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When forgiveness is our torch and imagination our sword
Well I'll tie the ropes of hate and slash open the minds of the bored
And we’ll start a world so equal and free
Every inch of this earth is yours all the land and all the sea
Imagine no restrictions but the climate and the weather
Then we can explore space together
Forever
~Rou Reynolds, Enter Shikari~
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Summary

The anaerobe Fusobacterium nucleatum (F. nucleatum) is an important mem-
ber of the oral microbiome but can also colonize different tissues of the human
body. In particular, its association with multiple human cancers has drawn much
attention. This association has prompted growing interest into the interaction of
F. nucleatum with cancer, with studies focusing primarily on the host cells. At
the same time, F. nucleatum itself remains poorly understood, which includes its
transcriptomic architecture but also gene regulation such as global stress responses
that typically enable survival of bacteria in new environments. An important as-
pect of such regulatory networks is the post-transcriptional regulation, which is
entirely unknown in F. nucleatum. This paucity extents to any knowledge on small
regulatory RNAs (sRNAs), despite their important role as post-transcriptional
regulators of the bacterial physiology.

Investigating the above stated aspects is further complicated by the fact that F.
nucleatum is phylogenetically distant from all other bacteria, displays very limited
genetic tractability and lacks genetic tools for dissecting gene function.

This leaves many open questions on basic gene regulation in F. nucleatum, such
as if the bacterium combines transcriptional and post-transcriptional regulation

in its adaptation to a changing environment.

To begin answering this question, this works elucidated the transcriptomic
landscape of F. nucleatum by performing differential RNA-seq (dRNA-seq). Con-
ducted for five representative strains of all F. nucleatum subspecies and the closely
related F. periodonticum, the analysis globally uncovered transcriptional start
sites (T'SS), 5’untranslated regions (UTRs) and improved the existing annotation.
Importantly, the dRNA-seq analysis also identified a conserved suite of sRNAs
specific to Fusobacterium.

The development of five genetic tools enabled further investigations of gene
functions in F. nucleatum. These include vectors that enable the expression of
different fluorescent proteins, inducible gene expression and scarless gene deletion
in addition to transcriptional and translational reporter systems.

These tools enabled the dissection of a o response and uncovered several com-

monalities with its counterpart in the phylogenetically distant Proteobacteria. The
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similarities include the upregulation of genes involved in membrane homeostasis
but also a o¥-dependent regulatory sRNA. Surprisingly, oxygen was found to ac-
tivated o in F. nucleatum contrasting the typical role of the o factor in envelope
stress.

The non-coding o”-dependent sRNA, named FoxI, was shown to repress the
translation of several envelope proteins which represented yet another parallel to

the envelope stress response in Proteobacteria.

Overall, this work sheds light on the RNA landscape of the cancer-associated
bacterium leading to the discovery of a conserved global stress response consisting
of a coding and a non-coding arm. The development of new genetic tools not only
aided the latter discovery but also provides the means for further dissecting the

molecular and infection biology of this enigmatic bacterium.



Zusammenfassung

Das anaerobe Bakterium Fusobacterium nucleatum (F. nucleatum) ist ein
wichtiger Bestandteil des oralen Mikrobioms, kann aber auch verschiedene Gewebe
des menschlichen Korpers besiedeln. Insbesondere seine Verbindung mit mehreren
menschlichen Krebsarten hat viel Aufmerksamkeit auf sich gezogen. Diese Assozi-
ation hat zu einem wachsenden Interesse an der Interaktion von F. nucleatum
mit Krebs gefiihrt, wobei sich die Untersuchungen in erster Linie auf die Wirt-
szellen konzentrieren. Gleichzeitig ist F. nucleatum selbst nach wie vor schlecht
verstanden, einschliellich seiner transkriptomischen Architektur, als auch der Gen-
regulation, wie z. B. globale Stressreaktionen, die typischerweise das Uberleben
von Bakterien in neuen Umgebungen ermdéglichen. Ein wichtiger Aspekt solcher
regulatorischer Netzwerke ist die post-transkriptionelle Regulation, die bei F.
nucleatum vollig unbekannt ist. Diese Unkenntnis erstreckt sich auch auf das
Wissen iiber kleine regulatorische RNAs, trotz ihrer wichtigen Rolle als post-
transkriptionelle Regulatoren der bakteriellen Physiologie.

Die Untersuchung der oben genannten Aspekte wird zusétzlich durch die Tat-
sache erschwert, dass F. nucleatum phylogenetisch von allen anderen Bakterien
weit entfernt ist, eine sehr begrenzte genetische Traktabilitat aufweist und keine
genetischen Werkzeuge zur Untersuchung der Genfunktion vorliegen.

Dies fiihrt zu vielen offenen Fragen beziiglich grundlegendener Genregulation in
F. nucleatum, z. B. ob das Bakterium transkriptionelle und post-transkriptionelle

Regulation kombiniert, um sich an eine sich verandernde Umwelt anzupassen.

Als erster Schritt zur Beantwortung dieser Frage wurde in dieser Arbeit die
transkriptomische Landschaft von F. nucleatum durch differential RNA-seq (ARNA-
seq) aufgeklart. Anhand von finf représentativen Stdmmen aller Unterarten
von F. nucleatum und dem eng verwandten F. periodonticum wurden durch die
Analyse global transkriptionelle Startstellen (T'SS) und 5’untranslatierte Regionen
(5’UTRs) aufgedeckt als auch die bestehende Annotation verbessert. Weiterhin
konnte die dRNA-seq-Analyse auch eine konservierte Anzahl von Fusobacterium-
spezifischen sSRNAs identifizieren.

Die Entwicklung von fiinf genetischen Werkzeugen erméglichte weitere Unter-

suchungen der Genfunktionen in F. nucleatum. Dazu gehoren Vektoren, welche die
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Expression verschiedener fluoreszierender Proteine ermoglichen als auch Systeme
fiir die induzierbare Genexpression, narbenlose Gendeletion sowie transkriptionelle
und translationale Reportersysteme.

Mit diesen Werkzeugen konnte die o Antwort entschliisselt werden, welche
mehrere Gemeinsamkeiten mit ihrem Gegenstiick in den phylogenetisch entfer-
nten Proteobakterien aufweist. Zu diesen Gemeinsamkeiten gehort die Hochreg-
ulierung von Genen, die an der Membranhomdostase beteiligt sind, aber auch eine
oF-abhingige regulatorische SRNA. Uberraschenderweise wurde festgestellt, dass
Sauerstoff o in F. nucleatum aktiviert, was im Gegensatz zu der typischen Rolle
des o-Faktors bei Membranstress steht.

Die nicht-kodierende sSRNA mit dem Namen FoxI, die von ¢f abhingt, un-
terdriickt nachweislich die Translation verschiedener Membranproteine, was eine

weitere Parallele zur Membranstressreaktion in Proteobakterien darstellt.

Insgesamt wirft diese Arbeit Licht auf die RNA-Landschaft des krebsassozi-
ierten Bakteriums und fiithrt zur Entdeckung einer konservierten globalen Stres-
santwort, die aus einem kodierenden und einem nicht-kodierenden Arm besteht.
Die Entwicklung neuer genetischer Werkzeuge hat nicht nur zu dieser Entdeckung
beigetragen, sondern bietet auch die Moglichkeit, die Molekular- und Infektions-

biologie dieses ratselhaften Bakteriums weiter zu entschliisseln.
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Introduction

Recent advances in technology show how important the human microbiome
is for overall health (Fan and Pedersen, 2021). However, they also show that the
microbiome consists of over 1000 bacterial species with the majority being uniden-
tified or understudied (Gilbert et al., 2018). Concomitantly, we lack knowledge on
how these bacteria adapt to their surroundings which can often drastically change
as exemplified by pathogens that travel from the environment into the host. Iden-
tifying the underlying processes of this adaption for microbiota members can thus
deepen our understanding of their general biology but also help discern potential
therapeutic targets to combat disease-associated bacteria. One such medically rel-
evant bacterium is Fusobacterium nucleatum (F. nucleatum) (Brennan and Gar-
rett, 2019) which together with the investigation of a stress response will be the

focus of this work.

1.1 Fusobacterium nucleatum:

An early-branching oral bacterium

The Gram-negative, obligate anaerobe, non-motile and rod-shaped F. nuclea-
tum belongs to the distinct phylum of Fusobacteriota (Fig. 1.1). Recent work
showed that the entire Fusobacteriota likely diverged early on from the last bac-
terial common ancestor (LBCA) compared to all known bacterial phyla (Coleman
et al., 2021).

The genus of Fusobacterium further displays an adaptive radiation with F. nu-
cleatum belonging to the lineage capable of actively invading host cells (Manson
McGuire et al., 2014). Furthermore, the species of F. nucleatum consists out of the
four subspecies (subsp.): F. nucleatum subsp. animalis, nucleatum, polymorphum
and vincentii displaying a high degree of heterogeneity commonly found between
individual species (Kook et al., 2017; Bi et al., 2022).
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Figure 1.1 | The phylogenetic distance of Fusobacteriota from other phyla.
A phylogenetic tree for 265 bacterial species. The the underlying data were generated
in Coleman et al. (2021). The figure was modified from Ponath et al. (2022D).

Despite this diversity, all thus far isolated F. nucleatum strains share a small
genome size of 1.8 to 2.5 megabases (Mbs) with a low GC-content (~27 %) (Ang
et al., 2016).

1.1.1 The microbiome member F. nucleatum

F. nucleatum is a host-associated bacterium and an abundant core member of
the human oral microbiome (Brennan and Garrett, 2019; Chen and Jiang, 2014;
Moore and Moore, 1994). In the oral cavity, F. nucleatum is part of a multi-species
biofilm, termed the dental plaque. Therein, F. nucleatum plays an integral role
in forming and maintaining this multi-species community as it serves as a bridg-
ing bacterium between the early colonizers (e.g. Streptococcus subsps, Veilonella
subsp. or Actinomyces subsp.) and the late colonizers (e.g. Porphyromonas gin-

givalis or Treponema denticola) of the dental plaque (Kolenbrander et al., 2002).
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This multitude of interactions is brought on by various adhesins expressed on
the surface of F. nucleatum and serves purposes beyond attachment to the neigh-
boring microbes (see 1.1.1.2 and 1.1.2). For example, the F. nucleatum-dependent
biofilm formation facilitates cross-feeding and metabolic synergies between the dif-
ferent members of the community (Welch et al., 2016; Kolenbrander et al., 2010;
Sakanaka et al., 2022). Further, this multi-species structure allows the generation
of an anoxic or micro-aerobic environment supporting survival of F. nucleatum
itself and other oxygen-sensitive bacteria (Diaz et al., 2002; Kolenbrander et al.,
2010).

1.1.1.1 Role in disease

While F. nucleatum is generally considered a mutualist, the anaerobic bac-
terium is also involved in periodontal diseases including endodontic infections,
gingivitis and periodontitis (Griffen et al., 2012; Moore and Moore, 1994; Didilescu
et al., 2012). These inflammatory diseases can be caused by F. nucleatum alone
but are more pronounced in multi-microbial infections with other oral species (e.g.
Tannerella forsythia, P. gingivalis or different Streptococci) (Settem et al., 2012;
Polak et al., 2009; Kesavalu et al., 2007; Han, 2015).

F. nucleatum can also disseminate from the oral cavity reaching distal body
sites. For instance, F. nucleatum can colonize placental or fetal tissue causing
a number of adverse pregnancy outcomes (APO) such as preterm- or still-birth,
neonatal sepsis, chorioamnionitis or preclampsia (Vander Haar et al., 2018; Fardini
et al., 2010).

This anaerobe bacterium can further be found in a variety of other infec-
tions or abscesses throughout the body including: the head and neck area, brain,
lungs, abdomen,pelvis, bones,joints and blood (Brook, 1994; Han, 2015). Also
caused through dissemination, F. nucleatum is a common cause of the inflamma-

tory disease Lemierre syndrome second only to the related species F. necrophorum
(Williams et al., 2003; Lee et al., 2020).

Furthermore, F. nucleatum is also able to colonize the gastrointestinal (GI)
tract where it is associated with inflammatory bowl disease and appendicitis
(Tahara et al., 2015; Strauss et al., 2011; Swidsinski et al., 2011). Importantly,

two landmark publication in 2012 showed that F. nucleatum can also colonize the
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tissue of colorectal cancer (CRC) (Kostic et al., 2012; Castellarin et al., 2012)
adding another major medical problem to the list of diseases associated with this

bacterium.

1.1.1.2 Role in cancer

Since 2012, several studies (McCoy, 2013; Feng, 2015; Li, 2016; Mima et al.,
2016; Wirbel et al., 2019; Amitay et al., 2017; Nejman et al., 2020; Brennan and
Garrett, 2019) could validate the initial observations and prove a clear associa-
tion of F. nucleatum with CRC. F. nucleatum has been found in the cancer tissue
ranging from the early to late stages of CRC (Ito et al., 2015). Additionally, an
increased F. nucleatum-burden correlates with overall decreased patient survival
(Mima et al., 2016; Yu et al., 2017). This negative outcome is likely caused by a
myriad of factors as the colonization by F. nucleatum can lead to increased tumor
growth, metastasis formation, resistance towards chemotherapeutic agents or mu-
tations through micro-satellite instability (Brennan and Garrett, 2019; Bullman
et al., 2017; Kostic et al., 2013; Casasanta et al., 2020; Yu et al., 2017; Mima et al.,
2016).

Strikingly, F. nucleatum is not restricted in its cancer tropism to CRC as it
can also colonize breast, pancreatic and esophageal cancer (Nejman et al., 2020;
Parhi et al., 2020; Yamamura et al., 2016; Li et al., 2021; Mitsuhashi et al., 2015;
Gaiser et al., 2019). Similar as in CRC, the current evidence strongly indicates
that the presence of F. nucleatum in these cancers exacerbates the disease (Parhi
et al., 2020; Mitsuhashi et al., 2015; Bronzato et al., 2020).

The interaction of F. nucleatum with CRC has garnered a lot of attention,
but we have uncovered only a few molecular determinants involved in this process
such as the OMP Fap2. Functioning as lectin, Fap2 binds to the sugar-moiety
Gal-GalNAc which is highly expressed on CRC cells and through this plays a cru-
cial role in the colonization of the cancerous tissue (Gur et al., 2015; Abed et al.,
2016). Fap2 can also interact with the immune receptor TIGIT expressed on nat-
ural killer cells and T-cells to inhibit their cytotoxic activity (Gur et al., 2015).
This immune suppressive effect is further enhanced by binding of the fusobacterial
autotransporter CbpF to the T-cell inhibitory receptor CEACAM1 (Galaski et al.,
2021; Gur et al., 2019). In contrast, the lipopolysaccharide (LPS) or abundant
porin FomA of F. nucleatum triggers a pro-inflammatory response via Toll-like-

receptors (TLRs) expressed on immune and epithelial cells (Toussi et al., 2012;
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Yang et al., 2017).

An additional important finding was the identification of the autotransporter
FadA which binds to E-cadherin on cancer cells, thereby leading to the activation
of the [S-catenin and Wnt-signaling cascade. Consequently, FadA causes the up-
regulation of pro-oncogenic and pro-inflammatory genes (Rubinstein et al., 2013).

More recent work demonstrated that F. nucleatum also modulates the metabolic
milieu of the tumor niche. When co-cultured with a CRC model, F. nuclea-
tum displayed increased formate production and lead to an increased glutamine
metabolism of the cancer cells. Further, this metabolic shift led to an increased
metastasis formation and promoted the expansion of pro-inflammatory Th-17 cells
(Ternes et al., 2022).

1.1.2 State of the art for

the fusobacterial molecular biology

Even though the medical relevance of F. nucleatum has been thoroughly es-
tablished, we lack a general understanding of its fundamental molecular biology
(Brennan and Garrett, 2019). One reason for this is the phylogenetic distance
to other model bacteria which hinders direct knowledge transfer (Coleman et al.,
2021). Furthermore, poor genetic tractability and a lack of tools for this bacterium
represent additional hurdles in the field. This is despite the fact that already in
the early 2000 two native fusobacterial plasmids were isolated (Haake et al., 2000;
Bachrach et al., 2004a) which could have served as a basis for replicative vec-
tors in F. nucleatum. This was followed by the first targeted mutagenesis in F.
nucleatum whereby suicide vectors were used to generate disruptions in genes en-
coding exoribonuclease RNase R, the autotransporter Aim1 and the adhesin FadA
(Kinder Haake et al., 2006; Han et al., 2005; Kaplan et al., 2005). Yet, it took
additional ten years before the first forward-genetic screen was carried out in this
bacterium, that used a transposon library and through it identified Fap2 as a

galactose-inhibitable adhesin (Coppenhagen-Glazer et al., 2015).
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Despite these limitations, the function of several fusobacterial OMPs could be
partially elucidated. For example, it was shown that the adhesins Fap2 and FadA
play an important role in the interaction with cancer cells (see Chapter 1.1.1.2).
However, FadA is not limited to binding the host receptor E-cadherin, as this
OMP also forms amyloid-like filaments which plays a role in biofilm formation,
adhesion to cancer cells and accelerate periodontal bone loss in an in vivo mouse
model (Meng et al., 2021).

The surface proteins of F. nucleatum also play an important role in the in-
teractions with other microorganism in the dental plaque. For instance, the type
5 autotransporter RadD is an important adhesin that interact with members of
the oral microbiome including, Streptococcus mutants and Candida albicans (Guo
et al., 2017; Wu et al., 2015). Like Fap2, RadD can interact with immune cells
and cause their death (Kaplan et al., 2010). Less well understood are the auto-
transporter proteins Aim1, FplA and Fusolisin. In comparison to the examples
above, Fusolisin is an autotransporter but also harbors enzymatic function as a
serine protease (Doron et al., 2014; Bachrach et al., 2004b). While Fusolisin is
able to digest collagen in wvitro its biological function in F. nucleatum is yet to be
determined (Doron et al., 2014).

Similarly, FplA displays a phospholipase activity recognizing human phospho-
inositides in vitro (Casasanta et al., 2017). Even though the role of FplA has not
been investigated in context of the host-bacteria interaction, the phospholipase ac-
tivity indicates its involvement in the manipulation of host cells (Casasanta et al.,
2017; Trunk et al., 2019). Our knowledge on Aiml is even more limited, since it

has only been suggested to cause apoptosis in lymphocytes (Kaplan et al., 2005).

Two recent advancements developed a deletion system to yield markerless
gene deletions (Wu et al., 2018; Casasanta et al., 2020). Both systems rely on
a metabolic deletion background missing the galK gene involved in galactose uti-
lization which enables counter-selection using 2-deoxy-galactose otherwise toxic
to the wild-type (WT) F. nucleatum. This approach helped to shed light on the
function of CbpF showing that this autotransporter can directly activate receptor
CEACAM1 and through it modulate immune cell activity and potentially cancer
growth (Galaski et al., 2021; Gur et al., 2019).

The deletion system was further used to identify a role of the FtsX-EnvC com-

plex in biofilm formation and cell division (Wu et al., 2018) as found for E. coli
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(Cook et al., 2020; Schmidt et al., 2004). And just recently, Chen et al. (2022)
found the L-methionine ~-lyase to contribute to the fusobacterial HyS production

and virulence.

Despite our growing understanding of fusobacterial genes and their function,
knowledge about general transcriptome architecture and RNA output in F. nu-
cleatum is limited. Exemplifying this is the fact that only a single TSS is known in
Fusobacterium (Sasaki-Imamura et al., 2010). Apart from a pioneering microarray-
based study (Merritt et al., 2009), global transcriptomic approaches have only
recently been applied to this bacterium (Mutha et al., 2018; Cochrane et al.,
2020; Wu et al., 2021; Scheible et al., 2022). These studies also used automati-
cally annotated genome sequences missing UTRs and non-coding RNAs, including
sRNAs. As a result, little is known about transcriptional and post-transcriptional
regulation in F. nucleatum. Consequently, we lack an understanding of general
regulatory networks governing basic processes in F. nucleatum but also the ones

important for the adaption to changing environments.

1.2 (Gene regulation in bacteria

Bacteria must monitor their environment and respond to changes in it for their
survival. Such environmental stimuli include fluctuations in nutrients, metals,
metabolites or envelope stress. To react appropriately, prokaryotes have devel-
oped several mechanisms for controlling transcription and translation of specific
regulatory networks. As outlined below, such mechanisms can include a single

protein but also different protein complexes and regulatory RNAs working in syn-

ergy.

1.2.1 Transcriptional regulation

The RNA polymerase (RNAP) is the key complex for RNA synthesis and
consist of five conserved subunits that facilitate the transcriptional activity of the
enzyme (Borukhov and Nudler, 2008). However, only the binding of an additional
sigma factor (o) to the RNAP allows the binding of a specific promoter sequence
(Travers and Burgess, 1969; Feklistov et al., 2014; Gross et al., 1998). Universally

0 represents the housekeeping o factor

conserved among bacteria, RpoD, or o
important for maintaining general transcription (Lonetto et al., 1992). However,

during stress conditions alternative o factors can replace o™ in the RNAP complex
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and thus rewire its specificity. These alternate o factors are part of either the o™-
family or that of the o®*-family which share no sequence homology between each
other. The two o factor classes are further differing in sequence motif recognition,
whereby ¢’ members bind to -35 and -10 promoter region and ¢°* does so in the
-24 and -12 position (Feklistov et al., 2014).

1.2.2 Alternative o factors

The o°* class is currently limited to RpoN and commonly regulates nitrogen
metabolism but can also modulate the expression of virulence genes (Kazmierczak
et al., 2005). Beyond RpoD, alternate ¢™ family members are more diverse in
their biological role: o functions as a general stress o factor (Gottesman, 2019),
ol is involved in the response to heat-shock (Arséne et al., 2000), and members of
the extracytoplasmic function sigma factors (ECF) such as o are frequently asso-
ciated with envelope stress (Hews et al., 2019). Additional functions of alternate
o factors include regulation of the different stages of spore formation (Fimlaid and
Shen, 2015), toxin production (Martin-Verstraete et al., 2016) or flagellar synthesis
(Soutourina and Bertin, 2003) However, they can also be involved in very specific
processes, such as ¢V which responds only lysozyme exposure in Firmicutes (Ho
and Ellermeier, 2019). Common among the ¢ factors is their function as a tran-

scriptional activator in contrast to the varying role of transcription factors and

two-component systems.

1.2.3 Transcription factors

Transcription factors (TFs) represent another important component in regula-
tory networks as they orchestrate the access of the RNAP to promoter sites. For
this the TFs bind and recognize specific sequence motifs in the promoter region
and either exclude or stabilize RNAP association with the DNA, thereby causing
the inhibition or activation of gene expression, respectively (Browning and Busby,
2016). The activity of TFs is regulated by sensing internal or external cues that
can either lead to binding of its DNA recognition motif or release thereof (Babu
and Teichmann, 2003b; Balleza et al., 2009).

Such is the case for the iron-response regulator Fur that inhibits transcription
by binding the operator sites upstream of genes encoding components of the iron
acquisition systems and is inactivated with decreasing iron levels. This leads to

the release of Fur allowing the transcription of previously repressed genes (Braun,
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2005; Escolar et al., 1999; Hantke, 1984). Bacteria such as E. coli can harbor
~300 TFs (Pérez-Rueda and Collado-Vides, 2000; Babu and Teichmann, 2003a).
The TFs can exert gene expression control of a larger regulon such as the above-
mentioned Fur or the catabolite repressor protein (CRP) which regulates ~500
genes in E. coli (Santos-Zavaleta et al., 2019). Combined, the regulatory of activity
of different TFs can overlap or interfere with one another which results in complex
gene regulation networks (Browning et al., 2019).

F. nucleatum harbors ~65 predicted TFs which are fully unexplored. Interest-
ingly, the bacterium encodes two putative TFs related to the Fur-family suggesting

that regulation of the metal-uptake might be similarly regulated as in E. coli.

1.2.4 Two-component systems

In the case of two-component systems (TCS) the function of receiving and re-
laying a signal is divided into two factors: a membrane bound histidine kinase as
the sensory protein and a cognate response regulator (Mascher et al., 2006). Un-
der the activating conditions, the sensory component phosphorylates the response
regulator leading to its activation (Zschiedrich et al., 2016). Similar to TFs, the
response regulator controls transcription of its target gene(s) by binding a DNA
recognition motifs (Makino et al., 1986; Zschiedrich et al., 2016).

TCSs sense a variety of stimuli, such as levels of Mg?* and Ca?* but also en-
velope damage by the wide-spread PhoPQ TCS (Garcia Véscovi et al., 1996; Gro-
isman, 2001; Dalebroux and Miller, 2014; Bader et al., 2005) or inner membrane
(IM) stress by the Cpx-system (Hunke et al., 2012). The Bae- and Rcs-systems
present additional TCS (Raffa and Raivio, 2002; Meng et al., 2021) responding to
membrane damage highlighting a common function of TCS in the envelope stress

response (Rowley et al., 2006).

Interestingly the two recently characterized TCS in F. nucleatum have not been
linked to envelope maintenance: the CarRS system is regulating lysine metabolism
as well as the adhesin RadD. Apart from biofilm formation and co-aggregation,
the CarRS system is also important for virulence as a AcarS strain is attenuated
in a pre-term birth mouse model (Wu et al., 2021).

The second TCS, termed ModRS, is involved in the response to oxidative stress
(Scheible et al., 2022). Upon sensing HyOy, ModRS activates oxidative defense
genes (msrAB, ccdA, trz) to neutralize the reactive oxygen species. In line with

this is the observation that ModRS and its regulon are required for survival in
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macrophages as well as successful colonization of CRC cell lines and placental
tissue in a pre-term birth mouse model (Scheible et al., 2022). The latter might
be linked to the role of MetL in virulence since this metabolic gene is modulated
by ModRS and is required for bacterial fitness in a pre-term mouse model (Chen
et al., 2022).

1.2.4.1 Regulation by the 6S RNA

Regulatory networks do not solely rely on protein factors. The 6S RNA, en-
coded by the ssrS gene, is a non-coding RNA (ncRNA) found widespread through-
out the bacterial kingdom (Wehner et al., 2014). It was discovered more than 50
years ago in E. coli (Hindley, 1967) where its function is also best understood
(Wassarman, 2018). Remarkably, its secondary structure with a central bulge in-
side a long stem loop is conserved among all identified 65 RNAs despite a lack of
primary sequence conservation (Wassarman, 2018). Work in E. coli could show
that this structural feature is essential for the function of the ncRNA as it mimics
an open dsDNA complex and sequesters the RNAP into a stable complex. The
RNA-RNAP complex formation coincides with increased levels of the 65 RNA
towards the stationary growth phase and causes global gene expression changes
(Wassarman and Storz, 2000). Upon outgrowth, the RNAP uses the 6S RNA as a
template leading to the synthesis of a product RNA (pRNA) and destabilization of
the RNA-RNAP complex (Wassarman and Saecker, 2006). This process becomes
important when subjected to adverse conditions, such as during the infection of
the host, where the 65 RNA is upregulated in various pathogens (Wassarman,
2018). Additionally, the 6S RNA can be integrated into larger global pathways
such as the stringent response (Cavanagh et al., 2010). Despite the early discovery
of the 6S RNA we lack a full understanding of the transcriptional regulation by
this ncRNA (Wassarman, 2018).

1.2.5 Post-transcriptional regulation by small regulatory
RNAs

An additional important component or regulatory system are small regula-
tory RNAs (sRNAs) which in contrast to above mentioned examples act as post-
transcriptional regulators. The sRNA-based regulation is commonly carried out
on the RNA level and usually leading to modulation of protein synthesis. RNA-
binding proteins (RBPs) such as Hfq, ProQ or CsrA often play an important role

10
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in the sSRNA-activities by affecting their stability and supporting the annealing of
the sSRNA to an mRNA target (Holmqvist and Vogel, 2018; Storz et al., 2011).

Initially discovered sRNAs originated from intergenic regions but by now it is
clear that they can stem from both the 5" and 3’'UTR of an mRNA or from inside
an ORF (Adams et al., 2021). sRNAs are defined as short 50 to 500 nt transcripts
(Gottesman and Storz, 2011) which do not encode for proteins. However, both
traditional definitions have been challenged by examples such as the ~1 kB long
sRNA SSR42 in Staphylococcus aureus (Morrison et al., 2012) and multiple dual-
function sRNAs encoding small proteins such as RNAIII or SpoT42 (Morfeldt
et al., 1995; Aoyama et al., 2022; Adams et al., 2021; Gimpel and Brantl, 2017).

Canonically, sSRNAs act as translational repressors by directly base-pairing
with their mRNA target through the seed region. During this, the SRNAs usually
bind in the vicinity of the ribosome-binding site (RBS) and/or the start codon of
an mRNA and thus inhibit translation initiation (Storz et al., 2011). The reduced
level of translation often promotes increased RNA degradation while this is not
strictly necessary (Mgller et al., 2002; Storz et al., 2011). Alternatively, SRNAs can
also promote translation by changing the secondary structure of its RNA target
and thus unmasking the RBS (Prévost et al., 2007) or increasing mRNA stability
(Frohlich et al., 2013). Another less frequent mode-of-action for sRNAs is the
sponging of other sSRNAs as shown for the SroC sequestering the sRNAs GevB
and MgrR (Miyakoshi et al., 2015; Acuna et al., 2016).

Through the above mentioned mechanisms sRNAs function as the fine-tuning
components in regulatory networks. Their importance is reflected in the fact that
sRNAs are involved in every facet of the bacterial physiology ranging from response
to metal or nutrient limitation to virulence and biofilm formation (Nitzan et al.,
2017; Ponath et al., 2022a; Hor et al., 2020b). Thus, insights into these important
players have endowed us with a deeper understanding of the larger biology of

bacteria.

1.3 The envelope stress response

Regulation of the cellular envelope is vital to bacteria as it forms the first

line of defense in Gram-negative bacteria (Rowley et al., 2006). As mentioned
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above, its integrity is monitored by several different stress responses (Mitchell
and Silhavy, 2019), such as the Cpx-system which modifies the IM when facing
envelope stress (Raivio, 2014) (see 1.2). Additionally, the phage shock (PSP)
system senses perturbations at the IM and supports the maintenance of the proton
motive force and ensuring proper localization of secretins (Flores-Kim and Darwin,
2016).

Yet, probably the best understood envelope stress response concerns the in-
tegrity of the outer membrane (OM), regulated by the ECF oF.

1.3.1 The o” stress response

The 0¥ response has been extensively characterized since its discovery more
than 30 years ago (Erickson and Gross, 1989), especially in E. coli but has also
been studied in members of the Proteobacteria and Actinobacteriota (Paget et al.,
1999; Hews et al., 2019). Encoded in E. coli by rpoE, o activity is tightly reg-
ulated to avoid unwanted toxicity (Nicoloff et al., 2017). For this, an anti-sigma
factor binds o¥ and inhibits it from associating with the RNAP (De Las Pefias
et al., 1997; Missiakas et al., 1997). In E. coli, o¥ is released by regulated in-
tramembrane proteolysis (RIP) from its IM-bound anti-sigma factor RseA. This
is the result of sequential cleavage steps initiated by the protease DegS and fol-
lowed by the proteolytic activity of RseP (Ades et al., 1999; Alba et al., 2002;
Kanehara et al., 2002). In the final step, the ClpXP protease is recruited via the
adapter protein SspB to yield active o (Flynn et al., 2004).

Across different phyla, 0¥ and its homologs can be activated by various broad
stresses such as hyperosmolarity, heat shock, oxidative stress, nutrient shifts or
OMP overexpression (Rowley et al., 2006). Conversely, the ECF can also be
attuned to a specific stressor as exemplified in Rhodobacter sphaeroides where the
ECF responds to singlet oxygen generated during photosynthesis (Anthony et al.,
2005).

Upon activation, o

associates with the RNAP and initiates transcription of
its regulon by recognizing a conserved promoter motif in the -10 and -35 region of
the transcriptional start site (T'SS) (Rhodius et al., 2006; Rhodius and Mutalik,
2010; Todor et al., 2020). This regulon shares functional similarities between
different bacterial species by including genes involved in DNA damage repair,
LPS biogenesis and OM homeostasis (Dartigalongue et al., 2001; Missiakas et al.,
1997; Rhodius et al., 2006; Skovierova et al., 2006; Rowley et al., 2006; Ades,

12
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2008; Mutalik et al., 2009). Strikingly, previous works also identified sRNAs as
a conserved components of the ¢ regulon which are considered the "non-coding

arm" of the response (Frohlich and Gottesman, 2018).

1.3.1.1 o% and small RNAs

In E. coli and in Salmonella typhimurium, o upregulates the expression of the
three Hfg-dependent sRNAs: MicA (Udekwu et al., 2005; Figueroa-Bossi et al.,
2006), RybB (Papenfort et al., 2006; Thompson et al., 2007; Papenfort et al.,
2010) and MicL (Guo et al., 2014). In this, MicL targets only the mRNA of the
lipo-protein Ipp to downregulate the most abundant protein in these bacteria (Guo
et al., 2014). In contrast to the former, MicA and RybB affect a large targetome
to inhibit translation of several major OMPs, such as OmpA (Gogol et al., 2011;
Vogel and Papenfort, 2006; Johansen et al., 2006; Udekwu et al., 2005; Rasmussen
et al., 2005). Taken together, the three SRNAs act as o negative regulatory arm
to achieve envelope homeostasis when facing adverse conditions (Frohlich and
Gottesman, 2018). Furthermore, o¥-dependent sSRNAs with a similar function
to the above are found in other Proteobacteria, which underpins their important

regulatory function (Table 1.1)

Table 1.1 | Overview of studied o”-dependent sRNAs.

sRNA species reference

MicA, RybB, MicL.  E.coli/ Salmonella (Udekwu et al., 2005; Johansen
et al., 2006; Papenfort et al., 2006;
Pfeiffer et al., 2007; Thompson et al.,
2007; Papenfort et al., 2010; Guo

et al., 2014)
VrrA, MicV V. cholerae (Song et al., 2008; Peschek et al.,
2019)
ErsA P. aeruginosa (Ferrara et al., 2015)
Pos19 R. sphaeroides (Berghoff et al., 2009; Miiller et al.,
2016)
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The importance of these sSRNAs in maintaining membrane homeostasis is sup-
ported by the fact that an hfq deletion strain exhibits aberrant activation of the
oF response (Ding et al., 2004; Figueroa-Bossi et al., 2006; Guisbert et al., 2007;
Thompson et al., 2007). The lack of the sSRNA-mediated control of OMP syn-
thesis and subsequent accumulation thereof is thought to trigger the unchecked
activation of o (Guisbert et al., 2007; Thompson et al., 2007; Bossi et al., 2008).

14
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1.4 Aim of this study

Recent works on the fusobacterial TCS provided us with a first view on gene
regulation in F. nucleatum. Yet, their exact regulon or other larger regulatory
networks remain unknown in this bacterium. Moreover, there is an absence of
any knowledge about its post-transcriptional regulation which plays a major role
in all facets of the bacterial lifestyle including the adaption to changing environ-
ments. Since F. nucleatum drastically changes its niches in the body - from tooth
to cancer - knowledge on the regulatory networks supporting this adaption could
be of great importance. Different environments that F. nucleatum faces raise the
question if this phylogenetically early-branching bacterium employs similar regu-
latory networks as bacteria such as F. coli to maintain its envelope homeostasis.
However, answering such questions has been hampered by the absence of genetic
tools for F. nucleatum and a detailed genome annotation that would allow one to
fully investigate gene regulation in this bacterium.

Thus, this doctoral thesis focused on three points to build an important foun-

dation for further investigation into the molecular biology of F. nucleatum:

» Using RNA-seq to generate updated annotations including 5’'UTRs and reg-
ulatory RNA elements

o Generating genetic tools that allow studying gene functions or the impact

of regulatory events in the bacterium

o Investigating the role of the ECF o¥ as the first global stress response in F.

nucleatum
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The primary transcriptome of
Fusobacterium nucleatum

RNA-seq is a powerful tool and has revolutionized our understanding of bac-
teria by capturing global gene expression changes that reflect their physiological
state (Creecy and Conway, 2015). However, the technique is unable to distinguish
primary transcripts from processed transcripts and consequently cannot directly
detect transcriptional start sites (TSS).

The pioneering of differential RNA-seq (dRNA-seq) overcame this limitation
in 2010 leading to elucidation of the primary transcriptome for the pathogen Heli-
cobacter pylori (Sharma et al., 2010). Not only did it enable the precise annotation
of transcriptional start sites (T'SS) and untranslated regions of genes (UTRs), but
it also allowed the global identification of sRNAs.

To achieve this, the dRNA-seq protocol takes advantage of the fact that bac-
terial primary transcripts harbor a tri-phosphate group (5’PPP) at their 5’end
whereas processed RNA species including ribosomal RNA (rRNA) or transfer
RNAs (tRNA) have a mono-phosphate group (5'P). Treatment with the 5P-
dependent terminator exonuclease (TEX) can specifically degrade processed RNA
and thus enriches for the primary transcripts. A comparative sequencing approach
of TEX-treated and untreated samples can thus yield clear enrichment patterns
for the TSS of genes on a global scale (Sharma et al., 2010; Sharma and Vogel,
2014).

To similarly advance our understanding on the RNA landscape of Fusobac-
terium, dRNA-seq was applied to the five fusobacterial strains representing all

subspecies and a closely related species:

o Fusobacterium nucleatum subspecies nucleatum ATCC 25586 (Fnn)

o Fusobacterium nucleatum subspecies animalis 7_1(Fna)

o Fusobacterium nucleatum subspecies polymorphum ATCC 10953 (Fnp)
o Fusobacterium nucleatum subspecies vincentii 3 1 36A2 (Fnv)

o Fusobacterium periodonticum 2_1 31 (FuP)
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In this, the detailed analysis focused on Fnn as it represents the reference strain

of F. nucleatum.

A large part of this chapter has been published before:

o Ponath, F., Tawk, C., Zhu, Y., Barquist, L., Faber, F., & Vogel, J. (2021).
RNA landscape of the emerging cancer-associated microbe Fusobacterium
nucleatum. Nature Microbiology, 6(8), 1007-1020.
https://doi.org/10.1038 /s41564-021-00927-7

2.1 Characterization of F. nucleatum growth

Different growth phases of a bacterium entail strong differences in their gene
expression patterns. Thus the growth behavior of the used fusobacterial strains
was determined as a first step. Due to the bacteria’s anaerobic lifestyle all experi-
ments were performed in an anaerobic environment, using rich media (see Chapter
7 for details).
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Figure 2.1 | CFU growth of different fusobacterial strains

Colony forming units (CFU) were quantified at the indicated time points for the strain A. Fnn;
B. Fna; C. Fnp; D. Fnv; E. FuP. The time points analyzed in the RNA-seq analysis are marked
as follows: early exponential (E; green), mid-exponential (M; blue) and early stationary phase
(S; orange). The data are presented as the mean and standard deviation (SD) of three biological
replicates. Panel A of this figure has been adapted from Ponath et al. (2021).

Bacterial growth was assessed by quantifying the colony forming units (CFU)

over the time course of 12 to 15 hours (h). Fnn reached the early exponential phase
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(E) after ~4 h, the mid-exponential (M) phase at ~7 h and the early stationary
phase (S) at ~12 h (Fig. 2.1A). The other strains followed an overall similar
growth pattern (Fig. 2.1B-E).

2.2 dRNA-seq of Fusobacterium nucleatum

To capture the diverse transcriptomic states, total RNA samples were collected
from three time points reflecting the different growth stages (Fig 2.1). These
samples were subjected to the dRNA-seq cDNA preparation library protocol and
sequenced (see Chapter 7 for details). As mentioned above, the in-depth analysis
focused on the reference strain (Fnn) and the following results will refer to this

strain unless otherwise stated (see Chapter 2.4).

2.2.1 Transcriptional start sites

The resulting reads were mapped to the genome of Fnn and the resulting cov-
erage files were used as input for the bioinformatic tool ANNOgesic (Yu et al.,
2018b) (see Chapter 7). This modular tool enables the prediction of TSS by ac-
counting for the differences at the T'SS between coverage files generated from un-
treated and TEX-treated RNA samples (Fig. 2.2A). For this, ANNOgesic employs
a machine-learning algorithm taking following variables into account: height and
height reduction, factor and factor reduction, an enrichment factor, a processing
factor and finally the base height (Yu et al., 2018b).

The detected TSS are assigned to different classes (Fig. 2.2A): primary TSS
(pTSS) are the main starting point of a transcript; secondary TSS (sTSS) are
additional starting points of a transcript but expressed weaker than a pTSS; in-
ternal TSS (iTSS) start within the ORF of a gene; antisense T'SS (aTSS) signal
transcription antisense to a gene or within a 100 nt distance of one; orphan TSS
(0TSS) are not associated with any annotated gene.

This computational analysis followed by manual curation revealed an total
number of 930 TSS detected across all growth stages for Fnn (Fig. 2.2B; Supple-
mentary data 8.1). The majority of the T'SS (706/930) are pT'SS which, combined

with the operon prediction(see 2.2.7), account for nearly ~75% of all genes.
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Figure 2.2 | dRNA-seq analysis of F. nucleatum subsp. nucleatum.

A. Overview of the workflow for the transcriptome analysis via dRNA-seq. Genome-wide read
distribution for Fnn is shown, followed by schematic representation of the read enrichment upon
TEX-treatment and the classification of the different TSS classes. B. Venndiagram showing the
distribution of the different TSS classes detected for Fnn. C. Verification of TSS detection for
the tnaAB operon as shown in Sasaki-Imamura et al. (2010). r.p.m., reads per million. The
figure was modified from Ponath et al. (2021).

This included a prediction for the major TSS of the tnaAB tryptophanase
operon which is in agreement with the previously reported pTSS for this operon
(Fig. 2.2C) (Sasaki-Imamura et al., 2010). However, this T'SS represents the only
example for benchmarking the global analysis as no other T'SS has been previously

reported for F. nucleatum.

The dRNA-seq data also showed growth phase-dependent detection of TSS as
in the case of tnaAB operon for which the expression increased in the stationary
phase (Fig. 2.2C). Transcription of a fructose uptake operon, FN1438-FN1441, dis-
played the opposite pattern with diminishing RNA levels in the stationary phase
(Fig. 2.3A). Overall, 171 genes were differentially expressed (-2< log, fold change
>2; false discovery rate (FDR) <0.05) when comparing the expression for the
untreated samples between the early exponential and stationary phase (Supple-
mentary data 8.2). Among them, the fructose uptake operon showed the strongest

downregulated in the stationary phase while the genes of a putative fructoselysine
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metabolism operon (FN0632-FN0627) displayed drastically increased expression

levels indicating a metabolic re-wiring with the entry into the stationary phase.

Approximately 12% of the overall TSS belong to multiple of the above in-
troduced TSS classes. The largest group of the multi-class TSS is assigned to
the class consisting of primary and antisense T'SS (p/aTSS) with a total number
of 57 out of 107. The p/aTSS often represent divergently transcribed genes as
found for the genes FN1418 and metL, encoding a transcriptional regulator and
a methionine gamma-lyase, respectively (Fig. 2.3). The short intergenic regions
between the genes indicates that both share an overlapping promoter motif and
the high constitutive expression of metL might inadvertently repress transcription
of FN1418 (Warman et al., 2021).

The second largest group of multi-class T'SS is represented by primary and
internal T'SS (p/iTSS) (37/107). These TSS mark the start of suboperons which
will be discussed further below in chapter 2.2.7.
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Figure 2.3 | Examples for predicted regulation via TSS prediction.

A. Growth-phase-dependent transcription of the FN1438-FN1441 operon. Normalized read dis-
tribution for the FN1438-FN1441 operon including the fruK gene likely involved in fructose
uptake. B. Coverage of the divergently transcribed genes FN1418 and metL. C. Coverage of
the glpkF-glpK operon including the detected aTSS in trans to glpK. Panel A of this figure has
been adapted from Ponath et al. (2021).

Pervasive antisense transcription, originating from aTSS, has been reported as
widespread occurrence in bacteria and can contribute to transcriptional regulation
(Georg and Hess, 2018). However, aTSS were only a minor group of detected TSS
(54/930) and primarily detected in the E and M growth phase (Supplementary
data 8.1). In case of the glycerol kinase glpK (FN1839), the antisense transcrip-
tion originated close to the start codon of the gene. Interestingly, the levels of

the glpK mRNA increased during stationary phase when antisense transcription
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decreased (Fig. 2.3C). This suggests a possible growth-phase dependent regula-
tion of glycerol metabolism partially controlled by transcriptional interference or

a possible post-transcriptional mechanism (Pelechano and Steinmetz, 2013).

2.2.2 5UTRs

The 5’'UTR of the bacterial mRNA contains the Shine-Dalgarno sequence as
part of the ribosome binding site (RBS) and thus enables recognition by the ri-
bosome and subsequent translation of the mRNA (Shine and Dalgarno, 1974;
Calogero et al., 1988). Additionally, the 5’'UTR is also a hot-spot for post-
transcriptional regulation in bacteria and thus globally identifying them is vital to
fully understand regulatory networks (Geissmann et al., 2009). The annotation of
pTSS and sTSS allow the identification of 5’UTRs for F. nucleatum which display
a median length of ~36 nt (Fig. 2.4). This distribution of the 5’'UTR length is
similar to that found in other bacteria such as H. pylori or C. difficile (Sharma
et al., 2010; Fuchs et al., 2021). Conversely, 113 genes also show substantially
longer 5’'UTRs (>100 nt), as for instance the 324 nt long 5’'UTR of the mRNA
encoding a putative alanine or glycine:cation symporter FN0328 (Supplementary
data 8.3).

A motif analysis of all 5’UTRs showed in 76% of the sequences a shared perfect
5-AGGAGG-3’ motif and over 90 % are associated with this identified sequence
(Fig. 2.4), which resembles the Shine-Dalgarno sequence found in other bacteria
(Shine and Dalgarno, 1974). This indicates that mRNA recognition by the ribo-

some is similarly conserved in the evolutionary distant F. nucleatum.

Leaderless mRNAs, with a 5’UTR shorter than 10 nt, are prevalent in archaea
and some bacterial species. In these organisms, their alternative translation ini-
tiation mechanism is suggested to support them in the response to stress (Beck
and Moll, 2018). However, F. nucleatum shows only a rare occasion of leaderless
mRNAs with a 5’'UTR length <10 nt as the dRNA-seq analysis only identified
four such cases: transcripts encoding an integrase/recombinase, a pseudouridine
synthetase, a putative transcriptional regulator and a predicted drug efflux pump
(Supplementary data 8.3). The low occurrence of leaderless mRNAs (Beck and
Moll, 2018; Zheng et al., 2011) suggest that this mRNA species might not play an

important role in F. nucleatum when facing adverse conditions.
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Figure 2.4 | Analysis of 5’UTRs in F. nucleatum.

Displayed is the length distribution and counts of all the 5’UTR associated with pTSS (black)
and sTSS (red). A consensus motif for the Shine-Dalgarno sequence was predicted using these
5"UTRs. The average distance from the translational start site is indicated. This figure was
adapted from Ponath et al. (2021).

2.2.3 Promoter

Bacterial transcription is initiated by DNA binding of the RNA polymerase
(RNAP) which forms a complex with a sigma (o) factor to allow for guided tran-
scription from a specific promoter (Gross et al., 1998). All F. nucleatum subspecies
encode four o factors: the housekeeping o™ (rpoD); downstream of o™ an unclas-

E and one

sified o factor; a putative homolog to the envelope stress regulator o
sigma factor that shows conservation to the sporulation o factor SigH from the
phylogenetically distant Clostridiaceae (Fig. 2.5A). Of note, all subspecies except

for F. nucleatum subsp. nucleatum additionally harbor a member of the ¢®* family.

In addition, F. nucleatum encodes an additional ~65 putative TFs and five
predicted two-component systems (TCS), out of which two have recently been
investigated (see Chapter 1.1.2). As no known promoter motifs for F. nucleatum
were available, the -50 to +1 region of each pTSS was used for a motif analysis
using MEME (Bailey et al., 2015). Analysis of this region identified a common
extended -10 and -35 box in the upstream region for ~93% of all pTSS (Fig. 2.5B).
This is recognized by the housekeeping ¢™ as found e.g. in y-Proteobacteria such
E. coli (Hawley and Mcclure, 1983; Mitchell et al., 2003). However, both boxes
are connected through an A+T-rich spacer more commonly found among members
of the e-Proteobacteria (Dugar et al., 2013; Sharma et al., 2010) or Bacteroides
(Ryan et al., 2020).
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Figure 2.5 | o factors across Fusobacterium and the identified ¢’ motif.

A. Displayed is the presence (green/blue) or absence (white) of the predicted o factors based
on genome annotations and a homolog search. Strains used in this study are marked in bold.
B. The identified promoter motif identified via the MEME suite (Bailey et al., 2015) found
upstream of ~93% of all pT'SS. The extended -10 box and -35 box are indicated including the
A+T-rich spacer separating them. Panel A has been modified from Ponath et al. (2022b) and
B from Ponath et al. (2021).

The non-targeted search did not identify any further promoter motifs indicating
that transcription is primarily driven by ¢’ under the tested growth conditions.
This result was unchanged when only analyzing genes transcribed in one or two
of the growth stages. This could be partially explained by the observation that
only 29 out of the 65 transcription factors were sufficiently expressed and only
two showed a strong regulation between early exponential and stationary phase
(-2< logy fold change (FC) >2; Supplementary data 8.2). Similarly, none of
the three detected TCS were significantly regulated (Supplementary data 8.2).
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Overall, these data suggest that o™ is the primary driver of transcription under

the studied growth conditions.

2.2.4 Re-annotation

An exact gene annotation is required to accurately perform transcript quantifi-
cation for RNA-seq studies or when analyzing gene function with molecular tools.
High resolution transcriptomic maps, such as those generated by dRNA-seq, are an
excellent tool to verify automated ORF annotations for bacterial genomes (Sharma
et al., 2010). The manual curation of the T'SS displayed several instances of ex-
tended ORFs for genes in the annotation forF. nucleatum supplied by the NCBI
database (accession: AE009951.2; (Kapatral et al., 2002)).

To remedy potential mis-annotations, all CDS were surveyed for a lack of
canonical start codon, the lack of an Shine-Dalgarno sequence and the presence
of a potential upstream-extended ORF. This led to the identification of 463 CDS
exhibiting at least one of these criteria. Using the generated annotation of pTSS,
sTSS and the identified Shine-Dalgarno sequence (Fig. 2.4), a total of 460 CDS
could be re-annotated and 438/460 out of those were found to carry an "AUG’
start codon and harbor an Shine-Dalgarno sequence in the -20 nt region of the
start codon (Supplementary data 8.5).

Further, a comparison to a recent sequence update by Sanders et al. (2018)

displays an excellent agreement between both annotations.

2.2.5 Annotation of small ORFs

Small ORFs (sORFs), encode small protein, which are defined as any protein
with < 50 amino acids (aa) (Hemm et al., 2020). The sORFs are often overlooked
by automated annotation pipelines as these usually consider only ORFs encoding
for proteins consisting of > 100 aa (Storz et al., 2014). However, it is becoming
more evident that these small proteins can play important roles in different as-

pects of bacterial physiology (Hemm et al., 2020).
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Figure 2.6 | Discovery of sORFs in F. nucleatum.
Shown are the genomic locations, sequence alignments and consensus motif of the ORFs for A.
fspC1, B. fspC2 and C. fspC3. The figure has been modified from (Ponath et al., 2021).
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A total of 22 sORFs are annotated in F. nucleatum. However, most of them
are associated with transposases or are ambiguous candidates as they at lack an
AUG start codon or an Shine-Dalgarno sequence. The analysis of long 5’'UTRs
and orphan TSS identified three high confidence candidates. Now referred to as
fspC1 to fspC3, all three SORFs are conserved in their genomic synteny (Fig. 2.6).
Additionally, the ORF and several amino acids remain strongly conserved despite
varying nucleotide sequences between the different fusobacterial species.

A structure prediction for all three SORF candidates indicates the presence
of two « helices and a potential membrane association, which is seems to be a
common characteristic of small proteins (Fontaine et al., 2011). In more detail,
the 41 aa FspC1 harbors a predicted transmembrane domain and lies downstream
of the gene encoding for the anti-terminator NusB (Fig. 2.6A). The gene for the 33
aa long FspC2 is located upstream of the predicted glutamate carboxypeptidase
(FN1186) (Fig. 2.6B). Lastly, FspC3 is a ~48 aa ORF and the mRNA is co-
transcribed with an operon potentially involved in nucleotide metabolism and
transfer RNA (tRNA) maturation or repair function (Fig. 2.6C). Interestingly,
FspC3 likely functions in the periplasm as it carries a SEC translocation signal.

The strong conservation in terms of their sequence and genomic synteny across
Fusobacterium genus, suggest that, FspC1, FspC2 and FspC3 play an important
role in the physiology of these bacteria.

2.2.6 Improving the annotation of virulence factors

F. nucleatum lacks all canonical secretion systems for the secretion of effector
proteins that can modulate the host (Citron, 2002). Instead, F. nucleatum uses a
variety of OMPs to interact with the host cells including genes encoding for type
5 autotransporters (Brennan and Garrett, 2019; Kapatral et al., 2002; Desvaux
et al., 2005; Umana et al., 2019). The dRNA-seq analysis revealed that all of
these genes are constitutively expressed while also enabling the definition of their
operon structure (Fig. 2.7; Supplementary data 8.1).

For example, the (-catenin signaling triggering FadA (Rubinstein et al., 2013)
displays a monocistronic expression. In comparison, the gene encoding for the
Gal-GalNAc binding Fap2 is transcribed as a dicistron with the first gene encod-
ing for a putative transport protein. The fadA paralog, rapA, together with fad-1
and terminally radD are part of a multicistronic functional unit important for in-
terspecies co-aggregation (Kaplan et al., 2009; Shokeen et al., 2020). The recently

discovered negative regulator of T-cell activity, CbpF, is transcribed as a single
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Figure 2.7 | Improving the annotation of virulene factors.
Schematic overview of known fusobacterial virulence factors (red) including associated TSS and
terminators. This figure was modified from (Ponath et al., 2021).

gene (Galaski et al., 2021; Brewer et al., 2019). This also the case for the genes
of the abundant porin FomA and the phospholipase FplA, whose role in virulence
remains to be defined. The serine protease fusolisin (Doron et al., 2014) also
shows a monocistronic expression. However, the 3’-region of this gene contains
the independently transcribed sRNA FunR47. Additionally, the transcription of
65/208 predicted virulence factors (Kumar et al., 2016) is initiated from a pTSS
(Supplementary data 8.4). The improved annotation of fusobacterial virulence
factors also defines their 5’'UTRs which can serve as a starting point to investigate

their post-transcriptional regulation.

2.2.7 Improving the operon annotation

A previous operon prediction from the DOOR database (Cao et al., 2019) for
F. nucleatum was entirely generated by computational inference from other bac-
teria. However, this prediction can further be refined by using additional data
and predictions, such as TSS, terminators and transcriptomic data. All of these
were combined to refine the operon prediction for F. nucleatum resulting in a to-
tal of 428 operons (Supplementary data 8.6). This analysis further corrected 48
operons, such for the one including for the virulence-associated type Va autotrans-
porter FplA (FN1704; Fig. 2.8A) (Casasanta et al., 2017) prior considered to be
monocistronic but is in fact co-transcribed with FN1705 and FN1706, encoding

for a putative transporter and an aldose-epimerase, respectively.

The operon annotation was further expanded by eight new operons (Supple-
mentary data 8.6). This includes the operon FN1312-FN1310, in which the first
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Figure 2.8 | Examples for the updated operon annotation.

A. Normalized coverage and schematic representation of the updated operon annotation for fplA-
FN1706-FN1707. B. Normalized coverage and schematic representation of the updated operon
annotation for FN1326-FN1320. The proposed suboperon FN1321-FN1320 (green) is indicated.
This figures has been adapted from (Ponath et al., 2021).

gene harbors an ExbB-domain, the second and ExbD domain and the last one
a potential a C-terminal TonB-domain. This operon structure suggests that this
gene cluster could form a complex and transport larger molecules across the bac-

terial OM such as iron-siderophores or vitamin Bys (Braun, 1995).

Start of transcription inside an operon, marked by internal T'SS, can indicate
the presence of suboperons. The TSS and operon annotation led to the predic-
tion of 53 suboperons (Supplementary data 8.6). Interestingly, ~40% (21/53) of
the suboperons start at the last or the last two genes of the operon and thus
uncouple the transcriptional regulation of these genes from the remaining operon.
An example for this is a secondary metabolite and pyrimidine biosynthesis operon
FN1326-FN1320, in which the orphan response regulator FN1321 and downstream
rotamase FN1320 were found to be transcribed independently from the remaining
operon (Fig. 2.8B).

2.2.8 CRISPR-Cas system

CRISPR-Cas systems are a widespread anti-phage defense system found in
many bacteria and archaea (Makarova et al., 2020). The dRNA-seq analysis iden-

tified a type I-B system in F. nucleatum together with a downstream encoded
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CRISPR RNA (crRNA) locus (Fig. 2.9). The ctrRNA consists of a unique spacer
which contains sequence fragments of foreign DNA acquired e.g. through phage
infection. The spacers are gapped by repeat regions which facilitate the processing
of mature repeat-spacer pairs from the pre-crRNA. The mature ctRNA together
with the Cas-complex can then cleave invading nucleic acids in a sequence specific
manner thereby endowing bacteria with an adaptive immune system (McGinn and
Marraffini, 2019; Barrangou and Horvath, 2017; Jackson et al., 2017).

To check if the identified fusobacterial ctRNA was part of such an anti-phage
defense, the 16 spacers were searched against the Blast database. This revealed
only a single match against the genome of the fusobacterial phage ¢Funu2 (Cochrane
et al., 2016), supporting the anti-phage defense function of this system. The func-
tion of the CRISPR-Cas system requires regulated transcription and subsequent
processing of the crRNA. The latter is achieved by Cas6 in the type I-B system
(Carte et al., 2008). Active processing of the ctRNA in F. nucleatum is evident
by the detection of a complex pattern with stable intermediates of double or mul-
tiple repeat-spacer pairs via northern blot (Fig. 2.9). This reflects the processing
patterns also found for the type I-B systems in Clostridium thermocellum and

Methanococcus maripaludis (Richter et al., 2012).
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Figure 2.9 | An active CRISPR-Cas system in F. nucleatum.

The top shows the schematic representation of the CRISPR-Cas locus in F. nucleatum with the
marked start and processing sites of the crRNA. The bottom displays the northern blot detection
of different processing spacers of the crRNA.

The northern blot validation of the crRNAs indicates increased levels towards
the stationary phase (Fig. 2.9) and a similar trend was found for the expression

of the Cas operon (Supplementary data 8.2). Recent studies have shown that
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the CRISPR-Cas systems can also exhibit regulatory function or be involved in
virulence (Mohanraju et al., 2022). While it is unclear if the CRISPR-Cas system
of F. nucleatum is limited to the anti-phage defense, the expression levels suggest
that the bacterium needs to balance an active defense system with its growth op-

timization.

2.2.9 RNA regulatory elements

The 5’UTR of genes can harbor cis-regulatory RNA elements known as ri-
boswitches or RNA thermometers. Both of these usually form specific secondary
structure that allow post-transcriptional regulation of the downstream gene (Mc-
Cown et al., 2017; Loh et al., 2018). Through this, the cis-regulatory elements
are involved in the post-transcriptional regulation of important biological processes
such as metal-uptake, metabolite biosynthesis (Epshtein et al., 2003; Cromie et al.,
2006) or location-dependent control of virulence genes (Loh et al., 2018).

To predict these regulatory elements in F. nucleatum, the here identified 5’UTRs
were used for a computational analysis using the RFAM database as reference
(Kalvari et al., 2018).

Riboswitches

The analysis predicted a total of 12 high-confidence riboswitch candidates (Fig.
2.10; Supplementary data 8.7). Three candidates are classified as the cobalamin
riboswitches suggesting that the associated genes are linked with uptake of cobalt
or vitamin Bis (Vitreschak et al., 2003). Indeed, two of these putative riboswitches
are found upstream of operons are predicted to be involved in iron- and hemin-
acquisition (FN0300-FN0307; FN1971-FN1967). This suggests that F. nucleatum
utilizes these operons to increase internal iron levels with rising levels of cobalt to
avoid cobalt toxicity (Ranquet et al., 2007). The remaining one putative cobal-
amin riboswitch is found in the 5’'UTR of the transcript encoding for a type Ha

autotransporter of unknown function (Umana et al., 2019).

Two additional putative riboswitches belong to the class of flavin mononu-
cleotide (FMN) riboswitches (Supplementary data 8.7). One of them is located in
the 5’UTR of the ribH-ribD operon (FN1505-1506), involved in the metabolism
of the FMN precursor riboflavin itself, while the second one is located upstream

of a putative metabolite transporter (FN1498).
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Figure 2.10 | Overview of predicted riboswitches in F. nucleatum.
Schematic overview of predicted riboswitches and their associated genes (red) in F. nucleatum.
This figure was adapted from Ponath et al. (2021).

An identified glycine riboswitch has been previously been shown to bind the
amino acid cooperatively in vitro and its crystal structure is available (Kwon and
Strobel, 2008; Butler et al., 2011). This riboswitch is found in the 5’UTR of the
gene for a putative glycine permease (FN0328) and thus likely functions to adjusts

levels of the permease to the glycine levels.

Recent work found that the TCS CarRS regulates lysine metabolism and
polymicrobial interactions in F. nucleatum (see Chapter 1.1.2; (Wu et al., 2021)).
Important for this process are the genes kamA and kamD which belong to lysine
metabolic operon and dependent on CarRS for their expression. Interestingly, the

analysis identified a putative lysine riboswitch in the 5’'UTR of the operon con-
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taining kamA and kamD (FN1869-FN1861). This suggest that lysine metabolism
likely controlled on a post-transcriptional level through the availability of lysine
and transcriptionally by the activity of the TCS CarRS.

In addition, cis-regulatory elements belonging to the families of SAM, purine
and thiamine pyrophosphate (TPP) riboswitches were found. Generally, these
were located in the 5’UTR of genes or operons related the respective ligand of the

riboswitch.

Additional regulatory elements

Synthesis of glucosamine-6-phosphate (GlcN6P) is important for the cell wall
biogenesis in bacteria such as Bacillus subtilis and is carried out by the amido-
transferase GlmS (Milewski, 2002). In B. subtilis, the levels of the glmS mRNA
are post-transcriptionally controlled by the glmS ribozyme, which senses GlcN6P
and can subsequently cleave the associated mRNA (Winkler et al., 2004). Interest-
ingly, the glmS ribozyme is widespread among mostly Gram-positive Firmicutes,
but is also found upstream of a glmS homologue in the Gram-negative F. nuclea-
tum. However, the importance of GIcN6P and its potential relevance in envelope

biogenesis has been not explored in F. nucleatum.

Two other cis elements have been identified in the 5’UTRs, including an ri-
bosomal protein leader commonly associated with the ribosomal L10 protein. As
shown for B. subtilis or E. coli, the RNA elements allow the auto-regulatory control
of the ribosomal protein synthesis (Yakhnin et al., 2015; Johnsen et al., 1982). Its
function is likely similar in F. nucleatum as the here identified ribosomal protein
leader is located also upstream of the L10 gene.

The second cis element represents a PyrR-binding site in the 5’'UTR of the
transcriptional regulator pyrR itself and the pyr-operon involved in pyrimidine
biosynthesis. This element can be bound by PyrR and cause transcription termi-
nation and subsequent repression of the downstream genes as shown in B. subtilis
(Bonner et al., 2001). The conserved genomic location of the RNA element sug-
gests that also F. nucleatum utilizes this mechanism of transcriptional attenuation

to control its pyrimidine biosynthesis.
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RNA thermometers

Another class of cis-regulatory elements are the RNA thermometers which
are located in the 5’UTR of an mRNA’s and control its translation efficiency
in a temperature-sensitive manner (Kortmann and Narberhaus, 2012). How-
ever, none of the five predicted RNA thermometers are located within a 5’UTR
(Supplementary data 8.7). This suggests that F. nucleatum might not rely on
such temperature-sensitive regulatory elements to post-transcriptionally control
its gene expression. Supporting this is the strong host-association of the bac-
terium which likely does not experience strong temperature shifts in contrast to
such as pathogen Listeria monocytogenes that rely on an RNA thermometer to

control the translation of a major virulence regulator (Johansson et al., 2002).

Interestingly, all these cis-regulatory elements were found in long 5’'UTRs. This
raises the question if the remaining longer 5-regions identified here might carry

yet undiscovered classes of RNA elements.

2.3 Non-coding RNAs

The previous annotation for F. nucleatum contained only entries for mR-
NAs, rRNAs and tRNAs, but lacked any non-coding RNAs (ncRNAs). However,
ncRNAs play an important role in the physiology of bacteria (see Chapter 1.2.5).
To identify potential SRNA candidates the dRNA-seq data were used as input for
ANNOgesic (Yu et al., 2018b). This was achieved by comparing the coverage files
with the predictions for the TSS, processing sites, transcripts and terminators.
In addition, putative candidates needed to exhibit a minimal stable secondary
structure (-0.05 kcal/mol) based on the length-normalized minimum free energy
prediction by RNAfold of the Vienna RNA Package (Lorenz et al., 2011). This
analysis yielded a list of 47 candidate ncRNAs. All candidates were used as input
for a BLASTN analysis (Agarwala et al., 2016) against the bacterial small regula-
tory RNA despository (BSRD) database (Li et al., 2013) which did not yield any
hit. This suggest that the ncRNA candidates are likely specific to F. nucleatum.

2.3.1 Housekeeping RNAs

The housekeeping RNAs tmRNA, 4.5S RNA, RNaseP-associated M1 RNA
and the 6S RNA are highly conserved among bacteria. The former three further

exhibit conserved secondary structure features that allow their reliable prediction.
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Comparing the ncRNA candidates to the covariance models in the RFAM database
(Kalvari et al., 2018) identified all three of them. Indicative of their importance,
the primary sequence of each of the RNAs was found to be strongly conserved
among Fusobacteria. The expression of each of these RNAs was validated by
northern blot detection (Fig. 2.11).
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Figure 2.11 | Identification of conserved housekeeping ncRNAs.

Northern blot detection across the different growth stages for the core ncRNAs: 6S RNA, 4.5S
RNA, tmRNA and RNase P associated M1 RNA. The 5S rRNA served as loading control. This
figure has been adapted from Ponath et al. (2021).

2.3.1.1 M1 RNA

The above-mentioned analysis showed the RNase P RNA (M1 RNA) to be a
~330 nt long transcript processed off the 3’end of the transcript for the hypo-
thetical protein (FN1315). As found for many other bacteria, the RNase P RNA
is expressed independently of its accessory protein counterpart, RnpA (FN0002),
with whom it cooperates to generate the mature 5’ends of tRNAs (Hartmann and
Hartmann, 2003).

2.3.1.2 4.5S RNA

The 4.5S RNA was detected as a 105 nt long RNA transcribed from its own
promoter (Fig. 2.12A). The prediction of its secondary structure shows the con-
served apical 'GGAA’ tetraloop, which is essential for its interaction with the sig-
nal recognition particle protein Ffh to form the signal recognition particle (SRP)
(Fig. 2.12) (Akopian et al., 2013). This ribonucleoprotein complex (RNP) is in-
tegral to the recognition of the signal peptides on emerging peptide chains and

their targeting to the inner membrane for co-translation in or across the inner
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membrane (Saraogi and ou Shan, 2014).
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Figure 2.12 | The 4.5S RNA in F. nucleatum.

A. Sequence alignment of the 4.5S RNA. B. Secondary structure prediction of the 4.5S RNA
highlighting the apical GGAA tetraloop. Fnn: F. nucleatum subspecies nucleatum; Fna: F.
nucleatum subspecies animalis; Fnp: F. nucleatum subspecies polymorphum; Fnv: F. nucleatum
subspecies vincentii; FuG: F. gonidiaiformans; FuH: F. hwasookii; FuM: F. mortiferum; FulN:
F. necrophorum; FuP: F. periodonticum; FuU: F. ulcerans; FuV: F. varium.This figure has been
modified from Ponath et al. (2021).

2.3.1.3 tmRNA

The tmRNA was verified as a 363 nt long transcript located in the intergenic
region between two genes of unknown function. Previous works have shown that
the tmRNA plays an important role in translation. Specifically, it forms an RNP
together with the Small Protein B (SmpB) and binds ribosomes that are stalled
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on a damaged mRNA without stop codon or when the required tRNA is lack-
ing (Moore and Sauer, 2007). These stalled ribosomes are then released through
a trans-translational mechanism of a small ORF on the tmRNA with a charac-
teristic "YALAA’ C-terminus (Flynn et al., 2001). Similarly, the fusobacterial
tmRNA contains a conserved 14 aa ORF including the characteristic C-terminal
sequence (Fig. 2.13A). Interestingly, a sequence dichotomy between oral and non-
oral fusobacterial isolates was observed in which the non-oral isolates harbored an
elongated peptide (25 aa) (Fig. 2.13B). Nonetheless, these results argue that the
important process of rescuing stalled ribosome in F. nucleatum is mediated in a
conserved manner by the tmRNA-SmpB (FN0609) RNP.

+1,
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FNP  TTAGCCCTGTTTACGGGAGTAATTATTACGAAATTTAATAGTAAACTAAAC-TTGTAGAAGCTTATGGTCGTTATGATTTCGGACACGAGTTCGACTCTCGTCATCTCCACCA
FNV  TTAGCCCTGTTTACGGGAGTAATTATTACGAAATTTAATAGTAAACTAAAC-TTGTAGAAGCTTATAGTCATTATGATTTCGGACACGAGT TCGATTCTCGTCGTCTCCACCA
FNA TTAGCCCTGTTTACGGGAGTAATTATTACGAAATTCAATAGTAAACTAAAC-TTGTAGAGGCTTATAATCATTGTAATTTCGGACACGAGTTCGACTCTCGTCATCTCCACCA
FUP  TTAGCCCTGTTTACGGGAGTAATTATTACGAAATTAAATAGTAAACTAAAC-TTGTAGAAGCTTATAGTCGTTGTGATTTCGGACACGAGTTCGACTCTCGTCGTCTCCACCA
FUG TTAGCCCTGTTTGCGGGAGTAACATCTGCGAAGTATAATAGCAAACTAAGC-TTGTAGAAGCTTATGGTTACTTTAATTTCGGACGCGGGTTCGATTCCCGCCACTTCCACCA
FUN  TTAGCCCTGTTTGCGGGAGTAACATCTGCGAAATATAGTAGCAAACTAAGC-TTGTAGAGGCTTATGGTTACTTTAATTTCGGACGCGGGTTCGATTCCCGCCACTTCCACCA
FUM  TTAGCCCTGTCTGCGGGAGTGATTGTTGCGAAATAAAATAGTAGACTAAGCATTGTAGAAGCCTATGGCGCTGGTAGTTTCGGACACGGGTTCGATTCCCGTCATCTCCACCA
Fuu TTAGCCCTGTCTGTGGGATTAACTACTGCGAAATCTAATAGCAGACTAAGC-TTGTAGAAGCCTATGGCGCTGGCAATTTCGGACACGGGTTCGATTCCCGTCATCTCCACCA
Fuv  TTAGCCCTGTCTGTGGGATTAACTACTGCGAAATTCAATAGCAGACTAAAC-TTGTAGAAGCCTATGGCGCTGGCAATTTCGGACACGGGTTCGATTCCCGTCATCTCCACCA
Con  TTAGCCCTGTtTAaCGGGAGTAATtatTaCGAAATTLAATAGLAAACTAAAC TTGTAGAAGCLTATGGEC. tt. taATTTCGGACACGAaGTTCGATTCLCGtCatcTCCACCA

1
FNN THLLDGNKDYALAA|
FNA THRLDGNREYALAA|
FNV THRLDGNKEYALAA .
FNP THRLDGNKEYALAAlOFal isolates
FuP THRLDGNKEYALAA|
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Figure 2.13 | The tmRNA in F. nucleatum.

A. Sequence alignment of the tmRNA with ORF of the tag-peptide indicated (green). B.
Conservation of the tag-peptide displaying differences of the aa sequences between oral isolates
and other strains. Fnn: F. nucleatum subspecies nucleatum; Fna: F. nucleatum subspecies
animalis; Fnp: F. nucleatum subspecies polymorphum; Fnv: F. nucleatum subspecies vincentii;
Fu@G: F. gonidiaiformans; FuH: F. hwasookii; FuM: F. mortiferum; FuN: F. necrophorum; FuP:
F. periodonticum; FuU: F. ulcerans; FuV: F. varium. This figure has been modified from Ponath
et al. (2021).
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2.3.1.4 6S RNA

In comparison to the three cases above the 6S RNA cannot be easily predicted
in part due to their lack of a conserved primary sequence. Still, the wide-spread
riboregulator, together with the associated pRNA, plays an important role by
modulating gene expression in B. subtilis and E. coli (see Chapter 1.2.1; (Wassar-
man, 2018)).

A <lpRNA
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Figure 2.14 | The 6S RNA in F. nucleatum.

A. Sequence aligned of the 6S RNA with the highlighted pRNA (blue). B. Secondary structure
prediction of the 6S RNA. The central bulge region and pRNA transcript (blue) are indicated.
C. Normalized coverage and schematic overview of the 65 RNA in F. nucleatum. The TSSs of
the 6S RNA and the pRNA are indicated. Fnn: F. nucleatum subspecies nucleatum; Fna: F.
nucleatum subspecies animalis; Fnp: F. nucleatum subspecies polymorphum; Fnv: F. nucleatum
subspecies vincentii; FuG: F. gonidiaiformans; FuH: F. hwasookii; FulM: F. mortiferum; FulN:
F. necrophorum; FuP: F. periodonticum; FuU: F. ulcerans; FuV: F. varium. This figure has
been modified from Ponath et al. (2021).
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Out of the 47 predicted ncRNA candidates a 190 nt long candidate displayed
the conserved secondary structure of a 65 RNA with a central bulge inside a
long hair-pin (Fig. 2.14A, B). Additionally, its genomic synteny was strongly
conserved between the genes encoding for of the serine protease FN0508 and the
arginyl-tRNA synthetase ArgS (FN0506). The expression pattern of the 65 RNA
also reflects that found in other bacteria as the fusobacterial ncRNA accumulates
in the stationary phase (Fig. 2.11 and 2.14C). Strikingly, the transcriptomic data
further revealed the transcription of a 26 nt long pRNA originating in the central
bulge in cis to the 6S RNA as found for E. coli or H. pylori (Fig. 2.14B, C)
(Wassarman, 2018; Sharma et al., 2010).

Combined, the detection of these three conserved features show that this RNA
represents the fusobacterial 6S RNA.

2.3.2 Identification of regulatory sRNAs

The remaining ncRNA candidates were distributed across the entire genome of
F. nucleatum and no did not show sequence similarities to known ncRNAs (Fig.
2.15A). Thus, it was unclear if these candidates represent stable RNA species with
a putative SRNA function (see Chapter 1.2.5).

As the first step, the presence of each individual candidate SRNA was evalu-
ated via northern blot analysis across the different growth stages. This extensive
validation detected 24 out of 43 stably expressed bona fide sSRNAs (Fig. 2.15B).
Further, the experimentally observed sizes were in agreement with the computa-

tional prediction ranging from 56 nt to 345 nt (Supplementary data 8.8).
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Figure 2.15 | A conserved suite of fusobacterial sSRNAs.

A. Genomic location of all predicted TSS and sRNAs across the genome of F. nucleatum. B.
Schematic overview of SRNAs (red) divided into different SRNA classes combined with the north-
ern blot validation across the three different growth stages. C. Heatmap depicting the conser-
vational analysis for all validated SRNA in 36 strains of F. nucleatum and related species with a
complete genome. An sRNA was classified as conserved in a strain when it showed an >75% nu-
cleotide identity and length compared to the SRNA in the reference strain. Grey boxes were only
identified via the RFAM prediction and purple boxes indicate conservation only when comparing
the genomic synteny and secondary structure. An asterisk indicates the overlapping prediction
with a riboswitch. This figure was adapted from Ponath et al. (2021).

Based upon the origin of transcription, the sSRNAs were categorized in the four
common sRNA classes: intergenic, antisense, 5’'UTR derived or 3’UTR derived.
Intergenic sSRNAs are transcribed as an independent gene from an intergenic region
(IGR), antisense sSRNAs are encoded in cis to another gene and the UTR-derived
sRNAs are generated from the respective untranslated regions of an mRNA via

processing or termination events. In total nine intergenic, five antisense, six 5’UTR
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and four 3'UTR-drived sRNAs could be validated in F. nucleatum (Fig. 2.15A;
Supplementary data 8.8).

Findings in Proteobacteria showed that SRNAs can often be quite conserved on
a sequence level among different species, such as the SRNA CpxQ of E. coli which is
also found in Salmonella Typhimurium or Yersinia pestis (Chao and Vogel, 2016).
Due to the evolutionary distance of Fusobacterium from most bacteria (Coleman
et al., 2021) it is not surprising that none of the fusobacterial SRNAs are conserved
on a sequence level compared to sRNAs in the BSRD database containing over
8000 sRNA sequences (Li et al., 2013).

2.3.2.1 The fusobacterial suite of sSRINAs

To investigate if the sRNAs display conservation inside the Fusobacterium
genus, all validated transcripts were used as input for a BlastN analysis against all
complete genome assemblies found on NCBI for Fusobacterium (Fig. 2.15C). This
search across 36 fusobacterial strains suggests a broad conservation for 15 of these
sRNAs (cut-off: 75%-identity and minimum length of sSRNA in F. nucleatum).
This group could present fusobacterial core SRNAs as they are found in members
of F. nucleatum and the related species F. hwasookii and F. periodonticum. Such
is the case for abundant intergenic SRNA FunR12 which displays a remarkable
level of nucleotide conservation of >99% across all strains. This indicates that
FunR12 likely plays a important role during exponential growth when the sRNA
is highly abundant (Fig. 2.15B).

2.3.2.2 FunR23 - a conserved riboregulator?

Similarly, the 5’"UTR-drived FunR23 also shows a strong conservation in com-
bination with genomic position upstream of gene for the tryptophan synthase
subunit beta (trpB) (Fig. 2.15B). The location of FunR23 suggesta that this
sRNA could be a novel class of riboregulator. Interestingly, RNA leaders of the
tryptophan operons are wide-spread as they are present in e.g. Proteobacteria
or Firmicutes. Regarding the latter, the tryptophan leader (trp leader) is bound
by the trp RNA-binding attenuation protein (TRAP) that causes premature ter-
mination of the tryptophan operon in B. subtilis (Potter et al., 2011). However,
several other mechanisms are known for the ¢rp leader, trpL, responding to tryp-
tophan levels in Proteobacteria: causing transcriptional attenuation in a small

ORF-dependent manner, as a small peptide generated from the ORF or acting as
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an sSRNA to repress mRNA targets (Evguenieva-Hackenberg, 2022).

In contrast, FunR23 encodes a small ORF containing consecutive threonine
codons instead of tryptophan that is usually found with the trpL leader (Yanof-
sky, 1981; Evguenieva-Hackenberg, 2022). Thus, it is not clear how FunR23 acts
in F. nucleatum but represents an interesting candidate for future studies, given
the diverse mode of actions and the regulatory impact of trp leaders in other bac-
teria (Evguenieva-Hackenberg, 2022). Similarly to trpL responding to tryptophan,
FunR23 might regulate the expression of trpB expression depending on threonine

levels, since it contains consecutive codons for this amino acid in its ORF.

2.3.2.3 FunR19 - part of a putative anti-phage defense system

In contrast to the two above mentioned examples, FunR19 can only be found
in two additional strains: F. nucleatum subsp. polymorphum ChDCF218 and F.
nucleatum hwasookii ChDCF174 (Fig. 2.15C). Interestingly, the sSRNA is always
found upstream in the 5’UTR of gene encoding for a putative reverse transcrip-
tase. The combination of a reverse transcriptase with an associated ncRNA is
termed retron and previous bioinformatic analysis identified these in a variety of
microbial genomes including F. nucleatum (Rest and Mindell, 2003; Simon et al.,
2019). Recent studies highlighted the involvement of retrons in anti-phage defense
(Millman et al., 2020; Bobonis et al., 2022) and thus the constitutively transcribed
FunR19 together with the downstream reverse transcriptase might play a similar

role in protecting F. nucleatum from bacteriophages.

2.3.2.4 FunR16 and FunR7 - conserved beyond Fusobacterium?

Standing out is the 3’UTR-derived sSRNA FunR16 located downstream of gene
encoding for the broadly conserved stress chaperone DnaK (Fig. 2.16). The 237
nt long primary sequence is only conserved in the members of the F. nucleatum
subspecies nucleatum in addition to two F. hwasookii strains. However, compar-
ing the untranslated region downstream of dnaK revealed a conserved secondary
structure resembling a long stem-loop structure (Fig. 2.16). The sRNA is likely
the result of a processing event from the 3’-end of the hrcA-grpE-dnaK mRNA as
no enrichment in the TEX-treated libraries at the start site of the sSRNA could be
detected. As 3’UTR dervied sRNAs often act in conjunction with their parental
mRNA (Ponath et al., 2022a), FunR16 might be involved in a general stress re-
sponse of F. nucleatum as it accumulates towards the stationary phase together

with the dnaK mRNA and other stress chaperones (Fig. 2.15A; Supplementary
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data 8.2).

Figure 2.16 | Secondary structure of FunR16
The prediction of FunR16 secondary structure suggest the SRNA to form a stable stem loop
with an apical loop.

Interestingly, FunR16 is a positional ortholog to the sSRNA Tpkell found in
E. coli or Salmonella enterica serovar Typhimurium (Rivas et al., 2001; Barnhill
et al., 2019). However, Tpkell is significantly shorter with only 83 nt and no
conserved sequences or secondary structure elements could be found comparing it
to FunR16.

At the same time, FunR7 is encoded in the 5’UTR of the stress chaperone-
encoding clpB (Fig. 2.15B) sharing its location with the abundant ProQ-binding
sRNA RyfD (Smirnov et al., 2016; Melamed et al., 2020). However, there is no
similarity between either of the SRNAs in terms of length, primary sequence, or

secondary structure.

Future functional analysis for FunR16 and FunR7 might uncover a shared
function with their potential counterparts in E. coli. This might involve a role in
biofilm formation for FunR7, a characteristic trait of F. nucleatum, as RyfD has

been implicated in regulating this process (Bak et al., 2015).

2.3.2.5 Potential dual-function sRNAs

Five of the identified 5’UTR-derived sRNAs overlap with the riboswitch pre-
diction (Fig. 2.15C; see Chapter 2.2.9). This includes FunR27 which encompasses
part of the 5’UTR of the metK mRNA | encoding the S-methyladenosylmethionine
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synthetase, which is also predicted to be SAM family riboswitch. A recent study in
Listeria monocytogenes uncovered the potential dual-function role of riboswitches
to not only act in cis, regulating the downstream mRNA, but also in trans for a
SAM family riboswitch (Loh et al., 2009). As all five fusobacterial riboswitches
were also detected as stable transcripts (Fig. 2.15B), it is possible that they have

a similar dual-function in F. nucleatum.

2.3.2.6 C(lis-regulatory sRNAs

The northern blot analysis further validated the expression of five sSRNAs en-
coded antisense to a coding gene (Fig. 2.15C). Three of them (FunR3, FunR5 and
FunR33) are associated with genes encoding transposases. The different patterns
detected by northern blot analysis of these sSRNAs suggest that they likely undergo
different processing steps in the maturation of the transcripts. Ellis et al. (2015)
showed that such antisense sSRNAs can be involved in the translational repression
of the cognate transposase by limiting the overall transposition of a mobile ge-
netic element. Thus, it seems likely that the three sSRNAs play a similar role in

F. nucleatum by minimizing unwarranted transposase activity.

Another interesting example of a cis-encoded antisense sSRNA is FunR43 which
overlaps with the 3’-end of the gene for a SIR2-domain containing protein (FN1185)
(Fig. 2.15B). Interestingly, the genomic location on an ’defense island’, between
the CRISPR-Cas and an abortive infection system (Abi), suggest that FN1185
could play a role in the defense against phages or foreign DNA (Doron et al.,
2018; Payne et al., 2021). When encountering such a situation, FunR43 might
play an important role in regulating FN1185.

2.3.3 Transcriptional regulation of sRNAs

The transcription of bacterial SRNAs is often tightly regulated by the activity
of o factors or transcription factors (see 1.2 and 1.2.5). In order to identify po-
tential promoter motifs associated with the sRNAs, a similar MEME analysis (see
2.2.3) was performed for the -50 nt upstream region of all SRNAs. This analysis
revealed that twelve of these SRNAs displayed a similar 0™ motif as found for the
majority of coding genes (Fig. 2.17). This indicates that these SRNAs and their
regulatory activity are important during the growth of F. nucleatum. However,
the transcription of the sSRNAs harboring this promoter motif is more nuanced as

shown by closer a comparison of FunR47 to FunR15. FunR15 is highly abundant
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throughout all three analyzed growth phases while the levels of FunR47 decrease
upon entry into the stationary phase (Fig. 2.15B). Thus, the expression of at least
one of these SRNAs is likely controlled by factors other than ¢™. Further, the re-
maining sRNAs not displaying the canonical promoter motif are likely similarly
subject to transcriptional regulation by yet unidentified factors and might thus
represent potential starting points for the investigate of condition-specific SRNA-

related regulatory networks.

2 extended -10.box
35 box . A+T-rich region
-
£1 A
Cl A ARATT AAA
0 TC=4g X TT TATA —r- T T%TIA

Figure 2.17 | The identified promoter of validated ncRNAs.

In 12 cases, the MEME (Bailey et al., 2015) analysis identified a promoter motif displaying an
extended -10 box and -35 box separated by an A+T-rich spacer. This figure has been adapted
from Ponath et al. (2021).

2.4 The primary transcriptome of the additional

fusobacterial strains

To gain a broader overview of the transcriptome architecture of Fusobacterium
the dRNA-seq analysis was carried out for representative strains of the remaining
F. nucleatum subspecies animalis, polymorphum and vincentii as well as the closely
related species F. periodonticum. As stated above (see 2.2), this included samples
for the three different growth phases for all strains, which were analyzed in the

same manner as Fnn by using ANNOgesic (Yu et al., 2018b).

2.4.1 TSSs in the additional fusobacterial strains

The analysis of the dRNA-seq data by ANNOgesic and manual curation re-
sulted in total of 818 TSS for Fna, 946 TSS for Fnp, 632 TSS for Fnv and 724
TSS for FuP (Fig. 2.18; Supplementary data 8.1). In all cases, the primary TSS
made up the majority of all detected TSS (between ~85% and ~91%). Just as in
Fnn, sTSS only made up a small fraction of the total TSS (~2% to ~5%). This
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supports the notion, that under these growth conditions, transcription is primarily

driven from a single start site.

B
F. nucleatum subsp. animalis F. nucleatum subsp. polymorphum
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Figure 2.18 | TSS detection for the additional strains.

Venn-diagrams displaying the identified TSS by dRNA-seq for A. F. nucleatum subsp. ani-
malis, B. F. nucleatum subsp. polymorphum, C. F. nucleatum subsp. wvincentii and D. F.
periodonticum. This figure has been modified from Ponath et al. (2021).

The second largest group of T'SS belonged to the iTSS (~6% to ~13%) indi-
cating a transcriptional uncoupling of suboperons also for these strains. Addition-
ally, only little antisense transcription was observed as shown by the low fraction
of aTSS (~3% to ~10%), with Fnp displaying the highest occurrence of aTSSs
among the additional fusobacterial strains. This further supports the observation
for aTSS transcription in Fnn and suggest that pervasive antisense transcription is

not commonly found in Fusobacteria as in other bacteria (Georg and Hess, 2018).
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2.4.2 5’UTRs for the additional fusobacterial strains

The 5’UTRs were predicted for the four additional strains based upon the an-
notation of the pTSS and sTSS. Overall, the 5’UTRs display a median length of
35 nt to 36 nt as found for F. nucleatum (Fig. 2.19; see 2.2.2). This analysis
further found 71-144 genes with substantially longer 5'UTRs (>100 nt) among
the different fusobacterial strains (Supplementary data 8.3). The longest 5’UTR
identified in Fna and Fnv lies upstream of an operon encoding for an ABC trans-
porter system and also contains a putative TPP riboswitch. Interestingly, Fnn,
Fnp and FuP harbor a homolog of the operon together with the riboswitch, but
the 5’'UTR is significantly shorter (~170 nt) indicating differences in regulation of

the operon between the different species.
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Figure 2.19 | Distribution of 5°UTRs for the additional strains.

Bar chart displaying the length and count for 5’'UTRs annotated based on pTSS (black) and
sTSS (red) for A. F. nucleatum subsp. animalis, B. F. nucleatum subsp. polymorphum, C.
F. nucleatum subsp. wvincentii and D. F. periodonticum. A consensus motif for the individual
Shine-Dalgarno sequences was predicted using all 5’UTRs for each strain. The average distance
to the translational start site is indicated. This figure has been modified from Ponath et al.

(2021).
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The longest 5’'UTR for Fnp and FuP, with ~340 nt, encodes for putative lysine-
sensing riboswitch and is found upstream of a CarRS-controlled lysine metabolic

operon (Wu et al., 2021) and shows similar length in the other strains.

In addition, the 5’UTRs for all analyzed strains contain a similar Shine-Dalgarno
sequence, 5'-AGGAGG-3’, pinpointing this motif as the common fusobacterial ri-

bosome recognition site (Fig. 2.19).

Regarding short 5’'UTRs, each of the additional strains harbored only 4-5 genes
considered leaderless (<10 nt). Similar to Fnn, these are often found associated
with genes encoding for transposases or a pseudouridine synthetase. A comparison
between the leaderless genes of all five fusobacterial strains uncovered a common
homolog always located upstream of the gene ffh, which encodes for the signal
recognition particle subunit involved in targeting proteins to translocation through
the IM (Akopian et al., 2013; Saraogi and ou Shan, 2014). This gene is termed
ylzM itself and its localization upstream of ffh is broadly conserved among Gram-
positive bacteria (Williams et al., 2014). While its domain structure suggests a
role in transcriptional control, recent results for Streptococcus mutants suggest
that YIxM rather modulates the GTPase activity of Fth required for the function
of the SRP protein (Williams et al., 2014). Given the apparent role of YIxM in
regulating an important biological process, it is unclear why this gene is leaderless
in different Fusobacteria and it could be a prime candidate to investigate the role

of alternative translation initiation in this genus.

2.4.3 Promoter analysis for the additional fusobacterial

strains

As for Fnn, the promoter regions of all pT'SS were used for a motif search using
MEME (Bailey et al., 2015) (see 2.2.3). This analysis revealed a motif similar to
that found for Fnn (Fig. 2.20). Only in Fna and FuP the majority of genes (88%-
92%) is associated with both the extended -10 and -35 box (Fig. 2.20A, D). In
case of Fnp and Fnov the analysis showed that most genes are (56%-64%) found
only with an extended -10 box. The promoter region of the remaining pTSS for
both species contains a pronounced -35 box with a varying association of the -10
box (Fig. 2.20).
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Figure 2.20 | Promoter identification for the additional strains
. animalis, B. F.

Promoter motif identified by a MEME analysis for A. F. nucleatum subsp
nucleatum subsp. polymorphum, C. F. nucleatum subsp. vincentii and D. F. periodonticum

The percentage of pTSS for which the individual motif was detected are indicated. This figure

has been modified from Ponath et al. (2021).
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Overall, these results suggest that most of the transcription in rich media in
F. nucleatum and F. periodonticum is driven by ¢ as in Fnn. Furthermore, no
major differential expression changes of alternative transcriptional factors were

observed (Supplementary data 8.2).

2.4.4 Comparing the 5’UTRs of the additional strains with

Fnn

The bacterial 5’'UTRs can harbor regulatory elements for the transcriptional
and post-transcriptional control of gene expression. A comparative approach be-
tween different strains or species can identify such sequence regions as these are
often more conserved than the remainder of the 5’UTR. Such conservation was
investigated for Fusobacterium by comparing the 5’UTR of homologous genes
present in all five analyzed strains with a detected pTSS. The latter is important
as to allow an accurate determination of the 5’end for each gene in the individual

strains. This left a total of 205 genes for the comparison.
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Figure 2.21 | Length comparison of shared 5’UTRs among all strains.
Distribution of the 5’UTR-length relative to Fnn for the 205 homologous genes.

A comparison of the 5’UTR-lengths to those of Fnn showed that the majority
of 5’UTRs displayed a similar length across all strains (Fig. 2.21). This indi-
cates the importance of maintaining the length of the untranslated region even
in long 5’'UTRs such as those found for transcripts of ribosomal proteins like the
large ribosomal subunit protein L33P with an average 5'UTR length of ~216 nt.

Conservation in this example is less surprising due to the general importance of
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ribosomal proteins. Yet, an interesting case is portrayed by a small cold shock do-
main containing protein (Csp) that contains a highly conserved ~167 nt long and
structured 5’UTR (Fig. 2.22). This is reminiscent of the RNA thermometer found
upstream of cspA in E. coli where the RNA element allows increased translation
of the mRNA at lower temperatures (Giuliodori et al., 2010). Notwithstanding
this possible parallel, the prediction for RNA regulatory elements failed to detect
such an element in the 5’UTR in the fusobacterial cold shock protein but might

indicate this untranslated regions as a novel cold-sensing RNA element.

/\ +1
[ FNos28

Fnn  CCTCTC ATTTTTTAAAAGAACTG AAATTTTAAAAAAAAATAAAAAAAATAGTATACA GGAAATTTTTATAGTATAATAACTTTGAAAATGAGATGTAACTTTATTAC-TGTGAATTGTTCTTT-AGTATTGTGATAAATGA
Fnp ATCC ATTTTTTAAAAGAACTG AAAATTTAAAAAAAAATAAAAAAAATAGTATACA AGAAATTTTTATAGTATAATAAGT TTGAAAATGAGATGTAACTTTATTAC-TATGAATTATTCTTT-AGTATTGTGATAAATGA
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Fnv  TTCTTT-TTAGTTCCATTTTCTAATATTAAATTTCTATATGCTTTTATAGATATATTCATTTATGTTAGTTAGTTACTTCATCATTCAACAATTTTTAT ----GGAGGTATTACAGATGAAAGGTACTGTAAAATGGTTTAATAAAGAA
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Figure 2.22 | A conserved 5’UTR structure of the cold shock family protein

FIN0528.
A. Sequence alignment of the FIN0528 and its homologs with the conserved TSS and start codon
indicated. B. Secondary structure prediction for the 5’UTR of Fnn.

The 5’'UTR of FN2029, encoding a putative acetyltransferase, possesses twice
as long untranslated region in all other strains but FuP (Fig. 2.23A). An align-
ment of the 5’'UTR further reflects this difference as only the region around the
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RBS is conserved among the subspecies. Yet, the promoter region of this gene
displayed a strong conservation. Overall, this indicates that post-transcriptional
regulation of FN2029 via its 5’UTR could be different between the subspecies

while transcriptional control is evolutionary stably maintained.

While the function of FN2029 is unclear, the fusobacterial HutH performs the
first step in histidine utilization and is highly conserved among bacteria and mam-
malians (Bender, 2012; Taylor et al., 1990). Thus it was unexpected to find the
5UTR length to be shorter in Fna and FuP (Fig. 2.23B). An alignment for all se-
quences showed that the start of the 5’'UTR is lacking conservation while the RBS
and the upstream sequences stretch display high conservation (Fig. 2.23B). Inter-
estingly, the latter resembles an imperfect inverted repeat sequence which could
be a conserved binding site for a regulatory RNA or more likely for a transcrip-
tional repressor (Browning and Busby, 2016). Supporting the latter hypothesis
is the conserved location of a transcriptional repressor transcribed divergently to
HutH, which represents a common regulatory pairing in gene regulatory networks
(Hershberg et al., 2005).
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Figure 2.23 | Differences in 5’UTRs of conserved genes.

A. Sequence alignment for the genes encoding the putative O-antigen acetyltransferase FN2029.
B. Sequence alignment for the histidine kinase HutH. TSS and translational start sites are
indicated.

2.4.5 ncRNAs in the additional fusobacterial strains

The sRNA prediction for the four additional strains yielded 26 to 53 putative
sRNA candidates. As for Fnn, all putative SRNAs were used in search for ho-

mologs among the 36 fusobacterial strains with completed genomes. This showed
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that only a few additional SRNAs could be predicted that were strongly conserved
among the subspecies and related F. periodonticum and F. hwasookii (Fig. 2.24),
when excluding the ones already identified in Fnn (Fig. 2.15). Overall, this sug-
gests that the validated sRNAs for Fnn already account for the majority of broadly

conserved regulatory RNAs expressed under the tested conditions.
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Figure 2.24 | Conservation of putative SRNA candidates predicted in the
additional strains.

Heatmap depicting the conservational analysis for predicted sSRNAs in related species with a
complete genome. A putative SRNA was classified as conserved in a strain when it showed a
>75% nucleotide identity and length compared to the sSRNA in the indicated strain. The broadly
conserved sRNA candidates FunR50, FunR51 and FunR52 are indicated in bold when they were
predicted as sRNA.

FuH

A comparison between the different predicted sRNAs candidates showed that
three SRNAs were predicted in at least three out of four of the additional strains
and further showed a high sequence conservation among at least the subspecies
(Fig. 2.24). Interestingly, FunR50 and FunR51 were both associated with genes
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involved in the ethanolamine metabolism which is an abundant carbon and ni-
trogen source in the mammalian gut (Garsin, 2010). FunR50 was predicted to
derive from an iTSS within the gene of the sensor kinase EutW as part of the
EutVW two-component system (Fig. 2.25) which extents into the IGR between the
gene eutA encoding for the ethanolamine utilization protein A. In E. faecalis, the
ethanolamine-dependent regulator EutV acts as a transcriptional anti-terminator
by binding the 3’-end between eutW-eutA. This 3’-region contains a terminator
loop preceded by a conserved sequence motif ("AGCAANGNNGCU") also found
in C. difficile or L. monocytogenes (Fox et al., 2009). In fact, FunR50 also con-
tains this motif (Fig. 2.25) suggesting that the EutV-dependent regulation of the

ethanolamine metabolism operon could be partially conserved in Fusobacterium.
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AUG start eutA
Fnn TG \TTAATAGTGTTGG
Frp TAATAAGOAGTTCT \TTAATAGTGTTGG
FNa  CGAAGCTGACTTGTCAGCAAGT == === === oo oo o TGGCTGAATTTGCAGCGAATTCTTAACTTTTATCCGTTA AGAAATCTGGCTAGTAACAAACTGTTTTTCTATAATAGAGTAT -~ - TCAAAATTTAGTAAGGAGT TGT TIATGAGGGAAGAGATTAATAGTGTTGG

I A A AT T T TGGA ST TG GA A AT TATA GG GG AR G TAA TC G AT AT AT AT A AT A TAGAA AT TAT TAAAAT T T T TCAAAGAAAAT T T TAGAAAT T TAGTTAACAATAAACTAT TT TTAC TACATGTAT TGGATCTGTAACAAAT TGAAGGAGT TGTTATGAGSGAAGAGATTAATAGTGTTGG
Fup TTTTCT \TAGTGTTGG
L aaatAaGgagTTgtTATuAGgGAAGAGATTAATAGTGTTG&

Figure 2.25 | Conservation of a putative eutW-associated sRNA.
Sequence alignment for FunR50 with the indicated transcription start at the 3’end of eutW. The
stop codon of eutW and start codon of eutA are indicated.

No such motif could be identified for the EutJ-associated FunR51 (Fig. 2.26)
but it is possible that FunR51 function is related to EutJ although the a role of
the DnaK-like protein is currently unknown. However, the genomic location is
only conserved in F. nucleatum while the sRNA is located elsewhere in F. peri-

odonticum not supporting the EutJ-associated role at least in the latter.

stop codon eutJ
Fnn  AGCACTTGCTGGTATGAAAAGT[TAARAAA--AAATTTAGCTACAAAGTATTAATTTTAGGTTTGTAGCTT TTTTT-TATACATTTTTTTTAAATTCTCTTGCAAAAATAATTTTTTTATTATATAATA
Fnp  AGCACTTGCTGGTATGAAAGAATTAAR----- AATTTTAGCTACAAAGTCTTAATTTTAGCTTTGTAGCTT: TTTTTATGCATTTTTTGATAAAATAGTCTTGCAAAAATATTTTTTTTATTATATAATA

Fna AGCACTTGCTGGAATGAAGGATITAARAAATTGGAGACTGTTACAAATTTAGAAATATACTAAAAACAC AATTTGTAATA-============ GCCTCT TTTATGACAATT AATTTTTCTTGCAAAAAGAATTTTTTTAGTGTATAATA
Fnv  AGCACTTGCTGGTATGAAAGA AATTTA-AGGCTGTTACAAACTTATAAATATAACGGAATGCACCAAAAATCTTGGACATAAGATTAGAGGTGCAGTTTTTTTATGATAATTTTTTAAATTCTCTTGCAAAAATAATTTTTTTATTGTATAATA
Con AGCACTTGCTGGtATGAAagatlfAARaa. ..aaagtcaGCTACAAAgTtatAAaTaTAgcttaatagett......vvvnin e tTataataaTTttTtAAATtCTCTTGCAAAAALAQTTTTTTTALTAaTATAATA
rFunR51 ; Rho-independent terminator stop codon FN1784
Fnn  GATATATAAATAAATTTAATTTGCAAAACAAAATAAATTTATAAAAGT T TTTTAAGATGT TATCATACCAACCTTATAATAAAAAGGGCTGCTACATTCTAATTTT- —GTGGCAGCCCrrWACTTTTATrWATATT@AATATATTrWCAGATT
Fnp AATATATAAATAGATTTAATTTGCAAAACAAAATAAATTTATAAAAGTTTTTTAAGATGTTATCATACCAACCTTATAATAATAAAAAGGACTGCTACATTCATTT--GTAACAGTCCTTTTACTTTTATTTGATAT- TTTTTCAGATT
Fna GATATATAAATAAATTTAATTTGCAAAACAAAATAAATTTATAAAAGCTTTTTAAGATGTTATCATACCAACCTTATAATAATAAAAAGGACTGTTGCATTTATTT-TGTAACAGCCTTTTTACTTT ATAT- ATTrrrcAGAcT
Fnv  GATATATAAATAAATTTAATTTGCAAAACAAAATAAATTTATAAAAGTTTTTTGAGATGTTATCATACCAACCTTATAATAATAAAAAGGACTGTTACATTTAGTTATGTTACAGCCTTTTTACTTT GACAT- ATTTTTCAGATT
Con  gATATATAAATARATTTAATTTGCAAAACAAAATAAATTTATAAAAGETTTTTaAGATGTTATCATACCAACCTTATAATAAtAARaaggacTgctacaTttatTT. .GTaaCAGCCCTTTTACTTTTATITOATAT . . ATTTTTCAGALT

Figure 2.26 | An eutJ-associated sSRNA candidate in F. nucleatum.
Sequence alignment of FunR51 transcribed downstream of eutJ in different subspecies of F.
nucleatum. The stop codons of the adjacent genes are indicated.
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stop codon der
Fnn  TGGATTTGATGGAAGCCCTATAATGATAAGTTTTGAAMATAAAAGCT CAGACITART CATAGAAAAT AACTTGTTACTGAGTAGAT TTCTTAACGAT AMAAATTAAGAATTCGCTGCAAAT TTGACAAACTTGCTGACAAGTCAGCTTCAAACAAGT CAAGATTTGCTTGGCTCATTCTATTTAATT - ~TTTT
Fnv  TGGATTTGATGGAAGCCCTATAATGATAAGTTTTGAAMAT AAAAGCTCAGAGTAG TATAGAAAATAGCTCGTTACTGAGT AGATTTCTTAACGAT AAAAAAT TARGAATTCGCTGCAAATTTGACAAACT TGCTGAT AAGTCAGC TTCAAACAAGT CAAGATTTGCTCGGCTCATTCAATTTAATT -~ -TTTT
Fna TGGCTTTGATGGAAGTCCTATAATGATAAGTTTTGAAAATAAAAGT TCAGACITAATCATAGAAATT -~ ~TTATTTAGAATAAGAT TTTGTAGATAAAAATAAGAGAGTTACATTCCAGATTTTAGGATAAAAATTAAATAGAATGAGCCGAGCAAATCTCACTGTGTCTGAACGAAGTGAGTTTAGTGAATTTGC
Fnp  TGGATTTGATGGAAGCCCGATAATGATAAGCTTTGAGAATAAAAGTTCAGACITAA! T

FUP  TGGCTTCGATGGAAGTCCAATAATGATAAGTTTTGAAGCTAAGAGTAAGGACATQTARRAAAATTTTT

CON  TGGaTTEGATGAAGECCEATARTGATAAGTTTTGARRAT AGAGT ECAGACTART - atagaaa. . . T. . TT. .. .a. .agatTl. ta. . .2.232. a2, 80+ <o B N T SIS
+1, .
FunR52 Rho-independent terminato
Fin ATCTAAAATCTACATTCGTAACTCGCTTATTTTCTATTTAATATCAATARATTTTTATCA AT AT T TATATAGGCTCTCTCTAMGGTTATAGA AR AR T TTTCTCTCCCCC CcTecTT
Fnv  ATCTAAAATCTACATTCGTAACTCGCTTATTTTCTAT ATA(CAATAGAAAAATATTGTG AAAAAAAATWTWAAAAATTTTTAAACTTTTTTATATAGGGTCTCGTCTAAAGGTTATAGATAATAA TTTTTTTCTCTCCCC CTCCT
Fna AGCGAATTCTTARTTTTTATCCGTTAAAGAAATCTGGCTAGTAACGAACTATTTTTATCA ~AAAAAA TTTTTTAT CTTATAGATAATAAAATTTTTTTCTCTCCCCCG cerecT
Fnp T AT TTTAACTT T TATATAGGGTCTCaTCTAAAGGTTATAGATAATAAAATTTTTTTCTCTECCECE CCTCCTTY
Fup T T AR AAACT T T TAAACTTTTTTCTAGGGGGTCTCGTCT AAAGGT TATAGAT AAT AAAATTTTTTTCTCTCCCCCCAGARAGAAAAAAGGCCCT ToncacoeT

TCTCT
Con a.c.aa....ta..tt.....coomriiiins tet...t. ta.c.a. . . -aaaaaaaattt TT T AAAAAE TTTTAAACTTTTTTaT AL aGGGTCTCGTCT AAAGGTTATAGATAATAAAATTTTTTTCTCTCCCCCCAGAAAGARRAAAAGCCCTCCTEGaARa . - AGGAGGGT
+1
-independent terminator Pyt AUG start codon
o AATTTCCCATARTGATARCCACATAR TATAGK ARG T T A A AT AT AT AT AT TATA T AAATTGTOATAGH TG ATAMCTTAGAAGATAGAACTATATTAMTTCAGAGA
PNV AATTTCCCATARTGATAACGACAT AAATATAGATGACCT AAT A~ ~TTACTAATCCCACT AAAAAGTCCACCTCAAAAACGGACTTTTTTTTATTTTCATTTTAGCAAN TGRATGAAA TAGAAA
P AATTTCCCAT AT AT ACOACATAAAT ATAGAT CACCTAATA- T TACTAAT CCACTAAAA QT CACT T CAAAAACGCACTT T T T AT TTCATT T T AR AAANAAGT AT AGAATAT AT AT ATATARAAT -GG T AT AR TChATCAGAATTTACAAAGATACAAAACT ATATTAAATTAGEAGA
T AT A A A A A AT AT AT AT A AT A AT CA T A A (A A A AT T T T AT T TTCATT T A AN TATAAAATATATTATT ATATAMAATTGGTGATAS TGAAAACTTAGAAAAGATAGAAAACTATATAAAATTAGCARA
FUP  AATTTCCCATAATAATAATGAAAAAAATA-——————-—— AT AGATATGCTAATCCCACARAAAAGTCCATATAAAAAATGGACTTTTTTT-ATTTTATTTTTAGAAAAAAAATGATAGAATATCT-A-T AAGTATAGATAAARCAAAT AATAATTTAGAAAARAT TGAAAATTGTATTGAATTAGCAGA

con AATTTCCCATAATQATAA(GAcAtAAaTA(agat .cctAata. . tEQCTAATCCCACTAAAABGTCCACCTCAAAAACGGACTTTTTTTEATTTTCATTTTAGCAAAAAAGTGATAGAATA Tt LATTAtat AGAA L L GO tGATAGAALOAATGARAAL TTAGAAAAGATAGAAAACTATAT LAATTagCAGA

Figure 2.27 | The conserved sRNA candidate FunR52.

Sequence alignment of FunR52 displaying the conservation between the genes encoding the
ribosomal GTPase Der and the putative RBP YmlIH. The respective start and stop codons are
indicated.

FunR52 is conserved downstream of the gene for ribosome-associated GTPase
Der and upstream of ylmH which encodes for a putative RNA-binding protein
with a homolog of unknown function in B. subtilis (White and Eswara, 2021)
(Fig. 2.27). A sequence alignment showed FunR52 and its promoter region to be
highly conserved which indicates an important function among F. nucleatum and
related species. This SRNA had been annotated as a 5’'UTR for ylmH in Fnn but
likely represents an independent transcript also in this strain when considering
the conservation,a putative terminator loop at the 3’end and an alternative T'SS

found for the downstream gene.
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New genetic tools for
Fusobactertum nucleatum

Our knowledge on gene function and regulatory networks in bacteria is largely
derived from model organisms such as F. coli or B. subtilis, members of the Proteo-
bacteria and Firmicutes, respectively. The phylogenetic distance of F. nucleatum
to these phyla thus represents a substantial hurdle for direct knowledge transfer
through sequence comparisons. Additionally, functional genetics in F. nucleatum
has been limited by the lack of genetic tools further hampering the decoding of
gene function and molecular principles in this remote phylum (see 1.1.2) (Brennan
and Garrett, 2019).

To overcoming these limitations, several genetic tools for F. nucleatum were

developed as described below.

Parts of this chapter have been published before:
o Ponath, F., Tawk, C., Zhu, Y., Barquist, L., Faber, F., & Vogel, J. (2021).

RNA landscape of the emerging cancer-associated microbe Fusobacterium
nucleatum. Nature Microbiology, 6(8), 1007-1020.
https://doi.org/10.1038 /s41564-021-00927-7

o Ponath, F., Zhu, Y., Cosi, V., & Vogel, J. (2022). Expanding the genetic
toolkit helps dissect a global stress response in the early-branching species
Fusobacterium nucleatum. Proceedings of the National Academy of Sciences
of the United States of America, 119(40), €2201460119.
https://doi.org/10.1073/pnas.2201460119

3.1 Development of an F.coli - F. nucleatum

shuttle vector

Plasmids that can be used for E. coli cannot always be directly used in other
bacterial species as these might employ different mechanisms to stably propagate
a vector. Yet, such vectors represent a useful foundation for genetic tools as re-

plication in E. coli allows easy manipulation of DNA encoded on such plasmids.
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This problem can be circumvented by developing shuttle vectors that enable the

plasmid propagation in two different host species (Kreft et al., 1978).

The foundation of a shuttle vector for F. nucleatum was the isolation of native
plasmids carrying an origin of replication identified (ORIgy) that allows plasmid
propagation (Bachrach et al., 2004b; Haake et al., 2000). From this, a basic E.
coli- F.nucleatum shuttle vector was constructed by transferring the ORIgy into
an E. coli vector (Haake et al., 2000). However, this plasmid is optimized for F.
coli and members of the Proteobacteria which differ from F. nucleatum in more
than just their phylogenetic relationship. This becomes especially apparent when
comparing the G+C-content and codon usage of F. nucleatum and E. coli (Fig.
3.1; Table 3.1).

o
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F. nucleatum
C. difficile

E. coli
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Figure 3.1 | Comparison of codon usage between F. nucleatum, E. coli and
C. difficile.

Heatmap showing the percentage of usage for the different amino acids and stop codon according
to the individual triplets. The data were derived from Nakamura et al. (2000) for the strains:
F. nucleatum subsp. nucleatum ATCC 25586, C. difficile 630 and E. coli K12.

Table 3.1 | G+C content for F. nucleatum, C. difficile and E. coli.

F. nucleatum C. difficile E. coli
~27% ~28% ~51%

In contrast, C. difficile displays a similar G+C-content and codon usage as
F. nucleatum (Fig. 3.1; Table 3.1). Taking advantage of these similarities, the
ORIpy was cloned into an E. coli-C. difficile shuttle vector, pRPF185 (Fagan
and Fairweather, 2011) thereby replacing the origin of replication for C. difficile.
This plasmid was successfully transformed via electroporation into F. nucleatum
using the antibiotic thiamphenicol as a selection marker and represented a basis

to generate genetic tools for F. nucleatum.
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3.2 A gene overexpression tool

Constitutive overexpression of a gene has been successfully used to identify
gene function(s) or the targets of sSRNAs. For this, knowledge of a strong and
constitutive promoter in the target organism is needed. The 4.5S RNA showed
high expression levels (Fig. 2.11) and thus the 100 nt long promoter region of
the housekeeping RNA was selected to be tested for an overexpression vector. To
validate the stable overexpression of a target, the five SRNAs were cloned at the
+1 position of the promoter region in the pEcoFus-backbone (Fig. 3.2A). The
empty vector, containing only the promoter region of the 4.5S RNA (control) and
the sRNA-expression constructs were transformed into F. nucleatum. Northern
blot analysis for individual transformants showed an drastic expression increase
for each of the SRNAs over the control (Fig. 3.2B). This result demonstrated that
this vector, termed pEcoFus, facilitates overexpression of a gene of interest and

can be used as a genetic tool to study gene function in F. nucleatum.

A B

sRNA

Termslpl\ & b. :\}
—_— SFECE &

p4 55 RNA

- ~88nt
Ll ~95nt
pEcoFus
5.6 kb —— e a— o « | ~99nt
- ~237nt
ORI,
catP w== | ~147nt

ColE1

Figure 3.2 | pEcoFus - a 1% generation overexpression vector.
A. Schematic overview of pEcoFus with different regions of the vector indicated. P4ssrya:
promoter region of the 4.5S RNA. This figure has been modified from Ponath et al. (2021).

3.3 Improving pEcoFus - Generation of pVoPo

pEcoFus was generated by using the E. coli-C. difficile shuttle vector as a
chassis to insert the ORIgy required for plasmid replication in F. nucleatum.

Consequently, pEcoFus contained several elements such as the traJ or oriT which
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Chapter 3. New genetic tools for Fusobacterium nucleatum

unnecessarily inflate the vectors size to ~5.6 kB. Creating an improved vector,
only the ORIgy, the thiamphenicol resistance cassette catP and the ColE1l were
assembled into a new construct. This process included the addition of several
restriction sites for the simple insertion of DNA fragments.
moter and the 5’UTR of the catP gene was replaced with that of the fusobacterial
flavodoxin-encoding fldA to facilitate improved expression of the selection marker
in F. nucleatum. As with pEcoFus, this vector could be maintained in E. coli and
F. nucleatum. The improved backbone, referred to as pVoPo-00, is almost half the
size of pEcoFus (5.6 kB vs. 3.6 kB) and includes custom restriction sites. Thus,

the resulting plasmid was used as the basis for the development of the following

genetic tools (Fig. 3.3).

fluorescence proteins

—qucarlet—ll—J-T GFP H

transcriptional reporter

»
,—‘ Promoter -| mCherryI—\

translational reporter

>
5' UTR] 10 aa] mCherry|—

inducible system

— tetR }-'-TG.OJ —

deletion system

,—4 tetR }—q mazF |—~

pVoPo-FP

pVoPo-01

pVoPo-02

pVoPo-03

pVoPo-04

Figure 3.3 | Overview of the five generated genetic tools.

Schematic representation of pVoPo-00 and the individual insert resulting in the different genetic
tools. pVoPo-FP (FP: placeholder for different fluorescent proteins); G.O.I: gene of interest.

This figures has been adapted from Ponath et al. (2022b).
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3.4 A new inducible vector for F. nucleatum

While overexpression of a target gene can help elucidate its function, its consti-
tutive expression can also cause secondary effects including cytotoxicity (Prelich,
2012). Consequently, a number of inducible gene expression systems have been de-
veloped to limit these effects. These systems often utilize a transcription factor, or
more recently riboregulators (Cui et al., 2016; Glasscock et al., 2021), that respond
to an exogenous factor and subsequently modulate transcription. One commonly
used tool is the Lacl inducible system which uses the lac repressor (Lacl) to only
allow transcription upon its inhibition through the addition of lactose or the syn-
thetic analog IPTG (Isopropyl £-d-1-thiogalactopyranoside) (Amann et al., 1988).

However, the Lacl system exhibits leaky expression (Rosano and Ceccarelli, 2014).

To circumvent this issue, the tetracycline-inducible TetR-system has been in-
troduced into pVoPo-00. The TetR-system makes use of the antibiotic tetracy-
cline or its derivatives such as the non-bacteriostatic anhydrotetracycline (ATc)
as inducers that inhibit the negative regulation by the Tet-repressor protein. Fur-
thermore, this inducible system displays no leaky expression and a strong dose-
dependence allowing the fine-tuning of the gene expression levels (Bertram and
Hillen, 2008; Lutz and Bujard, 1997).

For proof of concept, mCherry with a short synthetic 5’UTR (Xiao et al., 2020)
was placed under control of the TetR-system and transformed into F. nucleatum.
The addition of different concentrations of ATc to cultures of F. nucleatum led
to a dose-dependent expression of mCherry after 30 min of induction as shown
via western blot analysis (Fig. 3.4). Importantly, no signal for the protein could
be detected in the absence of the inducer, which further highlights the degree of
control using the TetR-system for gene expression in F. nucleatum. The inducible

system is further referred to as pVoPo-03.
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100

10 20
kba 0 2 ng/ml ATc

Figure 3.4 | A dose-dependent inducible system for F. nucleatum.

Western blot detection of mCherry after 30 min of ATc-induction at the indicated concentrations.
Ponceau S (PonS) served as a loading control. This figure has been adapted from Ponath et al.
(2022D).

3.5 A new deletion vector for F.nucleatum

In addition to the two above introduced gene expression systems, gene inacti-
vation represents another key technique to study gene function in an organism of
interest. As described in chapter 1.1.2, this has been previously achieved either
by single-cross integration (Haake et al., 2000; Kaplan et al., 2005) or by using
a metabolic deletion background (Wu et al., 2018; Casasanta et al., 2020) each
with their respective drawbacks. This makes the ability to achieve marker-and
background-less gene deletion in F. nucleatum highly desirable, especially for fu-
ture applications in the in vivo settings. However, no alternative counter-selection
methods to remove the antibiotic selection marker important for the initial inte-
gration were tested in F. nucleatum. Various methods are used for gene deletion
in other bacteria such as the expression of the sacB gene conferring sensitivity to
sucrose (Gay et al., 1985). Recently, the endonuclease MazF, as part of the toxi-
antitoxin mazFEF' system, was applied to a variety of unrelated bacteria such as B.
subtilis (Zhang et al., 2006), different lactic acid bacteria (Van Zyl et al., 2019) or
C. acetobutylicum (Al-Hinai et al., 2012). The establishment of an inducible gene
expression system for F. nucleatum would now allow such an application of toxin

expression for counter-selection of plasmid loss.

3.5.1 Testing the toxin MazF as a counter-selection method

Given the proven function of MazF for counter-selection in different bacteria
and the fact that F. nucleatum lacks a mazEF homolog, the MazF was evaluated
as potential a counter-selection marker in F. nucleatum. The mazF gene from C.

difficile (mazF) as chosen due to the similar codon usage between both bacteria.
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First, the mazF gene was cloned into pVoPo-03 and transformed into F. nucleatum.
Next, MazF activity was assessed upon induction with ATc by monitoring the
growth of either F. nucleatum carrying the empty vector control (p.empty) or
mazF (p.mazF) in the absence of antibiotics. All untreated samples and the ATc-
induced control samples showed similar growth (Fig. 3.5A). In contrast, expression
of mazF caused a strong growth delay for ~16 h (Fig. 3.5A). Importantly, the
mazF-expressing bacteria could not grow in this time frame when maintaining the
selection pressure was maintained by including thiamphenicol in the media (Fig.
3.5B). This suggest the observed re-growth after 16 h was caused by plasmid lost

rather than mutations of the toxin itself.
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Figure 3.5 | Testing MazF expression as a counter-selection marker.
Measurement of growth over 24 h using the optical density (ODgoonm) as readout. MazF-
expression was induced by the addition of ATc at 0 h. The experiment was carried out in the
absence of thiamphenicol. The experiment was carried out in the absence (A) or presence (B)
of thiamphenicol to ensure plasmid maintenance. An empty vector control (p.empty) served as
control in all cases and was treated the same as p.mazF. C. Quantification of CFUs 30 min
and 3 h post-induction of MazF (p.mazF) with ATc compared to the input count. An ATc
concentration of 100 ng/ml was used in all panels. The data show the average of three biological
replicates with the SD. This figure has been adapted from Ponath et al. (2022b)

Moreover, the quantification of viable cells after mazF induction revealed a

reduction of ~30 to 40% of viable cells after 30 min and 3 h, respectively, while
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the control increased its cell number by ~two-fold after 3 h (Fig. 3.5C).
Hence, the combined results indicate that the inducible expression of the
MazF toxin is a promising form of counter-selection to successfully select double-

crossover events during homologous recombination in F. nucleatum.

3.5.2 Proof-of-concept use of the inducible mazF gene dele-

tion system

In order to validate the mazF-system as a means for successful counter-selection
a fusobacterial suicide vector was created by removing the ORIgy of p.mazF' re-
sulting in pVoPo-04 (Fig. 3.6). The gene fadA was selected as a test candidate
since previous works have shown it to be non-essential (Casasanta et al., 2020;
Han et al., 2005) and to be monocistronic (see Chapter 2.2; Fig. 2.7).
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Figure 3.6 | Overview of scarless-deletion using pVoPo-04.

Schematic representation of allelic exchange (left side) and experimental workflow (right side)
using the pVoPo-04 system to generate unmarked deletion strains. Gene specific 1 kB up-
and downstream regions are inserted into pVoPo-04. This construct is transformed into F.
nucleatum via electroporation and plated on BHI-C plates containing thiamphenicol (Thia).
Colonies that grow successfully have integrated the suicide vector into the genome (marked as
1% recombination). The 2" recombination step is induced by inoculating a single colony from
the previous step. After overnight growth, the culture is diluted in fresh media containing ATc,
grown for 4 h and serial dilutions are plated on BHI-C plates containing ATc. Subsequently,
colonies are re-streaked on BHI-C plates with or without thiamphenicol. Colonies that only
grow on the plates lacking antibiotic are further selected to verify if the 2"¢ recombination led
to a revertant or the desired deletion via PCR. This figure has been adapted from Ponath et al.
(2022D).

To achieve deletion of fadA, ~1 kB long fragments corresponding to up- and
downstream regions of the adhesin-encoding gene were amplified and placed into
pVoPo-04 (Fig. 3.6). Five micrograms of the suicide vector were transformed into
electro-competent F. nucleatum and plated on antibiotic-containing agar plates.
Only bacteria that chromosomally integrated the plasmid (1st recombination) were
able to grow. Next, a single colony was inoculated in media without antibiotic
selection pressure to allow the second recombination step to take place. After 24 h,
the culture was diluted 1:50 and the MazF' expression induced through the addition
of ATc. Serial dilutions were plated 4 h post-induction on agar plates containing

ATec to further repress growth of bacteria still harboring the plasmid. To verify
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that colonies grown on the ATc-containing plasmids indeed had excised the plasmid
and thus lost the antibiotic resistance cassette, the colonies were re-streaked on
agar plates with and without antibiotic. Only colonies that were unable to grow
on the antibiotic-containing plates were selected for PCR verification of the loss
of the fadA gene. The deletion of fadA could further be verified via northern blot
analysis probing for the mRNA (Fig. 3.7). Thus, the successful deletion of the
adhesin fadA using the inducible mazF system validates the approach of using
this toxin as a method for counter-selection in F. nucleatum. Importantly, this

system enables the markerless gene deletion in a wild-type fusobacterial strain.
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Figure 3.7 | Verification of AfadA.
Northern blot detecting the fad4A mRNA in wild-type (WT) and AfadA strain. The 55 rRNA
served as loading control. This figure has been adapted from Ponath et al. (2022b).

3.6 Reporter systems

3.6.1 Transcriptional reporter systems

Transcriptional reporter systems have been developed to easily measure the
transcriptional regulation of a selected target during different conditions or in a
genetic backgrounds and can also be applied to high-throughput approaches (Bel-
liveau et al., 2018; Kinney et al., 2010). Generally, a reporter such as a fluorescent
protein is placed under the control of the promoter of interest and the level of

transcriptional activity can be assessed by measuring the emitted fluorescence.

To adapt this system for the application in F. nucleatum, a codon-optimized
mScarlet-1 was placed in pVoPo-00 to function as reporter. By inserting a pro-
moter region of interest, the resulting expression of mScarlet-I under different con-

ditions can be detected. Due to the requirement of molecular oxygen for correct
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folding of the common fluorescent proteins, direct measurement of the fluorescence
signal during growth cannot be readily achieved. Thus, the cells were first fixed
using paraformaldehyde (PFA), stopping all cellular activity, and kept overnight at

4°C to allow maturation of mScarlet-I prior to measuring the fluorescence intensity.
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Figure 3.8 | Analysis of different promoters driving mScarlet-1 expression.
A. Quantification via flow cytometry for different promoter regions driving expression of
mScarlet-I. The data show the relative fluorescence intensity and SD to the P.accD for three
biological replicates. 50.000 DAPIT cells were measured. B. Representative microscopy images
of each construct captured with the same setting laser intensity based on the signal from the
p-accD construct.

As a test, 14 promoters showing high to medium expression in the dRNA-
seq data were selected to construct transcriptional fusions. Next, the individual

transcriptional reporters were measured via flow cytometry for samples derived
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from the mid-exponential phase. For all reporters, mScarlet-I expression lead to
a strong increase of fluorescence signal compared to the control vector using the
promoter region of accD. (Fig. 3.8A). The promoter region for ribosomal pro-
teins rspB (P.rspB) showed the strongest signal together with promoter driving
transcription of the translational initiation factor IF1 (P.infA). The constructs car-
rying the promoters for the tmRNA and the abundant porin FomA also showed
a >10 fold signal compared to P.accD inline with high expression levels detected
in the RNA-seq data (Supplementary data 8.2). Importantly, the transcriptional
reporter for a putative alanine racemase (C4N14 09770) displayed similar fluo-
rescence levels to P.accD while the reporter for e.g. fadA displayed in between
levels. The could further be corroborated by confocal microscopy (Fig. 3.8B).
Overall, the different transcriptional fusions reflect the general abundance of their
transcripts and thus the system can be used as transcriptional reporter in F. nu-

cleatum.

To generate an broadly usable transcriptional reporter system, mScarlet-I1 was
replaced by mCherry which also allows detection by western blot. The final vector
pVoPo-01 further carries a cloning site for inserting a promoter of interest upstream

of mCherry.

3.6.2 Translational reporter

Translational reporter systems are a fundamental tool to investigate the post-
transcriptional regulation of a gene of interest. These systems take advantage of
creating a translational fusion of a reporter gene and a gene of interest, using the
5’UTR and an additional 30 to 150 bp of the target gene. Such a system using
GFP as the reporter has been originally used to study the post-transcriptional
regulation of sSRNAs and its targets originally in Salmonella typhimurium (Urban
and Vogel, 2007) and has been adapted for use in additional organisms since
(Ferrara et al., 2021; Peschek et al., 2019; Klahn et al., 2015).

To establish this system in F. nucleatum, the dRNA-seq data were searched
for genes that are constitutively expressed during growth at a medium level com-
pared to the expression levels of all other CDS. The metabolic gene accD (acetyl-
coenzyme A carboxylase) fit both criteria and its promoter region was placed
upstream of mCherry in the pVoPo-01 backbone to drive stable expression of the
reporter gene. Translational fusion for a gene of interest can then be created by

cloning the 5-region in-frame with mCherry using added restrictions site at the
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+1 site of the promoter and after the start codon of mCherry. The successful

establishment of the translational fusions will be shown in chapter 4.

3.6.3 Visualizing F. nucleatum using different fluorescent

proteins.

Previously, the detection of F. nucleatum relied on classical approaches such
as (qQRT-)PCR, culturing or 16S rRNA sequencing, all of which are labor-intensive
and do not allow temporal or spatial analysis of biological processes. Alternatively,
one can temporarily monitor F. nucleatum by labeling them with membrane dyes
for short term experiments, as the dye signal diminishes with each bacterial divi-
sion (Casasanta et al., 2020). However, fluorescently tagged bacteria represent a
powerful tool for monitoring cell numbers, infection processes or their localization

in infected tissues.

Since both mCherry and mScarlet-I could be stably expressed in F. nucleatum
additional codon-optimized genes encoding for superfolder GFP (GFP) or mNeon-
Green (mNG) were generated. The genes encoding for all four fluorescent proteins
were introduced into the pVoPo-backbone. Further, the promoter region of the
acpP gene and the short synthetic 5’'UTR were combined to drive the expres-
sion of the different fluorescent proteins based on the strong and stable expression
observed for mScarlet-I (see Chapter 3.6.1).

67



Chapter 3. New genetic tools for Fusobacterium nucleatum

Emission detected at

brihtfield 498-575nm  571-700nm

control |

GFP g

mCherry

mNeonGreen

mScarlet-I|

Figure 3.9 | Expression of different fluorescent proteins in F. nucleatum.
Representative confocal microscopy images for the expression of superfolder GFP (GFP),
mCherry, mScarlet-I and mNeonGreen in F. nucleatum. The scale corresponds to 5 pm.

Of note, no such construct could be generated for mNeonGreen as the expres-
sion levels were likely toxic for the intermediate E. coli host. Instead, the promoter
of the metabolic accD gene was placed upstream of mNeonGreen which allowed
the succesful construction of the vector in intermediary host E. coli. These vectors
were named pVoPo-FP with FP abbreviating for the different fluorescent proteins.

All constructs displayed clear levels of uniformly distributed fluorescence de-
tected at their respective emission after PFA-fixation and maturation (Fig. 3.9)
as mentioned above. Importantly, in all cases the fluorescence signal is distin-

guishable from the empty vector control. This includes bacteria expressing the
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alternative mNeonGreen construct, which yields a comparatively lower fluores-
cence signal than e.g. GFP.
Thus, the pVoPo-FP vectors represent another important research tool espe-

cially in the investigation of F. nucleatum’s interaction with the host.
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Investigation of the o¥
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Parts of this chapter have been published before:

o Ponath, F., Tawk, C., Zhu, Y., Barquist, L., Faber, F., & Vogel, J. (2021).
RNA landscape of the emerging cancer-associated microbe Fusobacterium
nucleatum. Nature Microbiology, 6(8), 1007-1020.
https://doi.org/10.1038 /s41564-021-00927-7

o Ponath, F., Zhu, Y., Cosi, V., & Vogel, J. (2022). Expanding the genetic
toolkit helps dissect a global stress response in the early-branching species
Fusobacterium nucleatum. Proceedings of the National Academy of Sciences
of the United States of America, 119(40), €2201460119.
https://doi.org/10.1073/pnas.2201460119

Further, parts of the work in this chapter have been performed in collaboration

with the following people:

e Yan Zhu (Institute for Molecular Infection Biology, University Wiirzburg)
generated the inducible rpoF construct and performed the growth curve of

the FoxI and FoxI-3C overexpression.

e Yan Zhu (Institute for Molecular Infection Biology, University Wiirzburg)
and Valentina Cosi (Helmholtz Institute for RNA-based Infection Research
Wiirzburg, Helmholtz Centre for Infection Research Braunschweig) sup-

ported the qRT-PCR measurements.

4.1 A putative o” homolog in F. nucleatum

As outlined in Chapter 1, bacteria need to adapt to continuously changing
environments; especially when encountering adverse conditions. This also holds
true for F. nucleatum when translocating to extra-oral sites, such as the CRC

tissue, which is vastly different from its primary oral niche when considering the
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state of inflammation and different immune cell populations (Hiam-Galvez et al.,
2021).

However, our knowledge on how F. nucleatum responds to these changes is
severely limited. Only recently the role of the two TCS was identified in lysine
metabolism and co-aggregation (Wu et al., 2021) or response to oxidative stress
(Scheible et al., 2022). Yet, we are lacking knowledge on potential global stress
responses in this bacterium including the one that supports the bacterial envelope

as the first-line of defense in Gram-negative bacteria (Rowley et al., 2006).

Interestingly, F. nucleatum encodes a conserved ECF (Fig. 4.1A; Fig. 2.5A)
that could enable this anaerobe bacterium to monitor its environment (see Chapter
1.3.1). Further, this ECF could be involved in maintaining membrane homeostasis

as this is a common role for these alternative sigma factors (Helmann, 2002).
A
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Figure 4.1 | Comparing rpoE between E. coli and F. nucleatum.

A. Schematic representation of the rpoFE operon structure in E. coli and F. nucleatum. rpoE
genes and the anti-sigma factor genes are indicated in red and purple, respectively, while the
remaining genes of the operon are marked in grey. B. Sequence alignment between o of F.
nucleatum (Fun) and E. coli (Eco). The region making contact with the -10 box is indicated.
Panel A figures has been adapted from Ponath et al. (2022b).

The current genome annotations of F. nucleatum mark this gene as rpoF sug-
gesting similarities to the well-studied envelope stress response regulator o in E.
coli (Erickson and Gross, 1989; Hews et al., 2019). Yet, a recent analysis of ECFs
placed the fusobacterial 0¥ in an ECF group of unknown function, which only
includes proteins found in members of Clostridia or Fusobacteria (Casas-Pastor
et al., 2021). A sequence comparison of the o proteins from F. nucleatum and
E. coli did not reveal any similarities beyond conserved amino acids important

for contacting the -10 promoter region (Fig. 4.1B) (Todor et al., 2020; Campagne
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et al., 2014). The downstream gene of the fusobacterial o is further annotated
as an anti-sigma factor resembling the operon structure in E. coli (Fig. 4.1A).
Similar to findings of the ECF protein, this protein does not exhibit sequence
conservation with its counterpart RseA in E. coli. However, both proteins share
a transmembrane domain indicating that ¢ in F. nucleatum might be regulated

by its downstream gene product similarly as in E. coli.

4.2 The o regulon

4.2.1 Transcriptional changes upon o”-pulse expression

The above stated similarities suggest that the fusobacterial gene C4N14 (09830,
further referred to as rpoF, encodes a transcriptional regulator functionally simi-
lar to o in E. coli. To investigate this possibility, the mpoE of F. nucleatum was
placed into the inducible expression system pVoPo-03. rpoE expression was in-
duced for 30 min after which samples for RNA extraction were collected. Next, the
extracted RNA was used as input for cDNA library preparation and subsequent
RNA-seq analysis. Compared to the equally treated empty vector control, a global
gene expression analysis identified a total of 170 differentially expressed genes (-1
< logy fold change (logoFC) > 1; false-discovery-rate (FDR) < 0.05) upon the
ol expression (Fig. 4.2A). The expression analysis clearly marks the ECF as a
transcriptional activator as the majority of differentially expressed genes was up-
regulated (147/170) while only 23 were downregulated (Fig. 4.2A; Supplementary
data 8.9).
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Figure 4.2 | Transcriptional changes upon o pulse-expression.

A. Volcano plot displaying transcriptional changes after 30 min of o expression upon ATc
induction (100 ng/ml) compared to the similarly treated empty vector control. Genes were con-
sidered significantly regulated when they displayed a false-discovery rate (FDR) <0.05 (vertical
dashed line) and a logs fold change of <-1 (blue) or >1 (black) (horizontal dashed line). Genes
that are part of the o regulon are marked in red. B. Result of the MEME motif analysis for
all upregulated transcriptional units. The common ¢ motif in the -10 and -35 box is indicated.
B. Distance of the -10 box from the TSS and -35 box found for the o¥ motif among all cistrons.
This figure was modified from Ponath et al. (2022b).
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4.2.2 Promoter analysis of differentially expressed genes

The 170 differentially expressed genes consist of a total of 68 transcriptional
units. To identify the a potential shared promoter motif, the 50 nt upstream
region for all transcriptional units was used as input for a MEME analysis (Bailey
et al., 2015). This analysis revealed a common motif with a 'GTCWAA’ in the
-10 box separated by an A+T-rich spacer region from a less distinct "AAC’ as
the -35 box for 28 operons (Fig. 4.2B). This motif showed a striking similarity
to the consensus sequence bound by recognized by oF in E. coli (Rhodius and
Mutalik, 2010) or the homolog AlgU in Pseudomonas aeruginosa (Schulz et al.,
2015). Additionally, the spacing of the -10 region from the TSS and -35 box is
consistent with that found in E. coli (Fig. 4.2C) (Rhodius et al., 2006).

The 28 operons consist out of 127 genes and account for 116/147 of the up-
regulated genes. Additionally, transcription for 14 of the motif-associated operons
were initiated as a sub-operon (Supplementary data 8.9).

Importantly, the motif was also found upstream of the rpoE operon, suggesting
that rpoF is likely subject to auto-regulatory as common among ECF (Todor et al.,
2020; Rouviere et al., 1995). The proposed role of the transcriptional activator
is further supported by the fact that this motif is found exclusively upstream of

E

transcriptional units that are upregulated upon o” expression (Fig. 4.2A).

4.2.3 The o” regulon

4.2.3.1 Validation of ¢” target genes

The above introduced transcriptional reporter system (see Chapter 3.6.1) was
used as an orthogonal method to validate a subset of the putative % targets.
For this, four transcriptional reporters were constructed including rpoFE itself to
confirm the proposed auto-regulation. The conserved cytosine in the -10 box
of the promoter is required for recognition by o in E. coli (Campagne et al.,
2014). Thus, an alternative version for each reporter construct was generated
harboring a C-to-G mutation (Fig. 4.3A). Western blot analysis showed that all
native transcriptional reporters led to expression of mCherry (Fig. 4.3B). However,
insertion of the point mutation in the promoter sequence completely abrogated the
expression of the reporter. Overall, these results indicate that the tested genes
and others associated with the identified promoter motif depend on o for their

transcription.

74



Chapter 4. Investigation of the o regulon in Fusobacterium nucleatum

A

-35 box -10 box

rpoE TAAAAAAGATTAAACTTTTTTTATAGT-ATTAATGTCTAATCTGTA

miaB AAAAAAATTATAAACTTTTAATAAAAA-AAAACAGTCTATATACTA

C4N14_03280 AAATATAAAAATAACCAAACTCATATA-ATTGGAGTCAAAT-A-TA

C4N14_09130 AAACCTCTTTAAAACTTTTAGTTTATTAAATATTGTCTAATCT-AA

Consensus aAAaatattttaAActttt.ttatA.t.atta.tGTCtAat.a.tA
point mutation: GTG

S N
B & >
S 3
¥ »
~ ~
§ & §F N
S S O O
e -+ — + — + —+ GIC-GTG
~25 - “mCherry

— — [— —

[ =4 [ Pons
Figure 4.3 | Verification of c”-dependence using transcriptional reporters.
A. Sequence alignment of the promoter region for different o®-dependent genes. The conserved
o recognition motif is indicated. B. Western blot analysis detecting mCherry. Transcription of
the protein is driven by the WT or mutant promoter region of the indicated genes. Ponceau S

served as a loading control. An asterisk marks an unspecific band. This figure has been modified
from Ponath et al. (2022b).

4.2.3.2 A conserved role in envelope homeostasis for the ¢” regulon

The regulon of o is commonly involved in maintaining envelope homeostasis
(Rowley et al., 2006; Hews et al., 2019). Interestingly, several genes of the fu-
sobacterial o regulon seem to fulfill a similar function. Such is the case for the
chaperone Skp and OMP BamA which cooperatively ensure the proper insertion
of unfolded OMPs into the outer membrane (Schéfer et al., 1999; Knowles et al.,
2009). Similarly, both LpxD and LptB are important for the biosynthesis and
transport of LPS, respectively, which represent another vital component of the
envelope of Gram-negative bacteria (Kelly et al., 1993; Sperandeo et al., 2007).
Beyond functional parallels, all four genes are also controlled by of in E. coli
(Anderson et al., 1985; Dartigalongue et al., 2001; Knowles et al., 2009; Rhodius
et al., 2006; Sklar et al., 2007) suggesting a conserved core regulon across phyla.

E regulon of E. coli, three genes are

Beyond the commonalities with the o
shared between the regulon of o in F. nucleatum and that of the AlgU in P.
aeruginosa: the stress chaperone clpB, the signal recognition particle receptor

ftsY, and the rod-shape determining factor mreB (Schulz et al., 2015). Upregu-
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lation of mreB might help F. nucleatum maintain its shape under envelope stress
(Errington, 2015). Increased expression of ClpB might suggest a broader role as
it is commonly part of a general stress response but can also be involved in the
regulation of metabolism and growth through its chaperone activity (Alam et al.,
2021).

The o®-dependent regulation of ftsY is especially interesting beyond its shared
regulation in P. aeruginosa. The IM protein FtsY is part of the signal recognition
particle (SRP) complex and a member of the SEC-dependent protein translocation
pathway (Tsirigotaki et al., 2017). Additionally, o also upregulated secA and lepB
expression that are further members of the translocation pathway. With regards
to this process, FtsY and SecA aid in the co- or post-translational translocation of
proteins while the signal peptidase LepB releases the translocated proteins into the
periplasm (Tsirigotaki et al., 2017). The increased translocation capacity could
thus act in synergy with enhanced OMP insertions as the SEC-system is the major
transport pathway for OMPs across the IM (Leyton et al., 2012; Tsirigotaki et al.,
2017).

An additional 24 of the oF-induced genes are of unknown function. These
genes include also the dicistronic operon C4N14 03280-C4N14 03285 which was
among the most highly upregulated genes (Fig. 4.2A). This strong regulation of
the operon suggests that both genes could play an important role in maintaining
envelope homeostasis or protein translocation. However, both genes and the re-
maining 22 genes of unknown function might yet fulfill entirely new functions in

the o¥-dependent stress response in F. nucleatum.

4.2.3.3 Conditions that might activate o”

Past works in different bacteria showed that o responds to various stimuli
such as osmotic stress, heat shock, unfolded OMPs, oxidative stress or singlet
oxygen (Erickson and Gross, 1989; Mecsas et al., 1993; Testerman et al., 2002;
Rowley et al., 2006; Anthony et al., 2005). The identification of activation condi-
tions for o in F. nucleatum might give more insights into the biological role of the
ECF. To uncover this stimuli, expression levels of the rpoEf mRNA were monitored
via qRT-PCR after subjecting the bacterium to different stress conditions consist-
ing of envelope stress (polymyxin B; lysozyme, bile), hyperosmotic shock (NaCl),
oxidative stress (HyOy; diamide; S-nitroglutathione (GNSO)), DNA damage (mit-
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omycin C) heat shock (42°C) or exposure to atmospheric oxygen concentrations.
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Figure 4.4 | Oxygen exposure leads to upregulation of the P regulon.

gRT-PCR analysis of rpoE (A) and indicated members of the o¥ regulon (B-E) after 60 min of
exposure to different stress conditions. Shown is the relative change of gene expression compared
to the untreated control. The 5S rRNA served as a reference gene. The data represent the
average of three biological replicates and the SD. This figure has been modified from Ponath
et al. (2022b).

Surprisingly, the envelope disrupting antibiotic polymyxin B did not trigger
o activation (Fig. 4.4). This is despite the activity of the antimicrobial against
Gram-negative bacteria such as F. nucleatum (Nang et al., 2021). Instead, the
anaerobe bacterium displayed induction of the rpoF mRNA only when exposed

to oxygen (Fig. 4.4A). This oxygen-dependent effect was further validated by
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measuring the RNA-levels of four additional o”-dependent genes which showed

a similar increase after oxygen-treatment as rpoE compared to the control (Fig.
4.4B-E).

4.2.3.4 The global response to oxygen

Oxygen is not a known activator of o and a link to the possible role of this
ECF in envelope homeostasis is unclear. To better understand the global response
of F. nucleatum to oxygen, the bacterium was exposed to atmospheric oxygen for
20 min followed by RNA-seq analysis. Similarly, F. nucleatum was treated with
polymyxin B for 20 min to evaluate a classical envelope response in comparison to
that of oxygen. This antibiotic is active against F. nucleatum (Nang et al., 2021)
and as evident by the delayed growth of the bacterium at the used concentrations
(Fig. 4.5).
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Figure 4.5 | Growth impact of polymyxin B on F. nucleatum.

Measurement of growth over 24 h using the optical density (ODgoonm ) as readout. Growth media
contained either 400 ng/ml polymyxin B (red) or was unmodified (black). The data represent
the average and SD of three biological replicates.

Differential gene expression analysis compared to the untreated control re-
vealed a total of 289 significantly regulated genes (FDR <0.5) (Fig. 4.6A). The
174 upregulated genes (logy fold change >1) include the rpoFE operon and the
sRNA FoxI confirming their induction upon oxygen exposure. In addition, 19

E regulon were also among the upregulated genes. As ob-

members of the o
served with the o induction (Fig. 4.2), both genes of the dicistronic operon
C4N14_03280-C4N14_03285 displayed the strongest upregulation of the o regu-

lon, underpinning an important function in the o response.
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Figure 4.6 | Global transcriptional response to oxygen exposure.

A.. Volcano plot displaying the transcriptional changes after 20 min of oxygen exposure compared
to the untreated control. Genes were considered significantly regulated when they displayed a
false-discovery rate (FDR) <0.05 (vertical dashed line) and a logy fold change of <-1 (blue)
or >1 (black) (horizontal dashed line). Genes that are part of the 0¥ regulon are marked in
red. B. Heatmap displaying the logy fold changes for genes of the o regulon after 20 min of
oxygen exposure or treatment with polymyxin B (400 ng/ml). This figure has been adapted
from Ponath et al. (2022b).

Additionally, 115/289 significantly regulated genes were downregulated (logs
fold change <-1). Strikingly, the 65 RNA, often found upregulated under stress
in other bacteria (Wassarman, 2018), was repressed upon oxygen exposure. In
addition, a number of metabolic genes such as pfk or ABC transporters including

mglB as part of a putative galactose uptake operon were downregulated.
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Additionally, a total of 15 transcriptional regulators were differentially ex-
pressed overall underpinning a strong global response of F. nucleatum when ex-
posed to oxygen. This also includes the increased expression of genes involved in
a putative response to oxidative damage including a thiol-disulfide oxidoreductase
system, peroxiredoxins, flavodoxins and a metal-uptake operon (Supplementary
data 8.10).

E regulon between the oxygen

A comparison of expression changes for the o
exposure and polymyxin B treatment clearly showed that this set of genes re-
sponds to oxygen rather than the antibiotic (Fig. 4.6B). Interestingly, polymyxin
B treatment caused the differential expression of only three genes, despite de-
laying growth at the used concentration (Fig. 4.7). All three genes belong to a
putative antimicrobial efflux operon, C4N14_05770-C4N14_05755, and are upreg-
ulated, further showing that F. nucleatum does respond to polymyxin B. Taken
together, the RN A-seq results show a distinguished response to polymyxin B and

oxygen while only the latter leads to o activation.
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Figure 4.7 | Global transcriptional response to polymyxin B.

Volcano plot displaying transcriptional changes after 20 min of treatment with 400 ng/ml
polymyxin B compared to the untreated control. Genes were considered significantly regu-
lated when they displayed a false-discovery rate (FDR) <0.05 (vertical dashed line) and a logs
fold change of <-1 (blue) or >1 (black) (horizontal dashed line).

4.3 The o"-dependent sRNA FoxI

As described earlier (see Chapter 1.3.1.1), o also induces sSRNAs serving as
the ECF’s negative regulatory arm in E. coli and other bacteria (see Chapter 1.1;
(Frohlich and Gottesman, 2018)). Interestingly, the sSRNA FoxI was upregulated
in both the o expression and oxygen exposure data set (Fig. 4.2; Fig. 4.6).
This raised the question if FoxI would act akin to its o”-dependent counterparts
MicA and RybB in E. coli by regulating multiple OMPs (Udekwu et al., 2005;
Johansen et al., 2006; Papenfort et al., 2006; Pfeiffer et al., 2007; Papenfort et al.,
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2010; Thompson et al., 2007; Gogol et al., 2011) or rather specifically acting on
one target, as shown for MicLi (Guo et al., 2014).

4.3.1 Conservation of the oxygen activated sRINA FoxI

Based on the conservational analysis (see Chapter 2.3, Fig. 2.15C), the ~87
nt long SRNA FoxI can be found in all members of F. nucleatum as well as the
related species F. hwasooki and F. periodonticum. A comparison of the surround-
ing genes of FoxI revealed a strong conservation in terms of its genomic synteny as
the sSRNA is located in a genomic island between the genes for the rRNA methyl-
transferase rsmB and the tryptophan synthase trpB (Fig. 4.8A). The conserved
position of FoxI is in stark contrast to the changes in the flanking genomic regions
found between the different subspecies. Together with its broad distribution, this
argues that the FoxI sRNA plays an important regulatory role for F. nucleatum

and closely related fusobacterial species.
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Figure 4.8 | The conserved sRNA FoxI.

A. Schematic representation of the genomic synteny for the SRNA FoxI (red) in the vicinity of
rsmB (dark blue) and trpB (green). B. Sequence alignment of FoxI for representative members
of the different subspecies and related species. The promoter region and the seed region of the
sRNA are indicated. C. Secondary structure prediction of FoxI. Mutations introduced in FoxI-
3C are indicated. D. Northern blot detection of FoxI across the different growth stages. The 5S
rRNA served as a loading control. This figure has been adapted from Ponath et al. (2021).

A multiple-sequence alignment (MSA) of FoxI shows that only the 5’-region and
a cytosine-stretch are conserved among Fusobacteria while a shared p-terminator
is only found at the level of the secondary structure (Fig. 4.8B). An in silico
RNA folding, using mfold (Zuker, 2003), predicts FoxI to consist out of a 33 nt
long single-stranded region ended by the p-independent terminator stem-loop and
a short U-rich stretch (Fig. 4.8C). In fact, the secondary structure of FoxI is sim-
ilar to that of the o¥-dependent sSRNA MicA from E. coli (Udekwu et al., 2005;
Rasmussen et al., 2005). The sRNA MicA base-pairs with its target via the seed-
region contained in the linear stretch of its secondary structure supported by the
RBP Hfq (Udekwu et al., 2005; Rasmussen et al., 2005). While Fusobacteria lack
Hfq or known alternative RBPs, the single-stranded stretch of FoxI might function
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as the sSRNAs interaction site with mRNA targets. Particularly the cytosine-rich
stretch could base-pair with guanine-rich RBS of mRNAs (see 2.2.2; Fig. 2.4) and

possibly inhibit translation.

In comparison to the only partially conserved sequence of the SRNA itself, the
MSA identified a highly conserved promoter region for FoxI (Fig. 4.8B). This
suggest that the transcription of FoxI is tightly regulated and either activated
or repressed under specific conditions. The dRNA-seq data suggest that FoxI is
expressed primarily during the exponential growth phases, but decreases in the

stationary phase which could be validated via northern blot analysis (Fig. 4.8D).

4.3.2 Evidence of FoxI dependency on o

A comparison of the promoter region for the auto-regulatory rpoE and FoxI
clearly showed the identified 0¥ recognition motif as a conserved part in the pro-
moter of the sSRNA (Fig. 4.9A). Together with the observed upregulation of FoxI
upon rpoE-induction, these findings suggest that the SRNA depends on of for
its transcription. To validate this, the same approach as above was applied (see
Chapter 4.2.2) by placing the FoxI promoter region in the transcriptional reporter
system pVoPo-01 with the native sequence or harboring the C-to-G mutation in
the -10 box of the promoter region (Fig. 4.9A). The construct with the wild-type
promoter showed a clear expression of mCherry as detected via western blot anal-

ysis while the mutated version lacked any detectable signal (Fig. 4.9B).
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Figure 4.9 | FoxI - a 0”-dependent sRNA.

A. Sequence alignment for the promoter region of rpoE in Fnn and FoxI for representative
strains. The conserved o motif is indicated alongside the introduced point mutation (see B).
B. Western blot detection of mCherry of the transcriptional reporter for FoxI carrying either a
point C-to-G point mutation in the promoter or the native sequence. Ponceau S (PonS) served as
loading control. C. Northern blot detection of FoxI for RNA samples treated with the indicated
stress conditions also used in Fig. 4.4. The 5S rRNA served as loading control. Panel B and C
of this figure have been adapted from Ponath et al. (2022b).

The apparent dependence of FoxI on o” for its transcription raised the question
if the sSRNA would also be specifically upregulated upon oxygen-exposure. To this
end, FoxI levels were analyzed via northern blot for the same stress panel as
tested for rpoE (see Chapter 4.2.3.3), which showed a clear increase of the sSRNA
upon oxygen exposure (Fig. 4.9C). Hence, the sSRNA was named as Fusobacterial
oxygen-induced sRNA (FoxI). While GNSO treatment also led to elevated levels of
FoxI, the abundance of the sSRNA did not increase e.g. by polymyxin B, paralleling
the results of the rpoFE expression (Fig. 4.9C).

Overall, the result reveal FoxI to be a o”-dependent sSRNA further suggesting
that SRNA might act as the ECF’s non-coding arm to repress e.g. OMPs. Still,
the alternative activation by nitrosative stress (GNSO) suggests that FoxI might

yet be controlled by an additional transcriptional regulator.
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4.4 FoxI as the non-coding arm of o

A large body of work has shown that sRNAs regulate their mRNA targets
by different mechanisms, such as translational repression, translational activation,
modulation of RNA stability, transcriptional attenuation or RNA sponging (Hor
et al., 2020b). Yet, we do not know if sSRNAs in Fusobacteria work in similar
fashion as they lack the major RNA-chaperones Hfq, ProQ or CsrA commonly
binding sRNAs (Holmqvist and Vogel, 2018).

4.4.1 FoxI as the regulator of the major outer membrane

protein FomA

In the past, overexpression of SRNAs has been successfully used to identify
mRNA targets of the regulatory RNAs. Thus, the approach was applied to FoxI by
generating an overexpression construct using the pEcoFus-backbone (see Chapter
3.2). Since, the cytosine-stretch in the single-stranded portion of FoxI was a sus-
pected seed region, a mutant version FoxI-3C (Fig. 4.8B), carrying three consecu-
tive C-to-T mutations, was overexpressed in parallel. Both sSRNAs could be stably
detected via northern blot analysis (Fig. 4.10A). Interestingly, FoxI overexpres-
sion prevented F. nucleatum to reach similar optical density as the empty vector
control (control) or the FoxI-3C overexpression bacteria (Fig. 4.10B). This ob-
served growth phenotype indicated that FoxI is biologically active but requires an
uninterrupted cytosine-stretch for its activity. Of note, no morphological changes

were observed upon overexpressing either SRNA variant.
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Figure 4.10 | Stable overexpression of FoxI and FoxI-3C.

A. Northern blot detection of FoxI for RNA samples of an empty vector control (ctrl.), pEcoFus-
backbone overexpressing either FoxI or the seed-region mutant FoxI-3C. The 5S rRNA served
as loading control. B. Measurement of growth by monitoring the optical density (ODggonm )
over 48 h for F. nucleatum carrying either the empty vector control (ctrl.), the FoxI or FoxI-3C
overexpression vector. This figure has been adapted from Ponath et al. (2021).

To investigate if the overexpression of FoxI also causes apparent changes on
protein synthesis, total protein profiles from the empty vector control and the
sRNA overexpression were compared by denaturing SDS-PAGE. This revealed the
depletion of an abundant protein in the size range of ~35 to ~55 kDa (Fig. 4.11A).
A subsequent subcellular fractionation identified the downregulated protein to be
primarily located in the outer membrane (OM) (Fig. 4.11A). In order to identify
the affected protein, all bands excised from the gel from both the total protein
samples (control and FoxI/FoxI-3C overexpression) and the OM fraction of the
control were subjected to analysis via mass spectrometry.

The mass spectrometry analysis of the total protein and OM fraction for the
control identified the major outer membrane porin FomA to be the most abun-
dant protein in all samples (Fig. 4.11B). Interestingly, the abundance of FomA
was strongly reduced in the samples for the FoxI overexpression (Fig. 4.11B). To
further verify these results, an anti-FomA antibody was generated and used for
western blot analysis of the samples. Complimentary to the mass spectrometry re-
sults, the FoxI overexpression led to a strongly decreased levels of the OMP using
the FomA-specific antibody (Fig. 4.11A). In contrast to FoxI, the overexpression
of FoxI-3C did not cause a decrease in FomA levels, suggesting that this activity

is also related to the cytosine-stretch.
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Figure 4.11 | FoxI inhibits translation of the fomA mRNA.

A. (top) Denaturing SDS-page analysis of protein samples for F. nucleatumn harboring either
an empty vector control (ctrl.), the FoxI or FoxI-3C overexpression vector. Equal ODgoonm
of a subcellular fractionation were loaded for total protein (Total) and the cytosolic fraction
(Cytosol). The amount loaded was increased 10x for samples of the inner membrane fraction (IM)
and outer membrane fraction (OM) to allow proper visualization of protein content via Coomassie
staining. (bottom) Western blot detection of FomA in the samples using an anti-FomA antibody.
For this, only half of the ODgggnsm compared to the Coomassie gel was loaded. B. Comparison
of the ratios for the label-free quantification (LFQ) from the LC-MS/MS analysis of the FoxI
and FoxI-3C overexpression samples relative to the empty vector control. The displayed proteins
were filtered for a protein size between 35 kDa and 55 kDa. C. Prediction of FoxI-fomA base
pairing using IntaRNA (Mann et al., 2017). The AUG start codon (red) and FoxI-3C mutation
(grey) are indicated. D. Sequence alignment of fomA for different representative strains. This
figure has been modified from Ponath et al. (2021).

To examine if the reduced FomA levels resulted from a direct RNA-RNA inter-
action between the OMP mRNA and FoxI an in silico target prediction was carried
out using the IntaRNA (Mann et al., 2017). This analysis predicted an interaction
between the RBS of the fomA mRNA consisting of an 8 bp long stretch including
a bulged adenine (Fig. 4.11C). On the side of FoxI, the interaction site includes
the conserved cytosine-stretch of the sSRNA. Thus, it is likely that FoxI represses
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the translation of FomA by sequestering the RBS of the mRNA. Importantly, an
MSA of the fomA mRNA for fusobacterial strains harboring FoxI showed that this
region is highly conserved further supporting this hypothesis (Fig. 4.11D).

4.4.1.1 In vitro analysis of the FoxI-fomA interaction

As a first step to understand the interaction between FoxI and the fomA mRNA
primer extension for the OMP mRNA was carried out. Primer extension can be
used to map the 5’-end of an RNA but can also be used to investigate processing
events and quantify transcript levels by the specific reverse transcription of an tar-
get RNA (Carbon et al., 1975). The same amount of RNA from samples carrying
the empty vector control, FoxI or FoxI-3C overexpression was used as input for the
reverse transcription with a primer specific to a region ~150 nt downstream of the
TSS. Correlating the detected full-length transcript (fomA-L) to the gene-specific
ladder confirmed the TSS annotated in the dRNA-seq analysis. Further, it also
showed that the RNA levels between all samples were comparable as evident by
fomA-L signal. Curiously, FoxI overexpression caused the absence of a shorter
isoform of fomA mRNA (fomA-S) (Fig. 4.12). This effect was neither observed
for the control or FoxI-3C overexpression. Based on the dRNA-seq result, this
fomA isoform could represent a processed version of the mRNA. While it seems
very likely that FoxI inhibits formation of the isoform or selectively causes its
degradation, it remains unclear how or if this is related to the effect on translation

of fomA as the majority of mRNA seems to be unaffected.
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Figure 4.12 | Detection of fomA isoforms regulated by FoxI.

A. Results of a primer extension experiment for total RNA-samples isolated from F. nucleatum
harboring either an empty vector control (ctrl.), the FoxI or the FoxI-3C overexpression vector.
Ten microgram of DN A-free RNA for each sample was used as input together with a radioactively
labeled primer specific for fomA. The DNA ladder for the fragment is indicated as well as the
RBS of fomA. Two signals could be detected matching the full-length 5’-end of the fomA mRNA
(fomA-L) and a shorter isoform (fomA-S). B. Sequence alignment of the 5-region of the fomA
mRNA is shown in A. fomA-L and fomA-S are indicated next to the RBS and AUG start codon.

As the second approach to probe the FoxI-fomA interaction, in wvitro tran-
scribed radioactively labeled fomA mRNA was used together with unlabeled FoxI
RNA for an Electrophoretic Mobility Shift Assay (EMSA). A stable interaction
of both RNAs would result in a decreased mobility of the RNA-RNA complex
through the gel, evident by an upward shift of the signal. However, only a very
minor shift of the labeled fomA mRNA could be observed in the presence of in-
creasing concentrations of FoxI but not FoxI-3C (Fig. 4.13). These results suggest
that the assay conditions possibly did not support proper RNA-RNA interaction
or that an unidentified RBP could be needed to facilitate a stable mRNA-sRNA

interaction.
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Figure 4.13 | FoxI-fomA interaction cannot be recapitulated by EMSA.
EMSA gels of labeled fomA mRNA fragment carrying the FoxI binding site. The mRNA was
incubated with increasing concentrations of unlabeled (A) FoxI or (B) FoxI-3C RNA. Unbound
fomA and a potential complex with FoxI are indicated.

Lastly, based upon the in silico prediction and supported by the results of
the overexpression experiment, FoxI binds to the RBS of the fomA mRNA. In
order to investigate if this interaction can impact translation initiation, the in
vitro-synthesized 5-region of the fomA mRNA was used together with 30S ribo-
somal subunits in a toeprinting experiment. If the initiation complex forms in
the presence of the initiator N-formylmethionine tRNA (fMet!*¥4) and the 30S
ribosomal subunits, the reverse transcription of the mRNA will be abrogated with
a distance of 14-16 nt downstream of the +1 site (Hartz et al., 1989). This stop
signal was detected when incubating the synthesized fomA transcript together
with the fMet!#¥4 and the 30S ribosomal subunit (Fig. 4.14). The addition of
increasing amounts of the in vitro transcribed FoxI led to the decreased formation
of this complex indicating that the SRNA prevents the formation of the transla-
tion initiation complex. Interestingly, a second stop signal further upstream could
be detected which overlaps with the predicted binding site for FoxI on fomA.
Furthermore, FoxI-3C showed only weaker impact on the 30S ribosomal subunit
binding and did not cause the secondary stop. Combined, these data show that
the FoxI-fomA interaction depends on the cytosine-stretch further referred to as
the sSRNA seed region.
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Figure 4.14 | FoxI-binding can impact initiation of fomA translation .
Toeprinting assay for the radioactively labeled 5-end of the fomA mRNA. The labeled RNA
was incubated alone, with purified 30S ribosomal subunit (E. coli), initiator tRNA (fMet!fN4)
and different concentrations of SRNA (FoxI/ FoxI-3C). The stop signal caused by the binding of
the 30S ribosomal subunit as well as the RBS, AUG start and toeprint region are indicated.

To summarize, the in vitro analysis of the FoxI-fomA interaction supports a
model of FoxI acting via translational inhibition in base-pair specific manner to
decrease FomA levles. However, the effect on fomA processing as well as the failure
to recapitulate the RNA-RNA interaction via EMSA require further investigation

and point to a possible role of an RBP in this process.

4.4.2 Pulse expression of FoxIl

Next to overexpression, the concept of pulse-expressing an sRNA represents
another powerful approach to discover the targetome of sSRNAs (Massé et al.,
2005; Papenfort et al., 2006; Pfeiffer et al., 2007; Hor et al., 2018). Further,
this approach also excludes possible confounding factors such as the induction
of potential additional sRNAs, as might the case during the pulse-expression of

of. Prior to this, a Afozl strain was generated using the pVoPo-04 system (see
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Chapter 3.5) which was validated for the absence of the sSRNA via northern blot
analysis (Fig. 4.15A). Next, inducible expression constructs for FoxI, FoxI-3C and
FoxI-C4A, harboring only a single mutation in the seed region, were generated and
introduced into the Afoxl background. All three SRNAs were pulse-expressed for
20 min through the addition of ATc and extracted RNA was analyzed by RNA-
seq. The global expression analysis identified 30 significantly downregulated genes
(-0.5 < logoFC > 0.5; FDR < 0.05) (Fig. 4.15B; Supplementary data 8.11).
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Foxl binding site

Figure 4.15 | Pulse expression of FoxI identifies mglB as a new target.

A. Northern blot verification of Afoxl strain generated using the pVoPo-04 system. The 5S
rRNA served as loading a control. B. Heatmap displaying the logs fold changes for all genes
significantly downregulated (logoFC < -0.5; FDR <0.05) after 20 min of pulse expressing FoxI,
FoxI-3C or FoxI-C4A compared to an empty vector control in the Afoxl background. Members
of the o regulon are marked in purple. C. Base-pairing prediction between mlgB and FoxI.
The start codon of mglB is marked in red. D. Sequence alignment of mglB for different repre-
sentative fusobacterial strains. The FoxI binding site as well as relevant start and stop codons
are indicated. This figure has been modified from Ponath et al. (2022Db).

The top downregulated genes were all part of an operon of unknown function
(C4AN14_09375-C4N14_09395) (Fig. 4.15B). However, as this effect was also found
with the induction of both FoxI seed region mutants, the operon is unlikely to be
directly targeted by FoxlI.

Interestingly, the expression of FoxI caused the downregulation of several mem-

bers of the identified 0¥ regulon, including the rpoE operon itself and the top-
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upregulated dicistronic operon C4N14 03280-C4N14 03285 (see 4.2.2). Impor-
tantly, this could not be observed with the pulse-expression of any of the two seed
region mutants. An in silico target prediction indicated only poor interactions
between FoxI and any of the downregulated o®-dependent genes (Supplementary
data 8.12). This suggests that their downregulation could be an indirect conse-
quence achieved through a FoxI-mediated relief of basal o activation in the A fozl

background.

Further, FoxI pulse-expression led to clear downregulation of the mglB and
mglA, the leading genes of the mglBAC operon likely functioning as an IM galac-
tose uptake system (Fig. 4.15B) (Harayama et al., 1983). The mglBAC operon
remained unchanged with expression of FoxI-3C, while induction of FoxI-C4A still
lowered mglB RNA levels similar to the wild-type sRNA. In comparison, down-
regulation of the fomA mRNA could only observed with expression of FoxI but
neither of the seed region mutants. These results suggest that the interaction
between FoxI and mglB might be more robust than that with the fomA mRNA,

which is comprised almost exclusively of the cytosine-rich stretch (Fig. 4.11).

Indeed, the RNA-RNA prediction for FoxI-mglB suggests an over 20 nt long
interaction site covering both the RBS and the start codon of the mRNA (Fig.
4.15C). Thus, a single interruption of the seed region of FoxI might not be suffi-
cient to abrogate regulation of mglB whereas the binding of fomA is shorter and
possibly easier to disrupt. As with fomA, also the FoxI binding site is conserved for
mglB across the different Fusobacteria (Fig. 4.15D) further supporting a relevant

interaction.

4.4.3 Repressed genes upon o pulse expression

The o expression did not only activate gene expression, as focused on in chap-
ter 4.2.2, but also led to the downregulation of 23 mRNAs (Fig. 4.2). Interest-
ingly, most of the downregulated transcripts encode for membrane or membrane-
associated proteins. The majority of the repressed mRNAs belong to three similar
multicistronic operons containing paralogs of a FadA-domain containing protein,
an OmpA family protein and divergent type ba autotransporters. Noteworthy, the
FoxI target fomA did not pass the selected cutoff however the mRNA levels of the
porin showed a clear decrease upon induction of o (logoFC of -0.74). However,

oF expression clearly downregulated the putative FoxI target mglB, thus raising
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the question if FoxI target spectrum includes additional mRNAs downregulated
with o expression, thereby supporting the role of FoxI as the ECF’s non-coding

arm.

log, fold change

Figure 4.16 | Downregulated genes in wild-type and AfozI background upon

o expression.

Heatmap displaying the logy fold changes of significantly downregulated genes (loga <-1; FDR
<0.05) after 0¥ pulse expression in wild-type (WT) or Afozl background compared to the
empty vector control. Genes that are part of the FadA-paralog associated operons are marked
in purple. mglB is marked in bold. This figure has been modified from Ponath et al. (2022b).

To test this hypothesis, the o¥ induction was repeated in the FoxI-deletion

background and analyzed via RNA-seq. In the absence of FoxI oF

expression
did not downregulate mglB or fomA mRNA levels in agreement with the pulse-
expression data (Fig. 4.16). At the same time, no other mRNA showed differential
expression in the Afoxl background. This could indicate two scenarios which
are not mutually exclusive: (i) FoxI primary mode of action is the blocking of
translation with a minor effect on RNA stability and/or (ii) o in F. nucleatum
controls a second unidentified SRNA with a redundant function to FoxI as found

in E. coli and V. cholerae (Peschek et al., 2019; Gogol et al., 2011).

4.4.4 Identification and validation of FoxI targets using the

translational reporter system

The RNA-seg-based approach of target identification for FoxI revealed the
mglB mRNA as an additional target of the sSRNA. To validate this interaction,
the translational reporter system (see Chapter 3.6.2) was used to create a transla-
tional fusion for mglB (mglB::mCherry). The plasmid contained either the fusion
product alone (control) or in addition the expression cassette for FoxI or FoxI-
3C (Fig. 4.17A). Similar constructs were generated for fomA as a validated FoxI
target and C4N14 09375, which does not contain a predicted FoxI binding site.
Subsequent western blot analysis showed a striking reduction of MglB::mCherry
levels only with the expression of FoxI compared to the control (Fig. 4.17B).

Importantly, the fomA::mCherry fusion also displayed a strong reduction in the
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presence of FoxI while C4N14 09375::mCherry was unaffected. The quantifica-
tion of the fluorescence signal via flow cytometry for the different mCherry fusion
products further confirmed the results (Fig. 4.17C).
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Figure 4.17 | FoxI represses translation of mlgB.

A. Schematic overview of the different translational reporter plasmids used. mCherry was fused
to the 5’end including 5’UTR and 30 nt of a target gene. This alone served as the control
vector while additional constructs were included harboring a FoxI or FoxI-3C overexpression
cassette. B. Western blot detection of mCherry for indicated translational reporter constructs.
The individual translational fusions were either expressed alone (control), together with FoxI
(FoxI) or FoxI-3C (FoxI-3C). C4N14_09375::mCherry served as control fusion as it does not
harbor a FoxI-binding site. Ponceau S (PonS) served as loading control. C. Quantification of
the relative fluorescence intensity compared to the control for the constructs shown in B. Shown
are the average and SD for three biological replicates. This figure has been adapted from Ponath
et al. (2022b).

The application of the translational reporter system further supports the hy-
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pothesis that the regulation of FoxI targets is a consequence of direct base-pairing
as the seed region mutant FoxI-3C failed to repress translation of the fusion prod-
uct. Additionally, C4N14 09375::mCherry does not contain a FoxI binding site
and was not effected by co-expression of the wild-type sRNA, thereby making an
unspecific effect of the FoxI expression unlikely. Thus, the results confirm fomA
and mglB as direct targets of FoxI. Importantly, this also demonstrate the appli-
cation of the translational reporter system for the investigation of SRNA-mediated

post-transcriptional regulation in F. nucleatum.

The combined results for the FoxI targets fomA and mglB demonstrate that
the sSRNA can drastically repress translation, while weaker effects on the mRNA
levels are observed. This leads to the hypothesis that FoxI might generally act by
blocking translation of its targets without causing rapid RNA decay. Interestingly,

several of the membrane-associated genes downregulated upon o”

-expression con-
tain promising FoxI binding sites based on in silico target prediction while the
effect on the RNA level was only minor (Fig. 4.16). This suggests that FoxI could
repress their translation as shown for fomA and mglB.

To testing this, five additional translational fusions were generated for genes
displaying a predicted FoxI binding site: two of the three paralogous FadA domain-
containing proteins (fadA3a; fadA3b), the type bc autotransporter focD, and two
genes encoding for IM proteins of unknown function (C4N14_02035; C4N14_00275)
(Fig. 4.18A). Both western analysis and measurement of fluorescence intensity
showed a reduction for the mCherry fusions levels of all five tested genes with
FoxI co-expression, with fadA3a and fadAS3b displaying the strongest repression
(Fig. 4.18B, C). Just as for fomA and mglB, FoxI likely blocks the translational of

all five targets through direct base-pairing which was disrupted in the seed region
mutant FoxI-3C.
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Figure 4.18 | FoxI targets multiple envelope proteins.

A. Base-pairing prediction between FoxI and the indicated mRNAs. The start codon of each
target mRNA is marked in red. B. Quantification of the relative fluorescence intensity compared
to the control of the translational reporter for mRNAs shown in A. Displayed are the average
and SD for three biological replicates. C. Western blot detection of mCherry for the different
translational reporter constructs of targets shown in A. Ponceau S (PonS) served as loading
control. This figure has been adapted from Ponath et al. (2022b).

Overall, the validation of FoxI targets via the translational reporter system
supports the hypothesis that the sRNA is a multi-targeting repressor of trans-
lation through direct interactions with the target mRNA. The above uncovered
targetome of FoxI further highlights similarities to other o®-dependent sRNAs,
such as MicA or RybB, by primarily regulating the expression of envelope pro-

teins. Furthermore, targets that are also downregulated with o suggest that FoxI
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represents the non-coding arm of the o”-response in F. nucleatum.

4.5 The o” response in F. nucleatum

Our understanding of regulatory networks for F. nucleatum is still very limited.
Yet, the here uncovered o” response in the anaerobe bacterium displays surprising
parallels to envelope stress response in well-studied in y-Proteobacteria such as E.
coli (Hews et al., 2019; Rowley et al., 2006) supporting the following model (Fig.
4.19):
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Figure 4.19 | Model of ¢” activity in F. nucleatum
This figure has been adapted from Ponath et al. (2022b).
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When exposed to oxygen, F. nucleatum senses this environmental condition
through an yet unknown mechanism leading to the release of 0¥ from its cognate
anti-sigma factor. This enables the ECF to associate with the RNAP leading to
the transcription initiation of target genes harboring the conserved o recognition
motif. At least a subset of genes, as part of the 0¥ coding arm, augments the
translocation of OMPs and their insertion into the OM. Additionally, % acti-
vates the transcription of its non-coding arm, consisting of at least of FoxI, which
subsequently represses the synthesis of several envelope proteins to possibly de-
crease the burden on the translocation system. Altogether, both regulatory arms
of 0% might act together to maintain envelope homeostasis when F. nucleatum

faces increased levels of oxygen threatening the anaerobe’s survival.
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Discussion

5.1 The RNA landscape of F. nucleatum

F. nucleatum is part of a poorly explored phylum despite its relevance to human
health (Brennan and Garrett, 2019). One reason for this paucity of information on
F. nucleatum is its distinctive phylogenetic distance from other bacteria, such as
the common model organisms E. coli (Coleman et al., 2021), which limits simple
knowledge transfer. Any advances in understanding F. nucleatum are further
impeded by the lack of genetic tools and general difficulty working with anaerobic
bacteria. Combined, this led to the lack of knowledge on the basic molecular

biology and RNA biology of this medically important bacterium.

5.1.1 An RNA-guided update of the annotation for F. nu-

cleatum

For example, this work describes the first promoter motif in F. nucleatum,
which drives transcription of ~2/3 of all genes, with a strong resemblance to the
o™ promoter motif found e.g. in E. coli (Hawley and Mcclure, 1983) or H. pylori
(Sharma et al., 2010). To that end, the generation of the single-nucleotide maps for
representative members of the Fusobacterium species will be an important resource
for future studies complementing the recently improved annotation (Sanders et al.,
2018). The identification of TSS and 5’UTRs will be invaluable to correctly design
and assess global approaches (further discussed in Chapter 5.3.3), for instance to
determine polar effects in high-throughput transposon screens (Hutchison et al.,
2019).

An initial low-throughput transposon screen had been used to identify the vir-
ulence factor Fap2 (Coppenhagen-Glazer et al., 2015). The adhesin and other
OMPs such as FadA (Rubinstein et al., 2013) are of particular interest as these
proteins thus far represent the main factors in the interaction with cancer cells

(Brennan and Garrett, 2019). Consequently, improving our knowledge on their
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gene structure will aid in understanding their function. In addition to FadA and
Fap2, a pTSS could be assigned to ~200 putative virulence factors (Kumar et al.,
2016). However, the transcriptomic data for these genes showed that most of
the virulence factors are constitutively expressed throughout growth in stark con-
trast to virulence genes in other human pathogens. In the case of Salmonella or
Yersinia, these factors are expressed in a highly regulated manner upon contact
with the host (Erhardt and Dersch, 2015). This raises the possibility that F.
nucleatum might regulate its virulence genes through other mechanisms, includ-

ing post-transcriptional regulation which is typical in Enterobacteriaceae (Heroven
et al., 2017).

The hot-spot of bacterial post-transcriptional regulation is the 5-end of an
mRNA that can harbor e.g. riboregulatory elements (further discussed below) or
binding sites for sSRNAs. The latter are usually strongly conserved and thus knowl-
edge of the exact 5’UTRs for a gene of interest can identify important stretches
of the untranslated region. This is highlighted by example of the sequence con-
servation of the RybB sRNA binding site on the ompC mRNA across different
~-proteobacteria (Papenfort et al., 2010). Leveraging such evolutionary compar-
ison between the different Fusobacterium species could thus aid in identifying

regulatory features or support SRNA target predictions.

One example is the ~100 nt long 5’'UTR of the hutH gene that only contains
two conserved regions: the RBS and a further imperfect palindrome (see Chapter
2.4.4). Interestingly, expression of the hutH gene in B. subtilis is regulated by
the RNA-binding anti-terminator HutP (Oda et al., 2004), raising the possibil-
ity that this post-transcriptional regulatory mechanism is shared between both
species. The conserved repetitive sequence element, in particular, could serve as
the binding site for a functional analog of HutP in F. nucleatum to regulate the

histidine metabolism.

Transcriptional regulation in F. nucleatum is unexplored including promoter
motifs or transcription factor binding sites. While previous work on the trypto-
phanase operon identified the first TSS in F. nucleatum (Sasaki-Imamura et al.,
2010), this does not allow for a global extrapolation on common promoter fea-
tures in the bacterium. This is has been remedied through the here generated

global TSS annotation for the five fusobacterial strains, which globally identi-
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fied a common promoter motif with an extended -10 box and less prevalent -35
box in all strains. Both boxes are highly similar to the regions recognized by
the principal ¢ and bear an overall similarity to the promoter structure found
for members of diverse families such as Helicobacteraceae (Sharma et al., 2010),
Campylobacteraceae (Dugar et al., 2013), Enterococcaceae (Michaux et al., 2020)
and Corynebacteriaceae (Péatek et al., 2003; Pfeifer-Sancar et al., 2013) including
an A+T-rich spacer region. This strongly suggest that ¢’ drives basic transcrip-

tion in Fusobacterium as also found for other bacterial species.

The lack of additional motifs is likely due to two factors: firstly, the analysis
was only conducted during growth in rich media; secondly, F. nucleatum only en-
codes 4-5 sigma factors (Fig. 2.5). The only member of the ¢°* family, RpoN, is
absent in F. nucleatum subsp. nucleatum but present in all other analyzed strains.
RpoN is involved in the regulation of nitrogen metabolism, but can regulate other
metabolic pathways or virulence genes (Damron et al., 2012; Leang et al., 2009;
Hirschman et al., 1985). Conversely, no promoter motif could be detected for
RpoN in any of the additional fusobacterial strains and the RNA-seq analysis
showed only in F. periodonticum any transcription of this gene. These findings
suggest that RpoN is only expressed and active under specific conditions in these
fusobacterial strains. Yet, it remains unclear why F. nucleatum subsp. nucleatum
is lacking the rpoN gene, while it still encodes for associated activating proteins

of the o factor.

Overall, this still leaves the transcriptional regulation in F. nucleatum as an
almost blank canvas. At the same time, the TSS and promoter regions might
provide guidance in finding the direct targets of the two-component systems CarRS
and ModRS (Wu et al., 2021; Scheible et al., 2022) as their immediate regulons

are unknown as of now.

5.1.2 Discovery of small ORFs

Small proteins in bacteria have garnered more attention as they can often reg-
ulate larger protein complexes (Hemm et al., 2020), as in the case of the sORF
ArcZ modulating antibiotic resistance through the AcrAB-TolC complex (Hobbs
et al., 2012). However, the limited amount of information encoded in the ORF of
small proteins represents a challenge for computational predictions with the pres-

ence of a strongly conserved sORF and an RBS often being the most promising
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identifiers of a functional SORF (Hemm et al., 2010).

Combining the dRNA-seq data with such a comparative genomics approach
identified three new high confidence candidates for small proteins which all carry
an RBS and an AUG start codon otherwise lacking in the 22 putative sORFs
contained in the automated annotation of the reference strain (see Chapter 2.2.5).
All three putative small proteins harbor predicted a-helices indicating a potential
membrane association also observed for small proteins in other organisms (Gray
et al., 2022), such as MgrB promoting PhoP inactivation of the E. coli PhoPQ

system during magnesium limitation (Salazar et al., 2016).

While exact functions for either of these proteins are currently unknown, their
constitutive expression and strong conservation suggest a role at least during
growth for F. nucleatum. In any case, their translation needs to be validated
first by established methods such as via epitope-tagging (Hemm et al., 2020; Storz
et al., 2014).

5.1.3 Housekeeping RNAs

The presence of the 4.5S RNA, tmRNA and M1 RNA reflects the essential role
of these housekeeping RNAs for virtually all bacteria; including Fusobacteria. The
additional identification of the highly abundant 6S RNA in this phylum displays
that these RNAs likely emerged early on in evolution of the bacteria given the early
divergence of the Fusobacteriota from other bacterial phyla (Coleman et al., 2021).

The 6S RNA serves as a template to the RNAP, when interacting with the
complex. This generates the pRNA which is important for the function of the
65 RNA to disassociate from the RNAP (Wassarman and Saecker, 2006). As the
pRNA signifies the formation of a 6S RNA-RNAP complex, the detection of the
short transcript originating in cis to the 6S RNA candidate argues for the ncRNA
to be a true 6S RNA homolog (Wassarman, 2018). The transcription pattern of
the fusobacterial 65 RNA shows further similarities to its counterpart in FE. coli
by accumulating towards the stationary phase. This suggests that the biological
function of the 6S RNA is similar between both species.

In E. coli, the 65 RNA particularly impacts transcription of genes from pro-
moters with a weak -35 box especially in the presence of an extended -10 box

(Cavanagh et al., 2008). Interestingly, the promoter analysis for F. nucleatum
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shows that a strong -35 box is generally less prevalent while the extended -10 box
associated with the majority of pTSS, suggesting a possible similar global impact.

Surprisingly, the 6S RNA is downregulated in response to oxygen exposure in
F. nucleatum, which contradicts a common observation that the RNA is typically
upregulated in different bacteria when stressed (Wassarman, 2018). This could
be specific to oxygen stress in F. nucleatum but indicates a possible different

biological role in the bacterium.

5.1.4 Riboregulatory elements

RNA-based regulators modulate gene expression by undergoing structural
changes upon sensing a particular cue, such as temperature for RNA-thermometers
of a small molecule for riboswitches. In particular, riboswitches can respond to vast
number of different signals ranging from ions to larger molecules like the cobalamin
(Breaker, 2022). The latter class is also the most abundant class of riboswitches
in F. nucleatum indicating the requirement to tie cobalamin metabolism to the
levels of the molecule itself in the bacterium.

Interestingly, RNA thermometers are absent in F. nucleatum as the bacterium
likely has no need to have a temperature-regulated expression of virulence genes
such as pathogens like Listeria monocytogenes (Johansson et al., 2002; Kortmann
and Narberhaus, 2012).

5.1.5 A suite of sRNAs

In addition to the above mentioned RNAs, the combined computational and
experimental approach identified for the first time a suite of SRNAs in F. nuclea-
tum. The validation further showed that the bacterium encodes sRNAs of the
four common categories (intergenic; 5’/3’UTR-derived; antisense) as found in a
broad range of bacteria (Sharma et al., 2010; Ryan et al., 2020; Fuchs et al., 2021;
Michaux et al., 2020; Hor et al., 2020b; Bischler et al., 2015).

Strikingly, most of these SRNAs are highly conserved within F. nucleatum de-
spite the divergence between different subspecies (Kook et al., 2017). In fact, the
sRNAs present in only a few strains of F. nucleatum are primarily transposase-
associated and likely part of mobile genetic elements. Thus, the thorough analysis
for sSRNAs in Fnn likely identified the core set of SRNAs in F. nucleatum.
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Beyond F. nucleatum, the identified sSRNAs are only conserved in the closer
related species F. periodonticum and F. hwasookii. This indicates that selection
pressure likely caused the evolution of novel SRNAs in the other Fusobacterium
species such as F. necrophorum. One could speculate that this might be related
to the capability of active invasion which places F. nucleatum, hwasookii and
periodonticum in a single lineage and distinguishes them from most remaining
Fusobacterium species (Manson McGuire et al., 2014).

This clear disparity between the different species might reflect their different
host association as F. hwasooki, nucleatum and periodonticum are primarily found

in humans while F. necrophorum is also commonly found in animals.

Speculating on the function of the short RNAs, 3’'UTR-derived sRNAs are of-
ten functioning in the pathway of their parental mRNA (Ponath et al., 2022a).
This is especially interesting for FunR16, found to be co-transcribed with a stress
operon containing the chaperone DnaK. The sRNA is primarily conserved at the
secondary structure level in F. nucleatum, F. hwasookii and F. periodonticum. Re-
markably, the sSRNA Tpkell is encoded in the same genomic location downstream
of dnak in E. coli. While little is known about the positional ortholog Tpkell
beyond three putative targets (Mihailovic et al., 2018), it is possible that both
Tpkell and FunR16 are working in direct synergy or antagonism to DnakK.

A TSS could be detected for all SRNAs but FunR16 which enabled a targeted
analysis of their promoter region. Interestingly, 12 ncRNAs possess the same ¢
motif identified for the majority of the CDS. This group of sSRNAs includes FunR35
with constitutively high expression levels or FunR12 which decreases towards the
stationary phase. This already suggest that despite the presence of the ¢ motif
the expression of both sSRNAs is likely controlled by additional factors.

sRNAs such as the o¥-dependent MicA or the Fur-dependent RybD often har-
bor strong promoter sites for their respective regulator and depend on them for
their transcription. At the very least, this principle is also valid for the sRNA
FoxI in F. nucleatum. Thus, the conserved promoter regions of the fusobacterial
sRNAs can be used as a starting point to computationally identify new regulatory

networks for further experimental validation.

A recent RNA-seq approach combining 5’- and 3’-end sequencing uncovered a
new class of SRNAs derived from within the ORF of mRNAs (Adams et al., 2021).
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The dRNA-seq method alone is unable to discern such sRNAs and consequently
additional regulatory RNAs might be hidden in the CDSs of F. nucleatum.

5.2 o” - a deeply rooted regulon

The majority of knowledge on the 0¥ and its regulon has primarily been gar-
nered from representative members of the vy-proteobacteria and overall defined
the ECF’s central role in defense against envelope stress (Hews et al., 2019). In
this protective role o upregulates genes that mediate the maintenance of the
bacterial envelope by supporting proper protein folding and insertion of OMPs or
lipoproteins into the OM. Taking the large phylogenetic distance between Proteo-
bacteria and Fusobacteria into consideration (Coleman et al., 2021), it was thus
surprising to discover several similarities between both o architectures (Rhodius
et al., 2006; Gogol et al., 2011), including genes involved in envelope homeostasis
and the upregulation of a non-coding arm represented by the sSRNA FoxI. At the
same time these parallels appear discordant when considering that the ’classical’

E

envelope stressor polymyxin B does not activate o™ in F. nucleatum but rather

oxygen highly induces the ECF in this anaerobic bacterium.

5.2.1 The coding arm

5.2.1.1 Regulating the outer layer

The global RNA-seq analysis of 0¥ expression identified a large regulon (127
genes) with a similar size to its homolog in E. coli (~130 genes (Rhodius et al.,
2006; Guo et al., 2014; Gogol et al., 2011; Rezuchova et al., 2003; Dartigalongue
et al., 2001)).

Despite being small in numbers, the overlap of homologs between the two o”
regulons is notable. In both species the expression of the periplasmic chaperone
skp and the outer membrane assembly factor bamA is induced by o and thus
enables both proteins to cooperatively secure insertion of OMPs into the outer
membrane (Schifer et al., 1999; Knowles et al., 2009). LPS is another part of

E and also here the ECF regulon shares homologs

the envelope regulated by o
as it upregulates both LpxD and LptB which are involved in generating of the

outermost protective layer (Kelly et al., 1993; Sperandeo et al., 2007). Addition-
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ally, despite the absence of sequence homology between FE. coli and F. nucleatum
another operon involved in LPS biogenesis is activated by o (rfaD-waaF-waaC-
waal in E. coli (Dartigalongue et al., 2001); C4N14 05930-C4N14 09555 in F.
nucleatum (Supplementary data 8.9). This highlights that regulation of different
components of the outer part of the bacterial envelope is a shared function of the
ECF in both species.

Interestingly, the fusobacterial o shares three targets with its counterpart
AlgU in P. aeruginosa: the rod-shape determining factor mreB, the general stress
chaperone clpB and the signal recognition receptor ftsY (Schulz et al., 2015).
While the latter suggest a role in protein translocation (see below), increased
expression of ClpB and MreB might link ¢ into to broader stress response with
their regulatory role in metabolism and chaperone activity (Alam et al., 2021) or
in maintaining the cell shape (Errington, 2015), respectively.

In addition, our understanding of gene function and o regulons in other more
divergent species, such as the actinobacterium Streptomyces coelicolor is far less
developed. However, an MreB homolog is also regulated by the ECF in this
Gram-positive bacterium (Tran et al., 2019), albeit with a role in hyphae and

spore formation (Mazza et al., 2006).

Nonetheless, these smaller overlaps among diverse phyla highlight a broad
functional conservation of the ¢ regulon which may only be expanded by further
research into the molecular biology of non-model bacteria such as F. nucleatum.

E_mediated regulation, or parts

Additionally, the result also suggest that the o
of it, might have been already present in the LBCA when considering the early

evolutionary divergence of the Fusobacteriota (Coleman et al., 2021).

5.2.1.2 Improving protein translocation

Next to ftsY, the additional members of the SEC-dependent protein translo-
cation pathway, secA and lepB, were upregulated. Together, these proteins can
synergistically increase translocation capacity of OMPs across the inner mem-
brane and thus support the adaption and maintenance of the envelope (Leyton
et al., 2012; Tsirigotaki et al., 2017). Yet, lepB or secA have not been found to be
controlled by o in other bacteria.

Further, the SEC-pathway is essential for the crossing of type 5 autotransporter

into the cytoplasm where they can insert into the outer membrane (Tsirigotaki
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et al., 2017). As Fap2 and other autotransporters are a vital part in the interaction
with host cells (Coppenhagen-Glazer et al., 2015; Gur et al., 2015; Umana et al.,
2019; Casasanta et al., 2020) ¢¥ might further play a role in the fusobacterial

pathogenesis as it does in different Enterobacteria (Hews et al., 2019).

5.2.1.3 Defense against oxygen

While o¥ is primarily involved in maintaining envelope homeostasis in other
bacteria, yet different forms of membrane stress and alternative conditions did
not activate the ECF in F. nucleatum. Rather atmospheric levels of oxygen led to
rapid increase of o activity which is further reflected in the shared upregulation
of 23 genes between ECF induction and oxygen exposure. This overlap includes
the dicistronic ccdA-msrAB which are both involved in the repair of oxidatively
damaged proteins as part of a thiol-disulfide oxidoreductase system (Saleh et al.,
2013). In this pathway, both proteins are required in the defense against reactive
oxygen species (ROS) in different bacteria (Jalal and Lee, 2020; Saleh et al., 2013;
Nasreen et al., 2021). Thus, it is likely that F. nucleatum uses o to control ex-
pression of ccdA-msrAB as a response against the sensed oxygen that can damage
or inactivate sensitive proteins (Lu and Imlay, 2021). Intriguingly, a paralogous
operon of ccdA-msrAB regulated by the TCS ModRS plays an important role in
protecting F. nucleatum from H,O5 but is not activated upon exposure to oxygen
(Scheible et al., 2022). This suggests that F. nucleatum senses oxygen and HyOs

by different mechanisms.

Furthermore, F. nucleatum mounts an extensive response to oxygen including
the differential expression of 15 transcription factors next to % indicating that
the ECF is not the only regulator of the oxygen-response. The transcriptional
response to oxygen further includes the upregulation of peroxiredoxins as well as
flavodoxins that synergistically support the resistance towards ROS (Kawasaki
et al., 2005; Poole, 2005; Si et al., 2014). These genes could be especially relevant
for F. nucleatum, as the bacterium does not harbor any catalases or superoxide
dismutases (Kapatral et al., 2002). Additionally, oxygen highly induces a putative
metal-uptake operon that could support the repair of metal-dependent proteins

damaged under the stress (Lu and Imlay, 2021).
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While F. nucleatum appears to employ known anti-ROS mechanisms to resist
oxygen, the oxygen-dependent activation of 0¥ may indicate an additional defense

system against the molecule.

5.2.1.4 Activation of of

E raises the question of how F. nucleatum

The oxygen-specific activation o
perceives this signal and ultimately activates the ECF. In E. coli, the protease
DegS senses unfolded OMPs as a sign of envelope damage. After this, DegS
initiates the proteolytic cascade and liberates 0¥ from the anti-sigma factor RseA
(Walsh et al., 2003; Ades et al., 1999; Alba et al., 2002). However, F. nucleatum
lacks a DegS homolog and only encodes RseP which relies on prior cleavage by
DegS for its own activity in E. coli (Alba et al., 2002; Kanehara et al., 2002; Li
et al., 2009). While not excluding a role for the RseP homolog in the activation
of 0¥ in F. nucleatum, this fact suggests that the bacterium uses an alternative
mechanism for sensing oxygen and relaying this environmental cue.

Such alternative activation pathways for ¢ are present in other bacteria: As
an example, V. parahaemolyticus uses the phosphorylation of the o factor EcfP to
enable its association with the RNAP complex (Iyer et al., 2020). In contrast to
EcfP, the proposed negatively charged 'DAED’ motif important for the interaction
with RNAP is present in the fusobacterial ¢ and thus likely does not require a
substituting phosphorylation for its activity.

The two-component system CseBC in Streptomyces coelicolor senses envelope
stress and activates o (Paget et al., 1999; Tran et al., 2019). However, in F.
nucleatum the two characterized TCS, CarRS and ModRS, are not activated by
oxygen (Supplementary data 8.10). Similarly, the four remaining two-component
systems in the bacterium were also unaffected by oxygen exposure but their role
in o activation cannot be entirely ruled out.

The anti-sigma factor ChrR of Rhodobacter sphaeroides has a dual-function to
sense the ROS species singlet-oxygen and subsequently to activate o (Anthony
et al., 2005; Campbell et al., 2007; Greenwell et al., 2011). Intriguingly, the pu-
tative fusobacterial anti-sigma factor (C4N14_09825) contains several conserved
amino acid residues in the N-terminus, which are likely exposed to the cytoplasm
and could be involved in the sensing of oxygen. As ChrR in R. sphaeroides con-
tains an entire domain dedicated to this process, it seems unlikely that a similar

mechanism is involved in the activation of ¢ in F. nucleatum.
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More common in bacteria is the use of co-factors, such as [4Fe-4S]** or heme,
to directly sense oxygen (Green et al., 2009). Thus, an additional protein partner
containing such a co-factor could interact with the conserved N-terminal region of

C4N14 09825 or act in an alternative indirect manner to control o activation.

5.2.2 FoxI: the non-coding arm of o

o activates the transcription of sSRNAs in Proteobacteria (see 1.1). In return,
these sSRNAs represent the non-coding arm of the o response (Gogol et al., 2011)
by repressing the translation of membrane proteins. The findings for the sRNA
FoxI playing a similar role in F. nucleatum was thus surprising for two reasons: the
early divergence of the F. nucleatum from other bacteria (Coleman et al., 2021)

and the lack of any known sRNAs chaperones.

Despite the frequent role of sSRNAs in regulatory pathways, the Fur-regulon
and associated sRNAs currently present the only example of such a broad con-
served regulatory circuit (Salvail and Massé, 2012). The widespread occurrence of
Fur is likely linked to its role in controlling iron metabolism which is essential for
all bacteria (Andrews et al., 2003). Additionally, the Fur-dependent sRNAs like
RyhB in E. coli (Massé and Gottesman, 2002) and FsrA in B. subtilis (Gaballa
et al., 2008) further extend the regulatory potential of Fur during iron-limitation
(Carpenter et al., 2009; Oglesby-Sherrouse and Murphy, 2013).

In comparison, o”-dependent sSRNAs have been found only in the phylum of
Proteobacteria thus far (Table 1.1). The discovery of FoxI as a o-dependent
sRNA in F. nucleatum now adds an additional phylum to this regulatory princi-
ple. Further, FoxI represses the translation of abundant envelope proteins such as
FomA, the putative MglBAC galactose uptake operon and, the leading genes of
paralogous operons containing type 5a autotransporters. This is paralleling the
function of the o-dependent sRNAs such as MicA or RybB, which block transla-
tional of several OMPs (Gogol et al., 2011). While the biological function of FoxI
activity is yet to be fully understood, the validated targets of the sRNA suggest
that repression of the different envelope proteins lessens the burden on the SEC-
and BAM-dependent pathway for insertion of proteins into the outer membrane.
Supporting this is a reduced o activity represented by decreased expression of
the rpoE operon and the o”-dependent operon C4N14 03280-C4N14 03285 when

expressing FoxI in the Afozl background (Fig. 4.15).
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Overall these findings indicate that FoxI acts synergistically with ¢ in main-
taining envelope homeostasis in F. nucleatum. Importantly, the shown role for
FoxI parallels the established non-coding arm of o in E. coli suggesting that this
regulatory principle could represent a second widespread stress response in addi-

tion to the Fur regulon.

However, the observation that gene repression by o did not solely rely on
FoxI indicates that F. nucleatum harbors additional o¥-dependent sRNAs with
an overlapping targetome. A likely candidate is the FunR52, due to the presence
of a conserved o promoter motif (Fig. 5.1A). In fact, FunR52 harbors a cytosine-
rich stretch similar to FoxI and target predictions suggest promising binding sites
with validated FoxI target mRNAs like fomA or C4N14 02035 (Fig. 5.1B).Thus,
further work in FunR52 might uncover a similar functional redundancy with FoxI
as shown for the o¥-dependent sSRNAs in E. coli (MicA & RybB (Gogol et al.,
2011)) and V. cholerae (VrrA & MicV (Peschek et al., 2019)).

112



Chapter 5. Discussion

A

-35 box -10 box r

rpoE  AATAAAAAAGATTAAACTTT TATAGTATTAATGTCTAATCTGTA
FNN AAAAATTTTTAAACTTT ATATAGGGTCTCGTCTAAAGGTTA

FNA  TTTAAAAATTTTTAAACTTTTTTATATAGGGTCTCGTCTAAAGGTTA

F R 52 FNP  TTTAAAAATTTTTAAACTTTTTTATATAGGGTCTCGTCTAAAGGTTA
un FNV  TTTAAAAATTTTTAAACTTTTTTATATAGGGTCTCGTCTAAAGGTTA
FUP  TTTAAAAACTTTTAAACTTTTTTCTAGGGGGTCTCGTCTAAAGGTTA

FUH  AAAAAAATTTTTTAAACTTTTTTATATATGGTCTCGTCTAAAGGTTA

Con  tTttAAAAQtttTTAAACTTTTTTatatagggTCctcGTCTAAAggtTA

E-0-EO-e-E-0OOE-O0GE

put. seed remgion 1 " put. seed regsqlon 2 - -
C4N14_02035 Foma g 0
22 28 [ |
| o_ \ ey
5'-ACA...UAAA AUUUUAUG. . .AUU-3" 5 AAU"'UAUAUGGGAUUA UAGGC -0 oSS
f?????f FELLETT 111
ACCCUAAU
, cccecuc , 3'-AUU. . .AAUC UGAUACAUA AUAG. . .AUA-5'
3'-AUU. . .AGAC UCUUUUUU. . . AUA-5 |
121 100
29 23 FunR52
FunR52

Figure 5.1 | FunR52 - a 2" sF.dependent sRNA?

A. Sequence alignment of the promoter region for representative sequences of FunR52 and rpoF
of Fnn. B. Prediction of the secondary structure of FunR52. Below the predicted RNA-RNA
interaction of FunR52 with C4N14_02035 and fomA mRNA is shown with the interacting region
on FunR52 indicated in orange and purple, respectively.

5.2.2.1 The mode-of-action of FoxI

Based on the translational reporter system, FoxI regulates its targets such as
FomA or MlgB primarily on the translational level with only a weaker impact on
the mRNA level. This is in contrast to SRNAs in other organisms where sRNA-
mediated translational repression of a target typically also causes degradation of
the mRNA as a secondary effect (Caron et al., 2010). For this these SRNAs often
act together with the RNA chaperone Hfq which not only supports the sRNA-
mRNA interaction but also boosts RNA degradation by recruiting RNase E and
the degradasome (De Lay et al., 2013). Consequently, the absence of Hfq or other
sRNA-associated proteins in F. nucleatum may explain why FoxI-mediated post-

transcriptional regulation is unable to promote strong RNA decay.
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The cytosine-rich stretch of FoxI is crucial for the sSRNA to bind the identi-
fied targets as disruption of the seed region abrogates the sSRNA’s activity. Such
cytosine-rich stretches can also be found for additional fusobacterial sSRNAs in-
cluding FunR12, FunR47 and FunR52 that are possibly similarly involved in the
base-pairing with their respective targets as found for FoxI. In fact, cytosine-rich
motifs are also important in other bacteria’s SRNAs for recognizing their mRNA
targets (Geissmann et al., 2009; Papenfort et al., 2008; De Lay and Gottesman,

2009), implying that these stretches are elementary seed regions.

5.3 The importance of genetic tools

The ability to genetically manipulate bacteria plays a central role in deci-
phering their molecular biology and further our understanding of their general
biology. Initially, tools that facilitate this have primarily been established in the
model-organism F. coli (Gagarinova and Emili, 2012) and this member of the 7-
proteobacteria is still the an important cornerstone of developing new methods to
study bacteria such as CRISPRi (Qi et al., 2013; Bikard et al., 2013), base-editing
(Banno et al., 2018; Zheng et al., 2018; Tong et al., 2021), RNA-guided trans-
poson insertion (Strecker et al., 2019) or cellular recording (Schmidt et al., 2018;
Tang and Liu, 2018). While these tools can often be successfully applied in other
Proteobacteria, genetic manipulation of non-model species has always presented a
hurdle in the respective fields. For instance the anaerobe B. thetaiotaomicron only
recently became model organism of the human gut commensals due to advances
in the genetics of the bacterium (Horn et al., 2016; Whitaker et al., 2017; Lim
et al., 2017).

5.3.1 Understanding post-transcriptional regulation

Despite the increasing interest in F. nucleatum, we were still lacking basic
components in its genetic toolbox (Brennan and Garrett, 2019). Only after more
than 15 years since the first reported gene inactivation in the bacterium (Haake
et al., 2000) has a new deletion system been developed (Casasanta et al., 2020; Wu
et al., 2018). However, removal of a gene represents only one part in dissecting gene
function with constitutive or controlled gene expression being additional important
methods towards reaching this goal. As applied for the SRNA FoxI in this work,
exogenous expression of SRNAs has been widely used to identify their respective
mRNA targets (Massé et al., 2005; Papenfort et al., 2006; Rasmussen et al., 2009;
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Ryan et al., 2020; Chen et al., 2004).

Defining the sSRNA-mRNA interaction was made easier by development of a
translational reporter system (Urban and Vogel, 2007). Applied to F. nuclea-
tum, this principle has also enabled the understanding of the mode-of-action for
the FoxI sRNA and expanded its targetome. As FoxI-mediated regulation does
not cause rapid RNA decay for the identified targets using the here established
translational reporter will be important to further investigate sSRNAs and their
post-transcriptional regulation in F. nucleatum.

However, post-transcriptional regulation in bacteria is not exclusively carried
out by sRNAs. A variety of RBPs such as Hfq, ProQ or CsrA but also ribonu-
coleases and RNA helicases are important post-transcriptional regulators (Arra-
iano et al., 2010; Vakulskas et al., 2014; Holmqvist and Vogel, 2018). And while all
common sRNA-associated proteins like Hfq are absent in Fusobacterium, a puta-
tive RNase adaptor protein with similarities to RapZ from E. coli can be found in
the genus and is likely involved in post-transcriptional regulation together with an
RNase (Gopel et al., 2013; Durica-Mitic et al., 2020). F. nucleatum also encodes
the ubiquitous transcription termination associated proteins Rho and NusA which
can act as broad transcriptional attenuators (Holmqvist and Vogel, 2018). Thus,
the development of the translation reporter opens new possibilites for understand-

ing post-transcriptional regulation in F. nucleatum.

5.3.2 Fluorescent proteins

Fluorescent proteins, such as GFP, have revolutionized our scientific approach
and helped us to understand different aspects of bacterial biology including per-
sister formation (Helaine et al., 2014; Stapels et al., 2018) or the interaction with
host cells (Westermann et al., 2016; Westermann and Vogel, 2021). The only lim-
itations of GFP and related fluorescent proteins is their requirement for molecular
oxygen to form a functional fluorophore (Tsien, 1998). This impedes the applica-
tion of these proteins in anaerobe bacteria as the fluorescence signal can only be
measured after fluorophore maturation in an aerobic environment requiring either
aerotolerance of the bacterium or prior fixation. Only a few oxygen-independent
alternatives are currently available, such the FMN-binding LOV-domain proteins
(Drepper et al., 2007), FAST proteins (Plamont et al., 2016) or RNA aptamers
(Ouellet, 2016) which do not reach the brightness of the oxygen-dependent fluo-
rescent proteins and in case of the last two examples require a ligand.

Nonetheless, the establishment of fluorescent proteins in F. nucleatum repre-
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sents an important advance that goes beyond investigating post-transcriptional
regulation. As translational fusions with mCherry are feasible in F. nucleatum,
the fluorescence protein could be used to determine cellular localization or inter-

action of proteins within the bacterium (Shapiro et al., 2009; Alexeeva et al., 2010).

Monitoring individual gene activity or entire signaling pathways is a promi-
nent application of fluorescent proteins since its early use to understand virulence
regulation in Salmonella (Valdivia and Falkow, 1996; Lee et al., 2000; Kim et al.,
2003). As such, further use of the fluorescent proteins might similarly allow a
deeper understanding of regulation of F. nucleatum during its interaction with
cancer cells and the tumor-environment which only three studies have touched
upon so far (Cochrane et al., 2020; Parhi et al., 2020; Despins et al., 2021). How-
ever, all studies performed transcriptomics on the entire cell population thereby
not differentiating between free, attached or intracellular F. nucleatum. Lacking
this discrimination poses a limitation on what information we can extract from
these types of experiments, such as if host-associated F. nucleatum expresses a
possible virulence signature to modulate the host, which is lost when sequenc-
ing the entire bacterial population. Thus, using fluorescence-activated cell sorting
(FACS) to discriminate infected cells from non-infected cells, termed dualRNA-seq
and pioneered in Salmonella (Westermann et al., 2016), can broaden our under-
standing of such a specific fusobacterial response to the host and similarly inform

us on transcriptional events in the host (Westermann and Vogel, 2021).

In this regard, fluorescently tagged F. nucleatum will also improve our de-
tection of the bacterium during infection studies which currently rely on exoge-
nous labeling (Casasanta et al., 2020) thereby limiting especially long-term ex-
periments. These fluorescently-tagged bacteria could also be used for mice ex-
periments allowing the clear localization of F. nucleatum in the tissue and enable
powerful approaches such as tissue-dualRNA-seq to gain insights into the host-
pathogen interplay in a complex model (Damron et al., 2016; Nuss et al., 2017).
In the future, dualRNA-seq could further be improved to allow single-cell resolu-
tion (Westermann and Vogel, 2021), reaching an unprecedented understanding of
the established heterogeneity for the host (Longo et al., 2021) and bacterial cells
(Imdahl et al., 2020; Kuchina et al., 2021; Blattman et al., 2020) alike during the

infection process.
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While the use of fluorescent proteins in F. nucleatum is promising, there is cur-
rently one major limitation for live-cell approaches: the requirement for oxygen
(Heim et al., 1994). However, fluorescent alternatives exist, including the oxygen-
independent reporters such as flavin-binding fluorescent proteins (Mukherjee et al.,
2012), Fluorescence-Activating and absorption-Shifting Tag proteins (FAST) (Pla-
mont et al., 2016) or RNA-aptamers (Zhang et al., 2015). In addition, F. nuclea-
tum can also grow under micro-aerobic conditions (Diaz et al., 2002) and therefore
experimental conditions, such as those for infection studies, could be adjusted to

accommodate the maturation of oxygen-dependent fluorescent proteins.

5.3.3 Towards high-throughput approaches

Large forward genetic studies are a powerful approach to probe for gene func-
tion in the larger biological context in an unbiased manner. This includes trans-
poson mutagenesis which is a broadly applicable method (Reznikoff, 2008) and
has been applied in F. nucleatum to uncover the role of FtsX and EnvC in cell
division (Wu et al., 2018), the two TCS CarRS and ModRS (Wu et al., 2021;
Scheible et al., 2022) or the adhesin Fap2 (Coppenhagen-Glazer et al., 2015).

More recently CRISPR-Cas-based technologies have revolutionized forward ge-
netic approaches with a particular role for CRISPR interference (CRISPRi) (Todor
et al., 2021). However, constitutive expression of the required Cas nuclease is usu-
ally toxic for the bacteria (Zhang and Voigt, 2018). Overcoming this hurdle may
be provided by the here developed inducible gene expression system that could
allow the application of CRISPR-based methodologies in F. nucleatum due to
its tight regulation (see Chapter 3.4). The use of e.g. CRISPRi could thus en-
able the global screening for functions of essential and non-essential genes under
various conditions thereby greatly accelerating knowledge-gain in this non-model
bacterium (Todor et al., 2021; Call and Andrews, 2022).

Yet, achieving higher throughput with transposon-inserted sequencing has not
been conducted in this bacterium (Cain et al., 2020). This is in part due to
F. nucleatum being recalcitrant to genetic transformation (Brennan and Garrett,
2019). As highlighted in a recent pre-print (Umana et al., 2022), transformation
efficiency can be improved by overcoming the restriction modification system of

F. nucleatum and thus might allow more efficient generation of large libraries.
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This work generated fundamental knowledge on the organization of transcrip-
tome for F. nucleatum by globally identifying TSS, 5’'UTRs and sRNAs. This
RNA-based map further enabled the elucidation of the o response in the bac-
terium and with it provides evidence of a broadly conserved regulatory principle
for the ECF. The latter could only be accomplished through the herein developed

genetic tools that allow the probing of single genes or larger regulatory networks.

RNA-seq has become a standard method in studying bacteria and their gene
function by allowing to place observations into a global cellular context. While
RNA-seq presents an invaluable technique, the proper interpretation of the data
requires a complete understanding of all transcribed elements of an organism
which is currently impossible by computational predictions alone. As such, single-
nucleotide resolution present an important resource for the study of pathogens
and commensal (Sharma et al., 2010; Sharma and Vogel, 2014; Ryan et al., 2020;
Fuchs et al., 2021; Michaux et al., 2020; Kroger et al., 2018; Gill et al., 2018;
Wicke et al., 2021; Cervantes-Rivera et al., 2020). As RNA-seq is increasingly
applied to investigate F. nucleatum (Mutha et al., 2018; Cochrane et al., 2020;
Wu et al., 2021; Despins et al., 2021; Scheible et al., 2022), the here generated
RNA-guided annotation will benefit future transcriptomics studies. Knowledge
on the transcript boundaries and operon structures will also aid in correctly eval-
uating forward genetic approaches such as transposon screens. While 3’'UTR can
be predicted through the presence of terminators, a global profiling of 3’-ends by
Term-seq (Dar et al., 2016) or alternative approaches (Shishkin et al., 2015; Yan
et al., 2018; Ju et al., 2019; Fuchs et al., 2021) would further improve the current

annotation.

The up- and downstream region of TSS in bacteria contain valuable infor-
mation regarding their transcriptional and post-transcriptional regulation. Thus,
the generated T'SS annotation now enables a full investigation of these processes

F. nucleatum as demonstrated by uncovering the o regulon acting on both the
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transcriptional and post-transcriptional level. This will especially aid in probing
regulatory networks of F. nucleatum in the interaction with cancer cells, which

remain largely unknown.

In light of missing known RNA chaperones in F. nucleatum, it is surprising
that the sRNA-mediated regulation operates similar as in e.g. FE. coli in which
the RBP Hfq plays a crucial role for the function of sSRNAs (Holmqvist and Vogel,
2018). This observation suggests that F. nucleatum harbors an alternative RBP
working cooperatively with its SRNAs. The validated sRNA could be utilized
to identify such RBPs by using them as bait in pulldown experiments typically
applied for sSRNA-target identification (Lalaouna et al., 2015; Tomasini et al., 2017,
Correia Santos et al., 2021). Alternatively, global approaches such as Grad-seq or
GradR (Smirnov et al., 2016; Gerovac et al., 2020) present an unbiased approach
to uncover such RBP in association to provide insights into RNA-Protein and
Protein-Protein complexes (Gerovac et al., 2021). The discovery of an RBP would
be quite valuable as it enables the use of powerful approaches to globally dissect
post-transcriptional regulation in F. nucleatum (Hor et al., 2020b) and with it
accelerate our knowledge gain for these networks. Interestingly, F. nucleatum
encodes for a homolog of KhpB, which represents an emerging class of sRNA-
associated RBPs (Zheng et al., 2017; Hor et al., 2020a; Lamm-Schmidt et al.,
2021; Olejniczak et al., 2021), and thus might be the missing sSRNA chaperone in
this species.

RBP-independent approaches such GRIL- or HiGRIL-seq could also be ap-
plied in F. nucleatum to globally explore the targetome of SRNAs (Han et al.,
2016; Zhang et al., 2017).

The new genetic tools present another important advances for probing F. nu-
cleatum by providing the means to investigate individual regulatory networks as
shown in this work but also to gain a more system-wide understanding. Regard-
ing the latter, applying either reporter system to the Sort-seq approach (Bel-
liveau et al., 2018) could identify specific sequence elements for transcriptional
and post-transcriptional regulation in a high-throughput manner. Furthermore,
the inducible expression system could facilitate the study of gene regulation and
function in an unprecedented manner for F. nucleatum by allowing the applica-
tion of the ever-expanding list of CRISPR-~Cas-based tools (Barrangou and van
Pijkeren, 2016; Vigouroux and Bikard, 2020; Pickar-Oliver and Gersbach, 2019).
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Simultaneously resolving the transcriptomic changes of the bacteria and host
by dualRNA-seq can provide a detailed picture of the physiological state of bacteria
and host cells during the infection (Westermann et al., 2016, 2017). This can
now be similarly achieved for F. nucleatum as the fluorescently tagged bacteria
allow the differentiation of infected cells from by-standers and thus could help to
identify the specific networks activated in either organism during the infection.
Additionally, the approach could also be expanded to triple RNA-seq (Seelbinder
et al., 2020),or potentially multi-species RNA-seq, to study the transcriptional
responses of F. nucleatum and members of the microbiome readily binding to the
cancer-associated bacterium (Bradshaw et al., 1998; Wu et al., 2015; Mutha et al.,
2018; Engevik et al., 2020).

And with ongoing works into overcoming the hurdle of the genetic intractabil-
ity of F. nucleatum (Umana et al., 2022), the tools and technologies will become
valuable in investigating also highly invasive strains of F. nucleatum subsp. an-
imalis (Strauss et al., 2011) and enable detailed comparative approaches for the
diverse species of F. nucleatum (Kook et al., 2017; Manson McGuire et al., 2014).

Importantly, such a deeper understanding of F. nucleatum’s biology might
open new avenues into specifically removing the bacterium from diseased body
sites by applying targeted antisense oligonucleotide technologies (Vogel, 2020),
programmable phage therapy (Hatfull et al., 2022) or small molecules (Johnson
and Abramovitch, 2017).

In the context of above mentioned possibilities, this work does not only shed
light on aspects of F. nucleatum’s molecular biology but also presents a valuable
foundation for future studies into the bacterium, while also presenting a potential

"blueprint’ for approaching similarly unknown members of the human microbiome.
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Material & methods

7.1 Materials

7.1.1 Instruments

Table 7.1 | List of used instruments.

Instruments Manufacturer
Anaerobic chamber Coy

Cam12 hydrogen/oxygen detector Coy

Centrifuge Eppendorf 5415R Eppendorf
Centrifuge Eppendorf 5424 Eppendorf

Centrifuge Hereaus Multifuge X3R
Desiccant/Catalyst Stak-Pak for atmo-

spheric control

Thermo Scientific

Electroporator MicroPulser Bio-Rad
Epoch 2 Microplate Spectrophotometer BioTek
FastPrep-24 MP Biomedicals
Forced Air Incubator for bacterial Coy

plates

GelStick Imager Intas

Heat block Thermomixer comfort Eppendorf
Horizontal gel electrophoresys Perfect Peqlab

Blue Mini S, M, L

Hybridization oven HP-1000 Uuvp
Hydrogen Sulfide Removal Column Coy
ImageQuant LAS 4000 imaging system GE Healthcare
Incubator for bacterial plates Memmert

Incubator for eukaryotic plates HERA-
cell 150i

NovoCyte Quanteon flow cytometer
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Table 7.1 continued from previous page

Instrument and software Manufacturer

Phosphoimager Typhoon FLA 7000 GE Healthcare
Power supply peqPOWER E250, E300 PeqlLab

RealTime CFX96 System Bio-Rad

Research plus pipettes Eppendorf

Rotator SB2 Stuart

Scale 572 Kern

Semi-dry electroblotter Perfect Blue Peqlab

SEDEC M

Shaking incubator Innova 44 New Brunswick Scientific
Sonicator Sonoplus HD 70 Bandelin

Spectrophotometer NanoDrop 2000 PerkinElmer
Spectrophotometer Ultraspec 10 Cell Amersham Biosciences
Density Meter

Table-top  ultracentrifuge  optima Beckman Coulter

MAX-XP

TCS SP5 confocal microscope Leica

Thermal cycler MJ Mini Bio-Rad
Ultracentrifuge Optima XP-80 Beckman Coulter
Ultracentrifuge rotor SW 40 Ti Beckman Coulter
Ultracentrifuge rotor SW 60 Ti Beckman Coulter
UV crosslinker (254 nm) Vilber

Vertical gel electrophoresis Perfect Peqlab

Blue Twin

Vortex Genie 2 Scientific Industries
Waterbath 1092 GFL

Western blot imaging system Amer- Cytiva
sham ImageQuant 800

7.1.2 Consumables

Table 7.2 | List of used consumables.

Consumables Manufacturer

0.45pm polyethersulfone membrane Millipore
12-well plates Corning

122



Chapter 7. Material & methods

6-well plates

96-well plates

Bolt 4-12% Bis-Tris gels
Centrifuge tubes

Cuvettes

Disposale glass pipettes
Electroporation cuvettes
FastPrep tubes

Fisherbrand cell scrapers
G-25 MicroSpin columns
G-50 MicroSpin columns
Glass beads 0.1 mm

Glass bottles

Hard-Shell 96-Well PCR Plates
Hybond-XL. membranes
PCR tubes

Petri dishes

Phase lock gel tubes 2ml
Phosphor screen

Pipetboy acu-jet pro

Pipette tips

PVDF membrane

Safe-lock tubes 1.5 mL, 2 mL
Sierological pipettes (plastic)

Ultracentrifugation tubes

Corning

Nunc

Thermo Fischer Scientific
Sarstedt
Sarstedt

Kimble

Cell projects
MP Biomedicals
Fischer Scientific
GE Healthcare
GE Healthcare
Roth

Schott

Bio-Rad

GE Healthcare
Thermo Fischer Scientific
Corning

5 Prime

Fujifilm
BRAND
Sarstedt

GE Healthcare
Eppendorf
Greiner bio-one

Seton
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7.1.3 Chemicals and reagents

Table 7.3 | List of chemicals and reagents used.

Chemicals and reagents

Manufacturer

v -32P-ATP
1,4-Dithiothreitol (DTT)
Acetone

Anhydrotetracylcin

bile acids
Brain-Heart-Infusion (BHI)
Chloramphenicol

Columbia Broth

diamide

Dimethyl dulfoxide (DMSO)
DNA loading buffer (6x)
dNTPs

ECL western blot detection reagent
EDTA

Ethanol

Ethanol absolute

Fetal calf serum (FCS)
Formaldehyde

Gel loading buffer II
GeneRuler 1 kb DNA Ladder
Glycerol (99%)

GlycoBlue

hydrogen peroxide
Isopropanol

LDS sample buffer
Methanol

Milk powder

mitomycin C

N-lauroylsarcosine sodium salt

PageRuler Plus prestained protein ladder

PBS
Polymyxin B
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Hartmann Analytic
Roth

Roth

Roth

Sigma-Aldrich

Gibco

Roth

Gibco

Sigma-Aldrich

Roth

Thermo Fisher Scientific
Thermo Fisher Scientific
GE Healthcare

Roth

Roth

Merck

Biochrom

Roth

Ambion

Fermentas

Sigma

Thermo Fisher Scientific
AppliedChem GmbH
Roth

Thermo Fischer Scientific
Roth

Roth

Sigma-Aldrich
Sigma-Aldrich

Thermo Fischer Scientific
Gibco

Sigma-Aldrich



Chapter 7. Material & methods

Table 7.3 continued from previous page

Chemicals and reagents Manufacturer
Propidium iodide Sigma

pUC mix marker, 8 Fermentas
RedSafe ChemBio

RNA ladder high and low range Fermentas
Roti-Aqua P/C/1 Roth

Roti-Blue Roth
Roti-Hybri-Quick Roth
Rotiphorese gel 40 (19:1) Roth
Rotiphorese gel 40 (37.5:1) Roth
SimplyBlue Coomassie Thermo Fischer Scientific
S-nitrosoglutathione Sigma-Aldrich
Sodium desoxycholate Sigma-Aldrich
SYBR Gold Nucleic Acid Gel Stain Invitrogen
Thiamphenicol Roth
Trichloroacetic acid Sigma

Triton X-100 Sigma

7.1.4 Enzymes and Kkits

Table 7.4 | List of used enzymes.

Enzyme Manufacturer

Calf intestinal phosphatase (CIP) NEB

DNasel Thermo Fischer Scientific
Lysozyme Roth

Phusion DNA polymerase NEB

Polynucleotide kinase (PNK) Thermo Fischer Scientific
Restriction enzymes Thermo Fischer Scientific
RNase inhibitor Thermo Fischer Scientific
SUPERaseIN RNase inhibitor Ambion

SuperScript II /IIIreverse transcriptase Thermo Fischer Scientific
T4 DNA ligase NEB

Taq DNA polymerase NEB
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Trypsin-EDTA Gibco

Table 7.5 | List of used commercial kits.
Commercial kits Manufacturer
DNA Cycle Sequencing kit Jena Bioscience
MEGAscript T7 Kit Ambion
M-MLV Reverse Transcriptase Thermo Fisher
NEBuilder HIFT DNA Assembly Mix NEB
NucleoSpin Gel and PCR clean-up Macherey-Nagel
NucleoSpin Plasmid EasyPure Macherey-Nagel

Takyon No ROX SYBR 2X MasterMix blue dTTP Eurogentec

7.1.5 Antibodies

Table 7.6 | List of used antibodies.

Antibody (source) Working dilution Provider

1:200 in 3% BSA Thermo Scientific
1:3,000 in 3% BSA Thermo Scientific
1:10,000 in 3% BSA  Thermo Scientific
1:10,000 in 3% BSA  Eurogentec

Table 7.7 | List of used solutions and buffers.

Solution/Buffer

Components

Buffer for the isolation of
the inner membrane

Buffer for the isolation of
the outer membrane
Columbia broth (Col. B.)
DNA loading dye (5x stock)

Ethanol/sodium  acetate
30:1

lysis buffer with 0.5% N-lauroylsarcosyn
ysis buffer with 2% triton X-100

37g Columbia broth; H,O fill to 11

10 mM Tris-HC1 pH 7.6; 60% (v/v) glycerol; 60
mM EDTA pH 8.0; 0.025% (w/v) bromophenol
blue

29 ml ethanol; 1 ml 3M sodium acetate pH 6.5
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Table 7.7 continued from previous page

Solution/Buffer

Components

Lennox broth (LB)

Lysis buffer for cell fraction-
ation

modified
Infusion agar (BHI-C)

Brain-Heart-

PAA running gel elec-
trophoresis  solution; for
proteins
PAA stacking gel elec-
trophoresis  solution; for
proteins
PBS (10x)

Polyacrilamide (PAA) gel
electrophoresis
(6%); for RNA
Protein loading dye (5x)

solution

RNA loading dye (2x)

SDS running buffer (10x)
SSC buffer (20x stock)
STOP mix

TAE buffer (50x stock)

TBE buffer (10x stock)

TBS buffer (10x stock)

10 g tryptone; 5 g yeast extract; 5 g NaCl; HyO
fill to 11

20 mM Tris HCl pH 7.5; 150 mM KCI; 1 mM
MgCly; 1 mM PMSF

38g BHI; bg yeast extract; 20g agar; 1% (w/V)
glucose; 10ml hemin (5pg/ml);10ml FCS; HyO fill
to 11

3.75 ml lower buffer; 3 or 3.25 ml Rotiphorese gel
40 (37.5:1) and 3.25 or 3 ml HyO for 12 or 15%
gels; 75 ul 10% (w/v) APS; 7.5 ul TEMED

1.25 ml upper buffer; 1 ml Rotiphorese gel 40
(37.5:1); 7.5 ml HyO; 90 ul 10% (w/v) APS; 9 ul
TEMED

2 g KCI; 24 g KHyPOy; 80 g NaCl; 144 g
NasHPOy; adjust the pH to 7.4; HyO fill to 11
100 ml 10x TBE; 420 g urea; 150 or 100 ml
Rotiphorese gel 40 (19:1) for 6% or 4% gels; HoO
fill to 11

15 g SDS; 46.95 ml 1M Tris-HCI; pH 6.8; 75 ml
glycerol; 11.56 g DTT; 0.075 g bromophenol blue;
H,O fill to 150 ml

0.025% (w/v) bromophenol blue; 0.025% (w/v)
xylene cyanol; 18 uM EDTA pH 8; 0.13% (w/v)
SDS; 95% formamide

30.275 g Tris base; 144 g glycine; 10 g SDS; H50
fill to 11

3M NaCl; 0.3M sodium citrate pH 7

95% ethanol; 5% acidic phenol

242 g Tris base; 51.7 ml acetic acid; 10mM EDTA
pH 8; HyO fill to 11

108 g Tris base; 55 g boric acid; 20mM EDTA pH
8; HoO fill to 11

24.11 g Tris base; 72.6 g NaCl; adjust to pH 7.4
with HCI; H,O fill to 11
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Table 7.7 continued from previous page

Solution/Buffer

Components

TBS-T buffer (10x stock)
Transfer buffer (10x stock)

Tris running gel solution

Tris stacking gel solution

1 TBS; 0.1% (v/v) Tween-20

3 g Tris base; 14.4 g glycine; 200 ml methanol;
H,O fill to 11

1.5 M Tris-HCI; pH 8.8; 0.4% (w/v) SDS

0.5M Tris-HCI pH 6.8; 0.4% (w/v) SDS

Table 7.8 | List of used plasmids.

Name

Description

pEcoFus

pEcoFus-FoxI
pEcoFus-FoxI-
3C

pEcoFus-
FunR12
pEcoFus-
FunR16
pEcoFus-
FunR47
pEcoFus-FunR7
pEcoFus-
FunR7-ext.
3’end

pFP14

pFP275
pFP276

pFP277
pFP278

pFP279
pFP280

empty vector for expression of gene of interest; under control of
4.5S RNA promoter
contstitutive overexpression of FoxI

contstitutive overexpression of FoxI-3C

contstitutive overexpression of FunR12

contstitutive overexpression of FunR16

contstitutive overexpression of FunR47

contstitutive overexpression of FunR7

contstitutive overexpression of FunR7+ext. 3’end

fusobacterial origin of replication replacing CDIFF origin of re-
plication in pRPF185

transcriptional fusion miaB::mCherry

transcriptional fusion miaB::mCherry point mutation in -10 (C
to G)

transcriptional fusion C4N14 09130::mCherry

transcriptional fusion C4N14 09130::mCherry point mutation in
-10 (C to G)

transcriptional fusion C4N14 03280::mCherry

transcriptional fusion C4N14 03280::mCherry point mutation in
-10 (C to G)
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Table 7.8 continued from previous page

Name Description

pFP281 transcriptional fusion rpoE::mCherry

pFP282 transcriptional fusion rpoE::mCherry point mutation in -10 (C
to G)

pFP283 transcriptional fusion FoxI::mCherry

pFP284 transcriptional fusion FoxI::mCherry point mutation in -10 (C
to G)

pFP287 C4N14_09375::mCherry 5UTR~+10aa

pFP288 C4N14 09375::mCherry 5UTR+10aa + FoxI OE

pFP289 C4N14_09375::mCherry 5UTR+10aa + FoxI-3C OE

pFP290 mglB::mCherry 5UTR+10aa

pFP291 mglB::mCherry 5UTR+10aa + FoxI OE

pFP292 mglB::mCherry 5UTR+10aa + FoxI-3C OE

pFP296 fadA3a::mCherry 5UTR+10aa

pFP297 fadA3a::mCherry 5UTR+10aa + FoxI OE

pFP298 fadA3a::mCherry 5UTR+10aa + FoxI-3C OE

pFP299 fadA3b::mCherry 5UTR+10aa

pFP300 fadA3b::mCherry 5UTR+10aa + FoxI OE

pFP301 fadA3b::mCherry 5UTR+10aa + FoxI-3C OE

pFP305 C4N14 02035::mCherry 5UTR+10aa

pFP306 C4N14 02035::mCherry 5UTR+10aa + FoxI OE

pFP307 C4N14_02035::mCherry 5UTR+10aa + FoxI-3C OE

pFP308 fveD::mCherry 5UTR+10aa

pFP309 fveD::mCherry 5SUTR+10aa + FoxI OE

pFP310 fveD::mCherry 5UTR+10aa + FoxI-3C OE

pFP311 C4N14 00275::mCherry 5UTR+10aa

pFP312 C4N14_00275::mCherry 5UTR+10aa + FoxI OE

pFP313 C4N14 00275::mCherry 5UTR+10aa + FoxI-3C OE

pFP314 fomA::mCherry 5UTR+10aa

pFP315 fomA::mCherry 5SUTR+10aa + FoxI OE

pFP316 fomA::mCherry 5UTR+10aa + FoxI-3C OE

pFP423 P2 generated with ssOligo JVO-20857 (constitutive mScarlet ex-
pression)

pFP424 P3 generated with ssOligo JVO-20858 (constitutive mScarlet ex-

pression)

129



Chapter 7. Material & methods

Table 7.8 continued from previous page

Name Description

pFP425 P4 generated with ssOligo JVO-20859 (constitutive mScarlet ex-
pression)

pFP426 P5 generated with ssOligo JVO-20860 (constitutive mScarlet ex-
pression)

pFP427 P6 generated with ssOligo JVO-20861 (constitutive mScarlet ex-
pression)

pFP428 P7 generated with ssOligo JVO-20862 (constitutive mScarlet ex-
pression)

pFP429 P8 generated with ssOligo JVO-20863 (constitutive mScarlet ex-
pression)

pFP430 P9 generated with ssOligo JVO-20864 (constitutive mScarlet ex-
pression)

pFP431 P10 generated with ssOligo JVO-20865 (constitutive mScarlet
expression)

pFP432 P11 generated with ssOligo JVO-20866 (constitutive mScarlet
expression)

pFP433 P12 generated with ssOligo JVO-20867 (constitutive mScarlet
expression)

pFP434 P13 generated with ssOligo JVO-20868 (constitutive mScarlet
expression)

pFP435 P15 generated with ssOligo JVO-20870 (constitutive mScarlet
expression)

pORI92 source for fusobacterial origin of replication

pRPF185 backbone for generating pEcoFus

pVoPo-00 improved backbone

pVoPo-01 base vector for transcriptional reporter

pVoPo-02 base vector for translational reporter

pVoPo-03 base vector for inducible expression system

pVoPo-03-FoxI
pVoPo-03-FoxI-
3C
pVoPo-03-FoxI-
C4A
pVoPo-03-mazF

inducible expression of FoxI

inducible expression of FoxI-3C

inducible expression of FoxI-C4A

inducible expression of mazF
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Table 7.8 continued from previous page

Name Description

pVoPo-03- inducible expression of mCherry

mCherry

pVoPo-03-rpoE  inducible expression of rpoF

pVoPo-04 base vector for gene deletion system

pVoPo-GFP vector for constitutive expression of sfGFP in F. nucleatum

pVoPo-mCh vector for constitutive expression of mCherry in F. nucleatum

pVoPo-mNG vector for constitutive expression of mNeonGreen in F. nuclea-
tum

pVoPo-mSc vector for constitutive expression of mScarlet-I1 in F. nucleatum
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7.1.6 Strains

Table 7.10 | List of used strains.

Name Species Description

FPS-189 F. n. nucleatum ATCC 23726 fadA deletion strain

FPS-227 F. n. nucleatum ATCC 23726 foxI deletion strain

JVS-11527  F. n. nucleatum ATCC 25586 F. n. nucleatum ATCC 25586 (reference strain)
JVS-11541  F. n. nucleatum ATCC 23726 F. n. nucleatum ATCC 23726 wild-type (WT)
JVS-11855  F. n. polymorphum ATCC 10953 F. n. polymorphum ATCC 10953

JVS-12771  F. periodonticum 2_1_31 F. periodonticum 2_1_31

JVS-12772  F.n. vincentii 3_1_36A2 F.n. vincentii 3_1_36A2

JVS-12774  F.n. animalis 7_1 F.n. animalis 7_1

7.1.7 Used computational software and tools
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Table 7.11 | Used software and tools.

Name

Application

Reference

ANNOgesic

Analysis of dRNA-seq

data.

Yu et al. (2018b)

Blast

Search for homologous se-
quences.

Altschul et al. (1990);
States and Gish (1994);
Camacho et al. (2009)

CorelDRAW 2018

Vector graphics editor.

Corel Corporation

Excel 365 ProPlus

Spreadsheet editor

Microsoft Corporation

geplot2

R package for generating
volcano plots.

Hadley (2016)

ggtree R package for generation Yu et al. (2018a)
of the phylogenetic tree.
IGV 2.8.2 Genome browser Thorvaldsdottir et al

(2013)

ImageJ 1.52u Image processing and Schneider et al. (2012)
quantification

IntaRNA sRNA-mRNA target pre- Mann et al. (2017)
diction.

MiKTex 5.5 LATEX distribution Donald Arseneau

Multalign Alignment of DNA and Corpet (1988)

amino acid sequences us-
ing the DNA or Blosum62
parameter, respectively.

NovoExpress Software

Analysis of flow cytometry
data

Agilent

Prism 8.4.0 Graphing GraphPad Software, Inc.
R Running different visual- Team (2020)
ization packages.
READemption Analysis  of RNA-seq. Forstner et al. (2014)
This included mapping
and  differential  gene
expression analysis.
superheat R packages for generating Barter and Yu (2018)

heat maps.

TeXstudio 4.3.1

LATEX editor

Benito van der Zander

VARNA 3-93

Visualization of RNA sec-
ondary structures

Darty et al. (2009)
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7.2 Methods

7.2.1 Bacterial culture

The fusobacterial strains F. nucleatum subsp. nucleatum ATCC 25586 and F.
nucleatum subsp. polymorphum ATCC 10953 were obtained from the the Ger-
man Collection of Microorganisms and Cell Culture (DSMZ, Germany). F. nu-
cleatum subsp. nucleatum ATCC 23726 was acquired from the American Type
Culture Collection (ATCC, USA). F. nucleatum subsp.animalis 7_1, F. nucleatum
subsp. vincentii 3_1 36A2 and F. periodonticum 2_1 31 were provided as a gift
by Emma Allen-Vercoe (University of Guelph, Canada). Routine culturing for
all strains was performed in Columbia broth (Col. B.) and supplemented Brain-
Heart-Infusion (BHI) 2% agar plates supplemented with 1% (w/V) yeast-extract,
1% (w/V) glucose, 5pg/ml hemin and 1% (V/V) FBS referred to as BHI-C. Single
colonies were used to inoculate 24 h pre-cultures which were diluted 1:50 to yield
the final working cultures. The working cultures were used as start point for all
experiments. Plasmid retention was maintained by adding thiamphenicol to both
BHI-C plates (5 pg/ml) and Col. B. (2.5 pg/ml). All culturing steps were per-
formed in an anaerobe environment (Ny:Hy:CO,; 80:10:10) at 37°C if not stated
otherwise. This also extents all all larger volume of liquids and agar plates which
were placed in the chamber the night before use. If the experiments indicate
a certain growth this corresponds to the following ODgggnm: early-exponential:
ODgoonm0.2; mid-exponential: ODgggnm0.4-0.6;early-stationary: ODggopnm0.8-1.0.

Other modifications to the medium or treatment are given in following sections.

7.2.2 Preparation of electro-competent F. nucleatum

F. nucleatum was grown to mid-exponential phase (ODgoonm~0.4) and spun
down for 5 min at 4.500 xg and 4°C. All following steps were performed on ice.
The media was decanted and the cell pellet was resuspended in pre-chilled 10%
(V/V) glycerol solution. The bacteria were spun down again for 5 min at 4.500 xg
and 4°C prior to a second round of resuspension in the glycerol solution. These
steps were repeated for a total of five times. Afterwards cells were concentrated
to ODggonm~5/801l and stored at -80°C until use.
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7.2.3 Electroporation of F. nucleatum

Electro-competent F. nucleatum were thawed on ice before mixing 80ul with
100ng-200ng (replicative plasmids) or 10pg (suicide vectors) of plasmid DNA. In
case of the latter, salts were removed by placing 20l of DNA on a hydrophobic
membrane (MF-Millipore 25nm) floating in double distilled water (ddH2O) for
1h. Next, the cells were electroporated using a BioRad MicroPulser using the
following: electroporation cuvettes (Ilmm gap size) and voltage set to 2.0 kV.
Afterwards the bacteria were recovered for 2 h or 4 h in 900ul Col. B. for replicate
and suicide vectors, respectively. Last, 100nl of bacterial suspension were plated

on BHI-C containing thiamphenicol.

7.2.4 DNA & cloning methods

7.2.4.1 Polymerase chain reaction (PCR)

DNA was amplified using the Phusion DNA polymerase except for colony PCR
for which Taq polymerase was used. DNA products were purified using the Nu-
cleoSpin Gel and PCR clean-up kit according to the manufacturer’s protocol. All

oligonucleotides used are listed in (Table 7.9).

7.2.4.2 Agarose gel electrophoresis

DNA products in DNA loading buffer were analyzed on 0.8 to 2% (w/V)
agarose gels prepared with TAE buffer. The DNA was visualized by staining

with ethidium bromide for 10 min.

7.2.4.3 Cloning via restriction digest

2pg of vector and 500ng to 2pg of PCR product were digested with the appro-
priate restriction enzymes for 1 h at 37°C. All products were purified after agarose
gel electrophoresis. 50ng of linearized vector were ligated with the PCR in 3x
molar excess using 1 U if T4 DNA ligase overnight at 4°C. The reaction was then

transformed into electro-competent E. coli cells.

7.2.4.4 Cloning via Gibson assembly

Vectors were either opened via inverse PCR or restriction digest. The PCR
products were amplified containing 20-25nt overlapping regions to the desired

neighboring region in the final product. All products were purified via agarose gel
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electrophoresis. 50ng of backbone was used with PCR products in a molar ratio
of 5:1 for products <200nt or 3:1 for all others. In case a single stranded oligonu-
cleotide (ssOligo) was used only 10pmol of the ssOligo were used together with
50ng of the vector. All fragments were combined in 10pl reaction with the NEB-
uilder® HiFi DNA Assembly master according to the provided protocol. Assembly
took place for 1h at 50°C after which 5ul were transformed into electro-competent
E. colu.

7.2.5 Generation of genetic tools

7.2.5.1 Cloning of shuttle vector pEcoFus and sRNA overexpression

pRPF185 (Fagan and Fairweather, 2011) was used as the backbone as it was
developed as an FE. coli - C. difficile shuttle vector with the latter showing similar
G+C content and codon usage. First, the repA and orfB genes were removed
by inverse PCR (JVO-17251/17252) which also introduced restriction sites for
Pvul and Notl. The fusobacterial origin of replication ORIgy was amplified from
pORI92 (a gift from Gilad Bachrac, Israel; JVO-17207/17248) which added match-
ing restriction sites to the backbone. The final product after restriction digest and
ligation resulted in pFP14. The 100nt promoter region of the fusobacterial 4.5S
RNA was amplified and inserted into pFP14 digested with Kpnl and BamHI via
Gibson assembly. The finished vector presented pEcoFus as the 1%¢ generation
shuttle vector for F. nucleatum.

Overexpression constructs for the different SRNAs were generated by amplify-
ing the full-length sSRNAs with flanking region towards the BamHI restriction site
in pEcoFus. The PCR products were used for DNA assembly with BamHI-digested
pEcoFus.

7.2.5.2 Construction of shuttle vector pVoPo-00

The following steps were performed to yield a smaller and improved basic
vector for F. nucleatum: ColE1 (JVO-18069/18070) and the catP chloramphenicol
(JVO-18071/18072) resistance cassette were amplified from pEcoFus and included
two multiple cloning sites. The promoter region and 5’'UTR of the constitutive
expressed flavodoxin C4N14 09865 from F. nucleatum were also amplified (JVO-
18073/18074) and all three fragments were assembled via Gibson assembly into
pFP76. To allow plasmid maintenance in F. nucleatum, ORlpy was taken from

pEcoFus and placed in between the Pvul and Notl site in pFP76 via restriction
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digest and ligation. The final product was the improved FE. coli-F. nucleatum

shuttle vector pVoPo-00.

7.2.5.3 Construction of pVoPo-01: a transcriptional reporter system

As a first step codon-optimized mCherry was amplified from pDSW1728 (Ran-
som et al., 2015) (JVO-18339/18340). pVoPo-00 was opened via inverse PCR
(JVO-18273/18274) and both fragments together with an ssOligo for the 5’UTR
of fusobacterial acpP (JVO-18338) were used for an DNA assembly reaction. The
resulting product was opened via inverse PCR (JVO-18341/18342) and assembled
together with the ssOligo containing the 50nt-promoter region for the constitu-
tive expressed accD gene (C4AN14 10115; JVO-18344) generating pFP119. After
verifying successful expression of mCherry for pFP119 in F. nucleatum, the pro-
moter region was replaced by a Xhol/Scal restriction site to insert a promoter of
interest via restriction digest. For this the above vector was opened via inverse
PCR (JVO-18342/21139) and stitched to together with an ssOligo containing the
restriction sites (JVO-21140). This resulted in pVoPo-01.

7.2.5.4 Construction of pVoPo-02: a translational reporter system

pFP119 was opened by inverse PCR (JVO-19090/19091) and stitched with an
ssOligo (JVO-20214). The ssOligo includes a Scal restriction site at transcriptional
start of the accD promoter while the Xhol site is in-frame with the coding sequence
of mCherry. This yielded pVoPo-02 to easily create translational fusions for a gene

of interest.

7.2.5.5 Construction of pVoPo-03: an inducible gene expression sys-

tem

A codon optimized cassette encoding for the tetracycline-dependent repres-
sor TetR was amplified from pRPF185 (Fagan and Fairweather, 2011) (JVO-
18371/18372). The PCR product was assembled into the Spel site of pVoPo-00.
Inverse PCR of this vector was used to leave a BamHI restriction site at the +1
site of the vector (JVO-17537/17538). The final product, pVoPo-03 could thus be
used to clone a gene of interest at the transcriptional start of the TetR-regulated

promoter.
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7.2.5.6 Construction of pVoPo-04: a scarless gene deletion system

The mazF gene including its 5’'UTR was amplified from genomic DNA of
C.difficile 630 including Xhol and BamHI restriction sites (JVO-17603/17604) to
be inserted into the similarly digested pVoPo-03, named pFP96. The tetR-mazF
expression cassette was subsequently transferred into the Spel site of pFP76 to
yield pVoPo-04, a fusobacterial suicide vector (JVO-18075/18076). Homologous
arms flanking the region of interest to remove can be inserted into the Pvul and
Notl site of the vector.

7.2.5.7 Generating inducible ¢¥ expression vector

As a first step pFP96 was opened via inverse PCR (JVO-18355/18346) and the
fusobacterial rpoE amplified (JVO-18356/18357). Both products were assembled
via Gibson assembly. Next, this vector was opened (JVO-19601/18355) to replace
the 5’UTR with a short synthetic UTR optimized (Xiao et al., 2020) for translation
encoded on an ssOligo (JVO-19605). This yielded the final inducible o expression
vector (p.rpoFE).

7.2.5.8 Generating different transcriptional reporter driving mScarlet-

I expression

p.rpoE was used as basis to generate different mScarlet-I expression vectors.
First, the mpoE gene was replaced by mScarlet-I by opening the vector (JVO-
19859/19860) and inserting the latter (JVO-19869/19870) via DNA assembly.
Next, the tetR gene was removed via inverse PCR (JVO-20854/20855) yielding
a promoterless mScarlet-1 cassette. Finally, gene-specific promoter were inserted
by opening the vector (JVO-20852/20853) and performing Gibson assembly with
respective ssOligos (Table 7.9).

7.2.6 RNA extraction

7.2.6.1 Hot phenol extraction protocol

RNA was extracted from 6 ODgggpr, units of F. nucleatum by fixating them
through the addition of 0.2 volumes of ice-cold STOP mix (5% phenol and 95%
ethanol). The samples were then immediately snap-frozen in liquid nitrogen and
kept at -80°C until further processing. On the day of extraction,the samples

were thawed on ice, spun down for 10 min at 4.500xg and 4°C before removing
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the supernatant. The pellet was resuspended in 600pl of TE-buffer containing
50pg/ml lysozyme. Afterwards 60pl of 10% (w/V) SDS was added. The samples
were incubated at 64°C for 2 min. Next, 66pul of 3M sodium acetate (pH 5.2)
was added, the tubes inverted and incubated before mixing it with 750pl of acidic
phenol. Organic and aqueous phases were then separated through centrifugation at
13.000 xg and at 4°C for 15 min. The aqueous phase was transferred into phase-
lock-gel (PLG) tubes. The addition of 750ul chloroform followed by vigorous
mixing of the tubes and repeat of the centrifugation step allowed the transfer of a
re-extracted aqueous phase into fresh 2ml tubes. The addition of 1.4ml 30:1 mix
(29 parts ethanol; 1 part 3M sodium acetate (pH 6.5)) was used to precipitate
nucleic acids at -20°C overnight. Subsequent centrifugation for 30 min at 13.000
xg and 4°C led to the pellet formation of precipitated nucleic acids. The pellet
was washed with 75% (V/V) of ethanol prior to drying at RT for 15 min. The
pellet was resuspended in water followed by incubation at 65°C shaking at 1.000
rpm for 5 min and either stored at -20°C or directly used for DNase I digest.

7.2.6.2 DNase I digest

40ng of extracted nucleic acids were used as input together with RNase-free
DNase I 2000 U, DNase I buffer and 0.5 U of RNase inhibitor. The mix was
incubated for 1 h at 37°C before adding 2 volumes of water and transfer to PLG
tubes. The same volume was added of P/C/I, the tubes vigorously mixed and
centrifuged 15 min at 13.000 xg at 4°C. The aqueous phase was precipitated as
above using 2 volumes of 30:1 mix and incubation overnight at -20°C. This step was

followed by centrifugation, an ethanol wash, drying and resuspension as described
above resulting in DNA-free RNA.

7.2.7 Northern blot analysis

For northern blot analysis, 3-10pg of DNase I-treated total RNA was separated
on a 6% polyacrylamide (PAA) gel containing 7 M urea from three biological repli-
cates for each time point or strain. After transferring the RNA to Hybond-XL
membranes, hybridization with 3?P-ATP end-labeled deoxyribonucleotide probes
took place overnight at 42°C. For signal visualization, a Typhoon FLA 7000 phos-
phorimager (GE Healthcare) was used.
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7.2.8 Radioactive labeling of nucleic acids

For labeling of oligonucleotides, 10pmol of the individual oligonucleotide were
used as input together with 0.5pl of T4 polynucleotide kinase and 10nCi 32P-y-ATP
for the labling reaction. After 45 min incubation at 37°C, the probe was purified
G-25 columns according to the manufacturer’s instructions to remove unlabeled
oligonucleotides.

To label in vitro transcribed RNA, 50pmol of RNA were treated with 10 U of
calf intestinal phosphatase (CIP) at 37°C for 1 h. CIP-treated RNA was purified
following the P/C/I extraction as described for the DNase I digest. 20pmol of
the dephosphorylated RNA were used input for the labeling reaction as described
above but using G-50 columns. After purification the RNA was separated on
a denaturing 6% PAA gel. The correct band was visualized by detecting the
radioactive signal and afterwards excised and purified as described for the in vitro

transcription.

7.2.9 Sample collection and analysis for translation re-

porter experiments

After reaching mid-exponential phase, cells from F. nucleatum expressing the
individual translational fusion alone or in conjunction with FoxI/FoxI-3C were
spun down for 3 min at 4.000 xg. All subsequent processes were carried out outside
the anaerobic chamber. Next, the bacteria were fixed using 4% PFA (w/V) at 4°C
for 20 min. After removing the PFA solution, the cells were incubated in PBS
containing 100ng/ml DAPI for 5 min at RT before performing a single washing
step in PBS followed by overnight incubation in PBS at 4°C which allows for
full fluorescent protein maturation. Measurement of fluorescence intensity was
performed the next day using Novocyte flow cytometer (Agilent). For each sample
50.000 DAPI-positive cells were analyzed for their signal intensity at 615 to 620nm.

For western blot analysis the samples were spun down and snap-frozen prior

to resuspending the pellet in protein loading buffer.

7.2.10 Sample collection and analysis for transcriptional

reporter experiments

All used strains were grown to mid-exponential phase before being spun down

and snap-frozen. The resulting pellets were resuspended in protein loading buffer.
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7.2.11 Sample collection for RN A-seq analysis after treat-

ment with oxygen and polymyxin B

F. nucleatum was grown in biological triplicate to mid-exponential phase and
exposed to either 400ng/ml polymyxin B or molecular oxygen at 37°C for 20 min.
For the latter the culture was poured into a Petri dish and kept in an incubator
outside the anaerobic chamber. The control was left untreated in the anaerobic
chamber. At the end of the treatment the samples were fixed by the addition of
STOP mix and RNA extracted.

7.2.12 Procedure for pulse-expression experiments.

In all experiments, three biological experiments were grown to mid-exponential
phase. Next, cultures were split into a treated and untreated sample. Treated
samples received 100ng/ml anhydrotetracycline (ATc) for the pulse expression of
oF or sSRNAs and indicated concentrations for the expression of mCherry. Pulse-
expression of proteins was performed for 30 min while SRNAs were induced for 20

min before fixing samples for further processing.

7.2.13 Stress conditions for ¥ activation

Three biological triplicates of F. nucleatum were grown to mid-exponential
phase. 1ml of a 4x solution containing the stressor in Col. B. was added to 3ml
of culture and treated for 60 min at 37°C. The different used stressors and the fi-
nal concentration were as follows: polymyxin B (400ng/ml), lysozyme (125pg/ml),
NaCl (600mM), bile (0.05% (w/V), H,O (400nM), diamide (125uM), S-nitrosoglutathione
(GNSO; 250pM), mitomycin C (625ng/ml). For the heat shock samples 1 ml of
Col. B. was added prior to incubation at 42°C for 60 min. The oxygen shock
was facilitated by pouring the culture into a Petri dish outside and incubating the
bacteria at 37°C outside of the chamber. 1 ml of Col. B was added to the control.
After 60 min, 20% (V/V) of STOP mix was added, the samples snap-frozen and
proceeded with RNA extraction.

7.2.14 gRT-PCR

cDNA was generated using the M-MLV reverse transcriptase according to the
manufacturer’s instruction. 1pg of DNase I digested RNA was used as input and

reverse transcribed using random hexamer primers. The equivalent of 10ng of RNA
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in cDNA was used as input the qPCR analysis. For this, the Takyon Master Mix
was used according to the manufacturer’s instructions with gene specific primers.
The 2722 method was used to calculate the fold changes (Livak and Schmittgen,

2001) compared to the control. The 5S rRNA served as a reference gene.

7.2.15 Generation of cDNA libraries for dRNA-seq

All ¢cDNA libraries were generated by Vertis Biotechnology AG (Munich, Ger-
many) and used 5pg of DNase I-digested RNA as input. No RNA-size fractiona-
tion step was performed. Technical duplicates for each sample were provided. One
representing the entire cellular RNA pool was left untreated (TEX -) while the
other one was enriched for primary transcript through TEX-treatment (TEX +).
Afterwards the samples were polyadenylated before removing all 5’-triphosphate
groups using tobacco acid pyrophosphatase (TAP) and subsequent 5-adapter lig-
ation. cDNA synthesis was initiated by using M-MLV reverse transcriptase with
an oligo(dT)-adapter specific primer. The cDNA was further amplified to a con-
centration of 20-30 ng/pl using a high fidelity polymerase including 5’-sequencing
adapter also allowing de-multiplexing of samples later on. The different cDNA
libraries were pooled equimolar and sequenced on an Illumina NextSeq 500 (75bp
single-end reads). The sequencing was performed with Vertis Biotechnology AG
for Fnn and Fnp or the Core Unit SysMed (University Wiirzburg) for Fna, Fnov
and FuP.

7.2.16 Generation of cDNA libraries for RNA-seq

All ¢cDNA libraries were generated by Vertis Biotechnology AG (Munich, Ger-
many) and used 5ug of DNase I-digested RNA as input. rRNA was depleted
followed by fragmentation (30 s at 4°C). Adapters were then ligated to the 3’-
end of the fragmented RNA. Next, the M-MLV reverse transcriptase was used
for first-strand synthesis in combination with a primer complementary to the in-
troduced 3’end adapter. Next, 5-Illumina TrueSeq adapters were added to the
c¢DNA which before amplifying it to 10-20 ng /pl with a high fidelity DNA poly-
merase and adapter specific primers. The amplified cDNA was then purified via
the Agencourt AMPure XP kit (Beckman Coulter Genomics) before the evalu-
ation via capillary electrophoresis to ensure a size distribution of 200 nt to 600
nt. Sequencing of the finished libraries was performed by the Core Unit SysMed
(University Wiirzburg) on an Illumina NextSeq 500 (75bp single-end reads).
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7.2.17 Mapping of RNA-seq data and differential gene ex-

pression

Adapater sequences and low quality reads were trimmed off of the raw FASTQ
files using the FASTX toolkit (version 0.10.1; http://hannonlab.cshl.edu/fastx_toolkit/)
and its fastq_quality_trimmer function. These were used as input for the READemp-
tion tool (version 0.4.3) (Forstner et al., 2014) which was used for all subsequent
analysis. To align reads to the individual genome sequences for the used strains.
Poly(A)-tails as well as all reads <12nt or falling below a 95% mapping accuracy
were removed. Generated coverage plots were used for the gene quantification
of annotated features. The yielded read counts were used for the differential ex-
pression analysis with the DEseq2 package (version 1.18.01) (Love et al., 2014)
using the data for three biological triplicates used in each experiment. In all ex-
periments genes were considered significantly expressed with a false-discovery rate
(FDR) <0.05 and a minimal average read count of 50. Fold changes limits are

indicated in the respective text sections in Chapter 2 and 4.

7.2.18 Re-annotation of CDS

The sequence of all coding genes including 20 nt upstream of the ORF start
site were checked for an AUG start codon and a Shine Dalgarno sequence. All
ORFs missing either feature were subjected for manual inspection surveying the
region for in-frame up- or downstream start codons with a Shine-Dalgarno se-
quence. Re-annotation was performed on CDS for which the corrected start was
supported by the existence of a start codon (AUG, GUG, or UUG), a Shine-
Dalgarno sequence, and sequence conservation in other different F. nucleatum

susbp. nucleatum strains.

7.2.19 Sequence analysis via MEME suite

In case of the promoter analysis of the dRNA-seq data, the +50 nt region
for all TSS was extracted using BEDtools (Quinlan, 2014) and used as input for
MEME (version. 4.12.0; (Bailey et al., 2015)) either all together or divided into
the different TSS classes. This was similarly done for the identification of o”
promoter motif. Here, the regions for all differentially expressed genes were also
manually inspected to identify TSS which were not detected in the dRNA-seq
data.
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Sequence features in the 5’UTR were identified by using all their sequences as
input for MEME.

In all cases, MEME ran searching all window sizes from 3 nt to 50 nt.

7.2.20 RNA-based annotation and prediction via ANNO-
gesic

The ANNOgesic tool (Yu et al., 2018b) was used with to predict the follow-
ing features: TSS, 5’UTRs, operons, sRNAs, CRISPR locus, regulatory RNA-
elements, sORFs and terminators. A TSS had to be detected in all replicates of
a single condition to considered. Predicted secondary T'SS were excluded if they
were <7nt apart from a primary TSS. The automated annotation was further cu-
rated by manul inspection. The annotation of 5’'UTRs was performed by allowing
a total maximum length of 300nt in addition to a 25nt extension to connect it
with a detected transcript. sSRNA candidates were predicted taking TSS, overall
coverage, presence of terminator and detected promoter sequences into account.
Rho-independent terminators prediction was carried out using ANNOgesic which
combines two heuristic prediction algorithms: TransTermHP111 analysis and a de-
tection of sharp coverage decreases around the predicted terminator sequence. All
other parameters were unchanged and the remaining features were also annotated
with the default settings.

7.2.21 sRNA conservation

All sSRNA candidate sequences were used as input for a BlastN analysis against
a custom database including all Fusobacterium strains with a completed genome
(Table 7.12). These hits were filtered for a nucleotide identity >75% over >75% of
the length of the query sRNA. In case of sSRNAs in Fnn the up- and downstream
genes were also used for a Blast analysis with the same criteria to evaluate a
conserved genomic synteny. This was further expanded for FoxI were the region

between rsmB and trpB was further considered.
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Table 7.12 | Used strains for the conservational analysis.

Name

Accession number

F.n. nucleatum ATCC 25586
F.n. animalis 21_1A
F.n. animalis 4 8
F.n. animalis 7 1
F.n. animalis KCOM 1279
F.n. animalis KCOM 1325
F.n. nucleatum ATCC 23726
F.n. nucleatum ChDCF316
F.n. nucleatum ChDCF317
F.n. polymorphum ATCC 10953
F.n. polymorphum ChDCF218
F.n. polymorphum ChDCF306
F.n. polymorphum KCOM 1275
F.n. polymorphum NCTC10562
F.n. vincentiv 3 1 27
F.n. vincentii 3_1_36A2
F.n. vincentitc KCOM 2931
F. gonidiaformans ATCC 25563
F. hwasookii ChDCF17}
F. hwasookii ChDCF206
F. hwasookit ChDCF300
F. mortiferum ATCC 9817
F. necrophorum 1 1 36S
F. periodonticum 2_1_31
. periodonticum KCOM 1261
. periodonticum KCOM 1262
periodonticum KCOM 1263
. periodonticum KCOM 1277
periodonticum KCOM 1282
. periodonticum KCOM 1283
periodonticum KCOM 2305
. periodonticum KCOM 2555
. periodonticum KCOM 2653
F. ulcerans ATCC 49185
F. varium ATCC 27725
F. varium Fv113-gl

NC_003454.1
N7 _CMO002368.1
NC_021281.1
NZ CP007062.1
NZ_CP012713.1
NZ CP012715.1
NZ_CP028109.1
NZ CP012716.1
NZ CP022122.1
NZ_CM000440.1
NZ CP021934.1
NZ CP013121.1
NZ CP022123.1
NZ LN831027.1
NZ _CP007065.1/NZ_CP007064.1
NC_022196.1
NZ CP024749.1
NZ_CP028106.1
NZ CP013331.1
NZ_CP013336.1
NZ _CP013334.1
NZ_CP028102.1
NZ CP028107.1
NZ _CP028108.1
NZ CP024699.1
NZ_CP024731.1
NZ_CP024700.1
NZ CP024701.1
NZ CP024702.1
NZ CP024698.1
NZ_CP024703.1
NZ CP024704.1
NZ_CP024705.1
NZ CP028105.1
NZ CP028103.1
NZ AP017968.1
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7.2.22 In silico target prediction

All predictions of SRNA-mRNA interactions were performed using the In-
taRNA algorithm (version 2.0.4) (Mann et al., 2017). The input consisted out
of the sRNA and full-length mRNA sequence including the 5’'UTR. In cases were
no 5’'UTR was annotated the CDS was extended by 50nt. IntaRNA calculations
ran in the heuristic mode and allowing a seed region of >3nt with all other pa-

rameters set to default.

7.2.23 In vitro transcription

A sequence of interest was amplified with a T7 promoter by PCR. In witro
transcription was performed using the MEGAscript T7 transcription kit using
400ng PCR product as template following the manufacturer’s protocol. The tran-
scription react incubated at 37°C for 16 h. The RNA product was verified on a
denaturing PAA gel followed by ethidium bromide staining. Correct products were
excised from the gel and placed into RNA elution buffer (0.1M sodium acetate,
0.1% SDS, 10mM EDTA at 4°C) shaking at 1.000 rpm overnight. The aqueous
solution followed the same P/C/I extraction as described for the DNase I digest.

7.2.24 30S subunit toeprinting analysis

The assay was conducted similar as described in Hartz et al. (1988) and
Smirnov et al. (2017). In SB buffer without magnesium, 0.2pmol in vitro-transcribed
fomA (first 150nt) and 5’-labeled oligo JVO-18871 were denatured at 95°C for
Imin. After incubation on ice for 5 min, the annealing mixture consisting out
of 5bmM dNTP mixture, SB with magnesium (60mM) and were indicated differ-
ent molarities of in witro-transcribed FoxI and FoxI-3C were added. This was
followed by an incubation step at 37°C for 5 min. Next, the mix was incubated
with 0.48pmol of 308 subunits in SB buffer with magnesium (10mM) for an addi-
tional 5 min at 37°C for corresponding samples. Pre-activated uncharged fMet!#V4
(10pmol) was added to the corresponding samples and incubated for at 37°C for 15
min. This was followed by the reverse transcription reaction through the addition
of 100 U SuperScript II reverse transcriptase and incubation for 20 min at 37°C
after which the reaction was stopped by adding 100 pl of toeprint stop buffer.
Nucleic acids were extracted through P/C/I extraction. Remaining RNA was de-
graded by treatment with 5 pl of 3M KOH at 90°C for 5 min. The remaining
cDNA was precipitated by adding 10 pl of 3 M acetic acid, 1l of GlycoBlue and
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300 ul of 30:1 mix followed by overnight incubation at -20°C. After pelleting the
cDNA, the solution was removed, the pellet washed with 70% (V/V) ethanol and
finally dissolved in 10 pl of 1x RNA loading buffer. Prior to loading the samples
were denatured for 3 min at 90°C. The samples were separated on a denaturing
8% sequencing gel running for 3 h at 40 W. A formA-specific sequencing ladder
was generated using the DNA Cycle Sequencing kit following the manufacturer’s
instructions and included when running the samples. Afterwards the gels were
dried and exposed on a phosphor screen. For signal visualization, a Typhoon FLA

7000 phosphorimager (GE Healthcare) was used.

7.2.25 Electrophoretic mobility shift assays (EMSA)

0.04pmol of labeled in vitro-transcribed RNA was denatured for 1 min at 95°C.
After a 5 min incubation on ice, 1x Structure Buffer (SB; 10 mM Tris-HCI pH 7.0,
0.1 M KCl, 10 mM MgCly) was added followed by re-naturation of the RNA for
37°C for 10 min. Next 1pg of Yeast RNA (Ambion) was added. This mixture was
added to tubes containing increasing concentrations of the corresponding sRNA.
Formation of the mRNA-sRNA complex was allowed to take place for 20 min
at 37°C and stopped by adding 5x RNA native loading buffer. The samples were
loaded on a native 6% polyacrylamide gel in 0.5% TBE at 4°C and constant current
(40mA) for 3 h. Afterwards the gels were dried and exposed on a phosphor screen.
For signal visualization, a Typhoon FLA 7000 phosphorimager (GE Healthcare)

was used.

7.2.26 Primer extension

10pg of DNase I digested RNA were used as input for each sample. Reverse
transcription buffer was added to this containing First Strand buffer (FS), 5mM
DTT, 0.5bmM dNTP mix and 0.5 U of RNase inhibitor. 1ul of labeled JVO-
18871 was added to the elongation mix and denatured for 1 min at 95°C before
incubation for 5 min on ice. After elongation mix was incubated for 5 min at
42°C, 1 U of SuperScript II was added and reverse transcription took place for 1
h at 50°C. The enzyme was deactivated by raising the temperature to 70°C for 15
min. Afterwards, RNA was removed by incubating the elongation mix with 1 U
of RNase H for 15 min at 37°C. Lastly, the RNA loading buffer was added and the
samples were run on a denaturing 6% PAA gel. Afterwards the gels were dried

and exposed on a phosphor screen. For signal visualization, a Typhoon FLA 7000
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phosphorimager (GE Healthcare) was used.

7.2.27 Coomassie staining and western blot detection

Protein detection was carried out by separating 0.2 ODggops, units (resuspended
in protein loading buffer; denatured for 5 min at 95°C) on denaturing 12% SDS-
polyacrylamide gels. For direct protein detection the Roti-Blue (Roth) Coomassie
was used according to the manufacturer’s instruction. In preparation for mass-
spectrometry analysis, protein samples were loaded onto Bolt 4 to 12% Bis-Tris
gels and stained with SimplyBlue Comassie staining.

For western blot analysis, proteins were transferred to a polyvinylidene fluoride
(PVDF) membranes in a semi-dry blot chamber prior to staining with Ponceau S
solution. This staining was further used as loading control. After removing the
stain by incubating the membranes with 1M NaOH for 1 min, the membranes
were blocked in 5% (w/V) skim milk (in TBS-T) for 1 h at room temperature
(RT). The membranes were then rinsed and incubated with the primary antibody
(diluted in 1% BSA/TBS-T (w/V); 1 h at RT or overnight at 4°C) and appropiate
secondary antibody (diluted in TBS-T; 1 h at RT). After each incubation step the
membranes were washed thrice in TBS-T for 15 min each. The signal was detected

using the ECL chemilumiescent solution using on the Fuji LAS-4000 imager.

7.2.28 Subcellular fractionation

The protocol for the subcellular fractionation was adapted as described by
Knoke et al. (2020) for two biological replicates. Mid-exponential phase cultures
were collected with 50 ODggonm units by pelleting the cells at 4.000 xg for 10
minutes at 4°C. Total protein samples were obtained after the cell pellet was re-
suspended in lysis buffer (10 mM Tris-HCI (pH 7.5), 0.2 mM PMSF, and 1 mM
MgCly). Next, cells were lysed by sonication (20 s burst for 10 s; 15 repeats)
after which an lysate samples was obtained after clearing cell debris with another
centrifugation step. This was followed by 1 h of centrifugation at 15.000 xg at 4°C
which separated the cytosolic (supernatant) from envelope fraction (pellet). The
pellet was resuspended in lysis buffer containing 0.5% N-lauroylsarcosine under
stirring overnight at 4°C. The next day, the inner membrane fraction (super-
natant) was separated from the outer membrane fraction (pellet) through another
centrifugation step at 100.000 xg for 2 h at 4°C. The pellet was dissolved in lysis
buffer including 0.5% Triton X-100. For the protein analysis 0.1 or 1.0 ODgoonim
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units were used for total/ cytosol and inner/ outer membrane fraction.

7.2.29 nanoLC-MS/MS analysis of protein samples

For the identification of FomA from Figure 4.11A the region of the decreased
signal with FoxI overexpression was excised from total protein samples (all in
biological duplicate) and the OM fraction (only control). Prior to trypsin diges-
tion, the samples were destained in 100 mM ammonium bicarbonate containing
30% acetonitrile and shrunk in 100% acetonitrile (0.1g in 100mM ammonium bi-
carbonate, overnight at 37°C). After that, the samples were diluted in 5% formic
acid for nanoLC-MS/MS analysis. NanoL.C-MS/MS analysis was performed on an
Orbitrap Fusion (Thermo Fisher Scientific) together with a PicoView lon source
(New Objective) and an Easy-nL.C 1000 (Thermo Fisher Scientific). The dissolved
samples were separated on PicoFrit capillary columns (30cm x 150 M ID, New
Objective) packed with ReproSil-Pur 120 C18-AQ (1.9 M, Dr. Maisch) running a
linear gradient (3-30% acetonitrile, 0.1% formic acid) at a flow rate of 500nl/min
for 140 minutes. The Orbitrap was used for both MS (60,000 scans; AGC tar-
get value: 2x105) and MS/MS (7,500 scans; AGC target value: 5x104) analysis,
with the HCD fragmentation set to 35% normalized collision energy. For the Top
Speed data-dependent MS/MS approach, a fixed cycle time of 3 s was utilized,
with an additional exclusion of 1 repetition count every minute. Precursors were
chosen at a minimum threshold of 50.000, with single charged ones excluded. An
internal calibration with Easy-IC was applied to optimize mass-to-charge ratio
assignment. The data was then analyzed using MaxQuant (version 1.5.7.4) with
integrated Andromeda and compared to the Uniprot database for F. nucleatum
subsp. nucleatum ATCC 25586 (FUSNN).

7.2.30 Analysis of fluorescent protein expression by con-

focal microscopy

The pVoPo-FP-carrying F. nucleatum was grown to mid-exponential phase.
The next steps were carried out outside of the anaerobic chamber. 1 ml of each
culture was pelleted and washed in 1ml of PBS. Next, the bacteria were fixed
using 4% PFA (w/V) at 4°C for 20 min. This was followed by single washing step
in PBS prior to overnight incubation in PBS at 4°C which allows for complete
fluorescent protein maturation. The samples were imaged the next day using ibdi

chambered coverslips and a Leica SP5 laser scanning confocal microscope (Leica
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Microsystems), which captured the fluorescence signal at the designated wave

lengths.
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Table 9.1 | List of abbreviations.

Abbreviation Full expansion

aa amino acid

ATP adenosine triphosphate

aT'SS antisense T'SS

bp base pair

cDNA complementary DNA

CDS coding sequence

CFU colony forming unit

CRC colorectal cancer

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
DNA deoxyribonuleic acid

DNase deoxyribonuclease

DTT dithiothreitol

EDTA Ethylenediaminetetraacetic acid

FACS Fluorescence-activated cell sorting

FC fold-change

FDR false discovery rate

FMN flavin mononucleotide

Fna Fusobacterium nucleatum subspecies animalis
Fnn Fusobacterium nucleatum subspecies nucleatum
Fnp Fusobacterium nucleatum subspecies polymorphum
Fnv Fusobacterium nucleatum subspecies vencentii
FuH Fusobacterium Hwasookii

FuP Fusobacterium Periodonticum

gDNA genomic DNA

GFP green fluorescent protein

Grad-seq gradient profiling by sequencing

h hour(s)
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Table 9.1 continued from previous page

Abbreviation Full expansion

IM inner membrane

iTSS internal TSS

LB Lennox broth

LC-MS/MS Liquid Chromatography with tandem mass spectrometry
min minute(s)

mRNA messenger RNA

MSA multiple sequence alignment
ncRNA non-coding RNA

nt nucleotide

OD60onm optical density measured at 600nm
OM outer membrane

ORF open reading frame

oTSS oprhan TSS

P/C/1 Phenol/Chloroform /Isopropanol
PAA polyacrylamide

PAGE Polyacrylamide gel electrophoresis
PCR polymerase chain reaction

pTSS primary TSS

RBP RNA-binding protein

RBS ribosome binding site

RNA ribonucleic acid

RNAP RNA polymerase

RNase ribonuclease

RNA-seq RNA sequencing

RNP ribonucleoprotein complex
rRNA ribosomal RNA

SD Standard Deviation

SDS sodium dodecyl sulfate

SEC general secretory pathway
sORF small open reading frame

sRNA small regulatory RNA

SRP signal recognition particle

sTSS secondary TSS

TCS two-component system
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Table 9.1 continued from previous page

Abbreviation Full expansion

TF transcription factor
TSS transcription start site
UTR untranslated region
V/V volume/volume

w/V weight /volume
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