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Abstract

Abstract

Bacteria spend most of their life in surface-associated, multicellular communities called
biofilms. Within biofilms, bacteria embed themselves in a matrix of self-produced extracellular
components, which protects them from deleterious components like antibiotics and provides a
scaffold for extensive cell-to-cell interactions. One of the key components of the biofilm matrix
is extracellular DNA, which is a critical structural element, as well as a connective linker
between individual cells. There is a common consensus that abundant DNA, coupled with
extensive cell-to-cell interactions within biofilms, facilitates horizontal gene transfer, the
exchange of mobile genetic material between genetically distinct organisms. However, this
assumption is not always critically questioned and many of the biological roles of extracellular
DNA, as well as horizontal gene transfer within bacterial biofilms, are still poorly understood.

In this thesis we characterized the dynamics of penetration, uptake, and transformation of
external DNA in microcolonies of the naturally competent human pathogen Neisseria
gonorrhoeae with spatial and temporal resolution. Utilizing fluorescently labelled DNA probes,
we found that penetration and retention of extracellular DNA within bacterial colonies depends
on the length of the penetrating nucleotide and on specific binding of DNA to bacteria by the
DNA uptake sequence (DUS). In particular, we find that the speed of penetration decreases as
a function of DNA length. Yet, even genomic DNA of other species lacking the DUS reach the
center of the colonies within few hours. Gonococcal genomic DNA, in which DUS are
abundant, binds efficiently to the periphery of the colony but does not enter the colony center.

We relate our understanding of the penetration dynamics to DNA uptake and transformation.
To this end, we devised experimental assays that allowed the detection of both processes in the
presence of external DNA. We show that transformation efficiencies depend on the length of
transforming DNA and on the position of transforming cells within the cell aggregate.
Specifically, we find that uptake and transformation are both limited to the outer periphery of
colonies, which suggests that cells in the colony center feature restricted or limited competence.

Finally, we investigate DNASs putative role as a structural element of the biofilms matrix by
staining free DNA with a cell impermeable DNA-stain. In doing so, we find that DNA forms a
mesh, or network, of DNA filaments in gonococcal cell aggregates. Dissolution of the DNA
mesh affects colony architecture and morphology, suggesting that DNA is, indeed, an important

connective linker in bacterial colonies.
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Combined, our findings show that extracellular DNA is abundant even in young colonies and
that gonococcal DNA rapidly forms a network spanning large parts of the colonies. Moreover,
external DNA readily penetrates the bacterial cell aggregates. Yet, transformation remains
limited to the outer periphery of colonies, which raises doubts about the idea of biofilms as hot
spots for gene transfer. It will be important to find out, by which mechanism competence for

transformation is inhibited within colonies and bacterial biofilms.
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Zusammenfassung

Bakterien verbringen die meiste Zeit ihres Lebens in oberflachenassoziierten, mehrzelligen
Gemeinschaften die als Biofilme bezeichnet werden. Innerhalb von Biofilmen betten sie sich
in eine Matrix aus selbst produzierten extrazellularen Komponenten ein, die sie vor schadlichen
Komponenten wie Antibiotika schutzt und ein Gerst fir umfangreiche Zell-Zell-Interaktionen
bietet. Eine der Schlisselkomponenten der Biofilmmatrix ist extrazellulare DNA, die ein
wichtiges Strukturelement und Bindeglied zwischen einzelnen Zellen darstellt. Es herrscht ein
allgemeiner Konsens daruber, dass groe Mengen an verfugbarer DNA in Verbindung mit
umfangreichen Zell-Zell-Interaktionen in Biofilmen den horizontalen Gentransfer, den
Austausch von mobilem genetischem Material, zwischen genetisch unterschiedlichen
Organismen, fordert. Diese Annahme wird jedoch nicht immer kritisch hinterfragt und viele der
biologischen Zusammenhange von extrazellularer DNA sowie des horizontalen Gentransfers
innerhalb bakterieller Biofilme sind noch immer unzureichend aufgeklért.

In dieser Arbeit haben wir die Dynamik der Penetration, Aufnahme sowie Transformation
externer DNA in Mikrokolonien des natirlich kompetenten Humanpathogens Neisseria
gonorrhoeae mit rdumlicher und zeitlicher Aufldsung charakterisiert. Unter Verwendung
fluoreszenzmarkierter DNA-Sonden konnten wir herausfinden, dass die Penetration und
Retention extrazellularer DNA in Bakterienkolonien von der Lange des eindringenden
Nukleotids und von der spezifischen Bindung der DNA an Bakterien durch die DNA-
Aufnahmesequenz (DUS) abhéngt. Wir stellen dabei insbesondere fest, dass die
Penetrationsgeschwindigkeit als Funktion der DNA-Lange abnimmt. Jedoch erreicht auch
genomische DNA anderer Spezies, in denen die DUS nicht vorkommt, innerhalb weniger
Stunden das Zentrum der Kolonien. Genomische DNA von Gonokokken, in der die DUS in
grofRer Zahl vorhanden ist, bindet hingegen effizient an die Peripherie der Kolonie, dringt
jedoch nicht in deren Zentrum ein.

Wir wenden unser Verstandnis der Penetrationsdynamik zudem auf die Aufnahme und
Transformation von DNA an. Zu diesem Zweck haben wir experimentelle Assays entwickelt,
die den Nachweis beider Prozesse in Gegenwart externer DNA ermdglichen. Wir zeigen, dass
die Transformationseffizienzen von der Lange der transformierenden DNA sowie von der
Position der transformierenden Zellen innerhalb des Zellaggregates abh&ngen. Insbesondere

stellen wir fest, dass sowohl die Aufnahme als auch die Transformation auf die auRere



Zusammenfassung

Peripherie von Kolonien beschrankt ist, was darauf hindeutet, dass Zellen im Koloniezentrum
eine eingeschrankte oder begrenzte Kompetenz aufweisen.

SchlieBlich untersuchen wir die Rolle der DNA als strukturelles Element der Biofilmmatrix,
indem wir freie DNA mit einem zellundurchlassigen DNA-Farbstoff visualisieren. Dabei
stellten wir fest, dass DNA ein Netzwerk von Filamenten in Zellaggregaten von Gonokokken
bildet. Das Auflésen dieses Netzwerks beeinflusst die Koloniearchitektur und -morphologie,
was darauf hindeutet, dass DNA tatsachlich ein wichtiger Bestandteil in Bakterienkolonien
darstellt.

Zusammenfassend lasst sich sagen, dass extrazellulare DNA selbst in jungen Kolonien in
grolRen Mengen vorhanden ist, sowie, dass Gonokokken in kirzester Zeit ein Netzwerk aus
DNA bilden, das grol3e Teile der Kolonien umfasst. Daruiber hinaus dringt externe DNA leicht
in die Bakterienaggregate ein. Die Transformation von DNA bleibt jedoch auf die duRere
Peripherie von Kolonien beschrinkt, was Zweifel an der Vorstellung von Biofilmen als ,,Hot
Spots* fiir Gentransfer aufkommen ldsst. Im Hinblick darauf, wird es von besonderer
Bedeutung sein herauszufinden, durch welchen Mechanismus die Kompetenz zur

Transformation innerhalb von Kolonien und bakteriellen Biofilmen gehemmt wird.
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Introduction

1. Introduction

Bacteria are ubiquitous, free-living organisms which usually consist of a single cell body. In
nature, however, bacteria are predominantly associated to surfaces, where they form
architecturally complex, multicellular communities called biofilms [Lopez et al., 2010]. This
alternate mode of existence, which is characterized by an elaborate “group behavior”, facilitates
growth under various deleterious and adverse conditions [Kostakioti et al., 2013]. As such,
biofilm formation allows survival in hostile environments and enables colonization of nearly
all biotic and abiotic surfaces, rendering biofilms as one of the defining hallmarks in the life
cycle of bacterial species [Hall-Stoodley et al., 2004]. However, biofilms can be hugely
problematic in several different scenarios. For instance, they can cause corrosion or otherwise
affect mass or heat transfer in pipes and tubes and, thus, influence and affect many industrial
processes [de Carvalho, 2007]. Biofilms are even more problematic is in a medical scenario, as
they regularly form on medical devices like catheters and, thereby, cause chronic inflammation
[Donlan, 2008; Lopez et al., 2010]. Consequently, an increasing effort is undertaken to gain a
deeper understanding of the intrinsic processes of biofilm communities; however, many of these
processes remain poorly understood.

Another defining hallmark of bacterial life is movement of genetic information between
different organisms independent of inheritance. This process, which is referred to as horizontal
gene transfer (HGT), describes a mechanism by which bacteria obtain new genes and, thus,
traits from distantly related organisms by incorporating foreign DNA into their own genome
[Dutta & Pan, 2002; Gyles & Boerlin, 2014; Sevillya et al., 2020]. As such, HGT contributed
greatly to the evolution, adaptation and diversity of bacterial and microbial species
[Wiedenbeck & Cohan, 2011; Oliveira et al., 2017]. At the same time, however, it causes
undesirable spread of pathogenicity and antibiotic resistance within bacterial populations and,
thus, facilitates emergence of many human-related diseases. Consequently, a better
understanding of HGT may, therefore, pave the way for the development of more effective
diagnostic and therapeutic approaches [Hasegawa et al., 2018; Emamalipour et al., 2020].

While it may not be immediately obvious, there is increasing evidence that both HGT and
biofilm formation are two distinct, yet closely related processes; with extracellular DNA
(eDNA) been the connective linker between the two. Biofilms provide and maintain a large
reservoir of eDNA, which has previously been shown to be essential for biofilm stability, but

may also enhance gene transfer and, thus, HGT within the cellular aggregates [Steinberger &
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Holden, 2005]. Consequently, bacterial biofilms and multicellular communities have

previously been conceptualized as hot spots for gene transfer processes [Abe et al., 2020].

1.1. Bacterial biofilms and multicellular communities

Most bacteria do not live as single cell organisms but rather in complex single- or multispecies
communities, known as biofilms [Davey & O’Toole, 2000]. In biofilms, planktonic microbials
adhere to surfaces and develop into structurally complex aggregates that are cocooned in an
extracellular matrix (ECM) of extracellular polymeric substances produced by the microbials
themselves [Lopez et al., 2010; Percival et al., 2011a; Flemming et al., 2016; Drago$ & Kovacs,
2017]. The matrix cross-links individual cells and, thus, acts as a scaffold for the growing
community [Wilking et al., 2011]. Moreover, immobilization of cells by the biofilm matrix
keeps them in close proximity to one another and promotes cell-to-cell interactions, including
cellular communication and horizontal gene transfer [Flemming & Wingender, 2010].

The transition from planktonic single cells to biofilm formation is a complex process
resembling an alternate lifestyle in which bacteria adopt a multicellular behavior that,
ultimately, forms macroscopic objects to facilitate survival in adverse environments [Donlan,
2002; Kostakioti et al., 2013; Maier, 2021]. Cells within a biofilm show numerous phenotypic
differences compared to their planktonic counterparts, like modified gene expression or altered
growth rates [Sharma et al., 2019]. Furthermore, cells that form a biofilm can reorganize and
adjust the biofilm structure according to the presence or absence of deleterious factors like
antibiotics, predators, or nutrient limitations [Kim et al., 2014; Mdller et al., 2015; Wang et al.,
2017; Maier, 2021]. Consequently, individual cells within a biofilm cooperate to allow the
formation of highly complex and dynamic structures which create protected environments
against adverse conditions or stresses and, additionally, allow widespread colonization of a
wide variety of biological niches and biotopes [Hall-Stoodley et al., 2004; Paraje, 2011].
Decreased susceptibility to deleterious stresses may be intrinsic, as a natural outcome of growth
in the biofilm, or might be acquired due to horizontal gene transfer [Donlan, 2001]. For
example, biofilm-associated bacteria were shown to have drastically reduced susceptibility to
antimicrobial agents, which is only one example for why the multicellular lifestyle in biofilms
is absolutely essential to bacterial survival [Ceri et al., 1999; Letham & Bharat, 2020].

However, while some bacterial biofilms are beneficial to human health, for example in gut

microbiota or wastewater treatment, biofilm development is primarily seen as a significant
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problem in healthcare, drinking water distribution, and food and marine industries, where they
can be difficult to manage due to their resilience to mechanical and chemical stresses [Donlan
& Costerton, 2002; Hgiby et al., 2014; Muhammad et al., 2020; Motta et al., 2021]. Many
studies have, therefore, focused on preventing biofilm development and formation, particularly
on medical devices; yet, until recently, the details of biofilm formation have been poorly
understood [Hazan et al., 2006; Rabin et al., 2015]. However, current studies offer new insights

into the complex transition from a planktonic-, to a multicellular lifestyle.

1.1.1. Biofilm formation and development

Biofilm formation and maturation consists of various reversible and irreversible stages
[Kostakioti et al., 2013]. The first step in biofilm development (Fig. 1.1) is attachment to the
surface or substratum. Cellular attachment to the surface is a stochastic process, that is driven
by Brownian motion and gravitational-, as well as hydrodynamic forces [Beloin et al., 2010].
The properties of the substratum, like pH or temperature, combined with the properties of the
bacterial cell surface, have a significant effect on the rate and efficiency with which cells can
contact the surface [Donlan, 2002]. Initial adhesion to the surface is often weak and resembles
a dynamic, reversible process in which single bacteria can, if challenged by hydrodynamic or
repulsive forces, detach at any time to rejoin the planktonic population [Dunne, 2002; Monds
& O’Toole, 2009]. Cellular appendages provide a competitive advantage in overcoming the
repulsive and hydrodynamic forces of the substratum and aid in attaining an irreversible, or
secondary, attachment to the substratum [Donlan, 2001; Kostakioti et al., 2013]. For instance,
Pseudomonas aeruginosa utilizes both flagella and type IV pili to initiate surface contact and
adherence [O’Toole & Kolter, 1998].

Once cells settle at the surface and start dividing, changes in gene expression and regulation
of quorum signaling pathways are triggered in unison to favor the sessile lifestyle of the
colonizers [Donlan, 2001; Otto & Silhavy, 2002; Morici et al., 2007]. Microcolonies can be
motile and potentially fuse with other colonies to reorganize into much larger structures, which
contributes to the overall growth into a mature, macroscopic biofilm [Higashi et al., 2007].
Aside from translocation-associated growth, biofilm formation is also affected by (clonal) cell
division. As cells divide, they grow into the periphery of the colony but remain encased by the
biofilm matrix [Monds & O’Toole, 2009]. In addition, biofilms can grow by recruiting

planktonic cells from the surrounding medium to join the cell aggregate, which might also
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spawn spatial heterogeneity between recruited and sessile cells within the aggregate [EI-Khoury
etal., 2021].

PN ]

oD

I. Planktonic

Figure 1.1: Stages of biofilm formation and development.

Planktonic single cells (1.), first, attach to the substratum in a rather unstable manner. Attachment (I1.) at this early
stage may be reversible. Eventually, cells will adhere irreversibly using active attachment mechanisms. Attached
cells then begin to form cellular clusters and aggregate into microcolonies (111.). Microcolony formation is
facilitated by translocation across the substratum, via cell division and by recruiting additional planktonic cells.
Colonies then initiate differentiation into mature biofilms (IV.). The growing biofilm is encaged within an
extracellular matrix (ECM, yellow), that stabilizes the cellular aggregate. It consists of macromolecules, cell
debris, enzymes, and extracellular DNA. Finally, single cells can be released from the biofilm (V.). They join the
planktonic population and restart the cycle of biofilm formation or join other bacterial communities and

microcolonies. Image is based on Monds & O’Toole, 2009.

The presence of gradients for nutrients, oxygen, and various other components, leads to the
formation of microenvironments and subpopulations of bacteria with differential gene
expression patterns [Domka et al., 2007; Spormann, 2008; Stewart & Franklin, 2008; Lopez et
al., 2010; Kostakioti et al., 2013]. Simultaneously, depleted oxygen and nutrient levels impair
the metabolic-, division-, and growth rates of biofilm-associated cells compared to their
planktonic counterparts [Rabin et al., 2015]. These and other effects of growing biofilms, like
strong sheer forces at the periphery, might trigger dispersal strategies of single cells within the
biofilm [Stoodley et al., 2002; Sauer et al., 2004]. Cells that leave the aggregate and join the
planktonic population can colonize other surfaces or might join different, already existing
bacterial communities. Dispersal can, however, also be triggered actively, by internal biofilm
processes that activate enzymatic digestion and release of ECM-, or surface-binding
components [Lee et al., 1996; Sauer et al., 2002; Kaplan et al., 2003]. Dispersion of single cells

is, thus, usually considered as the final stage in biofilm growth, since it marks the departure
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from the bacterial community and allows colonization of new surfaces, which, in turn, begin
new cycles of biofilm formation and development [Rumbaugh & Sauer, 2020].

Throughout the whole biofilm development process extracellular polymeric substances are
released by the cells within the community. The production of these substances eventually
forms the biofilm matrix, which, once fully developed, defines the structure and many of the
unique properties of the cellular aggregate [Donlan, 2001; Hobley et al., 2015]. This
extracellular matrix is, therefore, of critical importance to the establishment and maintenance
of bacterial biofilms [Di Martino, 2018].

1.1.2. The extracellular biofilm matrix (ECM)

Extracellular polymeric substances within a mature biofilm form a complex mesh that is
referred to as the extracellular matrix, or ECM, and crosslinks bacteria so that they reside in
close proximity to one another. This polymer mesh, eventually, defines the structure of the
biofilm (Fig. 1.2) [Donlan, 2001; Dragos et al., 2018; Chew et al., 2014].

The composition, structure, and organization of the ECM can vary greatly, and depends on
the organisms, local stresses, and the general biofilm environment [Flemming et al., 2016].
While a diverse array of ECM components has already been identified, a full characterization
of the biofilm matrix and its components remains challenging [Nielsen & Jahn, 1999; Flemming
et al., 2007]. However, it is well accepted by now that the ECM makes up most of the mass of
biofilms and microcolonies, with contents ranging from 79 % to 90 % [Costerton, 1995]. Most
of the matrix itself is composed of water, which represents up to 97 % of the matrix [Zhang et
al., 1998]. Aside from water, the matrix consists mostly of components which are, generally,
grouped into two major categories. The first category represents cell-surface-associated
components, which include flagella, type 1V pili or other cellular appendages, while the second
category comprises a more general collection of components, including DNA, RNA, proteins,
and polysaccharides [Flemming et al., 2016; Bowen et al., 2018; Karygianni et al., 2020].
While most focus is given to components secreted by bacteria within the biofilm, biomolecules
of the surrounding environment, like host proteins for example, could also be considered a part
of the matrix [Marsh et al., 2000; Karygianni et al., 2020]. Thus, the ECM shows great
microheterogeneity and establishes various gradients for oxygen, nutrients, or other
biomolecules, which create a wide array of different microenvironments and provide a high

degree of cell differentiation in biofilms [Sutherland, 2001; Flemming & Wingender, 2010].
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Figure 1.2: lllustration of the extracellular biofilm matrix (ECM).

Shown are some of the major components of the ECM in biofilms: nucleotides (eDNA and RNA), proteins and
polysaccharides, as well as secondary components and metabolites. Scanning electron microscopy images of
Escherichia coli biofilms (top row) highlight the density and layering of the matrix and the cells embedded within.
Image adapted from Panlilio & Rice, 2021 and reproduced with permission.

The formation of the ECM comes at great energetic cost but is evolutionary justified given that
it provides most of the crucially beneficial properties and functions of biofilms in regard to
bacterial growth and survival [Flemming et al., 2016]. For instance, biofilm porosity, density,
water content or hydrophobicity are affected by components of the ECM [Flemming et al.,
2007; Percival et al., 2011b; Nazir et al., 2019; Karygianni et al., 2020].

The main functions of the matrix, however, are mechanical stability, scaffolding, adhesion-
cohesion, and protection. For example, ECM components promote and enhance adhesion to the
substratum during the initial cell attachment phase [Davies et al., 1993; Wang et al., 2004].
Here, initial polymeric matrix components promote cellular cohesion and microcolony
formation by maintaining a diverse network of intermolecular interactions, like hydrogen bonds
or electrostatic interactions; thus, initiating the growth phase of the biofilm [Mayer et al., 1999;
Bowen et al., 2018]. Continuous production of ECM polymers throughout biofilm development
expands the matrix three-dimensionally, while forming a core of matrix-enclosed bacterial
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cells, which act as a scaffold for the development of three-dimensional cell clusters and
aggregates [Karygianni et al., 2020].

Once the ECM is established, it provides physical resistance to mechanical removal and
antimicrobials. For instance, ECM components of mature biofilms establish viscoelastic
properties within the cell aggregate, which decrease the likelihood of detachment from the
substratum under high mechanical pressure and sheer stresses [Peterson et al., 2015].
Furthermore, the ECM also acts as a diffusion-limiting barrier against antibiotics and
antimicrobials, which results in retarded drug penetration of the deeper layers of the biofilm
[Karygianni et al., 2014]. This is further enhanced by the fact that malign molecules can interact
with ECM components of the matrix: a cationic molecule could, for example, be bound by an
anionic one, which diminishes its diffusion into the biofilm or impacts its activity [Jones et al.,
2013].

Another important function of the biofilm matrix is its role as a nutrient reservoir. Nutrients
surrounding the growing biofilm are depleted by cells at the periphery, which reduces the
nutrient availability for cells in the biofilm center [Cugini et al., 2019]. Thus, most cells in a
biofilm passively wait for nutrients to diffuse to them [Zhang et al., 2014]. It is therefore
conceivable that more effective, alternative mechanisms of nutrient acquisition do exist. One
study, for instance, highlights that Vibrio cholerae biofilms initiates matrix-mediated swelling
due to osmotic pressure differences, which maximizes biofilm expansion on nutritious surfaces
and, thus, nutrient uptake [Yan et al., 2017]. In some cases, enzymes directly degrade
components of the matrix to produce fermentable polysaccharides during starvation
[Karygianni et al., 2020]. Extracellular DNA (eDNA) is one such example, since it is actively
degraded by nucleases to allow its utilization as a carbon, nitrogen, and phosphate source
[Vorkapic et al., 2016].

However, eDNA is far more than just a simple nutrient source. As a matter of fact, eEDNA is
now often conceptualized as one of the most important components of biofilms and the ECM
matrix. The biological role of eDNA in the context of bacterial biofilms will be discussed in the

following section.
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1.1.3. Extracellular DNA (eDNA) as part of the biofilm matrix

The importance of eDNA in bacterial biofilms was mostly ignored, until researchers observed
that P. aeruginosa biofilms disappear after treatment with DNase [Okshevsky & Meyer, 2013].
Today, the significance of eDNA and its role in biofilm formation is becoming more obvious,
with recent studies highlighting eDNA as one of the major components of the ECM and its
involvement in many important biofilm functions, including adhesion, formation, and
maintenance of structural integrity (Fig. 1.3) [Wu & Xi, 2009; Panlilio & Rice, 2021].

While most of the DNA found in the biofilm matrix is probably the result of cell lysis events,
an increasing number of studies report that bacteria also apply active mechanisms of eDNA
release for the purpose of creating cell aggregates [Hara & Ueda, 1981; Whitchurch et al., 2002;
Hamilton et al., 2005; Qin et al., 2007]. As a result, eDNA is found in large quantities
throughout the entirety of bacterial biofilms and microcolonies [Tang et al., 2013].

Production and purpose of eDNA have been extensively investigated for P. aeruginosa
[Allesen-Holm et al., 2006]. The bulk of eDNA in P. aeruginosa biofilms is mostly generated
by quorum sensing mechanisms, which control cell-lysis within the cell population. This leads
to abundant eDNA concentrations in late-log phases. However, while bacterial (auto-)lysis is
engaged in the production of eDNA in most, if not all bacterial species, there are usually
additional pathways and mechanisms that are involved in the production process [Montanaro
etal., 2011]. In gram-negative Neisseria gonorrhoeae for example, eDNA is actively secreted
by the type IV secretion system in addition to cell lysis processes [Hamilton et al., 2005]. DNA
can also be released in the form of lysis-independent membrane vesicles, as was shown for
Streptococcus mutans [Liao et al., 2018]. Regardless, the abundance of eDNA in biofilms
seems to be highly correlated to the overall cell density within the cell aggregate, supporting
the hypothesis that release of eDNA is regulated by quorum sensing mechanisms [Ibanez de
Aldecoa et al., 2017; Kim et al., 2018].

P. aeruginosa biofilms showcase a pronounced stabilizing ECM. eDNA deficiencies in this
species hinders biofilm formation and eDNA-deprived biofilms tent to dissolve during early
stages of development [Whitchurch et al., 2002]. This observation was affirmed by subsequent
studies in many gram-positive and -negative bacteria, including Staphylococcus aureus,
Listeria monocytogenes, N. meningitidis, and V. cholerae; further emphasizing the essential
role of eDNA in biofilm organization, maturation, and initial attachment of cells to the
substratum [Mann et al., 2009; Harmsen et al., 2010; Lappann et al., 2010; Seper et al., 2011].

In bacterial species expressing type IV pili, eDNA might be a strong supporting factor in the
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formation of microcolonies. Studies highlighted the ability of type IV pili to interact with DNA;
thus, eDNA might act as a connective linker that binds individual cells into clusters [van Schaik
et al., 2005; Higashi et al., 2007]. Furthermore, eDNA was shown to be important for
coordination of bacterial alignment and movements during biofilm growth [Gloag et al., 2013].
In contrast to these studies, however, eDNA was reported to inhibit Caulobacter crescentus
from settling into biofilms and, also, to prevent biofilm formation of Salmonella enterica ssp. s

on abiotic surfaces [Berne et al., 2010; Wang et al., 2014].
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Figure 1.3: Known functions of extracellular DNA during different stages of biofilm growth.

Extracellular DNA (eDNA) is involved in numerous essential processes during biofilm development, including
initial attachment, cell-cell-adhesion, biofilm proliferation, detachment and dispersion, antibiotic resistance, and
horizontal gene transfer (HGT). Image adapted from Panlilio & Rice, 2021 and reproduced with permission.

The presence of extracellular DNA is often accompanied by production of extracellular
nucleases, which, essentially, degrade DNA into an adjustable and flexible component, that can
be modified according to the needs of the biofilm [Vorkapic et al., 2016]. Deletions of these
nucleases often results in thick, compacted biofilms with increased biomass [Steichen et al.,
2011; Kiedrowski etal., 2011; Cho et al., 2015]. These nucleases can degrade eDNA and enable
its use as a nutrient-source during starvation [Mulcahy et al., 2010].

Extracellular DNA can aid pathogenic bacteria in overcoming the immune response and
support the formation of biofilms within their respective hosts. For instance, the presence of
eDNA in the matrix of P. aeruginosa biofilms triggers expression of lipopolysaccharide-

modification pathway genes, which leads to resistance against antimicrobial peptides [Mulcahy
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et al., 2008]. Similarly, the presence of eDNA leads to increased resistances against
aminoglycosides, antimicrobial peptides, and ciprofloxacin in S. enterica Serovar
Typhimurium, where eDNA was shown to be chelating Mg?* cations; the presence of which
hindered the expression of resistance operons in the organism [Johnson et al., 2013].

Moreover, eDNA is also contributing to the widespread exchange of genetic material in
bacterial biofilms. This is due to heavily upregulated rates of horizontal gene transfer (HGT),
which are typically much higher in biofilms compared to planktonic cell communities [Li et al.,
2001; Hendrickx et al., 2003; Madsen et al., 2012].

1.1.4. Gene transfer in bacterial biofilms

Gene transfer is an important mean for bacteria to obtain beneficial genes and traits, e.g.,
antibiotic resistance, via exchange of genetic material. As such, gene transfer has contributed
greatly to the evolution of bacterial and microbial species [Wiedenbeck & Cohan, 2011,
Oliveira et al., 2017]. Bacterial genetic evolution is, usually, differentiated into two distinct
pathways: vertical gene transfer, or vertical evolution, and horizontal gene transfer, or
horizontal evolution (Fig. 1.4) [Sommer et al., 2017].

VGT is, essentially, cell division, whereby genetic traits and de novo mutations are simply
passed on the progeny [Sommer et al., 2017]. HGT on the other hand, describes the non-
genealogical transfer of genetic material between genetically distant organisms [Goldenfeld &
Woese, 2007]. And while there is evidence that VGT is significantly involved in the exchange
of genetic material, most focus is directed towards the HGT pathway [Li et al., 2019]. An
increasing number of studies highlight that all three modes of HGT, namely conjugation,
transduction, and transformation, do occur in bacterial biofilms [Broszat & Grohmann, 2014].
As a matter of fact, biofilms have often been described as hot spots for HGT, yet this assumption
is not always critically questioned [Stalder & Top, 2016]. For example, introduction of plasmids
into biofilm communities does not automatically trigger extensive horizontal transfer within the
cell aggregate [Christensen et al., 1998]. Still, the concept of biofilms as HGT hot spots is
generally accepted due to multiple factors: First, cells and organisms in biofilms are maintained
in close physical proximity to one another, yet are not fully fix or immobilized and can, thus,
exchange genetic material rather easily [Flemming et al., 2007]. Second, the biofilm forms a
protective environment, which provides an ideal habitat for genetic exchange and, third,
biofilms provide ample amounts of (extracellular) DNA that can be exchanged between

organisms [Aminov, 2011; Tang et al., 2013].
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Indeed, many studies highlight that HGT occurs with increased rates and efficiencies in
bacterial biofilms. For example, a study by Hausner & Wuertz published in 1999 showed that
conjugation rates are significantly higher in biofilms compared to planktonic populations.
Furthermore, this study also highlighted that initial genetic exchange occurs much more

frequently than previously expected, and that HGT rates are not reduced by nutrient limitations.
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Figure 1.4: Evolution of bacteria — Vertical- and horizontal gene transfer.

Bacterial genomes can evolve by two distinct mechanisms of gene transfer. (a) Vertical evolution, or vertical gene
transfer (VGT) represents the emergence of de novo mutations which are subsequently selected for and passed on
to the progeny during cell division. (b) Horizontal evolution, or horizontal gene transfer (HGT), can occur through
one of three mechanisms: Conjugation occurs through direct contact between donor and recipient, and mediates
the exchange of movable genetic elements, e.g., plasmids. Transduction describes gene transfer via bacteriophages,
which inject viral DNA into the host which is subsequently integrated into the genome. Transformation occurs if
free DNA is taken up by naturally competent cells, which subsequently integrate the DNA into the genome by

homologous recombination. Image adapted from Sommer et al., 2017 and reproduced with permission.

Comparable results were obtained for transformation events: transformation rates for biofilm-
associated S. mutans are 10- to 600-fold higher compared to planktonic S. mutans, with
transformation occurring optimally in 8 to 16 hours old biofilms [Li et al., 2001]. Additionally,
biofilm-cultured Acinobacter sp. Strain BD413 transformed within 15 minutes of exposure to
minor amounts of DNA, highlighting highly efficient gene transfer in biofilms [Hendrickx et
al., 2003].
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Transformation requires that cells can actively take up eDNA from their environment in order
to change their genome by homologous recombination. This ability is known as competence
[Mell & Redfield, 2014]. The development of natural competence in biofilms is believed to be
coupled to the presence of eDNA and, given that biofilms contain large quantities of DNA,
might indicate that efficient gene transfer and natural transformation are both a consequence
and a cause of biofilm formation [Molin & Tolker-Nielsen, 2003; Madsen et al., 2012].

Rapid exchange of genetic material in biofilms leads to the emergence of single antibiotic-
and multidrug resistance [Abe et al., 2020]. Resistance to antimicrobial agents is most likely
already initiated during the early colonizer and attachment phase and further increases during
biofilm growth [Patel, 2005]. Aside from increased HGT efficiencies, biofilms also tend to
promote increased mutation rates, as was shown for biofilm-associated S. aureus; thereby,
increasing the likelihood of obtaining heritable antibiotic resistance through spontaneous
mutation [Ryder et al., 2012]. Thus, increased mutation frequencies of biofilm-associated cells
compared to their planktonic counterparts, coupled with increased gene transfer rates in
biofilms is the most likely explanation for the rapid spreading of resistances in bacterial biofilms
[Driffield et al., 2008; Hgiby et al., 2010; Savage et al., 2013].

A prime example for the emergence of antibiotic- and multidrug resistance is the human
pathogen N. gonorrhoeae, also known as gonococcus; the causative agent of the sexually
transmitted disease gonorrhea and the model organism used in this thesis. Gonococci are known
to form microcolonies and biofilms which show efficient exchange of antibiotic resistance
genes and acquisition of multidrug resistance in early stages of growth [Kouzel et al., 2015].
Furthermore, N. gonorrhoeae is naturally competent, highly recombinogenic and executes
frequent natural transformation, making it a suitable organism to investigate biofilm formation
and natural transformation [Hamilton & Dillard, 2005; Fiore et al. 2020].

12
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1.2. Neisseria gonorrhoeae — a model organism to study biofilms and

natural transformation

Neisseria gonorrhoeae, or the gonococcus, is a gram-negative bacterial pathogen that causes
the sexually transmitted disease gonorrhea, which infects approx. 60 million people annually
[Hill et al., 2016]. The organism infects a wide array of different mucosal surfaces in the human
body, like the urethra, the endocervix, the pharynx or the rectum [Britigan et al., 1985].
Gonococci are microaerophilic organisms, but, given appropriate conditions, are also capable
of anaerobic growth [Hill et al., 2016]. Growth of N. gonorrhoeae is also characterized by high
autolytic activity. Gonococci lyse spontaneously, and the rate with which they do so is affected
by various environmental factors, including pH, temperature or presence/absence of certain
cations. The enzymes involved in autolysis of N. gonorrhoeae are, presumably, also responsible
for a prolonged cell division phase, which is characterized by a diplococcal morphology
[Elmros et al., 1976]. The role of autolysis during N. gonorrhoeae’s life cycle is not fully
understood, but it is believed that excessive cell lysis releases cellular components which supply
nutrients, modulate the immune response of the host during infection and provide DNA for
access in natural transformation [Garcia & Dillard, 2006].

N. gonorrhoeae is naturally competent but, unlike many other bacteria, does not actively
regulate its competence state. Instead, gonococci are competent throughout all phases of growth
[Hamilton & Dillard, 2005]. However, N. gonorrhoeae is known to primarily take up genus-
specific DNA, characterized by a sequence known as the DNA uptake sequence (DUS) that
appears frequently within the genome of Neisseria species [Davidsen et al., 2004].
Transformation and uptake of DUS-bearing DNA in N. gonorrhoeae is reliant on type IV pili
(T4P); thin cellular appendages formed at the cell surface that are part of a sophisticated DNA
translocation complex (see section 1.2.2) [Chen & Dubnau, 2004]. As a result, gonococci
undergo frequent and efficient transformation, which generates high genetic diversity and
persistence of gonococcal infections in the human population [Hamilton & Dillard, 2005].

Proper treatment of gonococcal infections can be problematic. Appropriate antibiotic
therapies are, for example, hampered by the ability of gonococci to develop antimicrobial
resistance [Newman et al., 2007]. This is promoted by N. gonorrhoeae’s high recombinogenic
activity, which is itself fostered by high rates of autolysis [EImros et al., 1976; Fiore et al.
2020]. In addition, gonococci are also known to secrete DNA by the type IV secretion system

(T4SS), further promoting frequent gene transfer by secreted eDNA [Hamilton et al., 2005].
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Another important factor for complications in gonococcal infections is the fact that N.

gonorrhoeae forms biofilms [Steichen et al., 2008].

1.2.1. Gonococcal biofilms and biofilm formation

N. gonorrhoeae forms biofilms and spherical microcolonies (Fig. 1.5). Aggregates of gonococci
show reduced susceptibility to antibiotics, with dramatic effects for infections of its natural host
[Wang et al., 2018]. Furthermore, gonococci feature highly efficient natural transformation
within early colonies leading to rapid spreading of antibiotic resistance [Kouzel et al., 2015].
The matrix of N. gonorrhoeae biofilms is interlaced with pores and water channels and consist
mostly out of large quantities of membrane structures, extracellular DNA, and type 1V pili
(T4P). However, gonococci lack genes for the production of exopolysaccharides [Greiner et al.,
2005; Steichen et al., 2011; Todd et al., 1984].

5000x 35000x

Figure 1.5: Scanning electron micrographs of microcolonies formed by N. gonorrhoeae.

Gonococci form spherical microcolonies (left) which develop into complex, layered biofilms. The matrix of
gonococcal microcolonies is formed by type IV pili (T4P), which create a lattice-like structure with pores and
water channels (right). The T4P lattice stabilizes the colony during growth. Values: x-fold magnification. Image
adapted from Hockenberry et al., 2016 under the terms of the Creative Commons Attribution 4.0 International

license.

The formation of biofilms and microcolonies is critically impacted by DNA and type 1V pili
(T4P). For instance, countless studies highlight the importance of T4P for biofilm formation
and structuring [Hockenberry et al., 2016; Ponisch et al., 2017; Ponisch et al., 2018; Welker et
al., 2018]. Variations in pilus-pilus interactions result in active cell sorting in colonies and
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modify the structure of the cell aggregates, thus, T4P can mediate motility, social and infection
behavior [Oldewurtel et al., 2015; Hockenberry et al., 2016].

In addition, biofilm formation was shown to be supported by secretion of sSSDNA, whereas
treatment of established gonococcal biofilms with isolated DNase results in rapid destruction
of the cell aggregate [Steichen et al., 2011; Zweig et al., 2014]. There is evidence that eDNA
in gonococcal biofilms is modelled by the thermonuclease Nuc, which is putatively secreted by
N. gonorrhoeae into the extracellular space [Juneau et al. 2015]. Purified Nuc can degrade
various sources of DNA and deletion of the nuclease results in thicker biofilms with increased
biomass and amounts of eDNA. The mode of action of Nuc, however, is not fully understood
and it is still not completely clear, for example, whether the location of Nuc is periplasmic or

extracellular [Steichen et al., 2011].

1.2.2. Natural transformation in N. gonorrhoeae
Natural competence describes the ability of bacteria to efficiently take up extracellular DNA
and incorporate it into the genome. Several steps are required to ensure successful
transformation of DNA. First, extracellular DNA must be bound to the surface of the cell.
Second, the bound DNA must overcome the cell envelope and reach the cytoplasm. In the case
of gram-negative N. gonorrhoeae, DNA needs to overcome the inner- and outer membrane, as
well as the periplasmic space that separates the two. Finally, the DNA must be integrated into
the genome of the cell.

Most of the proteins of the DNA uptake machinery in N. gonorrhoeae are part of the type
IV pilus system, a secretion system which maintains cellular surface structures which perform
a variety of essential biological functions [Friedrich et al., 2014]. DNA uptake, natural
transformation and type IV pili (T4P) are, thus, closely connected in gonococci. The complex
molecular machinery that controls these vital cellular tasks, as well as all its important

components, will be discussed in the following sections.
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The Type IV pilus machinery (T4PM)

Type 1V pili (T4P) are filamentous cell appendages that are exposed at the surface of a wide
variety of bacterial species [Giltner et al., 2012]. Each individual filament consists of thousands
of copies of protein subunits and undergoes repeated cycles of extension and retraction [Craig
et al., 2019]. This highly dynamic process creates strong mechanical forces of up to 150 pN,
which renders T4P as one of the strongest bacterial molecular motors identified so far [Maier
et al., 2002; Clausen et al., 2009]. As such, T4P are crucial drivers of a wide variety of cellular
processes. For example, T4P facilitate cellular motility by performing cycles of surface-
attachment and subsequent retraction, thereby translating the force exerted by the motor into
locomotion [Holz et al., 2010]. Similarly, eDNA can be bound by pili and pulled into or towards
the cell body during pilus retraction, which initiates DNA uptake [Long et at., 2003; Ellison et
al., 2018]. However, there are countless other functions associated with T4P, like predation,
cell adhesion to other microbes, host infection and, as previously mentioned, biofilm formation
[Bieber et al., 1998; Merz et al., 2002; Klausen et al., 2003; Evans et al., 2007; Opitz et al.,
2009; Oldewurtel et al., 2015; Craig et al., 2004].

The machinery that assembles and retracts these highly versatile cell appendices is highly
conserved throughout different bacterial species. Its architecture in Myxococcus xanthus has
recently been uncovered in great detail, which establishes a precise picture on how pili are
controlled [Chang et al., 2016]. The type 1V pilus machinery (T4PM) that assembles T4P fibers
is a sophisticated protein complex that spans both the inner and outer membrane of the cell (Fig.
1.6). It is formed by four subcomplexes, all of which are necessary to form the functional
machine and, ultimately, T4P [Leighton et al., 2015a].

The growing pilus is assembled and disassembled through the secretin-subcomplex, which
forms at the outer membrane of the cell. It is arranged by PilQ, a multimeric protein that forms
a pore through the outer membrane, and TsaP, which putatively fixates the complex to the
peptidoglycan layer within the periplasm [Collins et al., 2004; Siewering et al., 2014].

The periplasm is gapped by the so-called alignment-complex, which consists of PilM and
the PIINOP-complex which are primarily recruited to stabilize and arrange the structure of the
T4PM within the cell envelope, although more recent studies suggest a contribution that goes
beyond stabilization [Leighton et al., 2015b; Chang et al., 2016]. Pili originate from the motor-
subcomplex, which is located at the inner membrane. It comprises the transmembrane protein

PilG, which is located in the inner membrane, and the two antagonistic ATPases PilF and PilT
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which are located in the cytoplasm. Together they orchestrate alternating cycles of pilus

extension and retraction.
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Figure 1.6: Schematic architecture of the type IV pilus machinery (T4PM).

The pilus fiber contains thousands of PilE copies and few minor pilins. The adhesin PilC is presumably located at
the tip of the pilus. The fiber is anchored in the inner membrane of the cell by PilG and expends into the
extracellular space through the outer membrane pore formed by PilQ and TsaP. PilM and the PiINOP complex
stabilize the structure. The pilus is elongated and retracted by the ATPases PilF and PilT, which bind the
cytoplasmic site of PilG in an antagonistic manner. Conformational changes of PilF/T during ATP-hydrolysis
rotates the base in a clockwise/counterclockwise fashion, which shuffles PilE subunits in or out of the pilus fiber.
A reservoir of pilin subunits is maintained in the inner membrane by the endopeptidase PilD, which processes
prepilin into mature subunits through N-terminal cleavage and methylation. OM: outer membrane, IM: inner
membrane.

The mechanism behind this is not fully understood. Based on the structure of the T4PM,
however, a likely model has emerged that explains how pili are dis-/assembled [Chang et al.,
2016]. In this model, PilG acts as a platform for the base of the pilus and the hexameric ATPases
PilF and PilT bind the cytoplasmic surface of PilG in a mutually exclusive manner. ATP-
hydrolysis by PilF results in conformational changes within the hexamer which triggers a
clockwise rotation of the inner membrane pilus-base PilG. The rotatory motion extracts a single

pilin subunit from the membrane and merges it into the expanding pilus. PilT mediated ATP-
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hydrolysis, on the other hand, results in a counterclockwise rotation of PilG and, thus, removal
of pilus subunits from the fiber [Chiang et al., 2004; Takhar et al., 2013; Hospenthal et al.,
2017; McCallum et al., 2017]. Approximately 700 subunits per second can be integrated and

removed from the fiber, resulting in rapid dis-/assembly of T4P [Clausen et al., 2009].

The type 1V pilus fiber (T4P) and the major pilin PIilE

The final structural component of the T4PM is the pilus fiber itself. Pili represent helical
polymers that are assembled from thousands of small protein subunits, called pilins. Most of
the pilin subunits in a fiber are copies of the small protein PilE. [Parge et al., 1995; Hospenthal
et al., 2017]. A single protein copy of PilE has a size of about 20 kDa and forms a ladle-shape
molecule with a conserved, protruding N-terminal half and a hypervariable C-terminal half that
forms a globular head (Fig. 1.7, right) [Craig et al., 2006]. Pilins are expressed as precursor
proteins (prepilins) that expose a 7 amino acid long leader peptide at the N-terminus, which is
eventually removed by the endopeptidase PilD [Strom & Lory, 1992; LaPointe & Taylor, 2000].
PilD then methylates the new N-terminal residue and creates mature pilin subunits, which
represents an essential step in the biogenesis of T4P [Strom et al., 1993; Strom et al., 1994].
The mature N-terminus anchors the protein in the inner membrane and exposes the C-terminal
globular domain to the periplasm [Thanassi et al., 2012].

During pilus assembly, single pilin subunits are gathered from the inner membrane and are
incorporated at the base of the elongating pilus fiber by the T4PM (see Fig. 1.6). The core of
the elongating filament is formed by the N-terminal domains, which adopt extensive
hydrophobic interactions among individual subunits. At the same time, the C-terminal head
domains are exposed at the surface of the filament, with little contact to one another (Fig. 1.7,
left) [Craig & Li, 2008]. While the N-terminal region is highly conserved, there are high degrees
of variability in the C-terminal domain, most notably in the surface-exposed D- and af-regions.
The D-region contains a hypervariable loop that has been identified as a hot spot for pilin
antigenic variation [Craig et al., 2004; Ramboarina et al., 2005], while the af-region contains
two important serine residues, Ser63 and Ser68, which are targets for critical post-translational
modifications of the pilus fiber [Parge et al., 1995; Hegge et al., 2004]. As such, the variable
regions of the globular domains specify the outer surface area of the fiber and have important
functional consequences for T4P [Thanassi et al., 2012; Craig et al., 2004].
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Figure 1.7: Structure of the pilus fiber and the major pilin PilE.

Type IV pili have a helical structure (as indicated by subunits colored in magenta, pink and cyan) and can reach a
length of several microns, with a typical width of 6 nm (left). They are formed by polymerization of the major
pilus subunit PilE, which has a globular C-terminal domain and a protruding N-terminal domain (right). The af-
region, the structurally variable D-region and its hypervariable loop are highlighted again in cyan, pink and
magenta, respectively. Image created with PyMOL Molecular Graphics System, Version 2.5.0a0 Open-Source,
Schrodinger LLC., based on PDB IDs 2HI2 and 2HIL [Craig et al., 2006].

Minor pilins and the DNA-binding T4P component ComP

There are several identified pilin proteins besides the major pilin PilE. These so-called minor
pilins share high structural similarity with PilE and become part of T4P by the same
mechanisms, albeit at a much lower abundance [Jacobsen et al., 2020]. Yet, all minor pilins
have important biological functions. For example, studies have suggested that PilC, which is
presumably located at the tip of the pilus fiber, might be a major pilus adhesion molecule and,
thus, important for adherence to host-cells [Rudel et al., 1995; Kirchner & Meyer, 2005]. Other
adherence-associated minor pilins comprise PilV and PilX, which are essential to fine-tune
pilus virulence and host cell infection [Winther-Larsen et al., 2001; Helaine et al., 2007].

Another important minor pilin is ComP, which is supposed to be a major contributor to
natural transformation in Neisseria species [Wolfgang et al., 1999]. It is the only known pilus
component that has DNA-binding capabilities and can interact with DNA via an electropositive

stripe that is exposed at its surface. The stripe is flanked by a loop delimited by two disulfide
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bridges, which essentially act as a docking platform for DNA und, thus, is crucial for DNA-
binding [Cehovin et al., 2013]. Hence, ComP can be seen as the DNA-receptor within T4P and
IS, consequently, essential for DNA uptake.

While ComP can bind any DNA, it exhibits an increased binding-affinity for DNA
originating from the Neisseria genus, which is denoted by a 10 - 12 bp gonococcal recognition
sequence (5’-AT/GCCGTCTGAA-3’) known as the “DNA Uptake Sequence”, or DUS
[Goodman & Scocca, 1988; Berry et al., 2013; Cehovin et al., 2013; Spencer-Smith et al.,
2016]. These sequences represent up to 1 % of the entire genome and are 1000-fold more
common than statistically expected. Given ComP’s preference to bind the DUS, gonococci
favor uptake of homospecific DNA, and efficient DNA uptake in N. gonorrhoeae is,
consequently, sequence specific [Chen & Dubnau, 2004; Cehovin et al., 2013].

While the exact mechanism underlying (sequence-specific) DNA uptake in N. gonorrhoeae
is not completely understood, there is a widely accepted model which is primarily focused on
three molecules: ComP, the pilus component that interacts with extracellular DNA, the ATPase
PilT, which retracts the pilus and, subsequently, brings the ComP-bound DNA into close
proximity to the cell envelope, and the periplasmic DNA-binding protein ComE which
translocates DNA from the extracellular- into the intracellular space [Aas et al., 2002; Chen &
Dubnau, 2004].

The periplasmic DNA-binding chaperone ComE

ComE is asmall, 8 kDa protein located in the periplasm. It binds DNA in a sequence unspecific
manner through two conserved helix-hairpin-helix motifs [Chen & Gotschlich, 2001; Doherty
et al., 1996]. The genome of N. gonorrhoeae has four identical copies of comE. While single
gene deletions do not influence transformation frequencies in a measurable amount, serial
deletions of these gene copies lead up to a 4 x 10*-fold reduction of transformation frequencies
[Chen & Gotschlich, 2001].

Recent studies highlight ComE as the center piece of a dedicated DNA uptake machinery in
N. gonorrhoeae. For instance, ComE was shown to be homogeneously distributed in the
periplasm in the absence of transforming DNA, indicating free diffusion of the protein within
the confines of the periplasm. However, upon contact with periplasmic DNA, ComE colocalizes
to the DNA to form foci, which suggests that ComE molecules capture transforming DNA.
Combined with the finding that ComE concentrations regulate the amount of DNA stored

within the periplasm, this served as a strong indicator for an active role of ComE during DNA
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uptake [Gangel et al., 2014]. Furthermore, it was shown that the level of ComE expression
defines the speed with which DNA is translocated into the periplasm [Hepp & Maier, 2016].
Most importantly, however, was the finding that the binding characteristics of ComE to DNA
resemble those of a translocation ratchet.

Based on this finding, a model for DNA uptake in N. gonorrhoeae was derived which
explains how eDNA enters the periplasmic space and is, subsequently, imported into the
cytoplasm (Fig. 1.8) [Peskin et al., 1993; Simon et al., 1992; Chen & Dubnau, 2004; Yu & Luo,
2011; Hepp & Maier, 2016].

dsDNA
ComP
oM Q
00 ©®
) ? ComE
Periplasm . .
ComE .
o A
M ComA
PriA
T
Cytoplasm " ATP ADP . DNA
ATP ADP

Figure 1.8: Putative model for DNA uptake in N. gonorrhoeae.

T4P fish for DNA in the extracellular space. ComP allows for sequence specific binding of DNA to the pilus fiber.
Retraction, initiated by PilT at the pilus base PilG, drags ComP-bound DNA through the PilQ pore. ComE rapidly
localizes to the area and binds the DNA, thereby biasing the direction of diffusion towards import. To overcome
the inner membrane, ComE dissociates from the DNA, one strand is degraded, and the nucleotides enters the
cytoplasm as ssDNA through a pore formed by ComA. The transport is likely driven by a PriA/ComFA-
homologue. Once inside the cytoplasm, ssSDNA is shuttled to RecA to induce homologues recombination into the

gonococcal chromosome. OM: outer membrane, IM: inner membrane.

The most likely point of entry for DNA into the periplasm is the outer membrane pore formed
by PilQ, since there is sufficient data which indicates that DNA uptake is directly linked to T4P
retraction through the opening in the outer membrane [Aas et al., 2002; Assalkhou et al., 2007].

Therefore, pili need to interact with eDNA at an early stage of the transformation process. This
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interaction is formalized by the minor pilin ComP and its inherent property to bind DNA
bearing the DUS motif [Cehovin et al., 2013]. ComP mediated DNA-binding to the pilus is,
thus, the first step in gonococcal transformation and used to differentiate between self- and
foreign DNA. Once the pilus retracts due to PilT mediated depolymerization, the pilus-bound
DNA will be exposed at the outer membrane of the cell, where it is immediately gathered by
ComeE, which biases the direction of transport towards import into the periplasm.

However, ComE binding to DNA is reversible and dissociation of ComE from DNA
molecules is a requirement for its subsequent transport into the cytoplasm [Hepp & Maier,
2016]. This process, as well as the subsequent integration into the genome of N. gonorrhoeae
by homologous recombination, requires a few more critical components and mechanisms,

which will be described in the following sections.

Crossing the cytoplasmic membrane

How DNA is transported across the cytoplasmic membrane is still not completely understood.
Studies in B. subtilis, show that the permease/channel protein ComEC and the ATP-binding
protein ComFA are required for DNA transport [Inamine & Dubnau, 1995; Chen & Dubnau,
2004]. Orthologs of ComFA have not been found in gonococci or other gram-negative bacteria;
however, the orthologue to ComEC has been identified: ComA [Facius & Meyer, 1993]. ComA
is a polytropic membrane protein that is believed to form an aqueous channel across the
cytoplasmic membrane that is dispensable for DNA-binding but essential for DNA transport
[Dubnau, 1999; Chen & Dubnau, 2004]. In N. gonorrhoeae, ComA is not required for DNA
uptake, but mutants lacking ComA retain dsDNA in the periplasm [Facius et al., 1996]. ComA
has a binding-protein domain (BPD), which is a signature motif characteristic of ABC
transporter permeases and mutations of a specific residue in the BPD reduce the level of
transformation [Chen & Dubnau, 2004]. Transport across the inner membrane into the
cytoplasm is uncoupled from transport through the outer membrane and is likely to occur at a
membrane pore formed by ComA [Facius et al., 1996, Chen & Dubnau, 2004].

The ATP-binding protein ComFA is required for competence in B. subtilis [Chen & Dubnau,
2004]. Mutations in this membrane-associated protein lead up to a 1000-fold reduction in
transformation frequencies but show no effect on DNA-binding [Chen & Dubnau, 2004]. Its
homologue in E. coli, PriA, is an ATP-driven DNA translocase with similarities to DNA and
RNA helicases [Chen & Dubnau, 2004]. The protein has Walker-A and -B motifs and mutations

of Walker-A result in reduced transformation efficiencies [Dubnau, 1999]. While not yet
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identified, it is conceivable that, due to its similarities to helicases, a PriA/ComFA homologue
in Neisseria unwinds dsDNA and drives the passage of sSDNA through the ComA channel by
ATP-hydrolysis [Londofio-Vallejo & Dubnau, 1993; Chen & Dubnau, 2004]. This hypothesis
is supported by the finding that most DNA is double stranded when taken up into the periplasm,
but most of the DNA translocated into the cytoplasm is single stranded instead [Chausse & Hill,
1998].

Homologous recombination into the genome
Homologous recombination has been extensively researched in E. coli [Kowalczykowski et al.,
1994]. Here, recombination is mediated mostly by the RecBCD and RecF pathways [Horii &
Clark, 1973; Kushner et al, 1971]. Several homologues of enzymes involved in these pathways
have been identified in the genome of N. gonorrhoeae and it was shown that the RecBCD
pathway is required for efficient gonococcal transformation, while the RecF pathway is not
necessary [Hamilton & Dillard, 2005].

The essential protein in both the RecBCD and RecF pathways is the recombinase RecA, a
highly conserved enzyme found in almost all bacteria [Brendel et al., 1996]. RecA is essential
for homologous recombination, DNA repair and initiation of SOS responses to DNA damage
[Clark, 1973; Koomey & Falkow, 1987; Cox, 2007]. The recombinational function of RecA
has been extensively studied: RecA binds ssSDNA and produces a right-handed helical filament
that contains one RecA monomer for every three nucleotides. Subsequently, homologous
duplex DNA is aligned to the ssDNA encaged within the helical RecA-filament, after which
the DNA strand exchange is promoted through ATP-hydrolysis [Kowalczykowski et al., 1994;
Cox, 2003; Kidane & Graumann, 2005; Cox, 2007].
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1.3.  Aims of this study

Bacteria and microbes usually organize into highly structured, multicellular aggregates called
biofilms. This alternative lifestyle of bacterial growth provides many advantages and benefits,
as biofilms pose protective environments that facilitate survival under otherwise adverse
conditions. The underlying mechanisms behind the protective capabilities of bacterial biofilms
are complex and numerous; however, many of them are attributed to the extracellular matrix
which is secreted during biofilm development. While highly diverse in its composition, it is
now well established that extracellular DNA is one of the most important components of the
matrix and, thus, biofilms. Nevertheless, many of the functions and mechanisms provided by
DNA in the broader context of bacterial biofilms are still not completely understood.

For example, it is currently unknown how mobile DNA is within cellular aggregates. In this
study, we addressed this gap of knowledge by investigating the spatio-temporal dynamics of
eDNA penetration into early biofilms of Neisseria gonorrhoeae. We hypothesized that the
dynamics strongly depend on length of the DNA molecule and might be affected by the
presence of DNA uptake sequences. Furthermore, we also investigated the effects of the
thermonuclease Nuc, which was reported to act as an eDNA-structuring enzyme in biofilms.

Next, we related our understanding of the diffusion and penetration dynamics to DNA uptake
and transformation events in bacterial colonies. Biofilms are often labeled as hot spots for
horizontal gene transfer, however, data on the spatio-temporal dynamics of both pathways in
biofilms is limited. Here, we characterized the efficiency of both processes in gonococcal
colonies with spatial and temporal resolution. Moreover, we also delineate direct gene transfer
events in between reporter strains in mixed colonies.

While it is straightforward to think of eDNA solely as a target for horizontal gene transfer,
an increasing number of studies suggest additional functions for DNA in biofilms. In particular,
eDNA is often conceptualized as a stabilizing component of the ECM within bacterial biofilms.
Utilizing a high-affinity DNA stain we visualized the release of free eDNA within gonococcal
colonies. We show that released DNA forms impressive networks of eDNA. These experiments
are a first step towards understanding how the extracellular matrix is formed and remodeled to

stabilize bacterial biofilms.
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2. Materials and methods

2.1. Media and solutions

Table 2.1: Protocol for the preparation of Isovitalex.

Isovitalex was sterile filtered through a 0.2 um membrane, split into 10 ml aliquots and stored at -20 °C.

Substance Amount Company
D(+)-Glucose 100 g Carl Roth
L-Glutamine 10¢g Carl Roth
L-Cysteine - HCI - H,0 2894¢ Carl Roth
Cocarboxylase (Thiamine Pyrophosphate) 0,1g Sigma Aldrich
Ferric Nitrate (Fe(NOs)s - 9 H,0) 0,02 ¢ Sigma Aldrich
Thiamine - HCI 0,003 ¢ Carl Roth
4-Aminobenzoic Acid (PABA) 0,013 ¢ Sigma Aldrich
B-Nicotinamide Adenine Nucleotide (NAD) 0,259 Carl Roth
Cyanocobalamin (Vitamin B1y) 0,01g Sigma Aldrich
ddH.0 11

Table 2.2: Protocol for the preparation of GC-agar plates.

All components, except for Isovitalex, were mixed and autoclaved. The agar solution was cooled to 55 °C in a
water bath and Isovitalex (see Table. 2.1) was added before plates were poured in a laminar flow hood.

Substance Amount Company
NaCl 59 Carl Roth
K2HPO,4 49 Carl Roth
KH2PO,4 lg Carl Roth
Proteose Peptone No. 3 15¢g BD
Bacto Agar 109 BD
Soluble Starch 05¢g Sigma Aldrich
Isovitalex 10 ml -
ddH0 11

Table 2.3: Protocol for GC-medium.

All components, except for Isovitalex, were mixed and autoclaved. The medium was stored at 4 °C. Isovitalex (see

Table 2.1) was added shortly before use.

Substance Amount Company
NaCl 59 Carl Roth
K2HPO4 49 Carl Roth
KH2PO4 lg Carl Roth
Proteose Peptone No. 3 15¢ BD
Isovitalex 10 ml -
ddH.0 11
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2.2. Bacterial strains and growth conditions

2.2.1. Cultivation of Escherichia coli

Chemically competent Escherichia coli strains 10-beta (New England Biolabs) and DH5a
(genotype: fhuAd?2 lac(del)U169 phoA ginV44 @80’ lacZ(del)M15 gyrA96 recAl relAl endAl
thi-1 hsdR17) were grown in LB-broth (Carl Roth) or on LB plates (LB-broth with 1.5 % Agar)
at 37 °C. All LB media were prepared according to manufacturer instructions and supplemented

with antibiotics if necessary.

2.2.2. Cultivation of Neisseria gonorrhoeae

All Neisseria gonorrhoeae strains used in this study are shown in Table 2.4. Prior to any
experiments, cells were grown overnight at 37 °C and 5 % CO, on GC-agar plates. GC-agar
was prepared according to Table 2.2. The solution was autoclaved and subsequently cooled to
55 °C in a water bath. Isovitalex (see Table 2.1) was added to a final concentration of 1 % and
plates were poured in a laminar flow hood where they were stored at room temperature for 1-2
days before usage to ensure proper drying of the agar. For long-term storage, GC plates were
transferred to plastic bags and stored at 4 °C.

After overnight incubation on the plates, cells were picked and transferred into GC-medium
(see Table 2.3). The medium was sterile filtered with a 0.2 um syringe filter (VWR) before
usage. To create bacterial stocks, cells were scraped from plates, resuspended in a 10 % milk-
powder solution and frozen in liquid nitrogen. The stocks were stored at -80 °C.
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Table 2.4: Bacterial strains used in this study.

List of Neisseria gonorrhoeae strains used in this study.

Strain Genotype Number Reference
wt* MS11, opa-selected, G4::aac, Ictp::PpilE-sfgfp- NG194 Welker et
speR::aspC al., 2021
Anuc MS11, opa-selected, G4::aac, Ictp::PpilE-sfgfp- NG235 This study
speR::aspC, nucA::kanR
comE-PAmcherry N400 GV1, recA:tet, PAmcherry-comE4:KanR NG069 This study
comE-mcherry* MS11, opa-selected, G4::aac, igA::gfp:ermR, NG195 This study
comE4-mcherry:kanR, comE1-5-UTR-apraR-pilE1
wt* sfgfpns MS11, opa-selected, G4::aac, Ictp::PpilE-sfgfpns- NG233 This study
speR::aspC, igA::PpilE mcherry ermR
mcherry MS11, opa-selected, G4::aac, igA::PpilE mcherry NG232 This study
ermR
AcomP MS11, opa-selected, G4::aac, comP::m-Tn3erm NG236 This study
comE-mcherry MS11, opa-selected, G4::aac, comE4-mcherry:kanR, NG192 This study
comE1-5"-UTR-apraR-pilE1
AG4 MS11, opa-selected, G4::aac NG150 Welker et
al., 2018
gfp MS11, opa-selected, G4::aac , igA::gfp:ermR, ComE1l- NG151 Welker et
5’-UTR-apraR-pilE1 al., 2018
GV1 N400, ApilV, recA:tet(recAind) NGO005 Winther-
Larsen et al.,
2001
GV1 Anuc N400 GV1, ApilV(pilVfs), recA6ind(tetM), NGO058 Hepp, PhD
nucA::kanR Thesis, 2017
cOmE-mcherry ApilV N40O, ApilV, recA:tet(recAind), comE4-mcherry:kanR ~ NGO068 Gangel et
al., 2014
N400 mcherry N400 igA::PpilE mcherry ermR, recA6ind(tetM) NG065 Zollner et
al., 2017
MWwW104 N400, recA:tet; comP::m-Tn3erm NG031 Wolfgang et
al., 1999
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2.3.  Microbiological methods

The methods outlined in the following sections were mainly used for cloning and DNA sample

preparation.

2.3.1. Isolation of genomic DNA

To isolate genomic DNA of Neisseria gonorrhoeae, bacteria were plated on GC-agar plates and
incubated overnight at 37 °C with 5 % CO> (see section 2.2.2). Cells were resuspended in PBS
(Gibco/Life Technologies) and pelleted by centrifugation. For isolation of E. coli genomic
DNA, cells were grown overnight in a 5 ml liquid culture of LB-broth at 37 °C. Again, cells
were pelleted by centrifugation.

DNA was purified using the DNeasy Blood & Tissue Kit (Qiagen) according to
manufacturer instructions. Elution of the DNA was done in ddH2O instead of the provided
buffer. Isolated genomic DNA was stored -20 °C and concentrations were determined by
absorption measurements at 260 nm and 280 nm wavelengths using a BioPhotometer D30

(Eppendorf).

2.3.2. Plasmid isolation from E. coli

Bacteria were grown overnight in 5 ml LB-broth (Carl Roth) at 37 °C in a shaking incubator
(250 rpm). Plasmid DNA was subsequently purified with the GenUP Plasmid Kit (biotechrabbit
GmbH) according to manufacturer instructions. DNA was eluted in ddH20 instead of the
provided buffer and subsequently stored at -20 °C. The concentration of the eluted plasmid
DNA was determined via absorption measurements at wavelengths 260 nm and 280 nm using
a BioPhotometer D30 (Eppendorf).

2.3.3. Polymerase Chain Reaction

All Polymerase Chain Reaction (PCR) were done using the Q5 High-Fidelity DNA Polymerase
(M0491, New England Biolabs). Reaction setups and thermocycling conditions were adopted
from instructions and recommendations by New England Biolabs. Primer design was done with
the SnapGene molecular cloning tool (GSL BioTech LLC.). PCRs were prepared in 25 pl-
volume reactions at room temperature and were transferred to a thermocycler preheated to 98
°C. Annealing temperatures were calculated with the help of the open-access tool NEB Tm
Calculator (New England Biolabs) [SantaLucia J., 1998]. NEB Tm Calculator was also used
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during primer design to ensure that differences in melting temperatures between forward- and

reverse-primers do not exceed 5 °C.

2.3.4. Agarose gel electrophoresis
To check DNA fragments in terms of length or size, agarose was dissolved in 1x TAE buffer
through heating in a microwave. After cooling, Midori Green Advance DNA Stain (NIPPON
Genetics) was added, and a gel was formed in a suitable mold.

DNA samples were mixed with Gel Loading Dye, Purple (6X, New England Biolabs) and
loaded into the agarose gel. Electrophoresis was performed at 100 V for 1 hour in 1x TAE
buffer. Generuler 1 kb DNA Ladder (Thermo Scientific) was used as a size standard, and DNA

was visualized with a GENi gel documentation system (Syngene).

2.3.5. PCR purification

DNA amplified by PCR was purified with either one of two different methods based on the
purity of the sample after amplification (determined by gel electrophoreses). In most cases,
DNA samples were purified via the gel extraction approach and isolated using the QlIAquick
Gel Extraction Kit (Qiagen): After gel electrophoreses (see section 2.3.4), amplified DNA was
excised from the agarose gel and subsequently purified according to the manual instructions of
the Kit.

In case that the DNA sample was already sufficiently pure after PCR, purification was
instead performed with a silica-membrane-based procedure. To this end, the QIAquick PCR
Purification Kit (Qiagen) was used, and all steps were performed according to the instructions
of the Kit’s manual. Isolated, purified DNA was eluted in ddH2O for both gel extraction- and

membrane-based purification procedures.

2.3.6. Restriction enzyme digestion

All digestion reactions were done with restriction enzymes and buffers supplied by NEB (New

England Biolabs). The open-access tool NEBcloner was used to set up each restriction reaction.
In short, 1 pg of DNA was mixed with the chosen restriction enzyme(s) in a final dilution of

1x of a suitable buffer. ddH>O was used to bring the total volume to 50 pl and the reaction was

incubated at 37 °C for 2 hours. The reaction was stopped by heat-inactivation at 80 °C for 2

minutes.
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2.3.7. Dephosphorylation of DNA

To prevent re-ligation of linearized DNA after restriction digests the sample was treated with
Antarctic Phosphatase (New England Biolabs). The enzyme and associated buffer were directly
added into the ongoing restriction reaction (see section 2.3.6) and incubation at 37 °C was
continued for a further 30 minutes. The reaction was terminated by heat-inactivation at 80 °C
for 2 minutes. Dephosphorylated DNA samples were purified with a silica-membrane (see
section 2.3.5) before subsequent cloning steps were performed.

2.3.8. Ligation

T4 DNA Ligase (New England Biolabs) was used to ligate DNA into a restriction digested and
dephosphorylated target-vector. 1 pl of vector DNA was mixed with 15 pl of the desired DNA
insert, 1 pul ligase and 2 pl of T4 buffer. 1 pl of ddH.O was added to adjust the final reaction
volume to 20 pl. The mix was incubated at 16 °C overnight and the process was stopped by
heat-inactivation at 65 °C for 10 minutes.

2.3.9. Transformation of N. gonorrhoeae

Naturally competent N. gonorrhoeae were transformed with the spot transformation method. 5
ul of DNA were pipetted onto an GC-agar plate so that it forms a drop in the center of the plate.
Once the drop of DNA had dried, the cells were streaked onto the spot of the DNA-drop and
incubated overnight (see section 2.2.2). Cells were harvested the next day and re-streaked onto
fresh GC-agar plates containing selective antibiotics. After overnight incubation, single
colonies were picked from the plate and transferred to 50 ul of GC-medium in separate tubes.
The cell suspensions were plated on separate GC-agar plates, and, after overnight incubation, a
stock was created and stored at -80 °C. The stocks were checked by PCR and sequencing (see
section 2.3.11) to identify which stock contains the desired integration of target DNA.

2.3.10. Transformation of chemically competent E. coli

Preparation and transformation of chemically competent E. coli were performed according to a
previously published protocol [Sambrook & Russel, 2001]. In short, a 200 pl aliquot of
chemically competent E. coli was thawed on ice and the desired DNA insert was added. After
30 minutes the tube was transferred to a pre-heated 42 °C thermo-block, to expose the cells to
a 90 second heat-shock. Subsequently, the tube was transferred back to ice for another 1-2
minutes before 800 pl of SOC Outgrowth medium (New England Biolabs) were added and the
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suspension was incubated at 37 °C for 45 minutes, shaking. Transformation was finalized by
briefly pelleting the cells in a benchtop centrifuge to enable removal of 900 pl of medium. The
remaining 100 pl of the suspension were resuspended and plated on LB-agar plates containing
an appropriate antibiotic. After overnight incubation, single colonies were picked and screened
for the desired DNA insert.

2.3.11. Sanger Sequencing

Sanger sequencing was used to obtain the exact nucleotide sequence of sample DNAs, PCR
products and plasmids. Sequencing was carried out by GATC services (Eurofins Genomics) in
Cologne, Germany. To this end, DNA was diluted and mixed with the sequencing primers
according to the instructions of the sequencing service. The sample was shipped, and

sequencing was usually finished within 48 hours.
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2.4. Construction of mutant strains

2.4.1. Construction of a green fluorescent wildtype strain (wt*)

To be able to observe dynamics within colonies by confocal microscopy, we opted to create a
new strain of green fluorescent N. gonorrhoeae. Superfolder green fluorescent protein (SfGFP)
[Pédelacq et al., 2006] was a suitable candidate protein, since it features an enhanced
fluorescent signal and is less prone to bleaching effects compared to conventional GFP, thus
we stably integrated sfgfp into the genome of our lab strain 4G4 (NG150) and put it under the
control of the strong, constitutive pilE promoter. The procedures to achieve this were published
previously [Welker et al., 2021].

In short, we amplified the PilE promoter region (PpilE) from genomic DNA of strain 4G4
(NG150) with primers TC22 and NB065 (see section 2.3.3) whereas the sfgfp gene sequence
was amplified from plasmid pET28a-sfGFP (obtained from Addgene; Plasmid #85492) with
primers TC21 and NB066. Both fragments were subsequently merged in a fusion-PCR:
fragments were mixed in 1:1 ratio, and PCR was performed for 20 cycles without any primers.
Afterwards, primers NB065 and NB066 were added to the reaction and the PCR was continued
for another 20 cycles. The obtained PpilE-sfgfp fusion-product was subcloned into the vector
pLAS via Fsel and Pacl digest (see section 2.3.6). The generated plasmid pLAS-sfgfp was
transformed into E. coli (see section 2.3.10) and positive transformants were selected on LB-
agar plates containing kanamycin. The correct sequence of the vector insert was verified by
sequencing (see section 2.3.11) with primers TC19 and TC20.

Finally, the pLAS-sfgfp plasmid was transformed into strain 4G4 (NG150) according to the
procedure described in section 2.3.9 and transformants were selected on GC-agar plates

containing spectinomycin. Expression of sfGFP was confirmed with a fluorescent microscope.

2.4.2. Construction of a nuc deletion strain (4nuc)

To determine the potential impact of the thermonuclease Nuc on the spatio-temporal dynamics
of extracellular DNA in gonococcal colonies, we created a nuc deficient mutant of the
previously generated green fluorescent wildtype strain wt* (NG194). This mutant strain was
generated by transforming genomic DNA of strain GV'1 Anuc (NGO058) into strain wt* (NG194).
Transformants were selected on GC-plates containing kanamycin. The correct insertion of the

kanamycin cassette into the nuc gene was checked by PCR with primers NB084 and NB085.
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2.4.3. Construction of a red fluorescent strain (mcherry)

The strain was created by inserting mcherry into the igA-locus of the 4G4 lab strain (NG150).
This allowed for the monitoring of the colony structure during confocal imaging. A PpilE-
mcherry fusion was amplified from genomic DNA of strain N400 mcherry (NGO065) using
primers NB069 and NB070. The product was ligated into vector pIGA by Xhol and Kpnl
digestion, which eventually yielded the plasmid pIGA-mcherry. The plasmid was transformed
into the 4G4 strain (NG150) and transformants were selected on GC-agar plates containing

erythromycin, yielding clones of the final strain mcherry (NG232).

2.4.4. Construction of a transformation reporter strain (wt* sfgfpnr)

In order to observe single transformation and gene transfer events within gonococcal colonies
with spatial and temporal resolution, we opted to create a new reporter strain based on our green
fluorescent lab strain wt* (NG194), which is expressing sfGFP. The reporter strain was
generated by introducing a single point mutation into the chromophore region of sfgfp. The
mutation creates a premature stop-codon within the sfgfp open reading frame (ORF) and thus
leads to the expression of a truncated, non-fluorescent form of sfGFP. Fluorescence of sfGFP
is recovered once the ORF of the gene is reverted to its native sequence, which can be achieved
by means of transformation of suitable DNA and, hence, enables the direct visualization of
genetic exchange by means of transformation.

We inserted the mutated sfgfp sequence into the Ictp-aspC locus of strain mcherry (NG232). As
a first measure, an adenine to cytosine substitution at position 201 of the sfgfp coding sequence
(c.201A>C) was inserted into the previously constructed pLAS-sfgfp plasmid (see section 2.4.1)
via site-directed mutagenesis, using back-to-back primers NB073 and NBO74. The resulting
pLAS-sfgfpnt vector, which contained the coding sequence for the truncated, non-fluorescent
protein, was then transformed into strain mcherry (NG232) by spot transformation. Clones were
selected on plates containing erythromycin, and subsequently sequenced to confirm the

integration of the ¢c.201A>C point mutation; thus, yielding the final strain wt* sfgfp.,s (NG233).

2.4.5. Construction of a comP deletion strain (4comP)

To investigate the putative role of DNA-binding and type IV pili (T4P) on the formation of

DNA filaments and bundles within gonococcal colonies, we created a strain lacking the DNA-

binding minor pilin ComP. To this end, genomic DNA of strain MW104 (NGO031) was

transformed into strain 4G4 (NG150) via the spot transformation method (see section 2.3.9).
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Clones were subsequently selected on GC-agar plates containing erythromycin and insertion of
the m-Tn3erm transposon into comP was confirmed with PCR using primers NB067 and
NBO068.

2.4.6. Construction of a ComE-PAmMCherry fusion strain (comE-PAmcherry)

Super resolution imaging of individual ComE molecules required a strain expressing the DNA-
binding protein as a fusion with a photoactivatable fluorescent protein. Here, we choose
photoactivatable-mCherry (PAmcherry) and fused it to the 3’-end of one of the four gene copies
of comE (comE4). The cloning procedures outlined below were performed by Dr. Christof
Hepp.

In short, the genetic construct was generated in a series of multi-step PCR’s. First, cCOmE4
and parts of the 5’-UTR were amplified from genomic DNA of strain GV1 (NG005) with
primers P1 and P2 (fragment 1). Second, PAmcherry was amplified from vector pGCC4-
PAmcherry with primers P3 and P4 (fragment 2). The kanamycin-resistance cassette was
amplified from vector pUP6 with primers P5 and P6 (fragment 3), while the 3’-UTR of comE4
(fragment 4) was produced from genomic DNA of strain GV1 (NG005) with primers P7 and
P8. The four fragments were subsequently merged with fusion-PCR’s and transformed back
into strain GV1 (NGO005). Clones were selected on GC-agar plates containing kanamycin and

integration of comE-PAmcherry was confirmed by sequencing.

2.4.7. Construction of a ComE-mCherry fusion strain (comE-mcherry*)

In order to investigate ComE foci dynamics within gonococcal colonies we created a strain
expressing the protein as a fusion to mcherry. Furthermore, we choose to also add gfp into a
neural locus of the genome to monitor cell and colony positions during confocal imaging.

We created this strain by, first, transforming genomic DNA of strain comE-mcherry ApilV
(NGO068) into strain 4G4 (Ng150), thereby transferring the comE-mcherry fusion into the 4G4
background. Transformants were selected on GC-agar plates containing kanamycin. The
resulting strain comE-mcherry (NG192) was subsequently transformed with genomic DNA of
strain gfp (NG151) and transformants were selected on GC-agar plates containing
erythromycin; thus, creating the final strain comE-mcherry* (NG195). Both transformation

steps were performed according to the spot transformation method (see section 2.3.9).
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Table 2.5: Primers and Nucleotides.

Listed are all primers and oligonucleotides that were used in this study.

Name Sequence

P1 GGATCCATGCCGTCTGAACGTCGCAAGATGCGG

P2 TGAAGGCGATGGTGACGGAGATGGTTTTTTAACCGCAGGCAGCACCGGTTTGGCG
GG

P3 CCATCTCCGTCACCATCGCCTTCAATGGTGAGCAAGGGCGAGG

P4 TTATTCCTCCTAGTTAGTCACTTGTACAGCTCGTCCATGCCG

P5 CTGTACAAGTGACTAACTAGGAGGAATAAATGATTGAACAAGATGGATTGCACG
CAG

P6 CCCCTTCCTTTACAGGTTCCCCTATCAGAAGAACTCGTCAAGAAGGCGATAG

P7 TAGGGGAACCTGTAAAGGAAGGGGCATCGGCTGCCGCCGGC

P8 GAATTCTTGCCTTCCACCCTTCG

TC19 CCTTAATTAAGGTTATTTATACAGTTCATCCATACCGTG

TC20 TCTGGCCGGCCTTCCGACCCAATCAACACACC

TC21 CATTTCCCCTTTCAATTAGGAGTAATTTTATGGTTAGCAAAGGTGAAGAACT

TC22 AGTTCTTCACCTTTGCTAACCATAAAATTACTCCTAATTGAAAGGGGAAATG

NBO065 TTTTAATTAATTCCGACCCAATCAACACACCC

NBO066 TTGGCCGGCCTTATTTATACAGTTCATCCATACCGTG

NBO067 TACACGATTCTCATTCCATCAAGG

NBO068 CATACTGCTGAATGGGATAGTAAG

NBO069 CCGCTCGAGCGGTTCCGACCCAATCAACAC

NBQ70 CGGGGTACCCCGCTACTTGTACAGCTCGTCC

NBQ73 AAGCACTGAACGCCCTAGGTCAGGGTG

NBOQ74 TAGCCGCTATCCGGATCATATGAAACGC

NBOQ77 TTCAGACGGCATCAGATTCC

NBOQ78 CAATACGCCGTTTTCCGATACTGC

NBO79 ACACTAAAAATGAAAGTTTACTCGTAAAAG

NBO080 CAGATTCCCTTCCTCAATCTTCTCC

NBO081 GGAAAGGTTCAGCAATACGCCGTT

NB082 AAATTCGTTTCAACACTAAAAATGAAAGTTT

NBO084 GTTGCGCGTCTCCGCAAAAATG

NBO085 CAAGGGTAATCCTGACGTTAAGATG

NBO088 TTCAGACGGCATTCTGAAATCCGCAAAAACTTGGGC

NB089 GTACGGCCAGCAACGTCGGTTCGAG

NB090(2) TTCAGAGCGCCCTTCAAATTTAACTTCCGCACG

NBO091 GAACTGGATGGTGATGTGAATGGCC
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2.5. Determining the dynamics of DNA in early gonococcal biofilms

In this study we investigated the spatio-temporal dynamics of external DNA penetrating
gonococcal colonies. To this end, we labelled DNA with the red fluorescent dye Cys3,
supplemented the labelled DNA to the growth medium of early cell aggregates formed by N.
gonorrhoeae and subsequently imaged the colonies with confocal microscopy. Finally, the
position of Cy3-DNA within gonococcal colonies at different time points was determined with

a Matlab (MathWorks) image processing pipeline.

2.5.1. Preparation of Cy3-DNA samples

Genomic DNA (gDNA) was isolated from N. gonorrhoeae strain 4G4 (NG150) and E. coli
strain DH5a (see section 2.3.1) while 300 bp and 3 kb DNA fragments were generated with
PCR (see section 2.3.3). Primer NBO77 was used as the forward primer for DNA fragments
containing a DNA uptake sequence (DUS) and the segment length was defined by the reverse
primer used during PCR: NB078 for 300 bp and NB079 for 3 kb fragments. Conversely, primer
NBO080 was used as the forward primer for DNA fragments lacking a DUS, with NB081 and
NBO082 serving as reverse primers for 300 bp and 3 kb fragments, respectively. Genomic DNA
of the 4G4 lab strain (NG150) was used as template DNA for all PCR reactions.

To enable the observation of DNA molecules during confocal imaging, we used the “Label
IT Nucleic Acid Labelling Kit, Cy3” (MIR3600, Mirus Bio LLC) to covalently attach Cy3-
fluorescent molecules to DNA. All labelling steps were performed according to the instructions
lined out in the manual of the kit. However, incubation times were extended to 2 hours to ensure
that proper labelling densities were reached. To ensure sufficient yield of sample DNA, multiple
labelling reactions were pooled before any experiments were started. Finally, absorption of all
Cy3-labelled DNA samples was measured with a spectrometer at a wavelength of 562 nm
(Table 2.6) to be able to adjust for fluorescence intensity fluctuations and indifferences between

different samples during image analysis.

36



Materials and methods

Table 2.6: Absorption of Cy3-DNA samples at 562 nm.

Absorption was measured to adjust for indifferences between individual labelling reactions. Each sample was
measured 3x, and the average value (final row) was used to adjust intensities during image analysis (see section
2.5.3).

gDNA (4G4) gDNA (DH5a) 300 bp 300 bp DUS 3 kb 3kb DUS
0.707 0.821 0.859 1.053 0.731 1.082
0.695 1.066 0.660 1.162 0.595 0.931
0.835 0.927 0.429 1.052 0.539 0.803
0.745 0.938 0.649 1.089 0.621 0.938

2.5.2. Confocal imaging of colonies and Cy3-DNA

Cells of green fluorescent strain wt* (NG194) were grown overnight on GC-agar plates (see
section 2.2.2), scraped and resuspended in GC liquid medium (see Table 2.3) supplemented
with IsoVitalex (1 %) and 7 mM MgCl.. The medium was sterile filtered with a 0.2 pm syringe
filter (VWR) and heated to 37 °C before usage. Optical density (ODsoo) of the suspension was
adjusted to 0.1 and a 500 pl aliquot was incubated in a shaking-incubator (250 rpm) at 37 °C,
5 % CO> for 30 minutes. Afterwards, 200 pl of the cell suspension was transferred into a well
of a poly-L-lysine coated “p-Slide 8 Well” plate (Cat.No. 80824, Ibidi). The plate was
incubated for another 30 minutes without shaking.

In the meantime, a 100 pl sample of GC-medium containing 1.5 pg of fluorescently labelled
Cy3-DNA (see section 2.5.1) was prepared and warmed to 37 °C. The DNA-medium mix was
carefully added to the cell suspension in the well plate once the 30-minute incubation period
was over and imaging was started immediately. Subsequently, image acquisition was started,
and colonies were imaged for 2 hours.

Cy3-DNA within colonies was imaged with a Ti-E inverted microscope (Nikon) equipped
with a CSU-X1 (Yokogawa) spinning disk unit and a 100x CFI Apo Tirf objective (Nikon).
Image acquisition was done with an EMCCD camera (iXon 897, Andor). Fluorophores were
excited using lasers with a wavelength of 561 nm (Cy3-DNA) and 488 nm (sfGFP, denoting
cell and colony positions), respectively. Exposure times were set to 50 ms, with laser powers
of 50 % and 5 %, respectively.

For each colony, 27 images with a z-spacing of 0.2 um per image were obtained close to the
equatorial, lateral plane of the colony; resulting in a 3D data set that resembles a total height of

5 um within colonies.
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2.5.3. Image and data analysis

In order to uncover the spatio-temporal dynamics of DNA in gonococcal colonies we needed
to detect fluorescence intensities of Cy3-DNA with respect to their position within the colony,
i.e., the distance to the colony contour. Thus, we aimed at detecting both Cy3-DNA, as well as
the position of the colony in each recording. This was done with proprietary Matlab
(MathWorks) scripts developed together with the help of Dr. Marc Hennes. The principles of
the data analysis procedures are exemplified in Figures 2.1, 2.2 and 2.3.

Colony detection
Colony detection was based on identification of sSfGFP fluorescence in each recording (Fig.
2.1a). The center of mass (COM) of the colony and its radius (r) were extracted from confocal
microscopy data sets by, first, creating a single averaged image of the 3D stack (Fig. 2.1b). On
this average, we subsequently apply a gaussian blur with a radius of 10 um. Finally, colonies
are detected by applying the Matlab function imfindcircles with a range of 100 - 300 pixels,

which corresponds to the typical colony radius of 15 um we expect at a resolution of 80 nm per
pixel (Fig. 2.1c).

Figure 2.1: Principle of the colony detection process.

Images from 3D confocal data sets (a) are imported into Matlab. Afterwards, all images are averaged into a single
image (b), which is subsequently blurred with a 10 um kernel gaussian filter. The blurred image (c) is then used
to detect the contour of the colony (red highlight) with the imfindcircles function and a range of 100-300 pixels.

Detection of the contour allows the extraction of the center of mass (COM) and the colony radius r. Scale bar: 5

pm.
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Detection of radial fluorescence intensities of Cy3-DNA
Detection of Cy3-DNA fluorescence intensities was performed by, first, normalizing the
intensities of the raw data. For this purpose, we scaled the pixel values of each image according
to the absorbances we measured for different Cy3-DNA samples (see Table 2.6), resulting in
intensity equalized image stacks. The scaled stack is subsequently averaged to create a single
averaged image (Fig. 2.2a). This average is saved, as it is also the basis for Cy3-DNA foci
detection (see below).
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Figure 2.2: Basic principle of fluorescence intensity detection and background removal in colonies.

In order to detect fluorescence intensities of Cy3-labelled DNA we, first, equalized the intensities of all images in
the data set according to the absorbance we measured for each DNA sample. Next, we averaged all images in the
data set into a single image (a). From this average we remove all pixels denoting positions of the colony, retaining
only background fluorescence intensities (b). By fitting a second degree 2D polynomial to these intensities, we
obtain a background intensity map (c), which is subsequently removed from the data average (a) to obtain the final
image. The image is now devoid of any shot noise while retaining Cy3 fluorescence intensities within the colony
(d). Detailed descriptions of the proceeding are found in the main text. White dotted lines in (a) and (d) indicate
the colony contour.
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Next, we performed a background subtraction by, first, removing the intensity of the regions
beyond the colony from the image. We then obtain the background intensities by fitting a
second degree 2D polynomial po + p1oX + poiy + P11Xy + p2ox? + pozy? with coefficients pjjto an
image where the colony has been removed by setting the corresponding values to NaN (Fig.
2.3b) and subsequently subtract the obtained intensity map (Fig. 2.3c) from the average image.
The final fluorescence intensity values (Fig. 2.3d) are subsequently distributed in radial bins to
obtain radial fluorescence intensities and intensity profiles within gonococcal colonies with

respect to their distance to the colony contour.

Detection of Cy3-DNA foci and foci densities

As mentioned earlier, detection of fluorescence foci, or spots, was performed on the saved
averaged image of the 3D data set (Fig. 2.3a). From this average, we create a median-smoothed
duplicate using the immedfilt2 Matlab function with a 20 x 20 pixel smoothing window (Fig.
2.3b). The median-smoothed copy is subsequently subtracted from the initial average image.
Doing so, eliminates any background noise and leaves only the intensity peaks of DNA foci
(Fig. 2.3c). The detection of these peaks is performed with the pkfnd and cntrd functions of the
IDL-tracking suite (from The Matlab Particle Tracking Code Repository by Daniel Blair & Eric
Dufresne), for which we chose a blob diameter of 11 pixel and an intensity threshold of 200 (in
A.U.). The threshold was chosen as the Gauss radius of the noise intensity distribution extracted
from the histogram of the intensity in the image. The obtained peak i.e., foci positions (Fig.
2.3d) are subsequently distributed in radial bins to obtain the DNA foci density with respect to
the distance to the colony contour.
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Figure 2.3: Basic principle of fluorescence foci detection for Cy3-DNA in colonies.

From the normalized, averaged image of the 3D data set (a) we create a median-smoothed duplicate (b), which is
subsequently subtracted from the average image, thereby removing any background flouresence while retaining
flourescence intesity peaks, or foci, formed by Cy3-DNA (c). These are subsequently detected using the IDL-
tracking suite in Matlab (d), and their positions are subsequently distributed in radial bins in a distance from the
colony edge to obtain the DNA foci density in the colony. Detailed descriptions of the proceeding are found in the

main text.
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2.6. SytoX - dead stain

We observed that a small fraction of cells showed a strong accumulation of Cy3-labelled DNA
at the cell periphery (see Fig. 3.5). We wondered whether this accumulation was caused by cell
death, resulting in Cy3-DNA penetrating the outer cell envelope. To test this hypothesis, we
performed Live/dead stainings with the green dead stain SytoX, which were performed to the
following protocol:

Cells of strain 4G4 (NG150), grown overnight on agar plates, were harvested, and
resuspended in GC medium supplemented with 1 % IsoVitalex and 7 mM MgCl». The optical
density (ODsoo) of the cell suspension was adjusted to 0.1 and 300 pl were given into a well of
a poly-L-lysine coated “p-Slide 8 Well” plate (Cat.No. 80824, Ibidi) together with 0.2 uM of
SytoX (Invitrogen). The SytoX working solution was prepared by mixing the dye with an
appropriate amount of GC-medium. Subsequently, the well plate was incubated for one hour at
37 °C before 1 pg of Cy3-labelled 300 bp fragments (see sections 2.5.1 & 2.5.2), mixed in a
total volume of 30 pl GC-medium, were added into the well plate. The 300 bp fragments had a
single DNA uptake sequence (DUSY).

After an additional hour of incubation at 37 °C, imaging was performed with a Ti-E inverted
microscope (Nikon) equipped with a CSU-X1 (Yokogawa) spinning disk unit and a 100x CFI
Apo Tirf objective (Nikon). Image acquisition was done with an EMCCD camera (iXon 897,
Andor). Fluorophores were excited with lasers with a wavelength of 561 nm (Cy3-DNA) and
488 nm lasers (SytoX), set to 50 % and 1.5 % respectively. In addition, we acquired a brightfield

image of the colony. Exposure times were set to 50 ms.
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2.7. Determining the dynamics of ComE foci formation in gonococcal

colonies

We investigated the spatio-temporal dynamics of DNA uptake in microcolonies of N.
gonorrhoeae. To this end, we visualized the formation of ComE foci in gonococcal colonies by
means of confocal microscopy. Subsequently, we extracted the radial ComE foci densities
within colonies with proprietary Matlab (MathWorks) image processing pipelines; thereby

identifying single DNA uptake events within early bacterial biofilms.

2.7.1. Confocal imaging of ComE foci within gonococcal colonies

Cells of strain comE-mcherry* (NG195) were grown on GC-agar plates overnight. Cells were
harvested and resuspended in GC medium supplemented with 1 % IsoVitalex and 7 mM MgCl..
The optical density (ODe0o) of the cell suspension was adjusted to 0.1 in a volume of 500 pl.
Depending on the sample we, subsequently, added either 10 Units of DNasel (New England
Biolabs) or 1.5 pg of genomic DNA derived from N. gonorrhoeae strain 4G4 (NG150) to the
suspension, while an equal amount of medium was added for untreated (control) samples. The
mix was shaken for 30 minutes in a 37 °C incubator before 200 ul were added into a poly-L-
lysine coated “p-Slide 8 Well” plate (Cat.No. 80824, Ibidi). Imaging of colonies was started as
soon as possible.

Colonies were imaged with a Ti-E inverted microscope (Nikon) equipped with a CSU-X1
(Yokogawa) spinning disk unit and a 100x CF1 Apo Tirf objective (Nikon). Image acquisition
was done with an EMCCD camera (iXon 897, Andor). Colonies were imaged after 0, 1 and 2
hours. For every colony imaged, a stack of 27 images, with a z-spacing of 0.2 um was acquired
at the equatorial, lateral plane of the colony, resulting in a 3D data set resembling a total height
of 5 um within colonies. Fluorophores were excited with 488 nm (GFP, denoting cell and
colony positions) and 561 nm lasers (ComE-mCherry), set to 5 % and 15 % power, respectively.

The exposure time was adjusted to 50 ms.
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2.7.2. Detection of ComE foci and data analysis

Data analysis was performed with the same Matlab routines we used for the detection of Cy3-
DNA foci (see section 2.5.3). However, we adjusted the intensity threshold for spot detection
to account for different fluorescence intensities of ComE-mCherry compared to Cy3-DNA.
Moreover, we had to set a separate threshold value for each time point individually, as we found
that the intensity of ComE-mCherry decreased over the course of the experiment due to some
form of bleaching (see Fig. S13). We deemed this the simplest way of ensuring proper detection

of ComE foci across all time points.

2.8. Photo activatable localization microscopy (PALM) of ComE molecules

We investigated DNA uptake with a resolution beyond the diffraction limit. To this end, we
prepared a strain that expresses the DNA-binding protein ComE as a fusion with
photoactivable-mCherry (PAmCherry), which allowed us to visualize the formation of
individual ComE foci, or DNA uptake events, with photoactivable localization microscopy, or
PALM. All procedures to acquire PALM images of ComE foci are described in the following

sections.

2.8.1. Sample preparation

Cells of strain comE-PAmcherry (NG069) were grown on GC-agar plates overnight, harvested
and resuspended in GC-medium supplemented with 1 % IsoVitalex and 7 mM MgCl. The
optical density (ODeoo) Was adjusted to 0.1 and 500 pl of the suspension were incubated for 3
hours at 37 °C, shaking at 250 rpm. For samples lacking DNA, we supplemented 10 U of
DNasel (New England Biolabs) prior to incubation. For DNA-samples we added 850 ng of
vector DNA (pIGA-vector) after two hours and continued incubating for the remaining hour.
Afterwards, samples were centrifuged for 5 minutes at 5000 x g to pellet the cells. The medium
was carefully discarded, and cells were resolved in 1x PBS before cells were transferred onto a
coverslip (High Precision No. 1.5H, Marienfeld). Finally, a microscopy slide was placed on top
of the coverslip and the sample was sealed using Valepp (Vaseline, wool fat and paraplast in a
ratio of 1:1:1).
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2.8.2. Image acquisition and data analysis

Super resolution imaging was done on a Ti-E inverted microscope (Nikon) equipped with a N-
STORM unit, a LUA4 laser unit, a 100x CFI Apo Tirf objective (all obtained from Nikon) and
an EMCCD camera (iXon 897, Andor). Imaging was done in “EM Gain 10 MHz 14-bit”
readout mode with EM Gain multiplier set to 300 and conversion gain at 5.1, with the TIRF
angle adjusted to 2815. For imaging, the 561 nm laser was operated at maximum intensity (100
%), while the 405 nm activation laser was set to 0.5 % power; both at 50 ms exposure time and
operated in continuous mode. To reduce unspecific blinking and autofluorescence in the final
recording, we prebleached the sample area by solely activating the 561 nm laser for a couple of
seconds before, eventually, activating the molecules (i.e., 405 nm laser). We recorded movies
of 5000 images each. While recording, we gradually increased the power of the activation laser
to ensure proper activation of all molecules. Finally, the obtained raw data was analyzed, and
super resolution images were created, using the Nikon NIS Ar Imaging Software (Ver. 4.13.05,
Build 933).
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2.9. Analysis of the dynamics of transformation within gonococcal colonies

In this thesis we investigated the dynamics of transformation in colonies formed by N.
gonorrhoeae with spatial and temporal resolution. Utilizing a suitable reporter strain, we
designed an experimental approach that allowed us to visualize and detect individual
transformation events within gonococcal colonies. All required steps to replicate the
experimental approach are described in the following sections. In addition, we visualized gene
transfer events between two bacterial strains in well mixed colonies. The proceedings for these

experiments are included as well.

2.9.1. Preparation of transformable DNA samples

Genomic DNA of strain wt* (NG194) was isolated according to section 2.3.1. 300 bp and 3 kb
fragments were generated by PCR, with primer pairs NB090(2) and NB091 for 300 bp, and
primers NB088 and NB089 for 3 kb fragments, respectively. In both cases the primers added a
single DNA uptake sequence (DUS) to the fragment. After PCR, the fragments were purified
with the “QIAquick PCR Purification Kit” (see section 2.3.5). To yield sufficient amounts of
sample DNA, multiple reactions were pooled.

2.9.2. Confocal imaging of transformation events within gonococcal colonies
Strain wt* sfgfpnt (NG233) was grown overnight on GC-agar plates and cells were scraped and
resuspended in GC medium supplemented with 1 % IsoVitalex and 7 mM MgCl,. The optical
density (ODsoo) of the cell suspension was adjusted to 0.1 and 500 pl were transferred to a fresh
tube, which was subsequently incubated at 37 °C and 5 % CO, for 30 min under shaking
conditions (250 rpm). Afterwards, 200 pl were given into one well of a poly-L-lysine coated
“u-Slide 8 Well” plate (Cat.No. 80824, Ibidi). Subsequently, the well plate was incubated for
another 30 minutes. 1.5 pg of the chosen DNA sample (see section 2.9.1) was mixed with GC-
medium so that a final volume of 100 pl was reached. The DNA-medium mix was subsequently
warmed to 37 °C and added to the colonies in the well plate, once the 30-minute incubation
period was over. Afterwards, imaging of colonies was started as soon as possible.
Transformation events within gonococcal colonies were visualized with a Ti-E inverted
microscope (Nikon) equipped with a CSU-X1 (Yokogawa) spinning disk unit and a 100x CFI
Apo Tirf objective (Nikon) in multipoint recordings. Four areas in the well plate were chosen

and imaged every 15 minutes for a total time interval of 4 hours. Tiling of 5x5 images was used
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to expand the recorded area within the well plate. This was done to increase the sampling size
of each recording, i.e., to image more colonies simultaneously. During each imaging step, a
brightfield image and a 5 pm z-stack, comprising of 27 images with a z-spacing of 0.2 pm,
were acquired. The stack was acquired with a 488 nm laser set to 5 % and 50 ms exposure time
and was recorded approx. 10pum above the bottom of the well, so that we obtain a 3D data set

spanning the equatorial, lateral plane of colonies.

2.9.3. Image and data analysis

In order to uncover the spatio-temporal dynamics of transformation in gonococcal colonies we
needed to detect single transformant cells with respect to their position within the colony, i.e.,
the distance to the colony contour. Thus, we had to detect both single, fluorescent cells, as well
as the position of the colony in each recording. This was done with proprietary Matlab
(MathWorks) scripts developed together with Dr. Marc Hennes. The principles of the data

analysis are outlined below.

Colony detection

Detection of transformation events within gonococcal colonies was performed according to the
following steps. First, we extracted colony radii (r) and center of mass (COM) from the
brightfield images. We removed salt and pepper noise by smoothing the images with a gaussian
blur filter with a sigma radius of 2. Next, we utilized high local intensity variance in a window
of 15 x 15 pixels as the basis for colony detection, with high variation of dark and bright pixels
for colonies and small variance for pixels outside of colonies, resulting in a binary
representation of the brightfield image [Oldewurtel et al., 2015]. From the histogram of this
binary image, we define a threshold so that the noise distribution in the image is ignored. The
image is then processed by binary dilations and erosions to ensure connected segments for each
colony. Using the Matlab function regionprops we extract centroids (x- and y-positions) and
the area for all colonies. This information is subsequently used to determine the extent of each
colony (r). The height (z-position) of the colony COM was calculated by multiplying r with a
factor of 0.85, which we obtained from previous measurements [Welker et al., 2021].
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Detection of transformant cells

Single transformants were detected by thresholding, for which we defined 7x the standard
deviation of the image intensity as the threshold value. Similar to the detection of colonies in
the brightfield image (see above), we again used the Matlab function regionprops to obtain x-,
y- and z-positions for each transformed cell, or fluorescent spot. As a consequence, we detect
single transformants across multiple z-plains, thus vastly overestimating the transformants in
colonies. To account for this problem, we combined all spots within a range of 2.4 um in z-
direction into a single spot. We found this procedure to be an appropriate solution to obtain the
true number of transformants in z. Similarly, we combined spots if they are within a range of 4
MM in x- and y-orientation to account for multiple transformants in close proximity to one
another. This was done as to avoid detecting cell division events as opposed to transformation
events.

To link detected transformants to their respective colony we calculate the distance to all
colony COMs in the brightfield image in x and y and pick the colony for which this distance is
smallest. From here, we calculate the transformant density by dividing the number of spots in
a certain spherical shell of the colony by the area of this shell. In addition, we save the total
number of transformant cells, as well as the number of colonies in which we detected at least a
single transformation event, such that we can calculate the average fraction of transformants

per colony for different times.

2.9.4. Visualization of gene transfer in mixed gonococcal colonies
The assay for the detection of gene-transfer events in mixed colonies relied on a flow chamber
setup (Fig. 2.4) which allowed us to grow and image bacterial colonies for many hours. The
setup consisted out of a commercially available growth chamber (Ibidi, p-Slide I Luer, ibiTreat
#1.5 polymer, channel height of 0.8 mm), a custom-made bubble trap to reduce the likelihood
of air bubbles interfering with colony growth, and some silicon tubing. Prior to the experiment,
the flow chamber was poly-L-lysine coated by adding a sterile mix of ddH20 and poly-L-lysine
(Sigma Aldrich, conc.: 0.01%) in a 1:1 ratio into the channel of the chamber. To ensure proper
coating, the chamber was incubated overnight at room temperature. To reduce the likelihood of
contaminations, the coating step was done in a laminar flow hood.

The bubble trap was assembled by cutting both a 1.5 ml reaction tube and a plastic syringe
(B. Braun Injekt® Luer Solo, 5 ml) in half. The upper part of the reaction tube was incised into

the lower part of the syringe. Also, an opening was made to fit in the silicon tubing. Finally, all
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components were fixed with epoxy glue (Yachtcare Epoxy Fix Mix). The outlet of the system
was created with a silicon tube and an Elbow luer connector (Ibidi). Bubble traps and outlet
tubing were autoclaved before usage. For inoculation of the system, cell suspensions were
transferred into syringes and subsequently injected through the outlet tube. The puncture site
was sealed with silicon glue (Scrintec RTV-1 Silicone Rubber) to prevent leakage of the system.
Finally, the outlet tube was connected to a peristaltic pump to apply a continuous flow of fresh
medium through the channel.

The experimental procedure itself was adapted from Nadzeya Kouzel [Kouzel et al., 2015].
The optical density (ODsoo) of both the wt* (NG194) and the wt* sfgfpns (NG233) were adjusted
to 0.1 and subsequently mixed in a ratio of 1:1. For proper mixture of the two strains, 5 % of
ddHO (sterile filtered) was added and the cell suspension was incubated shaking (250 rpm) at
37 °C for 15 minutes. 300 ul of the mix were subsequently used to inoculate the flow chamber
as described earlier. The inoculated chamber was incubated at 37 °C for 1 hour to allow proper

settling of the colonies to the coated surface. Finally, the flow of medium was started at a rate

Figure 2.4: Schematic of the flow chamber setup used to detect single gene-transfer events.

of 1 rpm.

The setup allows for the culturing of gonococcal colonies and biofilms over many hours under continuous flow of
fresh medium. The center piece of the setup is a commercially available flow chamber (1.) in which colonies were
grown. Prior to the experiment the chamber was coated with poly-L-lysine. Fresh medium was supplied over a
silicon tube (11.) which was connected to a custom-made bubble trap (I11.). Another silicon tube (IV.) was
connected to the outlet with a luer connector (V.). The outlet tube was connected to a peristaltic pump (not shown)
to generate continues flow through the channel of the chamber. Arrows indicate the direction of medium flow

during the experiment.
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After 24 hours of growth, colonies were fixated with paraformaldehyde (PFA). This was done
to minimize cellular motility and, thus, to simplify cell detection during image processing. To
this end, the channel was flushed with 4 % PFA, which was injected through the opened bubble
trap. The inlet tube was pinched off and the flow was continued until the trap was emptied.
Subsequently, colonies were incubated for 30 minutes before the flow chamber was transferred
to a microscope for imaging.

Imaging of single, 24 hour-old colonies was performed with a Ti-E inverted microscope
(Nikon) equipped with a CSU-X1 (Yokogawa) spinning disk unit and a 100x CFI Apo Tirf
objective (Nikon). Image acquisition was done with an EMCCD camera (iXon 897, Andor).
For each colony, we acquired a 10 um z-stack with a 0.4 um spacing between each slice of the
stack. Since most colonies were quite large after 24 hours of growth, we used tiling of 3x3
images to increase the area we can cover during imaging. Fluorophores were excited with 488
nm (sfGFP-expressing cells) and 561 nm lasers (mCherry-expressing cells), set to 5 % and 100
% at 50 ms exposure time, respectively. In addition to the z-stack, we acquired a brightfield
image for every recording.
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2.10. Visualization of free eDNA in gonococcal colonies

In this study we visualized the release of free, extracellular DNA in colonies of N. gonorrhoeae.
The purpose of these experiments was to characterize the accumulation and processing of DNA
within early biofilms of N. gonorrhoeae; a process which eventually leads to the formation of
a DNA network within gonococcal colonies. All steps performed during these experiments are

outlined in the following sections.

2.10.1. Imaging of free, extracellular DNA within gonococcal colonies

The basis for the staining of free DNA within colonies is the nucleic acid dye YOYO-1-iodide
(Invitrogen), which we found to be a useful dye to stain extracellular DNA due to its high
affinity to nucleic acids and its cell-impermeability. We diluted the 1 mM Stock solution (in
DMSO) to a 1 uM working solution in TE50 buffer (50 mM Tris-HCI, 50 mM NaCl, 1 mM
EDTA, pH 7.5) [Schoen et al., 2011]. For imaging, we prepared 100 pl of 1 nM YOYO-1 in
TES50 buffer and added the mix into a poly-L-lysine coated “u-Slide 8 Well” plate (Cat.No.
80824, Ibidi).

Depending on the experiment, cells of strain 4G4 (NG150), or AcomP (NG236), were grown
on GC-agar plates overnight, scarped from the plates and suspended in GC-medium
supplemented with 1% IsoVitalex and 7 mM MgCl., with the optical density (ODeoo) adjusted
to 0.1. 200 pl of the cell suspension were added to the 1 nM YOYO-1/buffer mix in the poly-
L-lysine well plate, which was subsequently incubated for 15 minutes to allow colonies to form
and to properly settle on the coated surface. Afterwards, imaging was started immediately. For
all samples treated with DNase, we added 10 U of recombinant DNase | (New England Biolabs)
to the growth medium before imaging.

Timeseries imaging of single colonies was performed with a Ti-E inverted microscope
(Nikon) equipped with a CSU-X1 (Yokogawa) spinning disk unit, a 100x CFI Apo Tirf
objective (Nikon) and an EMCCD camera (iXon 897, Andor). Recording and imaging of
selected colonies was done in automated multi-point recordings, in which we specified 10
random colonies to be imaged every 30 minutes for a total time interval of 4 hours. For each
round of imaging, we recorded a 10 um z-stack, starting at the bottom of the colony or well
plate, with a z-spacing of 0.2 um per slice. YOYO-1 was excited with a 488 nm laser set to 5
% power at 50 ms exposure time. Furthermore, we used 2x2 tiling to increase the total imaging-

area. In addition to the 3D data set, we also acquired a brightfield image for every colony.
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3. Results

In this thesis, we investigated the biological role and significance of extracellular DNA (eDNA)
in the context of multicellular aggregates of the gram-negative bacterium Neisseria
gonorrhoeae. DNA is key to the formation and development of bacterial biofilms and is now
widely accepted as a critical component of cellular aggregates [Whitchurch et al., 2002; Seviour
et al., 2021]. Biofilm-associated populations produce more DNA compared to their planktonic
counterparts, and it has been suggested that the presence of DNA triggers natural competence
and enhanced exchange of genetic material during biofilm growth [Molin & Tolker-Nielsen,
2003; Liao et al., 2014; Kim et al., 2018]. DNA’s role in biofilm development is multifaceted
and affects structure, architecture, and stability [Panlilio & Rice, 2021]. However, many
processes regarding DNA’s role in biofilm development still remain unknown. For instance, it
is not known how mobile DNA is within bacterial biofilms. Given DNA’s multitude of
important functions in biofilms, it is critical to assess the mobility of DNA molecules to fully
understand DNA’s role during the development of multicellular aggregates.

This chapter is divided into four sections, each focusing on a different subset of experiments
and findings. In the first section we will focus on the mobility of external DNA within
gonococcal colonies. We show that, the spatio-temporal dynamics of fluorescently labelled,
external DNA penetrating gonococcal microcolonies depends on the length of the diffusing
DNA. Moreover, we found that the dynamics are strongly affected by the presence of DNA
uptake sequences (DUS), which are specific for genomic DNA of Neisseria species. In addition,
there is also evidence that the thermonuclease Nuc controls the amount of eDNA within the
colony and that cells embedded in colonies interact non-uniformly with DNA.

In the second section we will address the dynamics of DNA uptake events in gonococcal
colonies with spatial and temporal resolution. We found that, in the presence of transformable
DNA, uptake is more abundant in the outer periphery of gonococcal colonies. Interestingly, we
also observed that removal of external DNA from the growth medium did not drastically reduce,
let alone abrogate, DNA uptake in colonies, which could indicate that colony formation
simultaneously triggers DNA uptake.

The third section will focus on the spatio-temporal dynamics of transformation. Here, we
found that transformation is, again, affected by the size of the transforming DNA. Interestingly,
we also found that DNA is almost exclusively transformed in the periphery of colonies,

indicated by poor transformability of cells in the colony center. Furthermore, we found that
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transformation is only efficient within a rather short interval during colony growth. In addition,
we also investigated horizontal gene transfer in mixed colonies of two different gonococcal
strains. Here, we found that direct exchange of genetic material between both strains was
inefficient.

In the fourth and final section, we investigate free, external DNA which is released within
gonococcal colonies. We found that eDNA forms filaments, which, in turn, assemble an
intricate mesh, or lattice, of DNA that, eventually, cocoons the cell aggregate. We also found
evidence that the DNA lattice affects the structural integrity of colonies, suggesting a stabilizing

function of DNA in colonies and biofilms of N. gonorrhoeae.
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3.1. Spatio-temporal dynamics of DNA in early gonococcal biofilms

Here, we characterize the spatio-temporal diffusion dynamics of extracellular DNA penetrating
early gonococcal biofilms of Neisseria gonorrhoeae. Using DNA samples that are either
specific for Neisseria, i.e., DNA bearing DNA uptake sequences (DUS"), or DNA samples
which are Neisseria-unspecific (DUS"), we highlight that the dynamics of DNA within bacterial
microcolonies are affected by size or length of the diffusing molecules. For DUS™ DNA, we
find altered diffusion dynamics compared to DUS" DNA. More specifically, we find that
gonococcal genomic DNA diffuses poorly in gonococcal colonies. Furthermore, we also
address whether the DNA-degrading thermonuclease Nuc, which is putatively secreted into the
extracellular space, does affect the dynamics of DNA diffusion in any shape or form. Finally,
we will briefly highlight that cellular interaction with DNA is non-uniform in gonococcal

colonies

3.1.1. Spatio-temporal diffusion dynamics of unspecific (DUS) DNA in gonococcal
colonies

First, we characterized the spatio-temporal dynamics of DNA lacking the DNA uptake
sequence (DUS) in gonococcal colonies. Colonies were grown for one hour in a poly-L-lysine
coated well plate before fluorescently labeled Cy3-DNA fragments were added to the growth
medium. Colony forming cells expressed sfgfp under the strong pilE promoter, which allowed
to detect the colony contour in confocal imaging. Random colonies were imaged for a period
of 2 hours and the radial fluorescence intensity profiles (Fig. 3.1 & Fig. S1) were determined
computationally (see section 2.5.3).

We find that short, 300 bp DNA fragments caused only a small increase in fluorescence
intensities compared to the background (Fig. 3.1a, d). For larger 3 kb fragments the increase is
much more obvious (Fig. 3.1b, e). Here, intensities of Cy3-DNA increased as a function of time
but saturate after 1.5 hours. Initially, we observe a decline towards the center of the colony,
which suggests that penetration of the colonies is impaired (violet and dark blue; 0.5 and 1 hour,
respectively). However, after 1 hour the profile becomes flat, which indicates heterogeneous
distribution of DNA across the entire colony.
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Figure 3.1: Spatio-temporal dynamics of Cy3-labelled DUS" DNA in gonococcal colonies.

Exemplary confocal slices of colonies formed by strain wt* (NG194) imaged 2 hours after addition of Cy3-DNA
lacking DUS (a-c). Upper row: Colony and cell positions as denoted by sfGFP expression. Lower row: Cy3-DNA.
(a) 300 bp fragments, (b) 3 kb fragments, (c) gDNA of E. coli. (d-f) Mean radial fluorescence intensities (FU, in
arbitrary units) of Cy3-DNA as a function of the distance (r) to the colony contour. (d) 300 bp fragments, (e) 3 kb

fragments, (f) gDNA of E. coli. Shaded areas represent standard errors of 26 - 38 colonies. Scale bar: 5 um.

Furthermore, we investigated the dynamics of genomic DNA (gDNA) from a genetically
distinct species. Interestingly, we find that DNA of E. coli accumulates strongly in gonococcal
colonies, as indicated by overall much higher intensities compared to 300 bp and 3 kb fragments
(Fig. 3.1c). Fluorescence intensities increase gradually over the first 1.5 hours but saturate
during the final stages of the experiment (Fig. 3.1f). The profiles show a strong decline from
the colony contour towards inner layers of the colony, suggesting that DNA does not distribute

homogenously in the colony. Still, a fraction of DNA molecules can penetrate the colony rather
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freely and reach the colony core. It should be noted though, that the E. coli genome contains
few DUS sequences which could, potentially, affect the dynamics we present here due to DNA-
binding. Performing a basic sequence screening, we identified twelve truncated 10 bp DUS, but
no 12 bp DUS in the genome of E. coli.

In conclusion, we find that DNA with no or few DUS can penetrate gonococcal colonies
efficiently. However, the penetration dynamics depends on the length of DNA,; with increasing
length, colonies incorporate an increasing amount of DNA.

3.1.2. Diffusion dynamics of DNA are affected by DNA uptake sequences (DUS)

The DUS is known to strongly enhance DNA-binding and uptake dynamics of gonococci
(Elkins et al., 1991). We, therefore, hypothesized that the presence of DUS affects the diffusion
and penetration dynamics of DNA fragments within gonococcal colonies. Hence, we repeated
the experiment explained in the previous section with DNA molecules bearing one or more
DUS (Fig. 3.2 & Fig. S2).

When adding 300 bp fragments, bearing a single DUS (DUS™), we find that they accumulate
more strongly within gonococcal colonies compared to fragments lacking the DUS (Fig. 3.2a,
d). The intensity profiles are flat throughout the 2-hour experiment, indicating homogenous
spatial distribution of DNA across colonies. In addition, we find that fluorescence intensities
increase as a function of time, and fluorescence is, overall, much higher compared to DUS" 300
bp fragments (see Fig. 3.1d). Combined, this indicates that short fragments efficiently penetrate
gonococcal colonies.

Similarly, the DUS enhances the fluorescence intensity caused by penetration of 3 kb
fragments (Fig. 3.2b, ). Fluorescence intensities are increased compared to DUS" fragments as
well (see Fig. 3.1e). Initially, profiles show a decline towards the colony center, indicating
hindered penetration. After 1 hour (dark blue) the profile becomes flat, suggesting homogenous
distribution of DNA within the colony.

Addition of genomic DNA of N. gonorrhoeae to the growth medium revealed a markedly
different intensity profile compared to shorter DNA fragments. Gonococcal gDNA is almost
completely retained at the outer periphery of the colony (Fig. 3.2c). Fluorescence intensities
(Fig. 3.2f) increase as a function of time and saturate after 1.5 to 2 hours; however, even after
2 hours there is little Cy3-fluorescence, i.e., DNA, detectable within the inner layers of the
colony. Thus, penetration of homospecific genomic DNA is highly retarded and strictly limited

to the outer layers of the cell aggregate.
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Figure 3.2: Spatio-temporal dynamics of Cy3-labelled DUS* DNA in gonococcal colonies.

Exemplary confocal slices of colonies formed by strain wt* (NG194) imaged 2 hours after addition of Cy3-DNA
bearing DUS (a-c). Upper row: Colony and cell positions as denoted by sfGFP expression. Lower row: Cy3-DNA.
(a) 300 bp fragments, (b) 3 kb fragments, (c) gDNA of N. gonorrhoeae. (d-f) Mean radial fluorescence intensities
(FU, in arbitrary units) of Cy3-DNA as a function of the distance (r) to the colony contour. (d) 300 bp fragments,
(e) 3 kb fragments, (f) gDNA of N. gonorrhoeae. Shaded areas represent standard errors of 30 - 39 colonies. Scale

bar: 5 um.

We conclude that the presence of DUS strongly affects the spatio-temporal dynamics of DNA
diffusing within gonococcal colonies. Penetration of short DNA is efficient and eventually leads
to uniform retention of DNA across the colony, while genomic DNA derived from N.

gonorrhoeae penetrates colonies poorly.
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3.1.3. The thermonuclease Nuc degrades genomic DNA within gonococcal colonies

N. gonorrhoeae expresses the thermonuclease Nuc, which resides within the periplasm and is
supposed to also be secreted into the extracellular space. The enzyme has been described as a
DNA modulating component within gonococcal biofilms [Steichen et al., 2011; Juneau et al.
2015]. We hypothesized that Nuc, as a DNA-degrading enzyme, might affect the abundance
and diffusion dynamics of DNA within gonococcal colonies. Hence, we repeated the
experiment described in section 3.1.2 with a nuc deletion strain (4nuc).

When comparing the fluorescence intensity profiles of the wt* strain with the ones of Anuc
we find that gDNA is persistently more abundant in colonies formed by 4nuc compared to wt*
colonies (Fig. 3.3 & S3), indicating that Nuc actively degrades genus-specific gDNA within
gonococcal colonies. This could, potentially, explain the restricted penetration of DNA we
observed for genomic DNA in our previous experiments (see Fig. 3.2c, f).

By contrast, lack of nuc has only minor effects on the intensity profiles for 300 bp and 3 kb
fragments (Fig. S4 & S5). However, determining the average fluorescence intensity of Cy3-
DNA (per pixel) reveals that deletion of nuc decreases the global amount of 300 bp and 3 kb
fragments in 4nuc colonies compared to wt* colonies (Fig. 3.4). Interestingly, this finding
implies that Nuc does not actively degrade shorter 300 bp and 3 kb fragments compared to
gDNA. This observation was unexpected, as we assumed that deletion of a DNA degrading
enzyme (Nuc) would lead to an increase in DNA levels independent of the nucleotide sample
being used. However, the outcome suggests that Nuc, by some unknown mechanism, regulates

the amount of DNA of various different sizes which penetrates or diffuses within colonies.
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Figure 3.3: Colonies formed by strain Anuc (NG235) retain a higher amount of genomic DNA.

Mean radial fluorescence intensities (FU, in arbitrary units) of DUS* Cy3-gDNA derived from N. gonorrhoeae as
a function of the distance (r) to the colony contour immediately after addition to the medium (a), and after 0.5 h
(b), 1 h(c) and 2 hours (d), for colonies formed by wildtype (wt*, NG194) and nuc-deletion strains (4nuc, NG235).

Shaded areas represent standard errors of 33 - 40 colonies.

While the reason behind this outcome is unclear, it could, nevertheless, provide a hint to Nuc’s
mode of action in modifying eDNA within gonococcal colonies and biofilms.

In summary, we find that Nuc degrades genomic DNA within gonococcal colonies, thus,
contributing to the rather poor penetration dynamics we observed earlier. By contrast, our
findings suggest that 3 kb and 300 bp fragments are not actively degraded by Nuc in wt*

colonies.
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Figure 3.4: Nuc regulates the amount of various DNA fragments that penetrate gonococcal colonies.
Mean fluorescence intensities, averaged over an area of 80 x 80 nm (one pixel), of DUS* Cy3-DNA within
gonococcal colonies formed by Anuc (NG235) and wt* (NG194) strains. Genomic DNA: red. 3 kb: black. 300 bp:

blue. Error bars represent standard errors of 30 — 40 colonies.

3.1.4. Cellular interaction with DNA is non-uniform

While investigating the dynamics of fluorescently labelled DNA within gonococcal colonies
(see Fig. 3.1 - 3.4), we found that the fluorescent signal of Cy3-DNA in colonies of N.
gonorrhoeae is not homogenous. For example, we noted that Cy3-DNA forms spots, or
fluorescence foci, within gonococcal colonies. They appeared with different lengths of DNA
fragments and in the presence and absence of DNA uptake sequences; however, they appear
most prominently with genomic DNA (see Fig. 3.2c). Formation of Cy3-fluorescence foci was
already reported in a previous study, where they indicated DNA-uptake in single-cells of N.
gonorrhoeae [Gangel et al., 2014]. In that study, focus formation was related to DNA uptake.
In the current study, foci may represent either extracellular or intracellular DNA. If focus
formation signaled DNA uptake, we expected that the spatial distribution of foci and total
fluorescence intensity were different, in particular for unspecific DNA (DUS") which is not
taken up by gonococci. Thus, we asked whether the distribution of foci reflected the distribution
of fluorescence intensity within colonies. Using image analysis pipelines in Matlab described
in section 2.5.3, we achieved to detect Cy3-foci reliably within gonococcal colonies. We found
that the patterns of foci agreed qualitatively with the fluorescence intensity profiles shown in
previous chapters (see Fig. S6 - S9).
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Figure 3.5: Interaction with Cy3-DNA is heterogenous in gonococcal colonies.

A small fraction of cells shows very strong accumulation of Cy3-DNA at the cell periphery. Upper row: Colony
formed by strain wt* (NG194), treated with DUS* 300 bp DNA fragments. (a) Colony and cell positions as denoted
by sfGFP expression. (b) 300 bp Cy3-DNA with intensities adjusted as in Fig. 3.1 & Fig. 3.2. (c) Adjusting the
intensity reveals staining of the cell envelope by Cy3-DNA. Lower row: Life/dead-staining with SytoX of a colony
formed by strain 4G4 (NG150), treated with DUS* 300 bp fragments. The staining reveals that the effect is not
caused by cell death; implying heterogenous interaction with DNA within colonies. (d) Brightfield image denoting
colony and cell positions. (e) 300 bp Cy3-DNA. (f) SytoX signal. Scale bars: 5 um.

More importantly, however, was the observation that, in some cases, a small fraction of cells
within gonococcal colonies exhibits a much stronger fluorescence signal compared to the
“average” signal within the colony (Fig. 3.5a, b). Adjustments to image contrast and brightness
reveals that the signal is localized at the outer cell periphery, which is stained by Cy3-DNA
(Fig. 3.5¢). The occurrence of these bright cells was completely independent of DNA sample,
presence of DNA uptake sequences, time or even bacterial strain used during experiments (wt*
and 4nuc).

We hypothesized that the random nature of the appearance could be caused by cell death. In
this case, cell lysis would allow DNA to permeate the ruptured, outer cell envelope. To address
this hypothesis, we performed a life/dead staining in the presence of 300 bp Cy3-DNA, utilizing

SytoX to stain dead or lysed cells (Fig. 3.5d-f). However, we find no correlation, or overlap,

61



Results

between the signals of Cy3-DNA and SytoX (Fig. 3.5f). Thus, the effect is not caused by cell
death, suggesting a more specific reason for the strong accumulation of Cy3-DNA. This most
likely implies, that interaction with DNA is heterogenous in gonococcal colonies, with some
cells showing a strikingly stronger and DUS-independent interaction compared to others.

To conclude, we find that cellular interaction with Cy3-DNA is not uniform in gonococcal
colonies. DNA forms fluorescence foci and a small fraction of cells in the colony interacts
strongly with external Cy3-DNA. Both phenomena are independent of DNA sample length, the
presence of DNA uptake sequences or time of exposure to DNA. The strong interacting cells
capture Cy3-DNA at their outer periphery or cell envelope; however, this effect is not caused

by cell death.
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3.2. Dynamics of ComE foci formation and DNA uptake in N. gonorrhoeae

Recently, several studies have focused on DNA uptake and the molecular machinery that drives
this process in N. gonorrhoeae [Gangel et al., 2014; Chang et al., 2016; Hepp & Maier, 2016].
Hence, we now have a rather complete and detailed picture on how DNA uptake is controlled
and maintained on a molecular level. However, we lack detailed information on DNA uptake
processes in cellular communities. Many studies have focused on horizontal gene transfer in
bacterial biofilms, but to our knowledge few have actually addressed the preceding step of DNA
uptake in cellular aggregates.

Here, we investigate the dynamics of DNA uptake and ComE foci formation in N.
gonorrhoeae. The periplasmic, DNA-binding chaperone ComE has previously been identified
as a reporter for DNA uptake events on a single cell level [Gangel et al., 2014]. The study
highlighted that ComE colocalizes with transforming DNA within the periplasm of N.
gonorrhoeae to form foci.

First, we investigate ComE focus formation using super resolution microscopy and confirm
recent results obtained by fluorescence microscopy. We moved on to investigate ComE foci
formation within gonococcal colonies. We find that foci are more abundant in the outer
periphery of gonococcal aggregates in the presence of transformable eDNA. Furthermore, we
highlight that removal of DNA from the growth medium of colonies results in less foci overall

but does not abrogate their formation completely.

3.2.1. ComkE forms periplasmic aggregates in the presence of transformable DNA

First, we visualized DNA uptake on a single-molecule level. To this end, we created a strain
generating ComE as a fusion with photoactivatable mCherry (PAmMCherry). This allowed the
investigation of the DNA ratcheting chaperone by means of photoactivable localization
microscopy, or PALM [Betzig et al., 2006]. The method is based on the stochastic activation
of only a very sparse subset of fluorescent proteins at any given time, which can be achieved
with brief laser pulses of a specific wavelength. Activated PAmCherry molecules fluoresce
until they are irreversibly bleached, thus, repeated cycles of activation eventually inactivate the
entire population of PAmCherry within the specimen [Subach et al., 2009]. This process is
recorded and results in a series of images, in which individual molecules are represented as
isolated fluorescent spots. Summing all images across time, results in a diffraction-limited
image of all activated molecules; however, fitting an assumed Gaussian point spread function

to each fluorescent spot in each individual image allows for precise localization of single
63



Results

molecules within cells. Finally, a super resolution image is reconstructed from these
localizations, in which single molecules are rendered as spots [Rust et al., 2006; Hess et al.,
2006; Betzig et al., 2006]. In doing so, we were able to visualize DNA uptake events with a

resolution beyond the diffraction limit (Fig. 3.6).

Figure 3.6: ComE aggregates in the presence of transformable DNA to form foci.

Photoactivatable localization microscopy (PALM) images of N. gonorrhoeae strain comE-PAmcherry (NG069).
(a) Exemplary image of cells treated with DNase. In the absence of DNA ComE is homogeneously distributed
within the periplasm (b, ¢). Upper row: Diffraction limited images. Lower row: Localized single molecules. (d)
Exemplary image of cells treated with DNA. In the presence of transformable DNA ComE forms aggregates and
diffraction limited foci (colored arrows) within the periplasm (e, f). Upper row: Diffraction limited images. Lower

row: Localized single molecules. Scale bars in (a) and (d): 5 um, else 1 um.
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When treating cells with DNase; thereby degrading transformable DNA in the growth medium,
we find that ComE-PAmCherry molecules are homogenously distributed within the confines
of the periplasm (Fig. 3.6b, c). Conversely, we find that ComE forms foci in the presence of
transformable eDNA (upper row, Fig. 3.6e, f). Both observations are in good agreement with
previous reports [Gangel et al., 2014]. Utilizing PALM, we find that ComE foci are, in fact,
aggregates of many accumulated ComE molecules as denoted by the obtained super resolution
images (lower row, Fig. 3.6g, f).

Based on our findings we conclude that ComE is an excellent reporter to detect DNA uptake
in isolated N. gonorrhoeae. Single ComE molecules aggregate in the presence of eDNA to form
foci. Given ComE’s mode of action, each of these foci, essentially, represents a single DNA
ratchet machinery [Hepp & Maier, 2016]. Hence, detection of ComE foci can be used to detect

individual DNA uptake events in isolated gonococci.

3.2.2. Spatio-temporal dynamics of ComE foci formation in gonococcal colonies

Next, we set out to uncover the dynamics of DNA uptake in biofilms, by investigating ComE
foci formation in colonies formed by N. gonorrhoeae. As mentioned in the previous section,
ComeE foci are indicators of single DNA uptake events in isolated bacteria (see section 3.2.1).
In order to observe these uptake events in gonococcal microcolonies, we created a strain
expressing one of the four gene copies of comE as a fusion to mcherry. In addition, we inserted
gfp into the igA-locus, which enabled the localization of cell and colony positions within the
cell aggregate. The resulting strain (comE-mcherry*, see Table 2.4) could, thus, be utilized to
observe ComE-mCherry foci formation in early gonococcal biofilms by means of confocal
imaging (Fig. 3.7).

Unexpectedly we find that numerous, homogenously distributed ComE foci are formed
within gonococcal colonies even in the absence of externally added DNA (Fig. 3.7a-c, lower
row). We determined the positions of ComE foci as a function to the distance to the colony
contour (see section 2.7.2); thus, obtaining density profiles of ComE foci within gonococcal
colonies for different time points (Fig. 3.7d-f). We find that the profiles of untreated colonies
(blue curves) show a slope towards the colony center, indicating that focus formation is more
abundant within the inner layers of the colony compared to the periphery.

We asked whether the presence of transformable DNA changes dynamics of ComE foci
formation within cell aggregates and repeated the experiment by adding DNA to the growth

medium. Previous experiments showed that gonococcal gDNA penetrates colonies poorly and
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is retained in the outer periphery (see Fig. 3.2). Thus, we hypothesized that addition of gDNA
elevates DNA uptake, and ComE foci formation, in the outer periphery of colonies as well.
Immediately after addition of external DNA, we find higher foci densities in colonies grown in
the presence of eDNA compared to untreated colonies (Fig. 3.7d-f, red curves), indicating a
general increase of DNA uptake within colonies when transformable nucleotides are present.
Moreover, the profile lacks the slope found in the profile of untreated colonies, indicating
increased DNA uptake in the periphery of colonies (Fig. 3.7d). After 1 hour of incubation with
external DNA, the density profiles of ComE-mCherry foci are independent of extracellular
DNA (Fig. 3.7¢).

We previously showed that formation of ComE foci and, thus, DNA uptake can be abrogated
by DNase treatment of single cells (see Fig. 3.6). Therefore, we were interested to investigate
the effects of DNase treatment on DNA uptake in gonococcal colonies as well. Thus, we
repeated the experiment yet again by adding recombinant DNase | to the growth medium of
colonies. The resulting foci density profiles show that, initially, ComE foci are reduced in
colonies (Fig. 3.7d, black curve); however, their formation is not abrogated completely,
indicating that ComE foci can form in colonies by a mechanism different from DNA uptake
from the extracellular space. Furthermore, the profile has a strong slope towards the inner
regions of colonies, indicating that focus formation in the periphery of the colony is limited by
the presence of DNase. For later times we find that the effect of DNase treatment gradually
disperses (Fig. 3.7¢, f).

Altogether, we find that ComE focus formation within colonies is induced by the addition of
extracellular DNA, indicating that it signals DNA uptake. However, ComE foci form even in
the presence of DNase, suggesting that there is an additional mechanism of ComE focus
formation within colonies that has been overlooked so far. Combined, our data suggests that
eDNA penetrating colonies of N. gonorrhoeae is mainly taken up by the cells in the outer layers
of the cell aggregate, with limited uptake in the core region of the colony. Moreover, our data
shows that ComE foci formation cannot be abrogated in gonococcal colonies, indicating that
colony formation might, simultaneously, trigger ComE foci formation and, thus, DNA uptake.
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Figure 3.7: Spatio-temporal dynamics of ComE foci formation in gonococcal colonies.

Exemplary confocal slices of colonies formed by strain comE-mcherry* (NG195) under untreated conditions (a-
¢). Upper row: Colony and cell positions as denoted by GFP expression. Lower row: ComE-mCherry. (a) 0 h. (b)
1 h. (c) 2 hours of incubation. (d-f) Density (N¢) of ComE-mCherry foci within colonies as a function of the
distance (r) to the colony contour after (d) 0 h, (e) 1 h, and 2 hours (f). Colonies were treated with DNase (black),

with gDNA of N. gonorrhoeae (red) or not at all (blue). Shaded areas represent standard errors of 30 colonies.

Scale bar: 5 um.
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3.3. Spatio-temporal dynamics of transformation

Biofilms have been reported as hot spots for horizontal gene transfer (HGT) and, thus,
transformation [Stalder & Top, 2016]. While reports concerning HGT in biofilms gained in
significance in recent years, especially in the context of potential effects on human health, many
of the mechanisms involved in this process remain poorly understood [Lerner et al., 2017
Lerminiaux & Cameron, 2019]. We already investigated transformation efficiencies in early
gonococcal biofilms in a previous study and found that transformation was more efficient in
biofilms compared to planktonic cells, but the low fraction of transformants prevented direct
visualization of transformation under non-selective conditions [Kouzel et al., 2015].

In this section, we present the dynamics of transformation within gonococcal colonies with
spatial and temporal resolution. To stay in line with our previous experiments, we determined
transformation efficiencies in colonies transformed with genomic DNA, 3 kb and 300 bp
fragments. We find that 3 kb fragments, which achieve highest abundance in gonococcal
colonies, are also the most efficiently transformed. Moreover, we also find that transformation
is only efficient within a short, early period of colony growth, and that transformation is limited

to the outer periphery of the colony.

3.3.1. Detection of transformation events with spatial and temporal resolution

Detection of single transformation events with spatial and temporal resolution within
gonococcal colonies (Fig. 3.8) required the creation of a new reporter strain. We used strain wt*
(NG194) and introduced a point mutation into the sfgfp gene sequence (c.201A>C) which
creates a premature stop codon within the residue-triplet of the chromophore. This, in turn,
results in expression of truncated sfGFP (Fig. 3.8a). Consequently, colonies grown from this
new strain (wt* sfgfpnr) are non-fluorescent. Transformation of the reporter strain with DNA
containing the native chromophore sequence, replaces the point mutation and restores
fluorescence of sfGFP (Fig. 3.8b). Because sfgfpnt and the native sequence only differ by a
single nucleotide, we expected transformation probabilities to be high. However, fluorescent
cells may also arise due to cell division of an already transformed cell, which would result in
fluorescent diplococci or small clusters of fluorescent cells. Yet, the mobility was low enough
so that one can identify such a fluorescent sector (e.g., cluster or diplococcus) as the result of a

single transformation event.
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Figure 3.8: Scheme — principle for detection of transformation events within gonococcal colonies.

The figure outlines the principles of the experiment described throughout this section of the manuscript. (a)
Creation of the reporter strain. Strain wt* contains sfgfp and is green fluorescent (left). Insertion of a point mutation
disrupts the chromophore (Thr-Tyr-Gly triplet) and introduces a premature stop-codon (red asterisk, right),
resulting in expression of truncated, non-fluorescent sfGFP. (b) Transformation procedure. DNA samples,
containing the native chromophore sequence are derived from strain wt* and subsequently added to the growth
medium of colonies formed by wt* sfgfpy,. Transformation of DNA replaces the mutation and recovers

fluorescence of sfGFP.

3.3.2. Transformation is most efficient in the periphery of early colonies

To remain coherent to our previous experiments, we prepared gDNA from strain wt*, as well
as 3 kb and 300 bp fragments of native sfgfp and added these to 1-hour old colonies formed by
wt* sfgfpnr. Subsequently, colonies were imaged for 4 hours in intervals of 15 minutes (Fig.
3.9).

We find that 3 kb fragments were transformed in gonococcal colonies within 4 hours (Fig.
3.9a). By contrast, we did not observe any transformants for gDNA or 300 bp fragments after
4 hours of incubation (not shown), highlighting the impact of fragment length on transformation
efficiency. For 3 kb fragments, we find that transformants start to appear 1 hour after addition
of transformable DNA to the growth medium. However, the overall number of transformants
after 4 hours of growth was small (Fig. 3.9b). The average fraction of transformants increases
over the course of the second hour in rather even increments in between timepoints; but shortly
thereafter the fraction of transformants saturates, indicating that colonies become arrested for
transformation. This suggests that transformation is most efficient within a short period during

the early stages of gonococcal colony development.
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Furthermore, transformation is limited to the outer periphery of gonococcal colonies (Fig. 3.9¢).
We do not detect transformants beyond a penetration depth of 6 um (at an average colony radius
of ~10 - 15 pm), indicating that cells within the core region of colonies transform poorly.
Previous experiments have shown that 3 kb DNA reaches the center of gonococcal colonies
within 1 hour (see Fig. 3.2); therefore, limited transformation in the colony core is likely not

the result of a lack of transformable eDNA but instead suggests some form of transformation

arrest of gonococcal cells within the colony center.

0 1 2
Time [h] r [pm]

Figure 3.9: Spatio-temporal dynamics of transformation in colonies of N. gonorrhoeae.

Exemplary confocal slice merged with brightfield images of one-hour old colonies of the non-fluorescent mutant
strain wt* sfgfpns (NG233) after addition of 3 kb DNA fragments after 0 h, 2 h and 4 hours (a). (b) Fraction of
average transformants (Nt¢) per colony with at least one transformation event (Ncoo). (¢) Average number of

transformants per volume (Nte/um?3), as a function of the distance (r) to the colony contour. Scale bar: 10 pm.

In conclusion, we find that transformation of naked, 3 kb DNA fragments is efficient in early
gonococcal colonies. Furthermore, we find that gene transfer is limited to the outer periphery
of colonies. Poor transformation of cells residing in the center of colonies is most likely not the
result of a lack of transformable DNA, but of reduced transformability of the cells. Genomic

DNA and 300 bp fragments did not transform within 4 hours, implying that the length of DNA
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fragments critically affects the efficiency with which they are transformed. However, we
adjusted the different DNA samples according to the total weight of DNA added to the growth
chamber, not according to the number of native sfgfp sequences. Thus, gDNA might have a
lower probability to replace the sfgfpns mutation, yet actual transformation rates might be higher

compared to 3 kb fragments.

3.3.3. Gene transfer between two strains is inefficient in mixed gonococcal colonies
Next, we wanted to also address direct horizontal gene transfer between two bacterial strains
that were well mixed within gonococcal colonies, utilizing a similar approach we used to detect
naked, transforming DNA (see Fig. 3.8). To this end, we inserted the gene encoding for mcherry
into a different locus of strain wt* sfgfpns (strain 1), which allowed the detection of cells during
confocal microscopy. The now red fluorescent strain was mixed in a ratio of 1:1 with strain wt*
(strain 2), which is green fluorescent. Strain 2 carries the native sfgfp sequence. Both were
grown in poly-L-lysine coated flow chambers for 24 hours under continuous flow of fresh
medium. Transformation of red fluorescent strain 1 with genomic DNA of green fluorescent
strain 2 leads to replacement of the sfgfpns mutation and, thereby, restores native sfgfp. Thus,
successful transformation generates cells which are, simultaneously, red and green fluorescent
(Fig. 3.10).

Strain 1: wt* sfgfp,.— red fluorescent . Strain 2: wt* — green fluorescent CI:)
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@ — O
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Figure 3.10: Detection scheme for gene transfer events in mixed colonies.

Red fluorescent strain 1 was genetically modified to carry both non-fluorescent sfgfpss and mcherry in the igA and
Ictp-aspC loci of the genome. The strain is cocultured with green fluorescent strain 2, which carries unmodified
sfgfp. Genomic DNA (gDNA) originating from strain 2 can, thus, be transformed by strain 1 resulting in the
replacement of sfgfpns with the native sequence by homologous recombination, generating cells that are both red-

and green fluorescent.
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We observe that after 24 hours of growth, only a small fraction of cells was transformed (Fig.
3.11), emphasizing that gene exchange within colonies was inefficient, which was unexpected.
Given that sfgfp and sfgfpnr only differ by a single nucleotide we expected transformation to be
efficient between the two strains. However, we noted that fluorescence of mCherry deteriorated
throughout the experiment, which, presumably, impedes our ability to properly visualize, let
alone detect, transformed cells (Fig. S10). Thus, it is likely that we underestimate the true extent
of gene exchange between the two strains.

Even so, we conclude that substitution of the sfgfps point mutation by means of horizontal

gene transfer between two strains is inefficient within gonococcal colonies.

Figure 3.11: Repair of sfgfpnr by means of gene transfer is inefficient in mixed gonococcal colonies.

Typical merge-images of mixed colonies of strains wt* (NG194) and wt* sfgfpas (NG233) after 24 hours of growth.
Upper row: z-slice of two random colonies, imaged close the bottom of the growth chamber. White dotted lines
indicate colony contours. Inlets: brightfield images. Only a small fraction of cells shows green and red fluorescence
simultaneously (colored boxes). Lower row: close up images of random transformed cells, as indicated by colored

boxes. Scale bar: 1 um.
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3.4. Release of free DNA stabilizes gonococcal colonies

N. gonorrhoeae is known to release DNA in an independent manner. Gonococci possess a type
4 secretion system (T4SS), which, in conjunction with autolysis, is used to release chromosomal
(ss-)DNA into the extracellular surrounding [Elmros et al., 1976; Callaghan et al., 2017]. The
released DNA is not only used to transform Neisseria cells and species but was also shown to
play an important role during initial biofilm formation [Hamilton & Dillard, 2005; Zweig et al.,
2014]. For instance, free, extracellular DNA has been reported to be a strong stabilizing
component in biofilms of other bacterial species [Montanaro et al., 2011]. While we know that
DNA is present in the biofilm matrix of N. gonorrhoeae [Steichen et al., 2011], the architecture
and the dynamics of the eDNA network are unknown.

In the experiments outlined here, we visualized extracellular, free DNA in colonies of N.
gonorrhoeae with the DNA-binding dye YOYO-1-iodide. Our data indicates that DNA is
processed into elongated filaments of various sizes, which in turn form an extensive network,
or lattice. The formation of the filament-Ilattice can be completely abolished by supplementing
DNase into the growth medium of the colonies, which also affects colony surface morphology.
Thus, our data suggest a strong stabilizing function for extracellular DNA. Furthermore, we
show that the bulk of DNA is released by cell death and (auto-)lysis, and that released DNA is
not locally confined, but with time redistributes across the colony. Finally, our data also suggest
that aggregation of DNA molecules into filaments is independent of type IV pili (T4P) and
ComP-mediated DNA-binding.

3.4.1. Free eDNA forms a filamentous lattice within gonococcal colonies
Visualization of extracellular DNA in biofilms and microcolonies requires a dedicated dye that
specifically binds to free DNA only, ignoring chromosomal nucleic acids in viable cells. We
choose the DNA-binding dye YOYO-1-iodide (YOYO-1) for the experiments described here,
since it has an excellent signal-to-noise ratio and stains both ds- and ssDNA [Akermann &
Tuite, 1996]. To visualize free eDNA within gonococcal biofilms, we supplemented the growth
medium of N. gonorrhoeae with 0.33 nM YOYO-1 and cultured the growing biofilm in poly-
L-lysine coated well plates.

After 4 hours of incubation, we imaged selected colonies with confocal microscopy and
found that eDNA formed a network of elongated filaments within gonococcal colonies (Fig.
3.12). Interestingly, the lattice is most pronounced within the outer periphery of colonies,

suggesting that DNA cocoons the cell aggregate. In addition, we found DNA fibers which are
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extended into the extracellular space, were they associate with the underlying colony surface
(Fig. S11). Combined, these findings suggest that DNA filaments act as a stabilizing or
structural component within gonococcal colonies. Moreover, the results highlight the fact that

formation of extensive DNA networks in gonococcal colonies is rapid and occurs within few

hours.

Figure 3.12: Free DNA forms a lattice of filaments which cocoons the colony.
3D volume projection of two 4-hour old colonies of strain 4G4 (NG150), grown in medium supplemented with
0.33 nM of the cell-impermeable DNA stain YOYO-1-iodide; represented in various 3D viewing angles. Inlets:

Merge with brightfield image. Scale bars: 2.5 pm.
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Next, we performed timelapse imaging to characterize the formation of DNA filaments and the
resulting DNA network. Thus, we repeated the experiments, but imaged selected colonies in
intervals of 30 minutes after initial colony formation.

The resulting images show that, initially, eDNA is sparse within gonococcal colonies (Fig.
3.13a). However, more DNA is progressively released into the cell aggregate which, eventually,

forms the lattice in the periphery (Fig. 3.13b, c).

Figure 3.13: DNA is progressively released into colonies by cell death.

Typical YOYO-1 fluorescence within a single colony of N. gonorrhoeae formed by strain 4G4 (NG150),
immediately after colony formation (a), after 2 h (b) and 4 hours of incubation (c). Upper row: brightfield images.

Lower row: volume projections of YOYO-1 fluorescence intensities represented in aerial 3D view. Scale bar: 2.5

pm.

Furthermore, the images strongly suggest that DNA filaments sheer off from lysed cells and are
more abundant in areas with increased cell lysis; indicating that the bulk of eDNA is released
by cell death. At the same time, the images also imply that DNA released by cell death is not
locally confined but rather distributed throughout the colony in the form of DNA filaments.
Thus, we conclude the following: Free DNA in gonococcal colonies is processed into
elongated filaments and bundles which eventually spread through the entire cell aggregate and
form an intricate mesh, or lattice-like, structure that cocoons the colony. Formation of the lattice

is rapid, since it occurs within few hours, and is primarily driven by cell death and/or auto-lysis.
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3.4.2. Removal of DNA affects structural integrity of gonococcal colonies

We asked whether the presence of the DNA lattice affects the stability or structure of

gonococcal colonies. In order to address this question, we repeated our experiments by

supplementing DNase | to the growth medium of colonies, thereby degrading external DNA.
Indeed, we find that the presence of DNase in the growth medium of colonies prevents the

formation of any DNA filaments (Fig. 3.14). Furthermore, we note that cell aggregates which

are grown in the presence of DNase showcase a rough and bloated surface morphology

compared to untreated colonies (Fig. S12).

Figure 3.14: The presence of DNase prevents formation of DNA fibers and bundles.

Typical YOYO-1 fluorescence within a single colony of N. gonorrhoeae formed by strain 4G4 (NG150),
immediately after colony formation (a), after 2 h (b) and 4 hours of incubation (c), grown in medium supplemented
with 10 U of DNase . Upper row: brightfield images. Lower row: volume projections of YOYO-1 fluorescence

intensities represented in aerial 3D view. Scale bars: 2.5 pm.

We asked whether the removal of the eDNA lattice was also possible if the network was already
well established. To address this, we added DNase to the medium of 4-hour old colonies which
had already formed the DNA mesh (Fig. 3.15a). Interestingly, we find that DNase removes
preexisting DNA networks instantly (Fig. 3.15b, lower row). At the same time, colonies
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immediately adopt the bloated morphology mentioned earlier, further emphasizing that removal
of DNA affects the structural integrity of gonococcal colonies negatively (Fig. 3.15b, upper
row). However, colonies relax back into the initial state, or morphology, within few minutes
(Fig. 3.15¢).

Figure 3.15: Removal of external DNA affects colony structure.

Typical YOYO-1 fluorescence within a single colony of N. gonorrhoeae formed by strain 4G4 (NG150), after 4
hours of growth (a), immediately after addition of DNase (b) and 10 min after addition of DNase (c). Upper row:
brightfield images. Lower row: volume projections of YOYO-1 fluorescence intensities represented in aerial 3D

view. Scale bars: 2.5 um.

To conclude, we find that colonies which are deprived of DNA adapt a rough and bloated
morphology, suggesting that removal of the DNA lattice negatively affects the structural

integrity of gonococcal cell aggregates.
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3.4.3. DNA filaments form in the absence of the DNA-binding minor pilin ComP, but the
network structure is affected
The matrix of gonococcal biofilms and colonies is known to contain large amounts of type 1V
pili (see Fig. 1.5). T4P can interact with DNA via the minor pilin ComP, which is integrated
into the pilus fiber during T4P assembly. Furthermore, ComP is known to prefer interaction to
Neisseria-specific DNA bearing DNA uptake sequences [Cehovin et al., 2013]. The presence
of DNA-binding pilus filaments within the matrix of gonococcal colonies raises the question,
whether T4P are also involved in the assembly of DNA filaments or, more specifically, in the
formation of the DNA lattice.
To address this question, we repeated the experiments described in section 3.4.1 with a
AcomP strain. Given that ComP is the only T4P component to be known to interact with DNA,

we hypothesized that deletion of comP abrogates the formation of the DNA network.

Figure 3.16: DNA filaments form independent of ComP-mediated DNA-binding.

Typical YOYO-1 fluorescence within a single colony of a comP deletion strain (NG236) of N. gonorrhoeae,
immediately after colony formation (a), after 2 h (b) and 4 hours of incubation (c); highlighting that DNA filaments
(red arrows) are still formed in a AcomP background. Upper row: brightfield images. Lower row: volume

projections of YOYO-1 fluorescence intensities represented in aerial 3D view. Scale bar: 2.5 pm.
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Surprisingly, we find that AcomP colonies exhibit DNA filaments (Fig. 3.16), indicating that
the DNA mesh is formed independently from T4P or ComP-mediated DNA-binding. However,
while the formation of DNA filaments is retained in a comP-deletion background, we note that
the DNA mesh penetrating the colonies appears to be stunted compared to wt* colonies
(compare Fig. 3.12 & Fig. 3.13), as DNA fibers are not as pronounced, less numerous and seem
to be truncated, which implies that deletion of comP affects DNA processing in gonococcal
colonies. Furthermore, we could no longer detect a noticeable DNA cocoon surrounding
colonies after 4 hours of incubation.

Therefore, we conclude that while deletion of comP does not abrogate the formation of DNA
filaments and the lattice emerging from them, it affects the way that free DNA is processed in
gonococcal cell aggregates, as characterized by the qualitatively different arrangement of the

DNA network found in 4comP colonies.
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4. Discussion

4.1. Penetration efficiencies of eDNA in early gonococcal biofilms

4.1.1. Retention of DUS  DNA increases with the length of DNA fragments

Extracellular DNA is widely accepted as a critical component in the development of bacterial
biofilms [Panlilio & Rice, 2021]. However, the motility of DNA molecules within bacterial
biofilms it is still not understood. In this study we investigated the dynamics of extracellular
DNA penetrating early gonococcal microcolonies.

We found that the penetration dynamics of (DUS") DNA and its retention depend on the
length of the nucleotide chain. Short 300 bp DUS™ DNA fragments show no significant increase
in fluorescence intensity compared to the background over the time course of 1.5 hours. If there
was no DNA penetration during this period of time, then the fluorescence intensity within the
colony should be significantly lower compared to the background because of the presence of
the cell bodies. From this observation, we conclude that short DNA rapidly penetrates the entire
colony. After 2 hours, the fluorescence intensity was significantly higher than the background,
indicating that even in the absence of the DUS, DNA is retained within colonies. Larger DNA
fragments showed a much stronger fluorescence signal, indicating that long DNA fragments
are retained efficiently within the cell aggregates. In the following, we will discuss both
diffusion and retention of DNA within gonococcal colonies.

Studies that characterized dispersion of molecules in dependance of molecular weight, the
equivalent to DNA length-scale, conceptualize bacterial biofilms as molecular sieves, which
restrict and hinder the penetration of macromolecules larger than a given pore size. Small
solutes can, thus, enter the biofilm unhindered, whereas large molecules are likely prevented
from penetration due to entanglement within the materials of the extracellular matrix (ECM)
[Yeon et al., 2008; Woll, 2014; Sankaran et al., 2019]. Yet, if small molecules, e.g., 300 bp
DNA, can enter a cellular aggregate freely, then why is it so weekly retained compared to larger
DNA fragments (3 kb, E. coli gDNA) which penetrate cellular aggregates way less efficient?

In general, the diffusion coefficients of DNA in the absence of a polymer network decrease
as the nucleotide length increases [Robertson et al., 2006]. In the presence of a network (the
ECM in this case), the length effect on diffusion is further strengthened by entanglement. 300
bp fragments have a length of ~ 100 nm, which is comparable to the Kuhn segment length of
DNA. Therefore, they are not entangled within the polymer network of the extracellular matrix.

Large DNA molecules (gDNA), by contrast, slowly enter the colony because they become

80



Discussion

entangled within the extracellular matrix and entanglement reduces the diffusion constant of
the center of mass of the DNA molecule [Doi & Edwards, 1986]. This is also in agreement with
the radial profile; gDNA continuously enters at the edge of the colony and then diffuses slowly
within the colony. As a consequence, a concentration gradient forms whereby the gDNA
concentration is highest at the periphery of the colony.

Previous studies showed that diffusion of soluble molecules within bacterial biofilms might
not only be defined by polymer length but also due to the physiochemical properties of the
solute, including charge, hydrophabicity, or the rigidity of the structure [Floury et al., 2015].
Thus, attractive or repulsive forces may affect the penetration dynamics of DNA and, thus,
contribute to the capturing of nucleotides within biofilms; although it remains difficult to assess
the extent of those contributions. It is also conceivable that DNA is trapped by cytosolic proteins
released and incorporated into the extracellular matrix due to autolysis, as previously reported
for S. aureus biofilms [Kavanaugh et al., 2019] Gonococci are usually associated with extensive
autolysis, however cell death is limited in young gonococcal colonies, thereby limiting the
availability of any putative DNA capturing proteins in the extracellular space [Elmros et al.,
1976; Welker et al., 2021]. All of these mechanisms are likely to affect diffusion of DNA, but
they are also important for retention of nucleotides within the colonies. As DNA is bound to
the ECM, it becomes less likely to diffuse away from the colony and, thus, accumulates within
the cell aggregate.

Why do long DNA molecules accumulate more strongly within colonies than short
molecules? We except that the integration of DNA into the ECM network is a slow process.
Since long DNA molecules are more stationary than short DNA molecules, they are likely to
be integrated in a more efficient way. This may explain why gDNA from E. coli is retained to
a higher level than short DNA fragments. We note that the presence of truncated DUS in gDNA
of E. coli is likely to affect DNA-binding as discussed in section 4.1.3.

In conclusion, diffusion and retention of DNA within cell aggregates of N. gonorrhoeae
likely relies on an interplay between molecular length and attractive/repulsive forces that define
the permeability of colonies and biofilms for nucleotides of various sizes. Diffusion in cellular
aggregates is fast and unhindered for small DNA molecules but results in week retention in the
absence of a dedicated DNA-binding mechanism. Large molecules, on the other hand, feature
slowed, perturbed diffusion but are retained more strongly within the molecular sieve of a

bacterial cell aggregate.
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4.1.2. Specific binding of DUS™ DNA slows down penetration of extracellular DNA
Next, we investigated penetration of gonococcal colonies by DNA molecules which carried
DNA uptake sequences (DUS*). The DUS increases the likelihood of specific DNA-binding by
several orders of magnitude [Cehovin et al., 2013]. Indeed, we observed increased fluorescence
intensities for both 300 bp and 3 kb fragments, indicating remarkedly increased retention of
DNA within colonies in the presence of a dedicated DNA-binding mechanism (see Fig. 3.2).
We already stated potential explanations for the penetration dynamics of DNA in the
previous section (see section 4.1.1). As we saw, small molecules readily penetrate the colony
due to unhindered diffusion, yet this limits the likelihood for these molecules to be entangled
by ECM components. For larger DNA we expect an opposite effect, as they diffuse poorly and
have an increased chance to be trapped by extracellular material [Yeon et al., 2008; Woll, 2014;
Sankaran et al., 2019]. Concordantly, 300 bp fragments (DUS™) readily penetrate colonies with
little hinderance in motility but are now efficiently captured by T4P due to specific ComP
mediated DNA-binding, thereby strongly enhancing retention of DNA fragments migrating
within the colony (see Fig. 3.2d) [Goodman & Scocca, 1988; Berry et al., 2013; Spencer-Smith
et al., 2016]. The abundance of retained DNA correlates with the length of the nucleotide
polymer, as larger 3 kb fragments are retained even more efficiently (see Fig. 3.2e). The 10-
fold increase in polymer length compared to 300 bp fragments results in perturbed
penetration/migration and, thus, facilitates capture by T4P [Robertson et al., 2006].
Gonococcal gDNA, however, is exclusively and very strongly retained within the outer
layers of the colony, with little to no retention or accumulation in the colony center (see Fig.
3.2f). Isolated gDNA is much larger compared to 300 bp or 3 kb samples and, based on our
isolation method, contains fragments of ~ 30 kb on average (see section 2.3.1). Consequently,
gonococcal gDNA should feature highly perturbed penetration of colonies. Moreover, the
genome of N. gonorrhoeae contains hundreds of DUS; on average one per kilobase [Marri et
al., 2010]. Hence, the odds for gDNA to be captured by T4P are significantly increasing
compared to 300 bp and 3 kb DNA samples, which only featured one DUS each. This suggests
that cells in the outer periphery quickly capture penetrating gDNA,; thus, preventing it from
reaching the inner layers of the cell aggregate in large quantities. Even so, we found that isolated
gDNA of gonococci was highly fragmented, with many smaller fragments in the range of 1 kb
to 3 kb (see Fig. S14). Therefore, one should expect more efficient penetration of gDNA into
gonococcal colonies by these smaller fragments, similar to the one observed for E. coli gDNA

(see Fig. 3.1f). However, the abundance of DUS potentially found on sheered fragments of
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gonococcal gDNA could prevent efficient penetration of these fragments as well due to specific
binding by ComP.

Interestingly, we find that the overall abundance of retained gDNA is reduced compared to
3 kb fragments (see Fig. 3.2e, f); which is a curious finding since it might indicate that even
though gDNA is efficiently captured by T4P, its poor penetration and inaccessibility to a large
fraction of colony dwelling cells prevents a more efficient accumulation within colonies.
However, this might partially be mediated by the nuclease Nuc, which, as we will discuss in a
separate section (see section 4.1.4), degrades gDNA within gonococcal colonies [Steichen et
al., 2011].

In summary, we showed that the motility of DNA molecules within gonococcal colonies and
biofilms is affected by DNA-binding mechanisms. DNA featuring DUS s retained stronger
compared to DNA lacking them. Larger fragments (3 kb) are retained more strongly than
shorter ones (300 bp); however, gonococcal gDNA is retained poorly. As gDNA has a larger
quantity of target sites for DNA-binding (DUS), we propose that migration and penetration of
DNA depends on a trade-off between molecule length-scale and the quantity of potential

binding sites found on the molecule.

4.1.3. Potential causes for strong retention of E. coli gDNA within gonococcal colonies
A significant fraction of E. coli gDNA efficiently penetrated gonococcal colonies and resulted
in strong and abundant retention of genetically distinct DNA in the deepest layers of the cell
aggregates (see Fig. 3.1c, f). Even at the periphery of the colonies, the concentration of gDNA
from E. coli was higher compared to the concentration of gDNA from N. gonorrhoeae. This
unexpected finding will be discussed in the following.

First and foremost, it should be clarified that while we treat E. coli gDNA as Neisseria-
unspecific DNA (DUS), it contains multiple truncated DUS. We identified twelve 10 bp DNA
uptake sequences (5’-GCCGTCTGAA-3’) in the genome of strain NEB 5-alpha, which is a
suitable reference genome for strain DH5a we used in the study presented here [Anton &
Raleigh, 2016]. While we could not identify any 12 bp DUS, it is possible that the genome
contains additional “dialect”-DUS sequences [Frye et al., 2013]. Therefore, DNA derived from
E. coli is likely to show low level binding to the minor pilin ComP, which is known to bind
DNA in a DUS-specific fashion [Cehovin et al., 2013]. Second, based on the isolation method
we applied (see section 2.3.1), we assume that the length-scale of isolated E. coli gDNA

molecules is on average ~ 30 kb. Combined, one could expect penetration dynamics comparable
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to gDNA derived from gonococci, yet this is not the case (see Fig. 3.2c, f). Here, we will
speculate why E. coli gDNA is so strongly retained compared to the other DNA samples we
screened in our assay.

During the isolation process, DNA is shred due to mechanical sheering [Abdel-Latif &
Osman, 2017]. Consequently, isolated E. coli DNA resembles an assortment of fragments with
rather undefined size, ranging from small (~ 100 bp) to large (> 30 kb), as we confirmed with
agarose gel electrophoresis (see Fig. S14). As such, smaller fragments could penetrate the
colony easily and reach the inner regions of the cell aggregate, where they are subsequently
trapped due to DNA-binding or entanglement. Still, given that the number of DUS within the ~
4.5 Mb E. coli genome is low, it is unlikely that small fragments in the length-scale of few
hundred base pairs bear any DUS, which prevents efficient binding in the colony as discussed
earlier [Anton & Raleigh, 2016]. Without binding, however, small fragments should not be
retained efficiently in colonies, as we showed for 300 bp fragments (see section 4.1.1).

Past studies highlight that macromolecules of high molecular weight (> 100 kDa) readily
accessed oral biofilms with a diameter of 100 to 200 micrometers in roughly 3 minutes,
indicating that migration of molecules within bacterial aggregates is a highly diverse process
which not necessarily resembles a simple molecular sieve [Takenaka et al., 2009; Sankaran et
al., 2019]. This, in turn, could indicate that the dynamics of DNA depend on factors other than
molecule length and active DNA-binding mechanisms. For instance, we already discussed
physiochemical factors of solved molecules as potential factors affecting the migration
dynamics of particles within cellular aggregates [Floury et al., 2015]. It is conceivable that these
add to the strong retention of E. coli DNA within gonococcal colonies.

It is tempting to speculate that attractive, e.g., electrostatic, forces actively guide and detain
genus-unspecific DNA in bacterial aggregates to use those nucleotides for intrinsic biofilm

processes like horizontal gene transfer.

4.1.4. The nuclease Nuc controls the amount of DNA within gonococcal colonies

We found evidence that the nuclease Nuc adjusts the amount of eDNA in gonococcal colonies.
We observed increased amounts of gonococcal gDNA within colonies formed by nuc-deficient
N. gonorrhoeae (4nuc), indicating that Nuc degrades gDNA in wildtype colonies. By contrast,
we found a decrease in DNA abundance for 300 bp and 3 kb fragments in the Anuc background,
suggesting that these DNA samples are maintained by Nuc, rather than degraded. Intuitively,
this finding is difficult to explain.
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Information about Nuc in N. gonorrhoeae is rather limited. The most comprehensive study
regarding Nuc is based on work by Steichen et al., published in 2011. They propose that Nuc
is likely involved in the remodeling of eDNA in gonococcal biofilms, and that the nuclease can
degrade multiple sources of DNA, including ssDNA, dsDNA and gDNA of H. influenzae,
Gardnerella vaginalis, E. coli and N. gonorrhoeae; yet degradation was less efficient for DNA
of gonococci compared to gDNA of the other species [Steichen et al., 2011]. However, we still
lack detailed knowledge about Nuc’s mode of action, and its activity on a molecular level, to
understand how DNA is processed by the enzyme.

At least one study showed that the S. aureus homologue of Nuc has differential activity
based on the constituent bases of the processed nucleotides [Cuatrecasas et al., 1967]. This
could suggest a putative sequence specificity for Nuc-mediated cleavage. If so, the likelihood
for short 300 bp and 3 kb to randomly carry this very cleavage site would be low compared to
longer gDNA fragments; thus, preventing short fragments from being processed by Nuc.

Cleavage could also be guided by post-transcriptional modifications. Gonococcal gDNA is
known to be highly methylated and methylation of DNA is known to confer resistance to
restriction by nucleases [Haberman et al., 1972; Gunn et al., 1992]. Then again, nucleases such
as Dpnl specifically target only methylated DNA for cleavage [Lacks & Greenberg, 1975].
Thus, epigenetics seems to be critical in defining the target DNA for nucleases. This could, at
least to some degree, explain the differential processing of DNA fragments, given that gDNA
is derived from cells and is, thus, methylated, whereas 300 bp/3 kb fragments were generated
by PCR and, therefore, lack methylation or similar modifications.

Even so, none of the aforementioned points all-out explains how, or rather, why a DNA
degrading enzyme (Nuc) degrades gDNA but, simultaneously, maintains short 300 bp and 3 kb
fragments in gonococcal colonies. Further investigation is required to uncover the exact
molecular mechanisms of Nuc to obtain a deeper understanding of the nuclease’s role in
gonococcal colonies and biofilms. Still, based on our findings, we assume that the enzyme has
differential processing activity for DNAs of varying length, potentially mediated by sequence

specificity and post-transcriptional methylation.
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4.1.5. DNA-binding is heterogenous in gonococcal colonies

We found evidence that DNA-binding is non-uniform in gonococcal cell aggregates. First, we
observed that Cy3-labeled DNA fragments formed fluorescent foci, which were previously
reported to indicate DNA uptake in isolated single cells of N. gonorrhoeae [Gangel et al., 2014].
However, as stated earlier, foci might indicate either intracellular or extracellular DNA in the
context of gonococcal cell aggregates (see section 3.1.4). In case ComE foci signaled DNA
uptake, we expected the spatial distributions of foci and fluorescence intensities to differ
between DUS™ DNA (which can be taken up) and DUS" DNA (which cannot be taken up), yet
we did not observe any noteworthy differences in spatial distributions (see Fig. S6 - S8). Thus,
it is likely, that these foci indicate binding or entanglement of extracellular DNA, rather than
intracellular DNA. Interestingly, we found that the highest abundance of fluorescent foci was
obtained when colonies were treated with E. coli gDNA (see Fig. S9). Since, E. coli DNA has
only few DUS (see section 4.1.3) binding should be inefficient [Cehovin et al., 2013].
Therefore, the high number of foci found for this DNA further strengthens the interpretation
that there is excessive retention of unspecific DNA in gonococcal cell aggregates. We already
discussed potential reasons for this finding in a previous section (see section 4.1.1), yet it is
conceivable that extracellular DNA-binding proteins are involved in retaining extracellular
DNA within cellular aggregates [Kavanaugh et al., 2019].

Strikingly, we found that a small fraction of cells showed much stronger interaction with
Cy3-labeled DNA compared to the majority of cells dwelling within colonies (see Fig. 3.5a, b,
c). This observation was independent of DNA sample, time of recording or even the gonococcal
strain we used and, thus, their appearance had an almost random characteristic. We tested
whether the strong retention of Cy3-DNA at the cell envelope was caused by cell death; yet this
was not the case (see Fig. 3.5d, g, ).

There is reason to speculate that the strong retention of Cy3-DNA is the result of unspecific
binding at the cell envelope, as we also observe this phenomenon in the presence of DNA
samples lacking DUS, which cannot be taken up or specifically interacted with by gonococci
[Cehovin et al., 2013]. Furthermore, we find that these cells often appeared in small clusters of
few cells, which could indicate a heritable cause, i.e., phase variations of outer membrane
proteins passed on to the progeny, as an explanation for this phenomenon [refer Makino et al.,
1991]. However, colony dwelling gonococci have a generation time of ~ 1.5 hours [Welker et
al., 2021]. Since we did not screen colonies for longer than 2 hours, it is unlikely that cell

division explains cluster formation in this particular case.
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4.2. DNA uptake and ComE foci formation in cellular aggregates

In this study, we investigated the spatio-temporal dynamics of ComE foci formation. ComE
foci have been reported to indicate DNA uptake in isolated gonococci since ComE binds to
DNA taken up into the periplasm [Gangel et al., 2014]. We intended to use ComE foci as an
indicator for uptake in gonococcal colonies and characterized their formation under different
conditions. We found that in young colonies DNA uptake correlates with ComE focus
formation (see section 4.2.1), but our data also reveals that uptake of DNA from the
environment cannot fully explain the phenomenon of ComE aggregation and focus formation
in gonococcal colonies (see section 4.2.2).

4.2.1. External DNA is primarily taken up by cells in the periphery of colonies

For untreated colonies we found an initial ComE foci density profile with a noticeable slope
towards the colony center (see Fig. 3.7a, blue curve), implying that uptake is more abundant in
the inner layers of the colony in the absence of external DNA. Since DNA uptake is a
prerequisite for transformation, this might indicate that gene transfer is primarily limited to the
inner regions of colonies in the absence of (transformable) external DNA [Chen & Dubnau,
2004]. Yet, cells in the deeper layers of colonies and biofilms are known to have inhibited
growth rates, which might limit their ability to transform DNA efficiently [Madsen et al., 2012;
Stalder & Top, 2016; Welker et al., 2021].

We established that gonococcal gDNA is very strongly retained in the outer periphery of
colonies in previous experiments (see Fig. 3.2c, f); thus, we expected more abundant uptake
(i.e., foci formation) around the colony contour when this DNA is added into the growth
medium of colonies. Indeed, we found an elevated foci density profile in the peripheral regions
compared to untreated colonies, indicating that uptake of external gDNA was limited to the
cells in the periphery (see Fig. 3.7). This finding can serve as a first hint that external DNA,
penetrating a colony from the surrounding medium or environment, is more efficiently
transformed by cells in the periphery; an assumption that is very much in line with previous
reports, which highlight that transformation is more efficient in outer cell layers of biofilms
[Stalder & Top, 2016].

However, we found that external DNA elevated not just the density of ComE foci in the
periphery, but throughout the entire extend of colonies (see Fig. 3.7a, red curve). This finding
requires furthers contemplating, since it does not match the strong retention in the periphery we

observed for gonococcal gDNA based on detection of fluorescence intensities. We previously
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discussed the circumstance that isolation of gonococcal gDNA from cells results in heavily
fragmented DNA due to mechanical sheering (see Fig. S14). Hence, smaller fragments could
readily penetrate colonies upon which they trigger ComE foci due to uptake [Abdel-Latif &
Osman, 2017]. This strong increase is limited to the initial stages of the experiment, as foci
density profiles in colonies treated with DNA and untreated control colonies tend to converge
for later time points (see Fig. 3.7). This could suggest that DNA uptake is highly efficient in
gonococcal colonies, as added eDNA is quickly ridded from the growth medium due to rapid
uptake.

We propose that external DNA, which is penetrating gonococcal colonies, is primarily taken
up by cells in the outer periphery of colonies, thereby drastically reducing the number of

potential transformation targets within the cell aggregate.

4.2.2. Evidence for alternative mechanisms of ComE focus formation in gonococcal
colonies
We found evidence that ComE foci in gonococcal colonies might be formed independently of
eDNA. First, in the absence of external DNA, we noted that ComE foci are formed extensively
in the center colonies. This is not necessarily unexpected, since gonococci can release ample
amounts of extracellular DNA due to cell death and autolysis, or secretion of ssSDNA by the
type IV secretion system (T4SS) and, thus, provide enough DNA as a potential target for ComE
to form foci during uptake [Elmros et al., 1976; Hamilton et al., 2005]. However, the fraction
of dead cells in gonococcal colonies is usually below 5 % in the first 4 hours of microcolony
formation [Welker et al., 2021]. Therefore, DNA release by means of cell death or lysis should
be relatively low in early, 1 to 2-hour old colonies composed of few cells. This leaves sSDNA
secretion as an alternate mean for DNA release, yet, assessing the contribution of the T4SS to
the total amount of extracellular DNA available in colonies is difficult. However, multiple
studies have shown that secreted DNA affects initial biofilm formation; thus, one could
speculate that the contribution of T4SS-mediated DNA release is substantial [Zweig et al.,
2014; Callaghan et al., 2017]. Nonetheless, the observation that ComE foci formation is
extensive in early colonies, even in the absence of externally added DNA, served as a first hint

that ComE foci might form independent of any DNA.
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To further characterize this observation, we treated colonies with DNase in order to degrade
any DNA in the growth medium. Treatment of isolated gonococci with DNase effectively
abolishes foci formation, or uptake (see Fig. 3.6) [Gangel et al., 2014]; however, this is,
surprisingly, not the case in colonies. While foci formation is diminished in the presence of
DNase, it does not completely abolish foci formation. This finding was unexpected, since it
indicates that DNA uptake is maintained even in the absence of all extracellular DNA in the
growth medium.

The foci density profile of DNase treated colonies indicates that foci formation was primarily
affected in the outer periphery but maintained in the center of colonies (see Fig. 3.7d, black
curve). Therefore, we initially proposed that DNase is maybe hindered from penetrating the
colony efficiently, thus preventing the enzyme from degrading DNA in the deeper layers of
colonies. This enables sustained foci formation even in the presence of DNase. However,
additional experiments utilizing the DNA stain YOYO-1 later revealed that DNase essentially
rids all extracellular DNA from colonies (see Fig. 3.14 & Fig. 3.15), thereby disqualifying this
hypothesis. Combined, these findings might suggest that ComE forms foci independently of the
presence of any extracellular or external DNA.

Recent studies highlight that bacteria can form tubular protrusions, called nanotubes, that
bridge neighboring cells. These nanotube-bridges are subsequently used to shuttle cellular
components, including DNA, between individual cells, while simultaneously bypassing the
extracellular space [Dubey & Ben-Yehuda, 2011]. Furthermore, gonococci are also known to
create extracellular outer membrane vesicles, which could act as an alternate pathway for
exchange of genetic material while avoiding the extracellular space [Ficht, 2011; Deo et al.,
2018]. Both mechanisms of DNA exchange would allow gonococci to maintain foci formation
and uptake, in the presence of nucleases. Whether or not N. gonorrhoeae forms nanotubes
remains to be shown, however.

Finally, we cannot rule out that ComE forms foci by a mechanism that is completely
independent of DNA. It was shown previously that the DNA uptake systems in bacteria are
involved in biofilm formation [Petersen et al., 2005]. As ComE is one of the central proteins in
the uptake machinery of N. gonorrhoeae, it is intriguing to picture that ComE is somehow
involved in aiding gonococci to aggregate into colonies and biofilms. If so, ComE foci
formation could, in fact, be triggered by colony formation and might not necessarily serve solely
as an indicator for DNA uptake in aggregates of N. gonorrhoeae.
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4.3. Transformation efficiencies in gonococcal colonies

4.3.1. Transformation by external DNA depends on DNA length, cellular growth rates,
and the position of transforming cells within colonies

Bacterial biofilms are often described as environments that facilitate highly efficient exchange
of genetic material [Li et al., 2001; Hendrickx et al., 2003; Madsen et al., 2012]. However, this
assumption is oftentimes not critically questioned and many of the processes regarding gene
transfer in cellular aggregates and communities remain unknown [Stalder & Top, 2016]. In this
study, we investigated the dynamics of transformation of extracellular DNA penetrating
gonococcal colonies with spatial and temporal resolution.

We found that transformation with 3 kb DNA fragments (DUS") was limited to the outer
periphery of colonies, with very limited transformation in the inner layers of gonococcal cell
aggregates (see Fig. 3.9). This observation is in agreement with previous reports, which
highlight that gene transfer might be confined to the outer layers of bacterial aggregates and
biofilms [Haagensen et al., 2002; Stalder & Top, 2016]. It has been proposed that this is likely
caused by a large fraction of recipient cells not receiving transformable DNA due to gradients
formed within the cell aggregate, which hinder availability of DNA [Molin & Tolker-Nielsen,
2003]. However, this concept is not applicable here, as we showed that Cy3-labelled 3 kb
fragments readily reach the inner core of colonies (see Fig. 3.2). Thus, we can exclude a lack
of transformable DNA as a reason for limited transformation in the center of gonococcal
colonies.

The prerequisite for transformation is DNA uptake, which is mediated by the DNA-binding
protein ComE [Chen & Dubnau, 2004]. Indeed, we find evidence that cells in the periphery are
more active in taking up external DNA from the growth medium compared to cells in the colony
center (see Fig. 3.7). Hence, limited DNA uptake in the presence of ample amounts of
transformable DNA could indicate, that uptake and/or transformation of cells in the inner layers
is inhibited. This assumption is supported by studies that characterized growth within
gonococcal colonies, which was shown to be spatially heterogenous. To be more specific,
growth is limited to the outer layers of colonies while cells in the core show signs of growth
arrest [Welker et al., 2021]. Growth arrested cells might prioritize maintenance and survival
functions and, thus, inhibit transformation (and DNA uptake) in favor of cell viability, resulting
in poor transformability of cells within the colony core [Bergkessel et al., 2016; Stalder & Top,

2016]. However, it should be noted that growth arrest is also known to trigger the exact opposite
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effect, as specific bacteria, e.g., B. subtilis, are known to induce competence and gene transfer
specifically in a growth arrested state [Yuksel et al., 2016].

The number of transformants in colonies should increase continuously throughout the
experiment assuming we reach saturating levels of transformable DNA. Yet, amounts of DNA
in the range of few femtogram are sufficient to obtain detectable transformation frequencies,
which is much lower compared to the concentration of 5 ng/ul of DNA we used in our
experiments [Molin & Tolker-Nielsen, 2003]. Even so, we find that the average number of
transformants in colonies saturates after ~2 hours (see Fig. 3.9b). As we normalized this average
with respect to colony size, this finding could serve as evidence that growth rates within
gonococcal colonies outcompete transformation rates. Moreover, gonococci organized into cell
aggregates are known to move radially from the center towards the periphery of the colony due
to cell division and growth [Welker et al., 2021. Combined, this indicates that only cells in the
periphery of colonies are active and able to transform, whereas cells in the center are arrested
for transformation.

Aside from 3 kb DNA fragments we also investigated the transformation efficiencies of 300
bp fragments and gonococcal gDNA; however, none of those samples resulted in transformants
after 4 hours of incubation. We established that gonococcal gDNA is very strongly retained in
the periphery of colonies (see Fig. 3.2), thereby, drastically limiting the number of recipient
cells for this particular nucleotide sample. Even so, given the high density of DNA uptake
sequences present within the genome of N. gonorrhoeae, uptake of gonococcal gDNA within
colonies should be efficient (see also Fig. 3.7). Still, emergence of transformants was not
detectable. However, our approach of detecting transformation is based on the replacement of
a single nucleotide, yet the genome of N. gonorrhoeae is ~ 2.2 Mb [Chung et al., 2008]. The
bulk of gDNA, thus, represents “junk”, at least in the context of our experimental design.
Therefore, the likelihood for replacement of the introduced point mutation (sfgfpnf) by means
of gene exchange is significantly reduced compared to 3 kb and 300 bp fragments, as these
were generated by PCR and exposed the genetic region of interest on every single molecule.
The most likely explanation for the poor transformability of gonococcal gDNA is that the size
of the genome significantly decreases the odds to efficiently replace a single point mutation,
which is partially mediated by strong retention at the periphery and, thus, a limited number of

potential recipient cells.
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There is reason to believe that an opposite effect explains the poor transformation of 300 bp
fragments: We showed that 300 bp fragments readily penetrate gonococcal colonies, therefore
we can exclude a lack of DNA for poor gene transfer (see Fig. 3.2). Furthermore, uptake of 300
bp fragments in gonococci was previously shown to be rapid, occurring on a timescale of few
minutes [Gangel et al., 2014]. Given that the 300 bp fragments we applied in our experiments
contained a DUS, we can expect efficient uptake in colonies, thereby excluding DNA uptake
as a limiting factor for poor transformability as well. All things considered, 300 bp fragments
are, most likely, simply too short to allow recombination into the genome of N. gonorrhoeae
due to limited homologous flanking regions [Fujitani et al., 1995]. Even so, this highlights that
the transformability of aggregated gonococci critically depends on the length-scale of the

transforming DNA.
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4.4. Free DNA is an important connective linker in bacterial colonies but

not an essential one

4.4.1. DNA forms a supporting, stabilizing mesh in gonococcal colonies

We visualized free extracellular DNA within gonococcal colonies utilizing the DNA-
intercalating dye YOYO-1. In doing so we could show that extracellular DNA is processed and
woven into a lattice of DNA filaments that elongate through the entire cellular aggregate. After
4 hours of growth, the DNA network contained a combination of thin and thick filaments of
variable sizes coupled with areas of aggregation, thus creating an intricate 3D structure within
the colony (see Fig. 3.12 & Fig. 3.13). Aggregation was particularly abundant in the outer
periphery, were the lattice formed a cocooning shell (see Fig. 3.12), and close to lysed cells,
indicating that DNA is mainly released by cell death (see Fig. 3.13).

Formation of interwoven eDNA lattices was shown previously within biofilms formed by a
variety of bacteria, including Burkholderia cenocepacia and H. influenzae, indicating that
mesh-like arrangement of eDNA is a more universal characteristic of bacteria that aggregate
into biofilms [Jurcisek & Bakaletz, 2007; Novotny et al., 2013; Devaraj et al., 2019]. This
suggests that the arrangement of eDNA in biofilms is likely not random, and, in addition, might
serve as an indicator that the infrastructure provided by eDNA likely affects the structural
integrity of the biofilm [Goodman et al., 2011]. For instance, it was proposed that eDNA forms
an electrostatic net, which interconnects cells in cellular aggregates [Dengler et al., 2015].
Gonococci lack genes to produce exopolysaccharides as potential ECM components [Steichen
et al., 2011]. Thus, eDNA is, most likely, of more significance in maintaining coherence in
gonococcal cell aggregates compared to other bacterial species that produce those ECM
components or polymers. Multiple studies have previously reported that DNase treatment had
severe effects on gonococcal colonies, such as diminished initial attachment efficiencies or
decreased relative biomass [Steichen et al., 2011; Zweig et al., 2014]. The fact that eDNA forms
a cocooning shell around the cell aggregate might indicate that eDNA acts as a peripherical
scaffold, potentially providing a framework for crosslinking interactions between cells [Das et
al., 2013].

Indeed, we found evidence for DNAs significance when treating 4-hour old colonies with
DNase. The DNA lattice was dissolved instantly, upon which colonies adopted a bloated
morphology as cells dissociated from the colony at the outer periphery (see Fig. 3.15a, b),

highlighting that eDNA is an important connective linker in gonococcal colonies. Interestingly
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though, we find that colonies do not fall apart completely. Instead, they quickly adapt within
few minutes and rearrange (see Fig. 3.15c), suggesting that cells within the colony rapidly meet
the challenge of losing crosslinking eDNA. In gonococci T4P are known to affect colony
structuring and cohesion by forming an intricate mesh of connective linkers as well [Giltner et
al., 2012; Hockenberry et al., 2016; Ponisch et al., 2017; Ponisch et al., 2018; Welker et al.,
2018].

Together, we find strong evidence that eDNA is, indeed, an important structural component
in gonococcal colonies; however, it is not an essential one as colonies remain intact even in the
absence of eDNA.

4.4.2. On the formation of eDNA filaments in bacterial biofilms

One of the most obvious questions regarding the eDNA lattice found in bacterial biofilms is
how and why DNA is specifically processed into a filamentous mesh. It is known that DNA-
binding T4P form a similar mesh within gonococcal colonies [Hockenberry et al., 2016;
Piepenbrink, 2019]. Moreover, fluorescent labeling of elongated T4P reveals filamentous
structures very much reminiscent to those we observed for YOYO-1-stained DNA [Ellison et
al., 2017; Ellison et al., 2018]. Thus, we proposed that the formation of eDNA filaments in
gonococeci is related to the generation of T4P. To test this assumption, we imaged eDNA in
colonies formed by a comP-knockout strain, which lacks the only DNA-binding pilin subunit
of T4P [Cehovin et al., 2013].

Interestingly, we find that formation of DNA filaments is not abrogated in a AcomP
background (see Fig. 3.16), indicating that DNA fiber and lattice formation is independent from
T4P. However, the DNA lattice is remarkedly less pronounced compared to wildtype colonies,
with seemingly truncated and less filaments overall (see Fig. 3.12 & Fig. 3.13), indicating that
suppression of the DNA-binding mechanism (4comP) affects the arrangement of eDNA in
colonies. Itis likely that other extracellular DNA-binding proteins are involved in the formation
of DNA meshes, as was shown in biofilms of Nontypeable H. influenzae, E. coli and S.
epidermidis [Jurcisek & Bakaletz, 2007; Goodman et al., 2011; Deveraj et al., 2019]. The
DNABII family of proteins is a particularly strong candidate in this regard. DNABII have strong
structural influence on intracellular DNA, however, seem to be critical in forming a DNA lattice
within the ECM of biofilms [Goodman et al., 2011]. DNABII binds nicked Holliday Junction
DNA with high-affinity and links them within the ECM of bacterial biofilms, thereby forming
an integral part of the DNA mesh [Devaraj et al., 2019]. Holliday Junctions are DNA-
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intermediates of homologous recombination [Punatar et al., 2017]. As such, they are formed in
the cytosol, but are presumably released into the extracellular space by cell death and lysis,
likely together with DNABII [Goodman et al., 2011]. However, studies have shown that both
are secreted independent of cell lysis by a T4SS and T4P-like system in Nontypeable H.
influenzae, a species which is closely related to Neisseria [Jurcisek et al., 2017].

This strongly suggests a similar mechanism for DNA filament formation in gonococci.
Secretion of DNABII was not shown for N. gonorrhoeae, however gonococci are highly
autolytic [Elmros et al., 1976]. Thus, DNABII proteins could be released in large quantities due
to lysis, together with abundant eDNA. This hypothesis is in good agreement with our finding
that DNA filaments tend to aggregate in close proximity to dead cells (see Fig. 3.13). Moreover,
the involvement of a T4SS-like system in the formation of the DNA lattice in H. influenzae
biofilms might highlight sSDNA as a potentially important factor in the formation of the DNA
mesh in gonococci, given that they apply the T4SS to secret sSDNA during biofilm formation
[Hamilton et al. 2005, Zweig et al., 2014]. However, YOYO-1 is a poor dye to stain single
stranded DNA as it causes extensive DNA nicking, which may lead to breaking of sSDNA
[Gibb et al., 2012]. It is therefore likely that we did not properly visualize ssDNA in our
recordings due to YOYO-1 induced DNA cleavage. Still, a more robust and specific staining
method for sSDNA might yield deeper insight into the extent of ssDNA’s contribution to the
formation of DNA lattices in gonococcal colonies and might provide a better understanding on
how eDNA is arranged in bacterial cell aggregates.

Taken together, we propose that T4P mediate gonococcal aggregation, while DNA networks

fine-tune the mechanical properties of the colony.
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5. Outlook

In this work, we characterized the dynamics of penetration, uptake, and transformation of
externally added DNA within cellular aggregates formed by N. gonorrhoeae with spatial and
temporal resolution. The characterization of these processes and their underlying mechanisms
is of significance, given that only few reports have previously focused on their proceedings in
cellular aggregates with great detail. Given that cellular aggregates, or biofilms, are usually
described as hot spots for gene transfer processes, our findings might add critical pieces of
information to obtain a better understanding of genetic exchange within bacterial biofilms [Abe
et al. 2020]. Moreover, we elucidated DNAs role as a structural component of cellular
aggregates by staining free, extracellular DNA within gonococcal colonies; thereby adding
additional insight into DNA processing in biofilms as a whole. However, many questions
regarding these processes still remain unanswered.

For instance, we found evidence that the nuclease Nuc controls the abundance of DNA with
varying length-scales within bacterial colonies, likely in a sequence or methylation dependent
manner. One could further pinpoint the mode of action of the enzyme by screening DNA
fragments with a given, defined size, yet with random sequences. Differential cleavage could
indicate whether or not sequence specificity might be involved in Nuc-mediated DNA cleavage.
Similarly, one could generate and screen DNA fragments using targeted methylation or
demethylation tools to further characterize the impact of post-transcriptional modifications on
the activity of Nuc [Lei et al., 2018].

Likewise, methylation could also be involved in the retention of DNA in gonococcal
colonies. We found that (E. coli) DNA is very strongly retained within colonies even when
specific binding is abrogated or hindered. It would be interesting to obtain a better
understanding on the exact retention mechanisms and how DNA is trapped, or entangled, within
cellular aggregates. Currently, a particular focus lies on cytosolic DNA-binding proteins that
crosslink DNA within the biofilm matrix once they are released into the extracellular space
[Jurcisek et al., 2017; Dengler et al., 2015; Deveraj et al., 2019]. Several antibodies have since
been developed that allow their immunofluorescent visualization in biofilms or, alternatively,
target their functional domains, thereby triggering biofilm collapse due to loss of function
[Goodman et al., 2011; Novotny et al., 2016]. Applying said antibodies in colonies and biofilms
formed by N. gonorrhoeae could potentially uncover the putative role of DNA-binding proteins
in gonococcal cell aggregates in greater detail. These proteins are also likely involved in the
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formation of DNA lattices in bacterial biofilms, thus adding additional incentives to determine
their functions more thoroughly [Deveraj et al., 2019].

DNA lattices or meshes are likely also affected by secretion of sSDNA into the extracellular
space, which is mediated by the Type IV secretion system (T4SS) [Hamilton et al., 2005].
However, when we imaged the formation of DNA meshes within gonococcal colonies, it is
likely that we omitted staining of sSDNA due to YOYO-1 induced photocleavage and breakage
[Akermann & Tuite, 1996; Gibb et al., 2012]. Future studies could, thus, focus on utilizing a
better suited dye or a sSSDNA-specific staining method to better highlight the contributions of
sSDNA to the formation on DNA filaments [Zweig et al., 2014]. It is known that the T4SS is
encoded within a region called the gonococcal genetic island (GGI); thus, an alternate approach
to further characterize the role of the T4SS in the formation of DNA meshes would include the
creation of GGI-mutant strains [Ramsey et al., 2011].

Finally, we found evidence that transformation and gene transfer of externally added DNA
is limited to the outer periphery of gonococcal colonies, putatively due to growth arrest in the
inner layers of cell aggregates. Suppression of the stringent response has previously been
reported to trigger premature growth arrest for gonococci [Welker et al., 2021]. Thus, additional
experiments with a stringent response deficient strain might add further knowledge into whether
transformation is really hindered due to growth arrest [Fisher et al., 2005]. Our experiments
were limited to 4-hour old colonies and we focused on gene exchange in the early stages of
biofilm formation. However, transformation is known to have drastic shifts in efficiency over
the course of biofilm development [Kouzel et al., 2015]. Our experiments could therefore be
complemented by additional assays utilizing flow chambers, which allow the investigation of
gene transfer processes over prolonged periods. Thereby, these assays could add additional
insights into the efficiencies of transformation and the underlying mechanisms of the process

in gonococcal and bacterial cell aggregates.

97



Appendix

6. Appendix

6.1. Supplementary data and figures
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Figure S1: Intensity profiles for Cy3-labelled DUS DNA in colonies formed by strain wt* (NG194).

Mean radial fluorescence intensities (FU, in arbitrary units) of Cy3-DNA as a function of the distance (r) to the
colony contour for all analyzed timepoints. (a) 300 bp fragments, (b) 3 kb fragments, (c) gDNA of E. coli. Shaded
areas represent standard errors of 26 - 38 colonies.
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Figure S2: Intensity profiles for Cy3-labelled DUS™ DNA in colonies formed by strain wt* (NG194).
Mean radial fluorescence intensities (FU, in arbitrary units) of Cy3-DNA as a function of the distance (r) to the
colony contour for all analyzed timepoints. (a) 300 bp fragments, (b) 3 kb fragments, (c) gDNA of N. gonorrhoeae.

Shaded areas represent standard errors of 30 - 40 colonies.
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Figure S3: Intensity profiles for Cy3-labelled DUS* DNA in colonies formed by strain 4nuc (NG235).
Mean radial fluorescence intensities (FU, in arbitrary units) of Cy3-DNA as a function of the distance (r) to the
colony contour for all analyzed timepoints. (a) 300 bp fragments, (b) 3 kb fragments, (c) gDNA of N. gonorrhoeae.

Shaded areas represent standard errors of 30 - 40 colonies.
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Figure S4: Effect of nuc-deletion on abundance of DUS* 300 bp DNA within gonococcal colonies.

Mean radial fluorescence intensities (FU, in arbitrary units) of 300 bp Cy3-DNA as a function of the distance (r)
to the colony contour immediately after addition to the medium (a), and after 0.5 h (b), 1 h (c) and 2 hours (d), for
colonies formed by wildtype (wt*, NG194) and nuc-deletion strains (4nuc, NG235). Shaded areas represent

standard errors of 32 - 40 colonies.
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Figure S5: Effect of nuc-deletion on abundance of DUS* 3 kb DNA within gonococcal colonies.

Mean radial fluorescence intensities (FU, in arbitrary units) of 3 kb Cy3-DNA as a function of the distance (r) to
the colony contour immediately after addition to the medium (a), and after 0.5 h (b), 1 h (c) and 2 hours (d), for
colonies formed by wildtype (wt*, NG194) and nuc-deletion strains (4nuc, NG235). Shaded areas represent

standard errors of 32 - 35 colonies.
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Figure S6: Fluorescence foci profile for Cy3-labelled DUS DNA in colonies formed by strain wt* (NG194).
Density (Ng) of Cy3-DNA foci within colonies as a function of the distance (r) to the colony contour for all
analyzed timepoints. (a) 300 bp fragments, (b) 3 kb fragments, (c) gDNA of E. coli. Shaded areas represent

standard errors of 26 - 38 colonies.
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Figure S7: Fluorescence foci profile for Cy3-labelled DUS* DNA in colonies formed by strain wt* (NG194).
Density (Nr) of Cy3-DNA foci within colonies as a function of the distance (r) to the colony contour for all
analyzed timepoints. (a) 300 bp fragments, (b) 3 kb fragments, (c) gDNA of N. gonorrhoeae. Shaded areas

represent standard errors of 30 - 40 colonies.
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Figure S8: Fluorescence foci profile for Cy3-labelled DUS* DNA in colonies formed by strain Anuc (NG235).
Density (Ng) of Cy3-DNA foci within colonies as a function as a function of the distance (r) to the colony contour
for all analyzed timepoints. (a) 300 bp fragments, (b) 3 kb fragments, (c) gDNA of N. gonorrhoeae. Shaded areas

represent standard errors of 30 - 40 colonies.
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Figure S9: Nuc regulates the amount of DNA that penetrates gonococcal colonies.

Average number of Cy3-DNA foci in colonies formed by wt* (NG194) and Anuc (NG235) strains, averaged over
an area of one pixel (80 x 80 nm) for both DUS* and DUS™ DNA samples. 4nuc was tested with DUS* only. Error
bars represent standard errors of 27 — 40 colonies.
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Figure S10: mCherry fluorescence quickly deteriorates within the first few hours of the experiment.

Red-fluorescent strain wt* sfgfpys (strain 1, NG233) and green-fluorescent stain wt* (strain 2, NG194) were
cocultured in a flow chamber and imaged at the indicated time points. Cells expressing mCherry (strain 1), are
nicely visible for the first 4 hours of the experiment. However, we observe a drastic decline in fluorescence
intensities between 4 - 6 hours. After 8 hours of colony growth, mCherry becomes barely detectable. Scale bars:

50 pm.
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. Top view Side view

Figure S11: DNA filaments are surface associated, presumably fixing the colony to the surface.

3D volume projection of YOYO-1 fluorescence intensities within a 4-hour old colony of N. gonorrhoeae strain
4G4 (NG150). (a) Aerial 3D view onto the colony, revealing that DNA bundles and filaments are extended into
the extracellular space beyond the colony (colored arrows). (b) Lateral 3D viewing angle on the same colony. It

reveals that the filaments are surface associated, potentially fixating the colony onto the surface. Scale bars: 2.5

pm.

Figure S12: Colonies grown in the presence of DNase show rough and bloated surface morphologies.
Typical brightfield images of 4-hour old colonies formed by N. gonorrhoeae strain 4G4 (NG150). (a) Untreated
colonies. (b) Colonies grown in medium supplemented with 10 U of recombinant DNase I. Scale bars: 10 pum.
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Figure S13: Average fluorescence intensity of ComE-mCherry within colonies formed by strain comE-
mcherry* (NG195).
Mean fluorescence intensities, averaged over an area of one pixel (80 x 80 nm), of ComE-mCherry within

gonococcal colonies. Error bars represent standard errors of 30 colonies.
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Figure S14: Genomic DNA of E. coli and N. gonorrhoeae size separated by gel electrophoresis.
1.5 ug of isolated E. coli DNA (left) and N. gonorrhoeae strain 4G4 (NG150, right) size separated in a 1 % agarose

gel. Values indicate size marker in base pairs (bp).
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