toxic IbsD protein; in SIBd repeat

sibE  b4611 - 3193121 3193262 asRNA regulator of toxic IbsE protein; in SIBe repeat

sokB b4429 + 1490143 1490198 asRNA blocking mokB, and hence hokB, translation

sokC b4413 + 16952 17006 asRNA blocking mokC, and hence hokC, translation

SokE  b4700 + 606957 607015 asRNA at remnant mokE/hokE locus

sokX b4701 + 2885376 2885431 asRNA, function unknown

symR b4625 + 4577858 4577934 asRNA destabilizing divergent and overlapping symE mRNA
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TABLE S7. Published E. coli transcriptome studies reporting asRNAs used for comparisons.

Reference Strain Growth Special Sequencing Total number Annotated
conditions treatment of reads asTSS
'Conway etal. K12 'Fermentor  Terminator  ABISOLID 72,147,745 89 |

MOPS + 0.2%  Exonuclease

(15) gwggggg/ glucose ODggo  (TEX) treatment
ArpoS ~0.1-stationary
phase
'Dornenburg et | K12 'LB ODeo 0.7 rRNA depletion | lllumina '8067,003 1390 |
al. MG1655 (44 cycles)
(10)
Raghavan etal. K12 LB ODeoo ~0.5  rRNA depletion lllumina GA Il 30,206,434 90
MG1655 (35 cycles)
(11)
Shinhara etal. K12 M63 glucose Extraction of lllumina 1G 12,473,172 112*
BW25113 ODeoo 0.76 at low-molecular (35 cycles)
(12) 37°C weight RNAs
Mendoza- K12 LB and M63 rRNA depletion Roche 454 ~350,000 165
Vargas et al. MG1655  glucose at 37°C GS20 (reads
and 30°C ~100 nt long)
(13)
Salgado et al. K12 LB or MOPS rRNA depletion, lllumina GAlIx 77,628,858 182
MG1655/ media with enrichment for (36 cycles)
.2% Glucose -P or5-
(14) MG1655  0.2% Gl 5P or 5-PPP
ArppH or 0.2% acetate
at 37°C

*Number of mapped non-rRNA sequences

*TSS represent extracted 5° end positions of reported antisense transcripts
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TABLE S8. Candidate asRNAs tested by northern analysis.

Strand Sense Start-end TSS Size Expression Detected
gene expression by others
bin
+ qorA 4,261,162- >100,000 70, 200 rme LB 0.4 No
4,261,303
- gsiB 869,344- 10,000- 170 LB 0.4; (10)
869-393 100,000 M63
- holE 1,923,282- 10,000- 230 mclLB 0.4 +20 (10, 11, 14)
1,923,331 100,000
+ serU 2,041,439- 10,000- 170 rnc LB 0.4 +2.0; (10)
2,041,488 100,000 rne
+ eutB 2,555,334~ 10,000- 310-320 LB 0.4; (10, 12, 15)
2,555,448 100,000 rnc 0.4;
rne 0.4
+ speA 3,082,647- 10,000- 160 LB 0.4 No
3,082,696 100,000
+ ytfJ 4,437,157- 10,000- 180-190 mc 0.4 (10)
4,437,206 100,000
- yeaJ 1,870,929- 1,000-10,000 multiple LB 0.4; (10, 11)
1,870,978 bands rnc 0.4+ 2.0;
rne 0.4
+ gmr 1,342,751- 1,000-10,000 multiple rme 0.4 (10)
1,342,800 bands
- yliF 874,841- 1,000-10,000 185 LB 0.4; (10-12)
874,890 M63 0.4;
rnc 0.4,
rne 0.4
- thrv 262,193~ 1,000-10,000 180 mc LB 0.4 +2.0 No
262,242
+ yggN 3,098,913- 1,000-10,000 multiple mc LB 0.4 +2.0 No
3,098,986 bands
- argR 3,383,214~ 1,000-10,000 210 LB 0.4; No
3,383,263 rnc 0.4;
me 0.4 +2.0
- ymfL 1,202,757- 1,000-10,000 >50 LB 0.4 + 2.0; (12, 15)
1,203,131 M63;
mc 0.4 +2.0
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SUPPLEMENTAL DATA SETS

Data Set S1. TSS map. This table contains information on positions and assigned classes of all
annotated TSS. It lists all TSS that were detected in at least one of the three conditions (column
"detected" = 1). In case a TSS was not detected in a certain condition the value of detected is "0".
Also, if the TSS is assigned to more than one class, there is one row for each class assignment

and each associated gene.

Data Set S2. Overlapping 5° UTRs (Tab S2A) and comparison to IP-dsRNAs (Tab S2B). Tab
S2A contains all pairs of overlapping 5> UTRs based on primary and secondary TSS, which can
also be classified as internal and/or antisense, with a minimum overlap of 10 nt. Tab S2B
contains all IP-dsRNAs described by Lybecker et al. (16) for which we found at least one
matching asTSS.

Data Set S3. Exclusively asTSS bin expression table. This data set contains information on the
expression of exclusively asTSS as well as the overlap to asRNAs from previous studies. The
TSS are separated into bins according to the maximum RPKM value over all libraries. Each

worksheet contains the TSS assigned to a specific bin.
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The global mapping of transcription boundaries is a key step in the elucidation of the full complement of
transcriptional features of an organism. It facilitates the annotation of operons and untranslated regions
as well as novel transcripts, including cis- and trans-encoded small RNAs (sRNAs). So called RNA sequenc-
ing (RNA-seq) based on deep sequencing of cDNAs has greatly facilitated transcript mapping with single
nucleotide resolution. However, conventional RNA-seq approaches typically cannot distinguish between
primary and processed transcripts. Here we describe the recently developed differential RNA-seq
(dRNA-seq) approach, which facilitates the annotation of transcriptional start sites (TSS) based on deep
sequencing of two differentially treated cDNA library pairs, with one library being enriched for primary
transcripts. Using the human pathogen Helicobacter pylori as a model organism, we describe the applica-
tion of dRNA-seq together with an automated TSS annotation approach for generation of a genome-wide
TSS map in bacteria. Besides a description of transcriptome and regulatory features that can be identified
by this approach, we discuss the impact of different library preparation protocols and sequencing plat-
forms as well as manual and automated TSS annotation. Moreover, we have set up an easily accessible
online browser for visualization of the H. pylori transcriptome data from this and our previous H. pylori
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1. Introduction

RNA-sequencing (RNA-seq) based on deep sequencing of cDNA
libraries has been increasingly used as the method of choice for
gene expression analysis and annotation of whole transcriptomes
[1]. In comparison to hybridization-based techniques, such as
microarrays or tiling arrays, RNA-seq has a higher dynamic range
and requires less input material. Instead of applying previously
designed probes that are prone to suffer from cross-hybridization
issues, RNA-seq directly records the amount and boundaries of
each transcript with single nucleotide (nt) resolution. The prior
knowledge of the genomic sequence can facilitate the analysis
and mapping of the sequenced cDNA reads, but is not necessarily
required to detect and quantify a transcript. RNA-seq has greatly
facilitated the annotation of transcript boundaries and the identifi-
cation of novel transcripts in both pro- and eukaryotes [2-4].
While a major challenge for early bacterial RNA-seq experiments
was the presence of highly abundant RNA species like rRNAs and

* Corresponding author. Fax: +49 931 3182578.
E-mail address: cynthia.sharma@uni-wuerzburg.de (C.M. Sharma).

http://dx.doi.org/10.1016/j.ymeth.2015.06.012
1046-2023/© 2015 Elsevier Inc. All rights reserved.

tRNAs, which make up more than 95% of the RNA pool in a bacte-
rial cell, this issue was overcome in eukaryotes by solely
reverse-transcribing poly(A)-tailed mRNAs via oligo-d(T) priming
during cDNA library preparation [4]. Since poly(A)-tails represent
a degradation signal in bacteria, several strategies for rRNA
removal including oligonucleotide-based removal of rRNAs with
magnetic beads or size fractionation using gel electrophoresis
(reviewed in [2,5]) were employed. The steadily dropping
sequencing costs, bundled with a major increase in sequencing
depth, nowadays provide sufficient coverage for the mRNA and
non-abundant sRNA fractions without the necessity for additional
depletion steps which were recently shown to introduce coverage
bias [6].

In a typical RNA-seq experiment total RNA or a fraction thereof
is first converted into cDNA in a reverse-transcription reaction, fol-
lowed by PCR-based amplification of the library. Different library
protocols are available, which are highly specific for the applied
sequencing technique but can be subdivided into strand-specific
and non-strand-specific protocols. Non-strand-specific protocols,
for example, based on random hexamer priming and ligation of
adapters to double-stranded cDNA have the drawback that they



3.3 BISCHLER ET AL., METHODS, 2015 79

90 T. Bischler et al./ Methods 86 (2015) 89-101

lose the information whether sequencing reads originate from the
sense or the antisense strand. To overcome this problem,
strand-specific protocols have been developed including direct
sequencing of first strand cDNA [7], template switching PCR [8],
RNA C to U conversion using bisulfite [9] or second strand synthe-
sis with dUTP followed by degradation after adapter ligation [10].
Our below listed protocol combines 5’ end RNA linker ligation with
poly(A)-tailing using Escherichia coli poly(A) polymerase [11-13].
After cDNA library construction and different quality checks, the
samples are sequenced on one of the available deep sequencing
platforms, resulting in millions of cDNA reads. The most commonly
used techniques are the Illumina (Solexa), the 454 Life Sciences
system, and ABI SOLiD sequencing. More recently developed
single-molecule sequencing technologies comprise SMRT sequenc-
ing (Pacific Biosciences) or nanopore sequencing (Oxford Nanopore
Technologies). Depending on the applied protocol and sequencing
method, the reads are subjected to different pre-processing steps
such as quality filtering or adapter or poly(A)-tail trimming.
Afterwards, cDNA reads are commonly aligned to a genomic
sequence and can then be used for gene expression profiling based
on existing annotations, the generation of nucleotide-wise cover-
age plots for visualization in a genome browser and the annotation
of novel transcripts.

RNA-seq-based mapping of bacterial transcript boundaries
enables a global elucidation of operon structures and facilitates
annotation of untranslated regions (UTRs) of protein coding
genes, which potentially contain gene regulatory elements.
Additionally, it allows for detection of novel transcripts such
as small regulatory RNAs (sRNAs) and facilitates the discovery
of previously non- or misannotated ORFs. Primer extension
[14] or 5 RACE (rapid amplification of cDNA ends) [15-17]
are established methods for the determination of transcript 5’
ends of single genes, but they are time-consuming and imprac-
tical for global analysis. Therefore, several RNA-seq-based proto-
cols for sequencing of 5 ends of RNAs including a modified 5
RACE approach have been developed, but many of them cannot
clearly distinguish transcriptional start sites (TSS) from process-
ing sites [18-23].

Here we give a detailed description of the differential RNA-seq
(dRNA-seq) method, which allows for global annotation of all
expressed TSS under the examined growth condition in an organ-
ism of interest in one sequencing experiment [24]. While it was
originally developed to study the primary transcriptome of the
major human pathogen Helicobacter pylori [12] it has since been
successfully applied for determination of TSS in a wide range of
pro- and eukaryotic organisms [24]. With >1900 unique TSS and
at least one antisense TSS to 50% of all genes, the dRNA-seq
approach revealed a very complex and compact transcriptional
output from the small H. pylori genome and an unexpected number
of >60 sRNAs [12]. While our previous H. pylori dRNA-seq approach
was based on 454 sequencing of dRNA-seq libraries from H. pylori
strain 26695 grown under different growth conditions, we here
exemplify the use of Illumina-based dRNA-seq for annotation of
TSS under a representative growth condition. We compare the
results from the different sequencing platforms and among differ-
ent replicates. Furthermore, we perform an automated TSS annota-
tion using TSSpredator (http://it.inf.uni-tuebingen.de/
TSSpredator), which we had initially applied for a comparative
TSS annotation in multiple Campylobacter jejuni strains [25] and
the generation of a global TSS map of Escherichia coli K12
MG1655 [26], and compare the automated TSS annotation with
manual TSS annotations from the previous H. pylori dRNA-seq
study [12]. We provide the global TSS maps and cDNA
coverage plots of the previous and newly generated H. pylori
26695 dRNA-seq data in an easily accessible online browser
(http://hpylori-tss.imib-zinf.net/).

2. Materials and methods
2.1. Helicobacter pylori growth conditions

Helicobacter pylori wild type strain 26695 (CSS-0065, kindly
provided by D. Scott Merrell, Bethesda, MD) was grown on
GC-agar (Oxoid) plates supplemented with 10% (V/V) donor horse
serum (Biochrom AG), 1% (V/V) vitamin mix, 10 pg/ml vancomycin,
5 pg/ml trimethoprim, and 1 pg/ml nystatin as described previ-
ously [44]. For liquid cultures, 15 or 50 ml Brain Heart Infusion
medium (BHI, Becton, Dickinson and Company) supplemented
with 10% (V/V) FBS (Biochrom AG) and 10 pg/ml vancomycin,
5 pg/ml trimethoprim, and 1 pg/ml nystatin was inoculated with
H. pylori grown on plates to a final ODggg of 0.02-0.05 and grown
under agitation at 140 rpm in 25 cm? or 75 cm? cell culture flasks
(Corning). Bacteria were grown at 37 °C in a HERAcell 150i incuba-
tor (Thermo scientific) in a microaerophilic environment (10% CO,,
5% 0,, and 85% N;). When the cultures reached mid-log phase
(ODggp ~0.6), culture volumes of cells corresponding to a total
amount of 4 ODgoo were mixed with 0.2 volumes of stop-mix
(95% EtOH and 5% phenol, V/V), frozen in liquid N, and stored at
—80°C until RNA extraction. In total, three biological replicates
of bacteria grown to mid-log phase (ML) were harvested: B1, which
was grown separately from B2 and B3, which were grown on the
same day.

2.2. RNA extraction and DNase I treatment

Frozen cell pellets were thawed on ice and resuspended in lysis
solution containing 600 pul of 0.5 mg/ml lysozyme in TE buffer (pH
8.0) and 60 pul 10% SDS. Bacterial cells were lysed by incubating the
samples for 1-2 min at 65 °C. Afterwards, total RNA was extracted
using the hot-phenol method as described previously [12,27].
DNase I (Fermentas) treatment was performed on total RNA
according to manufacturer’s instruction. Removal of residual geno-
mic DNA was subsequently verified by control PCR using the oligos
CS0-0790: GTTTTTTCTAGACGTTTAAAACAAGCCTGGT and
CSO-0791: GTTTTTGAATTCCATGATGACTCCTTTAATTGAAA which
amplify a ~594 nt long product of the HP1432 gene.

2.3. dRNA-seq library preparation and sequencing

Terminator exonuclease (TEX) treatment of RNA samples was
performed as previously described [12]. cDNA libraries for
[llumina sequencing were constructed by Vertis Biotechnology
AG, Germany (http://www.vertis-biotech.com/) in a
strand-specific manner as previously described for eukaryotic
microRNA [28] but omitting the RNA size-fractionation step prior
to cDNA synthesis. In brief, ~200ng of RNA sample were
poly(A)-tailed using 2.5 U E. coli poly(A) polymerase (NEB) for
5 min at 37 °C. TEX treatment (+TEX) and mock treatment without
the enzyme (—TEX) were carried out after poly(A)-tailing. To this
end, poly(A)-tailed RNA was denatured for 2 min at 90 °C, cooled
on ice for 5min and treated with 1.5 U of Terminator
Exonuclease (Epicentre) for 30 min at 30 °C. Then, the 5'-PPP struc-
tures were removed using tobacco acid pyrophosphatase (TAP).
TAP treatment was performed by incubating +TEX and —TEX sam-
ples with 5 U TAP for 15 min at 37 °C.

Afterwards, an RNA adapter (5’ Illumina sequencing adapter,
5’-UUUCCCUACACGACGCUCUUCCGAUCU-3) was ligated to the
5'-P of the TAP-treated, poly(A)-tailed RNA for 30 min at 25 °C.
First strand cDNA was synthesized by using an oligo(dT)-adapter
primer (see below) and the M-MLV reverse transcriptase
(AffinityScript, Agilent) by incubation at 42 °C for 20 min, ramp
to 55 °C followed by 55 °C for 5 min. In a PCR-based amplification
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step using a high fidelity DNA polymerase (Herculase Il Fusion DNA
Polymerases, Agilent) the cDNA concentration was increased to
10-20 ng/pl (initial denaturation at 95 °C for 2 min, 16-18 cycles
95 °C for 20 s and 68 °C for 2 min). A library-specific barcode for
multiplex sequencing was included as part of a 3’ sequencing adap-
ter. The TruSeq index primers for PCR amplification were used
according to the instructions of Illumina. For all libraries the
Agencourt AMPure XP kit (Beckman Coulter Genomics) was used
to purify the DNA (1.8 x sample volume), and cDNA sizes were
examined by capillary electrophoresis on a MultiNA microchip
electrophoresis system (Shimadzu).

The following adapter sequences flank the cDNA inserts:

TruSeq_Sense_primer: 5-AATGATACGGCGACCACCGAGATCTA
CACTCTTTCCCTACACGACGCTCTTCCGATCT-3', TruSeq_Antisense_
NNNNNN_primer (NNNNNN=6n barcode for multiplexing):
5-CAAGCAGAAGACGGCATACGAGAT-NNNNNN-GTGACTGGAGTT-
CAGACGTGTGCTCTTCCGATC(dT25)-3'

The first biological replicate (B1) was sequenced on an Illumina
HiSeq 2000 machine with 97 cycles while the second and third
replicate (B2/B3) were sequenced on a HiSeq 2500 with 100 cycles.
All sequencing was conducted in single-read mode.

2.4. Analysis of deep sequencing data

2.4.1. Read mapping and generation of coverage plots

To assure high sequence quality, the Illumina reads in FASTQ
format were trimmed with a cutoff phred score of 20 by the pro-
gram fastq_quality_trimmer from FASTX toolkit version 0.0.13.
After trimming, poly(A)-tail sequences were removed and a size fil-
tering step was applied in which sequences shorter than 12 nt
were eliminated. The collections of remaining reads were mapped
to the H. pylori 26695 (NCBI Acc.-No: NC_000915.1) genome using
the RNA-seq pipeline READemption [29] and segemehl [30] with an
accuracy cutoff of 95%. Coverage plots representing the numbers of
mapped reads per nucleotide were generated. Reads that mapped
to multiple locations with an equal score contributed a fraction
to the coverage value. For example, reads mapping to three posi-
tions contributed only 1/3 to the coverage values. We chose this
approach of including reads that map to multiple locations with
relative scores rather than solely using uniquely mapped reads. It
represents a tradeoff between introducing some uncertainty
regarding the true origin of reads that map to multiple locations
and not excluding all transcripts with true multiple copies in the
genome like rRNAs, tRNAs and some of the sRNAs. Since only read
mappings with equal scores were considered, most of the
non-uniquely mapped reads likely corresponded to such dupli-
cated or repetitive genes, rather than representing unspecifically
mapped reads. Each resulting cDNA coverage graph was normal-
ized by the number of reads that could be mapped from the respec-
tive library (typically several million reads when using Illumina
sequencing) and afterwards multiplied by 1,000,000.

2.4.2. Coverage plot normalization by TSSpredator

Prior to the comparative analysis, the expression graphs with
the cDNA coverages that resulted from the read mapping were fur-
ther normalized using TSSpredator (http://it.inf.uni-tuebingen.de/
TSSpredator). A percentile normalization step was applied to nor-
malize the +TEX graphs. To this end, the 90th percentile of all data
values was calculated for each +TEX graph. This value was then
used to normalize the +TEX graph as well as the respective —TEX
graph. Thus, the relative differences between each +TEX and
—TEX graph were not changed in this normalization step. Again,
afterwards all graphs were multiplied with the overall lowest value
to restore the original data range. To account for different enrich-
ment rates, a third normalization step was applied. During this
step, prediction of TSS candidates was performed for each

replicate. These candidates were then used to determine the med-
ian enrichment factor for each +TEX library pair. Using these medi-
ans all —TEX libraries were then normalized against the library
with the strongest enrichment. Besides annotation of TSS, the
resulting graphs were also used for visualization in the
Integrated Genome Browser [31].

2.4.3. Automated TSS annotation using TSSpredator

Based on the normalized expression graphs automated TSS pre-
diction was performed similar to Thomason and Bischler et al. [26]
and Dugar et al. [25] using TSSpredator. In brief, for each position
(i) in the expression graph corresponding to the +TEX libraries,
the algorithm calculates an expression height, e(i), and compares
that expression height to the preceding position by calculating
e(i)—e(i — 1), which is termed the flank height. Additionally, the
algorithm calculates a factor of height change e(i)/e(i — 1). To
determine if a TSS is a real TSS and not a processed transcript
end an enrichment factor is calculated as e,rex(i)/e_tex(i), where
e.ex(i) is the expression height for the TEX-treated sample and
e_tex(i) is the expression height for the untreated sample. For all
positions where these parameters (flank height, factor of height
change, and enrichment) exceed the predefined thresholds a TSS
is annotated.

We set the thresholds for the minimum flank height and the min-
imum factor of height change, which are used to determine if a TSS is
detected to 0.3 and 2.0, respectively. Here, the value for the mini-
mum flank height is a factor to the minimum 90th percentile over
all libraries resulting in an absolute value of 2.94 (for predictions
based on 4 replicates). If the TSS candidate reaches these thresh-
olds in at least one replicate, the thresholds are decreased for the
other replicates to 0.1 (0.98 absolute) and 1.5, respectively.
Furthermore, we set the matching replicates parameter, which
determines the number of replicates in which a TSS must exceed
these thresholds in order to be marked as detected to 3. A TSS can-
didate is considered to be enriched, if the enrichment factor at the
respective nucleotide position for at least one replicate is >2.0. In
order to take into account slight variations between TSS positions
the respective parameter for clustering between replicates was
set to a value of 1. In doing so, a consensus TSS position in a 3 nt
window is determined based on the maximum flank height among
the respective libraries.

Predicted TSS were assigned to five different classes based on
their location with respect to predefined annotations: primary
TSS (pTSS, main TSS within 300 nt upstream of a gene or operon),
secondary TSS (sTSS, alternative TSS with lower flank height),
internal TSS (iTSS, TSS within a gene), antisense TSS (asTSS, TSS
antisense to a gene in a distance <100 nt), and orphan TSS (oTSS,
TSS not associated with annotation). Please note that compared
to our previous manually annotated TSS used in [12], we reduced
the maximal window for pTSS and sTSS classification from 500
nt to 300 nt to have a more strict TSS classification. This might
affect some of the classifications of previously annotated TSS, i.e.
TSS <500 and >300 nt upstream of annotated genes. For example,
some of the TSS that are also classified as iTSS or asTSS might have
lost the primary or secondary classification whereas TSS solely
classified as pTSS or sTSS would be annotated as oTSS. Moreover,
our automated TSS prediction and classification employs an
updated annotation file, which now also contains the annotations
for validated sRNAs from H. pylori. Thus, these are now also listed
with their primary TSS in Table S1.

2.4.4. Availability of sequencing data

Raw sequencing reads in FASTQ format and coverage files nor-
malized by TSSpredator in wiggle (WIG) format are available via
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/-
geo) under accession number GSE67564.
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Additionally, we used previous 454 sequencing data of a
TEX-treated (+TEX) and an untreated library (-~TEX) based on a
sample collected at mid-log growth (BO) from the previous
H. pylori dRNA-seq study [12] for which raw data were previously
uploaded to the NCBI Short Read Archive (http://www.ncbi.nlm.
nih.gov/Traces/sra) under accession number SRA010186.

3. Results and discussion
3.1. The dRNA-seq approach for global mapping of TSS

The dRNA-seq approach allows for the precise mapping of TSS
on a genome-wide scale via selective sequencing of primary tran-
scripts [24]. For each biological sample, a cDNA library pair consist-
ing of one library (+TEX) generated from RNA treated with
terminator 5’ phosphate dependent exonuclease (TEX) and a
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second library (—TEX) generated from untreated total RNA is
sequenced. TEX selectively digests processed transcripts with a
5'-P which results in an enrichment for primary transcripts that
still carry a 5'-PPP in the +TEX library [12]. Fig. 1A depicts how
TEX treatment of total RNA eliminates most of the processed
RNAs including the abundant 16S and 23S rRNA. Another method
that relies on initial TEX-treatment for depletion of processed tran-
scripts employs a modified 5° RACE approach [21,22]. However,
compared to the dRNA-seq approach this approach does not
include a direct comparison to an untreated library based on the
same sample, which facilitates the discrimination of primary and
processed transcripts.

An alternative strategy to identify TSS on a global scale is based
on treatment of RNA with tobacco acid pyrophosphatase (TAP) and
has been used for global identification of sRNAs and their TSS in
Clostridium difficile [32] or the generation of a transcriptome map
and analysis of pervasive transcription in Propionibacterium acnes
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Fig. 1. Workflow for dRNA-seq-based primary transcriptome analysis. (A) H. pylori 26695 total RNA harvested at ODggo 0.6 with (+) and without (—) TEX treatment was
separated on a 4% 7 M Urea polyacrylamide gel and stained with Stains-All (Sigma-Aldrich). Positions of bands for 16S and 23S rRNA are indicated on the right. (B)
Representative workflow of a dRNA-seq experiment. (C) Illumina sequencing-specific cDNA library preparation protocol applied to both, +TEX and —TEX samples.
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[33] as well as Streptomyces coelicolor and Escherichia coli [47]. TAP
removes pyrophosphates from the 5-PPP group of primary tran-
scripts leaving a 5'-P end and making them accessible for 5’ end
linker ligation. Comparison of library pairs generated from RNA
with (+TAP) and without (—~TAP) TAP treatment enables determi-
nation of TSS based on enrichment of primary transcripts in the
+TAP versus the —TAP library. However, in contrast to the
dRNA-seq approach this approach does specifically enrich for pri-
mary transcripts and does not deplete the abundant rRNAs and
tRNAs so that deeper sequencing coverage might be required. A
similar strategy was applied for TSS mapping in E. coli using 5’
polyphosphatase instead of TAP [23].

3.2. dRNA-seq of Helicobacter pylori strain 26695

Here, we describe the application of dRNA-seq using the gastric
pathogen H. pylori 26695 as an example bacterium. H. pylori thrives
in the acidic environment of the human stomach where it can
cause gastritis, ulcers, gastric cancer and lead to lifelong, persistent
infections [34,35]. H. pylori has a relatively small genome of 1.67
Mbp and encodes only for a small number of transcriptional regu-
lators. The strain 26695 was originally isolated from a gastritis
patient in the United Kingdom and was one of the first bacteria
with a sequenced genome [36]. Strain 26695 is one of the most
widely used strains in H. pylori research and a genome-wide map
of TSS and operons based on dRNA-seq data was previously gener-
ated for this strain grown under five different biological conditions
[12]. The conditions comprised bacteria grown to mid-logarithmic
phase (ML), which represented the reference growth condition, or
under acid stress (AS), grown in contact with responsive gastric
epithelial AGS cells (AG) or non-responsive liver cells (HU), or in
cell culture medium alone (PL). For each of these conditions, a sin-
gle library was constructed and between 200,000 and 500,000
cDNA reads for each sample were generated by 454
pyrosequencing.

For every RNA-seq experiment, one important decision to make
is the selection of an appropriate sequencing technology. Several
platforms with differences in read length, reads per run, accuracy,
price and time per run [37] are available on the market. Here, we
will focus on protocols and data analyses that apply to the
Illumina sequencing technology, which is currently the most
widely-used platform for RNA-seq. To illustrate the necessary steps
for generation of a TSS map and to assess the effects of the deeper
Illumina sequencing coverage and the use of several replicates in
comparison to the previous TSS annotations, we collected three
biological replicate RNA samples (B1-B3) from H. pylori 26695
wild-type cells grown to mid-logarithmic phase in rich BHI med-
ium +10% FCS. The protocol used to generate dRNA-seq data from
these samples is shown in Fig. 1B and details are listed in the
Materials and Methods section. After collection of cell samples,
total RNA was isolated using the hot-phenol extraction [12,25,27]
(see Section 2.2). It is crucial to obtain high-quality RNA in this step
to avoid extensive sequencing of rRNA degradation fragments.
Thus, an RNA quality check on agarose gels or using Bioanalyzer
chips is recommended after removal of residual genomic DNA via
DNase I treatment (see Section 2.2). An additional rRNA depletion
is optional and is not necessary in most cases since sequencing
coverage is no longer limiting. Due to the removal of processed
RNAs, TEX treatment also decreases the fraction of rRNAs and
tRNAs. Thus, together with the additional depletory effects due
to lower preference of poly(A) addition by E. coli poly(A) poly-
merase (PAP I) described below and lower efficiency in reverse
transcription for structured rRNAs during library construction, no
additional rRNA depletion steps are required in a typical
dRNA-seq experiment.

For the preparation of dRNA-seq libraries, either the +TEX treat-
ment can be the first step or each RNA sample can be first
polyadenlyated using PAP [, followed by differential TEX treatment.
Here we describe the latter order (Fig. 1B and C), which has the
advantage that it ensures equal poly(A)-tailing for the correspond-
ing +TEX library pairs. The cDNA libraries for Illumina sequencing
were generated in the same way for +TEX and —TEX samples and
experimental details are given in Section 2.3. Strand-specificity of
the sequencing is crucial to distinguish sense from antisense tran-
scripts. In our method this is achieved by attaching a 5’ RNA adap-
ter and a poly(A)-tail to each fragment prior to cDNA synthesis.
First a poly(A)-tail was attached to the RNA molecules. It was
shown that PAP I has a preference of polyadenylating mRNAs over
rRNAs resulting in an inherent rRNA depletion in the resulting
cDNA library [38]. Afterwards, each of the poly(A)-tailed biological
replicates B1-B3 was split into two halves which were then differ-
entially treated with TEX, resulting in —TEX samples covering
RNAs with a 5’-P and a 5'-PPP and +TEX samples that are enriched
for 5'-PPP RNAs. Next, the +TEX samples were treated with TAP to
cleave the 5’-PPP groups of primary transcripts leaving a 5’-P. This
step is necessary to enable subsequent ligation of the 5’ end linkers
that cannot be ligated to a 5'-PPP end. Please note that processed
transcripts with a 5'-OH are not covered in the final cDNA libraries,
although they are resistant to TEX removal, since they are not
accessible for 5’ end RNA linker ligation. In case one is interested
in capturing this class of transcripts, an additional treatment with
polynucleotide kinase and ATP is required to generate 5'-P ends
(for a protocol see [39]). After TAP treatment, an RNA linker was
ligated to the transcripts in the +TEX samples. Next, first strand
cDNA was generated using an oligo(dT)-adapter primer and
library-specific barcodes were introduced during PCR amplification
of each library. All libraries were sequenced on either an Illumina
2000 (B1-HS1) or 2500 machine (B2-HS2 and B3-HS2). In total
we sequenced between 4.1 and 8.1 Mio cDNA reads per library
(Table 1). This represents a more than 10-fold higher coverage
compared to the previous 454 libraries [12].

It was shown that the construction of cDNA libraries can be a
major source of variation among RNA-seq experiments based on
the same organism in both pro- and eukaryotes [26,40].
Especially, additional bias might be introduced by distinct library
preparation protocols for different sequencing platforms due to
differences in ligation efficiency and RNA structure or
G/C-content-dependent differences in reverse transcription or
PCR amplification efficacy [41]. The resulting variation in amplifi-
cation of certain transcripts could be an explanation for observed
differences among distinct studies of the same organism [40].
When comparing biological and technical replicates in a
dRNA-seq analysis of E. coli, we observed larger variation for dis-
tinct library preparations from the same biological sample than
among biological replicates for which the libraries were generated
in parallel [26]. We therefore recommend, if possible, conducting
cDNA library preparation for all samples simultaneously. This is
even more important for quantitative gene-expression profiling
experiments compared to qualitative transcriptome annotation
approaches such as dRNA-seq.

3.3. dRNA-seq data analysis

After Illumina sequencing of the six B1-B3 +TEX libraries, we
assessed read quality using FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc). This software provides for each
library a summary, which includes different quality metrics as,
for example, sequence length distribution, GC content distribution,
presence of duplicated or overrepresented sequences, per-base N
content and most importantly base call quality scores. Read quality
for Illumina sequencing typically decreases at the 3’ end of longer
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Table 1

Mapping statistics for the H. pylori 26695 Illumina dRNA-seq libraries. This table summarizes the total number of sequenced cDNA reads after quality trimming, as well as the
number of mapped and uniquely mapped reads for each library. Percentage values are relative to the number of cDNA reads that are >11 nt after poly(A) trimming.

Library Total number of reads Number of reads long enough Mapped % Mapped Uniquely % Uniquely
after quality trimming after poly(A) trimming (>11 nt) reads reads mapped reads mapped reads
ML B1-HS1 + TEX 4,105,444 2,904,136 2,855,756 98.3 1,776,256 61.2
ML B1-HS1 — TEX 4,709,180 4,393,218 4,303,527 98.0 2,191,371 49.9
ML B2-HS2 + TEX 6,979,343 6,747,193 6,694,900 99.2 4,121,103 61.1
ML B2-HS2 — TEX 8,128,096 8,051,963 8,008,388 99.5 4,011,524 49.8
ML B3-HS2 + TEX 6,700,169 6,402,059 6,351,658 99.2 3,952,168 61.7
ML B3-HS2 — TEX 7,435,053 7,344,125 7,302,057 99.4 4,160,876 56.7

reads. Therefore, preprocessing of reads is important to facilitate
alignment to the reference genome. In our pipeline (Fig. 2A) we
conducted quality trimming from the 3’ end, poly(A) trimming,
and size filtering in order to generate a set of high quality reads
which were afterwards mapped to the H. pylori 26695 reference
genome (NC_000915.1). For all steps starting from poly(A) trim-
ming until coverage plot generation we used the RNA-seq analysis
tool READemption [29].

To examine the percentage of reads mapped to individual RNA
classes, we calculated the number of reads that overlapped for at
least 10 nt in either sense or antisense direction, annotations for
5'UTRs, mRNAs, sRNAs, rRNAs, tRNAs and housekeeping RNAs
(RNase P RNA, SRP RNA, tmRNA and 6S RNA) based on the previ-
ously generated H. pylori transcriptome map (Table 2) [12]. The
amount of reads mapping to rRNA ranged between 48 and 55%
for the —TEX libraries and between 35 and 38% for the +TEX
libraries, indicating that TEX depletes these processed transcripts.
Moreover, even in the —TEX libraries the observed rRNA fraction
is lower than the expected 90-95% for abundant rRNAs which
might be caused by multiple factors: (i) the poly(A)-tailing with
lower preference for rRNAs during library construction mentioned
above, (ii) the fact that no RNA fragmentation was conducted prior
to cDNA synthesis, which would result in a large amount of rRNA
fragments and (iii) the lower efficiency of reverse transcription of
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structured RNA. This further shows that an additional rRNA deple-
tion step is not necessarily required in our protocol. Moreover, a
clear enrichment (at least 2-fold) of the fractions of reads mapping
to sRNAs as well as 5'UTRs is observed in the +TEX libraries com-
pared to the respective —TEX libraries, showing a successful
enrichment of primary transcripts and the 5’ ends of transcripts.
Please note that sequencing initiates from the 5’ adapter, which
further enriches for the 5’ ends of transcripts.

Based on the read mappings we computed per-strand coverage
plots for each library (for details see Section 2.4) that indicate the
number of mapped reads per nucleotide. In case a read mapped
with the same score to multiple regions in the genome, only a cor-
responding fraction, e.g. a score of 0.5 reads in case of two equal
mappings, was counted for the respective positions. The resulting
cDNA coverage plots allow examination of the transcriptome in a
genome browser, e.g., the Integrated Genome Browser (IGB) [31],
with single nucleotide resolution. The visualized RNA-seq data
can then be used for annotation of transcript boundaries or novel
transcripts such as sRNAs.

3.4. Identification of TSS based on dRNA-seq

The differential RNA-seq approach leads to a characteristic
cDNA coverage pattern of dRNA-seq library pairs at TSS. The
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Fig. 2. Computational dRNA-seq analysis and TSS enrichment. (A) Workflow of the dRNA-seq data analysis pipeline. (B) Illustration of a representative cDNA enrichment
pattern in the +TEX versus —TEX library at a TSS located upstream of the mviN gene and at a TSS internal to mviN and upstream of the cysS gene.
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Mapping statistics of cDNA reads based on strand and type of RNA class. This table indicates the number of cDNA reads that were mapped to the different RNA classes (5'UTR,
mRNA, sRNA, rRNA, tRNA and housekeeping RNA) for each library. The numbers for the mapped reads per RNA class are shown with percentage values calculated from the total
number of mapped reads regardless of mapped location (taken from Table 1) for the respective library. Housekeeping RNAs are RNase P RNA, SRP RNA, tmRNA and 6S RNA.

[llumina library

ML B1 HS1 +TEX

ML B1 HS1 - TEX

ML B2 HS2 + TEX

ML B2-HS2 — TEX

ML B3 HS2 + TEX

ML B3 HS2 — TEX

Total 2,855,756 4,303,527 6,694,900 8,008,388 6,351,658 7,302,057

Sense 5'UTR 163,535  (6%) 119712  (3%) 843,181 (13%) 336795  (4%) 863,048 (14%) 349806  (5%)
mRNA 297,647 (10%) 895532 (21%) 1,109869 (17%) 2467,397 (31%) 1,072,325 (17%) 2641220 (36%)
SRNA 596,772 (21%) 255731  (6%) 1386141 (21%) 210665  (3%) 1293252 (20%) 196253  (3%)
rRNA 1,087,360 (38%) 2205744 (51%) 2426360 (36%) 4,382,063 (55%) 2246962 (35%) 3497798 (48%)
tRNA 351,622 (12%) 428298 (10%) 155451  (2%) 76466  (1%) 144869  (2%) 75009  (1%)
Housekeeping RNA 113,695  (4%) 125315  (3%) 201,105  (3%) 94001  (1%) 183972  (3%) 93288  (1%)

Antisense  5'UTR 6,553 (0%) 4650  (0%) 27975  (0%) 4052 (0%) 24387  (0%) 4551 (0%)
mRNA 120994  (4%) 125865  (3%) 246,790  (4%) 119946  (1%) 243755  (4%) 130290  (2%)
SRNA 81,927  (3%) 39202 (1%) 169463  (3%) 49897  (1%) 152405  (2%) 43984  (1%)
rRNA 181 (0%) 204 (0%) 312 (0%) 54 (0%) 399 (0%) 57 (0%)
tRNA 202 (0%) 401 (0%) 376 (0%) 693 (0%) 432 (0%) 765  (0%)
Housekeeping RNA 114 (0%) 191 (0%) 200 (0%) 80 (0%) 308 (0%) 103 (0%)

" Total reads for each library also include reads that mapped to locations other than the listed RNA classes.

specific enrichment pattern (Fig. 2B) of the +TEX library compared
to the corresponding —TEX library [12] indicates the start of a pri-
mary transcript and can thus be used to annotate TSS. Based on
global examination of these enrichment patterns it is possible
either to conduct manual TSS annotation based on visual inspec-
tion of the coverage plots in a genome browser, such as the IGB,
or to use a tool for automated TSS annotation based on dRNA-seq
data. In the previous dRNA-seq analysis of H. pylori 26695, we man-
ually annotated 1907 unique TSS based on visual inspection of the
enrichment patterns among the five examined growth conditions.
Manual TSS annotation is laborious and time-consuming, espe-
cially when applied to large genomes or the comparative analysis
of multiple strains or conditions including biological replicates.
In comparison to automated TSS prediction, which follows defined
rules, it is also likely to introduce human bias, based on individual
perception of the data and thus might lead to different results for
unclear cases. However, manual inspection can be useful in single
cases to either confirm automated predictions or check for TSS pat-
terns that were misinterpreted based on predefined parameter
thresholds.

Multiple groups have in the meanwhile developed diverse TSS
prediction tools, which make use of the information provided by
dRNA-seq [42,43]. Here, we computationally annotated TSS in
the three B1-B3 dRNA-seq data sets of H. pylori 26695 grown to
mid-log phase utilizing the software TSSpredator (http://it.inf.
uni-tuebingen.de/TSSpredator). We had originally applied this tool
for a comparative TSS annotation in a dRNA-seq analysis of multi-
ple C. jejuni strains [25], and also successfully applied it for TSS pre-
dictions among different growth conditions in E. coli K12 MG1655
[26]. To our knowledge, it is the most flexible of all currently avail-
able programs, with implemented support for comparative analy-
sis and varying numbers of replicates. While other tools
incorporate elaborate statistics to decide which genomic positions
represent a TSS, TSSpredator applies specific heuristics to imitate
manual TSS annotation with a set of tunable parameters. To ensure
comparability between replicates, TSSpredator conducts additional
normalization steps on the expression graphs of both, +TEX and
—TEX libraries. Afterwards, each genomic position is checked for
the presence of a potential TSS by assessing flank height and factor
of height change in the +TEX libraries as well as enrichment
between +TEX and —TEX libraries. When run comparatively, a
TSS is annotated if it is detected and enriched in at least one strain
or condition and in case multiple replicates are available the
matching replicates parameter can be adjusted to determine the
number of replicates in which a TSS must be detected but

enrichment is only required in one of them. Here, we used the
default settings of TSSpredator, which were established based on
our manual annotation in H. pylori 26695 [12] and already applied
in our previous studies [25,26].

In order to compare the TSS prediction based solely on the new
[llumina mid-log dRNA-seq libraries to the manual annotations
(1907 TSS) based on 454 data from the initial study [12], we ran
TSSpredator using the three Illumina data sets as replicates.
Requiring detection of a TSS in all replicates (matching repli-
cates = 3), we predicted 1949 TSS. A comparison of these TSS posi-
tions with the 1907 manual TSS annotations requiring a precise
match (cutoff 0 nt) resulted in 971 matching positions. The same
comparison allowing for a maximum distance of three nt revealed
an overlap of 1208 positions. This difference might be due to slight
fluctuations in the actual TSS position for some promoters where
transcription initiation is wobbly and the coverage shows a
staircase-like pattern. In these cases, annotation of the major TSS
is not always straightforward and slight variations in the libraries
can lead to the annotation of neighboring positions. For this reason,
we decided to tolerate such slight variations for this as well as sub-
sequent comparisons reported below. The 1208 matching positions
represent ~62% of our current predictions and ~63% of the previ-
ously annotated TSS (Fig. 3A). The additional 741 TSS predicted
based on our current data are in most cases a result of the deeper
coverage gained by Illumina sequencing and the support by several
replicates for the mid-log growth condition. Previous TSS positions
that are not detected in the Illumina dRNA-seq libraries are mainly
caused by absence of or very low expression in at least one of the
three Illumina replicates. In these cases, the respective TSS com-
monly shows a signal in one or more of the four other conditions
assessed in the previous 454 study and was thus annotated. For
example, in Fig. 3B the two TSS upstream of the HP0531 gene were
annotated with matching positions in both, the previous manual
annotation and the current TSSpredator prediction. The TSS within
the HP0531 gene was only annotated by TSSpredator because there
was no clear enrichment in the 454 data. In contrast, the TSS inter-
nal to HP0532 was only annotated in the 454 data as it was mainly
expressed in the AS and HU conditions, but only very lowly
expressed in the ML condition.

Furthermore, we noted some overall cDNA coverage variations,
even within the same growth conditions, as observed for example
between the B1-HS1 replicate and the B2/B3-HS2 replicates in
Fig. 3B, which might be due to variations during library prepara-
tion. While such variations could be problematic for monitoring
gene expression, especially of lowly expressed genes, when using
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Fig. 3. TSS predictions in H. pylori 26695. (A) Comparison of manual TSS annotations from a previous study based on 454 sequencing of five different growth conditions to
current TSSpredator predictions based on three biological replicates for the ML condition. (B) Example region encompassing the HP0531 and HP0532 genes, encoding the cag
pathogenicity island proteins Cag11 and Cag12, respectively. cDNA coverage plots for the three Illumina ML replicates of our current data set are shown at the top with
predicted TSS colored in green, while coverage plots for the five growth conditions from the previous 454 study [12] are shown at the bottom with manually annotated TSS
colored in blue. Conditions or replicate identifiers are shown on the right (ML: mid-log growth; AS: acid stress; AG: H. pylori grown in the presence of AGS gastric cells; HU: H.
pylori grown in the presence of Huh7 liver cells; PL: H. pylori in cell culture medium), while presence or absence of TEX treatment is indicated on the left. The x-axis reflects
genomic positions while the y-axis indicates relative expression based on normalized read coverage. (C) Comparison of manual TSS annotations from the previous study
based on 454 sequencing of five different growth conditions to current TSSpredator predictions based on four biological replicates (454 and Illumina) for the ML condition. (D)
The location relative to annotated genes is depicted for the five different TSS classes (primary, secondary, internal, antisense, and orphan). The height of the black arrows
indicates differences in expression strength while the distance cutoffs for flanking genes are shown in red. (E) The distribution according to TSS classes is depicted for the

2233 TSS predicted based on four ML replicates.

these data sets as replicates, this variability should not impede a
qualitative dRNA-seq-based 5’ end mapping based on one or more
conditions, since it does not affect the position of a TSS to be anno-
tated. For measuring gene expression changes between different
conditions, we recommend an approach that includes RNA frag-
mentation to cover full-length transcripts in combination with
sample and library preparation in one experiment to reduce bio-
logical and technical variation among samples.

3.5. Comparison of H. pylori 454 and Illumina dRNA-seq data

To further examine the overlap between the old and new
mid-log libraries and to investigate potential variation due to dif-
ferent sequencing platforms and library preparations, we comple-
mented our three newly sequenced replicates with coverage plots
for the ML condition based on 454 sequencing from [12] as an
additional replicate (BO) and performed comparative TSSpredator

predictions treating the four ML replicates as conditions. Using this
setup, the resulting set of TSS encompassed 3240 distinct positions
that were detected and enriched in at least one replicate and 1122
TSS which were found in all four (Fig. S1). A very good overlap
(2211 TSS) with very few unique TSS positions for each library
was observed between the B2-HS2 and B3-HS2 replicates, which
were grown on the same day and for which library preparation
was performed together, indicating that a careful and similar sam-
ple treatment is important to minimize variations. The second best
overlap was observed between these two and the B1-HS1 replicate
(1767 TSS), suggesting that slight differences in cultivation and
potential biases introduced during library preparation can lead to
differences in TSS expression and detection. The B1-HS1 and
B0-454 replicates both introduced a similar amount of uniquely
detected positions (392 and 329, respectively). This indicates again
that not only differences in applied sequencing technologies and
depth can play a role but also other experimental or technical
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variation like differences in treatment and library preparation. In
order to generate a comprehensive and reliable TSS map for the
ML condition, we repeated the TSS prediction, now treating the 4
ML libraries as replicates. As a tradeoff between reliability and tol-
erance of data variation, we set the matching replicates parameter
to a value of 3 (for details see Section 2.4). In total, we predicted
2233 TSS that were detected in at least three and enriched in at
least one of the 4 ML replicates (Table S1). Out of these 2233 TSS
found in ML growth, 1340 TSS were found in the set of our 1907
manually annotated TSS [12] (Fig. 3C).

TSSpredator automatically assigns TSS to five different classes
according to their location in relation to annotated genes: primary
TSS (pTSS), secondary TSS (sTSS), internal TSS (iTSS), antisense TSS
(asTSS), and orphan TSS (oTSS) (for details see Section 2.4 and
Fig. 3D). Notably, one TSS can independently be assigned to more
than one category as, for example, in the presence of alternative
suboperons the pTSS of the downstream gene can also be internal
to the upstream gene (Figs. 2B and 3D). Similarly, in the case of
overlapping 5'UTRs, the associated TSS can be both, a pTSS and
an asTSS. Among the 2233 mid-log TSS, we identified 776 pTSS
(422 classified only as pTSS), 152 sTSS (52 classified only as
sTSS), 689 iTSS (483 classified only as iTSS), 1043 asTSS (766 clas-
sified only as asTSS) and 47 oTSS (Fig. 3E). This classification is
based on the same gene annotations for the 26695 strain from
NCBI (NC_000915.1) which we already used in our previous study
[12], supplemented with annotations for validated sRNAs that we
discovered at this time.

3.6. Detection of regulatory elements

Knowledge of genome-wide TSS positions facilitates the discov-
ery of diverse transcriptome features including regulatory ele-
ments. Global inference of promoter motifs upstream of TSS can
help to understand which sequence elements are important for
transcription initiation and elucidate gene regulation pathways.
In the previous H. pylori dRNA-seq study, an extended —10 box
downstream of periodic AT-rich stretches was identified as the
canonical promoter motif for the housekeeping sigma factor o%°
[12]. The same motif was later confirmed in our comparative
dRNA-seq analysis as the consensus for the housekeeping % in
Campylobacter jejuni [25] reinforcing that this is a common feature
of e-proteobacterial promoters.

Annotated pTSS and sTSS of mRNA genes can be used to gener-
ate transcriptome-wide 5'UTR maps that can subsequently be uti-
lized to search for cis-regulatory elements such as riboswitches
and RNA thermometers. Additionally, they can contain sRNA bind-
ing sites, for example, the 5'UTR of the chemotaxis receptor TIpB
which contains a poly(G) stretch far upstream of the start codon
which is targeted by the sRNA RepG [44]. Our TSS map includes
925 pTSS and sTSS of which 790 are associated with mRNA genes.
20 of these TSS give rise to leaderless transcripts while the remain-
ing 770 5'UTRs show an average and median length of ~81 and 45
nt, respectively, and a clear peak in the distribution in a range
between 20 and 40 nt (data not shown). This is consistent with ear-
lier findings [ 12] and while leaderless mRNAs used to be considered
rare in prokaryotes, unexpectedly high numbers have also been dis-
covered in other bacteria [45-47]. On the other hand, in archaea,
where leaderless mRNAs seem to represent the standard transla-
tional template, a dRNA-seq-based study in Methanosarcina mazei
revealed that most mRNAs carry long 5'UTRs [48]. These findings
underline the importance of 5'UTRs for translational control and
the usefulness of dRNA-seq for their annotation.

3.6.1. Identification of cis- and trans-encoded sRNAs
The TSS map does not only provide information on transcription
starts and regulatory mechanisms associated with already

annotated genes or operons but also facilitates the discovery of
novel regulatory elements, including sRNAs expressed from inter-
genic regions or antisense to ORFs. In the previous 454 dRNA-seq
study we identified >60 sRNAs in H. pylori and an extensive anti-
sense transcriptome. Fig. 4A shows an oTSS located in the inter-
genic region between the HP1399 and HP1400 genes annotated
as arginase and iron(Ill) dicitrate transport protein FecA, respec-
tively. This TSS was annotated as pTSS for HP1400 in our previous
study as the 454 data did not provide any evidence for the exis-
tence of the newly predicted pTSS 294 nucleotides further down-
stream. The downstream TSS is clearly visible in the Illumina
data and was also already mapped before by Ernst et al. [49] 2 nt
further upstream via primer extension. Such oTSS could either
belong to separate standing sRNA genes (e.g. an unannotated
SRNA of ~220 nt in the case of the TSS upstream of HP1400) or rep-
resent alternative promoters leading to transcription of longer
5'UTRs. The example of the TSS upstream of HP1400 indicates that
even more transcriptome features can still be discovered when
sequencing at higher coverage or more conditions are included.
Another prominent class of transcripts that is getting more and
more attention are antisense RNAs (asRNAs) [50,51]. In the 454
data, >900 asTSS were detected and at least one asTSS expressed
opposite of >50% of all genes. Based on our new mid-log data
we detected 766 TSS solely classified as asTSS, indicating
again a large set of asRNA candidates. 52% of these asTSS overlap
with the 684 TSS solely classified as asTSS in the 454 datasets.
Fig. 4B shows an example for an asTSS located internal and
antisense to the ispDF gene annotated as bifunctional 2-C-methyl-D-
erythritol 4-phosphate cytidylyltransferase/2-C-methyl-D-erythritol
2,4-cyclodiphosphate. This TSS was also previously annotated
based on the 454 data. We do not know how many of our predicted
asTSS represent functional RNAs or the amount corresponding only
to spurious transcripts, as the number of reported antisense RNAs
strongly varies and the function of most of these transcripts is still
unclear [52]. However, we think that a global TSS map is the opti-
mal starting point to find an answer to this question by conducting
additional experiments like, for example, detection on Northern
blots and discovery of associated phenotypes. Moreover, regulation
of the asTSS expression under different growth or stress conditions
as well as conservation in multiple strains could be further
indications that they indeed have regulatory functions [26].

3.6.2. Overlapping 5'UTRs

Association of a TSS to more than one class, as mentioned above,
can be used to select for regulatory elements. Divergently tran-
scribed gene pairs with overlapping regions in the 5’UTR or even
coding sequence (CDS) can result in asRNA-mediated gene regula-
tion (reviewed in [53]) or affect promoter occupancy [54]. We
found 200 pTSS and 67 sTSS that were additionally classified as
asTSS. Requiring a minimum overlap of 10 nt and considering only
TSS for mRNA genes, we identified 40 distinct overlapping 5'UTRs
associated with 28 divergently transcribed gene pairs (Table S2).
One example is shown in Fig. 4C, which depicts two hypothetical
proteins (HP1162 and HP1163) with their associated pTSS. The
5'UTR of HP1162 almost completely overlaps CDS and 5'UTR of
HP1163, possibly resulting in an asRNA-mediated regulation.

3.7. Accessibility of the H. pylori 26695 TSS map in an online browser

In the previous 454 dRNA-seq study, we provided the TSS map in
a table that indicated the TSS positions. While such a table format is
very useful for downstream analysis such as promoter motif predic-
tions or 5'UTR calculations, sometimes it is also helpful to look at
the cDNA coverage plots to see the overall read distribution for a
gene of interest. Thus, we here used GenomeView [55] to set up
an easily accessible online browser that directly includes the
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Fig. 4. Examples for transcripts and regulatory elements. Screenshots from IGB showing the relative cDNA coverage plots for +TEX libraries of the four ML replicates. Red
arrows indicate the genomic position of (A) a putative sRNA in the intergenic region between the HP1399 and HP1400 genes, (B) a putative asRNA transcribed from the
opposite strand of the ispDF gene, and (C) two predicted p/asTSS for the divergently transcribed HP1162 and HP1163 genes, which indicate the presence of overlapping

5'UTRs.

complete set of predicted TSS from this study together with the
respective coverage plots and gene annotations that were used
for the prediction (Fig. 5). For comparison, we also added the

previous manual TSS annotations from [12] for which coverage
plots of all five biological conditions are loaded but not displayed
by default. The browser allows for manual inspection of the data
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Fig. 5. Example screenshot of the online browser. cDNA coverage plots for the forward and reverse strand are displayed above and below the genomic axis, respectively. The
browser depicts our new TSS annotations based on all 4 ML replicates (1), TSS annotations from the previous study based on 454 sequencing [12] (2), and annotations for
genes, coding sequences (CDS), sRNAs, rRNAs and tRNAs (3). On the right the display and order of tracks can be altered in the track list (4), specific features can be selected (5)

and details for selected items are displayed (6).
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Fig. 6. Comparative TSS annotation in C. jejuni strains reveals strain-specific promoter usage. (Top) cDNA coverage for an example region of the SuperGenome of four C. jejuni
strains which encompasses the nssR, Cj0467, Cj0468, Cj0469 operon. Black arrows indicate annotated TSS and the blue arrow a p/iTSS internal to Cj0468 and upstream of
Cjo469 which is only detected in two strains (NCTC11168 and RM1221) and shows no expression in the other strains (81116 and 81-176). (Bottom) Multiple alignment of the
promoter region —50 to +1 upstream of the blue p/iTSS based on the four C. jejuni strains. Differential expression of this TSS is likely caused by a G to A single nucleotide

polymorphism (SNP) (red arrow) in the extended —10 box of strains 81116 and 81-176

including expression and enrichment at annotated TSS. Please note
that there is no option for a consistent scaling of all coverage plots,
which makes it necessary to compare the numbers representing
relative expression values at the left end of each track. This online
browser, which is available under http://www.imib-wuerzburg.
de/research/hpylori/, greatly facilitates the data accessibility and
allows researchers to examine the cDNA coverage plots and TSS
for their genes of interest.

4. Conclusions

Genome-wide annotation of transcriptional features is crucial
to understand the full complement of transcriptional regulation
in an organism. Knowledge of precise positions of transcript 5’
ends gained by dRNA-seq is fundamental for a variety of down-
stream analyses like global prediction of promoter motifs or auto-
mated annotation of cis-regulatory features in 5'UTRs. In addition,



3.3 BISCHLER ET AL., METHODS, 2015 89

100 T. Bischler et al./ Methods 86 (2015) 89-101

it provides a basis for the annotation of a plethora of novel tran-
scripts including sRNAs and asRNAs as well as specific regulatory
features like antisense-mediated regulation via overlapping
5'UTRs. Here, we provided a detailed description of the application
of the dRNA-seq method to generate a transcriptome-wide TSS
map using H. pylori 26695 as an example organism. We utilized
an automated TSS prediction approach implemented in the tool
TSSpredator, which greatly facilitates TSS annotation on a global
scale.

We compared the predicted TSS positions based on four repli-
cates of the ML condition to previous manual annotations from
our initial study [12] and detected 1340 matching positions but
in addition 893 novel TSS, which were previously missed due to
low coverage or insufficient support by several growth conditions.
Other TSS positions might have been missed as they were not
expressed in the ML condition or due to a lack of enrichment in
the +TEX library. This could for example be caused by processing
of primary transcripts by the RNA pyrophosphohydrolase RppH
which was shown to initiate degradation via cleavage of the
5-PPP [56]. Moreover, some of the differences in TSS could also
be due to slight differences in growth conditions or mutations in
the 26695 clones upon sequential passages in different labs.

The TSSpredator tool is also capable of comparative analysis
based on different bacterial strains or biological conditions. In a
previous study, we used dRNA-seq together with TSSpredator to
annotate TSS in four Campylobacter jejuni strains [25] in a compar-
ative manner. Using a whole-genome alignment of multiple strains
calculated by Mauve [57], TSSpredator computes a common coor-
dinate system for all strains referred to as SuperGenome and TSS
are then annotated by directly applying the above-mentioned
detection and enrichment criteria to corresponding genomic posi-
tions. An example for a TSS that is only present in two of the four
strains is shown in Fig. 6. The difference is likely caused by a single
base mutation in the extended —10 box of the promoter region for
the p/iTSS displayed in blue. The G at the second position of the
consensus motif (TGXTATAAT) is replaced by an A in strains
81116 and 81-176 abolishing transcription in these strains. In
strains NCTC11168 and RM1221 the TSS within Cj0468 uncouples
transcription of the Cj0469 gene encoding an amino-acid ABC
transporter ATP-binding protein from the nssR, Cj0467, Cj0468,
Cj0469 operon. This indicates that while most comparative geno-
mics studies consider SNPs in open reading frames that can lead
to frameshift mutations or change protein function, also SNPs in
non-coding parts can contribute to strain-specific gene expression
and regulation and thereby add yet another layer of complexity.
Such a comparative transcriptome analysis of multiple isolates
might also help to examine the conservation and potential func-
tions of the increasing number of cis-encoded antisense RNAs
and helps to reveal conserved and strain-specific or
species-specific SRNAs [25,58].

Overall, a comparative TSS analysis of multiple H. pylori strains
and or H. pylori grown under different stress or growth conditions
will provide further insight into conserved and strain-specific tran-
scriptional features of this widespread human pathogen, which
might underlie phenotypic differences among closely related
strains. Together with variable host factors, these might contribute
to the different clinical outcomes observed for H. pylori infections
and to establish life-long persistent infections and adaptation to
changing conditions in the human stomach.
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RNA degradation is crucial for regulating gene expression in
all organisms. Like the decapping of eukaryotic mRNAs, the
conversion of the 5'-terminal triphosphate of bacterial tran-
scripts to a monophosphate can trigger RNA decay by exposing
the transcript to attack by 5'-monophosphate-dependent ribo-
nucleases. In both biological realms, this deprotection step is
catalyzed by members of the Nudix hydrolase family. The
genome of the gastric pathogen Helicobacter pylori, a Gram-
negative epsilonproteobacterium, encodes two proteins resem-
bling Nudix enzymes. Here we present evidence that one of
them, HP1228 (renamed HpRppH), is an RNA pyrophosphohy-
drolase that triggers RNA degradation in H. pylori, whereas the
other, HP0507, lacks such activity. In vitro, HpRppH converts
RNA 5’-triphosphates and diphosphates to monophosphates. It
requires at least two unpaired nucleotides at the 5’ end of its
substrates and prefers three or more but has only modest
sequence preferences. The influence of HpRppH on RNA deg-
radation in vivo was examined by using RNA-seq to search the
H. pylori transcriptome for RNAs whose 5’-phosphorylation
state and cellular concentration are governed by this enzyme.
Analysis of cDNA libraries specific for transcripts bearing a
5'-triphosphate and/or monophosphate revealed at least 63
potential HpRppH targets. These included mRNAs and sRNAs,
several of which were validated individually by half-life measure-
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ments and quantification of their 5'-terminal phosphorylation
state in wild-type and mutant cells. These findings demonstrate
an important role for RppH in post-transcriptional gene regula-
tion in pathogenic Epsilonproteobacteria and suggest a possible
basis for the phenotypes of H. pylori mutants lacking this
enzyme.

Helicobacter pylori is a Gram-negative, microaerophilic epsi-
lonproteobacterium that colonizes the stomachs of more than
50% of the world’s population (1). Infection by this microorgan-
ism is associated with the development of gastritis, peptic
ulcers, and adenocarcinoma (2). A variety of H. pylori proteins
important for colonization and pathogenesis have been identi-
fied, but little is yet understood about how the biosynthesis of
these factors is controlled, especially at the post-transcriptional
level. For example, although RNA degradation is among the
principal post-transcriptional mechanisms that control gene
expression in all organisms, little is known about this process in
Epsilonproteobacteria.

Much of what is understood about bacterial nRNA decay has
come from studies of Escherichia coli. Most mRNAs in E. coli
and other Gammaproteobacteria are degraded by a combina-
tion of endonucleolytic cleavage by ribonuclease E (RNase E)
and 3’-exonucleolytic digestion by polynucleotide phosphoryl-
ase, RNase II, and RNase R (3). Although Epsilonproteobacteria
contain homologs of the principal 3'-exonucleases present in
E. coli, they lack RNase E (4, 5). Instead, to degrade mRNA, they
rely on two ribonucleases absent from Gammaproteobacteria
but present in Gram-positive bacteria: the endonuclease RNase
Y and the 5'-exonuclease RNase ] (6-9).

When initially synthesized, the 5’ ends of bacterial tran-
scripts typically are triphosphosphorylated. However, RNase |
and RNase E favor RNA substrates that have only one 5'-termi-
nal phosphate (10, 11). This property has two important conse-
quences. First, it enables these enzymes to rapidly degrade
monophosphosphorylated intermediates generated by prior
ribonuclease cleavage (12). Furthermore, it can assist them in
attacking full-length transcripts whose 5'-triphosphate has
been converted to a monophosphate by an RNA pyrophospho-
hydrolase (11, 13).

Every bacterial RNA pyrophosphohydrolase that has so far
been identified is a member of the Nudix hydrolase family of
proteins, as are most eukaryotic RNA decapping enzymes (14—
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16). Nudix enzymes are present in all domains of life and have a
variety of biochemical functions, most of which appear to
involve the hydrolysis of substrates that contain a nucleoside
diphosphate moiety (17). Besides their role in initiating RNA
degradation (11, 13, 15, 19, 20), these enzymes have been impli-
cated in a variety of metabolic pathways, such as those govern-
ing the synthesis or breakdown of folic acid (21), coenzyme A
(22), ADP-ribose (23, 24), UDP-glucose (25), and mutagenic
nucleotides such as 8-0xo-dGTP (26, 27).

The genomes of most species encode multiple Nudix
enzymes, which can be identified by a characteristic sequence
motif (the Nudix motif) (27) that usually is well conserved (17).
Protein domains containing this motif typically fold so as to
form a central four-stranded mixed 3 sheet (B strands 1, 3, 4,
and 5) and an antiparallel B sheet (B strands 2 and 6) sand-
wiched between three « helices (a1, a2, and «3) (27). Those
that act as RNA pyrophosphohydrolases (known by the genetic
acronym RppH) are widespread in bacteria. However, their
evolutionary divergence has made many of them difficult to
identify on the basis of sequence alone. So far, two distinct
families of RppH enzymes with recognizable sequence charac-
teristics have been defined: those found in Alpha-, Beta-, Gam-
ma-, and Epsilonproteobacteria and in flowering plants (E. coli
RppH homologs) and those found in Bacillales but not in other
Firmicutes (Bacillus subtilis RppH homologs) (16). These two
families differ in their substrate specificity due to sequence dif-
ferences external to the Nudix motif (16, 19, 28).

In addition to homologs of RNase J and RNase Y, the small
genome of H. pylori (5) encodes two potential Nudix hydro-
lases, HP1228 and HP0507. HP1228 is able to catalyze the hy-
drolysis of the dinucleoside tetraphosphate Ap,A in vitro (29),
and it appears from its sequence to be a homolog of E. coli
RppH. However, its ability to function as an RNA pyrophos-
phohydrolase has never been examined, either in vitro or in
vivo, and no H. pylori RNAs whose longevity is HP1228-depen-
dent have ever been identified. Here we report the identifica-
tion and characterization of HP1228 as an RNA pyrophospho-
hydrolase in H. pylori (HpRppH). Our studies demonstrate the
ability of the purified protein to convert 5'-terminal triphos-
phates to monophosphates and define its substrate specificity.
By employing RNA-seq methods selective for either triphos-
phorylated or monophosphorylated 5" ends, we have identified
mRNAs and sRNAs targeted by this enzyme in H. pylori. By
contrast, HP0507 appears to lack RNA pyrophosphohydrolase
activity.

Results

The H. pylori Genome Encodes a Potential RppH Homolog—
In E. coli, 5'-end-dependent RNA degradation is triggered
by the RNA pyrophosphohydrolase RppH, a member of
the Nudix hydrolase family (13). Like other members of
this protein family, E. coli RppH contains a Nudix motif
(GX;EX,REUXEEXGU, where U is a bulky aliphatic residue
and X is any amino acid) (27), a telltale signature of Nudix
domains (17). Examination of the genome of H. pylori strain
26695 (5) for encoded proteins that bear a Nudix motif
revealed two candidates, HP1228 and HP0507 (29, 30).
HP1228 contains a region that matches this motif at eight of
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nine positions (GX;EX,REUXEEXGT; mismatch under-
lined), whereas HP0507 matches the motif at only four posi-
tions (LX,KX,EEAXEEXGY; mismatches underlined). The
sequence of HP1228, which is well conserved in other Epsilon-
proteobacteria (see the Kyoto Encyclopedia of Genes and
Genomes website), is 34% identical to that of E. coli RppH
(EcRppH) and contains each of the 23 amino acid residues that
are strictly conserved in virtually all proteobacterial orthologs
of EcRppH (Fig. 14) (16). These sequence characteristics sug-
gest that HP1228, like EcRppH, is an RNA pyrophosphohydro-
lase. We modeled the three-dimensional structure of HP1228
by using the X-ray crystal structure of EcRppH (31) as a tem-
plate (Fig. 1, B and C). Most of the residues that are identical in
these two proteins are clustered around a cavity that functions
as the substrate-binding site and catalytic center of EcRppH.
These residues include four glutamates that coordinate Mg>™"
ions as well as other amino acids implicated in substrate recog-
nition (16, 31). By contrast, the 19 residues that comprise the
carboxyl terminus of EcRppH are entirely absent in HP1228
and many other EcRppH orthologs (16).

HpRppH Functions in Vitro as an RNA Pyrophospho-
hydrolase—Cellular phenotypes such as decreased resistance to
hydrogen peroxide exposure (29) and a diminished ability to
invade gastric epithelial cells (32) have been reported for
H. pylori mutants unable to produce HP1228. However, the
molecular function of this protein has remained unclear. To
address this question, we tested HP1228 in vitro for RNA pyro-
phosphohydrolase activity. A 0.44-kb triphosphorylated rpsT
RNA substrate (13) bearing a 5'-terminal y->P label and an
internal fluorescein label was treated with purified HP1228,
and reaction samples were quenched at time intervals. The
reaction products were then split into two portions and
examined by gel electrophoresis and thin layer chromatog-
raphy. HP1228 removed the radiolabel from the 5’ end of the
transcript (Fig. 24, top), yielding a mixture of radioactive
pyrophosphate and orthophosphate (Fig. 2B). No such activ-
ity was observed for an HP1228 mutant in which an essential
active site residue had been replaced (E57Q). y-Phosphate
removal by purified HP1228 was not accompanied by degra-
dation of the transcript, whose fluorescence intensity was
invariant (Fig. 24, bottom).

To determine whether HP1228 generates monophosphory-
lated RNA as the other reaction product, we prepared another
RNA substrate, GA(CU), 5, bearing a monophosphate, diphos-
phate, or triphosphate at the 5’ terminus and a single **P label
between the first and second nucleotide. After treatment with
HP1228, the RNA reaction product was subjected to alkaline
hydrolysis, and the 5'-terminal nucleotide was examined by
thin layer chromatography and autoradiography (Fig. 2C).
HP1228-catalyzed hydrolysis of both triphosphorylated and
diphosphorylated GA(CU),; generated monophosphorylated
GA(CU), 5, which was detected as radiolabeled pGp after alka-
line hydrolysis, whereas the corresponding monophosphorylat-
ed substrate was not affected by this enzyme. As expected, none
of the substrates reacted with catalytically inactive HP1228
bearing an E57Q substitution. We conclude that HP1228 func-
tions in vitro as an RNA pyrophosphohydrolase that is able to
convert triphosphorylated and diphosphorylated substrates to
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FIGURE 1. RppH alignment and structure. A, alignment of HpRppH (HP1228) and EcRppH. The sequences were aligned by analysis with ClustalW (18). Asterisks
mark amino acid residues that are identical in the two sequences. Residues that are conserved in virtually all bacterial orthologs of EcRppH (16) are depicted as
red letters. The region containing the Nudix motif is enclosed in a rectangle. Numbers correspond to the sequence of HpRppH. B and C, structural model of
HpRppH bound to an RNA ligand. The structure of HpRppH was modeled by homology to the X-ray crystal structure of EcCRppH bound to an oligonucleotide
ligand and two Mg?™ ions (Protein Data Bank code 452X) (31) by using SWISS-MODEL on the ExPASy bioinformatics website (50). B, ribbon model. Green ribbon,
HpRppH backbone. The four glutamate side chains (Glu-57, Glu-60, Glu-61, and Glu-118; sticks) that coordinate Mg?* ions (violet spheres) are also shown. The
diphosphorylated RNA ligand is depicted in a stick representation. C, space-fill model. Blue, HpRppH residues that are identical in ECRppH, which include the four
glutamate residues (dark blue) that coordinate Mg®" (not shown). Gray, HpRppH residues that differ from EcRppH. Red, diphosphorylated RNA ligand.

monophosphorylated products. These findings and the homo-
logy of HP1228 to EcRppH prompted us to rename it H. pylori
RppH (HpRppH).

Requirement for Unpaired Nucleotides at the 5' Terminus—
To determine the minimum number of unpaired 5'-terminal
nucleotides required for the reaction of RNA with HpRppH, we
compared the reactivity of a set of structurally unambiguous
substrates previously used to examine the specificity of ECRppH
and B. subtilis RppH (BsRppH) (Fig. 3) (16, 19). A8, the proto-
type of these RNA substrates, comprised an 8-nucleotide sin-
gle-stranded segment followed by two stem-loop structures,
the first of which contained the only uracil base in the entire
molecule. Synthesized by in vitro transcription in the presence
of [y-*?P]JATP and fluorescein-12-UTP, A8 contained a vy
radiolabel within the 5’-terminal triphosphate and a single flu-
orescein label at the top of the first stem-loop. For use as an
internal standard, we also prepared doubly labeled A8XL RNA,
which differed from A8 only in having an additional stem-loop
at the 3" end.

Conversion of these triphosphorylated RNAs to monophos-
phorylated products was monitored by combining equal
amounts of each with HpRppH, quenching reaction samples
periodically, and separating the reaction products by gel elec-
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trophoresis (Fig. 44). The extent of reaction at each time point
was then determined for both A8 and A8XL by comparing the
radioactivity of the corresponding gel band with its fluores-
cence intensity. As anticipated, the reaction rates of these two
substrates were very similar.

The single-stranded segment at the 5’ end of A8 was then
shortened from 8 to 4, 3, 2, or 1 nucleotide by removing nucle-
otides from its 3 boundary to create A4, A3, A2,and A1 (Fig. 3),
and the reactivity of these RNAs toward HpRppH was com-
pared in the presence of ABXL. A4 and A3 were almost as reac-
tive as A8, whereas A2 was significantly less reactive, and Al
was completely unreactive (Fig. 4, A and B). The addition of
three unpaired nucleotides to the 3" end of A1 (A1+3) (Fig. 3)
did not improve its reactivity (Fig. 4B), providing evidence that
its resistance to pyrophosphate removal by HpRppH resulted
from an insufficient number of unpaired nucleotides at the 5’
end and not merely from its shorter overall length. The effect of
the number of unpaired 5'-terminal nucleotides was similar for
arelated set of RNA substrates in which the first nucleotide was
changed from A to G (Fig. 4C). These findings demonstrate that
HpRppH, like EcRppH and BsRppH (16, 19), requires at least
two unpaired nucleotides at the 5" end of its substrates and
prefers three or more.
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FIGURE 2. RNA pyrophosphohydrolase activity of purified HpRppH. A and
B, release of pyrophosphate and orthophosphate from the 5" end of triphos-
phorylated RNA by HpRppH. Triphosphorylated rpsT P1 RNA (13) bearing a
5’-terminal y->?P label (¥) and an internal fluorescein label (Fl) (A, top) was
treated with purified HoRppH or HpRppH-E57Q (75 nm), and reaction samples
isolated at time intervals were analyzed by gel electrophoresis (with subse-
quent detection of radioactivity (P-32) and fluorescence (Fluor)) (A) or thin
layer chromatography (with subsequent detection of radioactivity) (B). PPi,
pyrophosphate; Pi, orthophosphate. C, conversion of triphosphorylated and
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FIGURE 3. HpRppH substrates. The sequence and expected secondary struc-
ture of A8, A4, A3, A2, A1, A1+3, G8, and A8XL RNA are shown. Each bore a
5’-terminal triphosphate (ppp), a y->?P radiolabel (*) at the 5’ end, and a flu-
orescein label (F/) at the top of the first stem-loop. In each RNA name, the
letter indicates the identity of the 5’-terminal nucleotide, and the numeral
indicates the number of unpaired nucleotides at the 5’ end. Truncated deriv-
atives of A8 (A4, A3, A2, and A1) lacked 4 -7 nucleotides from the 3" boundary
of the 5’-terminal single-stranded segment. G8, G4, G3, G2, G1, and GO were
identical to their A-series counterparts except for the presence of G instead of
A at the 5 end. A1+3 was the same as A1 except for three additional nucle-
otides at the 3’ end.

Effect of 5'-Terminal RNA Sequence—The requirement for
unpaired nucleotides at the 5" end of HpRppH substrates raised
the possibility that this enzyme might also be affected by
the identity of the nucleotides there. To determine whether
HpRppH prefers substrates bearing certain 5’-terminal
sequences, we replaced individual nucleotides in A4 (hereafter
referred to as A4, 4 to reveal both the identity of the 5'-ter-
minal nucleotide and the sequence of unpaired nucleotides at
the 5" end) and examined the effect of these substitutions on
reactivity. A substitution mutant (G4gga,) in which the first
nucleotide was changed from A to G (a majority of primary
transcripts in bacteria begin with either of these two nucleo-
tides (33)) was only slightly less reactive than A4, 5, o (Fig. 54).
By contrast, pyrimidine substitutions at the second position

diphosphorylated RNA to monophosphorylated RNA by HpRppH. Triphos-
phorylated (TriP), diphosphorylated (DiP), and monophosphorylated (MonoP)
GA(CU),5 bearing a single *2P label (¥) between the first and second nucleo-
tides were treated with purified HpRppH or HpRppH-E57Q (75 nm), and the
radiolabeled starting materials and reaction products were subjected to alka-
line hydrolysis and analyzed by thin layer chromatography.
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FIGURE 4. Effect of the length of the 5’-terminal single-stranded segment
on reactivity with HpRppH in vitro. A, representative gel images. In vitro
transcribed A8 and A1 bearing a y->2P radiolabel and an internal fluorescein
label were mixed with labeled A8XL and treated with purified HpRppH (16
nm), and the radioactivity (P-32) and fluorescence (Fluor) of each RNA were
monitored as a function of time by gel electrophoresis. B and C, graphs.
HpRppH-catalyzed phosphate removal from A8, A4, A3, A2, A1,and A1+3 or
from G8, G4, G3, G2, G1, and GO was monitored as in A and quantified by
normalizing the radioactivity remaining in each RNA to the corresponding
fluorescence intensity. Each time point is the average of two or more inde-
pendent measurements. Error bars have been omitted to improve the legibil-
ity of the graph; instead, the S.D. of each measurement is reported in supple-
mental Table S1.

significantly impaired reactivity. In particular, replacing the G
at position 2 of either A4 , 5, o 0r G4ggana With Cor U (to create
Adpcan Adavan Glgean OF Gdguaa) slowed the reaction
considerably but did not block it, whereas substituting A at that
position in G4ggaa (to create Gdgaaa) had only a modest
inhibitory effect (Fig. 5, B and C; synthesis of A4, 5, Was not
successful). Altering the third nucleotide had a substantial
impact only when U was introduced there, as A4, 55, and
A4, o Were as reactive as Ad, ga», Whereas Ad, g, was less
reactive (Fig. 5D). Overall, the 5’'-terminal sequence specificity
of HpRppH closely resembles that of its ortholog EcRppH in

1938 JOURNAL OF BIOLOGICAL CHEMISTRY

—&— Adpcan
—- G4ggan

o]
o
|

o)
T

ey
?

N
T

Triphosphate remaining (%)

?

Time (min)

2 4 8 min

B 01

Triphosphate remaining

120

& G4GAAA
8- Gdgamn

—a— Adpgan
- Adpgea
—&- Adpgea
—¥— Adprgua

-
(=3
o

o]
o
|
o]
o
|

(9]

o
|

(2]

o
|

N
o
|

N
?

n
o
|
n
o
|

Triphosphate remaining (%)
Triphosphate remaining (%)

o
o

Time (min) Time (min)

FIGURE 5. Effect of the sequence of the first three RNA nucleotides on
reactivity with HpRppH in vitro. A, position 1. The reactivity of Ad,gaa and
G4 an Was compared as in Fig. 4. The subscript in each RNA name indicates
the sequence of the four unpaired nucleotides at the 5’ end. Consequently,
A4, can Was equivalent to A4. B and C, position 2. The reactivity of Adacaa,
Adpcan and Ad  an and of Gagopn Gloaan Ghoean and Glgyan Was com-
pared. Although both radioactivity and fluorescence were measured, only
the former is shown in the gel images. To avoid modifying the second nucle-
otide, A4, an and G4 yaa Were not labeled with fluorescein; instead, the fluo-
rescence of fluorescein-labeled A8XL was used to normalize the data from
each time point. The synthesis of A4, ,x o Was not successful. D, position 3. The
reactivity of Adpagan Adacear Adaccar and Ad,gua Was compared. To avoid
modifying the third nucleotide, A4 5o, Was not labeled with fluorescein. The
S.D. of each measurement is reported in supplemental Table S1.

that both enzymes are rather promiscuous but prefer a purine
at position 2, unlike BsRppH, which strictly requires G at posi-
tion 2 (16, 19).

Inactivity of HP0507 as an RNA Pyrophosphohydrolase—
In addition to HpRppH (HP1228), which contains an al-
most perfect Nudix motif (GX;EX;REUXEEXGT; mismatch
underlined), the genome of H.pylori encodes another
protein, HP0507, that contains a partial Nudix motif
(LX;KX_EEAXEEXGY; mismatches underlined). HP0507 is
11% identical in overall sequence to EcRppH and has been
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FIGURE 6. Test of the putative Nudix hydrolase HP0507 for RNA pyro-
phosphohydrolase activity. In vitro transcribed A8XL RNA radiolabeled at
the 5'-terminal y-phosphate and internally labeled with fluorescein (see Fig.
3) was treated with purified HpRppH (2 nm final concentration), catalytically
inactive HpRppH-E57Q (2 nm), or HP0507 (2 or 20 nm), and reaction samples
quenched at time intervals were subjected to gel electrophoresis. Hydrolytic
release of the 5'-terminal radiolabel was detected by autoradiography (P-32),
and the integrity of the remainder of the RNA molecule was monitored by
fluorescence (Fluor).
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implicated in virulence (30). To determine whether HP0507 has
RNA pyrophosphohydrolase activity, we tested whether it can
remove a vy radiolabel from triphosphorylated A8XL. Whereas
2 nM HpRppH released almost 90% of the radiolabel from this
substrate within 4 min, no reactivity was observed for HP0507,
even when 10-fold more enzyme (20 nm) was added and the
reaction was monitored for 60 min (Fig. 6). Assuming the struc-
tural integrity of the recombinant protein, these findings indi-
cate that HP0507 either is not an RNA pyrophosphohydrolase
or has a strict RNA substrate specificity that prevents it from
acting on A8XL.

Test for 8-Oxo-dGTPase Activity—Most bacterial species
contain multiple Nudix hydrolases, each of which has a distinct
function (17). Because HpRppH is the only H. pylori protein
with a bona fide Nudix motif, we wondered whether it might
have more than one function. Therefore, we tested whether it
possesses another well known Nudix hydrolase activity: the
ability of MutT-like proteins to protect cells from incorporat-
ing the mutagenic nucleotide 8-0xo-dGTP during DNA repli-
cation by selectively converting it to 8-oxo-dGMP (34). 8-Oxo-
dGTP or dGTP was mixed with purified E. coli MutT (positive
control), HpRppH, HP0507, EcRppH, or BsRppH. After 60 min,
the starting material and products were separated by thin layer
chromatography on fluorescent PEI-cellulose plates. As
expected, MutT exhibited substantial 8-oxo-dGTPase activity
at an enzyme concentration of just 1 nm and completely hydro-
lyzed the substrate at a concentration of 10 nm; only at a much
higher enzyme concentration (100 nm) was it able to hydrolyze
dGTP (Fig. 7). By contrast, neither HpRppH nor HP0507
detectably hydrolyzed 8-oxo-dGTP below an enzyme concen-
tration of 100 nm, and neither had a preference for that sub-
strate over dGTP. EcRppH and BsRppH were completely
unable to hydrolyze either substrate. These results suggest that
neither HpRppH nor HP0507 functions as a selective 8-oxo-
dGTPase in H. pylori. This conclusion is consistent with a pre-
vious report that the frequency of spontaneous mutation is the
same in wild-type and ArppH strains of H. pylori (29).
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FIGURE 7. Test of HpRppH and HP0507 for selective 8-oxo-dGTPase activ-
ity. 8-Oxo-dGTP or dGTP (50 um) was treated for 60 min with various concen-
trations of purified E. coli MutT, HpRppH, HP0507, EcRppH, or BsRppH (0, 1, 10,
or 100 nm), and the reaction products were examined by thin layer chroma-
tography on PEl-cellulose. GTP, GDP, and GMP served as mobility standards.
Whereas MutT hydrolyzed 8-oxo-dGTP much faster than dGTP, the other
enzymes either did not hydrolyze 8-oxo-dGTP detectably (EcRppH, BsRppH)
or did so slowly and no faster than they hydrolyzed dGTP (HpRppH, HP0507).

Global Identification of RppH Targets by Differential RNA-
seq”—To investigate the global role of HpRppH in converting
5'-triphosphates to monophosphates in H. pylori, we used a
variant of differential RNA-seq (ARNA-seq) (35, 36) to compare
the concentration and 5’-phosphorylation state of transcripts
in isogenic H. pylori strains containing or lacking the rppH
gene. For this purpose, we constructed two derivatives of the
wild-type H. pylori strain 26695: an rppH deletion mutant
(ArppH) and an rppH complementation strain (CrppH) bearing
an ectopic copy of the rppH gene. The ArppH strain was gen-

“The abbreviations used are: RNA-seq, high-throughput RNA sequencing;
dRNA-seq, differential RNA-seq; TEX, Terminator 5'-phosphate-depen-
dent exonuclease; TAP, tobacco acid pyrophosphatase; 5'-P and 5'-PPP,
5’-monophosphorylated and 5'-triphosphorylated, respectively; TSS, tran-
scription start site; nt, nucleotide(s); PABLO, phosphorylation assay by liga-
tion of oligonucleotides.
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erated by a non-polar chromosomal substitution in which the
rppH gene of wild-type (WT) cells was replaced with a kanamy-
cin resistance cassette (37). The CrppH strain was then con-
structed by complementing this deletion with an ectopic copy
of the H. pylori rppH gene under the control of its own pro-
moter (35), which was introduced at an unrelated locus (rdxA)
previously used as a site for integrating genes into the H. pylori
chromosome (38 —41).

These isogenic H. pylori strains were grown to log phase,
and total RNA isolated from each was used to generate three
libraries specific for transcripts bearing 1) a 5'-triphosphate,
2) a 5'-monophosphate, or 3) either a 5'-triphosphate or a
5’-monophosphate (Fig. 84). This was accomplished by differ-
ential treatment of total cellular RNA with Terminator 5'-
phosphate-dependent exonuclease (TEX) and tobacco acid
pyrophosphatase (TAP) (35, 36, 42). The 5'-exonuclease activ-
ity of TEX digests 5'-monophosphorylated (5'-P) RNAs but
leaves triphosphorylated (5'-PPP) transcripts intact. Subse-
quent treatment of the latter set of transcripts with TAP gener-
ates monophosphorylated 5" ends to which an RNA oligonucle-

, JOURNAL OF BIOLOGICAL CHEMISTRY, 2017 99

otide can be ligated, thereby enabling cDNA synthesis. By
contrast, treatment with TAP alone enables cDNA synthesis
from both triphosphorylated and monophosphorylated RNAs,
whereas treatment with neither enzyme allows cDNA synthesis
only from cellular RNAs that are already monophosphorylated.
Therefore, to identify RNAs in each category, we generated
c¢DNA libraries specific for transcripts with a 5'-triphosphate
(+TEX/+TAP), a 5'-monophosphate (—TEX/—TAP), or both
(—=TEX/+TAP) from all three strains (Fig. 84) and subjected
them to Illumina sequencing. In total, between 4.1 and 5.8 mil-
lion reads were sequenced for each of the cDNA libraries, of
which between 96.8 and 98.5% could be mapped to the H. pylori
26695 genome (Table 1).

Because RppH triggers the degradation of its targets by con-
verting 5'-terminal triphosphates to monophosphates, both the
cellular concentration of those transcripts and the percentage
of each that is 5'-triphosphorylated (rather than monophos-
phorylated) are expected to be higher in ArppH cells than in
WT and CrppH cells. Hence, we screened for H. pylori tran-
scripts that fulfill both of these criteria to identify RNAs that are

A B
mapped reads
Treatment h I? etelcttgd tat
phosphorylation state Transcript comparison 5' end comparison
-TEX/+TAP 5-PPP/5-P l l
Count reads for 100 nt Count reads for
+TEX / +TAP 5'-PPP TSS windows and sRNAs transcript 5' ends
(-TEX/+TAP) (~-TEX/-TAP and +TEX/+TAP)
-TEX/-TAP 5-P l
Normalize counts based
on precomputed size factors
C Gfold analysis with
precomputed size factors
B WT vs. ArppH Fisher t test based
RppH target candidates isner's exact test base
PP 9 CrppH vs. ArppH on 5'-PPP and 5'-P counts

WT vs. ArppH
CrppH vs. ArppH

log2fdc 21 i
14 63 42 OQA:% odds ratio 2 2 RppH target
AND candidates
Gfold(0.01) >0, padj < 0.05
WT vs. ArppH CrppH vs. ArppH Non-RppH Additional possible
targets RppH targets

FIGURE 8. Differential RNA-seq analysis of RNA 5’ ends in H. pylori cells containing or lacking HpRppH. A, combinations of TEX/TAP treatments used to
enrich for 5’-PPP transcripts, 5'-P transcripts, or both (5'-PPP/5’-P). B, computational pipeline used to identify RppH target candidates. To pass muster, a
=2-fold increase in both the RNA concentration (log,fdc = 1) and the ratio of 5'-PPP to 5'-P ends (odds ratio = 2) was required in ArppH cells versus WT and
CrppH cells. Precomputed size factors were based on the number of mapped reads for each library. C, Venn diagram of RppH target candidates identified in

ArppH cells versus WT or CrppH cells.

TABLE 1
Mapping statistics for the H. pylori 26695 lllumina libraries

This table summarizes the total number of sequenced cDNA reads after quality trimming, as well as the number of mapped and uniquely mapped reads for each sequencing
library. Percentage values are relative to the number of reads that are >11 nt in length after poly(A) trimming.

Total number of reads Number of reads long enough  Mapped  Percentage of Uniquely Percentage of uniquely
Library after quality trimming after poly(A) trimming reads mapped reads mapped reads mapped reads
HP26695_WT_+TEX_+TAP 4,105,444 2,904,136 2,855,756  98.3 1,776,256 61.2
HP26695_WT_—TEX_+TAP 4,709,180 4,393,218 4,303,527 98.0 2,191,371 49.9
HP26695_WT_—TEX_—TAP 4,541,183 3,735,492 3,637,516  97.4 1,801,667 48.2
HP26695_drppH_+TEX_+TAP 4,322,165 3,691,261 3,637,538 98.5 2,685,123 72.7
HP26695_drppH_—-TEX_+TAP 5,687,933 5,367,180 5,285,689 98.5 2,913,153 54.3
HP26695_drppH_—TEX_—TAP 5,171,576 4,086,347 3,994,970 97.8 2,034,955 49.8
HP26695_CrppH_+TEX_+TAP 5,260,512 4,380,242 4,309,747 984 2,396,496 54.7
HP26695_CrppH_—TEX_+TAP 4,676,932 4,358,626 4,266,490  97.9 2,004,928 46.0
HP26695_CrppH_—TEX_—TAP 5,813,459 4,490,487 4,345,087  96.8 1,997,827 44.5
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directly and productively targeted by HpRppH. To detect
changes in RNA concentration, the relative numbers of tran-
scripts in the —TEX/+TAP libraries (5'-PPP and 5'-P) were
calculated on the basis of cDNA counts for windows of up to
100 nt encompassing previously annotated transcription start
sites (TSSs) of mRNAs and non-coding RNAs (42) as well as
full-length annotations for sSRNAs (35) and then compared
among the three strains by using Gfold (43). In addition, to
detect changes in 5'-phosphorylation, transcript levels in the
+TEX/+TAP (5'-PPP) and —TEX/—TAP (5'-P) libraries were
calculated for a region from 5 nt upstream to 4 nt downstream
of each TSS and then compared for WT versus ArppH as well as
CrppH versus ArppH by a one-sided Fisher’s exact test. In total,
63 of 925 transcripts (53 mRNAs and 10 sSRNAs) were found to
be at least 2-fold more abundant (log,fdc =1 and Gfold (0.01) >
0) in ArppH cells versus both WT and CrppH cells and addi-
tionally to be enriched at least 2-fold for monophosphorylated
versus triphosphorylated 5’ ends (5'-P/5'-PPP ratio) in WT and
CrppH cells compared with the ArppH mutant (one-sided Fish-
er’s exact test; odds ratio =2 and Benjamini-Hochberg adjusted
p value <0.05) (Fig. 8, B and C), evidence that they may be
RppH targets. These 63 transcripts are summarized in the first
sheet of supplemental Table S2. The 53 up-regulated mRNAs
included 52 primary TSSs and one secondary TSS associated
with 52 distinct genes. An additional 119 possible targets whose
concentration increased =2-fold in ArppH cells without a cor-
responding reduction in the percentage of monophosphorylat-
ed 5" ends are listed in supplemental Table S3.

SRNAs Targeted by RypH—Among the apparent HpRppH
targets that we detected is the SRNA IsoAl (HPnc6350) (sup-
plemental Table S2). As judged from the RNA-seq data, the
concentration of triphosphorylated IsoAl and its abundance
relative to its monophosphorylated counterpart were substan-
tially higher in ArppH cells than in WT and CrppH cells (Fig. 94
and supplemental Table S2). IsoAl belongs to a group of six
structurally related H. pylori sSRNAs, IsoA1-6 (RNA inhibitor
of small ORF family A), that are each ~80 nt in length (35).
They are transcribed antisense to the small ORFs aapAl-6
(antisense RNA-associated peptide family A), which encode ho-
mologous peptides 22—-30 amino acids in length. I vitro, IsoAl
has been shown to strongly and selectively inhibit the transla-
tion of aapAl mRNA (35). One other IsoA sRNA, IsoA3
(HPnc7630), as well as several additional SRNA candidates
(including HPnc1980, HPnc3560, and HPnc7830) and poten-
tial cis-encoded antisense RNAs also appear to be targeted by
HpRppH (supplemental Table S2). In contrast, a number of
other sRNAs, such as the RNA polymerase inhibitor 6S RNA
(HPnc6561, Fig. 94) and HPnc2450 (supplemental Table S2),
do not appear to be affected by HpRppH, indicating that this
pyrophosphohydrolase targets sSRNAs selectively.

To independently validate these findings, we examined the
effect of HpRppH on the degradation rates of several of its puta-
tive SRNA targets. This was achieved by treating log-phase cul-
tures of isogenic WT, ArppH, and CrppH strains of H. pylori
with rifampicin to arrest transcription and unmask degrada-
tion. Total RNA was then extracted from the cells at time inter-
vals, and equal amounts were analyzed by Northern blotting.
The half-life of IsoA1 sRNA increased from ~5 min in WT cells
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to ~13 min in ArppH cells (Fig. 9B, left). Complementation of
the ArppH mutation with an ectopic copy of the gene (CrppH)
restored the original 5-min half-life. Several other sRNAs
judged by dRNA-seq to be candidate RppH targets, such as
IsoA3 (HPnc7630), HPnc1980, and HPnc5960, were also signif-
icantly stabilized (1.5—4-fold) in the ArppH strain, whereas the
stability of the long-lived HPnc3560 transcript did not increase
noticeably (Fig. 9C). No change in lifetime was observed for 6S
sRNA (HPnc6561) (Fig. 9B, right) or HPnc2450 (Fig. 9C), which
served as negative controls.

mRNAs Targeted by RppH—In addition to potential SRNA
targets, we identified 52 potential mRNA targets of HpRppH
by dRNA-seq. For example, the fldA (HP1161) and mda66
(HP0630) transcripts, encoding flavodoxin I (FIdA) and an
NADPH quinone reductase (MdaB), respectively, were more
abundant and had a lower ratio of monophosphorylated to tri-
phosphorylated 5" ends in the ArppH mutant than in the WT
and complemented strains (Fig. 104). Other mRNAs that
appeared to be targeted by HpRppH included those encoding
cytochrome ¢z (HP1227, encoded directly adjacent to
HpRppH), cell binding factor 2 (HP0175), and outer membrane
protein OMP18 (HP1125) (supplemental Table S2). Sensitivity
to RppH was not significantly correlated with protein function,
as defined by the PyloriGene database (44) (one-sided Fisher’s
exact test, calculated Benjamini-Hochberg adjusted p value
>0.10 for every functional category; data not shown).

To corroborate the influence of HpRppH on two of its
mRNA targets, we examined its effect on the lifetime and 5'-
phosphorylation state of the fldA and mda66 transcripts. First,
we compared the half-lives of these mRNAs in cells containing
or lacking RppH by using Northern blot analysis to monitor
their disappearance after transcription inhibition with rifampi-
cin. The half-lives of these transcripts increased from 7 min
(flaA) or 10 min (mda66) in WT cells to >32 min in ArppH cells
and returned to their original values in CrppH cells (Fig. 10B).

Next, we investigated the effect of RppH on the 5’-terminal
phosphorylation state of these mRNAs by PABLO (phosphor-
ylation assay by ligation of oligonucleotides), a splinted ligation
assay specific for monophosphorylated 5" ends (45, 46). This
method is based on the ability of T4 DNA ligase to join a DNA
oligonucleotide to a monophosphorylated RNA, but not its
triphosphorylated counterpart, when their ends are juxtaposed
by annealing them to a bridging oligonucleotide complemen-
tary to both. The percentage of the transcript that is monophos-
phorylated can then be determined by using denaturing gel
electrophoresis and blotting to resolve the ligation product
from its unligated counterpart and comparing the ligation yield
with that of a fully monophosphorylated control (47). In this
manner, we determined that a significant fraction of both fldA
mRNA (27%) and mda66 mRNA (16%) is monophosphorylated
at steady state in WT cells and that this percentage declines to
only 3-5% in ArppH cells (Fig. 10C). The percentage of these
transcripts that was monophosphorylated was restored to nor-
mal by complementation of the genetic defect. Together, these
findings confirm that fldA and mda66 mRNA are direct targets
of RppH and are degraded in H. pylori by an RppH-dependent
mechanism.
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FIGURE 10. mRNA targets of HpRppH. A, screen shots of RNA-seq data for the HpRppH targets mda66 mRNA (HP0630) and fldA mRNA (HP1161) in WT, ArppH,
and CrppH cells, as visualized by using Artemis (56). B, half-lives of mda66 mRNA (~621 ntlong) and fldA mRNA (~548 ntlong) in H. pylori. RNA degradation was
monitored by Northern blotting analysis of equal amounts of total RNA extracted from WT, ArppH, and CrppH cells at various times after the addition of
rifampicin to log-phase cultures. Data from three biological replicates of each of the three strains were averaged, and half-lives (t:,) were determined from the
time at which 50% of the mRNA remained (light gray dotted lines). C, phosphorylation state of mda66 and fldA mRNA in H. pylori. Total RNA extracted from WT,
ArppH, and CrppH cells was examined by PABLO analysis to determine the 5’-phosphorylation state of the transcripts in vivo. Top, representative PABLO assays.
RNA samples that had first been treated in vitro with TAP were analyzed in parallel so that the ligation yields of fully monophosphorylated transcripts could be
used as correction factors for calculating the percentage of mda66 and fldA that was monophosphorylated. Bottom, scatter plots showing the average of three
independent PABLO experiments. Error bars, S.D. Student’s t test was used for statistical comparison of the ArppH and CrppH data with the WT data. *,
statistically significant difference (p = 0.05); ns, not significant (p > 0.05).

Discussion

In bacteria, RNA degradation typically commences by either
of two mechanisms: 1) direct access of a ribonuclease to cleav-
age sites within transcripts or 2) 5’-end-dependent access in

phate by an RNA pyrophosphohydrolase (3). Here we have
identified the Nudix protein HP1228 as an RNA pyrophospho-
hydrolase important for RNA degradation in H. pylori, charac-
terized its biochemical activity and substrate specificity in vitro,

and identified several of its mRNA and sRNA targets in vivo
by employing a global strategy based on high-throughput

which RNA cleavage by a ribonuclease is facilitated by prior
conversion of the 5'-terminal triphosphate to a monophos-

FIGURE 9. sSRNA targets of HpRppH. A, screen shots of RNA-seq data for the HpRppH target IsoA1 sSRNA (HPnc6350) and the non-target 6S RNA (HPnc6561) in
WT, ArppH, and CrppH cells, as visualized by using Artemis (56). B, half-lives of IsoA1 sSRNA (~80 ntlong) and 6S RNA (~180 nt long) in H. pylori. RNA degradation
was monitored by Northern blotting analysis of equal amounts of total RNA extracted from WT, ArppH, and CrppH cells at various times after the addition of
rifampicin to log-phase cultures. Data from four biological replicates of each of the three strains were averaged, and half-lives (t./,) were determined from the
time at which 50% of the RNA remained (light gray dotted lines). Error bars, S.D. C, half-lives of additional sSRNAs (HPnc7630, HPnc1980, HPnc5960, HPnc3560,
and HPnc2450) in H. pylori, based on three biological replicates each.
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sequencing. In view of these properties and the homology of
HP1228 to E.coli RppH (EcRppH), we have renamed it
HpRppH. Our findings suggest an important role for RppH in
governing gene expression not only in H. pyloributalso in other
pathogenic Epsilonproteobacteria, where orthologs of this
enzyme are ubiquitous.

Using in vitro assays, we have demonstrated that HpRppH
converts triphosphorylated RNA 5’ ends to monophosphory-
lated ends while yielding a mixture of pyrophosphate and
orthophosphate as by-products. The same two by-products are
generated by EcRppH, albeit in a ratio that is more biased
toward pyrophosphate (13), whereas BsRppH produces only
orthophosphate (11), presumably by removing the y- and
B-phosphates consecutively. One other H. pylori protein,
HPO0507, may have a fold resembling a Nudix domain, as it
contains a partial Nudix motif with matches at 4 of 9 positions.
This protein has been implicated in H. pylorivirulence (30), and
orthologs appear to be present in other Epsilonproteobacteria
and in E. coli. However, even at a high concentration, HP0507
exhibited no detectable RNA pyrophosphohydrolase activity
when purified and assayed in vitro.

Like EcRppH (16) and BsRppH (19), HpRppH requires at
least two unpaired nucleotides at the 5" end of its substrates and
prefers three or more. The purified enzyme is rather promiscu-
ous with respect to the identity of those 5’-terminal nucleo-
tides, although it has a slight preference for A over G at the first
position and for a purine over a pyrimidine at the second posi-
tion, properties shared by EcRppH (16) but not BsRppH (19),
which strictly requires a G at the second position. The differ-
ence in specificity between the proteobacterial enzymes and
BsRppH is explained by dissimilarities in the amino acid resi-
dues that line the pocket where the second nucleotide binds to
each of these proteins (16, 28, 31), residues that are almost
identical in HpRppH (Arg-30, Ala-36, Val-135, Phe-137, Lys-
138) and EcRppH (Arg-27, Ser-32, Val-137, Phe-139, Lys-140)
but very different in BsRppH (Asp-6, Tyr-86, Val-88, Ile-95,
Lys-97, Phe-137, Ile-138, and Asp-141). Among these amino
acids, the sole difference between the two proteobacterial
enzymes is a residue (Ala-36 in HpRppH, Ser-32 in EcRppH)
that contacts the Watson-Crick edge of the second nucleobase
of the RNA ligand in X-ray crystal structures of ECRppH and
contributes to the promiscuity of that ortholog (16, 31). The
similarity of the substrate preferences of HpRppH and EcRppH
despite their overall sequence divergence (34% identity) sug-
gests that the many other proteobacterial and plant orthologs of
these two enzymes are likely to share these properties.

To identify transcripts targeted by HpRppH in H. pylori, we
employed a global dRNA-seq strategy in which three distinct
enzymatic treatments were used to selectively enrich RNAs
bearing a 5’-triphosphate and/or a 5’-monophosphate. By
examining the effect of an rppH deletion on the number of 5’
ends that were triphosphorylated or monophosphorylated in
H. pylori, we identified 53 mRNAs and 10 sSRNAs whose degra-
dation appears to be triggered by this enzyme (supplemental
Table S2). Several of them were further validated by half-life
measurements and PABLO analysis. To be classified as candi-
date RppH targets, transcripts had to fulfill two criteria in
ArppH cells versus WT and CrppH cells: 1) a =2-fold increase
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in their cellular concentration and 2) a =50% decline in the
ratio of monophosphorylated to triphosphorylated 5 ends.
These strict selection criteria were chosen to maximize the like-
lihood that only transcripts directly and productively targeted
by HpRppH would be identified. Nevertheless, because of sta-
tistical uncertainty, the =2-fold effect used as a threshold, and
the fact that only one growth condition was tested, it seems
probable that HpRppH triggers the degradation of many addi-
tional H. pylori transcripts besides those identified here. Poten-
tial RppH targets whose concentration increased =2-fold in
ArppH cells but whose phosphorylation state did not change
sufficiently to satisfy the other requirement are listed in supple-
mental Table S3. For many of these 119 additional RNAs, the
number of monophosphorylated 5’ ends detected in the
—TEX/—TAP libraries may have been too low to be accurately
quantified due to the susceptibility of such intermediates to
rapid degradation.

HpRppH seems to target only a subset of H. pylori tran-
scripts, as not all of the 925 5" ends that were examined (second
sheet of supplemental Table S2) satisfied the screening criteria.
Therefore, although it is theoretically possible that this bacte-
rial species contains a second, non-redundant RNA pyrophos-
phohydrolase, as has been proposed for B. subtilis and Staphy-
lococcus aureus (19, 48), it is likely that a large number of
H. pylori RNAs undergo rapid degradation by pathways that do
not require prior conversion of the 5'-triphosphate to a mono-
phosphate. Consistent with the existence of RppH-indepen-
dent RNA decay pathways is the fact that rppH is not an essen-
tial gene in H. pylori, although its deletion reduces the growth
rate of H. pylori 26695 by about one-third (data not shown).

The preference of purified HpRppH for a purine at the sec-
ond position of its substrates is not reflected in the sequences at
the 5" end of the 63 candidate HpRppH targets identified in
vivo, where there is a modest bias in favor of U at the expense of
A and C at the second position (A:G:C:U (targeted transcripts/
all transcripts) = 0.13/0.24-: 0.05/0.07 : 0.13/0.19 : 0.70/0.50 at
position 2). For example, among the targets that were validated
individually, IsoA1 and IsoA3 both have a purine (A) at position
2, whereas mda66, fldA, HPnc1980, and HPnc5960 each have a
pyrimidine there (U, C, U, or U, respectively). This finding sug-
gests that H. pylori transcripts degraded by a 5'-end-dependent
mechanism have evolved not to maximize the RppH reaction
rate but rather to allow sequence-dependent variations in that
rate to contribute to differences in RNA lifetimes.

The fate of the monophosphorylated decay intermediates
generated by RppH depends on the organism in which they are
produced, as different bacterial species often have distinct ribo-
nucleolytic arsenals (3). For example, E. coli and B. subtilis not
only contain dissimilar RNA pyrophosphohydrolases but also
utilize different sets of ribonucleases to degrade RNA. In E. coli,
monophosphorylated decay intermediates are rapidly degraded
by RNase E, a 5'-monophosphate-assisted endonuclease,
whereas in B. subtilis they are degraded by RNase J, a 5'-mono-
phosphate-dependent 5’'-exonuclease (10, 11, 13, 49). H. pylori
represents an interesting amalgam of those two species. Like
E. coli, it is a proteobacterium, and it therefore contains an
ortholog of EcRppH. However, as an epsilonproteobacte-
rium, other aspects of RNA turnover in H. pylori more closely
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resemble B. subtilis, as it lacks RNase E and instead is thought to
utilize two other ribonucleases, RNase ] and the endonuclease
RNase Y, to degrade RNA (5, 8, 9). As a result, it is likely that
the monophosphorylated decay intermediates generated by
HpRppH are degraded exonucleolytically by RNase J, probably
with help from RhpA, a DEXD-box RNA helicase with which
RNase ] forms a complex in H. pylori (8). Indeed, >80% of the
likely and possible RppH targets that were previously examined
for RNase ] sensitivity (5, 8, 9) appear to be degraded by an
RNase J-dependent mechanism (supplemental Tables S2 and
S3). RNase ] is also capable of functioning as an endonucle-
ase (8), but this activity is not dependent on the 5'-
phosphorylation state of RNA (11) and therefore is unlikely to
contribute significantly to the degradation of transcripts pro-
ductively targeted by RppH.

Previous studies have reported that HpRppH is constitu-
tively expressed in H. pylori at various stages of growth and
during stress (29) and that H. pylori ArppH mutants have a
diminished capacity to invade gastric epithelial adenocarci-
noma cells (32) and to survive hydrogen peroxide exposure
(29). The latter two phenotypes probably are consequences of
altered patterns of gene expression resulting from the increased
stability of RNAs ordinarily targeted by RppH, and they illus-
trate the physiological importance of 5'-end deprotection by
this enzyme. The fact that HpRppH is the only known H. pylori
protein with a bona fide Nudix motif suggests that, of all of the
metabolic functions of bacterial Nudix hydrolases (17), this
may well be the most important.

Experimental Procedures

Protein Structure Prediction—A detailed structural model of
HpRppH was generated on the basis of sequence homology to
EcRppH by using a high-resolution X-ray crystal structure of
EcRppH bound to an oligonucleotide ligand and two Mg** ions
(Protein Data Bank code 452X) (31) as a template. The calcula-
tions were performed with SWISS-MODEL software (50) on
the ExPASy bioinformatics website. PyMOL (51) was utilized to
prepare figures from the resulting atomic coordinates.

In Vitro Assays of RNA Pyrophosphohydrolase Activity and
Specificity—HpRppH (HP1228), HpRppH-E57Q, and HP0507,
each bearing an amino-terminal hexahistidine tag, were pro-
duced in E. coli, purified by affinity chromatography on
TALON beads (Clontech), and assayed for RNA pyrophospho-
hydrolase activity as described previously (13). Triphosphory-
lated rpsT P1 RNA bearing a 5'-terminal y->*P label and an
internal fluorescein label and triphosphorylated, diphosphory-
lated, and monophosphorylated GA(CU), ; bearing a single >*P
label between the first and second nucleotide were synthesized
by in vitro transcription (13) and used as substrates in these
assays. The specificity of HpRppH was examined as described
previously with doubly labeled substrates (y->*P and fluores-
cein) prepared by in vitro transcription, except that the assays of
substrate reactivity were performed in solutions containing 1
mMm MgCl, and 16 nm HpRppH (19). Oligonucleotides and plas-
mids used to generate the DNA templates used for in vitro
transcription have been described previously (13, 19, 45).

In Vitro Assays of 8-Oxo-dGTPase Activity—8-Oxo-dGTP or
dGTP (50 um) was combined with various concentrations of
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purified hexahistidine-tagged HpRppH, HP0507, E. coli MutT,
E. coli RppH, or B. subtilis RppH (0, 1, 10, or 100 nm) in 500 ul
of a buffer containing 5 mm Tris-HCI, pH 7.4, 1 mm MgCl,, and
1 mMm dithiothreitol. After 60 min at 37 °C, the reactions were
quenched with EDTA (2 mM final concentration) and then con-
centrated to 5 ul by evaporation. The reaction products were
separated by thin layer chromatography on fluorescent PEI-
cellulose plates and visualized by irradiating the plates with
ultraviolet light.

H. pylori Growth Conditions—H. pylori strains were grown
on GC-agar (Oxoid) plates supplemented with 10% (v/v) donor
horse serum (Biochrom AG), 1% (v/v) vitamin mix, 10 pug/ml
vancomycin, 5 ug/ml trimethoprim, and 1 ug/ml nystatin. For
transformant selection and growth of mutant strains, 20 pug/ml
kanamycin or 16 ug/ml chloramphenicol were added. For lig-
uid cultures, 10 or 50 ml of brain heart infusion (BHI) medium
(BD Biosciences) supplemented with 10% (v/v) FBS (Biochrom
AG) and 10 ug/ml vancomycin, 5 pg/ml trimethoprim, and 1
pg/ml nystatin were inoculated with H. pylori from a plate to a
final A4, 0f 0.02—0.05 and grown under agitation at 140 rpm in
25- or 75-cm? cell culture flasks (PAA). Bacteria were grown at
37 °C in a HERAcell 150i incubator (Thermo Scientific) in a
microaerophilic environment (10% CO,, 5% O,, and 85% N,).
E. coli strains were grown in Luria-Bertani (LB) medium sup-
plemented with 100 ug/ml ampicillin, 20 wg/ml chloramphen-
icol, and/or 20 pg/ml kanamycin if applicable. Details about the
generation of H. pylori mutant strains are provided below.

Construction of H. pylori Mutant Strains—All mutant strains
were generated by natural transformation and homologous
recombination of PCR-amplified constructs carrying either the
aphA-3 kanamycin (37) or the catGC chloramphenicol resis-
tance cassette (52) flanked by ~500-bp regions of homology
upstream and downstream of the respective genomic locus, as
described previously. Briefly, H. pylori, grown from frozen
stocks until passage two, was streaked in small circles on a fresh
plate and grown for 6 — 8 h at 37 °C under microaerophilic con-
ditions. For transformation, 0.5—1.0 ug of purified PCR product
was added to the cells. After incubation for 14—-16 h at 37 °C,
cells were restreaked on selective plates containing the indi-
cated antibiotics. The genotypes of mutants were verified by
PCR amplification and sequencing of genomic DNA isolated
using the NucleoSpin plasmid kit (Macherey-Nagel, Bethle-
hem, PA). Table 2 lists all oligonucleotides used for cloning.

Construction of H. pylori rppH Deletion and Complementa-
tion Strains—To construct the rppH deletion strain, H. pylori
26695 AHP1228::Kan® (CSS-0091, ArppH from 26695), overlap
extension PCR was used to assemble a DNA fragment contain-
ing a non-polar Kan® (aphA-3) cassette (37) flanked on one side
by the first three codons of HP1228 (rppH) and ~500 additional
upstream base pairs and on the other side by the last three
codons of HP1228 and ~500 additional downstream base pairs.
First, ~500 bp upstream of HP1228 codon 4 were amplified
from genomic DNA of wild-type H. pylori 26695 (CSS-0065,
kindly provided by D. Scott Merrell) using primers CSO-0121/-
0122, and ~500 bp downstream of HP1228 codon 152 (the
fourth to last codon) were amplified using primers CSO-0123/-
0124. The Kan® cassette was amplified using primers HPK1 and
HPK2. The purified PCR products, corresponding to regions
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TABLE 2
DNA oligonucleotides used in this study

Name DNA sequences (5'-3") Description
CSO-0017 GTTTTTTCTAGAGATCAGCCTGCCTTTAGG Cloning of H. pylori 26695 rppH complementation
CSO-0018 GTTTTTCTCGAGCTTAGCGCTTAATGAAACGC Cloning of H. pylori 26695 rppH complementation
CSO-0033 GCATTTGAGCAAAAGAGGG Verification of H. pylori 26695 rppH complementation
CSO-0034 GGCAAATCTTTAACCCTTTTG Verification of H. pylori 26695 rppH complementation
CSO-0121 ACTTGTAATTGTATCATTTTAAGATCATT Deletion of H. pylori 26695 rppH
CSO-0122 CTCCTAGTTAGTCACCCGGGTACATGTAGCATAGGTCTTTATTTTAGCT Deletion of H. pylori 26695 rppH
CS0O-0123 TGTTTTAGTACCTGGAGGGAATATATTTATAGGGTGTTAATCGTTCAA Deletion of H. pylori 26695 rppH
CSO-0124 CCGTATAGATTTCGCACAAAT Deletion of H. pylori 26695 rppH
CSO-0125 GGGATATGAATGTATAAAATCATATTTATT Verification of H. pylori 26695 rppH deletion
CSO-0146 GTTTTTATCGATGTATGCTCTTTAAGACCCAGC Cloning of H. pylori 26695 rppH complementation
CSO-0147 GTTTTTCATATGCTCGAATTCAGATCCACGTT Cloning of H. pylori 26695 rppH complementation
CSO-0148 GTTTTTATCGATCATCAAAGCTTTAGCCAAATACAT Cloning of H. pylori 26695 rppH complementation
CSO-0149 GTTTTTCATATGCCGTATTTTTGAACGATTAACAC Cloning of H. pylori 26695 rppH complementation
CSO-0505 GTTCATAGCCTTTATCCACGA Northern blotting probe for HP0630 (mda66) mRNA
CSO-1038 GTTCCCGCTGTCTGTCCC Northern blotting probe for HP1161 (flavodoxin) mRNA
CSO-2298 CCGCTTTTAGCGAATGCTTGTCAAGTTATCATTCATATTGTTC Y oligonucleotide for HP1161 for PABLO assay
CSO-2299 AAAAAAAAAAGAACAATATGAATGATAACTTG X, oligonucleotide for PABLO assay
CSO-2300 CAATCTGTTTGGGCTAGCTACAACGAAAATCACCCG 10-23 DNAzyme for PABLO assay of HP1161 mRNA
CS0O-2301 AAATCGTCGCAGGCTAGCTACAACGACAGCGCTAAA 10-23 DNAzyme for PABLO assay of HP0630 mRNA
CSO-2302 TTCCTTTTCTAATAAAATAGCAAGTTATCATTCATATTGTTC Y oligonucleotide for HP0630 for PABLO assay
HPK1 GTACCCGGGTGACTAACTAGG Amplification of aphA-3 cassette
HPK2 TATTCCCTCCAGGTACTAAAACA Amplification of aphA-3 cassette
JVO-0231 GAGTTTGTCATGGCTACCAA Northern blotting probe for IsoA1
JVO-0514 CATGCCATGAAACACAAAAG Northern blotting probe for IsoA3
JVO-2136 AACACGAATCATCTAGGCGAT Northern blotting probe for 6S rRNA
JVO-2635 CGAGAAATACCTCCACACAAT Northern blotting probe for HPnc2450
JVO-2715 ATCATATCTTATAAAGGCGTAACTTT Northern blotting probe for HPnc1980, HPnc1990
JVO-3928 CTAATCATTTCTAAATCATGCTCG Northern blotting probe for HPnc5960
JVO-3938 TCCTTATGGCTCAATTACAAGG Northern blotting probe for HPnc3560
JVO-5257 TATAGGTTTTCATTTTCTCCCAC Verification of H. pylori 26695 rppH deletion
pZE-A GTGCCACCTGACGTCTAAGA Colony PCR on pZE12-derived plasmids

upstream and downstream of HP1228 as well as the Kan® cas-
sette, were mixed at an equimolar ratio and subjected to
overlap extension PCR using primers CSO-0121/-0124. The
resulting deletion construct was gel-purified and substituted
into the chromosome of CSS-0065 by transformation (natu-
ral competence) and recombination, yielding CSS-0091
(AHP1228::Kan®). Positive clones from CSS-0091 were ver-
ified by PCR with primers CSO-0125 and JVO-5257.

To generate an rppH complementation strain, the rppH gene
and ~200 additional base pairs on each side of it were amplified
from genomic DNA of H. pylori 26695 (CSS-0065) using oligo-
nucleotides CSO-0148/-0149. The PCR product was digested
with Ndel (New England Biolabs, catalog no. R0111L) and Clal
(New England Biolabs, catalog no. R0197L). At the same time,
plasmid pSP39-3 (41) was amplified using oligonucleotides
CSO-0146/-0147 and, after digestion with Dpnl, analogously
digested with Ndel and Clal and subsequently dephosphorylat-
ed with calf intestinal phosphatase (New England Biolabs, cat-
alog no. M0290L). The PCR products of the plasmid backbone
and of the rppH gene were purified, ligated, and transformed
into E. coli Top 10 cells (CSS-0296, Invitrogen), yielding plas-
mid pSS4-2. Positive clones were selected on plates containing
100 pg/mlampicillin and confirmed by colony PCR using oligo-
nucleotides pZE-A/CSO-0017. Plasmid pSS4-2 contains both
the rppH gene under the control of its own promoter and the
catGC resistance cassette (52), flanked by the 5’ and 3’ parts
of the rdxA locus, respectively. A PCR product amplified
from pSS4-2 with oligonucleotides CSO-0017/-0018 was
used for complementation of H. pylori 26695 AHP1228::Kan®
(CSS-0091), resulting in strain CSS-0148 (AHP1228:Kan®;
ArdxA:HP1228-catGCF), which contains the rppH gene in an
antisense orientation relative to the catGC cassette and the
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rdxA gene. Positive clones from CSS-0148 were verified by PCR
with primers CSO-0034/-0148 and sequencing with CSO-0033.

RNA Isolation—Unless stated otherwise, H. pylori was grown
in liquid culture to logarithmic phase (A4, ~1), and cells cor-
responding to an A, of 4 were harvested, mixed with 0.2 vol-
umes of stop mix (95% (v/v) EtOH, 5% (v/v) phenol), and imme-
diately shock-frozen in liquid nitrogen. Frozen cell pellets were
thawed on ice, centrifuged for 10 min at 3,250 X gat 4 °C, and
resuspended in TE buffer (10 mm Tris, 1 mm EDTA, pH 8.0)
containing 0.5 mg/ml lysozyme and 1% (w/v) SDS. RNA was
extracted using the hot phenol method as described and treated
with DNase I (New England Biolabs) according to the manufa-
cturer’s instructions (35).

Examination of RNA Stability and Northern Blotting Anal-
ysis—To determine the stability of mRNAs and sRNAs in the
various H. pylori strains, cells were grown to an A, of ~1 and
treated with rifampicin (final concentration, 500 ug/ml). Equal
volumes of cells (5 ml) were withdrawn 0, 2, 4, 8, 16, and 32 min
after the addition of rifampicin and immediately mixed with 0.2
volumes of stop solution (5% water-saturated phenol, 95% eth-
anol). The cells were promptly frozen in liquid nitrogen and
stored at —80 °C until use. Total cellular RNA was isolated by
the hot phenol method. For Northern blot analysis, 10 ug
of total RNA were subjected to gel electrophoresis on 6%
(v/v) polyacrylamide gels containing 7 M urea. RNA was
subsequently transferred to a Hybond-XL membrane (GE
Healthcare) by electroblotting and then UV-crosslinked to the
membrane. Transcripts were detected by probing with 5"-end-
labeled (y-*?P) oligodeoxynucleotide probes complementary to
specific RNAs of interest, as described (35). Radioactive bands
were visualized with a Fuji FLA-3000 imager, and the band
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intensities were quantified by using AIDA Image Analyzer soft-
ware version 4.27 (Raytest).

PABLO—Total cellular RNA was extracted from various
H. pylori mutant strains by the hot phenol procedure (35). As a
control for the PABLO assay, a sample of total RNA from WT
cells was treated with TAP to create fully monophosphorylated
RNA, as described (46). Briefly, 50 ug of total WT RNA was
combined in 44 pl of water with 5 ul of 10X TAP reaction
buffer (Epicenter, catalog no. T19500), 1 ul of RNase inhibitor
(Molox), and 0.5 ul of TAP (Epicenter, catalog no. T19500).
This mixture was incubated at 37 °C for 2 h. Subsequently, 150
ul of autoclaved water was added to facilitate phenol extraction.
The products were phenol-extracted once with water-equili-
brated phenol and ethanol-precipitated. The pellets were
washed with 75% ethanol and air-dried. The RNA was then
resuspended in 25 ul of autoclaved water. After that, PABLO
analysis was performed, using a portion of the TAP-treated
RNA sample as a positive control, as described (46). For the
assay, 15 ug of DNase I-treated total cellular RNA per reaction
was combined with 2 ul of 10 uM oligonucleotide X5, (CSO-
2299) and 4 ul of 1 um oligonucleotide Y (CSO-2298 for
HP1161, CSO-2302 for HP0630). To improve electrophoretic
resolution of the ligation product, 4 ul of a 100 uM solution of a
site-specific 10—23 DNAzyme oligonucleotide were included
as well (CSO-2300 for HP1161, CSO-2301 for HP0630) (46).
Water was added to bring the final volume to 45 ul. The sam-
ples were heated at 75 °C for 5 min and then cooled gradually to
30 °C before being placed on ice. A premixture (35 ul) contain-
ing the following components was added to each sample of
RNA complexed with oligonucleotides X5, and Y: 10 ul of T4
DNA ligase (catalog no. M0202, New England Biolabs), 1 ul of
RNase inhibitor (Molox), 8 ul of 10X ligation buffer (catalog
no. M0202, New England Biolabs), 1.6 ul of 10 mm ATP, and
14.4 pl of H,O. The resulting mixtures were incubated at 37 °C
for 4 h and subsequently placed on ice. The ligation reactions
were quenched by adding 120 ul of 10 mm EDTA, and the
products were phenol-extracted and ethanol-precipitated. The
pellets were washed with 75% ethanol and air-dried. The pellets
containing the ligation products were dissolved in 5 ul of water,
combined with 15 ul of RNA loading buffer (95% (v/v) form-
amide, 20 mm EDTA (pH 8.0), 0.025% (w/v) bromphenol blue,
0.025% (w/v) xylene cyanol), and heated at 95 °C for 5 min.
Electrophoresis was performed on a 6% polyacrylamide gel
containing 7 M urea. The gel was electroblotted onto a
Hybond-XL membrane (GE Healthcare), and after UV cross-
linking, the membrane was probed with radiolabeled DNA
complementary to the transcript of interest. Radioactive bands
corresponding to ligated and unligated RNA were visualized
with a Fuji FLA-3000 imager, and ligation yields were calcu-
lated from the measured band intensities (yield = ligated/
(unligated + ligated)) using AIDA software (Raytest, Germany).

¢DNA Library Preparation and Deep Sequencing—RNA-seq
libraries were constructed from total RNA samples harvested
in logarithmic growth phase (WT Ay, 0.7; ArppH Agy, 0.5;
CrppH Agoo 0.7) in BHI medium. Residual genomic DNA was
removed from the isolated total RNA by DNase I treatment.
c¢DNA library preparation was performed by Vertis Biotechnol-
ogy AG in a strand-specific manner as described previously for
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eukaryotic microRNA (53) but omitting the RNA size fraction-
ation step before cDNA synthesis. In brief, the three RNA sam-
ples were each split into three portions. One portion was
treated with TEX before the standard library preparation pro-
cedure described below to generate the + TEX/+TAP libraries.
To this end, RNA was denatured for 2 min at 90 °C, cooled on
ice for 5 min, and treated with 1.5 units of TEX (Epicenter) for
30 minat 30 °C. For the second portion, the TAP treatment (see
below) was omitted to generate the — TEX/—TAP libraries. The
standard procedure without modifications was used to gener-
ate the —TEX/+TAP libraries from the third portion. Here,
~200 ng of RNA sample were poly(A)-tailed using 2.5 units of
E. coli poly(A) polymerase (New England Biolabs) for 5 min at
37 °C. The 5'-triphosphates were then converted to monophos-
phates with TAP. TAP treatment was performed by incubating
the samples with 5 units of TAP for 15 min at 37 °C. Afterward,
an RNA adapter (5’ Illumina sequencing adapter, 5'-UUUC-
CCUACACGACGCUCUUCCGAUCU-3’) was ligated to the
5'-P of the TAP-treated, poly(A)-tailed RNA for 30 min at
25 °C. First-strand ¢cDNA was synthesized by using an oli-
go(dT)-adapter primer (see below) and Moloney murine leuke-
mia virus reverse transcriptase (AffinityScript, Agilent) by incu-
bation at 42°C for 20 min, ramping to 55°C, and further
incubation at 55 °C for 5 min. In a PCR-based amplification step
using a high-fidelity DNA polymerase (Herculase II Fusion
DNA polymerases, Agilent), the cDNA concentration was
increased to 20-30 ng/ul (initial denaturation at 95 °C for 2
min, followed by 14 -16 cycles at 95 °C for 20 s and 68 °C for 2
min). A library-specific barcode for multiplex sequencing was
included as part of a 3'-sequencing adapter. The TruSeq index
primers for PCR amplification were used according to the
instructions of Illumina. For all libraries, the Agencourt
AMPure XP kit (Beckman Coulter Genomics) was used to
purify the DNA (1.8X sample volume), and cDNA sizes were
examined by capillary electrophoresis on a MultiNA microchip
electrophoresis system (Shimadzu).

The following adapter sequences flanked the cDNA inserts:
TrueSeq_Sense_primer, 5'-AATGATACGGCGACCAC-
CGAGATCTACACTCTTTCCCTACACGACGCTCTTC-
CGATCT-3'; TrueSeq_Antisense_NNNNNN_primer (where
NNNNNN represents the 6n barcode for multiplexing),
5'-CAAGCAGAAGACGGCATACGAGAT-NNNNNN-GTG-
ACTGGAGTTCAGACGTGTGCTCTTCCGATC(dT),5-3". All
libraries were sequenced using an Illumina HiSeq 2000
machine with 97 cycles in single-read mode.

Data Processing and Availability—To ensure high sequence
quality, the Illumina reads in FASTQ format were trimmed
with a cutoff phred score of 20 by the program fastq_quality_
trimmer from FASTX toolkit version 0.0.13. Subsequent pro-
cessing steps were conducted using the RNA-seq analysis pipe-
line READemption version 0.4.2 (54). These consisted of
poly(A) tail removal followed by size filtering to keep only reads
with a minimum length of 12 nt. Remaining reads from all
libraries were mapped to the H. pylori 26695 reference
genome (NC_000915.1) using segemehl version 0.2.0-418 (55).
Read mapping statistics are summarized in Table 1.

Coverage plots representing the numbers of mapped reads
per nucleotide were generated. Reads that mapped to multiple
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(n) locations with an equal score contributed fractionally (1/#)
to the coverage value. Each resulting coverage graph was nor-
malized by the number of reads that could be mapped from the
respective library (typically several million reads when using
Ilumina sequencing) and then multiplied by the minimum
number of mapped reads calculated over all libraries. Coverage
plots were visualized using Artemis (56).

Expression analysis for TSS windows as well as sSRNA and
housekeeping RNA annotations was also conducted using
READemption. Here, read overlap counts for —TEX/+TAP
libraries were calculated based on 100-nt windows encompass-
ing previously annotated primary and secondary TSSs for
mRNAs, tRNAs, and rRNAs (42) together with their down-
stream regions and using full-length annotations for sSRNAs
and housekeeping RNAs (35). Each read with a minimum over-
lap of 10 nt was counted with a value based on the number of
locations where the read was mapped. If the read overlapped
more than one annotation, the value was divided by the number
of annotations and counted separately for each of them (e.g. ¥4
for a read mapped to three locations). For + TEX/+TAP and
—TEX/—TAP libraries, read 5" ends (first base only) matching
to aregion from 5 nt upstream to 4 nt downstream of each TSS
were counted with a value based on the number of locations
where the read was mapped but without considering overlap
with more than one annotation. Read counts for +TEX/+TAP
and —TEX/—TAP libraries were normalized as described
above for the coverage plots. Size factors corresponding to this
normalization were used for the pairwise Gfold comparison of
—TEX/+TAP counts from WT and ArppH as well as CrppH
and ArppH but were rescaled by the software, resulting in
slightly different values for each comparison.

Raw sequencing reads in FASTQ format and normalized
coverage files in wiggle (WIG) format are available via the Gene
Expression Omnibus under accession number GSE8694:3. Two
of the RNA-seq libraries have already been published in a pre-
vious study, where the TSS data used in the current analysis was
also generated (42). These were the + TEX/+TAP and —TEX/
+TARP libraries from the WT sample, which were used as a
replicate for the differential RNA-seq approach described in
the former publication.

Comparison between RppH and RNase ] Targets—To analyze
the overlap between HpRppH and RNase ] targets, we extracted
sequences for all H. pylori 26695 genes (protein-coding regions,
tRNAs, and rRNAs) that were used to define TSSs in previous
studies (35, 42) and for the sSRNAs/housekeeping RNAs discov-
ered at that time (35). Sequences for all H. pylori B8 genes used
to identify RNase ] targets (9) were downloaded from the
MicroScope platform (57) in FASTA format. Orthologous
genes in the two strains were identified by using Ortholuge
software (58) while taking care to analyze sSRNAs/housekeeping
RNAs separately from other RNAs to avoid erroneous map-
pings between different RNA classes. Next, the reciprocal best
BLAST matches in the inlin2.out files were combined and used
to map identified B8 homologs to the H. pylori 26695 tran-
scripts assessed in this study. As described previously (9), B8
annotations for which RNase ] depletion resulted in a =2-fold
increase in transcript concentration with an adjusted p value
=0.05 were considered RNase ] targets. Overlapping and non-
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overlapping target genes are identified in supplemental Tables
S2 and S3.
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The CsrA-FIiW network controls polar localization
of the dual-function flagellin mRNA in
Campylobacter jejuni

Gaurav Dugar1, Sarah L. Svensson!, Thorsten Bischler!, Sina Wildchen?, Richard Reinhardt3, Markus Sauer?
& Cynthia M. Sharma'

The widespread CsrA/RsmA protein regulators repress translation by binding GGA motifs in
bacterial mMRNAs. CsrA activity is primarily controlled through sequestration by multiple small
regulatory RNAs. Here we investigate CsrA activity control in the absence of antagonizing
small RNAs by examining the CsrA regulon in the human pathogen Campylobacter jejuni. We
use genome-wide co-immunoprecipitation combined with RNA sequencing to show that
CsrA primarily binds flagellar mRNAs and identify the major flagellin mRNA (flaA) as the
main CsrA target. The flaA mRNA is translationally repressed by CsrA, but it can also titrate
CsrA activity. Together with the main C. jejuni CsrA antagonist, the FliW protein, flaA mRNA
controls CsrA-mediated post-transcriptional regulation of other flagellar genes. RNA-FISH
reveals that flaA mRNA is expressed and localized at the poles of elongating cells. Polar flaA
mRNA localization is translation dependent and is post-transcriptionally regulated by the
CsrA-FliW network. Overall, our results suggest a role for CsrA-FliW in spatiotemporal
control of flagella assembly and localization of a dual-function mRNA.
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ost-transcriptional control involves a complex interplay

between mRNAs, small regulatory RNAs (sRNAs) and

protein regulators. Although regulatory functions have
typically been attributed to proteins or sRNAs, mRNAs have
canonically been considered as targets of this regulation.
However, regulatory functions have recently also been described
for mRNAs that either encode sRNAs in their untranslated
regions (UTRs) or act as sponges that sequester other regulatory
factors! ™,

The widespread bacterial Csr/Rsm (Carbon storage regsulator/
Regulator of secondary metabolism) regulatory network® is an
ideal model system to study the complex post-transcriptional
cross-talk between mRNAs, sSRNAs and protein regulators. About
75% of all sequenced bacterial genomes encode a homologue of
the central RNA-binding protein (RBP) of this system, CsrA
(RsmA/E). CsrA is a pleiotropic regulator of global physiological
phenomena in Gammaproteobacteria® and considered the most
conserved post-transcriptional virulence regulator®. CsrA mainly
acts by repression of translation initiation via binding to
5 regions of mRNAs’. The homodimeric CsrA binds GGA-rich
motifs that are often located in hairpin loops and/or overlap the
Shine-Dalgarno (SD) sequence’. In Gammaproteobacteria, CsrA
activity is regulated through the CsrB/C and RsmX/Y/Z families
of sSRNAs>’. These antagonizing sRNAs are often induced by
environmental signals® and harbour multiple stem-loops with
high-affinity GGA motifs that sequester CsrA/RsmA8. Despite the
presence of CsrA, many bacteria lack homologues of these
antagonizing sRNAs. Also, the global CsrA regulon and its
general biological function outside the Gammaproteobacteria are
unclear. In the Gram-positive Bacillus subtilis, the flagellar
assembly protein FliW antagonizes CsrA via direct binding’.
Although Fliw homologues are relatively widespread®, protein-
mediated regulation of CsrA has not yet been shown outside B.
subtilis. Whether FLiW can cooperate with RNA-mediated
regulation of CsrA is also unknown.

In the Gram-negative Epsilonproteobacterium Campylobacter
jejuni, currently the leading cause of bacterial gastroenteritis in
humans, CsrA affects motility, biofilm formation, oxidative
stress response and infection'?. Despite several phenotypic
analyses of csrA deletion strains'®12, direct CsrA targets in
Epsilonproteobacteria are largely unknown. Global transcriptome
studies indicated that both C. jejuni and the related pathogen
Helicobacter pylori'>~16, which both carry potential Fliw
homologues, lack the CsrA-antagonizing sSRNAs.

Here we wuse co-immunoprecipitation (coIP) combined
with RNA sequencing!”!® (RIP-seq) to globally determine the
direct RNA-binding partners of C. jejuni CsrA and investigate
whether RNA-based regulation of CsrA occurs in the absence of
canonical antagonizing sRNAs. Our genome-wide approach
reveals many mRNAs of flagellar genes as potential CsrA targets
and we demonstrate that flaA mRNA, encoding the major flagellin,
has dual (coding and regulatory) function. As the most abundantly
co-purified transcript, flaA mRNA is the main target of CsrA
translational repression. In addition, the flaA leader can act as an
mRNA-derived RNA antagonist of CsrA. Together with the main
CsrA antagonist, the FliW protein, flaA mRNA titrates CsrA to
regulate expression of other flagellar genes.

In addition, using confocal and super-resolution microscopy
imaging, we show that flaA mRNA is expressed in elongating cells
and localizes to the cell poles of the amphitrichous C. jejuni. In
contrast to eukaryotes'®, RNA localization is so far only poorly
understood in prokaryotes. Bacterial mRNAs can remain
localized close to their genomic site of transcription?? or can
migrate to places in the cell where their encoded products
are required in a translation-independent manner involving
cis-acting signals in the RNA itself?!. Besides the mechanisms of

2

bacterial RNA localization, even less is known about how this
process may be regulated and which, if any, RBPs are involved.
Here we show, based on a variety of C. jejuni mutants that disrupt
or maintain flaA translation, that polar flaA mRNA localization
requires its translation. Furthermore, we demonstrate that FLiw
facilitates polar flagellin mRNA localization by antagonizing
CsrA-mediated translational repression of flaA. The unexpected
role of the CsrA-FliW system in spatial control of flagellin mRNA
expression provides new insight into the role of RBPs in bacterial
mRNA localization, a process only recently described in
prokaryotes.

Results

Global RIP-seq reveals direct CsrA targets in C. jejuni.
To globally identify C. jejuni CsrA targets and any RNA
regulators of CsrA activity, we applied a RIP-seq approach!”18,
The csrA (Cj1103) gene was chromosomally 3xFLAG-tagged at its
C-terminus in strains NCTC11168 and 81-176. CsrA-3xFLAG is
constitutively expressed during growth in rich medium, and
neither introduction of the FLAG-tag nor deletion of csrA affects
C. jejuni growth under the examined conditions (Supplementary
Fig. 1). We performed coIPs on mid-exponential-phase lysates of
csrA-3xFLAG strains and, as control, their respective untagged
wild-type (WT) strains (Fig. 1a and Supplementary Fig. 2a). After
conversion of co-purified RNAs into cDNA and deep sequencing,
93.2-95.8% of the 4.6-6.2 million sequenced reads for the
individual libraries were mapped to the respective genomes
(Supplementary Table 1). Most of the NCTC11168 control-coIP
library reads mapped to presumably non-specifically pulled-down
abundant classes of RNA (rRNA, tRNA and housekeeping RNAs;
Fig. 1b and Supplementary Table 2). In contrast, a ~36-fold and
~5-fold enrichment for reads mapped to 5UTRs or open
reading frames (ORFs) of mRNAs, respectively, was observed in
the CsrA-3xFLAG colP library (Fig. 1b). No specific sSRNA
enrichment was detected. As the coIP of strain 81-176 showed
similar enrichment patterns (Supplementary Fig. 2b), we focused
on strain NCTC11168.

C. jejuni CsrA primarily binds flagellar mRNAs. Functional
enrichment analysis of the 154 top CsrA targets with
>5-fold enrichment in the CsrA-3xFLAG- versus control-coIP
(Supplementary Data 1) revealed an overrepresentation of
mRNAs from the class ‘Surface Structures’, including flagellar
genes (Supplementary Fig. 3ab). In fact, 90% of the reads
mapping to the >5-fold-enriched CsrA targets belonged to
flagella- or motility-related genes (Fig. 1c). The alternative sigma
factors RpoN (c°%) and FliA (o28) hierarchically control flagellar
expression in Campylobacter’?. Early genes are expressed from
RpoD/c”%-dependent promoters, whereas class 2 (middle) and
class 3 (late) genes are RpoN- and FliA-dependent, respectively?2.
Most of the enriched transcripts belonged to either class 2 or
class 3 (Table 1 and Supplementary Fig. 3c). The most abundantly
co-purified transcript, with more than 300-fold enrichment, was
flaA mRNA, encoding the major flagellin (Fig. 1c).

cDNA peaks reveal CsrA binds in diverse mRNA regions.
Visual inspection of the cDNA read-patterns showed that
numerous flagellar mRNAs, including flaA, flaG and flgI
(encoding the major flagellin, a gene involved in flagellum for-
mation, and a P-ring component, respectively) showed strong
enrichment in their 5'UTRs (Fig. 1d and Supplementary Fig. 4a).
CsrA binding was also observed between two genes in poly-
cistronic mRNAs, such as the Cj0310c-Cj0309¢ and Cj0805-dapA
operons. Analysis of the potential CsrA-binding sites in an
Escherichia coli green fluorescent protein (GFP) reporter-system,
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Figure 1 | RIP-seq analysis of C. jejuni CsrA. (a) Western blot analysis of colP samples of C. jejuni NCTC11168 WT and csrA-3xFLAG strains using anti-
FLAG antibody confirms a successful CsrA-3xFLAG pulldown in the tagged strain. The amount of samples loaded (ODggq of bacteria) is indicated. GroEL
served as loading control. (b) Pie charts showing relative proportions of mapped cDNA reads of different RNA classes in the colP libraries (hkRNA:
housekeeping RNAs). Numbers in brackets indicate the relative enrichment of the respective RNA class in the CsrA-3xFLAG versus control colPs. (¢) Pie
chart showing the percentages and enriched genes of mapped reads for all >5-fold enriched CsrA target genes. (d) (Left) Mapped RNA-seq reads for the
control (black) and CsrA-3xFLAG colP (blue) in strain NCTC11168. Grey arrows: ORFs; black arrows: transcriptional start sites (TSS). Examples of
enrichment patterns in 5 UTRs (flaA) and between genes in a polycistron (Cj0310c-Cj0309c operon; encoding two paralogous efflux proteins). (Right)
Western blot analysis using anti-FLAG and anti-GFP antibodies of reporter fusions to potential C. jejuni CsrA target genes in E. coli ApgaA, ApgaA/AcsrA and
ApgaA/AcsrA + pBAD-csrA¢; (complementation with C. jejuni CsrA-Strep under control of an arabinose-inducible pBAD promoter) strains. Putative CsrA
targets from C. jejuni were fused in-frame (for example, 33 aa for flaA) to GFP or a FLAG-lacZ’ tag (Supplementary Fig. 4b). As deletion of csrA dramatically
enhanced biofilm formation and led to poor growth in liquid culture in our E. coli strain, reporter experiments were performed in a ApgaA background. GroEL
served as loading control. Protein samples corresponding to 0.1 ODggo were loaded. Quantifications of reporter expression are given below the blots.
(e) (Left) CsrA-binding motif predicted by MEME24 (E-value = 2.1E-11). (Right) Consensus secondary structure motif of C. jejuni CsrA-binding sites
predicted by CMfinder®2,

originally developed to study sRNA-mediated regulation?®, genes!%. As we observed that potential SD sequences right
revealed all of the tested 5UTR targets (flaA, flaG, flgl, flaB, at the 3’ end of the upstream genes are covered by CsrA target
pseB and Cj1249) were highly upregulated (>10-fold) in the sites, CsrA probably interferes with ribosome binding and
absence of E. coli csrA as measured by western blot and FACS translation of the downstream genes and thereby might mediate
analyses (Fig. 1d and Supplementary Figs 4 and 5). Reduced discoordinate operon regulation.

reporter fusion expression was restored by complementation of

AcsrA with C. jejuni CsrA. Using an operon reporter, where the

C-terminal part of the upstream gene is fused to FLAG-lacZ’ and Automated peak-detection reveals a CsrA-binding motif.
the N-terminal part of the downstream gene to GFP, we observed ~To automatically identify CsrA-binding regions and a binding
that both E. coli and C. jejuni CsrA can repress the downstream  motif from colP ¢cDNA enrichment patterns, we developed a
genes in polycistrons (Cj0310c-Cjo309c and Cj0805-dapA). peak-detection algorithm based on a sliding window approach
Expression of the upstream genes was only slightly affected and  (see the Methods for details). This approach predicted 328
they do not contain any strong internal transcriptional start sites  potential CsrA-binding sites with >5-fold enrichment in the
that could lead to uncoupled transcription of the downstream NCTC11168 coIP (Supplementary Data 2). As a control, peak
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C. jejuni NCTC11168

Table 1 | Enrichment of genes involved in flagellar biosynthesis in the CsrA colP data.

C. jejuni 81-176

Enrichment (reads) 5'UTR

ORF 5'UTR ORF

Regulation of expression (class 1)

115

flaA (Cj1339¢)

Flagellar filament components (classes 2 and 3)
304.5 x (693,471)

111 x (473,588)

324.7 x (158,590)

rpoN (Cj0670) 1.5 x (26) 25 x (1,747) — 8 x (634)
fliA (CjO061c) — 1.1 x (121) — 0.7 x (79)
flgS (Cj0793) - 1.7 x (43) 13 x () 1.7 x (15)
flgR (Cj1024) 1.2 x(4) 11x (137) 13 x(4) 1.2 x (10T)
Flagellar protein secretion (class 1)
flgM (Cj1464) - 5 x (1429) — 2.3 x (380)
fliF (Cj0318) - 6.1 x (1,005) — 7.8 x (1,105)
flhA (Cj0882¢c) — 1.2 x (82) — 0.9 x (53)
flhB (CjO335) 0.6 x (3) 1.2 x(99) 0.7 x (M 1.0 x (67)
flio (Cj0352) - 1.4 x (41) — 0.7 x (D
fliP (Cj0820c) — 1.2 x(29) — 0.5 x (15)
fliQ (Cj1675) - 1.3 x (45) — 0.9 x (29)
fliR (Cj1179¢) - 1.2 x (6) - 0.5x (5)
fliH (Cj0320) - 4.8 x (202) — 1.3 x (100)
flil (CjO195) — 3.6 x (442) — 0.6 x (86)
Basal body components (classes 1 and 2)
fliE (Cj0526¢) — 2.4 x (268) — 1.4 x (120)
flgC (CjO527¢) - 1.2 x (397) — 0.9 x (217)
flgB (Cj0528c) 1.6 x (7) 1.6 x (181) 0.7 x(2) 0.9 x (61)
flgG2 (Cj0o697) - 43.9 x (8,133) — 77.4 x (9,670)
flgG (Cj0698) 1.2 x (1) 1.4 x (253) 53 x(4) 1.3 x (165)
flgJ (Cj1463) — 4.4 x (180) — 1.0 x (26)
flgl (Cj1462) 170.5 x (5,750) 52.7 x (12,087) 157.1 x (1,666) 61.5 x (5,401)
flgA (Cj0769¢) 0.8x(2) 15.8 x (410) 0.9 x (4) 3.7 x (104)
flgH (Cj0687c) 200.9 x (1,911) 20.1x (3,288) 110.1 x (917) 27.6 x (2,487)
Flagellar hook components (class 2)
flgE (Cj1729¢) - 68.2 x (104,324) - 7.1x (3,967)
flgD (Cj0042) — 3.6 x (1015) — 2.0 x (284)
flgE2 (Cj0043) - 2.5 x (1045) — 1.1x (250)
flik (Cjo041) — 4.1 x (613) — 1.2 x (89)
Cjoo40* 356.2 x (3,389) 110.6 x (9,277) 38 x (230) 20.4 x(727)
flgk (Cj1466) — 0.7 x (4) - 1.0 x (141)
flgL (Cj0887¢c) - 2.0 x (484) 23 x (74) 0.9 x (193)

45.3 x (138,159)

flaB (Cj1338c¢) 58.8 x (915) 14.1 x (17,880) 59.4 x (1,170) 14.9 x (29,530)
fliD (CjO548) — 6.8 x (4,348) - 5.4 x (3,929)
fliS (Cj0549) 1.6 x (149) 1.3 x (165)
flaC (Cj0720) 1.2x (344) 1.2 x (1,298) 1.3 x (239) 1.2 x(1,237)
Other enriched genes (> 5x) involved in flagella formation
pseB (Cj1293) 119.7 x (2,298) 9.5 x (2,280) 34.5 x (470) 4.1 % (759)
psel (Cj1317) 1.7 x (22) 7.2 x (864) 23x(4) 0.8 x (111
flaG (Cj0547) 346.1x (11,077) 72.4 x (18,150) 168.5 x (3,701) 84.2 x (16,012)
motA (Cj0337c) 10.3 x (89) 1.8 x (660) 1.4 x (16) 0.8 x (271
Cj0951c - 15.2 x (79) 2x(3) 1.3 x (194)
Cjo248 5.5 x (120) 1.8 x (387) 1.1 x (38) 0.9 x (257)
flhX (CjO848c) - 7.5 x (13) - 1.5 % (7)

ColP, co-immunoprecipitation; UTR, untranslated region; ORF, open reading frame.

brackets indicate the absolute cDNA read counts in the CsrA-3xFLAG colP libraries.
*Cj0040 (unknown function) is the first gene of the hook gene operon

Classification of flagellar genes is based on ref. 75. Transcripts with >5-fold enrichment in cDNA read counts in the CsrA-3xFLAG versus control colP libraries are highlighted in bold. Numbers in

detection was performed in reverse manner by scanning for
enriched regions in the control- versus CsrA-3xFLAG-coIP. This
analysis revealed only five peaks, without a common motif,
indicating a high specificity of the peaks detected in the
CsrA-3xFLAG-colP. MEME?* analysis of the 328 enriched
sequences revealed a (C/A)A(A/T)GGA motif in 324/328 input
sequences (Fig. le). Analysis of the 81-176 coIP led to a similar
motif (Supplementary Fig. 2¢). To check if a similar motif can be
found in non-enriched regions, we conducted the peak-detection

4

in reverse manner using a cutoff of only > 1-fold enrichment in
the control- versus CsrA-3xFLAG-coIP. This revealed 448
‘enriched’ sites in the control library. Subsequent motif
prediction did not yield any significant motifs, further
supporting high specificity of the coIP approach. Consensus-
structure motif screening of the enriched CsrA-coIP sequences
revealed an AAGGA motif in a hairpin-structure loop in 276/328
input sequences (Fig. le). These C. jejuni sequence/structural

motifs agree with binding sites of other CsrA homologues®.
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Figure 2 | CsrA represses flaA translation by binding to its 5’'UTR. (a) Predicted secondary structure of the flaA leader using Mfold”4. Blue bars indicate
GGA motifs; grey: SD sequence. Black triangles indicate RNase T1 cleavages from the structure probing in €. (b) Western blot quantification (n=5
biological replicates) of FlaA with a C-terminal 3xFLAG epitope tag integrated at its native locus (FlaA-3xFLAG) and northern blot analysis of flaA mRNA
(n =3 biological replicates) in AcsrA and various flaA 5’UTR mutant strains. Shown is the mean + s.e.m (**P<0.01 using Student’s t-test, NS: not
significant). Mutations are depicted in red in a. (¢) Gel-shift assays using ~0.04 pmol in vitro-transcribed and 5’ end-labelled flaA leader ( — 45 to +99
relative to the start codon) with increasing concentrations of CsrA. (d) Affinity binding curves determined by gel-shift assays for 32P-labelled flaA WT and
mutant leaders (<4 nM) based on three replicates. The inset represents an enlargement of the binding curves for low CsrA concentrations. Shown is the
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controls and RNase T1- or alkali (OH)-digested flaA leader as ladders, respectively. Blue lines: GGA motifs; green lines: protection from RNA cleavage upon
addition of CsrA. The secondary structure of the flaA leader according to a is depicted on the right.

flaA mRNA is translationally repressed by CsrA. The flagellar
filament, consisting mainly of the FlaA flagellin, is among the last
components produced during flagellum assembly. In our colP,
77% of the reads from > 5-fold enriched genes mapped to flaA,
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indicating it as the main CsrA target (Fig. 1c). Secondary-struc-
ture predictions revealed that the 45-nt-long flaA 5'UTR can fold
into two stem-loops (SL1 and SL2), both of which harbour an
ANGGA motif in their loops (Fig. 2a). The second ANGGA motif
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covers the ribosome-binding site and a third GGA is present as
the second codon. The flaA 5'UTR secondary structure is con-
served and supported by compensatory base-pair changes in
other Campylobacter species (Supplementary Figs 6 and 7, and
Supplementary Methods). A chromosomally 3xFLAG-tagged
FlaA was ~ 3-fold upregulated in a AcsrA strain compared with
WT on western blots (Fig. 2b and Supplementary Fig. 8a, lanes 1
and 2). To show that CsrA affected translation by binding to the
flaA leader, we introduced chromosomal point-mutations into
the two putative GGA CsrA-binding motifs (M1: SL1gga - aaa»
M2: SLIGGAAUGA) and M3: SLZGGAHGGG; Flg 2a,b and
Supplementary Fig. 8a, lanes 3-8). Like deletion of csrA, mutation
of the GGA motifs resulted in two- to threefold elevated FlaA-
3xFLAG protein expression. FlaA-3xFLAG levels were not
affected by deletion of csrA in the flaA leader mutants, indicating
CsrA binding was abolished in these strains. Northern blot
analysis showed flaA-3xFLAG mRNA levels are only mildly
affected in the different mutant strains, further indicating
post-transcriptional regulation of flaA by CsrA (Fig. 2b and
Supplementary Fig. 8a).

In vitro gel-shift assays using recombinant C. jejuni CsrA-Strep
and T7-transcribed, 5'-end radiolabelled flaA WT leader showed
strong CsrA binding (Kg= ~50nM) with two defined shifts,
indicating at least two CsrA-binding sites (Fig. 2c). In contrast,
flaA leaders with GGA point-mutations in either SL1 (M1 and
M2), SL2 (M3) or both SL1 and SL2 (M2/M3) showed four- to
tenfold higher Ky values (200-500nM), confirming that the
mutations reduced CsrA binding (Fig. 2d and Supplementary
Fig. 9a). To map CsrA-binding sites on the flaA leader, we
performed in-vitro footprinting assays with labelled flaA leader in
the absence or presence of CsrA using enzymatic and chemical
cleavage (RNase T1; single stranded G-residues and lead(II)
acetate; single-stranded RNA). Cleavage patterns without CsrA
confirmed the predicted flaA leader structure (Fig. 2e and
Supplementary Fig. 8b). A clear protection was observed at the
SL1 and SL2 GGA motifs of the WT leader upon addition of
increasing CsrA amounts, but not for a flaA M2/M3 mutant with
disrupted binding motifs. The third GGA downstream of the start
codon was not protected. Overall, our data suggest C. jejuni CsrA
represses flaA translation by high-affinity binding to the two
GGA-containing stem-loops SL1 and SL2 in the flaA leader.

The flagellar assembly factor FliW binds CsrA in C. jejuni. The
constitutive expression of CsrA during routine culture
(Supplementary Fig. 1) suggested modulation of its activity rather
than its expression. Because homologues of the CsrB/C sRNAs
are absent in C. jejuni, we hypothesized that other RNAs, or even
proteins, might control CsrA activity in Campylobacter. One
candidate (Cj1075, 129 aa) is a potential homologue of the fla-
gellar assembly factor, FliW, which has a role in motility?®?” but
is otherwise uncharacterized. In B. subtilis, FliW binds CsrA and
antagonizes CsrA-mediated translational repression of hag
mRNA, encoding the major flagellin®. FliW can also bind Hag,
which accumulates in the cytoplasm before flagellar hook
completion. Hag thus sequesters FliW from CsrA, allowing
CsrA to repress Hag synthesis. Upon completion of the hook,
Hag is secreted, FliW is released and CsrA repression of flaA
translation is relieved. Thus, this Hag-FliW-CsrA partner-switch
mechanism ensures appropriate temporal flagellin synthesis. In
Epsilonproteobacteria, fliW homologues are present, but, unlike
Bacillus, are not encoded adjacent to csrA (Fig. 3a). To investigate
whether FliW can interact with CsrA and FlaA in C. jejuni, we
performed protein—-protein colP experiments using chromosomal
C-terminal 3xFLAG-tag fusions as bait. The anticipated
interaction partners were tagged with mCherry at their

6

C-terminus to allow detection by western blotting. In a FliW-
3xFLAG-colP, CsrA-mCherry was successfully co-purified,
indicating the two proteins can interact (Supplementary
Fig. 10). Similarly, FliW-mCherry was co-purified in a FlaA-
3xFLAG-colP, indicating conserved interactions between all three
proteins. As control, none of the proteins was co-purified in coIPs
with strains that carry the mCherry-fusion proteins but not the
FLAG-tagged proteins.

FliW antagonizes CsrA-mediated translational repression. To
determine whether the FliW-CsrA interaction could antagonize
CsrA function in Epsilonproteobacteria, we used FlaA protein
levels as a read-out for CsrA activity (Fig. 3b). Whereas FlaA-
3xFLAG was ~ 3-fold upregulated in AcsrA, deletion of fliW led
to ~6-fold downregulation, consistent with further repression of
flaA translation by additional CsrA released upon deletion of its
protein antagonist (Fig. 3b). A AcsrA/AfliW double deletion
confirmed that the observed downregulation was indeed medi-
ated through CsrA, as FlaA-3xFLAG levels increased back to
those in the AcsrA mutant. Despite strong reduction of FlaA-
3xFLAG protein levels, a ~2-fold higher flaA mRNA level was
observed upon deletion of fliW, indicating additional effects of
FliWw on flaA expression (Supplementary Fig. 1la). Thus, we
constructed a transcriptional reporter composed of the unrelated
Cj1321 5'UTR and its early coding region (Cj1321_mini) under
the control of the flaA promoter. This reporter was, like the
endogenous flaA mRNA, ~2-fold upregulated in the AfliW
mutant (Supplementary Fig. 11b). As Cj1321 is independent of
CsrA-mediated control, FliW seems to have a negative effect
(direct or indirect) on flaA transcription.

To uncouple transcriptional control of flaA from its transla-
tional regulation, we replaced the 6%8-dependent flaA promoter
in the FlaA-3xFLAG strain with a constitutive ’%-dependent
metK promoter. Upon deletion of c¢srA in this strain, a ~3-fold
increase in FlaA-3xFLAG level was observed, further confirming
post-transcriptional regulation of FlaA-3xFLAG protein expres-
sion by CsrA (Fig. 3b). Like for the strain expressing FlaA-
3xFLAG from its native promoter, FlaA-3xFLAG expressed from
the metK promoter was strongly downregulated upon deletion of
fliw and was restored to AcsrA levels in the AcsrA/Afliw double
mutant. This further indicates FliW antagonizes CsrA-mediated
translational repression of flaA in a promoter-independent
manner. In addition, decreased flaA mRNA stability was observed
upon fliW deletion in rifampicin stability assays. This is
consistent with increased translational repression of flaA in the
absence of fliW, despite overall higher steady-state flaA mRNA
levels because of FliW-dependent increased transcription
(Supplementary Fig. 11c).

In line with strong downregulation of the FlaA protein upon
fliW deletion, transmission electron microscopy revealed shorter
flagella on AfliW bacteria compared with those of the WT strain
(Fig. 3¢,d). In fact, the flagella of AfliW appeared similar to those
of a AflaA mutant strain and of bacteria lacking 628 (AfliA),
required for flaA transcription. In contrast, the AcsrA and AcsrA/
Afliw strains expressed normal flagellar filaments. The short
flagella of the AfliW strain are probably composed mainly of
the minor flagellin FlaB, which is transcribed from an RpoN
(6°*)-dependent promoter. Upon deletion of both flagellin genes
(AflaA/AflaB), the bacteria no longer had filaments but the hook
structure was visible at the poles (black arrowheads, Fig. 3c).
Furthermore, a ArpoN mutant strain had neither flagella nor
hooks. Motility assays revealed that the AcsrA or AfliW strains
showed a halo-radius reduction to 78% and 72% of WT,
respectively (Fig. 3d). Likely due to its shorter flagella, AfliW
also showed slower autoagglutination than WT, but greater than
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Figure 3 | The flagellar assembly factor FliW binds and antagonizes CsrA. (a) Genomic context of csrA and fliWw homologues in diverse bacterial species
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Scheme of the antagonizing effect of FIiW on CsrA-mediated translational repression of flaA mRNA by direct binding of FliwW to CsrA. (Bottom, left)
Quantification of FlaA-3xFLAG using western blot in C. jejuni WT, AcsrA, AfliW and AcsrA/AfliW strains in mid-log phase (n= 3 biological replicates).
Plotted is the mean £ s.e.m (**P<0.01, ***P<0.001 using Student's t-test). (Bottom, right) Quantification of FlaA-3xFLAG using western blot in WT, AcsrA,
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micrographs of indicated strains harvested from MH agar. Black triangles indicate hook structures. (d) Average flagella length (dark grey bars) of indicated
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t-test). Motility was measured as average swimming distance (light grey bars) in soft agar. Bars show the mean +s.e.m (***P<0.001 versus WT using

Student's t-test).

the non-motile AfliA and ArpoN mutants (Supplementary
Fig. 12). Overall, these data suggest that, besides a mild effect
on flaA transcription, FliW affects post-transcriptional control of
FlaA, and therefore filament assembly and motility, in a CsrA-
dependent manner.

Expression of flagellar mRNAs is not affected in AcsrA. Besides
flaA mRNA, many other flagellar targets, such as the 5UTRs of
flaG, flaB and flgl, were strongly enriched in the CsrA-3xFLAG-
colP (>346-, >58- and >170-fold, respectively; Table 1).
The flaG, flaB and flgI leaders also have one or more GGA-
containing motifs near their SD (Fig. 4a). In vitro gel-shift assays
of in vitro transcribed flaG, flaB and flgI leaders, and several other
co-purified flagellar mRNAs (Cj0040, flgA and flgM), confirmed
CsrA binding (Fig. 4b and Supplementary Fig. 9b). The non-
enriched Cj1324 mRNA, encoding a gene involved in flagellin
modification, or an unrelated mRNA fragment from H. pylori did

not shift with CsrA, confirming specific binding of CsrA to coIP-
enriched transcripts (Supplementary Fig. 9c). However, CsrA
affinity for flaG, flaB and flgl leaders was lower (Kg = > 350 nM)
than for the flaA WT leader (Kq= ~50nM, Fig. 4b). Although
FlaA-3xFLAG was upregulated upon csrA deletion (Fig. 2b),
chromosomally tagged FlaG-3xFLAG, FlaB-3xFLAG and FlgI-
3xFLAG levels did not change substantially (Fig. 4a).

FliW and flaA mRNA titrate CsrA-mediated repression. The
observed strong CsrA-mediated regulation of flaG, flaB and flgI in
the E. coli reporter system (Supplementary Figs 4 and 5) indicates
that CsrA can, in principle, regulate these targets. Thus, we
hypothesized that FliW, or even abundant mRNAs, might
sequester CsrA under the examined routine growth conditions,
obscuring any regulatory effect on these low-affinity targets.
Because flaA mRNA is highly abundant'# and expressed at the
end of the flagellar cascade, we reasoned flaA mRNA might itself
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titrate CsrA activity. To investigate the role of FliW and the flaA
mRNA as CsrA antagonists, we analysed FlaG-3xFLAG, FlaB-
3xFLAG and FIgI-3xFLAG protein expression in loss-of-function
strains of both antagonists. In line with FliW acting as a general
CsrA antagonist that limits CsrA activity, deletion of fliW led to a
~3-fold decrease in FlaG-3xFLAG level, which was restored to
WT level in a AcsrA/AfliW double mutant (Fig. 5 and
Supplementary Fig. 13a).
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Figure 5 | The flaA 5'UTR and FIiW inhibit CsrA-mediated regulation of
flagella genes. Quantification of FlaG-3xFLAG, FlaB-3xFLAG and Flgl-
3xFLAG levels using western blot of the indicated C. jejuni NCTC11168
strains grown to mid-log phase (M1: GGA — AAA in SL1 of flaA 5'UTR).
Values were calculated based on at least three biological replicates. Shown
is the mean+s.e.m (*P<0.05, **P<0.01, ***P<0.001, using Student's
t-test). NS, not significant.

Because flaG and flaA are primarily transcribed from
o28-dependent promoters®® and are thus expressed at the same
time, monitoring FlaG-3xFLAG might reveal the potential
role of flaA 5'UTR as a CsrA antagonist. The chromosomal
M1 flaA leader mutation (GGA — AAA in SL1, Fig. 2a), which
leaves the coding region intact but abolishes CsrA binding
(Fig. 2d), decreased FlaG-3xFLAG levels ~3-fold (Fig. 5 and
Supplementary Fig. 13a). Upon introduction of AcsrA, FlaG-
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3xFLAG expression was restored to WT levels, indicating
decreased FlaG expression in the flaA-M1 mutant is dependent
on CsrA, and suggesting that the flaA leader can also titrate CsrA.
Combining both AfliW and flaA-M1 led to a tenfold reduction in
FlaG-3xFLAG levels, showing their cumulative effect in
antagonizing CsrA. In line with this, the M1/AfliW/AcsrA triple
mutant restored FlaG-3xFLAG levels back to WT levels (Fig. 5
and Supplementary Fig. 13a). Growth curves showed that there
was no major impact on growth of the individual mutations
under the examined conditions (Supplementary Fig. 13b).
Although the Afliw and M1/AfliW mutants showed a slightly
increased growth rate compared with WT, this increase was less
than a non-motile AfliA strain.

To further confirm the role of the flaA 5UTR as a CsrA
antagonist, a ~250-nt long flaA_mini transcript comprising the
flaA leader and first 17 codons followed by a stable ribosomal
rrnB terminator was ectopically expressed from the native flaA
promoter (Supplementary Fig. 14a). Expression of the flaA_mini
transcript in a AfliW mutant, which has strong CsrA-mediated
flaA translational repression, increased FlaA-3xFLAG levels
around 2.6-fold (Supplementary Fig. 14b). This indicates
flaA_mini can bind and antagonize CsrA and partially relieve
CsrA-mediated repression of flaA translation. A smaller, yet
significant, complementation of the effect of a fliW deletion was
also observed for FlaG-3xFLAG levels.

flaA mRNA
(Cys)

16S rRNA
(FITC)

Fluorescence

Next, the effect of the two antagonists on CsrA-mediated
regulation of the RpoN-dependent genes flaB and flgI was
evaluated. A similar, yet less pronounced effect compared with
FlaG-3xFLAG, was observed for FlaB-3xFLAG upon single or
double mutations of fliw and MI1. In contrast, FIgl-3xFLAG
levels were only significantly reduced upon fliw deletion (Fig. 5
and Supplementary Fig. 13a). Overall, this reveals FliW as the
major CsrA antagonist under the examined growth conditions
that titrates, along with the flaA mRNA antagonist, CsrA from
lower affinity flagellar targets such as flaG.

flaA mRNA localizes to the poles of elongating cells. As flaA
mRNA can titrate CsrA activity, we wondered when flaA mRNA
levels change to modulate CsrA activity. Expression of flaA
mRNA appeared constitutive during growth (Supplementary
Fig. 13c). However, in the amphitrichously flagellated C. jejuni,
after every cell division, a new flagellum has to be synthesized at
the new pole of each daughter cell. As bacteria in batch culture
are not synchronized in cell cycle, differences in flaA mRNA
expression might be obscured because of the population-based
northern analysis. To monitor flaA mRNA expression in single
bacteria, we performed RNA-FISH (fluorescence in situ hybridi-
zation) in fixed C. jejuni cells from exponential phase. Although
the control RNA, 16S rRNA (Fig. 6a, green), was visible in all
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Figure 6 | flaA mRNA localizes to the poles of shorter cells. (a) RNA-FISH analysis of 16S rRNA (FITC-labelled DNA oligonucleotide probe, green) and
flaA mRNA (14 Cy5-labelled single-stranded DNA oligonucleotide probes, red) in C. jejuni WT cells in mid-log phase using confocal microscopy (scale bar,
Tum). (b) A magnified RNA-FISH image showing the distribution of fluorescence signals. flaA mRNA (Cy5) and 16S rRNA (FITC) signals were quantified
along the long axis length of bacteria using ImageJ software and were subsequently merged as shown at the bottom of the panel (scale bar, 1um). The
length of individual cells was also quantified using Image). Statistical analysis for average flaA mRNA and 16S rRNA signals over the cell length is provided

in Supplementary Fig. 15. (¢) Average C. jejuni WT cell lengths in bacteria where flaA mRNA is localized (56 cells) or non-localized (85 cells), ***P<10

using Student's t-test.
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cells, flaA mRNA (Fig. 6a, red) was detected in only some of the
cells. As a negative control, we also performed flaA mRNA FISH
on a AfliA mutant strain (Fig. 7a), which showed no expression of
flaA (Supplementary Fig. 11a). Whereas 16S rRNA was equally
distributed throughout the cell, flaA mRNA was specifically
detected at the cell poles in ~20% of WT cells (Fig. 6a,b).
Quantification of cell length across the population showed that
cells with localized flaiA mRNA were significantly shorter than
cells without flaA expression (Fig. 6b,c). Live-cell imaging of a
non-motile C. jejuni strain (AfliA) over two or three division
cycles showed regular patterns of an increase in cell length until
cells divide at mid-cell, resulting in short daughter cells
(Supplementary Fig. 16). This indicates shorter cells likely
correspond to cells that have divided and are elongating. Toge-
ther, these data suggest differential expression of flaA mRNA
during the cell cycle and accumulation in elongating cells at the
required site of its encoded protein.

FliW impacts flaA mRNA localization via CsrA. To investigate
whether CsrA-FliW impacts flaA mRNA localization, we next
performed RNA-FISH in AfliW, AcsrA and AfliW/AcsrA mutant
strains. Although csrA deletion had no effect on flaA localization,
it was completely abolished in a AfliW mutant (Fig. 7a). Instead
of a polar localization, flaA mRNA was now dispersed throughout
the cell. The loss of flaA mRNA localization upon fliW deletion
was not due to lower transcript abundance as its mRNA level is
increased despite strong repression at the protein level
(Supplementary Fig. 11a). Strikingly, flaA mRNA localization was

a 10 Cells (averaged)

restored to the cell poles in the AfliW/AcsrA double mutant,
showing CsrA affects localization of flaA mRNA. As a further
confirmation of flaA mRNA localization, we performed super-
resolution imaging of flaA mRNA FISH in WT and mutant
strains usmz% direct stochastic optical reconstruction microscopy
(dSTORM)~’, which has only recently been applied for bacterial
RNA localization®”, dSTORM analysis fully supported and
complemented the observations from confocal microscopy
analysis (Fig. 7b and Supplementary Fig. 17). Overall, this
suggests a model where flaA translation is required for polar
localization: upon deletion of fliW, CsrA is released and in turn
strongly represses flaA mRNA translation to impede its
localization to the poles.

Polar flaA mRNA localization requires its translation. To
support the translation-dependent model of flaA localization, we
constructed several point mutants in the native flaA gene that
either maintain or disrupt flaA translation (Fig. 8a). Mutation of
the start codon of flaA (AUG — AAG (X1) or AUU (X2)) to
abolish translation initiation resulted in dispersed flaA mRNA
(Fig. 8b). In contrast, when the start codon was changed to an
alternative start codon (AUG — GUG (X3)), flaA mRNA still
localized to the cell poles, indicating translation of flaA mRNA is
indeed required for polar localization. Mutation of the third flaA
codon to a stop codon (UUU — UAG (X4)) also resulted
in a completely dispersed flaA mRNA signal (Fig. 8b and
Supplementary Fig. 17). In contrast, flaA mRNA with a synon-
ymous silent mutation (UUU — UUC (X5); both encoding Phe)
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Figure 7 | CsrA and FliW influence flaA mRNA localization to the poles. (a) RNA-FISH analysis (Left: confocal microscopy images; Right: averaged
fluorescence intensity along the long axis based on 10 cells) of 16S rRNA (green) and flaA mRNA (red) in C. jejuni NCTC11168 WT, AcsrA, AfliW, AcsrA/
AfliW and AfliA strains in mid-log phase. FITC and Cy5 channels were merged in the microcopy images in the third lanes (scale bar, Tum). (b) Super-
resolution microscopy imaging of flaA mRNA RNA-FISH (14 Cy5-labelled oligos) in the indicated C. jejuni strains using dSTORM imaging. Cell boundaries

from bright-field images are depicted by white dotted lines.
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Figure 8 | Translation is required for flaA mRNA localization to the cell poles. (a) Point mutations in flaA mRNA that were introduced at the native flaA
locus. Mutations X1, X2, X4 and X6 abolish or prematurely stop flaA translation, whereas X3 and X5 represent silent mutations. (b) RNA-FISH analysis
(Left: confocal microscopy images; Right: averaged fluorescence intensity along the long axis based on 10 cells) of C. jejuni point mutant strains depicted in
a. FITC and Cy5 channels were merged in the third rows of the microscopy images (scale bar, 1pm).

at the third codon localized similarly to the WT mRNA. Some of
the mutations that abolish translation (X1, X2) lead to reduced
(50-80% of WT) flaA mRNA levels (Supplementary Fig. 18).
Nonetheless, as the strain expressing the flaA mRNA with a stop
mutation at the third codon (X4), which also showed abolished
polar mRNA localization, had even higher (~170%) flaA

expression levels than WT, it is unlikely that reduced (or
increased) flaA mRNA levels lead to loss of localization. To
determine the effect of terminating translation at a downstream
position, we introduced a stop codon at the 101%t codon of flaA
(CAA — UAA (X6)). This mutant showed partial polar flaA
mRNA localization, suggesting the N-terminal peptide might be
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required for recruiting flaA mRNA to the cell poles. Overall, these
data support a role of the FliW/CsrA post-transcriptional net-
work in controlling translation-dependent polar flaA mRNA
localization in C. jejuni.

Discussion

Using genome-wide RIP-seq, we have identified direct RNA
targets of the translational regulator CsrA in a bacterium that
lacks the canonical antagonizing sRNAs. Our study revealed the
major flagellin mRNA is both the main CsrA target and a dual-
function mRNA, which can titrate CsrA activity together with the
FliW protein, the main CsrA antagonist (Fig. 9). Compared with
microarray-based transcriptome analyses of csrA loss-of-function
strains>132, which might reveal indirect effects or miss targets
because of a lack of changes in target mRNA levels despite
translational repression, a coIP approach facilitates the
identification of direct targets and binding sites. Sanger
sequencing of cDNAs from an RsmA-colP identified six target
mRNAs in P. aeruginosa®>. RNA-seq of a CsrA-colP in
E. coli revealed 721 co-purified transcripts®®, and in vivo
ultraviolet crosslinking combined with RNA-seq (CLIP-seq)
revealed 467 potential CsrA-binding sites in Salmonella
typhimurium, including binding sites in many virulence
mRNAs*%. In our RIP-seq approach, we used untagged WT
strains as a negative control to allow for elimination of non-
specifically bound transcripts. Our peak-detection tool confirmed
the high specificity of this approach, as it detected an ‘ANGGA’
sequence in 324/328 targets, which resembles the CsrA
consensus-motif determined by in-vitro selection?®. Besides
canonical binding to 5UTRs or early codons>3>, our coIP also
revealed CsrA binding within coding regions or between genes in
polycistrons to mediate discoordinate operon regulation.

FlaA

Act\iy Wnslation

flaA mRNA
Fiw Q

Activity " ii
A@W Translation and localization

CsrA

|i f Translation

Flagellar mRNAs

Figure 9 | Model depicting the C. jejuni CsrA-FliW regulatory network.
Schematic representation of the regulatory circuit and the putative roles of
CsrA, FliW and FlaA proteins along with flaA mRNA in the CsrA-FliW
regulon of C. jejuni. The post-transcriptional regulatory protein CsrA
represses translation of multiple flagellar mRNAs including flaA mRNA,
encoding the major flagellin, by direct binding to the mRNAs. The FliW
protein can directly bind and titrate CsrA activity and in-turn affects CsrA-
mediated post-transcriptional regulation of flagellar genes. FliW can also
bind to the FlaA protein, which releases FliW-mediated sequestration of
CsrA. The abundant flaA mRNA is the main target of CsrA translational
repression but can also act as a regulatory sponge and titrate CsrA activity
together with the main CsrA antagonist FliW. Furthermore, flaA mRNA
localizes to the cell poles of elongating cells. Polar localization of flaA mRNA
itself is dependent on its translation, which is controlled by the CsrA-FliW
regulatory network.
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Our coIP approach revealed many mRNAs of flagellar genes as
direct CsrA targets. The motility defect of AcsrA suggests that
tight regulation of flagellar genes by CsrA, and especially
of the major flagellin FlaA, is required for proper motility.
Balancing CsrA activity through the antagonizing protein
FliW also appears crucial for flagellar assembly, as we observed
that a C. jejuni NCTC11168 AfliW mutant expresses short
flagella, as also reported in other strains?”3%, and is defective for
autoagglutination and motility in both B. subtilis and C. jejuni®2®.
Although CsrA impacts motility by directly controlling flagellin
expression in C. jejuni, B. subtilis and Borrelia, the strong motility
defect of an E. coli csrA mutant®” is due to a requirement of CsrA
for stabilization of the mRNA encoding the master regulator
FIhDC38, The flagellum also plays an essential, multi-factorial role
in C. jejuni colonization and pathogenesis, including secretion of
Cia/Fed effectors?®3°, and is required for proper cell division“C.
Future studies might reveal CsrA-affected phenotypes beyond
motility.

Instead of CsrA-activity control by antagonizing sRNAs>, we
demonstrated that the fladA mRNA itself can titrate CsrA. This
represents a new mode of CsrA activity control by a target
mRNA-derived antagonist. The flaA leader has higher affinity for
CsrA compared to other flagellar targets. It has two GGA motifs
in adjacent hexaloops, resembling high-affinity CANGGANG-
containing apical hexaloop structures targeted by CsrA/
RsmE?>4L, The 21-nt spacing between the flaA GGA motifs is
close to the 18-nt optimal intersite distance for binding of a CsrA
dimer*2. Whereas flaA mRNA probably only binds one CsrA
dimer, multigle RsmE dimers are cooperatively assembled on
RsmZ sRNA®#! CsrA titration by a 5UTR has recently been
shown to mediate hierarchical control of fimbriae expression in
Salmonella typhimurium®. The fimAICDHF mRNA leader,
which in contrast to flaA mRNA is not itself a CsrA target,
cooperates with the CsrB/C sRNAs to antagonize CsrA-mediated
activation of plasmid-encoded fimbriae. Small RNAs other than
CsrB/C can also sequester CsrA in addition to functioning as
antisense RNAs*4. Global approaches such as RIP-seq are ideally
suited to identify additional antagonizing sSRNAs or members of
the emerging class of dual-function, cross-regulating mRNAs?>,

Analysis of flaA mRNA expression in single bacteria using
RNA-FISH showed that this transcript localizes to the poles of
shorter, and presumably elongating, cells. As a new flagellum is
synthesized after each cell division at the new pole of the
amphitrichous C. jejuni, polar flaiA mRNA localization might
facilitate this process. This temporal and spatial modulation of
flaA mRNA expression might also affect CsrA-mediated regula-
tion of other flagellar genes through mediating varying levels of
this CsrA RNA antagonist. Mutations that either abolish or
maintain translation showed flaA translation is required for
its polar localization. Bacterial mRNA localization has only
recently been described and unlike eukaryotes the underlying
mechanisms and regulation of this process are poorly under-
stood*>*0, Besides co-translational targeting of mRNAs to the
required sites of their encoded products, translation-independent
mechanisms of RNA localization have also been described?%:2!,
including spatial expression according to chromosome organization.
We observed that a flaA mRNA variant with a premature stop-
codon mutation at the 101 codon partially localizes, suggesting a
role of the N-terminus in directing the nascent peptide along with
the mRNA to the secretion apparatus. Little is known
how flagellar substrates are selected for secretion, as they do
not share a secretion-signal sequence or cleavable signal peptide.
N-terminal domains are required for secretion of flagellar
proteins in diverse bacteria, including C. jejuni>®, and both
5'UTR and N-terminal peptide secretion signals have been shown
to contribute to secretion efficiency’’. In addition, flagellar
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chaperones play a role in regulating the coupling of translation to
secretion of flagellar substrates8. In Yersinia, cis-encoded RNA-
localization elements in the early coding region are required for
secretion of effector proteins by type III secretion systems®’.
Future studies will identify and clarify the role of elements, either
in the protein N-terminus or the mRNA 5'UTR, as well as
potential interaction partners that are crucial for directing the
peptide and/or mRNA to the cell poles and secretion apparatus.
Besides the requirement of flaA translation for localization, other
factors such as the flaA genomic location or the transcriptional
complex might also contribute to polar flaA mRNA localization.

Our study revealed an unexpected function for the CsrA-Fliw
network in spatial and temporal gene-expression control, and
specifically FliW affects translation-dependent polar localization
of the flagellin mRNA by antagonizing CsrA-mediated transla-
tional repression. The limited CsrA activity in WT cells under
standard growth conditions, because of sequestration by the Fliw
protein antagonist, probably allows sufficient translation of flaA
mRNA for its polar localization. Strong CsrA-mediated transla-
tion repression of flaA upon fliW deletion is probably responsible
for the diffuse flaA localization in the AfliW mutant. CsrA
binding might mediate storage of translationally inactive flaA
mRNA until synthesis of FlaA is required or proper localization is
achieved, similar to mRNP granules in eukaryotes®’. Future
studies will show whether other flagellar mRNAs also polarly
localize and if the CsrA-FliW regulatory network also impacts
their localization. CsrA-mediated regulation of mRNA
localization might also occur in B. subtilis and B. burgdorferi,
where CsrA overexpression represses the major flagellin®!-53,
An analogous system might have also evolved in the
Alphaproteobacterium Caulobacter crescentus, which encodes
two proteins with opposing activities on flagellin regulation, FlaF
and FIbT, whereby FIbT post-transcriptionally regulates flagellin
expression”*.

Our identification of C. jejuni CsrA titration by FliW indicates
that CsrA-activity control by a protein antagonist, a mechanism
first identified in the Gram-positive B. subtilis’, is more
widespread than previously appreciated. Besides the post-
transcriptional effect of FliW on flaA and other flagellar genes
by antagonizing CsrA, deletion of fliW directly or indirectly
increases flaA transcription. Transcription of hag is also twofold
upregulated in B. subtilis upon fliw deletion®*°. Although Fliw
appears to be the main CsrA antagonist, its synergistic interplay
with the flaA mRNA antagonist affects other flagellar genes
showed that RNA-based regulation can also impact CsrA activity
in this type of Csr network. Gammaproteobacterial genomes
encode CsrA>® as well as the antagonizing sSRNAs® and an anti-
correlation between the presence of the CsrB/C sRNAs and Fliw
has been observed®’. As the csrA gene is located next to a tRNA
cluster in E. coli, this strongly suggests the pleiotropic function of
CsrA in Gammaproteobacteria might have been horizontally
acquired, followed by evolution of the antagonizing sSRNAs. Thus,
the conserved or possibly more ancient function of the CsrA-
FliW system might be to mediate temporal and spatial control of
proper flagellum assembly. During our conservation analysis we
observed that certain non-flagellated Campylobacter species, such
as C. hominis, C. gracilis and C. ureolyticus, lack csrA and fliw
homologues, further supporting their conserved function in
flagellar regulation. Further studies are required to unravel the
full complexity of the CsrA-FliW regulatory network and its
impact on RNA localization.

Methods
Bacterial strains, olig leotides and plasmids. All C. jejuni and E. coli strains
used in this study are listed in Supplementary Table 3 and DNA oligonucleotides in

Supplementary Table 4, respectively. Plasmids are summarized in Supplementary
Table 5.

Bacterial growth conditions. C. jejuni strains were routinely grown on
Miiller-Hinton agar plates or with shaking in Brucella broth (BB), both supple-
mented with 10 pgml~! vancomycin, at 37 °C under microaerobic (10% CO,,
5% O,) conditions as described previously'. The agar was further supplemented
with marker-selective antibiotics (20 pgml ~! chloramphenicol, 50 pgml !
kanamycin , 20 pgml ~! gentamicin or 250 pgml ~ ! hygromycin B) where
appropriate. E. coli strains were grown aerobically at 37 °C in Luria-Bertani (LB)
medium supplemented with appropriate antibiotics. For induction of arabinose-
inducible pBAD promoter, 0.001% (+ ) or 0.003% (+ -+ ) L-arabinose was added
to LB media.

Construction of bacterial mutant strains. All C. jejuni mutant strains (deletion,
chromosomal 3xFLAG-tagging, chromosomal point mutations) were constructed
using double-crossover homologous recombination. Cloning strategies and the
generation of constructs are described in detail in the Methods and Supplementary
Methods. Oligonucleotides used to amplify regions of upstream/downstream
homology and resistance cassettes for homologous recombination, as well as
recipient strains and oligonucleotides for validation of mutant strains by colony
PCR, are listed in Supplementary Table 6 for each generated strain. Introduction of
PCR products with 500 bp homologous ends or genomic DNA with mutant
constructs into C. jejuni was performed by electroporation or natural transfor-
mation, respectively, as described previously”.

Construction of 3xFLAG epitope-tagged proteins in C. jejuni. C. jejuni genes
were chromosomally tagged at their C-terminus either by cloning of constructs for
C-terminal epitope tagging on plasmids or by construction of 3xFLAG constructs
by overlap PCR.

Tagging of proteins using PCR products amplified from plasmid constructs. The
CsrA, FlaA, Figl and FlaB proteins were fused to a 3xFLAG epitope at their
C-termini by cloning regions encoding ~ 500 bp of their C-terminal coding region
(C-term) and ~ 500 bp downstream of the stop codon (DN) into plasmid pGG1 to
flank a 3xFLAG tag and aphA-3 Kan® cassette. Afterwards, the 3xFLAG-tag
constructs were amplified by PCR and introduced into the chromosome of C. jejuni
strains by electroporation and double-crossover homologous recombination. An
example of this plasmid cloning strategy is described for csrA. Approximately
500 bp of the region downstream of csrA was amplified from genomic DNA
(gDNA) with primers CSO-0173/-0174. These primers included Xbal and EcoRI
sites, respectively. Following cleanup, the PCR product was digested with EcoRI
and Xbal and ligated into a similarly digested pGG1 backbone, generated by
inverse PCR with primers CSO-0074/-0075, to create pGD2-1. The plasmid was
verified by colony PCR with primers JVO-0054/CSO-0173 and the sequence was
verified using JVO-0054. Next, the backbone of this plasmid, including the csrA
‘DN’ region, was amplified by PCR with primers CSO-0073 (Xhol) and JVO-5142
(blunt). The C-terminal coding region of csrA (~500bp) without the stop codon
was amplified with primers CSO-0171/-0172 from NCTC11168 WT gDNA. The
sense primer (CSO-0172) included an Xhol site, whereas the antisense primer
(CSO-0171) contained a 5'-phosphate. Both the plasmid backbone with the ‘DN’
insert and the C-term insert were digested with Xhol and ligated to create plasmid
pGD4-1. Integration of the PCR product was confirmed by colony PCR using
primers CSO-0172/-0023 and the plasmid was validated by sequencing using
CS0O-0023. The entire integration cassette was then amplified with Phusion High-
Fidelity DNA polymerase (NEB) using primers CSO-0172/-0173 and
electroporated into C. jejuni and selected on kanamycin plates. Mutants were
confirmed by colony PCR with primers CSO-0196/-0023 and western blot analysis
with an anti-FLAG antibody.

3xFLAG tagging of proteins by overlap PCR. Construction of a C-terminal 3xFLAG
translational fusion at its native locus was performed by overlap PCR for flaG as
described in Supplementary Methods for gene deletions, but with the following
modifications. The final overlap PCR product contained ~500bp of the
C-terminal coding region of flaG minus the stop codon (C-term) and ~ 500 bp
downstream of flaG (DN) for homologous recombination. These reéions flanked
an in-frame 3xFLAG tag and stop codon followed by an aphA-3 Kan™ cassette. For
example, for tagging flaG, the 3xFLAG tag and Kan® cassette was amplified from
plasmid pGG1 with primers JVO-5142 and HPK2. The ‘C-term’ region of flaG was
amplified using primers CSO-1002/-1098, where CSO-1098 is antisense and
contains region of complementarity at its 5 end to the 3xFLAG tag/JVO-5142,
from NCTC11168 gDNA. The ‘DN’ region was amplified using primers CSO-
1099/-1003, where CSO-1099 is sense to flaG DN and contains a region of
complementarity to the 3’ end of the Kan® cassette/primer HPK2. If the coding
region of the target gene contained sequences required for expression of a
downstream OREF (that is, SD sequence or codons), these sequences were included
in the ‘DN’ amplicon. The three PCR products were then used for overlap PCR
with primers CSO-1002/-1003, and the resulting amplicon was electroporated into
C. jejuni, followed by selection of positive clones on kanamycin plates. Mutants
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were checked by colony PCR with primers CSO-1005/HPK2 and western blot
analysis with an anti-FLAG antibody.

Introducing chromosomal point mutations into the flaA leader. To introduce
point mutations into the 5UTR of flaA at the native locus, a 1,100-bp region
around the flaA promoter was amplified using oligos CSO-0752/-0753. These
primers introduced Xhol and Xbal sites, respectively, into the resulting PCR
product. After Xhol and Xbal digestion, the product was then ligated into a
similarly digested plasmid pJV752-1, resulting in plasmid pGD70-5. Plasmid
pGD70-5 was checked by colony PCR using primers pZE-A/CSO-0753 and
sequencing with pZE-A. Next, plasmid pGD70-5 was amplified by inverse PCR
using primers CSO-0754/-0755, thereby introducing Ndel and BamHI restriction
sites 40 nt upstream of the flaA transcriptional start site (TSS). An aac(3)-IV
gentamicin resistance cassette with its own promoter and terminator was amplified
using CSO-0483/-0576 and introduced into PCR-amplified pGD70-5 in the reverse
orientation to flaA, just upstream of its promoter, using the Ndel/BamHI restric-
tion sites, resulting in plasmid pGD76-1. Plasmid pGD76-1 was checked by colony
PCR using primers CSO-0576/-0753 and sequencing with CSO-0753.

Point mutations were then introduced into the flaA 5'UTR by inverse PCR on
pGD76-1 using complementary oligos harbouring the desired mutation, followed
by Dpnl digestion and transformation of the resulting purified PCR product into
E. coli TOP10. For introduction of the flaA M1 mutation (GGA>AAA in
stem-loop SL1 of the flaA leader), oligonucleotides CSO-1114/-1115 were used for
PCR on pGD76-1. The mutation was confirmed in the resulting plasmid pGD92-1
by sequencing with CSO-0753. Similarly, the flaA M2 (GGA >UGA in stem-loop
SL1 of the flaA leader), M3 (GGA > GGG in stem-loop SL2 of the flaA leader), X1
start codon (AUG > AAG), X2 start codon (AUG> AUU), X3 start codon
(AUG>GUG), X4 3™ codon (UUU > UAG), X5 3™ codon (UUU > UUC) and X6
101% codon (CAA >UAA) mutations were introduced using primer pairs CSO-
0757/-0758, CSO-1116/-1117, CSO-2019/-2020, CSO-2827/-2828, CSO-2825/-
2826, CSO-2829/-2830, CSO-2831/-2832 and CSO-2833/-2834, respectively,
resulting in plasmids pGD77-1, pGD93-1, pGD114-2, pGD205-1, pGD204-1,
pGD206-1, pGD207-1 and pGD208-1, respectively. For combination of the flaA
M2 and M3 mutations, a similar mutagenesis approach was performed based on
PCR amplification of the M2 plasmid pGD77-1 using oligonucleotides CSO-1116/-
1117, resulting in pGD95-1 harbouring both the mutations. To introduce the flaA
5'UTR mutations into C. jejuni, a PCR product covering the homologous ends and
the gentamicin resistance cassette was amplified from the respective WT (pGD76-
1) or mutant plasmids using CSO-0752/-0850 and electroporated into C. jejuni as
described above. To confirm introduction of point mutation in C. jejuni, colony
PCR was performed using CSO-0576/-0753 and sequencing with CSO-0850.

Construction of E. coli mutants. The E. coli ApgaA and ApgaA AcsrA deletion
strains were constructed in the TOP10 background using the A Red protocol’®.
Briefly, a kanamycin resistance gene, amplified from plasmid pKD4 using primers
CS0-0652/-0653, was used to replace the entire pgaA ORF excluding the start and
stop codon. The mutant strain was verified by colony PCR using the primer pairs
CS0O-0654/-0653 and CSO-0652/-0655. After verification, helper plasmid pCP20
containing FLP recombinase was introduced to remove the kanamycin resistance
marker®. The helper plasmid, which is temperature-sensitive and carries an
ampicillin resistance marker, was then cured by recovering colonies at 37 °C and
confirming ampicillin sensitivity, resulting in strain CSS-0556. Similarly, the ORF
of the csrA gene excluding the start and stop codon was then replaced by the
kanamycin resistance marker (amplified using CSO-0611/-0612) in the ApgaA
strain resulting in strain CSS-0557, harbouring both pgaA and csrA deletions. The
csrA deletion was verified by colony PCR using primer pairs CSO-0639/-0612 and
CSO-0611/-0640.

RIP-seq of C. jejuni CsrA-3xFLAG. colP combined with RNA-seq (RIP-seq) to
identify direct RNA-binding partners of CsrA-3xFLAG in C. jejuni was performed
as previously described'®* with minor modifications.

ColP of RNA with CsrA-3xFLAG. ColP of chromosomally epitope-tagged C. jejuni
CsrA with an anti-FLAG antibody and Protein A-Sepharose beads was performed
from lysates of C. jejuni NCTC11168 and 81-176 WT (control) and isogenic
csrA-3xFLAG strains grown in 100 ml (50 ml x 2 flasks) BB containing 10 pg ml ~!
vancomycin to mid-exponential phase (ODggo = 0.6) at 37 °C as described
previously for H. pylori'8. Cells were harvested by centrifugation at 6,000g for
15min at 4 °C. Afterwards, cell pellets were resuspended in 1 ml Buffer A

(20 mM Tris-HCI, pH 8.0, 150 mM KCl, 1 mM MgCl,, 1 mM dithiothreitol (DTT))
and subsequently centrifuged (3 min, 11,000g, 4 °C). The pellets were shock-frozen
in liquid nitrogen and stored at — 80 °C. Frozen pellets were thawed on ice and
resuspended in 0.8 ml Buffer A. An equal volume of glass beads was then added
to the cell suspension. Cells were then lysed using a Retsch MM40 ball mill
(305~ 1, 10 min) in pre-cooled blocks (4 °C) and centrifuged for 2 min at 15,200g,
4°C. The supernatant was transferred to a new tube, and an additional 0.4 ml of
Buffer A was added to the remaining un-lysed cells with beads. Lysis of the
remaining cells was achieved by a second round of lysis at 305~ ! for 5min.
Centrifugation was repeated and this second supernatant was combined with
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the first one. The combined supernatant was centrifuged again for 30 min at
15,200g, 4 °C for clarification and the resulting supernatant (lysate fraction) was
transferred to a new tube. The lysate was incubated with 35 pl anti-FLAG antibody
(Monoclonal ANTI-FLAG M2, Sigma, #F1804) for 30 min at 4 °C on a rocker.
Next, 75 pl of Protein A-Sepharose (Sigma, #P6649), prewashed with Buffer A,
was added and the mixture was rocked for another 30 min at 4 °C. After
centrifugation at 15,200g for 1 min, the supernatant was removed. Pelleted beads
were washed five times with 0.5 ml Buffer A. Finally, 500 pl Buffer A was added to
the beads and RNA and proteins were separated by phenol-chloroform-isoamyl
alcohol extraction and precipitated as described previously'®. From each colP,
700-1,000 ng of RNA was recovered. 100 pl of 1 X protein loading buffer (62.5 mM
Tris-HCI, pH 6.8, 100 mM DTT, 10% (v/v) glycerol, 2% (w/v) SDS, 0.01% (w/v)
bromophenol blue) was added to the final protein sample precipitated along with
beads. This sample was termed the coIP sample. For verification of a successful
colP, protein samples equivalent to 1.0 ODgg of cells were obtained during
different stages of the colIP (culture, lysate, supernatant, wash and colIP (beads))
for further western blot analysis. One hundred microlitres of 1 X protein loading
buffer was added to the protein samples and boiled for 8 min. Protein sample
corresponding to an ODggo of 0.1 or 0.15 (culture, lysate, supernatant and wash
fraction) and 10 or 5 (for proteins precipitated from beads) were used for western
blot analysis.

RIP-Seq cDNA library preparation. Residual gDNA was removed from the
coIP RNA samples isolated from the control (WT) and CsrA-3xFLAG colPs of the
two strains C. jejuni NCTC11168 and 81-176 using DNase I treatment. cDNA
libraries for Illumina sequencing were constructed by vertis Biotechnologie AG
(http://www.vertis-biotech.com) in a strand-specific manner as described
previously'#. In brief, equal amounts of RNA samples were poly(A)-tailed using
poly(A) polymerase. Then, 5 -triphosphates were removed using tobacco acid
pyrophosphatase, and an RNA adapter was then ligated to the resulting
5’-monophosphate. First-strand cDNA was synthesized with an oligo(dT)-adapter
primer using M-MLV reverse transcriptase. In a PCR-based amplification step,
using a high-fidelity DNA polymerase, the cDNA concentration was increased to
20-30 ng pul ~ L. For all libraries, the Agencourt AMPure XP kit (Beckman Coulter
Genomics) was used to purify the DNA, which was subsequently analysed by
capillary electrophoresis.

A library-specific barcode for multiplex sequencing was included as part of
a 3/-sequencing adapter. The following adapter sequences flank the cDNA inserts:

TrueSeq_Sense_primer

5'-AATGATACGGCGACCACCGAGATCTACACTC TTTCCCTACACGAC
GCTCTTCCGATCT-3

TrueSeq_Antisense_NNNNNN_primer (NNNNNN = 6nt barcode for
multiplexing)

5'-CAAGCAGAAGACGGCATACGAGAT-NNNNNN-GTGACTGGAG
TTCAGACGTGTGCTCTTCCGATC(dT25)-3'.

The samples were sequenced on an Illumina HiSeq instrument with 100 cycles
in single-read mode. The resulting read numbers are listed in Supplementary
Table 1.

Analysis of deep sequencing data. To assure high sequence quality, the Illumina
reads in FASTQ format were trimmed with a cutoff phred score of 20 by the
programme fastq_quality_trimmer from FASTX toolkit version 0.0.13. After
trimming, poly(A)-tail sequences were removed and a size filtering step was
applied in which sequences shorter than 12 nt were eliminated. The collections of
remaining reads were mapped to the C. jejuni NCTC11168 (NCBI Acc.-No:
NC_002163.1) and 81-176 (NCBI Acc.-No: NC_008770.1, NC_008787.1,
NC_008790.1) genomes using segemehl®® with an accuracy cutoff of 95%. Mapping
statistics are listed in Supplementary Table 1. Coverage plots representing the
numbers of mapped reads per nucleotide were generated. Reads that mapped to
multiple locations contributed a fraction to the coverage value. For example, reads
mapping to three positions contributed only one-third to the coverage values. Each
graph was normalized to the number of reads that could be mapped from the
respective library. To restore the original data range, each graph was then
multiplied by the minimum number of mapped reads calculated over all libraries.
The overlap of sequenced cDNA reads to annotations was assessed for each
library by counting all reads overlapping selected annotations on the sense strand.
These annotations consist of strain-specific NCBI gene annotations complemented
with annotations of previously determined 5UTRs and small RNAs'4. Each read
with a minimum overlap of 10 nt was counted with a value based on the number of
locations where the read was mapped. If the read overlapped more than one
annotation, the value was divided by the number of regions and counted separately
for each region (for example, one-third for a read mapped to three locations).

Enrichment analysis of CsrA targets. Enrichment of transcripts in the CsrA-
3xFLAG colP versus control colP libraries was determined based on mapped
cDNA read counts for annotations provided in NC_002163.gff (NCBI) for
NCTC11168 using GFOLD version 1.0.9 (ref. 61) but with manually defined
normalization constants based on the number of reads that could be mapped to the
respective libraries. For determination of genes enriched in the CsrA-3xFLAG-
tagged library, log2 fold changes (FCs) rather than GFOLD values were used.
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Similar analysis was done for strains 81-176 using annotations provided in
NC_008787.gff (chromosome), NC_008770.gff (pVir plasmid) and NC_008790.gff
(pTet plasmid).

Peak detection and CsrA-binding motif analyses. To automatically define
CsrA-bound RNA regions or peaks from the CsrA-3xFLAG coIP data sets, an
in-house tool ‘sliding window_peak_calling_script’ was developed based on

a sliding window approach. A detailed description of the tool will be described
elsewhere. The script has been deposited at Zenodo (https://zenodo.org/record/
49292) under DOI 10.5281/zenodo.49292 (http://dx.doi.org/10.5281/
zenodo.49292). The script is written in Python 3 and requires installation of the
Python 3 packages numpy and scipy for execution.

In brief, the ‘sliding window_peak_calling_script’ software uses normalized
wiggle files of the CsrA-3xFLAG and control coIP libraries as input to determine
sites showing a continuous enrichment of the CsrA-3xFLAG-tagged library
compared with the control. The identification of enriched regions is based on four
parameters: a minimum required fold change (FC) for the enrichment, a factor
multiplied by the 90th percentile of the wiggle graph, which reflects the minimum
required expression (MRE) in the tagged library, a window size in nt (WS), for
which the previous two values are calculated in a sliding window approach, and a
nucleotide step size (SS), which defines the steps in which the window is moved
along the genomic axis. All consecutive windows that fulfill the enrichment
requirements are assembled into a single peak region. The peak detection is
performed separately for the forward and reverse strand of each replicon. For the
CsrA-3xFLAG colP data set, the following parameters were used: FC =5, MRE =3,
WS =25 and SS=5.

For the prediction of consensus motifs based on the peak sequences, MEME?*
and CMfinder 0.2.1 (ref. 62) were used. For MEME?* predictions, the following
settings were applied: Search 0 or 1 motif of length 4-7bp per sequence in the
given strand only. To search for the presence of a structural motif, CMfinder 0.2.1
(ref. 62) was run on the enriched peak sequences with default parameters except for
allowing a minimum single stem loop candidate length of 20 nt. The top-ranked
motif incorporated 276 of the 328 sequences and was visualized by R2R®.

Functional classes enrichment analysis. To check for overrepresentation of
functional classes of CsrA-bound genes, we considered genes with at least fivefold
enrichment in their 5UTR and/or coding sequence in the CsrA-3xFLAG colP
library (versus control) as CsrA-bound and the remaining genes as unbound.
We applied an existing functional classification®* of genes from strain NCTC11168
to determine statistically enriched functional classes. Because a similar classification
was not available for strain 81-176, a table with orthologue mappings between the
two strains was downloaded from OrtholugeDB® and used to assign the
NCTC11168 functional classes to their respective 81-176 counterparts. Genes in
our annotation lists without an existing functional classification in NCTC11168 or
without an orthologue match were assigned to class 5.1, defined as ‘Unknown’, in
the original classification scheme. Genes encoded on the pVir and pTet plasmids of
strain 81-176 were assigned to new pVir and pTet classes, respectively. Functional
overrepresentation was analysed for each functional class via a two-sided Fisher’s
exact test followed by multiple-testing correction using the Benjamini-Hochberg
method. An adjusted P-value of 0.05 was selected as significance threshold for
functional overrepresentation.

Protein-protein colP. The FliW and CsrA protein—protein coIP was performed
exactly as described for the RIP-seq coIP protocol (see above) until the step where
beads were washed five times with Buffer A. After washing, the beads were
suspended in 200 ul of 1 x protein loading buffer (62.5mM Tris-HCI, pH 6.8,
100 mM DTT, 10% (v/v) glycerol, 2% (w/v) SDS, 0.01% (w/v) bromophenol blue)
and boiled for 8 min. Lysate samples corresponding to an ODgg, of 0.05 and 2 (for
proteins precipitated from beads) were used for western blot analysis.

SDS-PAGE and immunoblotting. Protein analyses were performed on cells col-
lected from C. jejuni in mid-exponential phase (ODggo 0.5-0.6) or E. coli cultures in
late-exponential phase (ODggo 1.0-1.5). Cells were collected by centrifugation at
11,000g for 3 min. Cell pellets were resuspended in 100 ul of 1 X protein loading
buffer (62.5mM Tris-HCI, pH 6.8, 100 mM DTT, 10% (v/v) glycerol, 2% (w/v)
SDS, 0.01% (w/v) bromophenol blue) and boiled for 8 min. For western blot
analysis, samples corresponding to an ODggo of 0.02 to 0.1 were separated by 12, 15
or 18% (v/v) SDS-polyacrylamide (PAA) gels and transferred to a nitrocellulose
membrane by semidry blotting. Membranes were blocked for 1 h with 10% (w/v)
milk powder/TBS-T (Tris-buffered saline-Tween-20) and incubated overnight with
primary antibody at 4 °C. Membranes were then washed with TBS-T, followed by
1h incubation with secondary antibody. After washing, the blot was developed
using enhanced chemiluminescence-reagent. GFP-, FLAG- and Strep-tagged
proteins of interest were detected with monoclonal anti-GFP (1:1,000 in 3%
BSA/TBS-T; Roche, #11814460001), monoclonal anti-FLAG (1:1,000 in 3%
BSA/TBS-T; Sigma-Aldrich, #F1804-1MG) or monoclonal anti-Strep (1:10,000 in
3% BSA/TBS-T; IBA GmbH, #2-1507-001) primary antibodies and anti-mouse IgG
(1:10,000 in 3% BSA/TBS-T; GE-Healthcare, #RPN4201) secondary antibody.
mCherry-tagged proteins were detected using a polyclonal anti-mCherry

(1:4,000 in 3% BSA/TBS-T; Acris, #AB0040-20) primary antibody and an anti-goat
(1:10,000 in 3% BSA/TBS-T; Santa Cruz Biotechnology, #sc2020) secondary
antibody. A monoclonal antibody specific for GroEL (1:10,000 in 3% BSA/TBS-T;
Sigma-Aldrich, # G6532-5ML) and an anti-rabbit IgG (1:10,000 in 3%
BSA/TBS-T; GE-Healthcare, #RPN4301) secondary antibody were used as

a loading control. Images of full blots that were cropped in main Figures are
shown in Supplementary Fig. 19.

Validation of CsrA targets with a GFP reporter system. Validation of CsrA
targets was performed using a heterologous E. coli system previously developed for
validation of sSRNA-mRNA interactions?>. Selected candidate C. jejuni CsrA target
sequences from the coIP were cloned as translational fusions to GFP or FLAG in
plasmids pXG-10 or pXG-30 as listed in Supplementary Tables 5 and 7. Levels of
FLAG or GFP translational fusions were then determined by western blotting or
FACS in E. coli ApgaA, ApgaA AcsrA and a ApgaA AcsrA strain harbouring
plasmid pGD72-3 with C. jejuni CsrA-Strep under the control of an arabinose-
inducible promoter.

Flow cytometric analysis. For FACS analysis of GFP reporter fluorescence in

E. coli, cells corresponding to 1 ODgoo were collected from LB cultures in log phase
and resuspended in 0.25 ml PBS. Cells were then fixed for 10 min with 0.25 ml of
4% paraformaldehyde, collected by centrifugation and washed twice with 0.5 ml
PBS before final resuspension in 0.5 ml PBS. A 1/100 dilution of the fixed sample in
PBS was used for measurement. Measurements (50 000 counts per sample) were
performed on a BD FACSCalibur machine and analysed using FlowJo (V10).

Purification of C. jejuni CsrA. Recombinant, C-terminal Strep-tagged C. jejuni
CsrA (Cj1103) was overexpressed and purified from E. coli TOP10 ApgaA/AcsrA
using Strep-Tactin Sepharose (IBA GmbH, #2-1202-001). Primers and plasmids
used for cloning are listed in Supplementary Tables 4 and 5 The csrA gene,
including its SD sequence, was fused to a C-terminal Strep-tag in the arabinose-
inducible plasmid pBAD/Myc-His A (Invitrogen) for overexpression and affinity
purification. The csrA-coding region and SD were amplified from C. jejuni
NCTC11168 genomic DNA using primers CSO-0746/-0747, and the pBAD/Myc-
His A plasmid was amplified by inverse PCR with JVO-0900/-0901 as previously
described®. CSO-0747 and JVO-0901 introduce an Xbal site to the insert and
vector, respectively, whereas CSO-0746 has a 5'-phosphate to facilitate blunt-end
ligation. Xbal-digested insert and vector were then ligated, resulting in pGD68-1.
Plasmid pGD68-1 was checked by colony PCR using primers pBAD-FW/CSO-
0747 and sequencing with pBAD-FW. A Strep-tag (WSHPQFEK) was then added
at the C-terminus of csrA by inverse PCR using oligonucleotides CSO-0852/-0853,
resulting in plasmid pGD72-3. Plasmid pGD72-3 was checked by sequencing with
pBAD-FW. Plasmid pGD72-3 was then introduced into an E. coli TOP10 ApgaA/
AcsrA deletion strain resulting in strain CSS-0931. CSS-0931 was grown in 500 ml
LB broth with 100 ugml ~! of ampicillin at 37 °C and shaking at 220 r.p.m. to an
ODgqp of 0.3, at which time L-arabinose was added to a final concentration of
0.01%. The culture was then incubated for an additional 8h at 18 °C. Cells were
harvested by centrifugation at 7,000g for 30 min at 4 °C. The pellet was
resuspended in 5ml of Buffer W (IBA GmbH, #2-1003-100). The rest of the
protocol was followed as per the manufacturer’s instructions using 1 ml Gravity
flow Strep-Tactin Sepharose. After washing steps, the CsrA-Strep protein was
finally eluted using Buffer E (IBA GmbH, #2-1000-025) in three successive steps
(E1: 0.8 ml, E2: 1.4ml and E3: 0.8 ml). The majority of CsrA-Strep was
concentrated in the E2 fraction. Concentration was quantified using Roti-Quant
(Carl ROTH, #K015.3), and the protein was stored at — 20 °C in 50 pl aliquots.

RNA isolation. Bacteria were grown to the indicated growth phase and culture
volume corresponding to a total amount of 4 ODg( was harvested and mixed with
0.2 volumes of stop-mix (95% ethanol and 5% phenol, vol/vol). The samples were
snap-frozen in liquid nitrogen and stored at — 80 °C until RNA extraction. Frozen
samples were thawed on ice and centrifuged at 4 °C to collect cell pellets. Cell
pellets were lysed by resuspension in 600 pl of a solution containing 0.5 mgml ~
lysozyme in TE buffer (pH 8.0) and 60 ul of 10% SDS. The samples were incubated
for 1-2 min at 65 °C to ensure lysis. Afterwards, total RNA was extracted using the
hot-phenol method as described previously'>!4.

1

Northern blot analysis. For northern blot analysis, 5-10 ug RNA sample was
loaded per lane. After separation on 6% PAA gels containing 7 M urea, RNA was
transferred to Hybond-XL membranes (GE-Healthcare) by electroblotting. After
blotting, the RNA was ultraviolet cross-linked to the membrane and hybridized
with y32P-ATP end-labelled DNA oligonucleotides (Supplementary Table 4).

Rifampicin RNA stability assays. To determine the stability of flaA mRNA in
C. jejuni NCTC11168 WT, AcsrA, Afliw and AcsrA AfliW strains, cells were grown
to an ODgg of 0.45 (mid-log phase) and treated with rifampicin to a final
concentration 500 pgml ~ . Samples were harvested for RNA isolation at indicated
time points following rifampicin addition (0, 4, 8, 16 and 32 min) as described
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above. After RNA isolation, 10 ug of each RNA sample was used for northern blot
analysis as detailed above.

In-vitro T7 transcription and RNA labelling. DNA templates containing the T7
promoter sequence were generated by PCR using oligos and DNA templates listed
in Supplementary Table 8. T7 in-vitro transcription of RNAs was carried out using
the MEGAscript T7 kit (Ambion) and sequences of the resulting T7 transcripts are
listed in Supplementary Table 8. In vitro transcribed RNAs were quality checked
and 5’ end-labelled (y>2P) as previously described®®:%7.

Gel mobility shift assays. Gel-shift assays were performed using ~ 0.04 pmol
5'-labelled RNA (4nM final concentration) with increasing amounts of purified
C. jejuni CsrA in 10 ul reactions. In brief, 5'-radiolabelled RNA (32P, 0.04 pmol in
6 ul) was denatured (1 min, 95 °C) and cooled for 5min on ice. Yeast tRNA (1 ug)
and 1 pl of 10 x RNA Structure Buffer (Ambion: 10 mM Tris, pH 7, 100 mM KCl,
10 mM MgCl,) was then added to the labelled RNA. CsrA protein (2 pl diluted in
1 x Structure Buffer) was added to the desired final concentrations (0 mM, 10 nM,
20 nM, 50 nM, 100 nM, 200 nM, 500 nM, 1 uM or 2 pM CsrA). Binding reactions
were incubated at 37 °C for 15 min. Before loading on a pre-cooled native 6% PAA,
0.5 x TBE gel, samples were mixed with 3 pl native loading buffer (50% (v/v)
glycerol, 0.5 x TBE, 0.2% (w/v) bromophenol blue). Gels were run in 0.5 x TBE
buffer at 300 V at 4 °C for 3 h. Gels were dried and analysed using a PhosphoImager
(FLA-3000 Series, Fuji).

In vitro structure probing assays. In vitro structure probing of flaA WT and flaA
M1/M2 leaders with RNase T1 and lead(II) acetate was performed as previously
described®. For each reaction, 0.1 pmol of a labelled flaA leader variant was
denatured for 1 min at 95°C and chilled on ice for 5min. One microgram yeast
tRNA as competitor and 10 x RNA Structure Buffer was added (provided together
with RNase T1, Ambion). Unlabelled recombinant C. jejuni CsrA protein was then
added at 0-, 20-, 50- or 100-fold molar excess. After incubation for 15 min at 37 °C,
2ul RNase T1 (0.01 Upl = 1) or 2l freshly prepared lead(Il)-acetate solution

(25 mM) were added and reactions were incubated for 3 min or 90, respectively.
As a control, ~0.1 pmol labelled RNA with 100-fold excess CsrA was also prepared
without nuclease/lead(II) treatment. The reactions were stopped by addition of
12 ul Gel loading buffer II (#AM8546G, Ambion). For RNase T1 ladders,

~0.1 pmol labelled RNA was denatured in 1 x Structure Buffer for 1 min at 95°C
and afterwards incubated with 0.1 U pl ~! RNase T1 for 5 min. The OH ladder was
generated by incubation of ~ 0.1 pmol labelled flaA WT leader RNA in 1 x
alkaline hydrolysis buffer (Ambion) for 5min at 95 °C. Ladders and samples
were then separated on 10% (v/v) PAA/7M urea gels in 1 x TBE buffer. Gels
were dried, exposed to a screen and analysed using a PhosphorImager (FLA-3000
Series, Fuji).

Transmission electron microscopy. C. jejuni WT and mutant strains were grown
for 14h on MH plates supplemented with vancomycin (10 pgml ~1). Cells were
resuspended gently in PBS using a cotton swab and centrifuged at 5,000g for 5 min.
The cell pellet was resuspended in 2% glutaraldehyde in 0.1 M cacodylate and
incubated at 4 °C overnight. The next day, samples were stained with 2% uranyl
acetate and imaged using a Zeiss EM10 transmission electron microscope.

Motility assays. C. jejuni strains were inoculated from the appropriate selective
MH agar plates into 20 ml BB containing 10 pgml ~! vancomycin and grown
microaerobically with shaking at 37 °C to an ODgqg of ~0.5. Cells were harvested
by centrifugation at 6,500g for 5 min and resuspended at an ODgg of 0.5 in BB. For
each strain, 0.5 ul of bacterial suspension was inoculated into motility soft-agar
plates (MH broth + 0.4% agar) poured the day before. Plates were incubated right-
side-up for ~24h microaerobically at 37 °C. Three measurements of each motility
halo were made for each inoculation, which were averaged to give the mean swim
distance for each strain on a plate. All strains were inoculated together on six
replicate plates and the mean swim distance + standard error on these plates was
used to the compare motility of each strain.

Autoagglutination assay. Autoagglutination was determined as described
previously?®. Briefly, strains grown in liquid cultures for motility assays were
resuspended in PBS, pH 7.4, to an ODggq of 1.0. Two millilitres were placed into
three replicate tubes and the ODg(, was measured. Tubes were incubated at 37 °C
microaerobically without shaking, and at indicated time points, 100 ul was carefully
removed from the top of the suspension, diluted tenfold in PBS, and the ODgo was
measured. Measurements were normalized to the optical density of each strain at
the zero time point.

Time-lapse microscopy to monitor cell division. C. jejuni AfliA mutant cells

corresponding to an ODgqo of 0.5 were collected from BB culture in log phase by
centrifugation and resuspended in 0.5 ml BB. The cells were further serially diluted
100- and 1,000-fold in BB. Five microlitres of the diluted samples were spotted on a
BB-agarose (1%) plate. The plate was incubated under microaerophilic conditions

16

at 37 °C for 10 min. The agarose patch was excised and inverted onto a Petri dish
with a glass bottom. Single cells were then monitored over time using several
bright-field images in a fluorescence microscope (Leica DMI6000 B) maintained at
37 °C under aerobic conditions.

RNA FISH. RNA-FISH was performed as previously described® with some
modifications. A total amount of cells corresponding to two ODggo was collected
from BB cultures in mid-log phase (ODgo = 0.4) and resuspended in 0.5 ml PBS.
Cells were then fixed for 3h with 0.5ml 4% paraformaldehyde at room
temperature, collected by centrifugation and washed twice with 0.5 ml PBS before
final resuspension in 0.5 ml 70% ethanol. After 10 min, cells were collected by
centrifugation and resuspended in 95% ethanol and incubated at room temperature
for 1h. Cells were again collected by centrifugation, completely dried in a laminar
flow hood and then washed once with 2 x SSC before final resuspension in 0.5 ml
of 2 x SSC containing 10% formamide. Fluorescently labelled DNA oligos

(14 Cy5-labelled oligos to detect flaA mRNA and one FITC-labelled oligo specific
for 16 S rRNA, Sigma, Supplementary Table 4) were then added at a concentration
of 10ng pul ~ ! and incubated at 37 °C overnight. The next day, cells were collected
by centrifugation and washed three times for 1h at 37 °C with 0.5ml of 2 x SSC
containing 10% formamide before final resuspension in 2 x SSC (50-250 ul). Cells
were then imaged in a Leica Confocal TCS SP5 II microscope using sequential
scanning mode.

dSTORM. For super-resolution imaging, C. jejuni cells were grown, fixed and
labelled using the above-described RNA-FISH protocol (14 Cy5-labelled DNA
oligonucleotides to detect flaA mRNA and a FITC oligo to label 16S rRNA,
Sigma, Supplementary Table 4). Labelled cells were immobilized on poly-p-lysine
(Sigma-Aldrich)-coated eight-well chambered cover glasses (Sarstedt). For
fluorophore photo switching, a buffer with a pH of 8.3-8.5 was used®®7?
containing 50 mM Tris-HCI (pH 8), 10% glucose, 1% 2-mercaptoethanol
(Carl Roth), 3Uml ! pyranose oxidase (Sigma-Aldrich) and 90Uml !
catalase (Sigma-Aldrich) in 2 x SSC.

dSTORM was performed on a wide-field setup for localization microscopy”!.
An optically pumped semiconductor laser (Genesis MX STM-Series, Coherent)
with a wavelength of 639 nm (maximum power of 1 W) was used for excitation
of Cy5 and a diode laser (iBeam smart Family, TOPTICA Photonics) with a
wavelength of 405 nm (maximum power of 120 mW) was used for reactivation of
Cy5. Laser beams were cleaned-up by bandpass filters (Semrock/Chroma) and
combined by appropriate dichroic mirrors (LaserMUX filters, Semrock).
Afterwards they were focused onto the back focal plane of the high numerical
oil-immersion objective (Olympus APON 60XO TIRF, numerical aperture 1.49),
which is part of an inverted fluorescence microscope (Olympus IX71). To separate
the excitation light from the fluorescence light, suitable dichroic beam splitters
(Semrock) were placed into the light path before the laser beams enter the
objective. Fluorescence light collected by the objective was filtered by appropriate
detection filters (Semrock/Chroma) and was detected by an EMCCD camera with
512 x 512 pixels (iXon Ultra 897, Andor Technology). The pixel size in the image
was 129 nm px ~ 1. Cy5 was excited with the 639-nm laser at a maximum intensity
of 419kW cm ~ 2 During imaging, the 405-nm laser was switched on to keep up a
suitable switching ratio. Its laser power was increased successively to a maximum
intensity of 0.04 kW cm ~ 2 For every image, 5,000-25,000 frames were taken with
an integration time of 15ms per frame. For every imaged area, additionally
a bright-field image was taken to identify single bacteria. Data analysis was

performed using rapidSTORM open source software’2.

Statistical analysis. All data for western, northern blot or FISH analysis are
presented as mean * s.e.m. Statistical analysis was carried out using Student’s ¢-test.
For statistical comparison of two groups, a two-tailed paired Student’s ¢-test was
used. A value of P<0.05 was considered significant and marked with an asterisk (*)
as explained in the legends. For FISH analysis, fluorescence data curves from

10 cells from a single image were merged as a single averaged curve after cell length
normalization. The data were acquired and normalized over cell length using
ImageJ and subsequently the merged average curve was generated using Microsoft
Excel.

Code availability. The ‘sliding window_peak_calling script’ for identification
of CsrA-binding sites based on RIP-seq data has been deposited at Zenodo
(https://zenodo.org/record/49292) under DOI: 10.5281/zenodo0.49292
(http://dx.doi.org/10.5281/zen0d0.49292).

Data availability. The raw, de-multiplexed reads as well as coverage files of the
RIP-seq libraries have been deposited in the NCBI Gene Expression Omnibus’>
under the accession number GSE58419. The authors declare that all other data
supporting the findings of this study are available within the article and its
supplementary information files, or from the corresponding author upon request.
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Supplementary Figures

Supplementary Figure 1
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Supplementary Figure 1. Growth curves and expression of C. jejuni CsrA in strain
NCTC11168. (a) Semi-log growth curves over 24 h for C. jejuni NCTC11168 wild-type (WT),
AcsrA and CsrA-3xFLAG tagged strains grown in Brucella broth in duplicate. Error bars are mean
* s.e.m. (b) Western blot analysis of CsrA-3xFLAG expression during growth in liquid culture in
C. jejuni strain NCTC11168. Total protein samples corresponding to 0.05 ODsoo were loaded for
different time points. GroEL was probed as sample processing control on a separate blot.
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Supplementary Figure 2
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Supplementary Figure 2. RIP-seq of CsrA-3xFLAG in strain 81-176. (a) Western blot of
protein samples from CsrA-3xFLAG and control colPs from strain 81-176. The protein amount
loaded in each lane corresponds to the ODggo of cells as indicated below. GroEL was probed as
sample processing control on a separate blot. (b) Pie charts showing the relative proportions of
mapped cDNAs of different RNA classes in the control and CsrA-3xFLAG colP libraries from
strain 81-176. Values in brackets for each RNA class denote its relative enrichment in the CsrA-
3xFLAG vs. control colP. (c) Consensus motif for CsrA determined by MEME using peak
sequences enriched more than 5-fold in the CsrA-3xFLAG colP from C. jejuni strain 81-176.
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Supplementary Figure 3
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Supplementary Figure 3. Statistical analysis for overrepresentation of functional
categories among potential CsrA target genes. (a), (b) Statistical analysis was performed on
all genes with more than 5-fold enrichment in their 5’UTR and/or coding sequence in the CsrA-
colP in comparison to non-enriched genes. P-values, adjusted using the Benjamini-Hochberg
method, were calculated for overrepresentation of enriched genes in each functional category in
strain NCTC11168 (a) and strain 81-176 (b). Values in brackets denote the number of enriched
genes in the particular functional category (only functional categories with non-zero logio P-
values are shown for clarity). Functional categories are based on reannotation of the
NCTC11168 genome!. (c) Schematic representation of structural components of the
Campylobacter flagellum. Proteins encoded by mRNAs which showed >5-fold enrichment in the
CsrA colP are marked in black and bold. T3SS: Type III secretion system.
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Supplementary Figure 4. Validation of potential CsrA targets using a GFP reporter system
in E. coli. (a) (Top panels) Examples of enrichment patterns indicating potential CsrA binding
sites in 5’'UTRs (flgG, figl, flaB, pseB, and Cj1249 mRNAs) and between genes in polycistronic
transcripts (Cj0805-dapA operon; encoding a zinc protease and dihydrodipicolinate synthase)
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CsrA-3xFLAG colP (blue) libraries in strain NCTC11168. ORFs are indicated by grey arrows and
TSS - based on dRNA-seq? - by black arrows, respectively. (Lower panels) Western blot analysis
using anti-FLAG and anti-GFP antibodies of reporter translational fusions to potential C. jejuni
CsrA target genes in E. coli ApgaA, ApgaA/AcsrA, and ApgaA/AcsrA complemented with plasmid
pGD72-3 carrying arabinose-inducible csrA-Strep from C. jejuni. Strains were grown to late log
phase in LB medium or LB media supplemented with 0.001% (+) or 0.003% (++) L-arabinose.
(b) Overview of GFP reporter plasmids pXG-10 and pXG-303 used to validate 5’'UTR and
intergenic/ORF targets, respectively. For putative targets in 5’UTRs, the entire leader, as well as
the first few codons, were cloned as a translational fusion to gfp in low-copy vector pXG-10
(pSC101* origin). Fusions to gfp were made downstream of the +1 (TSS) site of the P, promoter
and were transcribed from a constitutive A PLtetO-1 promoter (PL derivative). To examine CsrA
binding between genes in polycistrons, or in downstream regions of ORFs, the operon plasmid
pXG-30 was used. The C-terminus of the upstream ORF was fused in-frame after a short artificial
reading frame composed of a FLAG epitope and truncated lacZ gene, whereas the N-terminus of
the downstream gene was fused in frame to gfp, thus mimicking operon mRNA expression.
Putative CsrA binding regions are marked by a red line.
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Supplementary Figure 5. FACS analysis of GFP reporter fusions. pXG-10- or pXG-30-based
GFP reporter plasmids from Supplementary Fig. 3b were introduced into E. coli strains ApgaA,
ApgaA/AcsrA, or ApgaA/AcsrA complemented with arabinose-inducible C. jejuni csrA-Strep. All
strains were grown to late log phase in LB or LB supplemented with 0.001% (+) or 0.003% (++)
L-arabinose, and GFP levels were measured by flow cytometry. Data acquired in each
experiment is plotted in fluorescence histograms generated from all events measured (50,000
events). Cellular fluorescence is given in arbitrary units (GFP intensity). Regulation by CsrA is
visible as a shift of the peak of fluorescence curves to the right (higher GFP intensity) in the
ApgaA/AcsrA background and a shift to the left upon complementation with CsrA-Strep. Please
note that levels of Flgl-GFP were not detectable in FACS due to low expression or fluorescence of

this fusion.
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Supplementary Figure 6. Structure annotated sequence alignment of flad 5’UTR. Structure-
annotated sequence alignment based on representative unique sequences of the flad 5’UTR and
the first 10 nt of the coding region from different Campylobacter species. The numbers in square
brackets indicate how often an identical sequence occurred in the original complete alignment
(see Supplementary Fig. 7). The consensus structure is shown in bracket-dot notation at the top
and sequence conservation as a bar chart at the bottom. The color legend was adapted from the
RNAalifold online help (http://rna.tbi.univie.ac.at/help.html) and reflects how many different
kinds of nucleotide combinations support a certain base pair. Here, paler colors indicate that a
base pair cannot be formed by all sequences in the alignment. The RBS and start codon of flaA
mRNA are indicated by blue and red bars below the alignment, respectively.
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Supplementary Figure 7. Sequence alignment of flaA leaders from Campylobacter species.

Sequence alignment of redundant sequences for the flad 5’UTR and the first 10 nt of the
coding region from different Campylobacter species. The consensus structure calculated
based on the collapsed version of the alignment (see Supplementary Fig. 6) is shown at
the bottom of each page. The blue and green arrows at the top mark stem loops in the
consensus structure while pointing to the unpaired loop region, respectively. The
nucleotides of each sequence below the stems are marked in the respective color if the
base pair can be formed and have a white background otherwise. The RBS and start
codon of flaA mRNA are indicated by blue and red bars below the alignment,
respectively.
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Supplementary Figure 8
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Supplementary Figure 8. Analysis of regulation and binding of CsrA to flaA mutant
leaders. (a) Representative Western and Northern blot of FlaA-3xFLAG and its mRNA in various
flaA 5’'UTR mutant strains (from main Fig. 2b) from liquid cultures in log phase. Anti-FLAG
antibody was used to detect FlaA-3xFLAG. See main Fig. 2b for M1, M2 and M3 mutations. GroEL
was probed as sample processing control on a separate blot. (b) Footprinting assays of ~0.2
pmol P32 labeled flaA (WT or M2/M3 mutant) leaders in the absence or presence of increasing C.
jejuni CsrA concentrations (CsrA/flaA molar ratio of 0, 20, 50 and 100) using lead(II) acetate.
Untreated flaA leader alone, or flaA leader incubated with 100-fold excess CsrA, served as
controls. Partially RNase T1- or alkali (OH)-digested flaA WT and M2 /M3 leaders are included as
ladders. Blue lines: three GGA motifs in the WT flaA leader; green lines: regions protected from
cleavage upon increasing CsrA concentration. Bands representing the M2 or M3 mutations are
marked next to the gel.
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Supplementary Figure 9
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Supplementary Figure 9. In vitro gel-shift assays of 5’-labeled T7-transcripts and purified
C. jejuni CsrA. (a) Gel-shift assays with 5’-labeled WT flaA leader and its mutant variants (M1,
M2, M3, and M2/M3) with increasing concentrations of CsrA. M1: GGA->AAA in stem-loop 1
(SL1, see Fig. 2a); M2: GGA>UGA in SL1; M3: GGA>GGG in stem-loop 2 (SL2); M2/M3:
combination of M2 and M3. (b) Gel-shift assays of T7-transcribed, 5’-labeled RNAs of flagellar
targets with increasing concentrations of CsrA. (c) Gel-shift assays with negative controls using
the leader of Cj1324 from C. jejuni (one GGA, not enriched in either colP) and a fragment of the
unrelated hopB mRNA (no GGAs, from Helicobacter pylori G27).
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Supplementary Figure 10

Input lysate ColP (anti-FLAG AB)
I 1 I 1
— [ =T =T+ =T7T=1T=T7 + |FrlaasxrLac
— | =1+ | =] =1]—=1]+] — | FwaFLac
+ — + — + — + — | CsrA-mCherry
- + —_ + — + — + | FliW-mCherry
o5 k00 |~ FlaA-3XFLAG
I™ Heavy chain AB
35 kDa ‘%
£ K0ad . | Light chain AB 5
15 kDa- pr— — — FliIW-3xFLAG
a— |~ FliW-mCherry =
Bswwad ™ CsrA-mCherry o
Q
£
25 kDa~ 3
e \— mCherry proteolysis”
o — Tp———  A— G EL
—_——— — Gro
55 kDa-|
' 0.050D v 20D '

Supplementary Figure 10. Protein-protein colIP confirms direct interactions of FliW with
CsrA and FlaA. CsrA-mCherry and FliW-mCherry were specifically co-purified in a colP of FliW-
3xFLAG and FlaA-3xFLAG, respectively, using an anti-FLAG antibody. In a negative control
reaction with non-tagged FliW and FlaA, CsrA-mCherry and FliW-mCherry were not pulled
down. Western Blots were performed for the input lysates and colP protein samples (FLAG)
using anti-FLAG and anti-mCherry antibodies. GroEL served as loading control for the input
lysate samples on the mCherry blot and was not detected in the colP fraction. (*Please note that
the lower band represents partially hydrolysed mCherry resulting from sample preparation*.)
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Supplementary Figure 11
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Supplementary Figure 11. Examination of effects of FliW on flaA transcription and
translation. (a) Northern blot analysis of flaA mRNA using oligonucleotide probe CS0-0486, as
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well as 5S rRNA (loading control, CS0-0192) in C. jejuni NCTC11168 wild-type and the indicated
mutant strains grown to mid-log phase. Relative expression levels are quantified below the blot.
(b) (top) Schematic representation of a Cj1321_mini gene construct that was expressed from the
Praa promoter and was integrated into the unrelated rdxA locus of C. jejuni. The Cj1321 gene is
not a CsrA target according to the colP results and thus should be independent of CsrA. The
Cj1321 5’UTR and the first 42 bp of the coding sequence were fused to a stable rrnB terminator
to express as stable mini transcript under control of the Pgs promoter. Northern blotting was
used to monitor expression of the stable Cj1321_mini transcript, which was used as a
transcriptional reporter for the flaAd promoter. The ~240-nt long Cj1321_mini transcript was
detected by Northern blot analysis of total RNA from C. jejuni cells expressing Cj1321_mini
either in the wildtype, Acsrd4, or AfliW background using oligonucleotide probe CSO-2746.
Probing for 5S rRNA (CS0-0192) served as a loading control. (c) flaA mRNA rifampicin stability
assay. Northern blot probed for flad mRNA in C. jejuni wildtype (WT) and the mutant strains
over a time course after rifampicin addition (0-32 min) using oligonucleotide probe CS0O-2835.
Averaged quantification of flaA mRNA transcript levels over time from two independent
rifampicin stability assays is shown. Error bars indicate mean * s.e.m.
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Supplementary Figure 12
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Supplementary Figure 12. Influence of csrA and fliW deletion on autoagglutination.
Autoagglutination assay of C. jejuni WT and mutant strains (ODeoo of supernatants of 1.0 OD
bacterial suspensions grown in Brucella broth at the indicated time points) in PBS. Error bars
indicate the s.e.m.
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Supplementary Figure 13
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Supplementary Figure 13. Representative Western blots of 3xFLAG-tagged CsrA targets in
various mutant strains and Northern blot of flaA mRNA over growth in the WT strain. (a)
FlaA-3xFLAG, FlaG-3xFLAG, FlaB-3xFLAG, and FIgl-3xFLAG levels, as well as Cj0529c-3xFLAG
levels as a negative control, were examined by Western blot in C. jejuni NCTC11168 wildtype
(WT), AcsrA, AfliW, AcsrA/AfliW, M1, M1/Acsrd, M1/AfliW, and M1/AfliW/AcsrA strains. Cells
were grown to mid-log phase in liquid culture, and protein samples (amounts corresponding to
an ODego of cells of 0.02 for FlaA-3xFLAG, 0.075 for FlaG-3xFLAG, or 0.05 for FlaB-3xFLAG, Flgl-
3xFLAG and Cj0529c-3xFLAG) were analyzed by Western blotting with an anti-FLAG antibody.
GroEL levels served as loading control for Flgl-3xFLAG and Cj0529¢-3XFLAG and was probed as
sample processing control on separate blots for FlaA-, FlaG- and FlaB-3xFLAG. (b) Semi-log
growth curves in Brucella broth over 24 h for the untagged strains from (a) based on 2
biological replicates. Error bars indicate mean # s.e.m. (c) Northern blot analysis of fladA mRNA
using RNA extracted from C. jejuni samples collected at different growth phases (EE-Early
Exponential, ME-Mid Exponential, LE-Late Exponential, ST-Stationary and ON-Overnight). The
ODeoo of the culture is also indicated below each phase. 5S rRNA was probed as a loading control.
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Supplementary Figure 14
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Supplementary Figure 14. An ectopically-expressed fladA mini-gene can partially
complement CsrA-mediated effects on FlaA and FlaG translation upon fIliW deletion. (a)
Schematic representation of a flad_mini gene construct expressed from the rdxA locus of C. jejuni.
(b) (Left) Representative Western blots of FlaA-3xFLAG and FlaG-3xFLAG used for the
quantifications on the right and Northern blots of flaA_mini RNA expression from liquid cultures
in log phase. Anti-FLAG antibody was used to detect the tagged proteins. GroEL was probed as
sample processing control on separate blots. (Right) Quantification of FlaA-3xFLAG (top panel)
and FlaG-3xFLAG (bottom panel) determined by Western blot in the indicated strains (n > 4).
Error bars indicate mean * s.em (**P<0.01). Deletion of flilW leads to strong CsrA-mediated
translational repression of flaA-3xFLAG and flaG-3xFLAG due to release of CsrA repression in the
absence of the FliW protein antagonist. Expression of the stable flaA_mini transcript partially
relieves CsrA-mediated translational repression of flaA-3xFLAG and flaG-3xFLAG upon fliWw
deletion, indicating that it can sequester CsrA and act as an antagonist of CsrA activity.
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Supplementary Figure 15
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Supplementary Figure 15. Averaged fluorescence intensity curves for flaA mRNA and 16S
rRNA FISH signals. Averaged fluorescence intensities (based on 10 cells) from RNA-FISH
analysis of 16S rRNA (green) and flaA mRNA (red) plotted along the long cell axis for C. jejuni
NCTC11168 WT. The shaded regions along the curves mark the boundary of errors bars
(#s.em.) of 320 points along the long axis. The points taken for statistical analysis are
highlighted by black error bars (Student’s t-test). These points correspond to the pole and the
mid-cell of the bacterium.
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Supplementary Figure 16
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Supplementary Figure 16. Live-cell imaging of growth of non-motile C. jejuni over 2-3
generations. (a) A dividing non-motile (AfliA) C. jejuni cell (collected from Brucella broth
culture in log phase) was imaged under a fluorescence microscope in bright field mode. Fifteen
images were taken over a period of 223 min and 3 cell divisions. The black bar (lower right)
represents 1 pm in length. (b) Cell lengths were measured over 2-3 divisions for five
representative cells using Image] and were plotted along the time frame (each curve represents
one cell). Please note that the cell lengths were longer (up to ~3 pm) compared to those of the
fixed WT cells used in the FISH analysis (Figure 6, up to ~2 um). This length difference could be
due to slightly different morphology of the non-motile strain or different growth conditions

(aerobic) used during microscopy.
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Supplementary Figure 17
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Supplementary Figure 17. Super-resolution imaging of flaA mRNA. RNA-FISH analysis of
flaA mRNA (14 Cy5-labeled oligos) in the indicated C. jejuni strains using dSTORM imaging. Cell
boundaries from bright field images are depicted by white dotted lines. As a negative control, the
C. jejuni fliA deletion strain was analyzed with and without probes to check for background

signals.
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Supplementary Figure 18
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Supplementary Figure 18. Northern blot analysis of flaA mutant mRNAs. Northern blot
analysis of flaA mRNA using oligonucleotide probe CS0-2835, as well as of 5S rRNA (loading
control, probe CS0-0192) in C. jejuni NCTC11168 wild-type and the indicated mutant strains
with point mutations in the flaAd coding region. RNA was extracted from cells grown to mid-log
phase.
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Supplementary Figure 19
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Supplementary Figure 19. Uncropped images of all Western blots and gels shown in the main
Figures. The cropped parts that are shown in the main Figures are marked by red boxes.
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Supplementary Tables

Supplementary Table 1. Mapping statistics of C. jejuni CsrA colP RNA-seq libraries. The
table indicates the total number of sequenced cDNA reads considered in the analysis, the
number of reads that were removed due to insufficient length (<12 nt) after poly(A)-tail clipping
(before read mapping), the number of reads that were successfully mapped to the reference
genomes (or the pVir and pTet plasmids of strain 81-176) using segemehl (see Methods), the
number of mappings (i.e. some reads map to different locations with the same score), and the
number of uniquely-mapped reads. For the number of mapped reads and number of uniquely
mapped reads, the percentage values (relative to the total number of reads) are also listed.

C. jejuniNCTC11168 C. jejuniNCTC11168
Control colP CsrA-3xFLAG colP

Total number of reads 6,214,261 5,389,919
Failed size filter after clipping 144,133 113,458

Total number of mapped reads 5,933,127 5,164,774
Total number of mappings (NC_002163) 13,207,712 8,897,385
Uniquely mapped reads 2,079,985 3,103,694

% mappable reads 95.48 95.82

% of uniquely mapped reads 3347 57.58

C. jejuni 81-176

C. jejuni 81-176

Control colP CsrA-3xFLAG colP

Total number of reads 6,053,715 4,605,355
Failed size filter after clipping 295,445 223,949
Total number of mapped reads 5,641,676 4,299,931
Total number of mappings 13,439,403 9,866,887
Uniquely mapped reads 1,545,585 1,385,653
% mappable reads 93.19 93.37
% of uniquely mapped reads 25.53 30.09
Mapped reads in plasmid pVir (NC_008770) 16,383 9,753
Mapped reads in chromosome (NC_008787) 5,601,153 4,268,583
Mapped reads in plasmid pTet (NC_008790) 24,140 21,595
Mappings in plasmid pVir (NC_008770) 17,832 10,780
Mappings in chromosome (NC_008787) 13,396,129 9,833,383
Mappings in plasmid pTet (NC_008790) 25,442 22,724
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Supplementary Table 2. Distribution of mapped reads to annotations. The table indicates
the total number of mapped reads overlapping annotations for different RNA classes (sRNAs,
5'UTRs, ORFs, rRNAs, tRNAs, housekeeping RNAs, and pseudogenes) with a minimum overlap
size of 10 nt (for details see Methods). Absolute read numbers and percentage values based on
the total number of reads overlapping all annotations are shown for all libraries.

C. jejuniNCTC11168 C. jejuniNCTC11168
Control colP CsrA-3xFLAG colP
sRNAs 28,720.50 0.50% 25,507.28 0.51%
5'UTRs 23,806.78 0.41% 756,447.88 15.08%
ORFs 249,394.84 4.30% 1,092,168.37 21.77%
rRNAs 3,285,700.41 56.66% 1,593,895.71 31.78%
tRNAs 1,509,545.38 26.03% 1,191,322.49 23.75%
housekeeping RNAs 699,295.33 12.06% 351,895.93 7.02%
pseudogenes 2,893.90 0.05% 4,752.24 0.09%
total 5,799,357.14 100.00% 5,015,989.91 100.00%
C. jejuni 81-176 C. jejuni 81-176
Control ColP CsrA-3xFLAG ColP
sRNAs 32,282.87 0.58% 22,503.67 0.53%
5'UTRs 23,432.45 0.42% 187,578.08 4.40%
ORFs 344,388.16 6.16% 509,091.48 11.94%
rRNAs 3,641,665.55 65.09% 2,630,055.93 61.69%
tRNAs 1,267,744.45 22.66% 698,004.19 16.37%
housekeeping RNAs 284,913.59 5.09% 215,899.56 5.06%
total 5,594,427.06 100.00% 4,263,132.91 100.00%
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Supplementary Table 3. Bacterial strains. List of all C. jejuni and E. coli strains used in this
study. All strains were generated in this study unless otherwise stated. All C. jejuni strains
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correspond to NCTC11168 background unless otherwise stated.

Name Description Strain Resistance
number
C. jejuni strains All C. jejuni strains have NCTC11168 background unless otherwise stated
NCTC11168 WT strain; (Kindly provided by Arnoud van Vliet, Institute of Food CSS-0032
Research, Norwich, UK)
81-176 WT strain; (Patricia Guerry, Naval Medical Research Center, Silver Spring, | CSS-0063 | Tet®
MD, USA)
CsrA-3xFLAG csrA-3xFLAG::aphA-3 CSS-0625 | KanR
NCTC11168 C-terminal 3xFLAG tag at native locus (Cj1103) in NCTC11168
background
CsrA-3xFLAG 81-176, C-terminal 3xFLAG tag in 81-176 background CSS-0604 | Tet? KanR
81-176
AcsrA csrA::cat, Deletion of csrA (Cj1103) CSS-0643 | CmR
Afliw fliW::aac(3)-IV CSS-0820 | GmR
Deletion of fliW (Cj1075)
AcsrA AfliW csrA::cat; fliW::aac(3)-IV CSS-1134 | CmRGmR
Deletion of csrA and fliW
ArpoN rpoN::aac(3)-1IV CSS-1141 GmR
Deletion of rpoN (Cj0670)
AfliA fliA::aac(3)-IV CSS-1133 | GmR
Deletion of fliA (Cj0061c)
AflaA flaA::aphA-3 CSS1512 KanR
Deletion of flaA (Cj1339c)
AflaB flaB::aphA-3 CSS-2892 | KanR
Deletion of flaB (Cj1338c)
AflaA AflaB flaAB:.aphA-3 CSS-2891 KanR
Deletion of flaA (Cj1339c) and flaB (Cj1338c)
flaA-3xFLAG flaA-3xFLAG::aphA-3 CSS-0640 | KanR
C-terminal 3xFLAG tag of flaA at native locus (Cj1339c)
flaA-3xFLAG flaA-3xFLAG::aphA-3; csrA::cat CSS-0644 | KanR CmR
AcsrA Deletion of csrA in flaA-3xFLAG background
flaA-3xFLAG flaA-3xFLAG::aphA-3; flilW::aac CSS-1100 | GmR KanR
AfliW Deletion of fliW in flaA-3xFLAG background
flaA-3xFLAG flaA-3xFLAG::aphA-3; csrA::cat; fliW::aac(3)-IV CSS-1107 | KanR CmR
AcsrA AfliW Deletion of csrA and fliW in flaA-3xFLAG background GmR
FlaA-3xFLAG M1 flaA[5'UTR SL1GGAAM::aa0(3)-IV]-3xFLAG::aphA-3 CSS-0991 | KanR GmR
SL1%A5'UTR point mutant in flaA-3xFLAG background
FlaA-3xFLAG M1 flaA[5'UTR SL1GCA>AM::ga¢(3)-IV]-3XFLAG::aphA-3; csrA:.cat CSS-1410 | KanR CmR
AcsrA SL1%A point mutant and csrA deletion in flaA-3xFLAG background GmR
FlaA-3xFLAG M1 flaA[5'UTR SL1GCAAM: caf]-3xFLAG::aphA-3; flilW::aac(3)-IV CSS-1418 | KanR CmR
Afliv Deletion of fliW in flaA 5'UTR point mutant/3xFLAG-tag GmR
FlaA-3xFLAG M1 flaA-3xFLAG::aphA-3; flaA[5'UTR SL1GCA>AM:caf]; fliW-:aac(3)-IV csrA:: | CSS-1554 | KanR CmR
AfliW AcsrA aph(7") GmR HygR
SL1%A point mutant, fliW deletion and csrA deletion in flaA-3xFLAG
background
FlaA-3xFLAG M2 flaA[5'UTR SL1GGAUCA::aa¢(3)-IV]-3xFLAG::aphA-3 CSS-0955 | KanR GmR
SL1%A point mutant in flaA-3xFLAG background
FlaA-3xFLAG M2 flaA[5'UTR SL1GCAUCA::aa0(3)-IV]-3xFLAG::aphA-3 csrA:cat CSS-1105 | KanR CmR
AcsrA SL1%4 point mutant and csrA deletion in flaA-3xFLAG background GmR
FlaA-3xFLAG flaA[5'UTR SL1GCAZUGA G| 2GCA>GEG::qa0(3)-IV]-3xFLAG::aphA-3 CSS-1095 | KanR GmR
M2/M3 SL1%A and SL2f%eA double point mutant in flaA-3xFLAG background
FlaA-3xFLAG flaA[5'UTR SL1GCAZUGA S| 2GCA>GCG:: ga0(3)-IV]-3xFLAG::aphA-3 CSS-1106 | KanR CmR
M2/M3 AcsrA csrA::cat GmR
SL1%A and SL2%A double point mutant and csrA deletion in flaA-3xFLAG
background
FlaG-3xFLAG flaG-3xFLAG::aphA-3; CSS-0968 KanR

C-terminal 3xFLAG-tag of flaG at native locus (Cj0547)
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FlaG-3xFLAG flaG-3xFLAG::aphA-3; csrA::cat CSS-0983 | KanR CmR

AcsrA Deletion of csrA in flaG-3xFLAG background

FlaG-3xFLAG flaG-3xFLAG::aphA-3; fliW::aac(3)-IV CSS-1112 | KanR GmR

AfliW Deletion of fliW in FlaG-3xFLAG background

FlaG-3xFLAG flaG-3xFLAG::aphA-3; csrA::cat; fliW::aac(3)-IV CSS-1204 | KanR CmR

AcsrA AfliW Deletion of csrA and fliW in FlaG-3xFLAG background GmR

FlaG-3xFLAG M1 flaG::3xFLAG::aphA-3; flaA[5’'UTR SL1GCA®AR::g4¢(3)-1V] CSS-1399 | KanR GmR
SL1%A point mutant in flaG-3xFLAG background

FlaG-3xFLAG M1 flaG-3xFLAG::aphA-3; flaA[5'UTR SL1GCAAM::aa¢(3)-IV] csrA::cat CSS-1411 | KanR CmR

AcsrA SL1%A point mutant and csrA deletion in flaG-3xFLAG background GmR

FlaG-3xFLAG M1 flaG-3xFLAG::aphA-3; flaA[5'UTR SL1CCAAM::caf] fliW::aac(3)-IV CSS-1421 | KanRCmR

AfliW SL1%A point mutant and fliW deletion in flaG-3xFLAG background GmR

FlaG-3xFLAG M1 flaG-3xFLAG::aphA-3; flaA[5'UTR SL1CCAAM:caf]; fliW::aac(3)-IV csrA:: | CSS-1435 | KanR CmR

AfliW AcsrA aph(7"); SL1%A point mutant, fliW deletion and csrA deletion in flaG- GmR HygR
3xFLAG background

Flgl-3xFLAG flgl-3xFLAG::aphA-3 CSS-0967 | KanR
C-terminal 3xFLAG tag of flgl at native locus (Cj1462)

Flgl-3xFLAG flgl-3xFLAG::aphA-3; csrA::cat CSS-0982 | KanR CmR

AcsrA Deletion of csrA in flgl-3xFLAG background

Flgl-3xFLAG AfliW | flgl-3xFLAG::aphA-3; fliW::aac(3)-IV CSS-1114 | KanR GmR
Deletion of fliWin flgl-3xFLAG background

Flgl-3xFLAG flgl-3xFLAG::aphA-3; csrA::cat; fliW::aac(3)-IV CSS-1203 | KanR CmR

AcsrA AfliW Deletion of csrA and fliW in flgl-3xFLAG background GmR

Flgl-3xFLAG M1 flgl-3xFLAG::aphA-3; flaA[5'UTR SL16CA>AM::g4¢(3)-IV] CSS-1426 | KanR GmR
SL1%A point mutant in figl-3xFLAG background

Flgl-3xFLAG M1 flgl-3xFLAG::aphA-3; flaA[5’UTR SL1GCA>AM::aa0(3)-IV] csrA::cat CSS-1542 | KanR CmR

AcsrA SL1%A point mutant and csrA deletion in figl-3xFLAG background GmR

Flgl-3xFLAG M1 flgl-3xFLAG::aphA-3; flaA[5'UTR SL1GCA>AA::caf] fliW-:aac(3)-IV CSS-1420 | KanR CmR

AfliwW SL1%A point mutant and fliW deletion in figl-3xFLAG background GmR

Flgl-3xFLAG M1 flgl-3xFLAG::aphA-3; flaA[5'UTR SL1GCA>MA:caf]; flilW-:aac(3)-IV csrA:: CSS-1436 | KanR CmR

AfliW AcsrA aph(7") GmR HygR
SL1f%eA point mutant, flilW deletion and csrA deletion in figl-3xFLAG
background

FlaB-3xFLAG flaB-3xFLAG::aphA-3; CSS-0641 | KanR
C-terminal 3xFLAG tag of flaB at native locus (Cj1338c)

FlaB-3xFLAG flaB-3xFLAG::aphA-3; csrA::cat CSS-0645 | KanR CmR

AcsrA Deletion of csrA in flaB-3xFLAG background

FlaB-3xFLAG flaB-3xFLAG::aphA-3; fliW:.aac(3)-IV CSS-1201 | KanR GmR

Afliw Deletion of fliW in flaB-3xFLAG background

FlaB-3xFLAG flaB-3xFLAG::aphA-3; csrA::cat; fliW::aac(3)-IV CSS-1202 | KanR CmR

AcsrA AfliW Deletion of csrA and fliW in flaB-3xFLAG background GmR

FlaB-3xFLAG M1 flaB-3xFLAG::aphA-3; flaA[5'UTR SL1GCAAA::aa0(3)-IV] CSS-1405 | KanR GmR
SL1%A point mutant in flaB-3xFLAG background

FlaB-3xFLAG M1 flaB-3xFLAG::aphA-3; flaA[5'UTR SL1GCAAM::aa0(3)-IV] CSS-1543 | KanR CmR

AcsrA SL1%%eA point mutant and csrA deletion in flaB-3xFLAG background GmR

FlaB-3xFLAG M1 flaB-3xFLAG::aphA-3; flaA[5'UTR SL1GCA>AM::caf] fliW::aac(3)-IV CSS-1419 | KanR CmR

AfliW SL1%A point mutant and fliW deletion in flaB-3xFLAG background GmR

FlaB-3xFLAG M1 flaB-3xFLAG::aphA-3; flaA[5'UTR SL1GCA>AMA::caf]- flilW::aac(3)-IV csrA:: | CSS-1438 | KanR CmR

AfliW AcsrA aph(7") GmR HygR
SL1%%eA point mutant, fliW deletion and csrA deletion in flaB-3xFLAG
background

Cj0529-3xFLAG Cj0529-3xFLAG::aphA-3 CSS-1541 | KanR
C-terminal 3xFLAG tag of Cj0529 at native locus

Cj0529-3xFLAG Cj0529-3xFLAG::aphA-3; csrA::cat CSS-1431 KanR CmR

AcsrA Deletion of csrA in Cj0529-3xFLAG background

Cj0529-3xFLAG Cj0529-3xFLAG::aphA-3; fliW::aac(3)-IV CSS-1430 | KanR GmR

AfliW Deletion of fliWin Cj0529-3xFLAG background

Cj0529-3xFLAG Cj0529-3xFLAG::aphA-3; csrA::cat; fliW::aac(3)-IV CSS-1437 | KanR CmR

AcsrA AfliW Deletion of csrA and fliW in Cj0529-3xFLAG background GmR

Cj0529-3xFLAG Cj0529-3xFLAG::aphA-3; flaA[5'UTR SL1GCA>AM::aa¢(3)-1V] CSS-1432 | KanR GmR

M1 SL1%A point mutant in Cj0529-3xFLAG background

Cj0529-3xFLAG Cj0529-3xFLAG::aphA-3; flaA[5’'UTR SL16GA>AAA::aa0(3)-IV]; csrA::cat CSS-1576 | KanR CmR

M1 AcsrA SL1%A point mutant and csrA deletion in Cj0529-3xFLAG background GmR
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Cj0529-3xFLAG Cj0529-3xFLAG::aphA-3; flaA[5'UTR SL1GCA>AA:cat); flilW::aac(3)-IV CSS-1575 | KanR CmR

M1 AfliW SL1%A point mutant and fliW deletion in Cj0529-3xFLAG background GmR

Cj0529-3xFLAG Cj0529-3xFLAG::aphA-3; flaA[5'UTR SL1GCAAMA: caf]: fliW::aac(3)-IV CSS-1582 | KanR CmR

M1 AfliW AcsrA csrA:: aph(7") GmR HygR
SL1%A point mutant, fliW deletion and csrA deletion in Cj0529-3xFLAG
background

flaA X1 flaA[Start CodonAUGAAG::aac(3)-1V] CSS-1586 | GmR

flah X2 flaA[Start Codon*UG>AUU: aac(3}-1V] CSS-3089 | G

flah X3 flaA[Start CodonAUG™GUG::aa¢(3)-1V] C8S-3087 | Gm*

flah X4 laA[3rd CodonUVU>UAC::gac(3)-IV] CS5-3091 | Gm"

flaA X5 flaA[3rd CodonYUU>UUC::aa¢(3)-1V] C85-3093 | Gm*

flah X6 flaA[101st CodonCAA>UAA::g4¢(3)-IV] C85-3095 | Gm*

Preuc-flaA Exchange of flaA native promoter with metK promoter C85-309 | Gm*

Puetk-flaA-3xFLAG | flaA-3xFLAG::aphA-3; Puet-flaA:: aac(3)-IV CSS-3098 | GmR KanR
C-terminal 3xFLAG tag of flaA in flaA promoter exchanged strain

Puetk-flaA-3xFLAG | flaA-3xFLAG::aphA-3; Puetk-flaA:: aac(3)-1V; csrA::cat CSS-3102 | GmR KanR

AcsrA C-terminal 3xFLAG tag of flaA in flaA promoter exchanged strain CmR

Puetk-flaA-3xFLAG | flaA-3xFLAG::aphA-3; Puetk-flaA:: aac(3)-IV; fliW::hyg CSS-3104 | GmR KanR

Afliw C-terminal 3xFLAG tag of flaA in flaA promoter exchanged strain HygR

Pumetk-flaA-3xFLAG | flaA-3xFLAG::aphA-3; Puet-flaA:: aac(3)-1V; csrA::cat; flilW::aph(7") CSS-3124 | GmR KanR

AcsrA AfliW C-terminal 3xFLAG tag of flaA in flaA promoter-exchanged strain CmR HygR

FIiW-3xFLAG fliW-3xFLAG::aac(3)-IV CSS-0962 | GmR
C-terminal 3xFLAG tag of fliW at native locus (Cj1075)

FliW-mCherry fliW-mCherry::aac(3)-IV CSS-3073 | GmR
C-terminal mCherry tag of fliW at native locus (Cj1075)

CsrA-mCherry csrA-mCherry::aphA-3 CSS-3071 KanR
C-terminal mCherry tag of csrA at native locus (Cj1103)

FliW-3xFLAG fliW-3xFLAG::aac(3)-IV CSS-3126 | GmR KanR

CsrA-mCherry csrA-mCherry::aphA-3

FlaA-3xFLAG flaA-3xFLAG::aphA-3 CSS-3128 | GmR KanR

FliW-mCherry fliW-mCherry::aac(3)-IV

flaA_mini flaA_mini::rdxA CSS-3075 | CmR
Introduction of flaA_mini in rdxA (Cj1066) complementation locus

FlaA-3xFLAG flaA-3xFLAG::aphA-3; flaA_mini::rdxA CSS-3076 | CmR KanR

flaA_mini Introduction of flaA_mini in rdxA (Cj1066) in flaA-3xFLAG background

FlaA-3xFLAG flaA-3xFLAG::aphA-3; fliW::aac(3)-IV; flaA_mini::rdxA CSS-3106 | CmR KanR

Afliw Introduction of flaA_mini in rdxA (Cj1066) in flaA-3xFLAG background with GmR

flaA_mini fliW deletion

FlaG-3xFLAG flaG-3xFLAG::aphA-3; flaA_mini::rdxA CSS-3080 | CmR KanR

flaA_mini Introduction of flaA_mini in rdxA (Cj1066) in flaG-3xFLAG background

FlaG-3xFLAG flaG-3xFLAG::aphA-3; flilW::aac(3)-1V; flaA_mini::rdxA CSS-3112 | CmRKanR

Afliw Introduction of flaA_mini in rdxA (Cj1066) in flaG-3xFLAG background with GmR

flaA_mini fliW deletion

Cj1321_mini Cj1321_mini::rdxA CSS-3130 | CmR
Introduction of flaA_mini in rdxA (Cj1066) complementation locus

Cj1321_mini Cj1321_mini::rdxA csrA:aph(7") CSS-3131 | CmR HygR

AcsrA Introduction of flaA_mini in rdxA (Cj1066) complementation locus

Cj1321_mini Cj1321_mini::rdxA fliW::aac(3)-IV CSS-3132 | CmR GmR

AfliW Introduction of flaA_mini in rdxA (Cj1066) complementation locus

E. coli strains

TOP10 mcerA A(mrr-hsdRMS-merBC) ®80/acZ AM15 AlacX74 deoR recA1 CSS-0070 | StrR
araD139 A(ara-leu)7697 galU galK rpsL endA1 nupG (from Invitrogen)

ApgaA pgaA deletion in TOP10 background CSS-0556 | StR

ApgaA AcsrA pgaA and csrA deletion in TOP10 background CSS-0557 | StrR KanR
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Supplementary Table 4. DNA oligonucleotides. List of all DNA oligonucleotides used in this
study for PCR amplification, Northern blot hybridization, and FISH assays. DNA sequences are
given in 5’ to 3’ direction; P- denotes a 5’ monophosphate.

Name Sequence (5" > 3)) Description

CS0-0023 | CCACCAGCTTATATACCTTAGCA Antisense to aphA-3 for verification
CS0-0073 | CTAACAAGCTTTCATCTACGCA 3XFLAG Tagging using pGG1

CS0-0074 | GTTTTTGAATTCTATTCCCTCCAGGTACTAAAACA 3XFLAG Tagging using pGG1

CS0-0075 | TCCTTCACAAAGAAGGGG 3xFLAG Tagging using pGG1

CS0-0171 | P-TTTGATTAGTTTTTTGCTTAAGTCAT Cloning of csrA-3xFLAG in pGG1
CS0-0172 | GTTTTTCTCGAGCTCTTTAGAGCGCATTAAAGAA Cloning of csrA -3xFLAG in pGG1
CS0-0173 | GTTTTTTCTAGACAAGATATTTGTGGAAAAGTCC Cloning of csrA-3xFLAG in pGG1
CS0-0174 | GTTTTTGAATTCATCAAATGAAAGCTTACGCTAA Cloning of csrA-3xFLAG in pGG1
CS0-0196 | GTATTTGATTGCAAGATCTTAAGC Verification of csrA-3xFLAG in C. jejuni
CS0-0392 | TACTCCTTAAGTCTTGATGATCAA Verification of csrA deletion in C. jejuni
CS0-0393 ﬁ%féf;gé? TCACCCGGGTACCTTGATAATATTAACAT Deletion of csrA using hyg in C. jejuni
CS0-0394 | TGCAAGGAATTATCTCCTATACAC Deletion of csrA using hyg/cat in C. jejuni
CS0-0395 | ATCATAAACAGCTTTAGTTTGGC Deletion of csrA using hyg/cat in C. jejuni
Cs0-0396 | A OTTTTAGTACCTGGACGGAATAGCRARRARCTAATC | petetion of csrA using hyg in C. jejun
CS0-0483 | GTTTTTGGATCCTTTTATGGATAATTTTTAAAATCATTTG | Cloning of aac(3)-IV upstream of flaA 5UTR
CS0-0486 | GTGTTAATACGAAATCCCATTTTAAATC NB detection flaA mRNA (Binds 5'UTR)
CS0-0553 | P-CTGTAGTAATCTTAAAACATTTTGTTGA Cloning of flaA-3xFLAG in pGG1
CS0-0554 | GTTTTTCTCGAGTGGTTATTCTTCTGTTAGTGCCT Cloning of flaA-3xFLAG in pGG1
CS0-0555 | GTTTTTTCTAGAGCGATATTGTCAAGTTCTTCC Cloning of flaA-3xFLAG in pGG1
CS0-0556 | GTTTTTGAATTCTTTACAAAAGCTGCAATATATACAAA Cloning of flaA-3xFLAG in pGG1
CS0-0557 | CTCTCAAGCTTCTGTTTCTTTAAG Verification of flaA-3xFLAG in C. jejuni
CS0-0558 | P-TTGAAGAAGTTTTAAAACATTTTGC Cloning of flaB-3xFLAG in pGG1
CS0-0559 | GTTTTTCTCGAGTTAGTGCCTATATGAGTAGCGC Cloning of flaB-3xFLAG in pGG1

Cloning of flaB-3xFLAG in pGG1 / Overlap PCR

CS0-0560 | GTTTTTTCTAGAGTGCTAGGATAGAAAGCGCT construction of flaB deletion with aphA-3

CSO-0561 | GTTTTTGAATTCTTTCTTAGATGCTTTTATGCATCT Cloning of flaB-3FLAG in pGG1
CSO-0562 | GATGCTAATATCGCTGATGC Verification of flaB-3xFLAG

CS0-0575 | CAATACGAATGGCGAAAAG aac(3)-1V cloning in pGG1

Cs0-0576 | 511 11ICHINTSARCHCOCCORTAGTECARTIATECE | Gloning of azc(3)-V upstream of flaA SUTR
CSO-0577 | P-CATTTATTCCTCCTAGTTAGTCACC aac(3)-IV cloning in pGG1

CS0-0606 | GTTTTTATGCATTTTATTCAAGAAAATTCAACTACGG C/0805-Cj0806 (dapA) cloning in pXG-30
CS0-0607 | GTTTTTGCTAGCTTGCTCATCAACTTTTCCAT C/0805-CJ0806 (dapA) cloning in pXG-30
CS0-0608 | GTTTTTATGCATGCAATTTTACTTTTAAGTATTATAGCCC | Cj0310¢-Cj0309c cloning in pXG-30
CSO-0609 | GTTTTTGCTAGCAAGTTCTTTCATGATCACCACG C}0310¢-Cj0309c cloning in pXG-30

TACAGAGAGACCCGACTCTTTTAATCTTTCAAGGAGCAA

CS0-0611 AGAATGGTGTAGGCTGGAGCTGCTTC Deletion of csrA in E. coli (using A-red system)
TTTGAGGGTGCGTCTCACCGATAAAGATGAGACGCGGA ) . -

CS0-0612 AAGATTAGGTCCATATGAATATCCTCCTTAG Deletion of csrA in E. coli (using A-red system)

CS0-0613 | AACAAATCGGAATTTACGGA Amplification of C. coli cat cassette

CS0-0614 | GGCACCAATAACTGCCTTAA Amplification of C. coli cat cassette
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CTCCGTAAATTCCGATTTGTTCTTGATAATATTAACATTT

CS0-0615 TTCAACCT Deletion of csrA using cat in C. jejuni

CS0-0616 %mGGCAGTTATTGGTGCCGCAAAAAACTAATCAAA Deletion of csrA using cat in C. jejuni

CS0-0621 | GTTTTTATGCATTAACAAGTTCATGGATGAGCTT flaA cloning in pXG-10

CS0-0622 | GTTTTTGCTAGCACTAAGTCTGCTTAAAGAAGCATC flaA cloning in pXG-10

CS0-0639 | GATGTAATGTGTTTGTCATTGCT Verification of csrA deletion in E. coli

CS0-0640 | GAGACTTAAGTTGAATGAACGG Verification of csrA deletion in E. coli

CS0-0652 ﬁgé;ﬁ%g%g?ﬁgg%#gg;ggggggﬁg ATGGAGTAATAC Deletion of pgaA in E.coli (using A-red system)
CS0-0653 ggﬁ;:ég?é\g ﬁ;:;gm}lﬂ.ggﬁgg\giEAACATATTTAT Deletion of pgaA in E.coli (using A-red system)
CS0-0654 | TCTCTCTTCCGCGTTTAATAAC Verification of pgaA deletion in E.coli

CS0-0655 | CTGTGGCGGTATAAATGATG Verification of pgaA deletion in E.coli

CS0-0694 | GTTTTTATGCATACAATAGATTAAAGGAAGAATCCAT flgl cloning in pXG-10

CS0-0695 | GTTTTTGCTAGCACCTATAAGTTGGTTATCTCTTACACC | flgl cloning in pXG-10

CS0-0701 8ETI.ETTTTTAATACGACTCACTATAGGAAAGCTGGTGGC in vitro transcription of hopB 3'end, carries T7 promoter
CS0-0702 | GTTAAATCAAAGCCTATAAAAGGCC in vitro transcription of hopB 3'end

CS0-0709 gH&EgﬁA TACGACTCACTATAGGTAACAAGTTCATG in vitro transcription of flaA leader, carries T7 promoter
CS0-0710 | ACTAAGTCTGCTTAAAGAAGCATCT in vitro transcription of flaA leader

CS0-0713 ggmgg}—éémcGACTCACTATAGGACAATAGATTAAA in vitro transcription of flgl leader, carries T7 promoter
CS0-0714 | ACCTATAAGTTGGTTATCTCTTACACC in vitro transcription of flgl leader

CS0-0748 | P-TAACAAGTTCATGGATGAGCTT flaA leader cloning in pBAD plasmid

CS0-0749 | GTTTTTTCTAGAGTTTGCTTTTGCATTTAAAGCT flaA leader cloning in pBAD plasmid

CSO-0752 | GTTTTTCTCGAGAAGGTGGAGCAAGGATTAA o St i g 1P POR constcton of
CS0-0753 | GTTTTTTCTAGATCTTAGAAGATTGAGTTGCTCC flaA cloning in pJV752.1

CS0-0754 | GTTTTTCATATGCAATAAAATTTCATACTTTTGACA Cloning of aac(3)-IV upstream of flaA 5UTR
CS0-0755 | GTTTTTGGATCCTAAAGTATAAAATATTTTTTTGATTGCA | Cloning of aac(3)-IV upstream of flaA 5UTR
CS0-0756 | TATGCAGGCAAAGGTGAAG Verification of flaA deletion in C. jejuni

CS0-0757 | TAACAAGTTCATTGATGAGCTTGAATTTTTTTAAAAG Introduction of SL16GA>UGA (M2) mutation into flaA 5" UTR
CS0-0758 | TTCAAGCTCATCAATGAACTTGTTAAATGCTATATCGT Introduction of SL16GA>UGA (M2) mutation into flaA 5" UTR
CS0-0831 | GTTTTTCATATGTGTTTTAGTACCTGGAGGGAATA aac(3)-1V cloning in pGG1

CS0-0832 | GTTTTTCATATGTCATCTCGTTCTCCGCTC aac(3)-1V cloning in pGG1

CS0-0852 | CGGGTGGCTCCATTTGATTAGTTTTTTGCTTAAGT Addition of Strep-tag to csrA in pBAD plasmid
CS0-0853 | P-CAGTTCGAAAAATGAAAGCTTACGCTCTAGA Addition of Strep-tag to csrA in pBAD plasmid
CS0-0997 | GATAACGAATATAATCAGCATTGC Deletion of fliW using aac(3)-1V in C. jejuni

CS0-0998 'Iéi(_;éAGTTAGTCACCCGGGTACGCATTTCAGCTAGGGT Deletion of fliW using aac(3)-IV in C. jejuni

CS0-0999 g%TrgLTI.LTAGTACCTGGAGGGAATACCGACTTTTTTCAA Deletion of fliW using aac(3)-1V in C. jejuni

CS0-1000 | GACAAACCTTCATAAACTCCAG Deletion of fliW using aac(3)-IV in C. jejuni

CSO-1002 | GTTTTTCTCGAGAAATTTTGGCACAGTTTTTGCTTA Overiap PCR construction of laG-3xFLAG with aph-3
CS0-1003 | GTTTTTTCTAGACCTGTGTTTACAATCTTAGCAAC Overiap PCR construcion of faG-3xFLAG wih aphA -3
CS0-1005 | GTGATAGAAGATTTGATCTTGC Verification of flaG-3xFLAG in C. jejuni

CS0-1011 | P-GATGATCTCCAAATCCGCGT Cloning of figl-3xFLAG in pGG1

CS0-1012 | GTTTTTCTCGAGAAATTCCACAAAATTTTAGCC Cloning of figl-3xFLAG in pGG1
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CS0-1013 | GTTTTTTCTAGATGCGATTTTACTCGCTTTATCA Cloning of flgl-3xFLAG in pGG1
CS0-1014 | GTTTTTGAATTCACGCGGATTTGGAGATCATC Cloning of figl-3xFLAG in pGG1
CS0-1015 | AACTGTAATGGGCGGAGCTA Verification of figl-3xFLAG in C. jejuni
CS0-1072 | TAAAGCCTGATTACGATTTGGC Verification of fliW deletion in C. jejuni
€S0-1081 GTTTTTTTTAATACGACTCACTATAGGTAACAAGTTCATT | in vitro transcription of flaA M1/M2 variant, carries T7
GATGAGCTTG promoter
GTTTTTTTTAATACGACTCACTATAGGAAATTAAAATTTTA | . . . ) )
CS0-1082 AAAAGGAAGTTAAA in vitro transcription of Cj0040, carries T7 promoter
CS0-1083 | TCTAAAACTTGAAGCAAAACTTC in vitro transcription of Cj0040
GTTTTTTTTAATACGACTCACTATAGGACTAGCAATAGGA | . . L !
CS0-1084 AATTTTAAAAAG in vitro transcription of flaG, carries T7 promoter
CS0-1085 | TGTGTCTCACTTGTTCTTTGG in vitro transcription of flaG
GTTTTTTTTAATACGACTCACTATAGGCAAATGTTGATGT | . . - )
CS0-1088 TTTAATCGAA in vitro transcription of flgA, carries T7 promoter
CS0-1089 | TTTACCCACTACGATACCTTG in vitro transcription of figA
CS0-1092 GITTTTTTTAATACGACTCACTATAGGATTATAACTAAGA in vitro transcription of figM, carries T7 promoter
TCAAGGAG
CS0-1093 | CTTTATCTATTCTATTTGTATTTAATG in vitro transcription of fig
TCACCGTCATGGTCTTTGTAGTCACTCTCCTTATCAAATA | Overlap PCR construction of flaG-3xFLAG with aphA -3
CS0-1098
TCATTCC cassette
ATTGTTTTAGTACCTGGAGGGGGAATGATATTTGATAAG | Overlap PCR construction of flaG-3xFLAG with aphA -3
CS0-1099
GAGAGT cassette
CS0-1114 | TAACAAGTTCATAAATGAGCTTGAATTTTTTTAAAAGG Introduction of SL16GA>AAA (M1) mutation into flaA 5UTR
CS0-1115 | ATTCAAGCTCATTTATGAACTTGTTAAATGCTATATCG Introduction of SL16GA>AA4 (M1) mutation into flaA 5UTR
CS0-1116 | TTTTTTAAAAGGGTTTAAAATGGGATTTCGTATTAACA Introduction of SL26GA>GCG (M3) mutation into flaA 5’'UTR
CS0-1117 | TCCCATTTTAAACCCTTTTAAAAAAATTCAAGCTCAT Introduction of SL26GA>6CG (M3) mutation into flaA 5UTR
€S0-1138 GTTTTTCATATGTATAAAATATTTTTTTGATTGCACGATAT | Cloning of flaA_miniin Campylobacter rdxA
AGCATTTAACAAGTTCATGGATGAGCTT complementation plasmid
CSO-1139 | GTTTTTATCGATAAGGCCCAGTCTTTCGACT Cloning of flaA_mini in Campylobacter rdxA
complementation plasmid
CS0-1144 | AGTGGAAAAGTTCTTTTAGACGG Overlap PCR construction of rpoN deletion with aac(3)-IV
CS0-1145 #%IAAS AT TAGTCACCCGGGTACCTTGGGTGATTTTTTGC Overlap PCR construction of rpoN deletion with aac(3)-IV
CS0-1146 mgggﬂr@rﬁy‘CCTGGAGGGAATATCTATCAATCTATC Overlap PCR construction of rpoN deletion with aac(3)-IV
CS0-1147 | CATTGGACGCTCAGGACG Overlap PCR construction of rpoN deletion with aac(3)-1V
CS0-1148 | AACAACTTTTTATATGATATGTGGAC Verification of rpoN deletion in C. jejuni
CS0-1149 | GAATTCTTAGGTCATTTAAGCGC Overlap PCR construction of fliA deletion with aac(3)-1V
CS0-1150 gﬁ(_;ngTAGTCACCCGGGTACTTTCTTTAGCATTTGTG Overlap PCR construction of fliA deletion with aac(3)-1V
Cso-t151 | ;0 OTTITACTACCTGAGCGAATATAAARACTTAGAG | overtap PCR construction of A deleton with aac(3)-V
CS0-1152 | GATAACAATCTCATTTTGAGATACG Overlap PCR construction of fliA deletion with aac(3)-1V
CS0-1153 | TGCAGATGCAAACATTAAAAATCC Verification of fliA deletion in C. jejuni
CS0-1407 | CAGCCAAACAACTTGGACTT Verification of Cj0529¢c-3xFLAG in C. jejuni
TCACCGTCATGGTCTTTGTAGTCTTTTCCTTTTTGTAAAT | Overlap PCR construction of Cj0529-3xFLAG with aphA -
CS0-1408
TTATGGCTT 3 cassette
CSO-1409 | GCTCCTTATGATGAAGGAGT ?\égrslzzthR construction of Cj0529-3xFLAG with aphA -
CSO-1410 | CTTTAACTTAATTTAGAGCTTGC g)\ée;::gtECR construction of Cj0529-3xFLAG with aphA -
CSO-1411 ATTGTTTTAGTACCTGGAGGGAATATTTTTGATATTTTTA | Overlap PCR construction of Cj0529-3xFLAG with aphA -
TACAAAATAGTTAA 3 cassette
CSO-1471 GTTTTTTTTAATACGACTCACTATAGGTAACAAGTTCATA | in vitro transcription of flaA 5'UTR M1 variant, carries T7
AATGAGCTTGA promoter
CS0-1548 TCCTAGTTAGTCACCCGGGTATTTAAATCCTTTT Overlap PCR construction of flaA deletion with aphA-3

ATTCAAGCT
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ATTGTTTTAGTACCTGGAGGGAATATTTACAAAAGCTGC

CS0-1549 AATATATACAAAT Overlap PCR construction of flaA deletion with aphA-3
CS0-1550 | ATAGCTTGACCTAAAGTGGCT Overlap PCR construction of flaA deletion with aphA-3
GTTTTTTTTAATACGACTCACTATAGGATTTTTATTAAATT | . . . . )
CS0-1665 GAAGGGGTGGG in vitro transcription of Cj1324, carries T7 promoter
CS0-1666 | TACCTTCTTTATCTTTTGTAAAATTAATAC in vitro transcription of Cj1324
CS0-1678 E'-II::\\AC/S'I(':GG GOTGACTAACTAGGGTGACTAACTAGGAGGA Amplification of HygR cassette
CS0-1679 E_‘L’\TF%CACTCCAGGTACT CAGTCATATTCCCTCCAG Amplification of HygR cassette
CS0-1815 | GTTTTTATGCATCGATGCAATATTTTGAAAGGATT flaB cloning in pXG-10
CS0-1816 | GTTTTTGCTAGCACCTGAACTAAGTCTGCTTAAA flaB cloning in pXG-10
GTTTTTTTTAATACGACTCACTATAGGCGATGCAATATTT | . . . )
CS0-1817 TGAAAGGATT in vitro transcription of flaB leader, carries T7 promoter
CS0-1818 | ACCTGAACTAAGTCTGCTTAAA in vitro transcription of flaB leader
TAGAAATTTCAAGGAAGAAATATGCATGGAAAAATAGCT ) I
CSOB19 | ATTTATATGGATTCTACAGGACGTGGAACCG C}1249 cloning in pXG-10
CTAGCGGTTCCACGTCCTGTAGAATCCATATAAATAGCT ) -
CSO820 | N TTTTTCCATGCATATTTCTTCCTTGAAATTTCTATGCA | C11249 dloning in pXG-10
CS0-1823 | GTTTTTATGCATACTAGCAATAGGAAATTTTAAAAAG flaG cloning in pXG-10
CS0-1824 | GTTTTTGCTAGCCTGTGTCTCACTTGTTCTTTG flaG cloning in pXG-10
CS0-1825 | GTTTTTATGCATAAAAAACTTAAGCAAAGGAAGGC pseB cloning in pXG-10
CS0-1826 | GTTTTTGCTAGCTTCTAGCAAAACCTTAGTATAAGTT pseB cloning in pXG-10
CS0-1895 | [CY5] ATTGGTGTTAATACGAAATCCCATTT FISH oligo 1 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-1896 | [CY5] AATTCAAGCTCATCCATGAACTTGT FISH oligo 2 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-1963 | [CY5] CGTTTGCTTTTGCATTTAAAGCTG FISH oligo 3 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-1964 | [CY5] CTTAAAGAAGCATCTAAACTTTTACTAT FISH oligo 4 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-2006 | [FITC] GCTGCCTCCCGTAGGAGT g'nel\rl]zr)sal FISH oligo to detect 16s rRNA (FITC- labeled
i AUG>AAG on i
CSO-2019 | AAGGATTTAAAAAGGGATTTCGTATTAACACCAAT inuoduction of tart codor ™55 mutaton into flaA
ATACGAAATCCCTTTTTAAATCCTTTTAAAAAAATTCAAG | Introduction of start codonAUG>AAG mutation into flaA
€S0-2020 C SUTR
CS0-2023 | [CY5] GAGCTAAGATATTTGCTTTAGAGTAG FISH oligo 5 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-2024 | [CY5] TGCCATGGCATAAGAGCCGCT FISH oligo 6 to detect flaA mRNA (Cy- labeled 5' end)
CS0-2150 | GTGAGCAAGGGCGAGGA Amplification of mCherry (2" codon to stop)
CS0-2151 | TTACTTGTACAGCTCGTCCAT Amplification of mCherry (2" codon to stop)
CCTCCTCGCCCTTGCTCACTTTTTTAATATAATTAGCAAT | Overlap PCR construction of fliW-mCherry with aac(3)-1V
CS0-2155
TTGATCA cassette
CCTCCTCGCCCTTGCTCACTTTGATTAGTTTTTTGCTTAA | Overlap PCR construction of csrA-mCherry with aphA -3
CS0-2156
GTCAT cassette
CS0-2746 | GTAAAGCCACCCGCTCCTATG NB oligo to detect Cj1321_mini
CS0-2809 | [Cy5] CACGGATTTGCGATTCTGCTG FISH oligo 7 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-2810 | [Cy5] GTGATGTTGTTTATAGTTGATGTAAC FISH oligo 8 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-2811 | [Cy5] AACTAAGGCTCCATTAGCATCAC FISH oligo 9 to detect flaA mRNA (Cy5 -labeled 5' end)
CS0-2812 | [Cy5] GTAATCTACTTTACCGATTTTTACCC FISH oligo 10 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-2813 | [Cy5] AGATCTTAAACTATCTGCTATCGC FISH oligo 11 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-2814 | [Cy5] TAGATATAGCTTGACCTAAAGTATTAG FISH oligo 12 to detect flaA mRNA (Cy5-labeled 5' end)
CS0-2815 | [Cy5] TATTAGCATCAATTTGTCCTTTTGAC FISH oligo 13 to detect flaA mRNA (Cy5 -labeled 5' end)
CS0-2816 | [Cy5] GTAATCTTAAAACATTTTGTTGAACAGAA FISH oligo 14 to detect flaA mRNA (Cy5-labeled 5' end)
P-TTTGATAAGTTTATTTGGATACAATTGTGGTAACAAGT .
CS0-2821 TCATGGATGAGCTT Exchange of flaA promoter with metK promoter
cS0-2841 | CTTCAGGTTCAGGTTATTCTG Verification of flaB deletion in C. jejuni
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CS0-2842

GGCTCAGGTTTTTCAAGTGG

Overlap PCR construction of flaB deletion with aphA-3

TCCTAGTTAGTCACCCGGGTAATCCTAAAACCCATTTTA

Overlap PCR construction of flaB deletion with aphA-3

€S0-2843 | AATCCTT
ATTGTTTTAGTACCTGGAGGGAATACAGCARAATGTTTT . —
CS0-2844 AAAACTTCTTC Overlap PCR construction of flaB deletion with aphA-3
GCTTGATAAATTAAAAATTTACTARAATTAGGATCCTTTT .
CS0-2853 ATGGATAATTTTTAAA Exchange of flaA promoter with metK promoter
i AUG>GUG ioni g
CS0-2825 | AAAGGATTTAAAGTGGGATTTCGTATTAACACCAA roduction of start codon ™27 mutation nto A 5
i AUG>GUG ion i g
CSO-2826 | TACGAAATCCCACTTTAAATCCTTTTAAAAAAATTCAAGC | |roduction of start codon™ = mutation ifo fla
i AUG>AUU i i ’
CSO-2827 | AGGATTTAAAATTGGATTTCGTATTAACACCAATG roduction of start codon = mutation ino flaA 5
AATACGAAATCCAATTTTAAATCCTTTTABARARATTCAA | Introduction of start codon*Ue>AUU muation into flaA 5
cso-2828 | oh e
i UUU>UAG ion i g
CSO-2829 | TTAAATGGGATAGCGTATTAACACCAATGTTGCAG | |oduction of 3rd codon™emutation nfo flaA 5
GGTGTTAATACGCTATCCCATTTTAAATCCTTTTAAAAAA | Introduction of 3rd codontWY>UAC mutation into flaA 5
CS0-2830 | ¢ e
i uuu>uuc i i g
CSO-2831 | TTAAAATGGGATTCCGTATTAACACCAATGTTGCAG | (Troduction of d codon™ mutation o fla 5
GGTGTTAATACGGAATCCCATTTTAAATCCTTTTAAAAAA | Introduction of 3rd codonUUV>UUC mutation into flaA 5
cs02832 | o e
i CAA>UAA ioni i
CSO-2833 | ACTCAAGCGGCTTAAGATGGACAAAGTTTAAAAACAAG | |firoducton of 1015t codon®5¥mutation nto flaA 5
i CAA>UAA i i g
CS0-2834 | TTTGTCCATCTTAAGCCGCTTGAGTTGCCTTA roduction of 101t codon™#muaion into flaA
€S0-2835 | GCTGCAACATTGGTGTTAATACG NB oligo to Fjgtect flaA mRNA in all 5’UTR point mutants
and flaA_mini
HPK1 GTACCCGGGTGACTAACTAGG Amplification of aphA-3 cassette
HPK2 TATTCCCTCCAGGTACTAAAACA Amplification of aphA-3 cassette
JV0-0054 GGGATCAAGCCTGATTG Sense to aphA-3 for verification
JV0-0900 | GGAGAAACAGTAGAGAGTTGC Antisense oligo for inverse PCR on pBAD/Myc-His A
JVO-0901 | TTTTTTCTAGATTAAATCAGAACGCAGA Sense oligo for inverse PCR on pBAD /Myo-His A
JVO0-5142 GACTACAAAGACCATGACGG Sense oligo to 3xFLAG tag
pBAD-FW | ATGCCATAGCATTTTTATCC Verification of insert in pBAD/Myc-His A plasmid
pZE-A GTGCCACCTGACGTCTAAGA Verification of insert in pJV752.1
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Name Description/Generation Origin/ Reference
Marker
pJV752.1 Cloning vector, pZE12-luc with modified p15A origin p15A mod/ | 5
AmpR
puC1813 Carries aac(3)-IV gene pBR322/ 6
apra GmR
pAC1H Carries aph(7") gene ColE1/pBR | 7
322/HygR
pBAD/Myc- | pBAD expression plasmid pBR322/ Invitrogen
His A AmpR
pZE12-luc General expression plasmid ColE1/ 8
AmpR
pXG-10 Standard plasmid for directional cloning of a target mRNA as N-terminal | pSC101*/ 3
translational fusion to GFP CmR
pXG-30 Plasmid for cloning operon fusions with the N-terminus of downstream pSC101*/ e
gene fused to GFP and the C-terminus of upstream gene fused to a CmR
short artificial reading frame composed of a FLAG epitope and truncated
lacZ gene
pGD68-1 pBAD::CsrAc; based on pBAD/Myc-His A pBR322/ This study
AmpR
pGD72-3 pBAD::CsrAg-Strep, based on pGD68-1 pBR322/ This study
AmpR
pGG1 Plasmid (based on pZE12-luc) harbouring 3xFLAG and non-polar aphA- | ColE1/ Sharma lab
3 cassette. Used for introduction of ‘UP’ and ‘DN’ regions of a gene of KanR AmpR
interest to be FLAG-tagged
pGD78-1 aphA -3 ORF in pGG1 replaced by aac(3)-/V ORF ColE1/ This study
GmR AmpR
pGD4-1 Plasmid harbouring csrA-3xFLAG C-terminal translational fusion, csrA ColE1/ This study
upstream and downstream regions, and aphA-3 cassette in pGG1 for KanR AmpR
chromosomal epitope tagging at native locus
pMW5-2 Plasmid harbouring flaA-3xFLAG C-terminal translational fusion, flaA ColE1/ This study
upstream and downstream regions, and aphA-3 cassette in pGG1 for KanR AmpR
chromosomal epitope tagging at native locus
pMW6-1 Plasmid harbouring flaB-3xFLAG C-terminal translational fusion, flaB ColE1/ This study
upstream and downstream regions, and aphA-3 cassette in pGG1 for KanR AmpR
chromosomal epitope tagging at native locus
pSSv1-2 Plasmid harbouring flgl-3xFLAG C-terminal translational fusion, fig/ ColE1/ This study
upstream and downstream regions, and aphA-3 cassette in pGG1 for KanR AmpR
chromosomal epitope tagging at native locus
pGD70-5 Plasmid harbouring 1,100 bp region around flaA promoter; based on p15A mod/ | This study
pJV752.1 AmpR
pGD76-1 aac(3)-IV gentamicin cassette introduced upstream of flaA promoter in p15A mod/ | This study
pGD70-5 in reverse orientation to flaA GmR AmpR
pGD92-1 M1 (SL1 GGA>AAA) mutation in flaA 5’UTR in pGD76-1 p15A mod/ | This study
GmR AmpR
pGD77-1 M2 (SL1 GGA>UGA) mutation in flaA 5’UTR in pGD76-1 p15A mod/ | This study
GmR AmpR
pGD93-1 M3 (SL2 GGA>GGG) mutation in flaA 5UTR in pGD76-1 p15A mod/ | This study
GmR AmpR
pGD95-1 M2 (SL1 GGA>UGA) /M3 (SL2 GGA>GGG) mutation in flaA 5UTR in p15A mod/ | This study
pGD76-1 GmR AmpR
pGD114-2 Start codon mutation in flaA (AUG—>AAG) in pGD76-1 p15A mod/ | This study
GmR AmpR
pGD205-1 Start codon mutation in flaA (AUG—>AUU) in pGD76-1 p15A mod/ | This study
GmR AmpR
pGD204-1 Start codon mutation in flaA (AUG—>GUG) in pGD76-1 p15A mod/ | This study
GmR AmpR
pGD206-1 3rd codon mutation in flaA (AUG->UAG) in pGD76-1 p15A mod/ | This study
GmR AmpR
pGD207-1 3rd codon mutation in flaA (AUG->UUC) in pGD76-1 p15A mod/ | This study
GmR AmpR
pGD208-1 1015t codon mutation in flaA (CAA->UAA) in pGD76-1 p15A mod/ | This study
GmR AmpR
pGD209-1 flaA promoter replaced by metK promoter in pGD76-1 p15A mod/ | This study
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GmR AmpR
pGD107-1 aac(3)-IV gentamicin cassette replaced by cat cassette in pGD92-1 p15A mod/ | This study
CmR AmpR
pGD31-1 | 5UTR along with first 33 codons of flaA fused in-frame to gfo in pXG-10 ?:?n%101 I | This study
pGD1111 | 5UTR along with first 25 codons of flaG fused in-frame to gfp in pXG-10 8%2101 | This study
pGD38-1 | 5UTR along with first 35 codons of figl fused in-frame to gfp in pXG-10 g?n(?m I | This study
PGD109-1 | 5UTR along with first 35 codons of flaB fused n-frame to gfpin pXG-10 | RGO | This study
5'UTR along with first 26 codons of pseB fused in-frame to gfp in pXG- pSC101*/ This study
pGD112-1 10 CmR
5'UTR along with first 16 codons of Cj1249 fused in-frame to gfp in pXG- | pSC101*/ This study
pGD110-1 10 CmR
GD28-1 Last 17 codons of Cj0310c and first 23 codons of Cj0309c fused in- pSC101*/ This study
P frame to FLAG-lacZ and gfp, respectively, in pXG-30 CmR
GD27-1 Last 17 codons of Cj0805 and first 25 codons of dapA fused in-rame to | pSC101*/ This study
P FLAG-lacZ and gfp, respectively, in pXG-30 CmR
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Supplementary Table 6. Construction of C. jejuni mutants.

Mutation UPPGR | ONPCR | cassetol | O] REE | O
primers primers Primers : :
primers primers
Single gene deletions (overlap PCR)
AcsrA (CmR) CS0-039%4 CS0-0616 cat CS0-039%4 CS0-0392
CS0-0615 CS0-0395 (CS0-0613/-0614) CS0-0395 CS0-0614
AcsrA (HygR) CS0-0393 CS0-0395 | aph(7") (CSO-1678/- CS0-039%4 CS0-0392
CS0-0394 CS0-0396 1679) CS0-0395 HPK2
AfliW (GmR) CS0-0997 CS0-0999 aac(3)-Iv CS0-0997 CS0-1072
CS0-0998 CS0-1000 (HPK1/HPK2) CS0-1000 HPK2
AfliW (HygR) CS0-0997 CS0-0999 aph(7") (CSO-1678/- CS0-0997 CS0-1072
CS0-0998 CS0-1000 1679) CS0-1000 HPK2
AflaA (KanR) CS0-0752 CS0-1549 aphA-3 CS0-0999 CS0-0756
CS0-1548 CS0-1550 (HPK1/HPK2) CS0-1000 CS0-0023
AflaB (KanR) CS0-2842 CS0-2844 aphA-3 CS0-0999 CS0-2841
CS0-2843 CS0-0560 (HPK1/HPK2) CS0-1000 CS0-0023
AflaAB (KanR) CS0-0752 CS0-1549 aphA-3 CS0-0999 CS0-0756
CS0-1548 CS0-1550 (HPK1/HPK2) CS0-1000 CS0-0023
ArpoN (GmR) CSO-1144 CSO-1146 aac(3)-IvV CSO-1144 CS0-1148
CS0-1145 CSO-1147 (HPK1/HPK2) CSO-1147 HPK2
AfliA (GmR) CS0-1149 CS0-1151 aac(3)-IvV CS0-1149 CS0-1153
CS0-1150 CS0-1152 (HPK1/HPK2) CS0-1152 HPK2
3xFLAG tags (cloned in pGG1)
fﬁgﬁgﬁ%&in dsa7g | CSOUMTT | CSO0173 aphA-3 CS0-0172 CS0-0023
(pGD4-1) CS0-0172 CS0-0174 (from pGG1) CS0-0173 CS0-0196
flaA-3xFLAG (pMW5.2) CS0-0553 CS0-0555 aphA-3 CS0-0554 CS0-0023
CS0-0554 CS0-0556 (from pGG1) CS0-0555 CS0-0557
flgl-3xFLAG (pSSv1.2) CS0-1011 CS0-1013 aphA-3 CS0-1012 CS0-1015
CS0-1012 CS0-1014 (from pGG1) CS0-1013 HPK2
flaB-3xFLAG (pMW6.1) CS0-0558 CS0-0560 aphA-3 CS0-0559 CS0-0562
CS0-0559 CS0-0561 (from pGG1) CS0-0560 HPK2
3xFLAG tags (overlap PCR)
flaG-3xFLAG CS0-1002 CS0-1099 aphA-3 CS0-1002 CS0-1005
CS0-1098 CS0-1003 (HPK1/HPK2) CS0-1003 HPK2
Cj0529-3xFLAG CS0-1408 CS0-1410 aphA-3 CS0-1409 CS0-1407
CS0-1409 CSO-1411 (HPK1/HPK2) CS0-1410 CS0-0023

For construction of flaA 5’UTR point mutations refer to Methods.
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Supplementary Table 7. GFP fusions for validating CsrA-target interactions in E. coli.

C. jejuni

Primers used for

Plasmid target target b':';f& i:e Colony PCR Description
gene(s) amplification

oo | | SOBE | oy | SO | ST s o

o | | GO0 |y | SR SUTR i i

ot | o | OIS | i | SIS | STt i

ot | oo | GO | o | GO | Uyt i

poozet | OB | CSOM0 | gy | OSOM | Lo iCimsouers s fame
to FLAG-/acZ and gfp, respectl\(ely.

povzra | OO | SO0 | gy | OSOMIE | i i ers ssainame o

FLAG-lacZ and gfp, respectively

Sequencing on plasmids was performed using oligonucleotide CSO-0155 which binds antisense to gfp.

*CS0-1819/-1820 were annealed together to yield the insert (without PCR) for direct introduction into

pXG-10.
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Supplementary Table 8. Details of RNAs used for in vitro work. WT GGA motifs are marked
in blue and introduced point mutations in the leader variants are marked in red. Start (ATG) and

stop (TAA) codons are underlined.

167

Name DNA Primers Size of Sequence (5’ 2> 3’)
template T7-
(plasmid or transcript
gDNA) [nt]

flaA WT gDNA CS0-0709 144 UAACAAGUUCAUGGAUGAGCUUGAAUUUUUUUAAAAGGAUUUAAAA

leader NCTC11168 CS0-0710 UGGGAUUUCGUAUUAACACCAAUGUUGCAGCUUUAAAUGCAAAAGC
AAACGCUGAUUUAAAUAGUAAAAGUUUAGAUGCUUCUUUAAGCAGAC
UUAGU

flaA M1 pGD92-1 CS0-1656 144 UAACAAGUUCAUAAAUGAGCUUGAAUUUUUUUAAAAGGAUUUAAAA

leader CS0-0710 UGGGAUUUCGUAUUAACACCAAUGUUGCAGCUUUAAAUGCAAAAGC
AAACGCUGAUUUAAAUAGUAAAAGUUUAGAUGCUUCUUUAAGCAGAC
UUAGU

flaA M2 pGD77-1 CS0-1081 144 UAACAAGUUCAUUGAUGAGCUUGAAUUUUUUUAAAAGGAUUUAAAA

leader CS0-0710 UGGGAUUUCGUAUUAACACCAAUGUUGCAGCUUUAAAUGCAAAAGC
AAACGCUGAUUUAAAUAGUAAAAGUUUAGAUGCUUCUUUAAGCAGAC
UUAGU

flaA M3 pGD93-1 CS0-0709 144 UAACAAGUUCAUGGAUGAGCUUGAAUUUUUUUAAAAGGGUUUAAAA

leader CS0-0710 UGGGAUUUCGUAUUAACACCAAUGUUGCAGCUUUAAAUGCAAAAGC
AAACGCUGAUUUAAAUAGUAAAAGUUUAGAUGCUUCUUUAAGCAGAC
UUAGU

flaA pGD95-1 CS0-1081 144 UAACAAGUUCAUUGAUGAGCUUGAAUUUUUUUAAAAGGGUUUAAAA

M2/M3 CS0-0710 UGGGAUUUCGUAUUAACACCAAUGUUGCAGCUUUAAAUGCAAAAGC

leader AAACGCUGAUUUAAAUAGUAAAAGUUUAGAUGCUUCUUUAAGCAGAC
UUAGU

flgl gDNA CS0-0713 128 ACAAUAGAUUAAAGGAAGAAUCCAUGAGAGUUUUAACGAUAUUUUUA

leader NCTC11168 CS0-0714 CUCUUUAUGACAAGCAUUUUUGCAGUGCAAAUCAAGGAUGUAGCAA
AUACUGUAGGUGUAAGAGAUAACCAACUUAUAGGU

flaG gDNA CS0-1084 108 ACUAGCAAUAGGAAAUUUUAAAAAGGAUUUUAAAAUGGAAAUAUCGA

leader NCTC11168 CS0-1085 AGGCAAAUGGGCAAAUGGAUACAGCUUUGGCAAACAUUAGCCAAAG
AACAAGUGAGACACA

flaB gDNA CS0-1817 132 CGAUGCAAUAUUUUGAAAGGAUUUAAAAUGGGUUUUAGGAUAAACA

leader NCTC11168 CS0O-1818 CCAACAUCGGUGCAUUAAAUGCACAUGCAAAUUCAGUUGUUAAUGC
UAGAGAACUGGAUAAGUCUUUAAGCAGACUUAGUUCAGGU

Cj0040 gDNA CS0-1082 17 AAAUUAAAAUUUUAAAAAGGAAGUUAAAAUGUCAAAACCAUUAAAUG

leader NCTC11168 CS0O-1083 AAGAGAUUUUUGUUGAAUUUAAAAGUGAUCUAGCUGAAAGAAAAAAU
GAAGUUUUGCUUCAAGUUUUAGA

flgA gDNA CS0-1088 113 CAAAUGUUGAUGUUUUAAUCGAACUUGUGGCUUUGCAAAGUGCAAA

Fend NCTC11168 CS0-1089 UAUGGGCGAAAGGAUUCGUGCAAAAAACAAAGAAGGUAAAGUUAUG
CAAGGUAUCGUAGUGGGUAAA

flgM gDNA CS0-1092 97 AGGAUUAUAACUAAGAUCAAGGAGGCAGAAAUGAUCAAUCCUAUACA

leader NCTC11168 CS0O-1093 ACAAAGUUAUGUGGCAAAUACCGCAUUAAAUACAAAUAGAAUAGAUA
AAG

Cj1324 gDNA CS0-1665 100 AUUUUUAUUAAAUUGAAGGGGUGGGGAAUGAUUUAUUGUGAUCACU

leader NCTC11168 CS0-1666 GCGUGAUGCCAAAUACUAGACCUGGUAUUAAUUUUACAAAAGAUAAA
GAAGGUA

hopB gDNA CS0-0701 107 AAAGCUGGUGGCGCUGAAGUGAAAUACUUCCGCCCUUAUAGCGUGU

Fend H. pyloriG27 | CS0-0702 AUUGGGUCUAUGGCUACGCCUUCUAAAAAAGCUCAAGGCCUUUUAU

with UTR AGGCUUUGAUUUAAC
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Supplementary Methods

Transformation of C. jejuni for mutant construction. Transformation of C. jejuni was
performed by electroporation or natural transformation as described previouslyz 9 10. 11, For
electroporation, strains grown from frozen stocks until passage one or two on MH agar were
harvested into cold electroporation buffer (272 mM sucrose, 15% v/v glycerol) and washed
twice with the same buffer. Cells (50 pl) were mixed with 200-400 ng PCR product on ice and
electroporated (Biorad MicroPulser) in a 1 mm gap cuvette (PEQLAB) at 2.5 kV. Cells were then
transferred with Brucella broth to a non-selective MH plate and recovered overnight at 37 °C
microaerobically before plating on the appropriate selective medium.

In some cases, C. jejuni double or triple mutants were constructed by natural
transformation of the genomic DNA from the appropriate donor strain!® 2. Genomic DNA was
extracted from the donor strain by phenol-chloroform extraction and ethanol precipitation.
Specifically, bacteria were harvested from one-day-old selective MH plates into SET buffer (150
mM NacCl, 15 mM EDTA, 10 mM Tris-HCI; pH 8.0), collected by centrifugation, and resuspended
in SET buffer. SDS and proteinase K were then added to final concentrations of 0.5% (w/v) and
100 pg/ml, respectively, and suspensions were incubated at 55 °C for 2h. Protein was then
removed by extraction with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1),
separation of phases by centrifugation at 13,000 rpm for 8 min, and re-extraction of the aqueous
phase with an equal volume of chloroform with centrifugation at 13,000 rpm to separate phases.
DNA was then precipitated from the final aqueous phase with 1/10 vol. 3M sodium acetate, pH
5.3 and 2 vol. absolute ethanol. After overnight incubation at -20 °C, precipitated DNA was
collected by centrifugation at 13,000 rpm for 10 min and washed once with 75% cold ethanol.
DNA pellets were resuspended in 100 pl water with shaking at 65 °C. For transformations,
recipient strains were grown from frozen stocks, patched into small circles on a non-selective
MH plate, and grown for 2-3 h at 37 °C under microaerobic conditions. One hundred ng of donor
genomic DNA (gDNA) was then added to the patches and plates were incubated for an additional
4-5h. Patched cells were then harvested into 1 ml Brucella broth and 10 or 100 pl was plated on
the appropriate selective MH agar. Colonies were re-streaked onto selective plates, and colony
PCR was performed to confirm presence of desired mutations from both donor and recipient

strain.

Construction of C. jejuni deletion strains by overlap PCR. All C. jejuni deletion mutant strains
listed in Supplementary Table 3 were generated by double-crossover homologous
recombination with PCR products of deletion cassettes that were constructed by overlap PCR

(for details see Supplementary Table 6) and electroporated into bacteria as described above.
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PCR products carried aphA-3 kanamycin!3, C. coli cat chloramphenicol!4, aac(3)-1V gentamicins,
or aph(7") hygromycin? resistance cassettes flanked by ~500 bp of homologous sequence up-
and downstream of the coding region of the target gene. Non-polar resistance cassettes were
amplified from plasmids that carry the resistance markers using primers HPK1/HPK2 (KanR),
CS0-1678/-1679 (HygR), or CS0-0613/-0614 (CmR). The aphA-3 (Kank) ORF was replaced by the
aac(3)-1V (GmR) ORF (amplified using CSO-0575/-0832 and Ndel digested) in the plasmid pGG1
(amplified using CSO-0577/-0831 and Ndel digested) leaving the HPK1/HPK2 binding sites
intact. The resulting plasmid pGD78-1 was used to amplify the aac(3)-IV (GmR) cassette using
the same HPK1/HPK2 primers.

As an example, the construction of the chloramphenicol resistant C. jejuni NCTC11168
AcsrA::cat deletion mutant is described. About 500 bp upstream of the csrA (Cj1103) start codon
was amplified from genomic DNA (gDNA) of C. jejuni NCTC11168 WT using ‘UP’ primers (CSO-
0394/-0615). Likewise, ~500bp downstream of the csrA stop codon was amplified using ‘DN’
primers (CS0-0616/-0395). The 5’ ends of the antisense-UP primer and sense-DN primer
contained ~25 bp of sequence homologous to the sense or antisense primer (CS0-0613/-0614),
respectively, used to amplify the cat resistance cassette. PCR products were purified (Macherey-
Nagel NucleoSpin PCR cleanup kit), and UP, DN, and resistance cassette amplicons were then
added together in a ratio of 50:50:90 ng to a 100 pl Phusion polymerase PCR reaction with
sense-UP and antisense-DN primers (CS0-0394/-0395) at a final concentration of 0.06 puM.
Overlap PCR was performed with the following conditions: 1 cycle of [98 °C, 3 min; 61 °C, 1 min;
72 °C, 10 min; 98 °C, 1 min], 40 cycles of [98 °C, 15s; 57 °C, 20 s; 72 °C, 1 min], followed by a 10
min final extension at 72 °C. Following verification of product size by agarose gel electrophoresis
and purification (Macherey-Nagel NucleoSpin PCR cleanup kit), the resulting overlap PCR
product was electroporated into the appropriate recipient C. jejuni strain. Deletion mutants for
flaA::KanR, flaB::KanR, flaAB::KanR, fliW::GmR, fliW::HygR fliA::GmR, rpoN::GmR, and csrA::HygR

were constructed similarly (see Supplementary Table 6).

Sequence and structure conservation of the flad 5'UTR. In order to identify homologous flaA
5'UTR regions in different Campylobacter species and strains we ran nucleotide blast (blastn!s)
with parameters optimized for more dissimilar sequences (discontiguous megablast) using both
the NCBI nucleotide collection (nr/nt) and the NCBI whole genome shotgun (wgs) contigs as
databases. As query we used a 130 nt-long sequence encompassing the 100 nt upstream and the
first 30 nt of the C. jejuni NCTC11168 flaA coding region. This includes the flaA promoter region,
its 5'UTR, and the beginning of the coding sequence. Based on all hits (~200) we extracted the
130 nt from the target sequences. If BLAST hits with an optimal score were truncated they were

extended on either side to obtain 130 nt. We excluded all sequences with undefined bases or
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without proper species/strain association. Afterwards, sequences for C. fetus subsp. fetus 82-40
and C. concisus 13826, which were not found by BLAST, were added manually to the set. The
sequences were aligned using MUSCLE?6 with default parameters and a conserved Sigma28
(FLiA) -10 box (CGATAT) was observed in all of them. The alignment was trimmed to the region
including only the flaA 5'UTR (based on the region according to the 5 UTR of C. jejuni
NCTC11168) and the first 10 nt of the coding sequence. More dissimilar sequences disrupting
the alignment (C. peloridis LMG 23910, C. lari NCTC11845, C. lari NCTC12892, C. lari RM16701, C.
lari CCUG 22395, C. lari RM16712, C. curvus 525.92, Campylobacter sp. FOBRC14
ctg120009214739, C. curvus DSM 6644 C514DRAFT scaffold00004.4_C, and C. concisus 13826)
were removed. Based on the resulting alignment all identical sequences were collapsed keeping
only one representative sequence per cluster. Subsequently, a consensus structure was
predicted using RNAalifold!? with RIBOSUM scoring and default values for all other parameters.
The resulting structure-annotated sequence alignment is shown in Supplementary Fig. 6 and the

full alignment including additional strains is shown in Supplementary Fig. 7.
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Abstract

The molecular roles of many RNA-binding proteins in bacterial
post-transcriptional gene regulation are not well understood.
Approaches combining in vivo UV crosslinking with RNA deep
sequencing (CLIP-seq) have begun to revolutionize the transcrip-
tome-wide mapping of eukaryotic RNA-binding protein target
sites. We have applied CLIP-seq to chart the target landscape of
two major bacterial post-transcriptional regulators, Hfq and CsrA,
in the model pathogen Salmonella Typhimurium. By detecting
binding sites at single-nucleotide resolution, we identify RNA pref-
erences and structural constraints of Hfq and CsrA during their
interactions with hundreds of cellular transcripts. This reveals
3'-located Rho-independent terminators as a universal motif
involved in Hfg—RNA interactions. Additionally, Hfq preferentially
binds 5’ to sSRNA-target sites in mRNAs, and 3’ to seed sequences in
SRNAs, reflecting a simple logic in how Hfq facilitates SRNA-mRNA
interactions. Importantly, global knowledge of Hfq sites signifi-
cantly improves sRNA-target predictions. CsrA binds AUGGA
sequences in apical loops and targets many Salmonella virulence
mRNAs. Overall, our generic CLIP-seq approach will bring new
insights into post-transcriptional gene regulation by RNA-binding
proteins in diverse bacterial species.
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Introduction

The fate of RNA molecules in the cell is largely determined at the
post-transcriptional level by RNA—protein interactions. RNA-binding
proteins (RBPs) are responsible for essential traits such as RNA
stability, structure, translatability, export, and localization. Recent
screens in human cells have suggested that the number of proteins
with RNA-binding properties may be vastly underestimated (Baltz
et al, 2012; Castello et al, 2012; Kramer et al, 2014), prompting new
systematic searches for RBPs in many eukaryotic systems (Ascano
et al, 2013). By comparison, our knowledge of the scope and bind-
ing preferences of prokaryotic RBPs is lagging behind eukaryotic
systems, and new approaches are needed to fully elucidate the roles
of RBPs in post-transcriptional control in bacterial pathogens
(Barquist & Vogel, 2015). That is, although the structural details of
the interactions of many positively and negatively acting proteins
with DNA have been established, the paucity of understanding
regarding RBPs has been holding back the field of bacterial gene
regulation.

Salmonella enterica serovar Typhimurium is a widely studied
food-borne bacterial pathogen that invades and replicates in many
different eukaryotic host cells. Over the past decade, Salmonella has
become a bacterial model organism to study post-transcriptional
regulation by small regulatory RNAs (sRNAs) and two associated
RBPs, Hfq and CsrA (Vogel, 2009; Hébrard et al, 2012; Westermann
et al, 2016). Transcriptomic and RNA co-immunoprecipitation
(coIP) analyses have suggested that Hfq and CsrA play global roles
in the regulation of Salmonella virulence genes (Lawhon et al, 2003;
Sittka et al, 2008; Ansong et al, 2009), but precisely how and where
these proteins bind cellular transcripts in vivo remains to be fully
understood.

Hfq is a widely conserved bacterial RBP of the Sm family of
proteins which have a ring-like multimeric quaternary structure
(Wilusz & Wilusz, 2005). In the Gram-negative bacteria Salmonella
and Escherichia coli, colP studies have predicted interactions of Hfq
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with hundreds of sRNAs and an excess of one thousand mRNAs
(Chao et al, 2012; Zhang et al, 2013; Bilusic et al, 2014). By helping
sRNAs to regulate target mRNAs, Hfq modulates a variety of physio-
logical traits including phosphosugar detoxification (Rice et al,
2012; Papenfort et al, 2013), catabolite repression (Beisel et al,
2012), envelope stress (Figueroa-Bossi et al, 2006; Gogol et al,
2011; Guo et al, 2014; Chao & Vogel, 2016), metal homeostasis
(Desnoyers & Masse, 2012; Coornaert et al, 2013), biofilm formation
(Holmqvist et al, 2010; Jergensen et al, 2012; Mika et al, 2012;
Thomason et al, 2012), motility (De Lay & Gottesman, 2012), and
virulence (Sittka et al, 2007; Koo et al, 2011; Westermann et al,
2016). In pathogenic Vibrio species, Hfq and sRNAs regulate
similarly complex traits, for example, quorum sensing or biofilm
formation (Feng et al, 2015; Papenfort et al, 2015).

Mechanistically, Hfq promotes sRNA-mRNA annealing by
increasing the rate of duplex formation (Meller et al, 2002; Zhang
et al, 2002; Lease & Woodson, 2004; Link et al, 2009; Fender et al,
2010), while at the same time protecting SRNAs from the activity of
cellular ribonucleases (Vogel & Luisi, 2011). In addition, Hfq may
recruit auxiliary protein factors such as RNase E to promote the
decay of target mRNAs (Morita & Aiba, 2011; Bandyra et al, 2012).

Structural studies of Salmonella Hfq confirmed the homo-
hexameric ring model (Sauer & Weichenrieder, 2011). The two
faces of the ring, denoted proximal and distal, both bind RNA, but
show affinity for different RNA sequences: the proximal face tends
to target single-stranded U-rich sequences, whereas the distal face
interacts with single-stranded A-rich sequences (Schumacher et al,
2002; Mikulecky et al, 2004; Link et al, 2009). More recently, the
rim of the Hfq hexamer has emerged as a third RNA-binding
surface which interacts with UA-rich RNA and promotes inter-
molecular RNA annealing (Updegrove & Wartell, 2011; Sauer et al,
2012; Panja et al, 2013; Dimastrogiovanni et al, 2014). Whereas
most of these findings stem from studying Hfq interactions with
selected model substrates in vitro, details of transcriptome-wide
Hfq binding within RNA in vivo emerged only recently through a
crosslinking-based study in pathogenic E. coli (Tree et al, 2014).
However, while this study captured many known Hfq targets, it
generally failed to observe Hfq binding to sRNA 3’ ends, thus
contrasting with the emerging mechanistic model from recent
biochemical and structural studies whereby Hfq is loaded onto
sRNAs via their 3’ located poly(U) stretch (Otaka et al, 2011; Sauer
& Weichenrieder, 2011; Ishikawa et al, 2012; Dimastrogiovanni
et al, 2014).

CsrA, initially identified as a regulator of carbon storage and
glycogen biosynthesis in E. coli (Romeo et al, 1993), belongs to the
large CsrA/Rsm family of RBPs that influence physiology and viru-
lence in numerous pathogenic and non-pathogenic bacteria (Lenz
et al, 2005; Brencic & Lory, 2009; Heroven et al, 2012; Romeo et al,
2013; Vakulskas et al, 2015). CsrA/Rsm proteins primarily affect
translation of mRNAs by binding to 5’ untranslated regions (UTRs).
A wealth of genetic, biochemical, and structural data shows that
these proteins generally recognize GGA motifs in apical loops of
RNA secondary structures (Dubey et al, 2005; Duss et al, 2014a).
Other reported mechanisms of CsrA activity in the cell include
promotion of Rho-dependent transcription termination, or mRNA
stabilization by masking of RNase E cleavage sites (Yakhnin et al,
2013; Figueroa-Bossi et al, 2014). CsrA may also govern a large
post-transcriptional regulon, as inferred from transcriptomic and
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RNA co-purification data in Salmonella and E. coli, respectively
(Lawhon et al, 2003; Edwards et al, 2011).

The CsrA/Rsm proteins are themselves regulated by sRNAs such
as CsrB and RsmZ, which contain multiple GGA sites that titrate the
protein away from mRNA targets (Liu et al, 1997; Weilbacher et al,
2003; Valverde et al, 2004). Structural studies of one CsrA-like
protein revealed a sequential and cooperative assembly of the
protein on antagonistic SRNAs (Duss et al, 2014b). Antagonists of
CsrA activity also include the Hfg-dependent sSRNA McaS in E. coli
(Holmgvist & Vogel, 2013; Jorgensen et al, 2013) and a sponge-like
mRNA in Salmonella (Sterzenbach et al, 2013). Again, despite the
strong interest in these proteins, the global binding preferences of
CsrA/Rsm in vivo remain unknown.

Approaches combining in vivo crosslinking and RNA deep
sequencing have been increasingly used to globally map the cellular
RNA ligands and binding sites of eukaryotic RBPs in vivo (Darnell,
2010; Konig et al, 2011; Ascano et al, 2012). Such methods are now
widely used in cell culture, tissues, and even whole animals. The
purification of RNA—protein complexes after in vivo crosslinking by
ultraviolet (UV) light offers several advantages over traditional colP.
Firstly, the UV-induced covalent bonds between protein and RNA
survive denaturing conditions, facilitating stringent purification
protocols. Secondly, crosslinking enables trimming by ribonucleases
to yield protein-protected RNA fragments, pinpointing binding
regions with unprecedented resolution. Thirdly, the attachment
of a crosslinked peptide to a purified RNA fragment often causes
mutations during reverse transcription which identify direct
RNA-protein contacts at single-nucleotide resolution (Zhang &
Darnell, 2011).

Here, we have employed UV crosslinking of RNA-protein
complexes in living bacterial cells, followed by stringent purification
and sequencing of crosslinked RNA, to detect transcriptome-wide
binding sites of Hfq and CsrA in Salmonella. As well as confirming
known binding sites at nucleotide resolution, our study identifies a
plethora of new sites that reveal the specificities of Hfq and CsrA
interactions with their RNA ligands. Our contact maps for Hfq inter-
acting sRNAs and their target mRNAs support a model for Hfq as a
mediator of RNA duplex formation and provide new insight into
improving sRNA-target prediction. The discovery of CsrA-binding
sites in mMRNAs shows that CsrA is a direct regulator of Salmonella
virulence genes.

Results
Selective enrichment of crosslinked RNA ligands

To comprehensively analyze direct targets of RBPs in vivo, we
established a CLIP-seq protocol for purification of crosslinked RNA—
protein complexes from bacterial cells irradiated with UV light
(Fig 1A). Salmonella strain SL1344 expressing chromosomally
FLAG-tagged Hfq was cultured in LB medium to an ODg of 2.0. One
half of this culture was then irradiated with UV light while the other
half was left untreated. This growth condition activates the invasion
genes of Salmonella, that is it enabled us to also capture potential
Hfq interactions with virulence-associated transcripts. Hfg—RNA
complexes were immunoprecipitated in cell lysates with a mono-
clonal anti-FLAG antibody followed by several stringent washes.

© 2016 The Authors
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A Schematic representation of the CLIP-seq protocol for bacterial RBPs that was established and used in this study. UV: ultraviolet.

B Detection of crosslinked, immunoprecipitated, and radioactively labeled RNA-protein complexes after separation on denaturing SDS—polyacrylamide gels and transfer
to nitrocellulose membranes. Radioactive signals were detected by phosphorimaging (top). Detection of Hfg-3xFLAG proteins by Western blot using an anti-FLAG
antibody served as a control for successful immunoprecipitation (bottom). CL: crosslinking.

C Schematic representation of binding site determination (peak calling).

D Fold change (y-axis) and genomic position (x-axis) of Hfq peaks. Mbp: mega basepair.

After on-bead RNase treatment, dephosphorylation, and radioactive
labeling of RNA 5 ends, the complexes were eluted, separated
by denaturing SDS-PAGE, and transferred to a membrane. UV
irradiation itself did not interfere with protein recovery (as judged by

© 2016 The Authors

Western blot), but a strong radioactive signal corresponding to
bound labeled RNA was detected only in tagged and crosslinked
samples, indicating that unspecific RNA-protein interactions
were successfully depleted (Fig 1B). RNA-protein complexes from
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crosslinked and control samples were extracted from the membrane
and treated with proteinase to yield RNA ligands for analysis by
Ilumina sequencing. The number of sequencing reads obtained for each
cDNA library is given in Appendix Fig S1. To avoid biases introduced
during library amplification, reads originating from potential PCR
duplicates were removed for all downstream analyses.

A very important step in the analysis of CLIP-seq data is peak
calling, which is used to differentiate between specific und
unspecific binding. Here, two major problems in standard CLIP-seq
protocols may confound peak calling approaches. Firstly, in contrast
to traditional RNA immunoprecipitation and sequencing (RIP-seq),
where comparison to a non-tagged strain or the omission of the anti-
body serves to control for background noise, CLIP-seq approaches
usually lack a standardized negative control. Secondly, in contrast
to chromatin immunoprecipitation and DNA sequencing (ChIP-seq),
transcript abundance impacts read coverage independent of the
affinity of the RBP for a given target. Standard peak callers such as
Piranha (Uren et al, 2012) assume the majority of sites to be noise,
so the sum of all sites can be used to fit a background model.
However, this assumption is problematic if the RBP is a ubiquitous
binder and the genome size is rather small. Both criteria apply in
our case. To overcome these problems, we developed a specific
peak calling algorithm able to identify Hfg-binding sites throughout
the Salmonella transcriptome. The algorithm first divides consecu-
tive reads into blocks and then merges overlapping blocks into
peaks (Fig 1C). Subsequently, based on three biological replicates
and three control replicates, each peak was tested for significant
enrichment in the crosslinked samples versus the non-crosslinked
samples using DESeq2 (Love et al, 2014). This strategy identified
640 significant (g <0.1) Hfq peaks (Table EV1) which are
distributed across the Salmonella transcriptome (Fig 1D).

As a significant advantage of CLIP-seq over simple colP,
crosslinking-induced mutations narrow RNA-protein contacts down
to individual nucleotides (Zhang & Darnell, 2011). Thus, we
compared the nature of read mutations that (i) occurred in both
mate pairs for each read (to discriminate from sequencing errors),
(ii) were exclusively present in libraries from crosslinked cultures,
and (iii) overlapped with Hfq peaks (Table EV2). T to C mutations
were by far the most common crosslink-specific mutation (Fig 2A),
and more than half of the Hfq peaks (347/640) contained at least
one crosslink-specific mutation. To provide a better display of peak
density, the Salmonella chromosome was divided into bins of
2 x 10* basepairs. Plotting peak numbers per bin identified certain
chromosomal regions in which the density of Hfq peaks is unusually
high (Fig 2B). Interestingly, transcripts from the two major
pathogenicity islands, SPI-1 and SPI-2, attract the highest Hfq peak

Figure 2. Genomic distribution of Hfg-binding sites.

Hfq and CsrA CLIP  Erik Holmquist et al

density, supporting the crucial role of Hfq in Salmonella virulence
(Sittka et al, 2007). Dividing the Hfq peaks into different RNA
classes shows that the majority map to sRNAs and mRNAs, the
two RNA classes previously known to be targets of Hfq (Fig 2C).
In summary, combining CLIP-seq with a new peak calling algorithm
and identification of crosslinking-induced mutations provides the
basis for a detailed investigation of Hfg—RNA interactions.

Hfq binding in mRNAs

To analyze the general distribution of the 551 Hfg-binding sites
detected in mRNAs, we performed a meta-gene analysis of Hfq
peaks with respect to mRNA start and stop codons (for polycistronic
mRNAs, only the start codon of the first cistron and the stop codon
of the last cistron was used). The greatest peak densities were found
in 5UTRs and 3'UTRs (Fig 2D) and confirmed—on the level of indi-
vidual transcripts—previously predicted Hfq activity, for example,
in the SUTR of chiP mRNA which is a target of ChiX sRNA
(Figueroa-Bossi et al, 2009), or the 3'UTR of hilD mRNA encoding a
virulence regulator (Lopez-Garrido et al, 2014) (Fig 2E and F).

To test whether Hfq recognizes disparate sequences in different
parts of mRNAs, we divided the mRNA peaks into those that map to
5'UTRs, CDSs, or 3'UTRs. Using the MEME algorithm (Bailey et al,
2015), only the combined 3'UTRs yielded a significant consensus
motif (Fig 2G). This motif strongly resembles Rho-independent tran-
scription terminators present at the 3’ end of many bacterial
transcripts, namely GC-rich hairpins followed by single-stranded
uridine tails (Wilson & von Hippel, 1995). Indeed, we found a strong
enrichment of Hfq 3’'UTR peaks at predicted Rho-independent termi-
nators that were specific to mRNAs (Fig 2H; all sSRNA terminators
were excluded from this analysis). Moreover, CMfinder analysis
(Yao et al, 2006) on the Hfq 3'UTR peaks resulted in a motif
comprising a hairpin structure followed by a U-rich sequence,
strongly resembling a Rho-independent terminator (Fig EV1),
suggesting that Hfq binds to mRNA 3’ ends.

Hfq binding in SRNAs

We next compared our crosslinking data to Hfg-binding sites in
well-investigated sRNAs. For example, SgrS was proposed to
contain an Hfg-binding module consisting of two distinct binding
sites: the poly(U) sequence of the Rho-independent terminator at
the very 3’ end of SgrS, and an internal hairpin preceded by a U-rich
sequence (Ishikawa et al, 2012). In accordance with this, we
detected two Hfq peaks within SgrS that mapped to the previously
reported binding sites (Fig 3A and B). In addition, the only

A Percentage of the occurrence of the indicated mutations among all crosslink-specific mutations found within Hfq peaks.
B Hfq peak distribution along the Salmonella chromosome divided in bins of 2 x 10* basepairs each. The genomic positions of the pathogenicity islands SPI-1 and

SPI-2 are indicated. Mbp: mega basepair.

C Distribution of Hfq peaks among the indicated RNA classes. Numbers in parentheses give the number of called peaks that overlapped with annotations belonging

to the respective RNA class.

D  CGlobal peak density distribution (meta-gene analysis) around start and stop codons. For this analysis, only those start and stop codons were used that are flanked
by a 5’UTR or 3'UTR, respectively. Vertical dashed lines indicate the position of start and stop codons, respectively.

Read coverage at the chiP (E) and hilD (F) loci in libraries from crosslinked and non-crosslinked samples. Exp: experiment, CL: crosslinking

G Consensus motif generated by MEME using sequences of Hfg peaks mapping to mRNA 3'UTRs.
H  Meta-gene analysis of peak distribution around genomic positions of predicted Rho-independent terminators.
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crosslink-induced mutations detected in SgrS occur within the
above-described U-rich sequences (Fig 3B). Likewise, we compared
our crosslinking data with the interactions observed in a co-crystal
of Salmonella Hfq and the sRNA RydC (Dimastrogiovanni et al,
2014). The X-ray crystallization data suggest Hfq interacts with four
regions on RydC: the proximal site of Hfq interacts with the U-rich
3’ end of RydC; the rim of Hfq interacts with U23/U24, U46/U47,
and the RydC 5’ end (Dimastrogiovanni et al, 2014). Out of the eight
positions in RydC with crosslinking-induced mutations, seven
perfectly fit with the crystal structure (Fig 3D). Mutations were
found in the 5’ end of RydC, at positions U23, U24, U46, U47, and in
the RydC 3’ end (Fig 3D). Taken together, these examples demon-
strate that our crosslinking experiments faithfully capture Hfg—-RNA
interactions at single-nucleotide resolution, in excellent agreement
with published work.

The distribution of Hfq peaks over all sSRNA sequences suggests
that Hfq may interact with different regions in different sRNAs;
however, there is a strong bias for Hfq binding toward sRNA 3’ ends
(Fig 3E). As for the 3'UTR-binding motif (Fig 2G), the consensus
motif found using MEME in peaks mapping to within sRNAs
resembles the 3’ region of a Rho-independent terminator (Fig 3F).
Following the demonstration of Hfq interactions with 3’ portions of a
few sRNAs (Sauer & Weichenrieder, 2011; Ishikawa et al, 2012), our
screen provides the first global analysis to suggest that Hfq interacts
with the 3’ end of many sRNAs detected under the growth condition
studied. Taken together, Rho-independent terminators constitute a
general Hfg-binding motif shared by mRNAs and sRNAs.

Hfq binding in SRNA-mRNA pairs

A key function of Hfq is to facilitate SRNA-mRNA duplex formation
(Mpller et al, 2002; Zhang et al, 2002; Kawamoto et al, 2006;
Fender et al, 2010); this activity seems to require Hfq binding in
mRNAs proximal to the site of SRNA pairing, as suggested by stud-
ies of rpoS mRNA which is regulated by multiple sRNAs (Soper
et al, 2011). The simultaneous binding of both the sRNA and
cognate mRNA by an Hfq hexamer may then accelerate RNA duplex
formation at the rim of the protein (Panja et al, 2013). To under-
stand where Hfq needs to bind within its ligand to facilitate RNA
duplex formation, we performed a meta-gene analysis of Hfq peaks
that mapped close to seed pairing regions in known sRNA-mRNA
target pairs. In mRNAs, Hfq peaks were significantly more likely to
occur 5 of the respective sRNA interaction site (P < 0.05, two-tailed
sign test, n = 17) (Fig 4A). By contrast, Hfq peaks in sSRNAs were
found significantly more often 3’ of sSRNA seed sequences (P < 1074,
two-tailed sign test, n = 24) (Fig 4A). This result supports a model
whereby Hfq is sandwiched between the mRNA and sRNA of a
cognate pair prior to RNA duplex formation (Fig 4B).

The presence of an Hfq site close to an sRNA site in an mRNA
improves target regulation (Beisel et al, 2012). Therefore, we asked
whether our Hfg-binding data could increase the success of SRNA-
target predictions. To this end, the top 20 mRNA targets predicted
by the CopraRNA algorithm (Wright et al, 2013) for each of 17
selected sSRNAs were intersected with the list of crosslinked mRNAs,
giving 48 predicted mRNA targets with at least one Hfg peak
(Fig 4C, Table EV3). Strikingly, inclusion of the Hfq peaks increased
the fraction of true positives from 15% to 40% (P < 107, Fisher’s
exact test) (Fig 4C).
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For experimental validation, we selected the mglB mRNA as a
new candidate target of Spot42 sRNA. Recognition would occur by a
previously established seed sequence within Spot42 (Beisel & Storz,
2011) at a conserved site downstream of the Hfq peak in mgiB
(Figs 4D and EV2). Of note, the levels of MglB, a CRP-cAMP-
activated galactose ABC transporter (Zheng et al, 2004), are
increased in Hfg-deficient cells, predicting that Spot42 represses the
mglB mRNA in an Hfg-dependent manner (Fig EV2; Sittka et al,
2007; Beisel & Storz, 2011). In agreement with this prediction, dele-
tion of spf (encoding Spot42) resulted in elevated levels of the mgiB
mRNA (Fig 4E). Reciprocally, we observed a 10-fold repression of
this target after pulse-expression of Spot42 (Fig 4F). Spot42
repressed a constitutively transcribed translational mgiB-gfp fusion,
but not a lacZ-gfp control, confirming that the regulation occurs at
the post-transcriptional level (Fig 4G). To test whether the observed
regulation indeed relies on the predicted basepairing, we introduced
disruptive mutations in the mgiB-gfp and Spot42 plasmids (Fig 4H).
Deletion of spf on the chromosome leads to increased expression of
wild-type mglB-gfp but not of the mutant mglB*-gfp construct
(Fig 4H). Likewise, while wild-type Spot42 repressed mglB-gfp but
not mglB*-gfp, the Spot42* mutant repressed mgiB*-gfp but not
mglB-gfp (Fig 4H), strongly indicating that the observed regulation
indeed relies on basepairing between Spot42 and the mglB mRNA,
as predicted. In conclusion, these results indicate that knowing
which mRNAs are bound by Hfq can dramatically improve the
prediction of sSRNA targets.

Transcriptome-wide mapping of CsrA-binding sites

Following the successful identification of Hfg-binding sites, we
applied our CLIP-seq protocol to CsrA, an RBP that recognizes tran-
scripts very differently compared to Hfq. CsrA has affinity for GGA
sequences present in loop regions of hairpins in mRNA 5'UTRs and
in a few sSRNAs (Vakulskas et al, 2015). A Salmonella strain carry-
ing a chromosomal csrA::3xflag allele was subjected to the same
crosslinking and immunoprecipitation strategy described above. As
with Hfq, radioactively labeled CsrA-RNA complexes were detected
only in crosslinked samples (Fig EV3). Plotting all CsrA peaks
obtained from three biological replicates along the Salmonella tran-
scriptome revealed a strong enrichment within CsrB and CsrC;
almost 40% of reads from all peaks map to these SRNA antagonists
of CsrA (Fig 5A and Table EV4), consistent with them being the
major cellular ligands of CsrA (Romeo et al, 2013). The gigC mRNA,
the first transcript shown to be directly regulated by CsrA in E. coli
(Liu et al, 1995; Baker et al, 2002), was also highly recovered in our
experiments (0.5% of reads, Fig S5A and Table EV4).

The CsrB RNA carries multiple hairpins with GGA sequences
which serve as high-affinity-binding sites for CsrA. Intriguingly, the
read distribution within CsrB is not uniform. Regions with high read
densities are separated by low-read regions (Fig 5B). Aligning the
CsrA reads on the predicted secondary structure of CsrB, we find
that read coverage is highest in the hairpin structures, indicating
that these are indeed preferentially bound by CsrA (Fig 5B). Some
hairpins show higher coverage than others, perhaps reflecting a
hierarchy in CsrA capture by CsrB similar to the proposed step-wise
sequestration of the homologous RsmE protein by RsmZ RNA in
Pseudomonas (Duss et al, 2014b). Regarding CsrA mRNA interac-
tions, reads from the glgC transcript almost perfectly overlapped

© 2016 The Authors
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with a GGA-containing hairpin structure in the glgC leader (Fig 5C),
which was previously defined as the element through which CsrA
exercises translational repression in E. coli (Baker et al, 2002). The
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detection of CsrA peaks in these two well-documented targets of
CsrA suggests that our method readily captures bona fide CsrA-
binding sites (Fig 5SA-C).
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Figure 4. Hfq binding in validated sSRNA-mRNA pairs.

A
B
C

Distribution of Hfq peaks with respect to SRNA interaction sites in mRNA targets and seed sequences in SRNAs, respectively.

Putative model of Hfg interaction with cognate SRNA-mRNA pairs.

Workflow for the integration of Hfq peak information during SRNA-target prediction using CopraRNA. The pie charts show the number of previously validated targets
among all predictions, or among predicted targets with Hfq peaks, respectively.

Read coverage from Hfg CLIP-seq at the mglB locus (top), location of the detected Hfq peak (red) and the predicted Spot42 interaction site (green) in the mg/B 5'UTR
(middle), and the predicted basepair interaction between Spot42 and mglB (bottom). The Spot42 interaction site in mglB is highlighted in green.

gRT-PCR analysis of mglB mRNA expression in wt Salmonella or in an isogenic Aspf strain. Samples were collected from cells grown in LB medium to an optical
density of 0.3 (ODgo0). Means and error bars representing standard deviations are based on two biological replicates.

qRT-PCR analysis of mglB mRNA expression in Salmonella Aspf 10 min after induction of Spot42 overexpression from plasmid pBAD-Spot42. Plasmid pBAD was used
as a control. Means and error bars representing standard deviations are based on two biological replicates.

Western blot analysis of GFP expression from plasmid-expressed translational lacZ-gfp and mglB-gfp fusions in the presence or absence of Spot42 overexpression.
Quantification of Western blot signals is shown on the right. Means and error bars representing standard deviations are based on three biological replicates. GFP
fusion proteins were detected with an anti-GFP antibody, while an anti-GroEL antibody was used to determine the amount of protein loaded on the gel.

Western blot analysis of GFP expression from the wild-type mg/B-gfp or mutant mgl/B*-gfp fusions upon deletion and overexpression of wild-type Spot42 or the
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Spot42* mutant. The predicted interactions between Spot42 and mglB, as well as the introduced mutations, are shown.

Source data are available online for this figure.

CsrA consensus motif

We called a total of 467 CsrA peaks, most of which map to within
mRNAs (Fig 6A and Table EV4). Meta-gene analysis showed an
enrichment of peaks in 5'UTRs compared to CDSs and 3'UTRs,
with the strongest enrichment of peaks close to start codons,
consistent with CsrA being a regulator of translation initiation
(Fig 6B).

High-affinity CsrA-RNA interactions are defined by both RNA
sequence and structure (Romeo et al, 2013). Interrogation of the
CsrA peaks showed that each contained at least one minimal GGA
triplet and more than half of them an ANGGA sequence (Fig 6C).
Searching all peak regions using the MEME algorithm, we established
[A/CJUGGA as the CsrA recognition motif in Salmonella (Fig 6D).

Similar to Hfq, we observed that crosslinking of CsrA to RNA
frequently causes mutations during reverse transcription. T to C
transitions were most prominent (Fig 6E, Table EVS), and these
were most often found immediately upstream of a GGA motif
(Fig 6E). To analyze the structural context of CsrA-binding sites, we
performed CMfinder analysis on all CsrA peaks (Yao et al, 2006).
Two of the resulting motifs, the one with the highest rank score and
the one detected in the most peak sequences (Fig 6F left and right,
respectively), consist of stem-loops with a GGA sequence present in
the loop regions. Thus, our CLIP analysis confirms the preference
for CsrA to interact with AUGGA sequences present in apical loops
of hairpin structures. These are the first global data to prove the
previous biochemical and genetical studies of individual CsrA
ligands, which increasingly suggested ANGGA as a general recogni-
tion motif in a variety of bacterial species (Valverde et al, 2004;
Dubey et al, 2005; Majdalani et al, 2005; Mercante et al, 2006;
Babitzke et al, 2009; Lapouge et al, 2013).

CsrA regulates Salmonella virulence genes

Binding of CsrA to target mRNAs typically results in reduced
mRNA translation and/or stability (Romeo et al, 2013). Since the
vast majority of the CsrA sites detected here were previously
unknown, we wondered whether they were functional in terms of
CsrA-mediated gene regulation. One primary genomic area of CsrA
peak density was the invasion gene island SPI-1; likewise, a KEGG
pathway analysis suggested enrichment of CsrA peaks in mRNAs

© 2016 The Authors

encoding Salmonella virulence proteins (Fig 7A and B). Our
crosslinking data (Table EV4) not only support the previously
proposed direct regulation of hilD mRNA (encoding a SPI-1 tran-
scription factor) by CsrA (Martinez et al, 2011), but also predict
CsrA to target dozens of additional virulence-associated mRNAs
from both Salmonella’s pathogenicity islands and the core genome
(Appendix Fig S2).

To test whether the presence of CsrA peaks correlates with CsrA-
mediated gene regulation, we constructed translational gfp-fusion
reporters (Corcoran et al, 2012) to several virulence-associated
ORFs from the core genome (sopD2) or the SPI-1 locus (sic-sip and
prg operons). GFP fusion plasmids were transformed into
AcsrBAcsrC cells harboring either a plasmid expressing CsrB, or an
empty control plasmid, reasoning that CsrB-mediated titration of
CsrA will translate into GFP reporter regulation. This strategy was
chosen to circumvent the genetic instability observed in csrA dele-
tion strains (Altier et al, 2000). While co-expression of CsrB had no
effect on a lacZ-gfp control plasmid (pXG10-SF), it caused a strong
derepression of a glgC-gfp fusion chosen as positive control
(Fig EV4), arguing that this experimental setup faithfully monitors
CsrA-mediated regulation.

SopD2 is an effector protein that promotes Salmonella replication
inside macrophages (Figueira et al, 2013), and CLIP-seq data identi-
fied several CsrA peaks in the sopD2 5'UTR and CDS (Fig 7C).
Western blot analysis showed that sopD2-gfp expression is repressed
when CsrA activity is increased as a result of deletion of csrB and
cstC (Fig 7D). This is reversed by complementing the double sRNA
deletion strain with csrB on a plasmid (Fig 7D). A CsrA peak in the
5'UTR of sopD2 overlaps with a predicted RNA hairpin structure
with two GGA motifs in the loop (Fig 7E). A sopD2-gfp fusion in
which both GGA motifs were each replaced by CCU totally abol-
ished the regulation, strongly indicating that CsrA directly represses
the production of SopD2 (Fig 7E). In further support of this,
overexpression of CsrB upregulates the synthesis of endogenous
SopD2 in wild-type Salmonella (Fig EVS5).

The prgHIJK-orgA operon encodes components of the SPI-1 type
11T secretion system needed for host cell invasion, and CsrA peaks
were detected in its four-first cistrons (Fig 7F). Western blot analy-
sis with translational fusions encompassing cistron junctions with
the downstream cistron being fused to gfp showed that translation
of prgl and prgJ is activated upon CsrB overexpression, whereas
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prgK is not affected (Fig 7G). Of note, the major peaks are located in
prgl and prgJ (Fig 7F). Similarly, the sicA-sipBCDA-iacP operon
encodes a protein chaperone (SicA), four effector proteins (SipB,
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Figure 5. CLIP-seq of Salmonella CsrA-3xFLAG captures previously known
CsrA-binding sites.

A Fold change (y-axis) and genomic position (x-axis) of CsrA peaks. Peaks
mapping to the known CsrA ligands CsrB, CsrC, and glgC are indicated.

B Read coverage from CsrA CLIP-seq at the csrB locus (top). A heat map of the
average read coverage at the csrB locus superimposed on the predicted
secondary structure of Salmonella CsrB (bottom). The CsrB structure was
predicted by MFOLD (Zuker, 2003).

C Read coverage from CsrA CLIP-seq at the glgC locus (top). A heat map of the
average read coverage at the glgC locus superimposed on the predicted
secondary structure of the 5’UTR of the Salmonella glgC mRNA (bottom).

SipC, SipD, and SipA), and a putative acyl carrier protein (IacP),
and CsrA peaks are distributed across this operon (Fig 7H). Of the
four fusions cloned from this operon, three (sicA, sipC, and sipA)
were clearly upregulated upon CsrB overexpression, indicating that
expression from the respective cistrons is repressed by CsrA
(Fig 7). In conclusion, the results shown in Fig 7 strongly indicate
that CsrA peaks indeed mark mRNAs that are under direct control
of CsrA and suggest that direct regulation of virulence functions by
CsrA includes many more mRNAs than previously known.

Discussion

Historically, molecular biologists have focused on the interactions
between individual proteins with target nucleic acids in vitro, but
this approach does not scale well and fails to account for the
complexity observed in transcriptional networks. Post-genomic
approaches can now potentially provide the global data required to
understand post-transcriptional gene regulation in bacteria (Barquist
& Vogel, 2015). Specifically, in vivo crosslinking methods can deter-
mine protein-binding sites within RNA at high resolution and permit
stringent purification that diminishes non-specific contamination.
Nevertheless, these CLIP-seq approaches have been associated with
considerable background noise that, if left uncorrected, increased
the identification of false positive interactions (Friedersdorf &
Keene, 2014). Here, we have sequenced libraries prepared from
both UV crosslinked and non-crosslinked bacterial cultures to
control for background RNA, yielding a high-confidence transcrip-
tome-wide map of the binding sites of the two global RNA-binding
proteins Hfq and CsrA.

We have shown that Hfq selectively and primarily crosslinks to
Salmonella mRNAs and sRNAs (Fig 2), in accordance with our
previous Hfq colP results (Sittka et al, 2008; Chao et al, 2012). More
importantly, while relatively few Hfq—sRNA interactions have been
studied in biochemical or structural detail, we can faithfully
reproduce such results with single-nucleotide resolution in our
crosslinking experiment, as shown in Fig 3 for the model sRNAs
RydC and SgrS (Ishikawa et al, 2012; Dimastrogiovanni et al, 2014).
Global analysis revealed that Hfqg peaks in mRNAs are enriched in
5'UTRs and 3'UTRs as compared to CDS regions (Fig 2), consistent
with a role for Hfq in both sRNA-dependent regulation at mRNA
5" regions and 3’ end-dependent processes. Analysis of Hfq peak
density over the Salmonella transcriptome revealed strong enrich-
ment in transcripts expressed from the major pathogenicity islands
SPI-1 and SPI-2 (Fig 2B). This may in part be explained by
the higher content of A and U residues in these transcripts compared

© 2016 The Authors
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Figure 6. Sequence and structure analysis of CsrA-binding sites.

A Distribution of CsrA peaks among the indicated RNA classes. Numbers in parenthesis represent the number of called peaks that were mapped within annotations
belonging to the respective RNA class.

B Meta-gene analysis of CsrA peaks around start and stop codons. For this analysis, only those start and stop codons were used that are flanked by a 5'UTR or 3'UTR,
respectively.

C Percentage of peaks that contain the indicated sequences.

D Consensus motif generated by MEME based on all CsrA peak sequences.

E Percentage of the occurrence of the indicated mutations among all crosslink-specific mutations found within CsrA peaks. The inset shows the consensus motif
generated with MEME using sequences flanking a crosslink-specific T to C mutation as input.

F Consensus motifs generated by CMfinder based on all CsrA peaks.
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Figure 7. CsrA plays a major role in the regulation of Salmonella virulence genes.

A

—Tom

CsrA peak density distribution along the Salmonella chromosome in bins of 2 x 10* basepairs. The genomic positions of Salmonella pathogenicity islands SPI-1 and
SPI-2 are indicated.

KEGG pathways that were found significantly enriched among gene annotations to which CsrA peaks were mapped. Pathways that are related to Salmonella
pathogenicity are highlighted in red.

Read coverage from CsrA CLIP-seq at the sopD2 locus. Light blue bars represent called peaks.

Western blot analysis of SopD2-GFP expression from a translational sopD2-gfp fusion on a plasmid in the indicated strain backgrounds. Plus sign indicates the
presence of plasmid pCsrB. Minus sign indicates the presence of the control vector pJV300. SopD2-GFP signals were detected with an anti-GFP antibody. Expression of
GroEL served as a loading control and was detected with an anti-GroEL antibody.

Predicted secondary structure of the sopD2 5'UTR. Peak position, GGA motifs, and introduced mutations are indicated. GFP fluorescence measurements from the wild-
type sopD2-gfp fusion or a 2xCCU mutant upon csrBcsrC deletion and CsrB complementation. Means and error bars representing standard deviations are based on
three independent experiments.

Read coverage at the prgHIJK-orgAB locus from a CsrA CLIP-seq experiment.

Western blot analysis of the expression from the indicated plasmid-borne translational GFP fusions in the presence of plasmids pCsrB (plus signs) or pJV300 (minus signs).
Read coverage at the sicA-sipBCDA-iacP locus from a CsrA CLIP-seq experiment.

Western blot analysis of the expression from the indicated plasmid-borne translational GFP fusions in the presence of plasmids pCsrB (plus signs) or pJV300 (minus

185

al

signs).

Source data are available online for this figure.

to those expressed from the core genome (Hensel, 2004). Compre-
hensive analysis of SRNA peaks revealed a strong enrichment of Hfq
binding at 3’ ends (Fig 3). The highly enriched consensus motifs
found in peak sequences from either mRNA 3'UTRs or sRNAs,
respectively, both resemble the 3’ region of Rho-independent
terminators (Figs 2, 3 and EV1) and were indeed found in 3'UTRs of
mRNAs predicted to transcriptionally terminate in a Rho-indepen-
dent manner (Fig 2).

The strong evidence for Hfq binding to 3’ ends in mRNAs and
sRNAs presented here agrees with previous reports on individual
Hfq ligands. Hfq protects RNA from 3’ to 5" exonuclease activity by
binding to, and stimulating the addition of, non-templated poly(A)
sequences to RNA 3’ ends by poly(A) polymerase PAPI (Hajnsdorf &
Regnier, 2000; Le Derout et al, 2003). The sRNA SgrS strongly
depends on Hfq binding at its 3’ poly(U) tail for both stability and
target regulation (Otaka et al, 2011), and the destabilization of SgrS
in the absence of Hfq is dependent on the exonuclease PNPase
(Andrade et al, 2012).

That Hfq binds so commonly to mRNA 3’ ends may be very rele-
vant for sSRNA evolution. Cloning or RNA-seq-based studies have
identified many sRNAs derived from mRNA 3'UTRs (Vogel et al,
2003; Kawano et al, 2005; Sittka et al, 2008; Chao et al, 2012).
Whether these sSRNAs are produced from internal promoters or by
endonucleolytic cleavage of the parental mRNA, they often possess
a Rho-independent terminator shared with the mRNA expressed
from the same locus (Miyakoshi et al, 2015b). Several 3’ UTR-
derived sRNAs have been shown to be functional, for example DapZ
(Chao et al, 2012), MicL (Guo et al, 2014), or SroC (Miyakoshi et al,
2015a), suggesting that mRNA 3'UTRs may serve as evolutionary
birthplaces for sRNAs (Miyakoshi et al, 2015b; Updegrove et al,
2015). This extends to other types of regulatory transcripts such as
recently discovered sRNA sponges that are made from the 3’ end of
tRNA precursors (Lalaouna et al, 2015).

A key finding from our analysis of the crosslinking data is that
we were able to locate Hfg-binding sites in relation to SRNA-mRNA
interaction sites (Fig 4). Our observation of preferential binding of
Hfq to 5’ of the sSRNA interaction site in an mRNA target, and 3’ of
the seed sequence in the recognizing sRNA, supports a model
whereby Hfq brings the two RNAs together to facilitate RNA duplex-
ing. We used this global information on Hfq binding to substantially

The EMBO Journal Vol 35| No 92016

improve sRNA-target predictions (Fig 4), illustrating how global
RNA-protein interaction maps can foster a better understanding of
post-transcriptional networks and discovering the mglB mRNA as a
target for the sRNA Spot42 (Fig 4). MglIB is a transporter of the non-
preferred carbon source galactose, and its expression is activated by
CRP-cAMP (Zheng et al, 2004). Thus, the regulation of mgiB by
Spot42 fits with a proposed model in which Spot42 and CRP form a
feed-forward loop to reduce leaky expression of proteins during
carbon foraging (Fig EV2; Beisel & Storz, 2011).

The fact that Hfq binds RNA on three distinct faces of the
hexamer, each with a different sequence preference, produces a
challenge for CLIP-seq methods in that ligation of sequencing adap-
ters to RBP-bound RNA, as well as UV irradiation, may introduce
biases in binding site detection. This may explain why our Hfq
CLIP-seq data contrast with a recent crosslinking study of Hfq in
E. coli (Tree et al, 2014). This latter study identified neither the
3'-located terminator-like consensus motif nor an enrichment of
Hfg-binding sites in SRNA 3’ ends. Instead, the authors concluded
that Hfq binding occurs in the seed sequences located in the middle
or at the 5’ end of sSRNAs. These differences can be explained by dif-
ferences in the protocols: 3" adapter ligation to RNA in complex with
Hfq (Tree et al, 2014) versus adapter ligation after the RNA frag-
ments are released from Hfq (this study). As RNA 3’ ends may not
be accessible to ligation when bound to the proximal side of Hfq,
adapter ligation to purified RNA as performed here may be the
preferred strategy for CLIP approaches when studying proteins that
target RNA 3’ ends.

In addition, Tree et al (2014) reported a general ARN motif in
Hiq crosslink regions, which seemed consistent with structural data
on the interaction between the distal face of Hfq and A-rich
sequences (Link et al, 2009), and the involvement of mRNA located
ARN sequences in sRNA-dependent regulation (Salim & Feig, 2010;
Beisel et al, 2012; Salim et al, 2012; Peng et al, 2014). Reviewing
our CLIP-seq data, on the one hand, almost all (38/39) Hfq peaks in
mRNAs known to be targeted by sRNAs (including rpoS, ompA,
ompC, cfa, and mglB) contain at least one ARN motif (Table EV1).
On the other hand, we only detected Hfq peaks in 30% of the previ-
ously described sRNA targets (Table EV1) (Wright et al, 2013), and
we did not observe a significant enrichment of ARN motifs among
the mRNA peak sequences compared to randomly selected

© 2016 The Authors
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sequences. One explanation for this discrepancy may be that uridi-
nes are more prone to crosslink than other nucleosides (Sugimoto
et al, 2012); this bias together with the above-discussed adaptor
ligation issues may explain why we preferentially detect binding of
Hfq at 3’-located U-rich sequences, while the different adapter liga-
tion strategy forced preferential detection of A-rich sequences in the
previous E. coli study (Tree et al, 2014).

© 2016 The Authors

Moreover, the canonical view that sSRNAs generally interact with
the proximal side of Hfq and mRNA targets with the distal side has
already been challenged: a recent study showed that some sRNAs use
ARN sequences to interact with the distal side of Hfq, whereas their
cognate targets harbor 5'UTR-located UA-rich rim-binding sequences
(Schu et al, 2015). In support of this finding, we find crosslinking
mutations in an ARN sequence in the sRNA ChiX and in a UA-rich
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sequence in the cognate target mRNA chiP (ybfM) (Table EV2).
Taken together, we propose that mapping of the in vivo binding
events at each of the three Hfq interaction faces, applying CLIP-seq to
mutant Hfq proteins, should be undertaken to further test the
current model of distinct “sRNA” and “mRNA” binding faces of Hfq.

These issues with Hfq notwithstanding, the successful applica-
tion of our crosslinking protocol to CsrA, an RBP with very different
targets and recognition mode to Hfq, strongly supports the general
applicability of our crosslinking protocol. In contrast to Hfg-binding
regions, the vast majority of the detected CsrA-binding sites contain
the crucial GGA motif for CsrA-RNA interactions (Figs 5 and 6;
Vakulskas et al, 2015). CsrA is known to regulate virulence gene
expression in Salmonella, and a direct interaction between CsrA and
hilD mRNA, encoding a transcriptional activator of SPI-1, has been
described (Martinez et al, 2011). In addition to binding hilD mRNA,
our crosslinking data suggests that CsrA binds to a plethora of viru-
lence-associated mRNAs (Appendix Fig S2). The regulatory potential
of newly discovered CsrA-binding sites in virulence-associated
mRNAs was confirmed using GFP reporters (Fig 7), consistent with
previous reports showing that the levels of some of these mRNAs
depend on the intracellular CsrA concentration (Altier et al, 2000;
Lawhon et al, 2003). Even though our validation of CsrA targets is
far from comprehensive, it already expands the number of Salmo-
nella virulence mRNAs that are post-transcriptionally regulated by
CsrA sixfold. Based on our findings, it is likely that more virulence
mRNAs are directly regulated by CsrA.

In Escherichia coli, the Hfq-dependent McaS sRNA was recently
reported to titrate CsrA, suggesting that SRNAs other than CsrB and
CsrC may be functional CsrA interaction partners (Jorgensen et al,
2013). Interestingly, we also detected binding sites for CsrA in
sixteen sRNAs in addition to CsrB and CsrC (Fig 6 and Table EV4),
although the read coverage of these additional sSRNAs was far below
that of CsrB and CsrC. The majority of these sRNAs (14 of 16) carry
between one and six GGA motifs, and many of the corresponding
peak sequences (12 of 16) fold into hairpins with GGA sequences in
the loops (Appendix Fig S3), suggesting that they possess bona fide
CsrA-binding sites. Apart from a few well-characterized Hfg-binding
sRNAs, of which only one (SdsR) harbors GGA motifs, the majority
of the sRNAs that crosslinked to CsrA are uncharacterized. Compara-
tive expression analysis revealed that several of these sRNAs
(STnc1890, STnc2080, STncl210, STncl480, PinT, and SdsR) are
induced in late stationary phase, a growth condition in which CsrB
and CsrC are repressed (Kroger et al, 2013). This suggests that these six
sRNAs may compete with CsrB and CsrC under specific conditions.
Future studies will be required to determine whether or not these SRNAs
are functional CsrA antagonists, or perhaps are regulated by CsrA.

Bacteria express a plethora of regulatory RBPs for which no
global binding site information is available. Examples of these
include proteins with RNA-binding domains found in cold-shock
proteins (the Csp family of proteins) and proteins such as ProQ that
possess a FinO-like RNA-binding domain (Phadtare et al, 1999;
Mark Glover et al, 2015). We believe that our procedure for global
mapping of the Hfq and CsrA interactomes with cellular RNA will
lay the foundations for future studies of other important bacterial
RBPs and may also rapidly identify proteins with putative RNA-
binding potential. Such studies should be a major future direction in
the study of post-transcriptional phenomena in bacteria and will
shed light on this shadowy area of gene regulation.
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Materials and Methods
Oligodeoxyribonucleotides

DNA oligonucleotides are listed in Appendix Table S1.
Bacterial strains and plasmids

All experiments were performed with Salmonella enterica serovar
Typhimurium strain SL1344 or derivatives thereof as listed in
Appendix Table S2. All plasmids used in this study are listed in
Appendix Table S3. Construction of strains and plasmids is
described in Appendix Supplementary Methods. The addition of a
FLAG-tag to Hfq or CsrA affected neither bacterial growth nor regu-
lation of known Hfq or CsrA targets, indicating that the tag did not
compromise protein function (Appendix Fig S4).

UV crosslinking, immunoprecipitation, and RNA purification

For each biological replicate, 200 ml bacterial culture was grown
until an ODggo of 2.0. Half of the culture was directly placed in a
22 x 22 cm plastic tray and irradiated with UV-C light at 800 mJ/cm?.
Cells were pelleted in 50 ml fractions by centrifugation for 40 min
at 6,000 g and 4°C, resuspended in 800 pl NP-T buffer (50 mM
NaH,PO,4, 300 mM NaCl, 0.05% Tween, pH 8.0) and mixed with
1 ml glass beads (0.1 mm radius). Cells were lysed by shaking at
30 Hz for 10 min and centrifuged for 15 min at 16,000 g and 4°C.
Cell lysates were transferred to new tubes and centrifuged for
15 min at 16,000 g and 4°C. The cleared lysates were mixed with
one volume of NP-T buffer with 8 M urea, incubated for 5 min at
65°C in a thermomixer with shaking at 900 rpm and diluted 10x in
ice-cold NP-T buffer. Anti-FLAG magnetic beads (Sigma) were
washed three times in NP-T buffer (30 pl 50% bead suspension was
used for a lysate from 100 ml bacterial culture), added to the lysate,
and the mixture was rotated for one hour at 4°C. Beads were
collected by centrifugation at 800 g, resuspended in 1 ml NP-T
buffer, transferred to new tubes, and washed 2x with high-salt
buffer (50 mM NaH,PO,4, 1 M NaCl, 0.05% Tween, pH 8.0) and 2x
with NP-T buffer. Beads were resuspended in 100 pl NP-T buffer
containing 1 mM MgCl, and 2.5 U benzonase nuclease (Sigma) and
incubated for 10 min at 37°C in a thermomixer with shaking at
800 rpm, followed by a 2-min incubation on ice. After one wash
with high-salt buffer and two washes with CIP buffer (100 mM
NaCl, 50 mM Tris-HCl pH 7.4, 10 mM MgCl,), the beads were
resuspended in 100 pl CIP buffer with 10 units of calf intestinal
alkaline phosphatase (NEB) and incubated for 30 min at 37°C in a
thermomixer with shaking at 800 rpm. After one wash with high-
salt buffer and two washes with PNK buffer (50 mM Tris—-HCl pH
7.4, 10 mM MgCl,, 0.1 mM spermidine), one-tenth of the beads was
removed for subsequent Western blot analysis. The remaining beads
were resuspended in 100 pul PNK buffer with 10 U of T4 poly-
nucleotide kinase and 10 pCi y->*P-ATP and incubated for 30 min at
37°C. After three washes with NP-T buffer, the beads were resus-
pended in 20 pl Protein Loading buffer (0.3 M Tris-HCI pH 6.8,
0.05% bromophenol blue, 10% glycerol, 7% DTT) and incubated
for 3 min at 95°C. The magnetic beads were collected on a magnetic
separator, and the supernatant was loaded and separated on a 15%
SDS-polyacrylamide gel. RNA—protein complexes were transferred
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to a nitrocellulose membrane, the protein marker was highlighted
with a radioactively labeled marker pen and exposed to a phosphor
screen for 30 min. The autoradiogram was used as a template to cut
out the labeled RNA-protein complexes from the membrane. Each
membrane piece was further cut into smaller pieces, which were
incubated for 30 min in a thermomixer at 37°C with shaking at
1,000 rpm in 400 pl PK solution [SO mM Tris-HCI pH 7.4, 75 mM
NaCl, 6 mM EDTA, 1% SDS, 10 U of SUPERaseIN (Life Technolo-
gies) and 1 mg/ml proteinase K (ThermoScientific)] whereafter
100 pul 9 M urea was added and the incubation was continued for
additional 30 min. About 450 pl of the PK solution/urea was mixed
with 450 pl phenol:chloroform:isoamyl alcohol in a phase-lock tube
and incubated for 5 min in a thermomixer at 30°C with shaking at
1,000 rpm followed by centrifugation for 12 min at 16,000 g and
4°C. The aqueous phase was precipitated with 3 volumes of ice-cold
ethanol, 1/10 volume of 3 M NaOAc pH 5.2, and 1 pl of GlycoBlue
(Life Technologies) in LoBind tubes (Eppendorf). The precipitate
was pelleted by centrifugation (30 min, 16,000 g, 4°C), washed with
80% ethanol, centrifuged again (15 min, 16,000 g, 4°C), dried
2 min at room temperature, and resuspended in 10 pl sterile water.

cDNA library preparation

To enable sequencing on Illumina instruments, libraries were
prepared using the NEBNext Multiplex Small RNA Library Prep Set
for lllumina (#E7300, New England Biolabs) according to the manu-
facturer’s instructions. About 2.5 ul purified RNA (or sterile water as
negative control) was mixed with 0.5 pl 3’ SR Adaptor (diluted 1:10)
and 0.5 pl nuclease-free water, incubated for 2 min at 70°C and
chilled on ice. After addition of 5 pl 3’ ligation reaction buffer and
1.5 pl 3’ ligation enzyme mix, the samples were incubated for
60 min at 25°C. About 0.25 pl SR RT primer and 2.5 ul nuclease-free
water were added followed by incubation for 5 min at 75°C, 15 min
at 37°C, and 15 min at 25°C. For ligation of the 5 adaptor, the sample
was mixed with 0.5 pl 5’ SR adaptor (denatured, diluted 1:10), 0.5 pl
10x ligation reaction buffer, and 1.24 pl ligation enzyme mix and
incubated for 60 min at 25°C. cDNA synthesis was carried out by the
addition of 4 ul first strand synthesis reaction buffer, 0.5 pl murine
RNase inhibitor, and 0.5 pl Protoscript reverse transcriptase and
incubation at 50°C for 60 min. The reverse transcription activity was
inhibited by a 15-min incubation at 70°C. The cDNA was amplified
by PCR by mixing 10 pl cDNA sample with 25 pl 2x LongAmp Taq
PCR master mix, 1.25 pl SR primer and 17.5 pl nuclease-free water
in a thermal cycler with the following program: 30 s at 94°C, 18
rounds of (15 s at 94°C, 30 s at 62°C, and 15 s at 70°C). The PCRs
were purified on columns (QIAGEN), eluted in 10 ul sterile water,
and loaded on 6% polyacrylamide gels with 7 M urea together with a
50 bp DNA size marker (ThermoScientific). Gels were stained with
SYBRGold (Life Technologies), and fragments between 140 and
250 bp were excised from the gels. Elution of DNA fragments was
performed in 500 ul DNA elution buffer (NEB) at 16°C overnight in a
thermomixer at 1,000 rpm followed by EtOH precipitation. Pellets
were resuspended in 10 pl sterile water. About 2 ul gel-purified DNA
was mixed with 25 pl 2x LongAmp Taq PCR master mix, 2 pl each
of primer JVO-11007 and JVO-11008 (10 pM), and 19 ul sterile water
and amplified using the following program: 30 s at 94°C, 6 rounds of
(15 s at 94°C, 30 s at 60°C, and 15 s at 65°C). PCRs were purified on
columns (QIAGEN) and eluted in 15 pl sterile water.
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Sequencing

High-throughput sequencing was performed at vertis Biotechnologie
AG, Freising, Germany. Twelve cDNA libraries were pooled on an
[llumina NextSeq 500 mid-output flow cell and sequenced in paired-
end mode (2 x 75 cycles). Raw sequencing reads in FASTQ format
and coverage files normalized by DESeq2 size factors are available
via Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.
gov/geo) under accession number GSE74425.

Processing of sequence reads and mapping

To assure high sequence quality, read 1 (R1) and read 2 (R2) files
containing the Illumina paired-end reads in FASTQ format were
trimmed independently from each other with a Phred score cutoff of
20 by the program fastq_quality_trimmer from FASTX toolkit
version 0.0.13. In the same step, after quality trimming NEB, R1 and
R2 3’-adapters (R1: AGATCGGAAGAGCACACGTCTGAACTCCAGTC
AC, R2: GATCGTCGGACTGTAGAACTCTGAACGTGTAGATCTCGGT
GGTCGCCGTATCATT) were trimmed using Cutadapt version 1.7.1
(Martin, 2011) and reads without any remaining bases were
discarded. Afterward, reads without a mate in the complementary
read file were excluded wusing cmpfastq (http://compbio.
brc.iop.kel.ac.uk/software/cmpfastq.php). In order to remove puta-
tive PCR duplicates, paired-end reads were collapsed using FastUniq
(Xu et al, 2012). Subsequently, a size filtering step was applied in
which read pairs with at least one read shorter than 12 nt or longer
than 25 nt were eliminated. The collections of remaining reads were
mapped to the Salmonella Typhimurium SL1344 chromosome
(NCBI  Acc.-No: NC_016810.1) and plasmid (NCBI Acc.-No:
NC_017718.1, NC_017719.1, NC_017720.1) reference sequences
using the RNA-seq pipeline READemption version 0.3.5 (Forstner
et al, 2014) and segemehl version 0.2.0 (Hoffmann et al, 2014) with
an accuracy cutoff of 80%. From the results, only reads mapping
uniquely to one genomic position were considered for all subse-
quent analysis. Pearson correlations between all libraries were
calculated on nucleotide read coverage (Appendix Fig S5).

Coverage plots representing the numbers of mapped reads per nt
were generated for each replicon and strand to facilitate data visual-
ization in a genome browser. Each resulting cDNA coverage graph
was normalized using the DESeq2 (Love et al, 2014) size factors
calculated during peak calling.

For all analyses related to annotated genomic features such as
CDSs, tRNAs, and rRNAs, gene annotations from NCBI were used.
We defined ad hoc transcriptional units (TUs) based on NCBI CDS
annotations, transcription start site (TSS) annotations from Kroger
et al (2013) and Rho-independent terminator predictions by RNIE
(Gardner et al, 2011). Briefly, TUs were defined as starting on
annotated primary TSSes and ending either with a predicted Rho-
independent terminator or in the presence of an intergenic gap
greater than 500 nt on the coding strand. In the absence of an
upstream TSS, an arbitrary 100 nt 5UTR was added upstream of the
first CDS in the TU, and similarly in the absence of a terminator, an
arbitrary 100 nt 3’UTR was added. In the event of a predicted
primary TSS within an intergenic gap of less than 500 nt on the
coding strand, the TU was ended 100 nt downstream of the preced-
ing CDS, or at the end of the preceding CDS if the predicted primary
TSS was less than 100 nt downstream. We defined 5'UTRs as the
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regions from the start of each predicted TU to the position upstream
of the first CDS in the TU and 3'UTRs as the regions from one nt
downstream of the last CDS in the TU to the end of the TU. SRNA
annotations are based on Perkins et al (2009), Chinni et al (2010),
Kroger et al (2013), and KU Forstner and J Vogel (unpublished data).

Peak calling

Peak calling was performed as a two-step process. In the first step,
we defined peak regions using the blockbuster algorithm for defin-
ing discrete blocks of overlapping reads (Langenberger et al, 2009)
across all crosslinked libraries for each RNA-binding protein
investigated. Mapped and collapsed reads were filtered to only
contain properly paired reads. The resulting BAM files were
converted to BED format using BEDTools (v2.17.0) (Quinlan &
Hall, 2010). These BED files were concatenated for all crosslinked
libraries. Subsequently, each read pair in the concatenated BED file
was merged into a single unit representing the sequenced RNA
fragment. Only fragments < 25 nt and > 12 nt were retained for
further analysis. The resulting BED file was reformatted to satisfy
the blockbuster input specifications. Blockbuster uses a greedy
approach based on a Gaussian smoothing of read profiles to iden-
tify clusters of overlapping read blocks. For this procedure, we
required blocks to contain at least 10 reads (i.e., the minBlock-
Height option was set to 10) and clusters had to be separated by at
least one base (i.e., the distance parameter was set to 1). This
procedure resulted in a large set of clusters consisting of overlap-
ping blocks of reads. We then iteratively decomposed each cluster
of overlapping blocks into peaks, taking into consideration the local
frequency of read counts within the cluster. We first selected the
block with the highest read count from the cluster under considera-
tion. All blocks that overlapped with this block were removed from
the cluster, and a peak was defined using these overlapping blocks.
This procedure, of selecting the next largest block, was repeated in
the reduced cluster until no more blocks were left that contained
greater than 1% of the total cluster read count (see Appendix
Supplementary Methods for a formalized description of this
procedure).

In the second step of our peak calling analysis, we applied
DESeq2 (v1.2.10) (Love et al, 2014) to test each peak for a repro-
ducible relative read count enrichment in triplicate crosslinked
libraries compared to non-crosslinked controls. Reads per peak were
counted using HTSeg-count (v 0.6.1p1) (Anders et al, 2015) for all
libraries with the mode option set to “union”, the order option set
to “name” and the stranded option set to “yes”. DESeq2 was then
run with default options in R. We considered peaks genuine if they
had a normalized average expression of > 10 in the crosslinked
libraries and a statistically significant enrichment in crosslinked
libraries compared to non-crosslinked controls, defined as a false
discovery rate (FDR) corrected P-value of 0.1 or less.

CopraRNA-Hfq peaks overlap

CopraRNA (Wright et al, 2013, 2014) target predictions were
performed for all sRNAs from the benchmark dataset of (Wright
et al, 2013) that had an associated Hfq peak in our data (that is,
all except RyhB). Two hundred nucleotides upstream and 100
nucleotides downstream of annotated start codons were specified
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as potential target regions. The top 20 CopraRNA predictions for
each sRNA candidate were subsequently intersected with mRNA
candidates that show an Hfq peak in our data. To test for enrich-
ment of known targets in the intersected lists, the number of
known targets in the unfiltered top 20 CopraRNA predictions and
the number of known targets in the lists resulting from the inter-
section were compared. The benchmark dataset (Wright et al,
2013) was considered as a reference for verified targets and was
extended with the interactions between Spot42-glpF (Beisel et al,
2012), OxyS-cspC (Tjaden et al, 2006), and RybB-STM1530
(Wright, 2012). The unfiltered list of top 20 predictions for 17 indi-
vidual target predictions contains 51 verified targets in a total list
of length 340. The filtered list has a length of 48 and contains 19
verified targets. The interaction between Spot42-mglB discovered
in this study was not used for enrichment analysis. A one-sided
Fisher’s exact test was employed to test for enrichment of known
targets in the filtered list relative to the unfiltered list. The test
was performed in R statistics using the Fisher’s exact test function
with the “alternative” parameter set to “greater”. For this, we
considered that 19 candidates are Hfq bound and verified, 29
candidates are Hfq bound and not verified, 32 candidates are not
Hfq bound and verified and 260 candidates are not Hfq bound and
not verified. Based on these numbers, the test matrix is given as
matrix(c(19,32,29,260), nrow = 2, ncol = 2) in R notation. For the
sake of simplicity, we considered targets verified in E. coli also to
be targets in Salmonella. Even though this may not hold true for
every single target, this is unlikely to change the principle findings
of this analysis.

Analysis of crosslink-specific mutations

For the detection of crosslinking-induced mutation sites from the
CLIP-seq data, only uniquely mapped, paired-end reads were
considered and used for mutation calling using samtools (v 0.1.19).
To reduce bias caused by sequencing errors, we required the
mutated sites to be present in both paired reads. A python script
adapted from the PIPE-CLIP package (Chen et al, 2014) was applied
to identify sites significantly enriched in mutations in each library.
The number of mutations at each position was modeled as the result
of a Bernoulli process with p equal to the observed mutation rate
across all positions. Positions were counted as significantly enriched
in mutations if the probability of a mutation count greater than or
equal to that observed at the position was less than 0.01 under the
implied binomial distribution. The final requirement for a site to be
considered enriched for crosslinking-induced mutations was that it
had to be present in at least two of the libraries from the crosslinked
samples and absent in all of the libraries from non-crosslinked
samples.

Global analysis of binding regions

The peak density was calculated by counting the number of peaks
along the specified annotation features, which included start codons
in single-cistron mRNAs and in the first cistron in multigene oper-
ons, stop codons in single-cistron mRNAs and in the last cistron in
operons, sRNAs, and predicted Rho-independent terminators. These
features were retrieved from the extended Salmonella Typhimurium
SL1344 annotation described above.
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Analysis of sequence and structure motifs

The sequences of peaks or sequences 10 nucleotides upstream and
downstream of crosslinking mutation sites were used for sequence
motif identification using MEME (Bailey et al, 2015) with one base
shift allowed while the remaining parameters were set at default
values. To verify the specificity of the peak motifs found in Hfq peaks
from 3'UTRs or sRNAs, the following analysis was performed: for
each annotation feature with an Hfq peak, a sequence of the same
length as the Hfq peak mapping to that feature but randomly posi-
tioned within the feature was extracted. This procedure was repeated
ten times. The resulting sequences were used as input for MEME.

To search for the presence of a structural motif, CMfinder 0.2.1
(Yao et al, 2006) was run on sequences from peak regions extended
by additional 10 nt upstream and downstream, using default para-
meters except for allowing a minimum single stem loop candidate
length of 20 nt. The top-ranked motif incorporated 396 sequences
while the motif detected most frequently was found in 416 of the
467 sequences. Both motifs were visualized using R2R (Weinberg &
Breaker, 2011) and are depicted in Fig 6F.

Analysis of Hfq peaks in known sRNA-mRNA pairs

Distributions of Hfq peaks in sRNAs and mRNAs with validated
basepair interaction sites (Wright et al, 2013) were calculated and
visualized as a heat map using Excel. The interactions used were
restricted to those mRNAs where an Hfq peak was detected within
100 nt on either side of a validated sRNA interaction site.

Pathway analysis

Pathway information was retrieved from the KEGG database
(Kanehisa & Goto, 2000), the Salmonella SL1344 genome annotation
(Kroger et al, 2012), and a selection of regulons curated from litera-
ture sources. Pathway enrichment analysis was performed using
Fisher’s exact test, and P-values were corrected for multiple testing
using the Benjamini-Hochberg method.

Western blot

To analyze immunoprecipitated material in the CLIP experiments,
one-tenth of the magnetic beads from each sample was resuspended
in 10 pl protein loading buffer and heated 4 min at 95°C. The
magnetic beads were collected on a magnetic separator, and the
supernatant was loaded and separated on a 15% SDS-polyacryl-
amide gel followed by transfer of proteins to a nitrocellulose
membrane. To detect FLAG-tagged proteins, the membrane was
blocked in TBS-T with 5% milk powder, washed in TBS-T for
10 min, incubated for 1 h with anti-FLAG antibody (Sigma) diluted
1:1,000 dilution in TBS-T with 3% BSA, washed in TBS-T for 10 min,
incubated for 1 h with anti-mouse-HRP antibody (ThermoScientific)
diluted 1:10,000 dilution in TBS-T with 3% BSA, and finally washed
in TBS-T two times for 10 min before adding the ECL substrate and
taking captions with a CCD camera (ImageQuant, GE Healthcare).

To analyze the expression of GFP fusion proteins, bacterial
cultures were harvested at an ODgyy of 1.0, and cell pellets were
boiled in protein loading buffer and separated on 12% SDS—
polyacrylamide gels. Proteins were transferred to PVDF membranes
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and GFP signals were detected as described above but using an
anti-GFP antibody (Roche) followed by HRP-coupled anti-mouse
antibody (ThermoScientific).

qRT-PCR

Total RNA was extracted using hot phenol, and contaminating DNA
was removed by DNase I treatment. qRT-PCRs were carried out
using the RNA-to-Ct 1-step kit (ThermoFisher) with 50 ng of RNA
per reaction. Relative gene expression was calculated using the AAC
method (Livak & Schmittgen, 2001) by normalization to the rfaH
mRNA.

Expanded View for this article is available online.
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Appendix Fig. S4. Addition of a FLAG-tag to Hfq or CsrA does not impair protein
function. A) Growth of wild type and Afq.:3xflag strains. B) OmpF-GFP expression in
the presence or absence of MicF overexpression was monitored in wild type,
hfq::3xflag, and Ahfg strain backgrounds. C) Growth of wild type and csrd::3xflag
strains. D) GIgC-GFP expression in the presence or absence of CsrB overexpression
was monitored in wild type and csrA::3xflag strain backgrounds. In each panel, error
bars show standard deviations determined from three independent experiments.
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Appendix Fig. S5. Pearson correlations calculated on nucleotide read coverage from
CLIP-seq experiments on Hfq (A) and CsrA (B).
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Appendix Supplementary Methods

Construction of bacterial strains and plasmids

The csrA::3xFLAG:: KmR and Aspf::Kmr alleles were constructed using the Lamdba Red
system with PCR products amplified from pSUB11 or pKD4, respectively. To construct
the AcsrBAcsrC::KnnR strain, the csrB and csrC alleles were first separately deleted using
the Lambda Red system with PCR products amplified from pKD4. The resulting
AcsrB::KmR strain was healed from the Kanamycin resistance with pCP20 followed by
transduction of the csrC::Kmr allele using phage P22. The CsrB overexpression plasmid
pCsrB was constructed by blunt/Xbal cloning of PCR products (JVO-10759/JV0-10760)
into pZE12-luc as previously described (Urban and Vogel 2007). Plasmid pBAD-Spot42
was constructed through cloning of a PCR product (JV0-294/]V0-930) into a pBAD
backbone as described previously (Papenfort et al. 2006). GFP-fusion plasmids where
constructed as described previously (Corcoran et al. 2012) using primers listed in Table
S1. Plasmids pEH728, pEH731 and pEH734 were generated through site-directed
mutagenesis on plasmids pFS-102, pJV765-18 and pEH456, respectively, using primers
listed in Appendix Table S1.

Fluorescence measurements

Bacterial growth and fluorescence measurements were essentially carried out as
previously described (Holmgqvist et al. 2013). Briefly, overnight cultures of bacterial
strains were diluted 1:100 in fresh M9 medium, transferred to a 96-well plate (100 pl
per well), and incubated at 37°C with shaking in an Infinite M-200 plate reader (Tecan)
controlled by the i-control software (Tecan). The optical density was measured with the
following parameters: wavelength 600 nm, bandwidth 9 nm. Fluorescence (GFP) was
monitored with excitation wavelength 480 nm, excitation bandwidth 9 nm, emission
wavelength 520 nm, and emission bandwidth 20 nm. Measurements were taken at
7 min intervals.

Iterative decomposition of blockbuster clusters into peaks

The output of blockbuster is a set of clusters C, each consisting of a set of read blocks.
With b(B), e(B) and I(B) we denote the left end, right end and the length of block B. The
size of a block S(B) is the number of reads assigned by blockbuster to this block. The size
of a cluster is defined as the sum of block sizes, i.e., S(C) =X gc-S(B). We decompose

each cluster into peaks using the following iterative procedure. While a cluster C still
contains non-processed blocks, we select the largest block Bi» in C, i.e.,

B,= argmax S(B)
BeC
5(B)20.015(C)

The peak is defined by selecting all blocks in C that overlap with B,. These blocks are
then removed from C. However, for the final peak boundaries, we only consider those
overlapping blocks that overlap with at least half of B,. In more detail, we consider an
overlapping block B only if b(B) < b(Bn) + E l(Bm)J and e(B) = e(Bn) E l(Bm)J.
Furthermore, the block B has to satisfy a size restriction according to the size of B.

Thus, we consider local frequency of reads and hence exclude putative candidates for
noise. Specifically, we have chosen to consider only blocks that satisfy S(B) = 0.1S(Bn).
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Appendix Table S1. Oligodeoxyribonucleotides usedin the study.

Oligoname Sequence (5’ to 3’) Used for

JVO-03591 Ccagcgtatccaggctgaaaaatcccageagtccagttacga | 3xFLAG tagging of csrA
ctacaaagaccatgacgg

JVO-03592 Accatatcaacagtgaggttgaaaaaagtcatgaagggaccc | 3xFLAG tagging of csrA
atatgaatatcctccttag

JVO-00112 Tgaaaatctggcgcgaagaataacaaaaaaaagggagcact | Deletion of csrB
gtatgtgtaggctggagetgcttc

JVO-00113 Aaggtattgtctgtaagcgtcttgtaagacaaggtgaaacagg | Deletion of csrB
cggtccatatgaatatcctccttag

JVO-00117-B Aaaagggatttgccgtgtcggtatctigtgagtitaccccaaaa | Deletion of csrC
gagtgtaggctggagctgcttc

JVO-00117-C ggcggaatctagcagaaagcaagcaaagaaaaaaggegac | Deletion of csrC
agaggtccatatgaatatcctccttag

JVO-10759 Gtcgacagggagtcgtacaacg Cloningof ¢srB in pZE12-luc, fwd

JVO-10760 gtttttctagaatgagtcgtcatgttaaaaacctcaatga Cloningof csrB in pZE12-luc, rev

JVO-00291 ctatgtaaagaatgaaaaaaaattacgaaaaggtctttctgtg | Deletion of spf
ttgctcagtgtaggetggagetgettc

JVO-00292 ggatggcgecegetgegegtettatccggectacggtgtgageg Deletion of spf
aaactttggtccatatgaatatcctecttag

JVO-00294 gttttttctagagcaccggtcgaagagat Cloning of spfin pBAD, fwd

JVO-00930 5’'p-gtagggtacagaggtaagatgttc Cloning of spfin pBAD, rev

JVO-01476 Atcgtcgattccggtctttg gRT-PCR mgIB, fwd

JVO-01477 Ctgattgttggcgtcattcagt gRT-PCR mgIB, rev

JVO-01117 Tcagccattttgtgegett gRT-PCR rfaH, fwd

JVO-01118 ttcaggatcgacaacgcectt gRT-PCR rfaH, rev

JVO-02846 gtttttatgcatgttttgaacgecgetag Cloning of mg/B in pXG10-SF, fwd

JVO-02847 gtttttgctagcgaataacagacttgccatcac Cloning of mgiBin pXG10-SF, rev

JVO-10553 gtttttatgcattatagttttacccgaaggggaatgg Cloningof glgCin pXG10-SF, fwd

JVO-10554 gtttttgctagctacacgategttcttctctaaactcac Cloningof glgCin pXG10-SF, rev

JVO-10573 gtttttatgcataaatagagtgtggttttaatcaaaaaatgaga | Cloningof sopD2 in pXG10-SF, fwd

JVO-10574 gttttttctagatataagcatattgcgacaactcgac Cloning of sopD2 in pXG10-SF, rev

JVO-13333 gtttttatgcatatggacgatgttaccgcagea Cloning of prgHI in pXG30-SF, fwd

JVO-13334 gtttttgctagcacggaagttctgaataatggcagea Cloning of prgHI in pXG30-SF, rev

JVO-13335 gtttttatgcatgcaacaccttggtcaggctatc Cloning of prgl/ in pXG30-SF, fwd

JVO-13336 gtttttgctagctgagegtaatagegtttcaacagec Cloning of prgl/ in pXG30-SF, rev

JVO-13337 gtttttatgcattcgattgcaactattgtccctgaga Cloning of prgJK in pXG30-SF, fwd

JVO-13338 gtttttgctagcagcetcgeggagacgatacc Cloning of prgJK in pXG30-SF, rev

JVO-10557 gtttttatgcatatcagataaacgcagtcgttaagtictac Cloning of sicA in pXG10-SF, fwd

JVO-13349 gtttttgctagettecttttcttgttcactgtgetge Cloning of sicA in pXG10-SF, rev

JVO-13341 gtttttatgcatggattaggcgtcgataagaaaacgg Cloning of sipBC in pXG30-SF, fwd

JVO-13342 gtttttgctagcagegegaatattgectgeg Cloning of sipBC in pXG30-SF, rev

JVO-13343 gtttttatgcatatggatatgacccgaatcgatgeg Cloning of sipCD in pXG30-SF, fwd

JVO-13344 gtttttgctagctccttgcaggaagcettttgge Cloning of sipCD in pXG30-SF, rev

JVO-13345 gtttttatgcatctgaaatcttatggatccggttatgtc Cloning of sipDA in pXG30-SF, fwd

JVO-13346 gtttttgctagectgtttgatcagegegggaaaa Cloning of sipDA in pXG30-SF, rev

JVO-14260 gctatagggtacataataaaaccggag Mutagenesis of plasmid pFS-102

JVO-14261 tatgtaccctatagcgtaaaaaaatgcc Mutagenesis of plasmid pFS-102

JVO-14262 tccgtaccctacagaggtaagat Mutagenesis of plasmid pJV765-18

JVO-14263 tctgtagggtacggagaaacag Mutagenesis of plasmid pJV765-18

JVO-14264 agcaaccctttccttcttgetttcgeggtaaataat Mutagenesis of plasmid pEH456

JVO-14265 gcaagaaggaaagggttgctctcattttttgattaaaacca Mutagenesis of plasmid pEH456

JVO-11007 aatgatacggcgaccaccg cDNA library preparation

JVO-11008 caagcagaagacggcatacg cDNA library preparation
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Strain Relevant markers/genotype Reference/source
SL1344 Salmonella typhimurium, Str® hisG rpsL xyl (Stocker et al.1983)
JVS-1338 SL1344 hfq::3xFLAG (Pfeiffer et al.2007)
JVS-0584 SL1344 Ahfq (Sittka et al.2007)
JVS-4317 SL1344 csrA:3xFLAG KmR This study

JVS-0129 SL1344 AcsrB AcsrC:KmR This study

JVS-0118 SL1344 Aspf-:KmR This study

JVS-3902 SL1344 sopD2::3xFLAG KmR (Papenfortet al.2012)

Appendix Table S3. Plasmidsusedinthe study.

Plasmidtrivial | Plasmid stock | Cloned fragment Origin/marker Reference/source
name name
pBAD pKP8-35 pBR322, AmpR (Papenfort et al.2006)
pBAD-Spot42 pJV765-18 spf pBR322, AmpR This study

pJV300 ColE1, AmpR (Sittka et al.2007)
pCsrB pEH476 csrB ColE1, AmpR This study

pXG-0 luc pSC101*, CmR (Urban and Vogel 2007)

pXG10-SF lacZ pSC101*, CmR (Corcoranet al.2012)
pMgl|B-GFP pFS102-1 mglB pSC101*, CmR This study
pGlgC-GFP pEH451 glgC pSC101*, CmR This study
pSopD2-GFP pEH456 sopD2 pSC101*, CmR This study
pSicA-GFP pEH646 SicA pSC101*, CmR This study
pSipBC-GFP pEH683 sipB-sipC pSC101*, CmR This study
pSipCD-GFP pEH651 sipC-sipD pSC101*, CmR This study
pSipDA-GFP pEH652 SipD-sipA pSC101*, CmR This study
pPrgHI-GFP pEH648 prgH-prgl pSC101*, CmR This study
pPrglJ-GFP pEH649 prgl-prg) pSC101*, CmR This study
pPrglK-GFP pEH650 prgJ-prgK pSC101*, CmR This study
pMicF pDP31 micF ColE1, AmpR (Corcoranet al.2012)
pOmpF-GFP pDP23 ompF pSC101*, CmR (Corcoranet al.2012)
pBAD-Spo42* | pEH731 spf pBR322, AmpR This study
pMglB*-GFP | pEH728 mglB pSC101* CmR | This study
pSopD2- pEH734 sopD2 pSC101*, CmR This study
2xCCU-GFP
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sRNA sequences used for CopraRNA target predictions:

ArcZ

>NC 000913

gugeggccu gaaaaacagu geu gu geecuu guaacucau cauaauaauuu ac gge gea ge caa gauuuce cu ggu guu gec geaguauuc ge geace
ccggucuagec ggggucauuuuuu

>NC 016810

gugegeccu gaaaaca ggacu ge gecuuu gacaucau cauaauaa geac gge geagecac gauuuc ccu ggu guu gec geaguauu e gegeaccecg
gucaaaccggggucauuuuuu

>NC 009792

gugeggccu gaaaagea ga geu ge g6 cu gu guaaaaaacaaucau aacuu ac gge geca gecac gauuuce cu ggu guu e gea guauuc ge gecacce
cggucaauccggggucauuuuuu

>NC 013716

gugcggecu gaaaau ga ge geu ge g6 guuuaaaau au gagaauaacuuac e ge geageuac gauuuc ceu ggu guu gge geaguauu ¢ ge geacece
gguuaauccggggu cauuuuuu

>NC_ 009778

gagegecuugaucacucaggec gegeeac guaguuaaaaa gaucaacaucauu aauc aau gec ga ggecac gauuu cecu ggu guu ggc geaguauu
cgegeaccec gguuuagecggggucauuuuuu

>NC_ 009436

gugeggccucauucuuaaggea ge gucc au ge gaaaacaa cacaaa gaaucagge gc ggecac gauuuc ceu ggu guu gge gea guauuu ¢ ge geace
ccgguuuauccggggucauuuuuu

>NC 011740

gugeggecu gaaaaaca gu gcu ge g6 Cull gguuacaaac gacaauaauuuac gge gea geecau aauuuce ccu ggu guu e gea guauu ¢ ge geace
ccgguuaauccggggucauuuuuu

>NC 009648

gegageaauccacuucuu ¢ gguu ge g¢cac guaac aacaucacucaaacaacacu ggeu caaccacca guu cecu ggu guu gge gea guauuc ge gea
ceccggucuguce ggggu cauuuuuu

>NC 012917

uuaagacacgaauaucc geacuu g ga guuu acaaaa ccu gaaaucu aaau gea ggu gc au gUUUUCC CU ggu guu gge geauaauu ¢ g6 geacece
gecuucgeee ggggu cauuuuuu

>NC 005126

ugauguacgga gaauuc cucallu acuc gee geaac caaa gauau auca gaua gec gu guaaaaa guuuuc ccu ggu guu ggc gea guauuc gegea
ccccaaccucgguu gggguuauuuuuu

>NC 010554

augauguauggaaua geuu cauc cuauuc gecuau gu aau gau aaucaaaaaa ge ga gua gaaaa guuuce cu ggu guu gec geaguauuc ge geac
cccaaccuucgguu gggguuauuuuuu

>NC 003197

gugeggecu gaaaaca ggacu ge 2ccuuu gacaucau cauaauaa gecac gge gea gecac gauuuc ceu ggu guu gge gea guauu ¢ ge geacccc g
gucaaaccggggucauuuuuu

>NC 009832

cuguaugauguuuaggaauucu cuacaac cu geuc gaccagaacauuaaaaccaauac geca gguucacaauuuce cu ggu guu e geaauauu e ge
geacceecgge cua ggue ggggu cauuuuuu

>NC_007606

gugeggecu gaaaaacagu geu gu gec cull guaa cucau cauaauaauuu ac gge gea gecaa gauuuce cu ggu guu gec gea guauuc ge geace
ccggucuagee ggggucauuuuuu

>NC 004337

gugeggecu gaaaaaca gu geu gu gec cuu guaacucau cauaauaauuu ac gee gea gecaa gautuce cu ggu guul ggc g6 a guauuc ge geace
ccggucuagec ggggucauuuuuu

>NC 007384

gugeggecu gaaaaaca gu geu gu geC cuul guaa cucau cauaauaauuu ac gge gea ge caa gauuuce cu ggu guu gec gea guauuc ge geace
ccggucuagec ggggucauuuuuu

>NC 007712

uuuauucaugaaugeugga c gucuuuuc cec gu cccu caace g6 ¢ guuaa gu aau gac gac gauauaca guuuc ccu ggu guu gge geaau cuuc ge
geaccceggeageau aague ggggu cauuuuuu

>NC_008800

gacuggggu gaac gaa ggea gecaac geacau geaacuu gaa guau gac ggguauu gea gguuaac gauut cecu ggu guu gge geaguauuc ge ge
accceggecuc gguc gggguuauuuuuu

>NC 003143

guaugauguaugaaagaauccu gacaaccu ge gaau cacul ¢ gaaauc gaaauaauac geagguuaac guuuuc ceu ggu guu gee geagucuu c ge
geacccegge cuc gguc gggguu auuuuuu

>NC 006155

guaugauguaugaaa gaauccu gacaaccu ge gaauu cacu ¢ gaaauc gaaauaauac geca gguuaac guuuucccu ggu guu gac gea gu cuuc ge
geacccegge cuc gguc gggguu auuuuuu

ChiX
>NC_000913



3.6 HOLMQVIST ET AL., THE EMBO JOURNAL, 2016

acaccgucgeuuaaagu gac ggeauaau aauaaaaaaau gaaauu CCucuUU gac ggec caau a ge gau auu ggecauuuuuuu
>NC_016810

gauccgaage gaaa ge gu c gggauaauaau aac gau gaaauuccu cuuu gac gggecaaua ge gauauu ggecauuuuuuu
>NC_003197

gauccgaage gaaa ge gu ¢ gggauaauaau aac gau gaaauuccu cCuul gac gggecaaua ge gauauu gge cauuuuuuu
>NC_009436

caaccgagggucu ccuuc ggeauaauaau aac gau gaaauuccu cCuuu gac gggecaaua gaaauauu ggecauuuuuuu
>NC_009792

uaaccaggec geulac guc cu ggeau aauaauaac gau gaaauuc cucuuu gac gggecaaua gaaau auu ggecauuuuuuu
>NC_013716

acaccgucgeuuaaa ge gec geeauaacaa aau gau gaaauu cCucuUU gac ggee caau a ge gau auu ggecauuuuuuu
>NC_009778

aaccguccgeuaagge geac ggeauaac gacaau aac gaaaa guuccu cuuu gac gggeca gl a ge gau acu ggecuucuuuuu
>NC_011740

acaccgucgeuuaaa gu gac ggeauaau aauaaaaaaau gaaauu ccucuuu gac ggeccaau age gau auu ggecauuuuuuu
>NC_009648

gauccgggau gecaaauce ¢ gggauaauaau aau gau gaaauu CCucuUU gac gggc caau ageaauauu gge cauuuuuuu
>NC_009832

cguuaacaggguuacaau g gu auaacuac aauacaa gaaauu CCuCUUU gacu ggeca gua ge gauauu ggecacuuuuuu
>NC_007613

acaccgucgeuuaaa gu gac ggeauaau aauaaaaaaau gaaauu ccucuuu gac gggecaau a ge gau auu ggecauuuuuuu
>NC_007606

acaccgucgeuuaaa gu gac ggecauaau aauaaaaaaau gaaauu ccucuuu gac ggec caau a gu gauauu ggecauuuuuuu
>NC_004337

acaccgucgeuuaaa gu gac ggeauaau aauaaaaaaau gaaauu ccucuuu gac ggec caau a ge gau auu ggecauuuuuuu
>NC_007384

acaccgucgeuuaaa gu gac ggcauaau aauaaaaaaau gaaauu ccucuuu gac ggeccaau age gau auu ggecauuuuuuu

CyaR

>NC_000913

gcugaaaaacauaa cccauaaaau geula geu guacca ggaac cac Cuccuula gecu gu guaaucu ceccuuacac gggeuuauuu
>NC_016810

geugaaaaacauaacccauaaau geua geu guac ca ggaaccaccu ceuu ggecu ge guaaucuc ccuuac geaggeuuauuuuuu
>NC_009792

geugaaaaacauaacccauaaau geua geu guac caggaaccaccu ccuua gecu g gu aaucu cecuu ac geaggeuuauuuuuu
>NC_013716

geugaaaaacauaacccauaaau geua geu guaccaggaaccaccu ceul gge cu ge guaaucuc ccuuac geaggeuuauuu
>NC_009778

geugaaaaacauaau ccau aaau gecce guul gu acca ggaaccaccuc cuuca gec ge guaaucu cecuuac geaggeuuauuu
>NC_009436

gcugaaaaacauaa cccauaaau geua geu guacca ggaaccacc ccuuia gecu ge guaaucu cecuu ac geaggeuuauuuuuu
>NC_011740

gcugaaaaacauaacccauaaaau geua geu guacea ggaac cac cCuccuu a gecu ge guaau cuce cuuac geaggeu gauuu
>NC_009648

geugaaaaacauaacccauaaau geua guu guaceaggaa ccaccuccuuagecu ge guaaucucccuuac gegggeuu auuu
>NC_012917

geugagaaaacaua gaac gaaaaauaa gc guagu gau acuacuaggaaccacc ccuu ggeca geu caau cuce cuul gageu ggeuuuucu
>NC_005126

ggugaaaaauaaaaaauuaaaaaaguuuuacaguaagacuaggaaccaccuccuu ggee ggeu caau cuce cuu gageu ggecuuuucuuu
>NC_003197

gcugaaaaacauaa cccauaaau geua geu guacca ggaaccacc ceull gge cu ge guaaucuc ccuuac gea ggeuuauuuuuu
>NC_009832

gcuuaaaacuaagaac gaaaaau auuu geau a geaauacu a ggaacea ceiic cuua ge e gguce aauc cCeull ggacu ggeuuuuu e
>NC_007613

geugaaaaacauaacccauaaaau geu a geu guacea ggaac caccuccuu a gecu gu gu aaucu cecut acac gggeuuauuu
>NC_007606

geugaaaaacauaacccauaaaau geua geu guacua ggaaccaccu ccuuia gecu gu guaaucuc ccuuacac gggeuuauuu
>NC_004337

geugaaaaacauaau ccaulaaaau geua geu guacca ggaaccaccu ccuuia gecu gu guaaucuc ccuuacac gggeuuauuu
>NC_007384

gcugaaaaacauaa cccauaaaau geua geu guacca ggaaccac cuccuula gecu gu guaaucu cecuu acac gggeuuauuu
>NC_008800

gaguacaaucaa gaacuaaaaaaguuuuaaageaa gac aggaa ccaccuc cull ggeeaac ccaaucuc ceul ggeeu ggeecuuuucuuu
>NC_003143

aguacaaucaauaacuaaaaaagu guuaa gl aauacua ggaacc accu cecu ggeu a gec caau cuce cutl ggeeu geccuuuuc
>NC_006155

aguacaaucaauaacuaaaaaagu guuaa gl aauacua ggaaccaccu ceuu ggeu a gec caau cuce cull gggeu gec cuuuuc
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DsrA

>NC_ 000913

aacacaucagauuuccu ggu guaac gaauuuuuu aagu geuu cuu geuuaa geaa guuucau cee gace cecu caggguce gggauuuuu
>NC 016810

cucacaucagauuuccuggu guaac gaauuuucaa gu geuu cuu geau aa geaa guu gau cec gace e gua ggge c gggauuuuu
>NC 003197

cucacaucagauuuccuggu guaac gaauuuucaa gu geuu cuu geau aa geaa guuu gau cec gace e gua ggge c gggauuuuu
>NC 009792

cgcacaucagauuuucu ggu guaac gaauuuucaagu geuucuu gecauaa geaa guuu gauc ce ggeu cu ge ga gee gggauuuuu
>NC 013716

cgeacaucagauuuccu ggu guaau gaauuuucaa gu geuucuu geaucageaa guuiuaau cee gace e guca gggll c gggauuuuu
>NC_009778

ucgacauccguuucccu ggu guaac gaauuuuaagu geuucuu geuuu ¢ geaa geuuau cec ggeuce ccaggec gggau auuu

>NC 009436

cccacaucagauuuccu ggu guaac gaauuu acaa gu geuucuu geauaa geaa guucau cec ggu cauc cec au ggee gggauuuuu
>NC 011740

cgecacaucagauuuccu ggu guaac gaauuuuc aa gu geuu cuul geau aa geaa guuuc cucce ¢ gauccuucacaggau c gggauuuuu
>NC 009648

aacgcaucggauuu ccc ggu guaac gaauuuucaagu geuu cuu geauu ageaa guuu gauc ce gacuccu ge gaguc gggauuuuu
>NC 007613

aacacaucagauuuccu ggu guaac gaauuuuuu aagu geuu cuu geuuaa geaa guuucau cee gace cecu cagggue gggauuuuu
>NC_007606

aacacaucagauuuccu ggu guaac gaauuuuuu aagu geuu cuu geuuaa geaa guuucau cee gace cecu cagggue gggauuuuu
>NC_004337

aacacaucagauuuccu ggu guaac gaauuuuuu aa gu geuu cuu geuuaageaa guuucau cec gaca ceeu ca gggue gggauuuuu
>NC 007384

aacacaucagauuuccu ggu guaac gaauuuuuu aagu geuu cuu geuuaa geaa guuucau cec gacc cecu cagggue gggauuuuu

FnrS

>NC 000913

gecaggugaau geaac gucaa ge gau ggge guu ge geu ccau auu gucuua cuucculuuuu gaauua cu geau a geacaauu gauuc guac gac gee
gacuuugaugagu c ggeuuuuuuuy

>NC 016810

geaggugaau geaac gucaa ge gau gggc guu ge geu ccau auu gucuua culcculuuuU gaauua cu geau a gea caauul gauuc guac gac gee
gacuuagauuaguc ggcuuuuuuuu

>NC 003197

geaggugaau geaac gucaage gau gggc guul g¢ geu cecal aut gucuua cCuuccuuuiuU gaauua cu geau a gecacaauu gauuc guac gac gec
gacuuagauuaguc ggcuuuuuuuu

>NC 009792

geaggugaau geaac gucaa ge gau ggge guu ge geu ccau auu gucuuacuuccutuuuu gaauuacu geau a geacaauu gauuc guac gac gee
gacuuagauuaguc ggcuuuuuuuu

>NC 013716

gcaggugaau geaac gucaa ge gau ggge guu ge geu ccau auu gucuuacuucculuuuu gaauua cu geau a gea caauul gauuc guac gac gee
gacuuaaauaaguc ggeuuuuuuuu

>NC 009778

gcaggugaau geaac gucaa ge gau ggge guu ge geu ccau auu gucuua culcculuuuU gaauua cul geau a gea caauul gauuc guac gau gec
gacuuguuuaaguc ggcuuuuuuu g

>NC_009436

geaggugaau geaac gucaa ge gau gggc guu ge geu ccau auu gucuua culcculuuuU gaauuacu geau a gea caauul gauuc guacaau gee
gacuaaauuagucggeuuuuuuuu

>NC 011740

geaggugaau geaac gucaage gau gggc guu g6 20U ccat autl gUcuua CuUCCuuUUuU gaauua cu geau a geacaauu gauuc guac gac gec
gacuuagauaaguc ggcuuuuuuuu

>NC_ 009648

geaggugaau geaac gucaage gau gggc guu ge geu ccau aut gucuua cuuccuuuuuu gaauua cu geau a gea caauu gauuc guac gac gec
ggcuuuguuga guc ggeuuuuuuuy

>NC 012917

gcaggugaau geaac gucaa ge gau ggge guu ge geu ccau auu gucuuacuucculuuuu gaauua cu geau a gea caauu gauucacac cau gec
gacaguuuugucggeuuuuuuuu

>NC 005126

gcaggugaaaacaac guu aa ge gau gaac guu guucuc c guaauu guaguuuuucuc acau aa gucuuu auac a gaau aauu g ccauu cuu gu gee
gauauuauuuuauaauaucggeuuuuuuua

>NC_ 010554
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geaggugaau acaac guu gage gau gaac guu gu geu ccau aauu gua guuuuu cucau auu ga guucuu aauacagaauaauu gaccauuauuaca
ccgauguuaaauaaacauc gguuuuuuuuu

>NC_009832

geaggugaau gcaac gucaa ge gau ggge guu gu geuc cauaauu gucuuacuuucuuau auuua gaauuacu geaua geacauu gauucauac gau
gecgguuuaaucacc ggeauuuuuuu

>NC_007606

geaggugaau gcaac gucaa ge gau ggge guu ge geu ccau aull gucuuacuuccuuuuu ggaauu geu gecaua geac aaul gauu ¢ guac gac ge e
gacuuugaugagu cggeuuuuuuuu

>NC_004337

geaggugaau gcaac gucaa ge gau ggge guu ge e ceau aut gucuuacuuccuiuuuu gaauua cu geau a geacaauu gauuc guac gac gec
gacuuugaugagu ¢ ggecuuuuuuuu

>NC_007384

geaggugaau gecaac gucaage gau ggge guu ge geu ccau auu gucuua cuuccutuuuu gaautacu geau a geacaauu gauuc guac gac gec

gacuuugaugagu ¢ ggeuuuuuuuu

>NC_007712

geaggugaau geaac gucaa ge gau ggge guauu gUCUU acuuUCUUUUU gaauuauu geaua ge guauuuaauuca gau gau gec gggu gaauag
cacggcauuuuuuu

>NC_008300

geaggugaau gcaac gucaa ge gau ggge guu ge e CCau autiul guaau acuuuuauuuuu gaauuacu geau a geacauaauu guuac gau gec g
auguugucucaacauc ggecauuuuuuu

>NC_003143

geaggugaau geaac gucaa ge gau ggge guu ge geu ceau autiu guuauacuiiuauuuu gaauuacu geaua gcauuuaauu guuac ggu gec g

auguugaaaaacauc ggcauuuuuuu

>NC_006155

geaggugaau gcaac gucaa ge gau ggge guu ge geu ccau auuu guuauacuuuuauuuu gaauuacu gecaua gecautuaauu guuac ggu gec g

auguugaaaaacauc ggcauuuuuuu

GevB
>NC 000913

acuuccugagecggaac gaaaa guuuiuauc ggaau ge gu guu cu ggu gaacuuuu ggeuuac gguu gu gau guu gu guu guu gu guiiu geaauu g
gucugegauucagaccau ggua geaaa geuaccuuuuuucacuuc cu guacauuuacccu gucu gu ccau agu gauuaau guageace gecuaauu g

cggugeuuu
>NC_016810

acuuccugagecggaac gaaaa guuuuauc ggaau ge gu guu cu gau gggeuuuu ggeuuac gguu gu gau guu gu guu guu gu guuu geaauu g
gucugegauucagaccac ggu a ge gagacua cccuuuu cacuu ceu guacauuuacecu gu cu guccaua gu gautl aau gua geacc gecauauu g
cggugeuuu

>NC_009792

acuuccugagecggaac gaaaa guuuuauc ggaau ge gu guu cu gau gggeuuuu ggeuuac gguu gu gau guu gu guu guu gu guuu geaauu g
gucugegauuca gac cau ggua ge gaa gecuac cculuuuc acuuic cu guacauuuac ceu gucu gu ccaua gu gauuaau gua geace gecaauu ge
ggugeuuu

>NC_013716

acuuccugagecggaac gaaaa guuuuauc ggaau ge gu guu cu ggu gggcuuuu ggeuu ac gguu gu gau guu gu guu guu gu guuu geaauu g
gucugegauucagaccac ggu age gaageuacccuuuuu cacuu ceu guacauuuacecu gu cu guccaua gu gautiaau guageacc geccuauu g
cggugeuuu

>NC_009778

acuuccugagecggaac gaaaa gucuuuaagaau gaga guucu gga gggeuuuu gecuu ac gguu gu gau guu gu guu guul gu guuu gcauuu gg
ucugcgauucagaccauc guageuaa geuacucutuuc acuuc cu guacauuuac ccu gucu gu ccaua gu gauuaau gua geace gecacuuu ge ggu
geuuu

>NC_009436

acuuccugagecggaac gaaaa geuuuuuuu ggaau ge gu guucu gaa gggeuuuu ggeuu ge gguu gu gau guu gu guu guu gu guuiu gcaauu
ggucugeuauuca gaucau ggua geaaa gecuac ccuuuuuucacuuc cu guacauuuac ccu gucu gu ccau agu gauuaau gua geace gecuauu

ugeggugeuuu

>NC_011740

acuuccugagecggaac gaaaa guuuuauc ggaau ge gu guu cu ggu gaacuuuu ggeuuac gguu gu gau guu gu guu guu gu guuu geaauu g
gucugegauucagaccac ggu a geau ageua cccuuuu cacuu ceu guacauuuacecu gu cu guccaua gu gautl aau gua geac e gecuuauu g
cggugeuuu

>NC_009648

acuuccugagecggaac gagaa geuuuuuuu ggaau ge gu guuccaucaa geuulu ggeuu ac gguu gu gau guu gu guul guu gu guuu gecaauu

geucuguuuuugea gacecu ggua geaaa geu ace cCuiuuc acuuc Cu guacauuuac ccu gucu gu ccaua gu gauuuaau guageacc gecaacg
cgeggugeuuu

>NC_012917

acuuccuggEce ggaac gaaaa gu ge ggau gggu gaccu gaggu geuuiiii ggeuu gu ggutl gu gau guu gu guuil gcuauuu guuu gucu gecuu
uugeagaugugguage ga guc acccuauuc acuuc cu guacauuuac ccu gucu gu ccaaa gu gauuuuiuu gu gu a geace geaaauu ge ggu ge

uuu

>NC_005126
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acuuccuaagecggaac gaaaa gl gaauca geuuaac geuau gaaacuuuu ggeuuu gu ggull gU gau guu gu guiu geaa guul gu cul g2 gaaace
ggacceugua geucaa geu ac guuuuuuc acuuic cu guacauuuac ceu gucu gu ccau a gu gauuuuuuaau geace gea guu ge ggu geuuu
>NC_010554

acuuccuaagecggaac gaaaa guu gu guagu a geaauacu geaaaacuuuiu ggeuuu gu ggul gu gau guu gu guuill geaa guu gucu ggaaauu
ccagacuuuguageu gau geuacu guuuuuuuuca cuucc gu acauuu ace cu gucu guc caua gu gauuuuauaau geace gecaa gge ggu ge
uuu

>NC_003197

acuuccugagecggaac gaaaa guuuuauc ggaau ge gu guu cu gau gggeuuuu ggeuuac gguu gu gau guu gu guu guu gu guuu geaauu g
gucugegauucagaccac ggu a ge gagacuacccuuuuu cacuu ceu guacauuuacecu gu cu guccaua gu gautlaau guageacc gecauauu g
cggugeuuu

>NC_009832

acuucccggeee ggaac gaaaa ggga gu gggu guc ga geac gee gau gaacuuuu ggeuu gu gguu gu gau guu gu guuu geaaauu gucu ggeaa
uccagacguggua geuaa geu acu guuuuUC acuuc cu guacauuuac ccu gucu gu ccaua gu gauuuuau gea geace geaau cuuu g6 ggu geu
uu

>NC_007606

acuuccugagecggaac gaaaa guuuuauc ggaau ge gu guu cu ggu gaacuuuu ggeuuac gguu gu gau guu gu guu guu gu guiil geaauu g
gucugegauucagaccau gguageaaa geuaccuuuuuucacuuc cu guacauuuacccu gucu gu ccau agu gauuiaau guageace gecuaauu g
cggugeuuu

>NC_004337

acuuccugagecggaac gaaaa guuuuauc ggaau ge guauucu ggu gaacuuuu ggeuu ac gguu gu gau guu gu guu guu gu guuu geaauu g
gucugegauucagaccau ggua geaaa geuaccuuuuuucacuuc cu guacauuuac ccu gucu gu ccau agu gauuiaau gua geace gecuaauu g
cggugeuuu

>NC_007384

acuuccugagecggaac gaaaa guuuuauc ggaau ge gu guu cu ggu gaacuuuu ggeuuac gguu gu gau guu gu guu guu gu gui geaauu g
gucugegauucagaccau gguageaaa geuaccutuuuuc acuuc cu guacauuuac ccu guct gu ccaua gu gauuaau gua geacc geccuaauu g
cggugcuuu

>NC_007712

cauucauaagecggaac gaaaagaacuuaggaa gau aau gautu caaa ge geuuuu e ga gu gau gu gau guu gu guuu gea gauu ggecc gecau
ugeggacccccuuulu cuuaaauce guuuu ggauauauuuuu cu gucu guc caua ga gaaaa gua geac e g e cu ge ggu geuuu
>NC_008300

acuucccaagecggaac gaaaa guagguuua guau cca gguac gaauu geuuuu ggeuuu gu gguul gu gau guu gu gulil geaaau ggucu ggu g
ugecagacauagua geuaageuacu guuuuuuuuca cuuceu guacauuu ace cu gucu guccaua gu gautuuau gea geace geull auuuuc g6 gg
ugeuuu

>NC_003143

acuuccccuagecggaac gaaaa gu agguuu gguauc ccagguacu gaaau geuuuu ggeuuu gu ggu ggu gau guu gu guu geaaau gl cu gg
uaugccagacauagua geu aa geu acu geuuliiiiu cacull CCU gua cauliia ceeu gU Cul gucc aua gu gauuuu au gea geac ¢ guuauuuu gge
ggugeuuu

>NC_006155

acuuccccuagecggaac gaaaa gu agguuu gguauc ccagguiac gaaau geuuuu ggecuuu gu ggu ggu gau guu gu guuil geaaau ggu cu gg
uaugccagacauagua geu aa geu acu geuuiiiiiiu cacuul ceu glacautiiia cecu gu cu gucc aua gu gauuuu au gea geac ¢ guuauuuu gge

geugeuuu

GlmZ

>NC_000913

guagaugeucauuccaucucuu au guuc ge cuua gu ge cucau aaacucc ggaau gac geaga gec guuu ac ggu geuu auc guccacu gacagau g
ucgeuuaugecucauca gacaccau ggacacaac guu ga gu gaa geac ccacuul guul gucau aca gaccu gUUiiii aac gecu geu cc guaauaa gage
aggcguuuuuuu

>NC_016810

guagaugeucauuccaucucuu au guuc gecuucu geecucau aaacuca ggaau gau gea gagee guuuac ggu geuuau e guccacu gacagau g
ucgeuuacgecucaucaaacace cu ggacacaac guul ga gu gaa geace cculilau guu gu caua ca gaccul guuul gac gocu gececuuaace ggg
caggcguuuuuuu

>NC_009792

guagaugeucauuccaucucuu au guuc gecuua gu gecucau aaacuca ggaau gau gea ga gee guuuac ggu geuuau c guccacagacagau g
ucgeuuacgecucaucaaacaccau ggacauaac guu gagu gaageacccauuuau guu gucauacagaccu guuuu gac gecu geu cauuu gagea

gecguuuuuuu

>NC_013716

guagaugeucauuccaucucuu au geuc gecau a gu gecu cauaaact ca ggaau gau gea ga ge ¢ guuuac ggu geuuauc gu ccacu gaca gau g
ucgeuucggecucau cagacaccau ggacauaac guu ga gu gaageacc cauuuau guu gu cauaca gaceu guulii gac gecu gececuuacc ggg

caggcguuuuuuu

>NC_009778

guagaugeucauuccacuuauu au guuu geuc e ggeuucauaaace caggaau gac gea ga gee guuuac ggu geuuau e guccacagaca gau guc
geuucggecucaucaaacaccau ggacauaac guu ga gu gaa geaccacauuu guu gu caaaca gaccu gUul gauac cu gecuu ¢ gggeaggu au

uuuuuu

>NC_009436
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guagaugeucauuccaccu cuuau guuc gecuua gu gecucauaaacuca ggaau gac gea ga ge cauuuac ggu geuuau e guccacc gacagau g
ucgeuucggecucau caaacaccau ggacacaac gull gagu gaa geaccaaauau guu gu ¢ gaau a gaucu guil aac gecu geuuuuu ageagee g
uuuuuuu

>NC_011740

guagaugeucauuccaucucuu au guuc gecuua gu ge cucau aaacuca ggaau gac gecaga gec guuu ac ggu geuu auc guccacu gacagau g
ucgeuuaugecucaucaaacaccau ggacau aac guu ga gu gaa geac ccaauu guu gucaaaca gaccu guuuuaac gecu geuce guaauaagage
aggcguuuuuuu

>NC_009648

guagaugeucauuccaucucuu au guuc ge cuuc gu ge cucau aaacucc ggaau gau gea ga gee guucuu ac ggu geuu auc guccacu gacaga
ugucgeauuuaugecucaucaaacaccau ggacauuac guu ga gu gaageac ccaauuu guul gucaaaca gac cu guuiiiaac gecu geeeu gauuu
cagegeagge guuuuuuu

>NC_012917

guagaugcucauuccaccuu cuau geuu geuuc ggeuu cauaauccu gggaau gau geaga gecaauuu gaggu gecuauc gu ccaacuccagau ga
agaugcaaaucuccau c gggeuuucc ggacauaac guu gagu ga ggeac cauucu guu gu cu gacagaccu gauauuuu caac geuuace guuuau c
geguaageguuuuuuu

>NC 005126

guagaugeucauccu auuucuuau gauu geau au geuuc auaaace ca gggau gau gea ga gec gauuauc ggu geccuauu gu ccau gu caca gau g
aguaagauauaacccu cuuuucau ¢ gec gacc ggacucaac guu gagu gaggcacuau cc gucu guagac cu gauu guauuu guacaccuau cuuua
uuuuuaagguaggu guuuuuuy

>NC_010554

guagaugeucauuccacuc cuuau gacageauau gacuucau aaaccua ggaau gau gea ga gec gauu auc ggu gecuac gu ccac guuauc gau g
aaacaccauucaucaccaacaggac gaaac guu gagu ga ggeaccau cC gucu gua gac cu gauu guau auuuuau geaccu guauuuuuuaau ac g
geuguuuuuuu

>NC_003197

guagaugeucauuccaucucuu au guuc gecuucu geecucau aaacuca ggaau gau gea gagee guuuac ggu geuuau e guccacu gacagau g
ucgeuuacgecucaucaaacace Cu ggacacaac guul gagu gaa geace CCuliuau guu gu caua ca gaccul gt gac 2eci gCCecuuaace ggg
caggcguuuuuuu

>NC_009832

guagaugeucauuccaccu cuuau guuu gecuua ggeuu cauaaac ceu gggaau gac gca ga gee gaui aa ggu gecuauu geccacea gaac ga
ugucageguugeuu geage e geagacau cac acuc C gggeau aac guu ga gu ga geeace geee cu gull gUccu agac cu gauu geuuuuuu auaca
cuugecaccgeggeaa gu guuuuuuu

>NC_007613

guagaugeucauuccaucucuu au guuc gecuuagu gecucau aaacuce ggaau gac gea ga gec guuiuac ggu geuu auc guc cacu gacagau g
ucgeuuaugecucauca gacaccau ggacacaac guu ga gu gaa geac ccacuul guul gucau aca gaccu gUUiliil aac gecu geu CC guaauaa gage
aggcguuuuuuu

>NC_007606

guagaugeucauuccaucuc cuau guuc geccuua gu gececucauaaacuc e ggaau gac gea ga gec guuuac ggu geuuauc gu ccacu gacagau g
ucgeuuaugecucauca gacaccau ggacacaac guu ga gu gaa geac ccacuu guu gucau aca gaccu gl aac gecu geu cC guaauaa ga ge
aggcguuuuuua

>NC_004337

guagaugeucauuccaucucuu au guuc ge cuua gu ge cucau aaacuce ggaau gac geaga gec guuu ac ggu geuu auc guccacu gacagau g
ucgeuuaugecucauca gacaccau ggacacaac guu ga gu gaa geac ccacuul guul gucau aca gaccu gUUilii aac gecu geu cc guaauaa gage
aggcguuuuuuu

>NC_007384

guagaugeucauuccaucucuu au guuc gecuuagu gecucau aaacuce ggaau gac gea ga gec guuiulac ggu geuti auc guc cacu gacagau g
ucgeuuaugecucauca gacaccau ggacacaac guul ga gu gaa geac ccacu guul gucau aca gaccu guliiil aac gecu geu cC guaauaa gagea
gecguuuuuuu

>NC_008800

guagaugeucaucccacuu auuau gau agecu gguuuuu aua gecaauuu a geuuc auaaace cagggau gac gca ga ge ¢ gauuuua gggu gecua
uuguccauguaaacgau guu gaau aucuucaucacauacc gggeauaac guu gagu gaggeac e gacauu guu gucu gua gaccu gaaaauuucaga
cgeuugeccuuaucggeaa ge guuuuuuu

>NC_003143

guagaugeucaucccacuu auuau gacageuu ggecauu aa ggeu aauuua gecuucau aaaccea gggau gac gea ga gee gauuuua gagu gecua
uuguccauguaaccgau guu gaguaau gucau cacauacc gggeau aac guu gagu ga ggeacu gau auul guu gucuau ¢ gac cu gaaaauuuua ga
cacuugcccuuuucggeaagu guuuuuuu

>NC_006155

guagaugeucaucccacuu auuau gacageuu ggecauu aa ggeu aauuua gecuucau aaaccca gggau gac gea ga gee gauuuua gagu gecua
uuguccauguaaccgau guu ga guaau gucau cacauac ¢ gggeau aac guu ga gu ga gecacu gau auu guu gucuau ¢ gac cu gaaaauuuuaga
cacuugcccuuuucggeaagu guuuuuuu

MicA

>NC 000913

£aAagacgc geauuu guuaucaucau cecu gaauuc a ga gau gaaauuuu ggecacucac gagu ggccuuuu
>NC 016810

£AAagacgc geauuu guuaucaucau ceeu gUuiiii ca ge gau gaaauuuu ggecacuc e gu gagu ggccuuuu
>NC_ 009792
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RESULTS

£3aagacgc geauuu guuaucaucau cceu guuuu ca ga gau gaaauuuu ggecacucac gagu ggecuuuu
>NC_013716

gaaagacge geauuu guuaucaucau cccu gauuuca ga gau gaaauuuu ggecacu cee ga gu ggecuuuu
>NC_009778

£gaaagacge geauuu guuaucaucau cacu ga guuca ga gau gacaauuu ggecaca ge gau gu ggecuuuu
>NC_009436

£aaagacge gecauuu guuaucaucau cCccu gauuuca ga gau guuauuuu ggecaca ge gau gu ggecauuu
>NC_011740

£aaagacge gecaulu guuaucaucau cccu gaauuc a ga gau gaaauuiiu ggecacucac gagu ggecuuuu
>NC_009648

£aaagacgc geauuuauuau cauc aucau ceccu gaauc a ga gau gaaa guuu ggecaca gu gau gu ggecuuuu
>NC_012917

gaaagacge gecauuuauuau caucaucc cuauua ga gau guuuauuu ggecaca guuucu gu ggecuuuu
>NC_003197

£aaagacge geauuu guuaucaucau cccu guul ca ge gau gaaauuuu ggecacuc e gu gagu ggecuuuu
>NC_009832

£aaagacge geauuu guuaucaucau cccu gu cauca ga gau gecauauuu ggeca cauu gau gu ggecuuuu
>NC_007613

£aaagacge gecauuu guuaucaucau cccu gaauuc a ga gau gaaauuliu ggecacucac gagu ggecuuuu
>NC_007606

£aaagacge geaulill guuaucaucau cccu gaauuc a ga gau gaaauuiil ggeca cucac ga gu ggecuuuu
>NC_004337

gaaagacge geauuu guuaucaucau cccu gaauucaga gau gaaauuuu ggecacuce e gagu ggecuuuu
>NC_007384

gaaagacge geauuu guuaucaucau cccu gaauucaga gau gaaauuuu ggecacucac gagu ggecuuuu
>NC_007712

£2aaagauge geaullll guu aucau cauc ccu guuaaca ggaau guuaauuua gecaca guuucu gu ggecuuuu
>NC_008800

£2aaagacge geauuu guuaucaucau cccu guu auca ga gau guuaauuu ggecaca geaau gu ggecuuuu
>NC_003143

£2aaagacge gecaull guuaucaucau ccCull cuauua ga gau guuaauuu ggecaca gu gau gu ggecuuuu
>NC_006155

gaaagacge geauuu guuaucaucau cccuu cuauua gagau guuaauuu ggecaca gu gau gu ggecuuuu

MicC

>NC_003197

guuauaugecuuuauugucacauaul cauuuu guc geu gggccauu ge guuaaccuuu geuuucea ge guau aaauu gacaa gec ¢ gaac ggau gu
ucgggcuuuuuuu

>NC_016810

guuauaugecuuuauugucacauaul cauuuu guc geu gggecauu ge guuaaccuuu geuuucea ge guau aaauu gacaa gec e gaac ggau gu
ucgggcuuuuuuu

>NC 000913

guuauaugecuuuauugucacagauuuu auuuucu guu gggecauu geauu gecacu gauuuu ccaacau auaaaaa gacaa gee e gaacaguc guc
cggegcuuuuuuu

>NC 009792

guuauaugecuuuauugucacauuuiu geuuuuuu c guu gggecauu ge gau aa guacu gaucuu cca ge gaau gaauu gacaa geec gaaccaaggu
ucgggcuuuuuuu

>NC 013716

guuauaugecuuuauugucaau guuu geuuuuU guu e ccaull g¢ gaa ge guacu gauuu gec aacaaucauaau gacaa gec ¢ gaac gaau guuc
gggcuuuuuuu

>NC_009648

guuauaugecuuuauugucau gecaauaauuu auu guu e gu cucauu Cu ge ggaau gau guu guiuau ¢ gguaaaac gacaagec e gaacguu g
uguucggecuuuuuuu

>NC_011740

guuauaugecuuucuugucacuauu geuuuuu au geu gggeu ace gca gauuu acuc auuuac ca geaauau aauc gacaa gec c gaacaaau guce
ggegcuuuuuuu

>NC_007613

guuauaugecuuuauugucacagauuuu auuuucu guu gggecauu geauu gecacu gauuuu ccaacau auaaaaa gacaa gee e gaacaguc guc
cggegcuuuuuuu

>NC_007606

guuauaugecuuuauugucacagauuuuautuucu guu ggeccauu geauu geuacu gauuuuc caacaual aaaaa gacaa geec gaaca guc guc
cggegcuuuuuuu

>NC_004337

guuauaugecuuuauugucaca gauuiu auuuucu guu ggec cauu geauu gecacu gauuuu ccaacau auaaaaa gacaa gecc gaacaguc guc
cggegcuuuuuuu

>NC 007384
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guuauaugecuuuauugucacagauiuu auuuucu guu ggc cauu geauu gecacu gauuuu ccaacau auaaaaa gacaa gee e gaaca guc guc
cgggcuuuuuuy

MicF

>NC 000913

geuaucaucauuaacuuuauuuauuac e gucauu cauuucu gaau gucu guuu ace CCuauuul caace ggau gecuc geauuc gguuuuuuuu
>NC 009792

geuaucaucauuaacuuuauuuauuac c gucauu cauuucu gaau gucu guull ace ccuauuu caace ggau gecuc gecauuc gguuuuuuuu
>NC 013716

gcuaucaucauuaacuuuauiuauuac ¢ gucauu cautiucu gaau gucu guiil acC ccuauuu cage e gaac guuuucac guuc gguuuuuuuu
>NC 009778

geuaucaucauuaacuuuauuuauuac e gucauu ca gau cu gaau guu ¢ guuUUAac cCCu auuac ¢ gee ggau geuc geauc e ggeauuuuuu
>NC 009436

geuaucaucauuaacuuuauuuauuac ¢ gucauu cauuuuu gaau gucu guuuau cecu aautl gagee ga gu geaau geauuc gguuuuuuuu
>NC 011740

geuaucaucauuaacuuuauuuauuac e gucauu cauau cu gaau gu cu guuuac cccll autucaace ggau ge gaa geau ce gguuuuuuuu
>NC 009648

geuaucaucauuaacuuuauuuauuac c gucauu caguucu gaau gucu guuti ace ccuauuu caace ggau geeuc geauc e gguuuuuuuu
>NC 003197

gcuaucaucauuaacuuuauiuauuac ¢ gucauu cacuu cu gaau gu cu guiiuac cccilauuucaace ggau geuuc gcauuc gguuuuuuuu
>NC 016810

geuaucaucauuaacuuuauuuauuac e gucauu cacuu cu gaau gu cu guuuac ceeu auuucaace ggau geuuc geauuc gguuuuuuuu
>NC 007613

geuaucaucauuaacuuuauuuauuac e gucauu cautucu gaau gucu guuu ace ccuauuu caa ce ggau gecuc geauuc gguuuuuuu a
>NC_007606

geuaucaccauuaacuuuauuuauuace gucauucauuu cu gaau gu cu guuuac ceell acuuc aac e ggau ge cuc geauce gguuuuuuuu
>NC 004337

geuaucaucauuaacuuuauuuauuac e gucaut cauuucu gaau gucu guuu ace cCuauuil caace ggau gecuc geauuc gguuuuuuua
>NC 007384

geuaucaucautaacuuuauuuauuac e gucauu cauuucu gaau gucu guuu ace CCuauliu caace ggau gecuc geauc c gguuuuuuuu

OmrA

>NC 000913

cccagagguauu gauu ggu ga gauuauu ¢ gguac ZCUCuUC guace cu gUCucuU geac caaceu g6 g¢ ggau ge gea gguuuuuuuu
>NC 011740

cccagagguauu gauu ggu gagauuauu ¢ gguac g¢ gCuuc guace Cu gUCuCUU geac caaccu g6 ge ggau gc gea gguuuuuuuu
>NC 003197

cccagagguauu gauu ggu gagauuauu ¢ gguac gCUCuUC guaccu gu CUCUU geaccaac cu ge ge ggau ge geagguuuuuuuu
>NC 016810

cccagagguauu gauu ggu gagauuauu ¢ gguac gCUCuUC guaccu gu cucuU geaccaac cu ge ge ggau ge gea gguuuuuuuu
>NC 007613

cccagagguauu gauu ggu ga gauuauu ¢ gguac gCUCUUC guace Cu gUCUCUU geac caaceu g6 ge ggau ge gea gguuuuuuuu
>NC 004337

cccagagguauu gauu ggu ga gauuauu ¢ gguac ZCUCUUC guace cu gUCucUU geac caaceu g6 g¢ ggau ge gea gguuuuuuuu

OmrB

>NC 000913

cccagagguauu gauaggu gaa gu caacuuc ggguu ga geacau gaauu aca cca gecu g gea gau ge gea gguuuuuuuu
>NC 009792

cccagagguauu gau aggu gaaauca gecuuuc ggguu gau cac aa gaauuacaccaac cu ge geaucau gu gea gguuuuuuuu
>NC 013716

cccagagguauu gauaggu gac gu caacuuuc ggguu gaacacac gaauuacaccaaccu gegea gau ge geagguuuuuuuu
>NC_009778

cccagagguauu gauaggu gaa gu ca ge gacuua geu gaucacaacacuuacaccaac cu ge ge ggau ge geagguuuuuuuu
>NC 009436

cccagagguauu gauaggu gaaauca geuce gguu gauuaacac gauuu gea ccaaccu ge guccauac gea gguuuuuuuu
>NC 011740

cccagagguauu gauaggu ggu gucaacuau aaa guu gaccacuu gaauuacaccaaccu ge geagau ge gea gguuuuuuuu
>NC_ 009648

cccagagguauu gau aggu gga gucaac gu cac guu gaccacuuuacuuacaccagecu ge geagau ge gea gguuuuuuuu
>NC 012917

cccagagguauu gauu ggu gauauau ¢ gau gu gCu cU guac auu gaaacc aulill gauua cac caa ccuac ge ggau ge gua gguuuuuuuu
>NC 003197

cccagagguauu gau aggu ggaau caac gucauu guul gaucacac gaauuacac caaccu ge guaga gau ge gea gguuuuuuuu
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>NC 016810

cccagagguauu gau a ggu ggaau caac gucauu guul gaucacac gaauuacac caaccu g guaga gau ge gea gguuuuuuuu
>NC_009832

cccagagguauu gauu ggu gaaucu ca geaacuu guul guu gaac ccall auuaauuiiil geac caaccuac gea gau ge gua gguuuuuuuu
>NC_007613

cccagagguauu gauu ggu ga gauuauu ¢ gguac gCucuuc gu ace cu gucucuu geac caaceul g6 g ggau ge gea gguuuuuuuy
>NC_007606

cccagagguauu gau aggu gaa gl caa cuuc ggguu ga geacau gaauu acacca gecu g6 geagau ge gea gguuuuuuuu

>NC_004337

cccagagguauu gau aggu gaa gl caa cuuc gu guu ga geacau gaauu acaccagecu g6 geagau ge gea gguuuuuuuu

>NC_007384

cccagagguauu gau aggu gaa gl caa cuuc ggguu ga geac au gaauu acacca gecu ge gea gau ge gea gguuuuuuuu

>NC_008300

cccagagguauuaauu ggu gaguaaucaacau ac geu gu gu guu aaa geca guuliiiu autll g6ace gaceuac gea gau ge gua gguuuuuuuu
>NC_003143

cccagagguauuaauu ggu gaau aaucaacauuc geu gu gu aucaaa gau ¢ guuuuuuauuu geace gaccu ac gea gau ge guagguuuuuuuu
>NC_006155

cccagagguauuaauu ggu gaau aaucaacauuc geu gu guaucaaa gau ¢ guuuuuuauuu geace gaccu ac gea gau ge guagguuuuuuuu

OxyS

>NC 000913

£aaacgga ge ggcaccu culuuaacecuu gaa gucacu gece gUuuc ga ga guiiiicu caacuc gaauaa cuaaa gecaac gu gaacuuuu ge ggaucu
ccaggauccge

>NC 009792

£gaaacgga ge gguaccucuuu aac ccuu gaa gucace g6 guucaaa gaguuuuucucaacu ¢ gaaauaacuaaa gecaac gu gaacuuuu ge ggac
ccuaugguccge

>NC 013716

£2aaacgga ge gguac guuuaacecuu gaage cac e geac guucaga ga guuucu cucaace ¢ gaau aacll aaa gecaac gu gaacuuuu g¢ ggacc e
gugguccge

>NC_009778

gecgegga gaacaucacuccuuace cucacu gagu gauaac ce geacacaga gu cucucu guua gee gu auaacuaaa gec aac gu gaacu auuua ge
ggacaguaa gucc gc

>NC 009436

UAgACZAZEC ZECac guaull gacceuul gac gUCCee gee ga gu cagac ga guuuau cecu aacl ¢ gaacaacuaaagecaac gu gaacuuuu ge gga
cceecgugguec ge

>NC 011740

£aaacgga ge gecaccu culuuaacecuu gaa gucacu gece gUuUC ga ga guuiucu caacuc gaauaa cuaaa gecaac gu gaacuuuu ge ggaucu
ccaggauccge

>NC 009648

aauacgcccauaaa gac ggu cuac cu gu gaaaaucacu gacee gu cacacu guuucu cuac ce gaacaacuaaa ge caac gu gaac uuuu ge ggaccu
ugeguccge

>NC 003197

agaacgga ge gguuucy ¢ gUiitaacecuul gaa gacac ¢ gec e guucaga ggguaucu cuc gaace ¢ gaaauaacuaaa gecaac gu gaacuuuu ge gg
accucugguecge

>NC 016810

agaacgga ge gguuucu ¢ gUiitaacecuul gaagacac ¢ gec e guucaga ggguaucu Cuc gaace ¢ gaaauaacuaaa gecaac gu gaacuuuu gegg
accucugguecge

>NC 007613

£aaacgga ge ggcaccu culuuaacecuu gaa gucacu gece gUuUC ga ga guuicu caacuc gaauaa cuaaa gecaac gu gaacuuuu ge ggaucu
ccaggauccge

>NC_007606

gaaacgga ge ggeaccu cuuuuaa ceeuu gaa gucacu gece guuuc ga gaguuucu caacuc gaauaacuaaa gec aac gu gaacuuuu ge ggaucu
ccaggauccge

>NC_ 004337

gaaacgga ge ggeaccu cuuuuaa ceeuu gaa gucacu g6 e guuuc ga gaguuucu caacuc gaauaacuaaa gec aac gu gaacuuuu ge ggaucu
ccaggauccge

>NC 007384

£aaacgga ge ggeaccu cuuuuaa ceeul gaa gucacu gecc guuuc ga gaguuucu caacuc gaauaacuaaa gec aac gu gaacuuuu g ggaucu

ccaggauccge

RprA

>NC_000913

acgguuauaaaucaacauauu gauuu auaageau ggaaauc cccu gagu gaaacaac gaauu geu gu gu gua gu cuuu gec cauctl cecac gau geg
cuuuuuuu

>NC_009792
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acgguuauaaaucaac geccuu gauuu auaa geau ggaaauc cecu ga gu gaaacaac gaauu geu gu gu gua gu cuulu geccaucul ceeac gau geg
ccuuuuuu

>NC 013716

aacguuauaaaucaacacauu gauuuau aageau ggaaauce ceu ga gl gaaacaac gaauu geu gu gu gua gucuuill geceaucucccac gau ggec
uuuuuuu

>NC_009778

acgguuauaaaucaac geccuu gauliu auaaacau ggaaau ccc Cu ga gu gaaac aac gaauu geu gu gu gu agucuuu geccau cuce cac gau ggg
cuuuuuuu

>NC_009436

acgguuauaaaucaacaccuu gauuuauaageau ggaaau ccc cu gagu gaaacaac gaauu geu gu gu gu a gucuuu geccau cuce cac gau ggg
cuuuuuuu

>NC_011740

acgguuauaaaucaac guauu gauuuauaa geau ggaaauceccu gagu gaaacaac gaauu geu gu gu gua gucuuu geecaucucccac gau geg
cuuuuuuu

>NC_009648

acgguuauaaaucaacaccuu gauuuauaa geau ggaaau ccc Cu gagu gaaacaac gaauu geu gu gu gua gucuuu geceau cucccac gau ggg
cuuuuuuu

>NC 012917

geuaguauuaaccuacu guau gu caau gagguuuccu ceuc gu ca ga guu a guaac gaauu geu gu gu gua gucuu gececauce ceu gagau ggg
ccuuuuuu

>NC_005126

ugggeuaugaac ga gac guuuauuucu ccuuuu gau gguu cuacuu guuia gaaac gecuauauu geu gu gu gua guccuu gecu aucac geccau g
auaggcuuuuuuu

>NC_010554

augguuuugccuauuuuauuaau a gauuaaaa gge ga gaccaaa guau auaaaauauu geu gu gu gua gucuu gecu guca gec cau gaua ggeu
uuuuuu

>NC_003197

acgguuauaaaucaacacauu gauuuauaageau ggaaau ccC Cu gagu gaaacaac gaauu geu gu gu gua gucuuu g6 CC gucl ccuac gau ggg
cuuuuuuu

>NC_016810

acgguuauaaaucaacacauu gauiuauaageau ggaaau cec cu ga gu gaaac aac gaauu geul gu gu gua gucuuiul g cC gucu ccuac gau ggg
cuuuuuuu

>NC_009832

ccugauuuaaageaa gaul ccaaacaau guaau gecauacau gu gaauu geu gu gu gua gucuuu gece gu cuccu au gau gggeuuuuuuu
>NC_007606

acgguuauaaaucaacauauu gauliu auaa gcau ggaaauc cccu ga gu gaaacaac gaauu geu gu gu gua gu cuuu gec caucul cecac gau ggg
cuuuuuuu

>NC_004337

acgguuauaaaucaacauauu gauliu auaa gcau ggaaauc cccu gagu gaaacaac gaauu geu gu gu gua gu cCuuuuce cauctl cecac gau ggg
cuuuuuuu

>NC_007384

acgguuauaaaucaacauauu gauuu auaa gcau ggaaauc cccu gagu gaaacaac gaauu geu gu gu gua gu cuuu geccaucul cecac gau ggg
cuuuuuuu

>NC_007712

augcguguuauuageucuau gauuuaguaau gauuuuaau geuacee ggeau gaca gaauu geu gu gu gua gu cuuu gec caucuuu aa gau gggc
uuuuuuu

>NC_008800

ccecgggauauuuaaauaaauuaucu cauaau gacuu auuuaaauaucu gu aauc gaauau aa guauu geu gu gu guagucuuu gecu gucaccuaag
acgggcuuuuuuu

>NC_003143

aggcgeuuaaauaaac cauuuaau gaua gecuuautuaaac gu cu gu gaucu a guac au guauu geu gu gu gu a gucuuu gecu gucaccuaagacag
geuuuuuuu

>NC_006155

aggcgeuuaaauaaaccauuuaau gaua geuuauuuaaac gu cu gu gaucu a guac au guauu geu gu gu gua gucuuu gecu gucaccuaagacag
geuuuuuuu

RybB

>NC_000913

geecacugeuuuucuuugau gu cce cautiiiil gU gga geeeaucaace CC gecauuuc gguu caa gguu gau ggguuuuuu
>NC_009792

gecacugeuuuucuuugau gu ceccaauuu gu gga gec caucaac cee gecauuuu ggu caa gguu gau ggguuuuuu
>NC 013716

gecacugeuuuucuuugau gu ceccauuiu gu gga geecaucaace ¢ gee guuuc gguucaa gguu gau ggguuuuuu
>NC_009778

gecacugeuuuucuuugau gu ceccautiiil gu gga geec aucaace ¢ gecaucuu ggu caa gguu gau ggguuuuuu
>NC_009436
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gecacugeuuuucuuugau gu cceccauuuu gu gga gec caucaac cee gecauuuu gguu caa gguu gau ggguuuuuu
>NC_011740

gecacugeuuuucuuugau gu cee caauuil gu gga gee catc aac cee gee guuuu gguuc aa gguu gau ggguuuuuu
>NC_009648

gecacugeuuuucuuugau gu cecccautuu gu gga geccaucaace ce gecacuu ¢ gguucaagguu gau ggguuuuuu
>NC 012917

gecacugeuuuucuuugauu ceccuuaut gagga gec cauc guul cee gecuuucagguucaa gaac gau ggee guuuu
>NC_005126

gecacugeuuuucuuugau auce ccau auu ga ggaace ¢ gaua gu caau ccauuuu gguul ¢ ga gacuauc ggguuuuuu
>NC_010554

geecacugeuuuucuuUgau gu cec caaauauu gagga gec c gaua gulill caa cee cuuiUl ggu gaaauaa cu gue ggguuuuuu
>NC_003197

gecacugeuuuucuuugau gu cce cautiiiil gU gga geecaucaace cC ge cauuuc gguu caa gguu ggu ggguuuuuu
>NC_016810

gecacugeuuuucuuugau gu ceccauttiu gu gga geccaucaace ¢ gecauuuc ggul caa gguu ggu ggguuuuuu
>NC_009832

gecacugeuuuucuuugau gu cecccautiul gu gga gece guu aguce ¢ gecu auuua gguucaa gacua ge ggguuuuuu
>NC_007606

gecacugeuuuucuuugau gu ceccautiil gu gga geecaucaace CC gecauuuc gguu caa gguu ggu gguuuuuuu
>NC_004337

gecacugeuuuucuuugau gu ccecautiiil gu gga geec aucaace ¢ gecauuuc gguu caa gguu gau ggguuuuuu
>NC_007384

gecacugeuuuucuuugau gu cee cautiiiil gU gga geeeaucaace CC ge cauuuc gguu caa gguu gau ggguuuuuu
>NC_007712

gecacugeuuuucuuugau gu cce cauliiiil ga gga gec caa ge guee ¢ gecu auua gguucaa gac geuu gguuuuuuu
>NC_008800

gecacugeuuuucuuugau gu ceccauauu gagga ge cc gau a guce ¢ gecuu cutagguucaa gacuaguc ggguuuuu
>NC 003143

gecacugeuuuucuuugau gu ceccauauu gagga gece ggua gl cec gecuucuu agguucaa gacu aacc ggguuuuu
>NC_006155

gecacugeuuuucuuugau gu ceecauauu gagga ge ce gguia g cec gecuucuu agguucaa gacu aacc ggguuuuu

SerS

>NC_000913

gaugaageaagggggu geeceau ge gucaguuuuauca geacuauuuuace ge gaca ge gaa guu gu geu gguu ge guu gguuaa ge guc ceacaac
gauuaaccaugeuugaa ggacu gau gca gu gggau gace geaauucu gaaa guu gacuu gecu geau cau gu gu gacu ga guauu ggu gu aaaauca
ccegecageagauuauaccu geu gguuuuuuuu

>NC_009792

gaugaagcaauau gga ga ggucuu ¢ gau g gu caguuuuauuu gaaguacuuuacce e gacagaaggguu guccu gguu ggeuu guce ga ge ge ge
cgeagegeuuaaagau geuu gaa gaacu gau gca gu ggga ggll gacll g6 CU gac CUC gauulll cC gaauu gea gacau cau gu gu gacu gaguauu g
guguuuaucgecge geca geagauaauu ceu geu ggeuuuuuuce

>NC 013716

gaugaagecacaau gaaggggu gaucaau ge gccaguucu aucu gaaauauuuu ace ¢ gacagaaa gauu guc cu gguu ggeuu gecul ga ge g¢ gec
geagegeuuaaaaauacu ggaa gaacu gau gea gu ggga ggl gaaaac Cu gacu CC ggau a ggea gacau cau gu gu gacu ga guauu ggu gcagge
uauagccucgauucace g geca geaggu auuauc geu ggeuuuuuuc

>NC_009778

gecuuaugaaaacgu ¢ gucaacau gea gguuuuau cagea guauuuca ge geaac geaac gucuuuc e ggeucau geeu ggece gecu gaac gguaaa
acgecgeaac gaau geu ggau ga gaucau gea gu gggau gu gacauu cee ggu gac guuuaa ge gec geuaa ge ggacaucac gu guaacu gagu au
uggugeuuuucaccu gecageagu gu gecuacu geu ggecuuuuuuce

>NC_009436

gaugaageaa ggga gu gaac gau gaa ga ggucaace geac gu caguuuuau cageaguacuuuuu age gacaaaa gga gu gu ccul ggeu ggece gece
agugegeega geage ggeul gaaaau geu ggaa gaauu gau gea gu ggga gguu ac 2eaaac gacu cu gaac gel gacuu gecu ¢ gaucau gu gu ga
cugaguauuggu gecuu aucacee geca geaaaau guuuuu geu ggeuuuuuuc

>NC_011740

gaugaagega gga ggu ggeau au geau ca guuuuau ca ge ggu auuuuac ¢ geaacu gaaaa guu gu ceu gguuau auu gguuaa ge gecu cec gg
cguuuagcaaugeu ggaagaacu gau gea gu ggga guul ga gu geuce guaacu gaauu ge e gacaucau gu gu gacu gagu auu ggu guaaaauca
ccegecageagauaauac cu geu ggeuuuuuuu

>NC_012917

gguggcuuau gge gauuu cee guit gu ace gguu cuaucaaa ccuacuuauc gaccu gu aa ggeaaa gu gguu ge gau ggau gu ¢ gacccaacage g

cguugecauuauugeageaggeaac goa gu ggeaccu gaac gaaau gucu gau gaa ga guac e gucauu ggeucua ggu ggu gu gaa ga gau guauuc
ugaguaauggu gau guuu cacca ge ca ge gaguuuucuc geu ggeuuuuuuu

>NC 003197

gaugaageaa ga ggaa gaggu cacu au ge gecaguucu gguu ga gauauuuu gec g¢ gac ggaaaaaac gu ceu geeu ggeuu gecl gagegcacc g
cagcgeuuaaaaau geu c gC ggaacu gau gea gu ggga gec gac e gauu gaa gecaauu gea gacaucau gu gu gacu ga gu auu ggu gua gec gau
agccuaaaaucacce geca gea gauaauaucu geu ggeuuuuuuu

>NC_016810
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gaugaageaa ga ggaa gaggu cac au ge gecaguucu gguu ga gauauuuu gec g6 gac ggaaaaaac gu ceu geeu ggeuu gecu gage geacc g
cagcgeuuaaaaau geu ¢ gC ggaacu gau gca gu gggagec gac e gauu gaa gecaauu gea gacaucau gu gu gacu ga gu auu ggu gua gee gau
agccuaaaaucacce gecagea gauaauaucu geu ggeuuuuuuu

>NC_009832

gecgacggau gaa gguuuucuu gu caaaacaguucuau cage gecuauuuca ge g6 ggu ge guc geca ge gggee gauu geuu gggecu ggu gecu g
aacaggege gecu gga gau geu ggeccaucu gaceea gu gggacauccacuccau gac ggauaa geaauac e gu gageaucu gu gaggeucggeuag

aaaaaguuucugagu aau ggu guu guucaccageeagu gggaucauac ccacu gguuuuuuua

>NC_007613

gaugaageaa gga ggu gece cau ge gu ca guuliuiau ca geacuauuuu ace g gaca ge gaa guu gu geu gguu ge gull gguu aa ge gl cccacaac
gauuaaccaugeuugaa ggacu gau gea gu gggau gace geaauucu gaaa guu gacuu gecu geau cau gu gl gacu ga guauu ggu gu aaaauca
ccegecageagauuau accu geu gguuuuuuuu

>NC_007606

gaugaageaa ggaggu gece cau ge gu caguuuuau cageacuauuu ace g gacage gaaguu gu geu gguu ge guu gguu aa ge gu cccacaac
gauuaaccaugeuugaa gaacu gau gcagu gggagggga gucauu Cu gacu acu gauuu ge ggacaucau gu gu gacu gaguauu ggu guuaaucg
ccacgeeagea gu gauu aucu geu ggeuuuuuuc

>NC_004337

gaugaageaa gga ggu gece cau ge gu ca guuiiuau ca geacuauuuu acce g gaca ge gaa guu gu geu gguu e gull gguul aa ge gu cecacaac

gauuaaccaugeuugaa ggacu gau gea gu gggau gace geaauticu gaaa guu gacuu gecu geau cau gu gu gacu ga guauu ggu gu aaaauca
ccegecageagauuau accu geu gguuuuuuuu

>NC 007384
gaugaageaa gga ggu gececau ge gu ca guuuuau ca geacuauuuu ace g6 gaca ge gaa guu gu geu gguu ge guu gguuaage gucecacaac

gauuaaccaugeuugaa ggacu gau gcagu gggau gace geaauucu gaaa guu gacuu gecu geau cau gu gu gacu gaguauu ggu gu aaaauca
ccegecageagauuauaccu geu gguuuuuuuu

Spotd2

>NC_000913

guaggguaca gagguaa gau guucuau CuuuCcagaccuuuu acuuc ac guaauc ggauuu ggeu gaau auuuua gec gececagu caguaau gacu g
gggeguuuuuua

>NC_016810

guaggguacagagguaagau guucuau cuuucagaccuuuu acuucac guaauc ggauuu ggeu gaau auuuua ge ¢ gec cca gu ca guuuau gac
uggggeguuuuuua

>NC 003197

guaggguacagagguaagau guucuau cuuucagaccuuuu acuucac guaauc ggauuu ggeu gaau auuuua ge ¢ gec cca gu caguuuau gac
ugggecguuuuuua

>NC_009792

guaggguacagagguaagau guucuau cuuuca gaccuuuu acuucac guaauc ggauuu ggeu gaau auuuua ge e gecccagu caguaau gacu g
gggcguuuuuua

>NC_013716

guaggguaca gagguaa gau guucuau Cuulcagaccuuuu aCuuc ac guaauc ggauuu ggeu gaau auuuua ge e geccca gl ca guuucy gac
uggggeguuuuuua

>NC_009778

guaggguaca gagguaagau guucuau cuuucagaccuuuu acuucac guaauc ggauuu ggeu gaau auuuua gec gecceagucagaaau gacu g
gggeguuuuuua

>NC_009436

guaggguacagagguaagau guucuau cuuucagaccuuuu acuucac guaauc ggauuu ggeu gaau auuuua ge ¢ gecccagu caguaau gacu g
gggeguuuuuua

>NC_011740

guaggguacagagguaagau guucuau cuuuca gaccuuuu acuucac guaauc ggauuu ggeu gaau auuuua ge e gecccagu caguaau gacu g
gggcguuuuuua

>NC_009648

guaggguacagagguaagau guucuau cuuuca gaccuuuu acuucac guaauc ggauuu ggeu gaau auuuua ge ¢ gec e ggucauuuau gace
gggecguuuuuua

>NC_012917

guaggguaca gagguaa gau guucuau Cuuuca gaccuuuu acuuc ac guaauc ggauuu ggeu gaau auua ge e geC e geu caguuuu gage gg
ggeguuuuuua

>NC_005126

guaggguacagagguaa gau guucuau cuuuca gaccuuiu acuucac guaauc ggauuu a geu gaauauua geu gec cca gu caauuuu gacu gg
gecauuuuuuu

>NC 010554

guaggguacagagguaagau guucuau cuuucagaccuuuu acuucac guaauc ggauuu ageu gaauauua geu gec cca gu ¢ gacuuu auuuc ga
cuggggcauuuuuuu

>NC 009832

guaggguacagagguaagau guucuau cuuucagaccuuuu acuucac guaauc ggauuu ggeu gaau auuua ge ¢ geccca gu caguauu gacu g

gggcguuuuuua
>NC 007606
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guaggguacagagguaa gau guucuaucuuuca gaccuuuuacuucac guaauc ggauuu ggcu gaauauuuua gec gecccagucaguaau gacu g

gggeguuuuuua
>NC_004337

guaggguacagagguaa gau guucuau cuuuca gaccuuuu acuucac guaauc ggauuu ggeu gaau auuuua gec geeccagu caguaau gacu g

gegeguuuuuua
>NC_007384

guaggguacagagguaa gau guucuau cuuuca gaccuuuu acuucac guaauc ggauuu ggeu gaau auuuua gec geeccagu caguaau gacu g

gggcguuuuuua
>NC_007712

guaggguacacagaggu aagau guu cuaucuuu cagge cuuuuacuu cac guaauc ggacuu ggeu aa guauu a geu gecceca gucauuu aau gacu

gggecguuuuuua
>NC_008800

guaggguacagagguaagau guucuau cuuucagaccuuuu acuucac guaauc ggauuu ggeu guauauu a gee gecc cagucauuuauu gacu g

gggeguuuuuua
>NC_003143

guaggguaca gagguaa gau guucuau cuuuca gaccuuuuacuucac guaauc ggauuu ggcu guauauua gec geccccagucauuuauu gacu g

gggcguuuuuug
>NC_006155
guaggguaca gagguaa gau guucuau cuuuca gaccutuuu acuucac guaauc ggauuu ggeu guauauu a gec gece ca gucauuuauu gacu g

ggecguuuuuua
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Figure EV1. RNA motif generated from Hfq 3'UTR peaks using the

Figure EV2. mglB mRNA is a putative target for

the sRNA Spot42.

A Putative feed-forward loop between CRP-cAMP,
Spot42, and mglB.

B Conservation of the predicted Spot42-binding
site in mglB mRNA. Sequence alignment of RNA
sequences upstream of the mglB start codon.
Gray shading highlights the predicted Spot42-
binding site. The alignment was made using
MAFFT (Katoh et al, 2002). An asterisk indicates
nucleotides that are identical in all sequences.
ECO: Escherichia coli MG1655, CKO: Citrobacter
koseri, CRO: Citrobacter rodentium, STM:
Salmonella Typhimurium LT2, ENT: Enterobacter
sp. 638, SPR: Serratia proteamaculans, YEN:
Yersinia enterocolitica 8081.
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MATERIAL AND METHODS

This chapter lists and indexes the materials and methods I personally applied for

data analysis in the publications presented in section 3 of this thesis.

4.1 GLOBAL TRANSCRIPTIONAL START SITE MAPPING USING DIFFERENTIAL
RNA SEQUENCING REVEALS NOVEL ANTISENSE RNAS IN ESCHERICHIA
COLI

4.1.1  Read mapping and coverage plot construction

The description is located on pages 29 and 42.

4.1.2  Normalization of expression graphs

The description is located on page 42f.

4.1.3  Correlation analysis

The description is located on pages 29 and 43.

4.1.4 Transcriptional start site (T'SS) annotation

The description is located on pages 29 and 43f.

4.1.5 Comparison to Database of prOkaryotic OpeRons (DOOR)

The description is located on pages 29 and 44.

4.1.6  Comparison of pTSS and sTSS to RequlonDB promoters

The description is located on page 29.
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4.1.7  Analysis of iTSS localization

The description is located on page 44f.

4.1.8 Expression analysis and binning

The description is located on page 29.

4.1.9 Comparison of expression under different growth conditions

The description is located on page 45.

4.1.10 Identification of overlapping 5" UTRs

The description is located on page 45.

4.1.11  Comparison of asRNAs detected in our and previous studies

The description is located on pages 29 and 45f.

4.1.12  Comparison of asTSS to IP-dsRNAs

The description is located on page 46.

4.2 DIFFERENTIAL RNA-SEQ (DRNA-SEQ) FOR ANNOTATION OF TRANSCRIP-

TIONAL START SITES AND SMALL RNAS IN HELICOBACTER PYLORI

4.2.1  Read mapping and generation of coverage plots

The description is located on page 8o.

4.2.2  Coverage plot normalization by TSSpredator

The description is located on page 8o.



4.3 BISCHLER, HSIEH AND RESCH ET AL., JOURNAL OF BIOLOGICAL CHEMISTRY, 2017

4.2.3 Automated TSS annotation using TSSpredator

The description is located on page 8o.

4.3 IDENTIFICATION OF THE RNA PYROPHOSPHOHYDROLASE RPPH OF HELI-

COBACTER PYLORI AND GLOBAL ANALYSIS OF ITS RNA TARGETS

4.3.1  Data Processing and Availability

The description is located on page 106f.

4.3.2  Comparison between RppH and RNase | Targets

The description is located on page 107.

4.4 THE CSRA-FLIW NETWORK CONTROLS POLAR LOCALIZATION OF THE DUAL-

FUNCTION FLAGELLIN MRNA IN CAMPYLOBACTER JEJUNI

4.4.1  Analysis of deep sequencing data

The description is located on page 125.

4.4.2 Enrichment analysis of CsrA targets

The description is located on page 125f.

4.4.3 Peak detection and CsrA-binding motif analyses

The description is located on page 126.

The “sliding_window_peak_calling_script” I developed for identification of CsrA-
binding sites based on RiP-seq data has been deposited at Zenodo (https://zenodo.
org/record/49292) under DOI: 10.5281/zenodo.49292 (http://dx.doi.org/160.5281/
zenodo.49292).

4.4.4 Functional classes enrichment analysis

The description is located on page 126.
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4.4.5 Sequence and structure conservation of the flaA 5'UTR

The description is located on page 169f.

4.5 GLOBAL RNA RECOGNITION PATTERNS OF POST-TRANSCRIPTIONAL REG-

ULATORS HFQ AND CSRA REVEALED BY UV CROSSLINKING IN VIVO

4.5.1  Processing of sequence reads and mapping

The description is located on page 188f.

4.5.2  Analysis of structure motifs

The description is located on page 190.



DISCUSSION

5.1 RNA-SEQ

In my thesis, I presented several publications that highlight how RNA-seq-based
approaches can be used to answer different biological questions. The dRNA-seq
method was applied for global annotation of TSS in two bacterial species, E. coli and
H. pylori, as well as qualitative and quantitative analysis of associated transcripts
including mRNAs, sRNAs and asRNAs (sections 3.2 and 3.3). In addition, we used
a modified version of dRNA-seq to globally identify in vivo transcriptome targets
of the RppH enzyme in H. pylori (section 3.4). Furthermore, we applied two related
approaches to map transcriptome interaction sites of two bacterial RBPs. RIP-seq was
used to identify targets of CsrA in C. jejuni (section 3.5) and CLIP-seq to precisely map
binding sites of Hfq and CsrA in Salmonella (section 3.6).

5.1.1 Sequencing

A crucial step in experimental design for RNA-seq-based approaches is the selection
of appropriate parameters for sequencing of cDNA libraries including required read
numbers, read lengths, and if single- or paired-end sequencing should be applied.

Our dRNA-seq studies focused on the analysis of transcript 5-ends and there-
fore did not require additional sequencing from the 3’-end. Furthermore, obtained
read lengths were sufficient for unambiguous alignment of most reads except reads
mapping to rRNAs, which exist in multiple genomic copies. For the CLIP-seq-based
approach described in section 3.6, sequencing of shorter reads was recommended
due to the overall short fragment sizes resulting from the experiment. In this case,
we conducted paired-end sequencing to facilitate analysis of crosslink-mutations
as identical mutations in both reads of a pair are unlikely to be the result of se-
quencing errors.

In our H.pylori and C. jejuni studies (sections 3.3 to 3.5) we sequenced between
~4.1 and 8.1 million reads, which should largely be sufficient due to their smaller
genome sizes of ~1.6 megabases. In our E. coli study (section 3.2), read numbers
for the HiSeq libraries were all above the 5 million threshold. Only the libraries

sequenced on the Genome Analyzer IIx yielded numbers between ~1.8 and 3.6
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million reads, which might explain part of the variation we observed in the data. In
the CLIP-seq study conducted in Salmonella (section 3.6) we sequenced between ~17
and 33 million reads per library (data not shown) to sustain a sufficient amount of
uniquely aligned reads (between ~340,000 and 850,000) for binding site detection

after the extensive size filtering and collapsing steps.

5.1.2 Data analysis

As mentioned before, there is no optimal pipeline for all kinds of RNA-seq data,
but in many cases an existing workflow can be applied to different experiments
with only minor customization. For example, the READemption pipeline [56] has
been applied in all studies presented in this thesis with slightly different parameter
settings and in combination with different tools for preprocessing of the data. On
the contrary, similar to sequencing technologies and experimental protocols, new
software is being developed constantly and it is important to find a middle course
between standardization and innovation.

For comparison, Rockhopper is a tool specifically designed for the analysis of
bacterial RNA-seq data [120]. The workflow includes read alignment to a reference
genome, transcript assembly and quantification, differential expression analysis,
characterization of operon structures, and visualization in a genome browser. Rock-
hopper has the advantage that many important analysis steps are included in a
single pipeline without requirement for external tools. However, this also makes
it less flexible and complicates application of other tools for specific analyses. For
example, transcript assembly is based solely on RNA-seq read coverage without the

option to include additional information as for example provided by dRNA-seq.

5.1.3 Reproducibility and sources of variation

Reproducibility is a major concern for all published scientific results. Due to a va-
riety of possible biases, RNA-seq-based experiments are particularly prone to vari-
ation resulting from technical rather than biological differences. In our dRNA-seq
studies for mapping of TSS in E. coli and H. pylori (section 3.2 and 3.3) we identi-
fied library preparation, especially for different sequencing platforms, as a ma-
jor source of variation. Similar findings have been described after comparison of
RNA-seq experiments conducted in different laboratories based on human samples
[167]. In our studies, biological replicates, for which library preparation and se-
quencing was conducted in parallel, showed much higher correlation than samples

for which libraries were prepared on different days or even using different proto-
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cols and sequencing platforms. Furthermore, sequencing of the same library on
distinct sequencing runs yielded almost perfect correlation, suggesting very high
reproducibility. Despite normalization to account for differences in sequencing cov-
erage, large variation in read numbers between samples as observed between our
[llumina and 454 replicates (section 3.3) can yield different results for quantitative
but also qualitative analysis, such as TSS annotation. Further sources of variation
include RNA isolation where unstable RNAs or fragments of specific sizes might not
be captured, and rRNA depletion, which is prone to introduce coverage bias (see
above) or might unintentionally remove non-rRNAs. During library preparation,
different adjacent nucleotides can influence efficiency of adapter ligation, and RNA
structure or modifications can lead to differences in reverse transcription. Further-
more, variations in G/C-content of transcripts impact PCR amplification efficacy
[137].

Besides generation of RNA-seq data, variation can also be introduced during data
analysis. In general, a consistent workflow is used for data processing and down-
stream analysis in a single RNA-seq experiment. A more complicated scenario rep-
resents the comparison of results from different experiments or between studies
conducted in different laboratories. In the publication presented in section 3.2, we
compared our asRNA candidates to annotations from other E. coli studies [35, 44, 122,
139, 149, 157] and observed large variation in numbers of reported asRNAs and only
limited overlap among all studies. This variation could be caused by differences
in the experimental setup but likely also by different analysis workflows includ-
ing quality filtering, alignment, transcript annotation, and the approach used to
classify transcripts as asRNAs.

There is no common standard for conducting an RNA-seq experiment, but it is
important to consider sources of technical variation and try to minimize bias, es-
pecially within a single experiment. To achieve this, identical protocols for RNA
extraction and library preparation should be used as much as possible with re-
spect to the experimental setup. Based on our results, we recommend collecting
biological samples for all replicates on the same day and prepare <DNA libraries
in parallel. As there is no standard pipeline for RNA-seq data analysis, especially
in bacteria, all steps in the analysis workflow should be considered carefully and
executed via scripts that allow reproduction of the entire analysis. Furthermore,

obtained results should be validated via independent experiments.
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5.2 BACTERIAL TRANSCRIPTOME ANALYSIS

The dRNA-seq approach allows for TSs identification via comparison of a TEX-treated
(+TEX) to an untreated library (—TEX) constructed from the same sample. The
+TEX library mainly captures primary transcripts with a 5-PPP while the —TEX li-
brary includes both primary transcripts and processed transcripts with a 5-P. Cur-
rently, processed transcripts bearing a 5’-OH are ignored by the standard dRNA-seq
approach. These transcripts are not degraded by TEX but are also excluded from
both libraries since the 5" RNA linker cannot be ligated to the 5-OH group. How-
ever, minor adjustments to the protocol to include conversion of 5-OH to 5-P ends
via polynucleotide kinase (PNK) and adenosine triphosphate (ATP) treatment (see
[73] for a protocol) would enable sequencing of this class of transcripts.

A drawback of the dRNA-seq approach is its limitation to the annotation and
quantification of RNA 5’-ends rather than providing insights on the extent of whole
transcripts. For this it can be complemented with other RNA-seq-based methods.
For example, an additional conventional RNA-seq library can be generated based
on fragmentation of the —TEX sample to gain read coverage over complete tran-
scripts. In the original dRNA-seq study, such data was used in combination with
DOOR annotations [114] to elucidate operon structures [156]. Furthermore, a novel
approach named term-seq for sequencing of exposed RNA 3’-ends was used to glob-
ally map transcript termini in Bacillus subtilis. Here, the majority of identified sites
showed sequence and structural features of Rho-independent transcription termi-
nators confirming their specificity [39]. In addition, Rho-independent terminators
can also be predicted computationally [62]. A novel tool that integrates dRNA-seq
and conventional RNA-seq data with computational terminator predictions to an-
notate all kinds of transcriptional features in bacterial and archaeal genomes is
ANNOgesic [196].

Besides using fragmented conventional RNA-seq data based on short read se-
quencing to get whole-transcript coverage, another option is application of long
read sequencing to sequence entire mono- and polycistronic transcripts. The PacBio
IsoSeq™ protocol can directly sequence whole eukaryotic transcripts with a length
of up to 10 kb [141]. Furthermore, it has been applied to insect mitochondrial tran-
scriptome profiling [59] and an application to full-length sequencing of prokaryotic
transcripts is under development [119].

Further recent methods for identification of primary and processed transcripts
encompass tagRNA-seq [83] and Cappable-seq [50]. tagRNA-seq is based on la-
beling primary and processed transcripts with distinct sequence tags to allow dif-

ferentiation between TSS and processed start sites (PSS), while Cappable-seq ap-
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plies labeling of 5'-PPP ends with a biotin derivative to allow purification of pri-
mary transcripts via streptavidin beads. These methods claim to be superior to
dRNA-seq in terms of specificity or the ability to annotate TSS based on a single
sequencing library, but have so far been applied to a limited number of organisms
while dRNA-seq has been successfully used on a multitude of bacterial and archaeal
species [155].

In the studies presented in sections 3.2 and 3.3, we applied dRNA-seq in combina-
tion with automated Tss prediction via TSSpredator to generate global TSS maps
for the bacterial model organims E. coli and H. pylori, respectively. For E. coli, we used
several replicate dRNA-seq libraries generated from RNA samples harvested from
bacteria growing under three different conditions to annotate >14,000 candidate
TSS, while the H. pylori TSS map consist of >2,200 TSS based on four biological repli-
cates from mid-log growth.

Although the number of annotated E. coli TSS seems quite high in comparison
to previous publications, e.g. Kim et al. identified >3,700 TSS using a modified
5" RACE approach [88], a recent study using Cappable-seq has reported the pres-
ence of >16,000 clustered TsS [50]. Calculating the overlap between Cappable-seq
TsS and a composite dataset consisting of promoter annotations from RegulonDB,
Kim 7SS and our 1SS detected in the M63 0.4 condition (16,855 TSS) yielded an
overlap of 9,600 TSS [50]. Possibly, even more matching positions would have been
identified when including our 7SS detected under the LB 0.4 and LB 2.0 condition.
The authors state additional TSS identified by their approach under similar growth
conditions are to a certain extent the result of deeper sequencing. Together, these
findings suggest that seemingly high numbers of identified Tss still do not repre-
sent the full complement of transcription activity in organims like E. coli and that
deeper sequencing and analysis of additional biological conditions might further
increase the amount of annotations. In addition, repeated identification of match-
ing TSS positions results in an increased confidence in these sites.

Considering dRNA-seq data for more different biological conditions as conducted
in previous studies using manual TSS annotation [92, 156] facilitates annotation
of condition-specific TSS. Besides TSS prediction in a single organism, TSSpreda-
tor has also been applied to annotate 7SS in four C. jejuni strains [46]. By mapping
the genomes of the different strains to a common coordinate system, the so-called
SuperGenome, this approach can give insights into strain- or species-specific differ-
ences in transcription or gene regulation caused, for example, by single-nucleotide
polymorphisms (SNPs) in promoter regions or non-coding parts of a transcript.

Such comparative analyses applied to multiple isolates of different bacterial species
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might also help to identify specific or conserved sRNAs and give insights into the
conservation of antisense transcription [46, 191].

For further discussion of numbers and classes of identified TSS and a compar-
ison of the H. pylori TSS annotations to the original study [156] please refer to the
respective publication in section 3.2 and 3.3.

Manual Tss annotation, as conducted in the initial H. pylori dRNA-seq study, is
a laborious and time consuming process, which is especially impractical when
data includes multiple strains or conditions with several replicates. Automated
annotation approaches like TSSpredator [46] follow defined rules based on specific
parameters and therefore avoid biases inherent to manual annotation. Furthermore,
analysis can be easily repeated using different parameters or including additional
data sets. However, choosing optimal parameters for a specific organism and data
set can be difficult and manual inspection of a subset of predicted TSs in a genome
browser is recommended. Another option is conducting parameter optimization
based on an inital subset of manually annotated TSS. Such an approach for defining
optimal TSSpredator parameters is implemented in the tool ANNOgesic [196].

Further TSS prediction tools which utilize dRNA-seq data include TSSAR [3] and
TSSer [84]. TSSAR models read counts in transcriptionally active regions based
on the Poisson distribution and applies the Skellam distibution to identify signifi-
cantly enriched primary transcripts locally via a sliding window approach. TSSer
calculates enrichment of putative TSS positions via a z-score’ or, when replicates
are available, using a Bayesian framework to quantify the probability that a ge-
nomic position is overrepresented across a number of TEX-treated samples. Fur-
thermore, it requires a local enrichment of the putative TSS position compared to
the neighboring genomic positions. In contrast to TSSpredator, which is based on a
set of fixed cutoffs, both tools apply statistical models and require less parameters.
However, only TSSer supports multiple replicates and neither of the two is able
to integrate data from multiple strains or conditions. In addition, TSS prediction of
both tools is influenced by selected size of locally analyzed regions.

In order to globally catalog TSS in an organism of interest, we suggest a strategy
where dRNA-seq data is generated based on growth under different stress or growth
conditions, possibly using multiple related strains, and TSS annotation is conducted

via an automated tool like TSSpredator.
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5.2.1 Analysis of transcriptome features

Global TSS maps facilitate identification and analysis of diverse transcriptome fea-
tures, including promoter regions, 5'UTRs and leaderless mRNAs as well as cis- and
trans-encoded sRNAs.

For E. coli, we identified a common housekeeping ¢”° promoter motif [53] up-
stream of most TSS assigned to pTss, iTSS and asTSS (section 3.2), suggesting that
there is no preference of a specific transcript class for transcription via the o”°
holoenzyme. A similar motif has been described in another study based on a like-
wise high number of identified TSS [50].

Annotation of 5'UTRs of protein-coding genes based on pTSS and sTss is the start-
ing point for a number of downstream analyses. Their length can be correlated
with translation rates. In addition, they can be searched for cis-regulatory elements
like riboswitches and RNA thermometers or target sites of sRNAs [155] or RBPs like
CsrA (see section 3.5). Furthermore, 5'UTRs of divergently transcribed genes that
overlap with each other on opposite strands can be examined for their role in
antisense-mediated regulation [153] or transcriptional interference [15, 63, 171].

In E.coli we identified 212 gene pairs with overlapping 5UTRs based on pTss
and sTSS additionally classified as asTSS (section 3.2). The genes encoded by some
of these antisense transcript pairs are annotated to have opposing functions and
could serve as a starting point for deeper analysis to understand if and how the
associated transcripts affect each other. The same goes for the 28 divergently tran-
scribed gene pairs found in H. pylori (section 3.3).

Besides TssS that likely represent transcription starts of already annotated genes
or operons, the TSS map also includes information regarding the presence of novel
transcripts as trans-acting sRNAs or asRNAs. sRNAs are frequently found in intergenic
regions but can also be derived from 3’ regions of mRNAs, either by transcription
from their own promoter or via processing of the parent transcript [26, 125]. The
presence of an oTSS in an intergenic region could either indicate transcription of
a so far unknown sRNA or represent a very long 5'UTR with a length above the
applied detection threshold (see Fig. 4A in section 3.3 for an example). Likewise,
a pTSS or sTSS associated with a certain gene could actually represent the TSS of
an sRNA in close proximity to the respective gene. In case of a 3'UTR-derived sRNA,
the transcription start could either be annotated as an oTSS or iTSS depending on
its localization downstream of or at the 3’-end of a CDs, respectively. In any case,
closer examination of oTSS but also distant pTSS or sTSS as well as iTSS at the 3"-end
of coding regions is a good starting point for discovery of novel sRNAs. To examine

if short transcripts in intergenic regions constitute untranslated sRNAs or might
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represent novel small mRNAs with a short open reading frame (sORF), dRNA-seq
can be combined with another RNA-seq-based approach termed ribosome profiling
[81, 82, 131], which is able to define translated regions by sequencing mRNA bound
by actively translating ribosomes.

Besides trans-acting sRNAs, asRNAs transcribed from the opposite strand of an-
notated coding regions represent an emerging class of transcripts with potential
regulatory functions. In the study presented in section 3.2, we identified >5,400
asTSS that were not assigned to any other class. It is hard to estimate how many
of these asRNA candidates have an actual function or just result from pervasive
transcription. A recent study reported an exponential dependence of the number
of asRNAs on genomic A/T content and that only asRNAs expressed over a certain
threshold can function as regulators of their respective sense transcripts [109]. This
supports the hypothesis that most asRNAs are the result of transcriptional noise
from spurious promoters that arise more frequently in bacteria with higher A/T
content. In accordance with this, we only found a limited number of our asRNA
candidates to be present at high levels or differentially expressed among growth
conditions. Furthermore, only a few of them were detected in multiple RNA-seq
studies. While some candidates might only be expressed at functional levels un-
der specific biological conditions, the low overlap between studies is likely caused
by major differences in experimental and computational methods used to anno-
tate asRNAs (see section 5.1). To gain additional confidence in our predictions we
further evaluated 14 selected candidates by detection on Northern blots.

Overall, the rising number of RNA-seq-based studies and the development of new
experimental approaches for transcript identification [50, 83] will result in growing
numbers of reported putative asRNAs. To investigate how many of them function
as specific antisense regulators, are involved in global processing of sense tran-
scripts, or are just expressed as spurious transcripts will require further examina-
tion. Given the effort required for functional characterization and the elucidation
of mechanisms of action a careful selection of appropriate transcripts is essential.
Automated TSS annotation as conducted in our dRNA-seq studies (sections 3.2 and
3.3), together with assessment of expression levels, detection by multiple studies
and independent experimental validation of single candidates can give important

hints to identify the most promising candidates.
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5.2.2 RppH target identification

Bacterial RNA degradation initiates either via direct internal cleavage of transcripts
mediated by an RNase or a 5"-end-dependent mechanism where conversion of a
terminal 5"-PPP to a 5'-P by RppH facilitates RNase processing [78].

We applied a modified version of the dRNA-seq approach [156] to globally iden-
tify transcript targets of RppH in H. pylori (section 3.4). For this, we complemented
the two standard dRNA-seq libraries with a third library specific for transcripts with
a 5-P. We applied these libraries to analyze the influence of an rppH deletion on
the 5’-phosphorylation state of trancripts and identified 53 mRNAs and 10 sRNAs
whose degradation is potentially triggered by this enzyme. In addition, we fur-
ther validated several of these transcripts by half-life measurements and PABLO
analysis.

Since the analysis of RppH targets was conducted based on previous TSS an-
notations [156] it should be noted that TEX enrichment in the standard dRNA-seq
approach might fail due to fast processing of primary transcripts via RppH. This
could result in missing TSS annotations for transcripts that are heavily affected by
RppH, which consequently were also not considered for RppH target indentifica-
tion. However, since we found many putative target candidates, RppH activity in
most cases is likely not strong enough to prevent TSS annotation. Additionally, we
identified TSS for the majority of validated RppH targets in E. coli (see section 3.2) fur-
ther supporting the assumption that this is not a general problem of the dRNA-seq
approach.

For a more detailed discussion of RppH binding preferences, identification and
validation of target candidates and the role of RppH in RNA degradation please
refer to section 3.4.

In addition to the detection of RppH processing sites, RNA-seq-based methods can
also be used to map RNase cleavage sites. For example, TIER-seq has been used
to identify cleavage sites of the endoribonuclease RNase E in Salmonella [28]. As
RNase E was shown to prefer substrates with a 5-P [113], a combination of the two
approaches could be used to analyze the interplay of RppH and RNase E during RNA
processing.

Besides its biological role, RppH can also be used in practical applications. The
TAP enzyme, which was essential for many experimental protocols as, for exam-
ple, library preparation in the dRNA-seq approach, is not available on the market
anymore. It was shown that E. coli RppH can be used as a replacement for TAP to

generate monophosphorylated 5-ends of RNA molecules [74, 128].
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5.3 IDENTIFICATION OF RBP TARGETS

In two publications presented in this thesis, we applied RNA-seq-based approaches
to globally identify targets of two distinct bacterial RBPs. RIP-seq was used to de-
tect binding partners of CsrA in C. jejuni (section 3.5) and CLIP-seq was applied to
precisely map binding sites of Hfq and CsrA in Salmonella (section 3.6). While the
sequencing data from RIP-seq is based on whole RBP-bound transcripts or longer
fragments thereof, CLIP-seq reads map more precisely to their respective binding
sites as they result from only sequencing RNA regions that are protected from di-
gestion through RBP binding.

Both RIP-seq and CLIP-seq have different strengths and weaknesses. In RIP-seq, RNA-
protein interactions are not stabilized by crosslinking, which can result in loss of
target RNA or inclusion of non-specifically bound RNAs if washing conditions are
not carefully adjusted. Furthermore, low affinity targets are likely not recovered by
the approach. In CLIP-seq, off-target effects are reduced via crosslinking and more
stringent washes, and binding sites can be determined with a higher resolution
due to RNase digestion of unprotected parts of bound RNA molecules. In addition,
crosslink-induced mutations can be used to identify crosslinked nucleotides. How-
ever, crosslinking efficiency is rather low and prone to be biased by the presence
of specific nucleotides and amino acid residues or RNA structures [188].

To address some of the shortcomings of each method, a recent digestion-opti-
mized RIP-seq approach was developed to investigate protein-RNA interactions with
binding site resolution. DO-RIP-seq [129] incorporates elements of both RIP-seq
and CLIP-seq by conducting partial digestion of protein-bound RNA without cova-
lent crosslinking. Using two distinct analysis workflows, it allows quantification of
binding on whole transcript as well as binding site level.

We do not know to what extent our experiments might be affected by the issues
that can arise for RIP-seq and CLIP-seq approaches. In the Hfq CLIP-seq experiment,
we found our binding sites to preferentially map to U-rich sequences in Rho-in-
dependent terminators of sRNAs as well as mRNAs, while a recent Hfq crosslinking
study in E. coli seemed to be biased towards detection of A-rich sequences [177].
This could be explained by a combination of a preference for crosslinking uridines
[166] and differences in the applied protocols. In the study by Tree et al. [177], 3
adapter ligation was performed with RNA in complex with Hfq, while in our study
after RNA fragments were released from Hfq (see section 3.6). Hence, 3’-ends may
not have been accessible for adapter ligation in the other study when still bound
to the proximal side of Hfq that tends to target U-rich sequences. However, these

differences are mainly due to the complexity introduced by Hfq, which binds RNA
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on three distinct faces. Despite the underrepresentation of A-rich sequences, we
annotated many known and potential Hfq binding sites in Salmonella mRNAs and
sRNAs, identified Rho-independent terminators as a general binding motif, and
found that in many cases Hfq binds 5” to sSRNA-binding sites in mRNA targets
and 3 to seed sequences in cognate sSRNAs, which supports a model where Hfq
facilitates duplex formation by bringing together the two RNAs (section 3.6).

Additionally, we found similar binding preferences in terms of sequence and
structural motifs based on RiP-seq in C. jejuni (section 3.5) and CLIP-seq in Salmonella
(section 3.6), which agree with binding sites of other CsrA homologs [45]. This
further supports the validity of both approaches.

Please refer to sections 3.5 and 3.6 for a detailed discussion of targets and bind-
ing preferences of CsrA in C. jejuni and of Hfq and CsrA in Salmonella, respectively.

A widely used peak caller for RIP-seq and CLIP-seq data is Piranha [179]. This tool
assumes that most regions with read coverage are noise and are therefore used
to fit a background model. This causes problems especially when the RBP under
study has many targets in a relatively small genome, which is the case for both
Hfq and CsrA. In addition, Piranha does not support replicates.

Other tools like RIPseeker [106] or JAMM [80] have not been tested on our
data but have technical limitations. Both tools are not able to conduct strand-spe-
cific peak calling and only JAMM has native support for several replicates while
RIPseeker conducts subsequent merging of peaks called based on single replicates.

For RIP-seq-based CsrA target identification we applied Gfold [54] on the level
of known genomic annotations and a self-developed peak calling method based
on a sliding window approach for a more accurate detection of binding sites inde-
pendent of annotation (section 3.5). In contrast, a different peak calling approach
termed “block-based peak calling” [178] was used to identify binding sites of Hfq
and CsrA in Salmonella (section 3.6). I implemented the block-based peak calling
approach as well as a modified version of the sliding window approach with sup-
port for several replicates in the tool PEAKachu (https://github.com/tbischler/
PEAKachu, Bischler and Wright et al., manuscript in preparation). The sliding win-
dow approach is more suitable for RIP-seq data due to its flexibility in adjusting win-
dow and step size for detection of longer enriched regions, while the block-based
peak calling method was found to yield better results for more narrow CLIP-seq
peaks. Besides the manuscripts presented in this thesis, PEAKachu has also been
applied to predict DHXg binding sites in the human genome based on another
UV-crosslinking method (FLASH: fast ligation of RNA after some sort of affinity
purification for high-throughput sequencing) [2]. This shows that PEAKachu is a

general purpose tool that can not only be used for peak calling based on standard
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RIP-seq and CLIP-seq experiments, but also modified versions of these methods and

potentially also other kinds of data with a similar nature.
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RNA-seq-based approaches can be applied to a multitude of biological questions.
Conventional RNA-seq data can be used for gene expression analysis and annota-
tion of transcriptional features. However, more advanced protocols are required
for precise mapping of transcript boundaries, especially in complex bacterial tran-
scriptomes. Annotation of transcriptional features is essential to elucidate the full
complement of transcriptional regulation in an organism. The work presented in
this thesis where the dRNA-seq approach was applied (sections 3.2 and 3.3) exem-
plifies how global annotation of transcript 5’-ends facilitates downstream analyses
like prediction of promoter motifs and identification of 5'UTRs, which can subse-
quently be searched for cis-reglatory elements. Furthermore, it represents a good
starting point to annotate and characterize a multitude of regulatory features in-
cluding sRNAs, asRNAs, and specific antisense-mediated regulation via overlapping
5'UTRs.

Automated TsSS prediction via TSSpredator as conducted for the H. pylori and E. coli
dRNA-seq data greatly facilitates generation of a global TSs map. However, selecting
optimal parameter values is a major challenge for each data set and using the
same global cutoffs for the whole transcriptome might impede detection of lowly
expressed transcripts or increase the amount of falsely annotated TSs in highly-
transcribed regions. These issues could be addressed by the integration of a locally
applied statistical approach similar to other tools like TSSAR [3] or TSSer [84]
while keeping the advanced capabilities of TSSpredator to conduct comparative
TSS prediction based on multiple strains or conditions.

There is still ongoing discussion on the extent of transcribed and functional
asRNAs in bacteria. Using dRNA-seq, we identified a plethora of asRNA candidates
in E. coli (section 3.2). Further investigation will be required to answer the ques-
tion how many of these have regulatory functions or just result from pervasive
transcription. However, computational methods including promoter analysis, clas-
sification according to expression, assessment of differential expression between
conditions, comparison to existing data, and conservation analysis, if data from
multiple strains are available, can give important hints to select candidates for
further examination. We independently validated 14 candidates via Northern blot

and highlighted the importance of including control deletion strains for this anal-
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ysis. Overall, results from this study will help to identify appropriate candidates
for future examination of phenotypes and regulatory mechanisms associated with
asRNAs.

The global TSS maps for E.coli and H. pylori are both available in table format,
which facilitates automated downstream analysis. In addition, we integrated TSS
positions and coverage plots in easily accessible online genome browsers, which
allow visual inspection of individual TSS positions in their genomic context. This
enables researchers to identify candidate TSS and examine relative expression for
their genes of interest.

Our findings from in vitro analysis of RppH activity and substrate specificity, as
well as global identification of in vivo targets (section 3.4), suggest an important
role for this enzyme in gene expression control of H. pylori and related organisms.
Further investigation will be required to unveil the full complement of RppH-based
regulation in combination with different RNases and its association with pheno-
types under specific biological conditions.

Our global target identification strategy employing a modified dRNA-seq ap-
proach represents a useful tool, which can be applied to globally analyze RppH-
based regulation in other bacterial species including E. coli and B. subtilis, where only
a limited number of RppH targets has been identified [41, 77, 112, 142].

Bacteria express a multitude of regulatory RBPs for which global information on
RNA binding partners or precise binding sites is either not available at all or only
exists for specific bacterial species. In the last two publications presented in this
thesis (sections 3.5 and 3.6), we applied RIP-seq and CLIP-seq to identify the inter-
actomes of the two bacterial RBPs Hfq and CsrA. We developed specific analysis
pipelines for both approaches with peak calling as the key step for binding site
annotation. The integration of the two applied peak calling approaches in the tool
PEAKachu will facilitate similar analysis in future studies and help to uncover the
interactomes and binding preferences of other RBPs, such as ProQ [160] or cold-
shock proteins like CspC and CspE [123].

Overall, the work presented in this thesis describes the application of different
RNA-seq-based approaches and associated computational analysis methods to gain
insights into transcription and post-transcriptional regulation in bacteria. Experi-
mental approaches involved cDNA library preparation for sequencing on the Illu-
mina platform, which was found to cause data variation when conducted at differ-
ent times or for distinct sequencers. Recent developments in sequencing technolo-
gies, such as direct RNA sequencing using nanopore sequencers [60, 161], might
reduce bias associated with library preparation and facilitate data quality and anal-

ysis.
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