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Zusammenfassung

1 ZUSAMMENFASSUNG

Die Bildung von Biofilmen ist ein kollektives Ph&dnomen prokaryotischer System&ellen
zeigen n Biofilmen eine erhthte Widerstandsfahigkeit gegen Umweltstress. Bakterien
konnen Typ 4 Pili (T4P) zur aktiven Krafterzeugung, Adhasion und Bildung von Biofilme
verwenden. Der erste Teil diesr Arbeit konzentriert sich auf Einzelzellwechselwirkungen
die durch T4P vermittelt werden. Diese T4P-Wechselwirkungen werden mit Hilfe von
Laserpinzetten quantifiziert und mit der kollektiven Dynamik junger Biofilme verknupft. Der
zweite Teil dieser Arbeit konzentriert sich auf das Zusammenspiel von T4P
Einzelzellwechselwirkungen, deren Evolution und dr Struktur makroskopischer Biofilme.
GenomSequenzierung vird mit phanotypischen Analysen kombiniert, umMutationen mit

interbakteriellen Wechselwirkungen und kollektiven Phanomenen zu verknipfen.

Mit einer dualen Laserfalle haben wir gezeigt, dass die Wartezeitverteilung von Z&ell-
Interaktionsereignissen mit der Wartezeitverteilung von ZellKugelinteraktionsereignissen
vergleichbar ist. Monomere der T4P werden posttranslational modifiziert. Wir beobachten,
dass interzellulare Abreiskrafte und Bindungskinetiken durch Pilin-Glykosylierungs und
Phosphoform-Modifizierungen reguliert werden. Daruber hinaus &andern sich
interzellularen  Bindungskinetiken  mit  variierender  T4P-Motoraktivitdt.  Diese
mikroskopischen Befunde werden mit Ergebnissen mesoskopischer multizellularer Systeme
verkniipft. Unsere Daten zeigen, dass eine Anderung dehbreisskrafte und der
Bindungswahrsdeinlichkeiten die Zellsortierung induziert. Die Fusionsdynamik von
multizelluléaren Systemen zeigt flussigkeitsahnliches Verhalten. T4P
Wechselwirkungskinetiken  regulieren diese  Dynamik und beeinflussen die
MaterialeigenschaftenOberflachenspannung und \&kositat.

Lange wurde angenommen, dass die T4Rermittelte Krafterzeugung an die Retraktions-
ATPase PIlT gekoppelt istwelche fir Oberflachenmotilitat und multizellulare Dynamik
unerlasslich ist. Wir beobachten jedoch dass die Krafgenerierung durch T4P-Retraktion

auch ohnedie Retraktions-ATPase PilT erfolgt. Wir zeigen, dass die Retraktiavhne PilT
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unabhangig von derprotonenmotorischen Kraft und den pilT-Pardogen pilU und pilT2 ist.
Die Retraktion ist zwei GréfRenordnungen langsamer alpilT-getriebene Retraktion und
stoppt bereits bei Gegenkéaften von unter 10 pN. AuRerdem héngt die Geschwindigkeit @r
pilT-unabhangigen T4PRetraktion von der anliegenden Gegenkraft und de
periplasmatischenPilE-Konzentration ab.

Frihere Studienhaben geeigt, dass die Positionierung einzelner Zellen in Biofilmen die
Ausbreitung, das Wachstum, den Na&hrstoffverbrauch und den kollektiven Schutz vor
Umwelteinflissenbestimmt. Wir untersuchen, ob T4RInteraktionskrafte die Positionierung
und die Populationsdynamk expandierender Biofilme beeinflusen. Unsere Daten zeigen,
dass schwach wechselwirkende Zellen ohne T4P an diAufRenschicht wachsender
Populationen segregierenund dort einen starken selektiven Vorteilerlangen. Raumliche
aufgeldsteSequenzierung zeigtdassantigenische- und PhasenVariation der Pili Diversitat
von Pilin-Sequenzererzeugen undZellsortierung bedingen.

In Flussigmediumevolvierende Populationenbevorzugen disperseAnordnungen gegeniber
dichter Aggregation und kénnen dennoch T4P zur aktiven Krafterzeugung nutzen.
Sequenzierung des gesamten Genomzeigt, dass Mutationen inpilC und pilE aller
Wahrscheinlichkeit nachan der Veranderung interzellularer T4ARWechselwirkung beteiligt

sind und disperse Anordnungen zu ermoglichen.

Zusammenfassend lasst sich sagen, dass verschiedene posttranslationale Modifikationen und
eine Verédnderung der Motoraktivitat die attraktive T4RWechselwirkung optimieren.
Veranderte Einzelzellwechselwirkungen wirken sich auf Zellgemeinschaften aus und heb
drastische Auswirkungen auf die Materialeigenschaften multizellularer Systeme. Die
Untersuchung der Retraktion von T4P in Abwesenheit von PilT weist darauf hin, dass die
nicht angetriebene Depolymerisation ein universelles Phanomen der T4P isUnsee
Ergebnisse weisen darauf hin dass T4PWechselwirkungen einer raschenevolutionaren
Entwicklung unterliegen, die es den Zellen ermdoglicht, Aggregation zu verandern,

anzupassen und auf Umgebungsbedingungen zu reagieren.
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2 ABSTRACT

Biofilm formation is a collective phenomenon of prokaryotic systemswithin biofilms cells
show enhanced resistance against environmental stressd3acteria can use type 4 pili (T4P)
for active force generation, adhesion andlormation of biofilms. The first part of this work
focusses onT4P-mediated single cell interactions. These interactions arequantified by
means of laser tweezersnd connected todynamics of early biofilms The second part of this
work focusses on the interplay of T4Rmediated single ell interactions, evolution and
structure of macroscopic biofilms. Genome sequencing in combination with phenotypic

analysis is used to conneanutations to interbacterial interaction and collective phenomena.

Using a dual laser trap, we showed that the aiting time distribution of cell-cell interaction
events is comparable to the waiting time distribution of celbead interaction events.
Monomers of T4P are postranslationally modified. We observethat cell-cell rupture forces
and binding kinetics are fine-tuned by pilin glycosylation and phosphoform modification
pathways.In addition, intercellular binding kinetics change with varying T4Rmotor activity.
These microscopic findings are aoelated with results from mesoscopic multicellular
systems.Our data indicate that diversification of rupture forces and binding probabilities
induces cell sorting.Fusion dynamics of multicellular aggregates shows liquidike behavior.
T4P-mediated interaction kinetics regulate these dynamics and strongly affeché material
properties surface tension and viscosity.

For a long timeT4P mediated force generatiorwas thought to becoupled to the retraction
ATPase PIlT, which is essential for twitching motility and multicellular dynamics. However,
we observed thatforce generation by T4P retraction occurs without retraction ATPase PilT.
We demonstrate thatretraction in the absence of PilTis independent ofproton motive force
and of the pilT-paraloguespilU and pilT2. Retraction is two orders of magnitude slower than
pilT-driven T4P retraction and stalls frequently at opposing forces smaller than 10 pN.
Furthermore, the velocity of pilT-independent T4P retractiondepends on theopposing force
and the periplasmatic PIlE-concentration.

Previous studies showthat positioning of individual cells within biofilms governs dispersal,
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growth, nutrient consumption and collective protection against environmental stresses. We
tested whether tuning of T4P-mediated interaction forcesgoverns positioning and affect
population dynamics of expanding biofilms.Our data showsthat weakly interacting cells
without T4P segregate to theperiphery of growing populations and show a strong selective
advantage. Spatidy resolved sequencing demonstrates that pilin antigenic- and phase
variation are natural mechanisms that generate a standindiversity of pilin sequences within
the populations and cause segregation o$ubpopulations.

Populations evolving in liquid medium favor dispersive arrangements over dense
aggregation while maintaining their ability to use T4P for active forcegeneration. Whole
genome sequencing datauggeststhat mutations in pilCand pilE are likely to be involved in

changingintercellular T4P-mediated interactions as to enable disperse arrangements.

In conclusion, different pilin posttranslational modifications and variations in motor activity
fine-tune attractive T4P-mediated interactions. Altered singlecell interactions affect cell
communities and have drastic effects on material properties of multelular systems.
Investigation of T4P retraction in the absence opilT indicates that PilT-independent T4P
retraction is a universal T4P phenomenon Our results suggest that T4P-mediated
interactions are subject to rapid evolution, which enables cells tochange and adjust

aggregation andreact to environmental conditions

10
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3 INTRODUCTION

Biological systems have evolved to enormous complexity on various time and length scales.
The largest isogenic organisms, for instance, cover distances of several kilometers and areas
of up to 9.7 square kilometerq1][2][3]. In contrast to that, there are viruses that only consist
of approximately 958,980 single atomg4][1].

Bacteria are micrometer-sized aganisms which live at low Reynoldsnumbers, where
viscous forces dominate over inertig5]. In this environment, many bacterial species have
developed microscopic machines that enablthem to interact with each other and perform
active movement in liquids or on surfacesBacterial communities often compriseof large
numbers of individual cells.In order to study collective phenomena such as swarming or
auto-aggregationin a biophysical context, it is ofén convenient to treat single cells as single
particles [6][7][8][9]. As such, thandividual properties of single celk and theirinteractions
have been shown todetermine the behavior and structure of collective communities
[10][11][12]. Recently, it was demonstrated that molecular machinesvolved in cell-cell
interaction have the potential to directly regulate dynamics of calllar communities in space
and time [12][13]. However, thequestion of how bacteria control their molecular machines
and celktcell interactions in order to regulate collective dynamics remains unclear. This study
addressesthis question and investigates physical properties of single cells, their interactions
and their relevance for collective traits.To this end we studied Neisseria gonorrhoeagan
organism thatregulates collective behavior using typet pili (T4P).

The first part of the introduction provides an overview of different types of collective
behavior in bacterial systemsand the molecular motors involved In second section, an
overview of force generation of molecular motors, in particular the T4fnachinery will be
given to provide a basic understanding of single cell dynamics of our applied model system.
Subsequently, variation of T4Pmediated interactions by genetic and postranslational
modifications will be explained.The next paragraph focusses on muicellular communities
and introduces important aspects of biofilms and spatial organization within cellular
communities. The final part links the evolutionary factors selection, mutation and genetic

drift to bacterial communities.

11
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3.1 MOLECULAR MOTORS GORE COLLECTIVE BEHAVIROFBACTERIAL SYSTEMS

Many bacterial species have evolved extracellular structures that enable physical
interactions with their environment and other bacteria. They include pili,focal adhesions,
curli, flagella, and exopolysaccharides=rom a biophysical point of viewpili and flagellaare

particular interesting becausethey function both as adhesinsand are driven by molecular
motors enabling complex collective dynamics of bacterial populationsSome species
including Pseudomonas aeginosaand someEscherichia colistrains produce both flagella

andtype 4pili (T4P). Other species geneatte only a single type of motor

) T4P elongation Binding T4P retraction

SN

b)  Swimming by rotation of flagella

—_—

C)#

Gliding over local adhesion points

Figure 1: Molecular motors are used fobacterial motility . a) Twitching motility. The T4P-machinery generates
propulsive forces by sequential elongation, binding and retraction of T4B) Swimming motility . The flagellar
rotary motor propels bacteria throughagueousenvironment or on moist surfacesc) Gliding motility. Molecular
motors are fixed in focal adhesion points and push the celbody along a helical trajectory.

Many bacterial species use the (d@olymerization motor of T4P to interact with surfaces
and other bacteria. On surfacesl4P-mediated twitching motility is performed by periodic
cycles of polymerization (T4P elongation), binding, depolymerization (T4P retraction) and
rupture events [14] (Figure 1a). Both Neisseria gonorrhoea@nd Synechocystiexclusively
use type 4 pili (T4P) to interact with the environment. Single cells are able to move over
surfacesvia T4P. In addition to surface mtility cells can use their pili to exert forces on

adjacent cells. These forces are applied in a tug-war mechanism until intercellular bonds

12
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rupture. Collectively, these singlecell interaction patterns lead to auteaggegation of
gonococci Figure 2) [15]. While there is no evidence for tactic behavior dfl. gonorrhoeae
T4P driven cellular dynamicsare regulated by chemotaxis or phototaxis in otbr species
[16][17]. In case of photosyntheticSynechocystig was shown thatthe subcellular location
of pilus production can be manipulated by light[18]. Interestingly, these cells move

collectively towards light sources in regular, fingeflike projections [17]. This collective

motion dependson the direct physicalinteractions between bacteria, mediated through their
T4P[19].

Figure 2: Auto-aggregation ofN. gonorrhoeaeWell mixed and homogeneously distributed cells were inoculated
in a flow chamber(t = 0 s). Oxygen supply triggers T4fnediated selfassembly and generation of spherical
colonies within 185 seconds(Imaging was done by Tom Cronenbery

Different bacterial species use rotating flagella for directed movement in liquid
environments. These extracellular filaments are rotated clockwvise or counter clock-wise by
a rotary molecular motor [20][21]. Depending orthe flagellasddirection of rotation the cells
swim straight or change direction by tunbling [22] (Figure 1b). E. coli and Bacillus subtilis
use flagellato swim or swarm. Both speciesemploy their flagella during chemotaxis[23].
Communities of B. subtilis, function asmodel systens for a behavior calledswarming. Here,

highly mobile cells use their flagella to move collectively over surfaces in a dendrite shaped

13
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morphology [24] (Figure 3). Swarming has several phases and is induced by hyperactive
swimmers. Pattern formation depends on the presence of surfactin molecules that are
produced by the cellsinterestingly, dendrite formation of B. subtilisis tightly regulated and

depends on nutrient supply and temperature [25] [26] .

Figure 3: Swarming ofB. subtilis A population of B. subtiliswas inoculated on an agar plate (white circle). After
24 h of growth dendrites have formed due to collective motion of cell{The image was acquired byrhorsten
Volkmann.)

A species that uses botinolecular machineries flagellaas well asT4P to interact with the
environment is Pseudomonas aeruginos&he cellsswim in liquid environments by utilizing
their flagella-machinery. Their T4P enableP.aeruginosato interact with adjacent cells and
bind to surfaces[27]. Cells are able to swarm on wet surface34P influence flagelladriven
swarming behavior in P. aeruginosawhereby T4Rmediated cellcell contact slows down
expansion of swarming colonies[28]. Interestingly, this swarming-ability is linked to
virulence and antibiotic resistance[29]. The combination of flagella and T4P machineries
makes P. aeruginosahighly versatile and a primary target to study complex collective
behavior [30][31].

The speciedMyxococcus xanthusses T4P but combines it with glidingmotility to move over
surfaces.The molecular motors that drive gliding arelinked to the bacterial cytoskeleton.
These motors generate a propulsive force by moving along a helical counterclockwise
trajectory around the cell contour[32][33]. The machinery is fixed ifocal adhesion points
and pushes the cell in a scredike fashion (Figure 1c). Collectivegliding motility is used for

swarming and aggregation into fruiting bodies[34] [35].

14
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3.2 CHARACTERIZINGT4P INTERACTIONS MOLECULAR MOTORST4P AND OPTICAL

TWEEZERS

The previous sectionintroduced different molecular motors presentin various species and
emphasized theirimportance for collective behavior. Now, we will focus on the type 4 pilus
(T4P) motor of N. gonorrhoeae as this was used throughout this studyto investigate
intercellular forces and their relevance for collective behavior In the following section, an
overview of force generation bymolecular motors, in particular the T4PRmachinery will be
given to provide a basic understanding bsingle cell dynamics of our applied model system.
In addition, important aspects of optical tweezerswill be introduced as this method was

employed for in vivo characterization of T4ARmediated single cell interactions.

3.2.1 Force generation by molecular motors

Biological cells generate mechanical forces using molecular machine$hese convert
chemically stored energy into mechanical workby for example using iongradients across
membranes Besides this, many motors use the hydrolysis of ATP as energy source where
ATP is converted to ADH36]. ATP hydrolysis generates ADP and a phosphate P. The free

energy change of this reactiorns concentration dependent and given by

Yo Yo o™i 6 00 h 1
0 "Y0 0
where YO Q"W 16 & with the stoichiometric coefficient’ counting the number of

the i-th particle type during the retraction and the standard state concentrationy;, [37].
Typical values of free energy provided by ATP lnyolysis are in the range o0 ¢ M"Y
. 1 B7].

Looking at the level of single molecules, the example of ATP hydrolysis shows that molecular
motors operate in discrete (energy) steps. On these scaldhermodynamic fluctuations are
dominating and strongly affect (and even enable) the driving of molecular maching38]. A
basic approach to the theoretical understanding of molecular motors is the orsate model
and diffusion along a freeenergy landscape. If one considers a motor moving along a periodic

track or filament with local energetic minima, the transition ratesQ to move from position

15
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€ to& pare functions of the surrounding energy landscape and dependent on the adjacent
energy barriers Y'O."Q are the inverse average times the motor needs to diffuse over the
barrier and step in positive/negative direction. A detailed description of transition rates is
given in [39]. The system moves along a tilted landscape along local minima and uses the
energyY'O provided by ATP hydrolysis to jump from positioné to ¢  p with increased
probability. One can use rate equations to derive that uter an applied external forcé Gthe

transition rates fulfil the relation
0 e
ol A@dBH YO "O® (2)

[37]. Equivalent statements can be deved for molecular motors with an arbitrary number
of transitions [40]. The velocity of the motor is given byp) & Q "Q .In the specialcase
of the external force reaching the stalling force wheré0¢&% ¥Y'Q one findsQ Q. In the
context of energy landscapeghis is understood as a tilted landscape so th&fO  Y'O. This
makes transitions in positive and negative direction equally likely, resulting in no net

movement.

Figure 4. Free energy landscape of an opgtate motor moving abng a track/filament (blue). The discrete
positions along the track are labeled by . A tilt of thefree energy landscape increases the transition rat& and

forces the motor to the right. Forward and backward rates depend on the barrier heightO. In case of an
opposing external force the landscape tilts until movement stops because of equal transition raf€s Q

(grey dashed line).
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The simple onestate motor model can be generalized by including sutransitions with
proper energy levels andransition rates [40]. This enables modeling of motors that exhibit
arbitrary subsequent transitions, for example between conformational changes, prior to
mechanical movementHowever, substeps often occur fast and thus only the ratdimiting
step of the motor cycle can beasolved for some motorsncluding the bacterial flagella motor
[41].

3.2.2 The Type 4 Pilus machinery

In the previous paragraph it wasdescribed howATP hydrolysis drives complex molecular
motors. The T4P is amolecular motor that uses ATP hydrolysis and generates forces by
cycling through multiple transition states while utilizing the complex interplay of several
proteins.

The motor complex is located in the membrane of the bacteria and consists of multiple
proteins [14][42]. Inthe following description we follow the nomenclature ofN. gonorrhceae.
The pilus fiber consists of the major pilin PIilE and various minor pilins. The T4P e®nnected
to the inner membrane protein PilG and extends into the extracellular milieu via the outer
membrane pore PilQInterestingly it was suggested that PilG is able to perform rotational
motion. Due to the helical geometry of the pilus fibreglockwise rotation would insert and
counterclockwise rotation would remove pilin subunits. The two hexameric ATPases PilF and
PilT fuel elongation and retraction respectively Both contain a Walker A motif involved in
ATP binding and a Walker B motif involved iATP hydrolysis[43]. Notably, it was proposed
that clockwise nucleotide-driven conformational deformations of the hexamericassembly
ATPase PilF and counterclockwise deformatioaof the disassembly ATPase PIilT drive rotation
of PilGin opposite directions[44]. PilC is associated with adhesion and was proposed to be

located at the tip of T4H45][46]. However, its precise function remains urear.
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T4pP

Retraction Elongation

Figure 5: Type 4 pilus (T4P) machinerya) The T4PRmachinery is located in inner (IM) and outer membrane
(OM). The T4P interacts with the IM protein PilG and passes the OM via the pore PilQ. The pilus fiber consists
of PIlE proteins that are assembled into the pilus by the ATPase PilF. As a consequence, the polymerized T4P
elongates. The ATPase PilT depolymerizes and retracts the T4P. PilC is associated with pilus assembly and has
been shown to be located in the extrackllar milieu. b) A rotary mechanism was proposed for T4P
elongation/retraction: For elongation, PilF is bound tothe PilG complex and generates clockwise rotation of
PilG. As a consequence, PIIEGO A | lin® Ad don-rotating fiber. Different grey tones of equal PIlE proteins
highlight the helical structure of the pilus fiber. ¢) Top view of (b) at various points in timeThe PilG complex
rotates within the inner membrane relative to the ATPase, which is fixed. Clockwise ring conformational
deformation in the assembly ATPase PilF drives clockwise rotation of PilG and the polymerization of the non
rotating pilus fiber.

Many different bacterial speciesgenerate T4P. They use the T4P machinery to generate
mechanical forces and interact with the environmenfl4][27][47]. Importantly, T4P mediate
attractive interactions with adjacent cells. This is a key feature for aggregation and adhesion
in various species[48]. The T4P(de-)polymerization machinery is among the strongest
molecular motors known [47][49] . Generation of high forces byT4P is a conserved property
between specieqd50]. For our model organismN. gonorrhoeae it was discovered that brce

and velocity can be approximately described by the epirical formula

18
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LO O p Ay (3)
@)

where "Ois the stalling force ando the maximum velocity [47]. Notably, it was
demonstrated that the pilus machinery can show different velocity regimed51][52].
Gonococcal T4P dynamicand force generationare important for interactions with adjacent
cells, host cells and surfaced-igure 1) [53][54] . On flat surfacespiliated cells perform a two-
dimensional correlated random walk (Figure 6) [55]. It was demonstrated thattwitching
motility is coordinated by a twoedimensional tug-of-war mechanism with directional
memory [53]. Pilusmediated movement strongly depends orthe stiffness and curvature of
the surfaces[56][57]. Interestingly, recent reports show evidence that pili are used for
surface detection[58][59]. However, the necessary signal transmission by T4P has not been

shown directly and is subject to ongoing investigation.

t,. Force balance t;: Rupture and motion

a) b)

Figure 6: Twitching motility and the tug-of-war mechanismof N. gonorrhoe&. a) Usingtheir T4P, cells perform

a two-dimensional correlated random walk on surfaces. The track of one cell is shown. Time is colooded: t =

0 s blue, t = 19 s red.b) Hypothetical arrangements of T4P0 : Five surface bound pili extend from a cell body
and generate forces (black arrows) by pilus retractiono : A pilus bond ruptures. As a consequence, a net force
in the direction where most T4P are locatd generates cellular movement (blue arrow).

3.2.3 Characteriz ing T4P-mediated interactions with optical tweezers

As mentioned in the previous paragraph, T4P enable bacteria to interact with surfaces and
other cells. In this study, weinvestigated cell-cell interactions mediated by the T4P

machinery.Such motors generate forces in picoewton range and move in nanometer sized
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steps. Optical tweezers are highly useful tools to measure these quantitiedl/e utilized dual
optical tweezers to characterize T4Hnediated interactions of N. gonorrhoeae In the
following, optical tweezers and the generation of multiple trapping potentials will be
introduced.

Optical tweezerswere pioneered by A. Ashkin and colleagues. In 1986 they reported the first
controllable optical trap [60]. For his work on optical trapping, Ashkin received the Nobel
Prize in 2018 [61]. Since the development of optical tweezers in th&980s, enormous
progress has been made enahliC 1 AT COE | AAOOO f62] AThedhigh akduracy OT p
and experimental flexibility of laser tweezers enablesthe characterization of molecular
motors and sets this tool apart from other single molecule techniques including magnetic
tweezers and atomic force microscopy (AFMJ)14]. Additional techniques such as traction
force microscopy (TFM) and elastomeric micro pillars have been established to quantify
force-generation of migrating bacteria and reveal hidden epitopes of T4B3][64].

Despite numerous improvements that have been accomplished over the years, optical
tweezers are still subject of active research. Recent advances have been made by creating
stable trapping potentials without high NAobjectives for trapping of singe cells [65].
Furthermore, it was reported that the generation of multiple controllable traps within large

areas allows for manipulation of microgranular materialq66].

— 0 i—

Figure 7: Principle of optical trapping.A strongly focused laser beam is shown in red. Two sketches illustrate
the decomposition of the total foce into two principal forces: Gradient forceFgrad and scattering forceFsca. In
case of a deflectiord, Fgrad leads to a restoring force that points towards the equilibrium position.
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Optical traps use interaction of a focused light beam with dielectriparticles to generate

forces that keep the particle in the center of the beam. In literature these forces are commonly

divided into a scattering forcegs ~ and a gradient forceg sothatg 3 3 [67]
(Figure 7). 3 3 is necessary for stable trapping in three dimensionf68]. There are
analytical expressions for3 and 3 that can be derived by assuming that the

wavelength _ of the scattering light is much smaller ( L i) or much longer (_| 1) than the
radius of the trapped object. These regimes are commonly referred to as Mand Rayleigh
regime. However, for micro particles such as bacteria, these assumptions are gexly not
true and a more general description of the scattering process of the incident beam on the
trapped object is necessary.

For particles in the Mieregime _L i it is assumed, that the entire light beam can be

decomposed into individual rays that popagate in straight lines with appropriate intensity

and direction [69]. The scalar scattering and gradient forc® and™O , which are force

components parallel and perpendicular to the incident beam are given by

) £ 0 . YAT O~ ¢ YAT &
— YAT & : I
© o P 0o Y YAT Q@ (4)
and
. €0 . ... "YOEd— ¢ 'YOEJG—
0 — YOEq— oY YAT © (5)

Here—and« are the angles of incidence and refraction is the power of the beamé is the
refractive index of the surrounding medium andY and “Yare reflection and transmission
coefficients.

For particles in the Rayleighregime _| 1 it is assumed, that the particle is a pointike

dipole in an electromagnetic field. The vector scattering forcg  points in the direction of

beam propagation. The vector gradient force can be decomposed into components
along the treeaxes and points towards the focal point of the beaf®7]. The forces are given

by

- Orm (6)

(O © R o B >
o . ®

and
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Here,wis the radius anda € 7¢ is the relative refractive index(¢ of the particleand €

of the medium), Q ¢* 7_is the wave number of the mediumand Qs the beam intensity.

It is necessary to create multiple traps in order to investigate for example stretched
macromolecules independent of surface effect®2], or in our case, single cell interactions.

In order to generate spatially independent trapping potentials there are several experimental
possibilities. The simplest solution would be to install more than one trappindgaser.
However, this solution does not allow foistraight forward manipulation of the traps once the
lasers arealigned. Furthermore, polarization can be usedn order to generate two optical
traps [70]. Thereby, the trapping laser is split into two separate light paths. Individal control

of each path allows for independent manipulation of each trap. Optical tweezers can be
manipulated by installing spatial light modulators within the laser path[71]. This technique

is called holographic optical tweezers and allows for splitting the laser beam into many
individual traps that can be independently positioned[72]. We usedan acousteoptic
deflector (AOD)to generatetwo individual optical traps. Multiple trapping potentials can be
created by utilizing AODg468]. They are tunable diffraction gratings, where an excited sound
wave propagates through the acoustmptic (AO) medium [73]. A typical AGmedium for
infra-red trapping lasers is crystalline tellurium dioxide Te@, which is transparent at 1064
nm. In the AOD the wavelength of an excited sound wave corresponds to the grating constant.
As a conseqguence, the angle at which the incident laser beam is deflected can be manipulated
by changing the frequency of the sound wave. The first order angle oéwation can be
described by

_0 _"0
¥ o

(8)

where _is the wavelength of the lasery is the acoustic wavelength,Qis the acoustic
frequency andu is the acoustic velocity in the A@nedium [73]. In practice the AGmedium
is excited by piezo elements which allow for electronic control and generation of acoustic

waves up to GHzegimes.
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Figure 8: An AOD operated with a single acoustic frequency (waveleng#). The deflection angle—can be
adjusted by changing the frequency of the acoustic wave.

3.3 VARIATION OFT4P-MEDIATED INTERACTION

In the previous section we introducedthe type 4 pilus and our experimental approach to
characterize T4Rmediated intercellular interactions of N. gonorrhoeae It is important to

note that, specifically in our model organisnN. gonorrhoeaeT4P are subject to continuous
genetic variation. By means ofpilin phase- and antigenic variation, T4P-assembly can be
switched on and off. Moreover, antigenic variation has the power to fineine pilus-mediated

interactions by changing the sequence of the major pilin. Furthermoreghe mechanism of
pilin post translational modification was shown to regulate pilusmediated interactions. In
the following pilin phase- and antigenic variation and pilin post translational modifications

will be introduced.

3.3.1 Pilin phase - and antigenic variation

Many bacterial species use phase and @genic variation to generate genotypic variation
[74][75]. Both mechanisms are based on mutational variationsvithin the genome and
frequently target outer membrane structures, thusenabling bacteria to escape from immune
surveillance [76][77][74]: Phase variation occurs by slippegtrand-mispairing mutations
within homopolymeric stretches in the genome and antigenic variation occurs by
recombination events where silent gene are (partially) cod into the native locus(Figure
N[78].. 8 CIT 1 1 onajér ipilkAdnépdE is subject to both types of variation[79][80].
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pIlE can contain a polyC stretch where addiion or deletion of one base causes a slipped
strand-mispairing mutation switching the gene off (phase variation). A subsequent addition
or deletion of one base switches the gene back on. In addition to that, the primary sequence
of pilE is subject to seqence variation (antigenic variation) via partial recombination events
from silent pilin loci (pilS genes) into the nativepilE gene. These recombination events are
irreversible and often lead to norfunctional proteins or vice versa. Pilin antigenic variabn

is dependent onrecAand a guanine quadruplex motif (G4) upstream gbilE [81]. While the
importance of phase and antigenic variation are known to be important for bacterial survival

during immune surveillance [77], little is known about their role in regulating biofilm

structure.
pilE promoter PpilE promoter
o hypervariable o hypervariable
G4 semivariable v ¥ semivariable v ¥
J ‘ pilE (recipient) J ‘
sRNA promoter )
‘ ‘ pilS (donor)
CCCcccccC
pilin antigenic variation
B i 2 l slipped strand mispairing
q L j —l }x Cccccecece @)
or
£ I o "
K or
ccceceeecee O
LR | e
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Figure 9: Pilin antigenic and phase variationa) Antigenic variation. The gene encoding for the major pilin
subunit pilE contains semt and hypervariable regions. Silent, promoteiless copies of the pilinpilS, containing
different sequences can partially recombine into theilE recipient. This process depends on the G4 motif and
recA The pilin sequence of the resulting variant is modified and often nefunctional, generating nonpiliated
variants [82]. b) Phase variation due to homopolymeric repeats. Various genes involved in T4P biogenesis and
post-translational modification contain homopolymeric stretches within their ORFs. Through slippedtrand
mispairing during replication, the homopolymeric stretch is extended or truncated by a nucleotide at high
probability and the gene is switched off. Adapted fronfi79].
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3.3.2 Pilin post translational modifications

In addition to pilE, phasevariations often target genes that are related to postranslational
modifications (PTM) of gonococcal T480]. Recentlyit was demonstrated that PTM change
the strength of intercellular interaction [13]. Specifically, 8 C1T T T @n@j& pilkh Rik & O
O-glycosylated at S63 and carries a phosphoforsmodification at S68[83][84]. Naturally,
PIlE bears a diN-acetylbacillosamine sugar (diNAcBac) generated by -linked protein
glycosylation (pgl) pathway [85]. ThepglA gene within the glycosylation pathway encodes
for a glycosyltransferase that adds a galactose onto the basal diNB&c which is connected to
a lipid-linked monosaccharide precurser [85]. Subsequently PglE acts as a
glycosyltransferase that adds a second galactose to generate a diNAcBadtGal
trisaccharide [85]. Next, the flippase PgIF is involved imembrane translocation (flipping) of
the lipid-attached carbohydrate. Finally, the oligosaccharyltransferase PglO transfers the
glycan to the pilin [85]. As abovementioned, . 8 Ci 11 OBIET dakidsd O
phosphoethanolamine or phosphocholine modifications at S6@4]. The phosphotransferase

PptA is required for this posttranslational modification [86] .
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Figur~e 10: Current modeJ of the pilin posftranslatiqnql glycosylation pathway N. gonorrhoeaeRed square: A
“AAEIT 11T OAT ETAn 7EEOA ONOAOAd (Aol OANn 5%$0d S5OEAET A A
Adapted from[87].
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3.4 COLLECTIVE BEHAVIOR IN CELWLAR COMMUNITIES BIOFILMS AND ®ATIAL

ORGANIZATION

In the previous section it wasdemonstrated that bacteria, specificallyN. gonorrhoeaehas
evolved mechanisms to continuously manipulate T4nediated interactions.Within cellular
communities, such interactions are key to determiing collective behavior.It is challenging
to find fundamental principles that govern the spatial organization of cell communitief38] .
In this chapter, structured bacterial communities termed biofilms will be introduced.
Particular focus will be set oncell-sorting, which refers to the rearrangement of mixed cell
types into homogeneous cluster$89][13]. Cll sorting will be explained on the basis of the
differential adhesion and the differential strength of adhesion hypothesi€@DAH and DSAH)

3.4.1 Definition and relevance of biofilms

Biofilms are multicellular microbial communities living in an extracellular matrix consisting

of exopolysaccharides(EPS) andextracellular DNA (eDNA) protein fibres (including pili),
and membranes[90][91][92]. This broad definition covers biofilms of most speciesach
producing a large variety of different matrix components. Typicabiofiims are associated
with specific architecturesand often with high resistance levels against mechanical stresses
or antibiotics. Such traits enable microbes for example to stick to surfaces or withstand
(chemical) cleaning procedures. Ira medical catext, increasedantibiotic resistance within
biofilms is an ongoing challenge for treatment of bacterial infectionf®3]. Furthermore, cells
show different phenotypic behavia in biofilm communities, such as altered growth and gene
expression [94][95][96]. Together, hese factors led to biofilms being a major focus of
fundamental research.

Biofilm formation has several stages: At first, planktonic cells adher@ta surface or a host
cell. Subsequently, the cells aggregate and form microcolonid$e biofilm grows and cells
produce extracellular matrix. In the last stage the biofilm matures and single cells disperse

from it, which in turn are the starting point of new biofilm formation [97].

P. aeruginosais an opportunistic pathogen, which is specifically known for its ability to form

resilient biofilms in clinical environments. P. aeruginosaas flagella and uses T4P to initiate
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surface attachment and surface sensing. Interestingly, pilus assembly proteins contribute to
the ability to regulate motility and biofilm formation [98]. Subsequent to surface agichment,

P. aeruginosalownregulatesits flagellar machinery and produce exopolysaccharidesvhich
enables biofilm formation [27]. The secreted matrix structurewas discoveredto be able to
obstruct liquid flow and affects population dynamics in thepresenceof hydrodynamic shear
stress[99].

E. colibiofilms are initiated when swimming cells adhere to a surface. Adherence to surfaces
is associated withType 1 Fili (T1P). Sulsequent to attachment, cells divide, produce and
secrete adhesins that can facilitate infection. In mature biofilms cells secrete
exopolysaccharides that are essential structural part of the biofilm matrikl00]. Recently, it
was discovered that an amyloid fibre network of curlipolymers is able to shieldE. coli
biofilms against phage attacks. This protection is achieved kghysically blocking phage
transport into the biofilm via a tight network of curli fibres [101]. This example underscores
the role of microbial biofilm formation as an important mechanism for protection against
pathogens.

The utilized model systemN. gonorrhoeaeand its relative Neisseria meningitidisises type 4
pili (T4P) to generate biofilms.As loth strains are pathogensthat form biofilms, they pose
an enormous challenge in a medical context. In contrast to many other species gonococci
have pili but no flagella. This makes them an excellentminimal model system for
investigating the effect of T4P orstructure and dynamical formation of biofilms. Gonococcal
biofilms are formed in liquid environment, on surfaces and host cell§90]. It was
demonstrated that T4P are crucial for auteaggregation and biofilm initiation [102]. During
biofilm formation and maturation gonococg use their T4P to create matrixlike structures in
between aggregating cell§90]. Furthermore pili influence collective and infective behavior
of aggregated cells and thus early biofilm$103]. Notably, pilusmediated formation and
dynamics of early gonococcal biofilms was studiedh vivo and in silico [104][105]. It was
shown that dynamical biofilms show cell saing and promote spreading of resistant genes
[13][106]. Recently it was found, that T4FPmediated interaction facilitates dynamical

ordering and allows efficient adaptive colonialization[12].

27



Introduction

Figure 11: T4P-matrix and biofilm formation. Left: Confocal section of an early gonococcal biofilm after 4h with
single cell resolution. These early biofilms are formed by T4P mediated caléll interactions. The image was
acquired by Anton Welker. Right: Fluorescently labeled T4P form matribkke structures between fixed cells
(red). On larger timescales these structures promote awtaggregation and initiate biofilm formation. Scale bars:
10 pm.

3.4.2 Collective spatial organization : Differential adhesion and differential strength

of adhesion hypothesi s

In the previous paragraph biofilms were introduced. Within suchcellular communities the
phenomenon ofcell sorting can be observed13]. Cell sorting refers to the rearrangement of
mixed celktypes and is a general mesand macmoscopic phenomenon of cell communities.
To understand cell soting in eukaryotic systemsthe differential adhesion hypothesis (DAH)
was introduced by Steinberd107]. He proposedhat tissues behave in an analogous manner
to liquids. Adhesive forces between single cells lead to a certain energy (or work) that has to
be overcome in order to separte them. This energy is denoted as the work of adhesian.
Like molecules in diquid the cells within a tissue will rearrange in order to minimize the free
energy. As a consequence, cells tend to form as many adhesions as possible and cell
communities will assume aspherical shape. In case of two mixed cell typ@sand the DAH
predicts different morphotypes dependng on therelations of thework of cohesioncw o

and the work of adhesionw . The DAH correctly predicts the outcome of sorting
experiments [108]. However, it assumes that the multicellular system is in thermodynamic
equilibrium. Since cells are far from equilibrium, this assumption is generally not true for

biological systems.
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Figure 12: Morphotypes predicted by the differential adhesion hypothesis (DAH)The DAH predicts (a) perfect
mixing of cells, (b) encasement, (c) partial segregation, (d) full segregation and (e) dissociation of cells. The
observed morphotypes depend on the work of adhesion and cohesioretween acells (black) and bcells
(white) [107].

Shortly after the DAHwas published,an alternative hypothesis, the differential strength of
adhesion hypothesis (DSAH) was proposed by Harr{d09]. In contrast to the DAH which
assumesthermodynamic equilibrium, he proposed the cells within a tissuectively pull on
each otherperforming a tug-of-war and continuously apply strain onthe intercellular bonds.
Eventually, the weakest bonds rupture at a specific forc&hich generatea force imbalance
that pulls the cell towards the stronger bonds. In principlethe DSAH predicts the same
morphotypes as the DAH but assumes an active pra&sas mechanistic basis for cell sorting.

More specifically, the DSAH uses rupture force® instead of the work of adhesiorw .

3.5 EVOLUTIONARY DYNAMICSN STRUCTURED ENVIBNMENTS

Cellular communities, specifically hofilms, show well-adapted properties and enable
bacteria to populate challenging environmentsPopulation dynamicsare determined by the
evolutionary factors recombination, selection, mutation and genetic drif{110]. Microbial
evolution is the highly complexinterplay between these factorsin the following evolutionary

factors and rangeexpansion assays are introduced.
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3.5.1 Population dynamics: Selection, mutation and genetic drift

Populations are described by sizé) and a growthlaw that defines their fithess"Q111]. The
Malthusian fitness "Qis defined by Q) ¥Q o6 ") .0 describes the size andQthe fitness of
the "@h population. The total population size0 is given by0 B 0 andw 0 70 is the
fraction of the population with fitness"Q In the absence oimutations and genetic drift the

replicator equation

To % O ©
describes the dynamics of the populationwhere " B "Qu is the average fitness. The
replicator equation has the simple analytical solution @ 6 @ mMAQG®D T

B w mA@®D . In case of two competing populations® pit the solution simplifies
further to a logistic function with a selection coefficiat i Yo "Q "Q[111].
Depending on the sign of the fractions converge top or 1. This summarizes the naturef
selection: Differences in the rate of reproductiorensure survival of the fittest and extinction

of the competitor (Figure 13).

Mutations are random changes in the genome that occur stochastically within a population
[110]. Smallest possible changes are single point mutations, i.e. changes of single base pairs.
The rate at which point mutations occur per generation per baspair is commonly named
mutation rate p. Consider two sequence$and "Qhat differ by point mutations. The hamming
distance 'Q is the number of positions that differ between sequencéQand Q As a
consequence, the probability for a given sequend®f size 0 to be changed into sequencéls

n P

over each row in0 equals one:B n p, where¢ ¢  p denotes the number of

. The probabilitiesr} are entries of the mutation matrix0 . The sum

sequencesD enables to genealize the replicator equation to the quasi species equation

Qe €
Qo o WMo (X (10)
[110]. In case of perfect replication’( 1) the quasi species equation becomes the repator
equation describing pure selection.
Genetic drift is synonymous to demographic noise and describes fluctuations in the

reproduction rate [111]. These fluctuations occur in every biological reproductive system
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and can be included by adding a noise term to the fundamental growth lai ) Qo ")
— , where — is a Gaussian random variable witf3- O . This formalism changes the

replicator equations, which describethe population fractions, to a langevin equation:

Q@ . . .
Qo 0 ? u (11)
with Gaussian random variables- — B - 7¥0. Since the noise term scales withf0

one can immediately see that genetic drift is a strong evolutiefactor for small populations

and bottlenecks but can be neglected for sufficiently large populations.
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Figure 13: Evolution of a population in confined spaceThree cases are distinguished: Deterministic selection
without mutations (a), neutral stochastic evolution without mutations (b) and neutral deterministic evolution
with mutations (c). Similar patterns can be observed vthin expanding populations (see sectior8.5.2).

3.5.2 Expanding macroscopic biofilms on solid surfaces: Range expansions

In most casesselection, mutation and genetic drift arestudied in microbial populations which
are either cultured in liquid or on solid growth media. In contrast to growth in liquid
environments, growth of expanding microbial populations on solid surfaces allows for spatial
investigation of evolutionary factors.

Range expansions are commonly known as expandimgicrobial populations on solid growth
media. They are created by inoculating welmixed and fluorescently labeled populations
agar. The growing macrecolonies show pattern formation that allow for drawing

conclusions about cellular interactions, positioning and evolution within the population.
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Figure 14: Macroscopic range expansion of 1:100 mixed blue and yellow cellsNf gonorrhoeaelLarge yellow
sectors form at the expanding front. The radially increasing width of the sectors indicates selective advantage
of yellow cells and can be predicted by reagion-diffusion models. The initial formation of sectors within the
expanding front is strongly dependent on genetic drift due to small local initial populations. Scale bar: 500 um.

Even thoughbacteria were cultivated on solid agar surfaces for decadeslallatschek et al.
investigated the resulting growth patterns of expanding populations rigorously [112].
Following this work, studies implemented range expansions a® convenient tool for
investigating evolution. It was demonstrated thatexpanding populations generically show
sector-formation [112]. The initial formation of sectors was found to be driven by genetic
drift that originate from a small local population sizes within expanding frontiers. This
generic effect has strong consequences for the diversity in expanding large populations
[112]. Moreover, it wasdiscoveredthat fundamental reaction-diffusion models can predict
sector formation [113]. Importantly, reports provided simple analytic expressions to
calculate selection coefficients based on sector shape.

Next to investigation of evolution, eange expansiorwere used to study responses to antibiotic
treatment and allowed for investigating correlations between nutrient supply and spatial
organization of microbial populations[114][115]. Recently, it was demonstrated tht high-

frequency mutations are found to be massively enriched in microbiange expansionsvhen
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compared with well-mixed liquid cultures [116]. Furthermore, positioning was shavn to
have important effects on bacterial fitness in structured environment$117].

Since range expansions are realized on a timescale of daylsis makes theman excellent
method for simultaneous investigation ofevolutionary effects and interactiondependent
spatial organization. Moreover, range expansions of biofilrgenerating species are a suitable
tool to investigate these effects within mature and macroscopic biofilmdn this study range
expansions are utilized to characterize the effect of bacterial interaction forces @ositioning

and fitnessof macroscopic biofiims

3.6 AIMS

Biofilms, their formation, structure and dynamical behavior are of special interest for several
fields ofresearch. In a medical context, biofilms pose an enormous problem because they are
involved in infection and associated with resistance evolutiof118][119]. From a biological
point of view biofilms are of special interest because they are hotspots for horintal gene
transfer, affect change cellular growth and alter transcriptior{94][95][96] . From a physics
point of view, collective physical traits of cellaggregates and dynangal biofilms are of
particular interest. These traits are fundamentally linked to physical properties of interaction
on the single cell levelHowever, generic effects emerging from the connection between
collective behavior and cellular interactiors remain unclear.

The evolution and biophysical aspect®f biofilms have beenfocusedon by recent studies.It
was shown thatbiofilms can be composed of/arious speciesand morphotypes that can
interact synergistically [120][121]. Subpopulations within microbial communities may
compete with each other{122]. Importantly, it was demonstrated thatspatial structure and
positioning within microbial communities affect genetic drift and fithesg112][117]. Most of
the evolutionary studies target eological aspects andpopulation dynamics, leaving the
guestion to what extend physical interactiors between single cells affectevolution of
biofilms. In particular, the link between celtcell interaction forces, biofilm architecture and
fithess remains parly understood.

In the first part of this work, an assay that allows quantifying cellular interactions at the level

of single molecules was developed. To this end, a dual laser trap was established as a method
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for analyzing T4Rmediated attachment and déachment kinetics. Furthermore, this setup
allows for measuring intercellular forces generated by T4P retraction. In collaboration with
Anton Welker and Tom Cronenberg, these molecular interactions were correlated with the
structure and dynamics of gonococal colonies.
Using the newly established setup, we found that gonococcal T4P retract in the absence of
the retraction ATPase PIlT. Kinetics and force generation in strains lackingllT were
characterized.
In the next step, we addressed the question hoehanges in celcell interaction forces affect
bacterial fitness in expanding macrecolonies.To this end, competition experimentdetween
strains engineered to have different exponential growth rates and different interaction forces
were performed. Subsegently, the effect of naturally occurring phase and antigenic
variation of T4P-related genes on population dynamics of macroolonies was investigated.
Finally, evolution of auto-aggregating cellsn liquid environment was addressedand
whole genome sguencing was used to link phenotypic changes that emerge from

intercellular interaction sto evolution.
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4 MATERIALS ANDMETHODS

4.1 BACTERIAL STRAINSMICROBIOLOGYAND GROWTH MEDIA

4.1.1 Media and cultivation

In this study N. gonorrhoeaewnas cultivated and used as model organism. Cells were stored
in GCFreezein liquid nitrogen or at -80 °C. If not mentioned differently, cells wereultivated
overnight at 37 °C under supply of 5% Cg&on solid GCagar plates.Depending onindividual
experimental design, experiments were done on solid G&yar in liquid GEmedium or RAM.

Isovitalex was added to sterile media.

Ingredient massor volume supplier or remark
NacCl 59 Roth

K:HPO 49 Roth

KHPOy 1g Roth

Proteose Peptone No. 3 159 BD

Soluble Starch 0.5¢g SigmaAldrich
Bacto Agar 10g BD

Isovitalex 10 ml Custom made
MiliQ Water 11

Table 1: Ingredients of 1 | GGagar.lsovitalex was added after the agar was autoclaved and cooled down to 55
°C.

Ingredient mass or volume supplier or remark

NacCl 59 Roth

K:HPO 4 g Roth

KHPOy 1g Roth

Proteose Peptone No. 3 159 BD

Isovitalex 10 ml Custom made

Ascorbic acid 88 mg/ml 1ml Depending on experiment
MiliQ Water 11

Table2: Ingredients of 1 | GGmedium. Isovitalex was added after the medium was autoclaveahd cooled down
to 55 °C.Ascorbic acid was added to experiments where cells were exposed to a laser beam (dual trap) in order
to reduce cell damage by radicals.
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Ingredient mass or volume supplier or remark
DMEMwith Glucose 4,5¢g/l | 8.1ml Thermo Fisher
L-Glutamine 200 mM 0.1ml Thermo Fisher
Sodiumpyruvate 100 mM 0.8ml Thermo Fisher

Hepes300 mM 1mi Thermo Fisher

Isovitalex 100 ul Custom made
Ascorbicacid 88 mg/ml 100 pl Depending on experiment

Table 3: Ingredients of 10 ml reaction assay medium (RAM)lsovitalex was added to the sterile medium.
Ascorbic acid was added to experiments where dsl were exposed to a laser beann order to reduce cell

damage by radicals.

Ingredient mass or volume supplier or remark
Milk Powder 19 Thermo Fisher
MiliQ Water 949

Table 4: Ingredients of 9 ml storage mediumGGCfreeze.Isovitalex was added to the sterile medium. Ascorbic
acid was added to experiments where cells were exposed to a laser beam (dual trap) in order to reduce cell

damage by radicals.

4.1.2 Microbiological methods

4.1.2.1 DNAIsolation

Cells were defrosted grown overnight and diluted in GCGmedium to an OD of ~1.0
Chromosomal DNA was isolatedwith the Dneasy Blood and Tissue ki{Qiagen, Hilden,

Germany) After execution of the provided protocol DNA concentration was measured and

the solution was stored at-20 °C.

4.1.2.2 Spottransformation

For this study, OEA OOPT O OOAT O&I Oi A O Hmsed for gendralingfely A
strains with the required genotype. This transformation assay is based on the fact thilt
gonorrhoeaeis a naturally competent specie$123]. In principle, spot transformation works
with all competent bacterial species, i.e. with cells that can take up extracellular DNA and
integrate it into their chromosome via homologos recombination. In the first step cellswith

the desired genetic backgroundvere defrosted and incubated overnightThese cells were
taken and coeincubated with specific DNA in one spot on an agar plate. This DNA carries the

relevant genes and corresponding selective markers, typically antibiotic resistance casseite
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After 24 h of caincubation, the spot of grown cells was picked diluted. Dilutions were spread
on antibiotic plates in order to grow single colonies that have acgired the relevant genes
and the corresponding resistances. In the end clonal colonies of cells that have the desired
genetic background and the newly acquired genes could be picked, frozen and used in further

experiments.

4.1.2.3 Creation of pilT -paralog deletion strains

Three knockout strains were generated BpilT BpilT2, BpilT BpilU and BpilT BpilT2 BpilU.
BpilT2 is associated with a kanamycifresistance cassette (kanR) anBpilU is associated with

an erythromycin-resistance (ermC). FirstgenomicDNA was isolated of existing strains that
carried deletions of pilT2 (Ng085[124]) or pilU (Ng085[124]), respectively. Subsequently,
the BG4 strain was transformed with chromosomal DNA isolated from thepilT2 or pilU
deletion strains, respectively, resulting in the intermediate strain® (y BEBE 4 BaneE | 5
B ¢ BDEI 4Subsegi@ily, mll three intermediate strains were transformed with
chromosomal DNA from the BpilT strain and selected by the associated chlamphenicol

resistance (CmR).

4.1.2.4 Creation of strains with different pilE expression levels

pilEind and 3xpilE were createdin order to tune the periplasmatic PilEconcentration. 3xpilE
carries two tandemly arrayed (identical) pilE genes expressed ectopicallin addition to the
pilE gene in the native locug13]. It was constructed essentially as described for strain GE21
[125] with the exception that it carries two gene copies in addition to the native copy
resulting in a strain expressing three identicalpilE genes. This strain was generated by
transforming strain Ng150[126] with genomic DNA from strainNg109[125]. In this strain,
additionally pilT was deleted by transforming the resulting strain with genomic DNA from
Ng178[126].

pilEind has its nativepilE promoter replaced by an IPT@nducible promoter. This strain was
generated by transforming strainNg150[126] with genomic DNA from strainNg007[127].

The strain carrying the inducible promoter has a significantly lowered expressiorevel
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[126]. In this strain, additionally pilT was deleted by transforming the resulting strain with
genomic DNA fromNg178[126].

4.1.2.5 Creation of different resistance levels (ermCzt)

Two strains with different resistance levels against erythromycinwere created The first
strain red ermG-, carries anmcherry gene under control of the strongpilE promoter. A
neighboring ermCgene is controlled by its ownermCpromotor and confers erythromycin
resistance. The second straigreerRermG, carries agfpmut3gene under control of the strong
pilE promoter. Again a neighboringermCgene is controlled by is own promotor and confers
erythromycin resistance. Both strains are resistant against erythromycin but have different
resistance levels: The resistance cassette of tiggeerR ermG is expressed only by theermC
promotor, whereas the resistance cassette of thed ermG-is expressed by theermCand the
strong pilE promoter. In addition to that, greerR ermG lacks the gene encoding the outer

membrane pore PilQJ79].

4.1.2.6 Sequencing

Whole genome sequencing

Whole genome sequencing was done on entire populations that were frozen previousGels
were defrosted and grown overnight. Subsequentlyrmomosomal DNA was isolated. The
isolated DNA was send to GATC (Konstanz, Germany) for whole genome sequencing.
Sequencing was done on an lllumina HiSeq machine with a X@dld coverage and a reading
length of 125bp. The raw data sets (forward and backward reads) were provided as
downloadable file in the format of fastq.bz2Data processing was done following a previously

established protocol that was created by Jeffrey Pow¢t 28].

Spatially resolved sequencing of pil E

For sequencing,bacteria were picked from the outgrowth andthe inoculation zone of
macrocolonies and subsequently inoculated onto an agar plateAfter growing the cells

overnight single colonies were pickedand used forpilE amplification via PCRFor sequiencing
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of pilE, PILRBS (Sequence at ribosomending site of pilE) and SP3A $ANOAT AA EI
conserved untranslated region of all pil loci) primers were used129][130]. Theamplified

PCRproduct was send to GATC (Konstanz, Germany) for sequencing

4.1.2.7 Immunofluorescence

For immunofluorescence assays we followed a previously described protocidl9]. Bacteria
were diluted in PBS and fixed on coverslips with 4% ParBormaldehyde (PFA). The samples
were blocked with PBS (0.5% BSAand subsequently incubated with antibody against PilE
(1:100) in PBS (0.5% BSA). They were then incubated with TexasRed secondary antibody
(1:500) in PBS (0.5% BSA) while being kept covered in the dark. In between the incubation
steps the coverslips weravashed carefuly with PBS (0.5% BSA) and M). The samfes were

imaged witha 100x oil immersion objective (Nikon) on an inverted microscope (FE, Nikon).

4.1.3 Bacterial strains

N. gonorrhoeaestrains where supplied by ceworkers. If necessary gonococcatrains were
created by a spot transformation, which is described in the methodBelow a detailed

description of all strains, their geno and phenotypes and their origin will be given.

wt Z equivalent tovVD300[131]. MS1lwas selected for Oparesulting in VD300[132].

wt red z wt with a mcherry-reporter in-betweenIctP and aspCoci.

wt green z wt with a gfpmut3-reporter in the igAllocus.

BG4z wt where the G4motif, which is essential for pilin antigenic variation(AV) was deleted.
BG4 redz BG4with a mcherry-reporter in -between IctP and aspCloci.

BG4 greenz BG4with a gfpmut3-reporter in the igAllocus.

recAind Z equivalent to N400[133].recAnd is incapable of pilin AVwithout IPTG-induction.
recAind red z recAnd with a mcherry-reporter in -betweenIctP and aspdoci.

recAind green z recAnd with a gfp-reporter in the igAllocus.

39



Materials and Methods

WB1 z BG4with an additional non-functional pilTws copy under an IPTGnducible promoter

in betweenthe IctP/ aspdoci.

WB2 z BG4with an additional non-functional pilTws copy under apilE promoter in the igAl

locus.

pglEon z BG4where the phase variable glycosyltransferase gengglEis in its on-state.
YpptA z BG4where the phosphotransferase geneptAis deleted

YpilT 7 BG4where the T4Rretraction ATPase gengilT is deleted

BDEI 4 B B@&Wherg the T4Rretraction ATPase gengilT and its paraloguepil T2 are
deleted.

BDEI 4 BHBEWhere the T4Rretraction ATPase geneilT and its paraloguepilU are
deleted.

BpilT BDE | 4 ¢ z B@\khkrs the T4Rretraction ATPase gengil T and its paraloguespilU
and pilT2 are deleted

green® ermC- z recAnd Where the outer membrane pore genepilQ was deleted. An
erythromycin -cassetteermCand agfpmut3-reporter were inserted into the igAl-locus.ermC
is under the control of its proper promoter PermCresulting in weak resistance denoted by

ermG.

green ermC+ 7 recAnd Where an erythromycin-cassetteermCand agfpmut3-reporter were
inserted into the igAl-locus.ermCis under the control of its proper promoter PermCand the

pilE-promoter in front of gfpmut3 resulting in strong resistance denoted byermC+.

red ermC+ z recAnd Where an erythromycin-cassetteermCand a mcherry-reporter were
inserted into the igAl-locus.ermCis under the control of its proper promoter PermCand the

pilE-promoter in front of mcherryresulting in strong resistance denoted byermC+.

pilEind z BG4where the T4P-retraction ATPase genilT is deleted Expression of the major
pilus subunit PIIE was regulatedby an IPTGinducible promoter that has lower expression

levels that the native promoterPpilE[125].

3xpilE z BG4where the T4Rretraction ATPase gengilT is deleted. Two additional copies of

pilE were inserted into theigAl-locus leading to high levels oPilE-expression[13].
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Data base| Name/ Strain Back | Genotype/ Description Refer-
reference ground ence
Ng002 wit - VD3000pa selected [131]
Ng106 wt red - wt IctP:PpilE mberry aadA:aspC [79]
Ng165 wt green - wt igAl::PpilE gfpmut3 ermC [79]
Ng150 B' wt wt G4::apraR [126]
Ngl70 |B"' npd wt B'yw 1 AO0OQOPEI % I |[79]
Ng151 B' green wit B'¢y EC!uddODPEI % |[79]
Ng003 recAnd wit wt recA6ind(tetM) [134]
Ngl168 recAnd red wt recAindIctP:PpilE mcherry [79]
aadA:aspC
Ngl67 recAndgreen wit recAindigAl::PpilE gfpmut3 ermC | [79]
Ngl71 WB1 B' ¢ |B' Igtp:PlacPpilTWB ermC:aspC | [126]
Ngl76 wB2 B' ¢ |B' igAL:PpilE pilTWB ermC [126]
Ng157 | pglEon B'y |B' ¢y GCOAAKanRDCI1 %I 1 |[87]
Ngl142 BPPO! B' ¢ |B' dreen ppta::kanR [87]
Ngl178 BPEI 4 B' Y |B' ¢ DHM3dEq I [126]
Ng184 BPEI 4 BPEB' ¢ |B' ¢ BBEEkaR This
study
Ng185 BPEI 4 BPEB' Yy |B' ¢y BREdMC This
study
Ng186 BPEI 4 BPEB' ¢y |B'¢y BDPEI 49 BBDEI 5| This
study
Ngl18 greerRermG recAnd | recAindpilQ::mTn3cmigAl::PpilE [13]
gfpmut3 ermC
Ngl17 greenermC+ recAnd | recAindigAl::PpilE gfpmut3 ermC | [79][1
06]
Ng065 red ermC+ recAnd | recAindigAl::PpilE mcherry ermC | [79]
Ng188 3xpilE B D E || B b BEJA%:pilE pilE ermC This
study
Ng189 pilEind B D E || B b Bpta@pilE pilE:ind (tetM) This
study

Table5: List of strainsthat were used in this study
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4.2 OPTICAL TWEEZERS

In this work, optical tweezers were the main tool for characterizing single cell interaction
To this end, two steerabldaser traps were generated by means of an acoustptic deflector
(AOD). Separate trapping of single cells allowed monitoring of interactiaon the single cell

scale.

4.2.1 Setup

The basisof any optical tweezer setup is a microscope. For this work the opticalveezer
setup was integrated in an invertedconfocal microscope Eclipse TE2000E C1, Nikon,
Japar). Previous to this work a singlesteerable optical trap has been designedand
implemented by Dirk Opitz[135].

The optical trapping is done with a1064 nm Nd:YVQ laser (J20FBL-106C, Newport Spectra
Physics, Darmstadt, Germary A switch was used to control a shutter in front of the laser
head.For control of the laser intensity a canbination of a rotary _I¢-plate P1 (G362-503-
247, Qioptig PhotonicsMunich, Germany and a polarizing beam splitter was usedG335%
723-000, Qioptig Photonics, Munich, GermanyIn front of the _f¢-plate P1 the laser beam
was expanded by two lenses L1 and L2130 mm and 80mm) (G052-303-329 and G063046-
329, Qioptig Photorics, Munich, Germany)Behind the polarizing beam splitter P2 the laser
was directed into a controllable two axis acoustaptic deflector (AOD) (DTD-274HD6
Collinear Deflector, IntraAction Corp., Bellwood, IL, USABehind the AOD all diffraction
orders are directed through a telescope L3 and L4 (12&m and 125mm) (LB1904-B, BK7 B
coating, Thorlabs, Dachau, Germanygnd into a second beam expansion L5 and L6 (60m
and 175mm) (LA1134-B, BK7 B coating and LA1228, BK7 B coating, Thorlabs, Dachau,
Germany)via two mirrors M1 and M2. In between L5 and L6 the (1,Hliffraction order is
selected by an aperture AIThe beamis thendirected to the 60x objective Plan Apochromate
VC 60x water immersion, N.A. 1.20, W.D. 0.27 mm, Nikon, Jgp&a a dicroic mirror. For
bright field imaging the sample was illuminated by a halogen lamj-or fluorescence imaging
an Intensilight light source (Intensilight, Nikon, Japanwas used Image acquisition was done
with a CCD cameraensicam gqe, PCO, Kelheim, Germarhe motorized stage height of the
objective and dicroic filter D1 were controlled by the computer during experiments.

The QPOQHamamatsu S669501) in the back focal plane was not usegrimarily in this study,

42



Materials and Methods

sinceit could not be synchronized with the synthesizer that controls the piezo elements in
the AOD.The scanning confocal unit consisting of scan head, detector, confocal laser and

transmission detector was usedor control experiments in this work.
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Figure 15: Setup with dual laser tweezerslescribed in detail in section4.2.1 Red color:Components of optical
tweezers. Blue mlor: Brightfield microscopy components and computer.Green color: Epifluorescence
components Grey color:Components of fluorescence/brightfield onfocal microscopy.
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4.2.2 Control of the microscope and acquisition

Previously, the setupwasmainly controlled by LabView programs This was done primarily

because the aim was to use several features of the setup, such as high temporal resolution

(QPD), moving trap position (AOD) and brightfield acquisition (CGOamera) at the same

time. However, it be@ame clear that this globalcontrol had drawbacks for a dual optical

tweezers setup. First the QPD could not be used for position detection, since it was installed

in the back focal plane and ithigh temporal resolution was not useful, because #cquired

the indistinguishable information of the scattered laser oboth traps. Second, the aim was to

create two stable traps next to each othetherefore it was not necessary to move the position

of the two traps in the xy-plane. Third, by using LabView,frame rates of the CCECamera

were rather slowwhenAT | DPAOAA O1 1 AT OEAAAOOOAOOE ET OOOOAODE]
Hence, the decision was made to use micro manag®iM) [136]. This open source program

is based on inageJ[137] and offered control of microscope and camera. Also it allowed
programming of sequerces and shortcuts that improved image acquisition during
experiments. Image acquisition could be done at maximum frame rateéMicro managerwas

configured with the buildin D1 OCET OAT T £AECOOA OE icdmpondhtovfe@ A6 8 | 1 1
recognized automaticaly and could be merged into optical configurationsor channels

Switching between optical configurations allowed to switch for example between brightfield

(halogen lamp on, epi shutter closed, ndichroic D2) GFRfluorescence (halogen lamp , epi

shutter open, gfp-dichroicD2).3 AOEDOET ¢ xAO AT T A ET-schigipariei. 1 AT AC/
All'in all, 3 scripts (set_roi_doubletrap.bsh, full_image.bsh, gipcherry-aquisition.bsh) were

written and used. They were executed by the shortcutE12, F11 and F5. Below a short

description of the scripts is given, the full scripts can be found in the appendix of this

manuscript.

The scriptset_roi_doubletrap.bsh is executed by F12 anénables the user to quickly set the
smallest possible region of interest (ROI) aroud the xy-position of two traps. First the live
acquisition of the camera is stopped and the acquisition window is closed with the commands
gui.enableLiveMode(falsggnd gui.closeAcquisitionWindow("Snap/Live Window."Afterwards
the ROI is set to a regiothat covers two laser traps and has minimal size (64 x 32 pixels) in
order to obtain the maximal frame rate with the commandnmc.setROI(688, 520, 64, 32he

commandgui.enableLiveMode(truejtarts the live mode of thesmaller acquisition window.
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The sciipt full_image.bsh is executed by F11 anenables the user to quickly switch back to
the full field of view that is acquired by the cameraAgain the live acquisition of the camera
is stopped and the acquisition window is closed with the commands
gui.enabkLiveMode(false)and gui.closeAcquisitionWindow("'Snap/Live Window!")Then the
ROl is set to the full field of view by the commanehmc.setROI(1, 1, 1376, 1040)he command
gui.enableLiveMode(truestarts again the live mode of the full field acquisition windowIn
the end, he commandslJ.setTool("multipoint”)and 1J.makePoint(703, 525nark the spot of

the two laser traps.

The scriptgfp-mcherry -acquisition.bsh is executed by F5 an@nables the ser to acquire a
fluorescence imageand then automatically start acquisition of images at maximum frame
rate. The time in the acquisition window has to be set to 0 in order to acquire at maximum
framerates. For fluorescence imaging the exposure time is chged to 100ms by
preExposure=100.00ptical settings are defined by the commandspreChannel="gfp"and
burstChannel="bf’ Again live acquisition is stopped bygui.enableLiveMode(falseyand
gui.closeAcquisitionWindow("Snap/Live Window!'T he fluorescence imge is acquired by the
command sequencemmc.setExposure(preExposurenmc.setConfig("channel”, preChannel)
andmmc.snaplmage()It is then saved by the commant$.saveAsTiff(prePath)whereprePath
is an arbitrary path on the hard drive. For burst acquisibn the channel is switched and

started by mmc.setConfig("channel”, burstChannelhd started bygui.runAcquisition().

4.2.3 Control of the AOD

The acousteoptic deflector consists of two orthogonally aligned tellurium dioxide crystals.
Each crystal is excitedy a pieDd element. The elements areontrolled by a synthesizeDVE
120 Dual Frequency Source, IntraAction Corp., Bellwood, IL, USA power amplifier
amplifies the synthesize© 8 O A A E 1 siganlbiEfdrd\if rdathes the AO[DPA 502D Dual
RF Power Amplifier, IntraAction Corp., Bellwood, IL, USAThe synthesizer is controlled by
the LabView program ®VE control.\§ which allows to set frequenciesparameters and
operation mode (Figure 17). The synthesizer has two channels, each corresponding to one
crystal and xy-position in the focal plane, respectivelyBy applying a square wave signal to

one of the channels (typicallychannel 1 which controls the xposition) the laser beam could
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be switched between to angles. Different angles translate to different positions in the sample
plane. By switching between two angles at high frequenciesyo stable optical traps could be
created (Figure 16).

Channel 1

y-Position

X X

F1 Channel 1
F1 Channel 2

t t x-Position

Figure 16: Illustration of AOD control. Signals of a twechannel frequency generator card are amplified and
transferred to the AOD. By keeping one channel constant and one changing in a squaave fashion the first
order of the scattered beam is split resulting in two distinct trap position irthe sample plane.

4.2.3.1 Synthesizer controls

Channels 1 and 2 have the same adjustable parameters and frequenci&sgure 17).
Parameters, functionalitiesand operation modes that were necessary to create a square

wave in one direction will be explained below.
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Figure 17: LabView control panel of the frequency generator card with default settings.
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The controlsFreq 1 and Freq 2 set the Frequency Tuning Words (FTW1 and FTW2). These

words set then the output frequencyin units of Hz.

The Update Rate controls the Update ock (UDCLK)of the synthesizer and sets the rate at
which control parameters are loaded into the coreof the gynthesizer. Update Rtes are in

units of Hz.

The Ramp Rate controls the Ramp Rate ock (RRCLK)and is activewhen the synthesizer is
set to Chirp Mode. Essentially it defines how long the synthesizer stays at a specific

frequency. Ramp Rates are in urstof Hz.

The control Delta Freq sets the Delta Tuning Word (DTW) and is active in Chirp Mode. DTW

sets the frequency step size in Chirp Mode in Hz.

Amplitute controls the Output Shape Key Multipier (OSKM)his control sets the output

amplitude of a chanrel in mW.

4.2.3.2 Operation modes

The modeSingle Tone is the default mode. In this mode Update Rate and Delta Frequency
are ignored. By defining Frequency 1 and Amplitude the user is able to apply a single
frequency to the specific crystal. Typically, this mode is selected for channel 2, so that

frequency ard y-position of the trap stay constant.

Usually theChirp Mode is designedto sweep through frequency space and is used for
example in radar applications[138]. When this mode is selected Ramp Rate and Delta
Frequency become relevant. By defining Frequency' ®, Delta Frequency] and
manipulating Update Rate"Yand Ramp RateY the user is able to apply a frequency sweep

to the specificchannel (Figure 18).
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FREQUENCY

I
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\J

MODE 000 (DEFAULT) )( 011 (CHIRP)
FTW1 0 )( F1
DFW )( DELTA FREQUENCY WORD
RAMP RATE )( RAMP RATE
110 UD CLK

Figure 18: Classic chirp signagenerated by the frequency generator cardcTW1 is set to F1. DFW and RAMP
RATE define the slope of the frequency sweep. At every UDCLK signal bit the frequency sweep restadapted
from [139].

4.2.3.3 Generation of two optical traps with optional force spectroscopy

As mentioned above the Chirp Mode can be used to scan frequency space. In order to
generate two time-shared optical tweezers, it is necessary to switch between two
frequencies. In other words, it is necessary to apply a square wave signaldone channel of
the AOD.It is important that the switching rate of the square wave is as fast as possible, in
order to create a stable traping potential for interacting cells. If the switching rate is t®
slow (~ Hz) trapped objects jump from one position to the other. In order of several kHz
separate trapping oftwo objects isalready possible, but as soon as binding events occur the
two objects move synchronously between the two trap pcsitions with frequency of the
square wave. Switchingates that can be reached by manipulation oi® in the Single Tone
mode via LabView was in the order of kHz and therefore to slowurthermore, LabViewis
inferior to the operation system of the computer Thiscan causestumbling of the LabView
driver program if the operation system decides to use resources elsewherroblems with
the operation system LabViewand slow switching rates could be avoided bysing the Chirp
mode of the synthesizer.The idea is that the Chirp mode is not used to sweep through

frequency space by increasing® discretely in small steps of sizg¢ but to sweeponly one
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step up from™@to"@ 1 and then start over againThis isrealized bysetting "Yand Y such

thatyY ¢ 'Y8The synthesizerthen jumps between'@ and™@® 1 at rate "Y(Figure 19).

FREQUENCY
P E—
0 -
MODE 000 (DEFAULT) 011 (CHIRP)
FTW1 0 F1
DFW DELTA FREQUENCY WORD
1 1

RAMP RATE I_l |_| |_|

/O UD CLK |_| |_| |_| |_| |_| |_|_

Figure 19: Modified chirp signal that creates a square wave signakTW1 is set to F1. DFW controls the
amplitude of the wave and consequentially the trap distnce in the sample plane. At every UDCLK signal bit the
frequency jumps to its starting position F1. The RAMP RATE controls the jump to Fland is set to half of the
Update rate ensuringperiodicity of the square wave

In the course of this study it beame interesting to use two optical tweezers tperform force
spectroscopy measurement®n bacteria thatshow strongly reduced pilus activity. For this it
was necessary to move one of the traps in a periodic fashiam induce and rupture bonds
between cells We decided to use a triangle signal so that the loading rate that is applied to a
bond is constant. The triangle signal did not necessarily hawe have a high frequency in
order to mimic rupture events. It is known that normal rupture events are based o
gonococcal retraction speeds, which are in the order of gm/s. Following up on this
movement of one optical trap over a range of Am in one second should be sufficient to
induce rupture events. In other words, the frequency of the triangle signal thas applied to
one of the traps needed to be in the order of HZhis wasachievedby manipulation of] via
LabView: A triangle signalvith adjustable amplitude and frequency was created and applied
to] . This way'® (or the fixed trap position), and the speed of switching betweerni@® and

‘@ 7 remained constantwhereas the second trap moves in a periodic fashion towards and
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away from the fixedtrap.

a)

Trap position Pili
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Figure 20: Demonstration of two operation modes of dual laser tweezerg) The tweezer setup is operated in
static mode. Trap positions are fixed. Deflections of cells are the result of bond formation and subsequent pilus
retraction followed by a rupture event.b) The tweezer setup is operated in spectroscopy mode. One trap
position is fixed, the other moves periodically in xdirection. Deflections of cells are the result of bond formation
and subsequent movement of one trap position until the occurrence of a rupture event.

4.2.4 Tracking and image processing

In this study, single cdl interactions were characterized by trapping monococci with
spherical shapePositions of individual trapped cells were extracted by applying the circular
Hough transformation algorithm to filtered images[140]. Noise in rawimages was filtered
by masking with aGaussian functionin Fourier space. Subsequently @D digital filter was
applied. Prior to the circular Hough transformation algorithm, a 2D gradient was calculated
to amplify contours of the cells.

The circular Hough transformation is based o® O 1 O d&n@décuntulbtion matrix[141]. Every
pixel characterized by coordinates (1) is considered andall parameters that are defined by
a circle equation ® ® W W 10 are scannedin arbitrary intervals . To be more

specificthis process is similar to a voting process. The parameteré fw h ) describe a circle
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with radius i and center @ o ). All parameter combinations €achwithin a given range that
is defined by the user) are associated to all image elemeni&ach element then votes for all
scanned parameter combinations. These votes are added up in the accumulation matThe
matrix has three dimensions each representing one parameter of the spaad [ h ). After
the voting procedure is executed for theentire image, a 3D peak detection algorithm finds
peaks in the accumulation matrix. The peakthen correspond tothe most likely parameters

o o andi defining circles with radius i and center @ hw).

Input binary gradient image

Parameterspacewith fixed radius

® 4 exemplaryedgepixel

Accumular point with 4 votes

Figure 21: Demonstration of the circle detection by Hough transformation. A gradient image is loaded. For
convenience it is displayed as a binary imag@arameter space (in this case position) is scanned and added up
in the accumulation matrix for every edge pixel. A peak in the accumulation matrix gives the center of the arcl
within the loaded image.

4.2.5 Data evaluation

Raw data of acterial interaction was acquired with a CCD cameras image stackile. In
general, the images displayed two bacteria that were deflected from their equilibrium
position in case of binding and retration events. The images were analyzed with Matlab. In
order to speed up the evaluation of many data sets a graphical user interface
(tracking_gui_dual_trap.mwas written and used.In the following a sequential decription of

the program will be given.

1. The data path is entered and raw data consisting of an image stack file (,tiffle meta

data file (.txt) and a fluorescence image file (.tifj were imported into Matlab.
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Automatically, the fluorescence image was displayed and the average frame rate was
calcuated from the meta data.

2. Image stack files were then filtered by a band passd a two dimensional digital filter.
Subsequently a Circular Hough transformation was performed on the filtered images
and the central positions of the two interacting bacteriawere calculated with
subpixel accuracyfor every image (all time points)

3. The deflectionsfrom the equilibrium position were translated into the corresponding
force and averagedover the two trapped cells The averaging wagperformed at this
point because the trapping potential and therefore bacterial deflectionsand
velocities were dependent on shapend sizeof the cells.If two cells were not equally
OEAPAA AAEI AAOGEI T O xAOA 116 ANOAI 8 4EEO

4. Finally, the force in pN wasplotted as a function of timeand examined by the user

On
p>)
m\

manually. All events, including rupture force [pN], reversal force [pN], retraction
velocity [nm/s], elongation velocity [nm/s], retraction time [s], elongation time [s],
pausing time [s] and lundling time [s] were storedin one array and saved as text file

into the corresponding folder.

150
Rupture

- 100 . Pausing
Z Retraction Reversal
= Elongation
3 .
5 Bundling
L 50

112 114 116 118 120 122
Time [s]

Figure 22: Manual event detection from raw data.Events include rupture force [pN], reversal force [pN],
retraction velocity [nm/s], elongation velocity [nm/s], retraction time [s], elongation time [s], pausing time [s]
and bundling time [s].

52



Materials and Methods

4.2.6 Equipartition theorem

The stiffness of tical tweezers canbe calibrated by means of the equipartition theorem
[68]. For this it is assumed, that the trapping potential is a harmonic potentidf @ Qo j ¢
with a spring constant or trap stiffnessThis potential is a function of the deflectiorwand
leads to a linear relationship between force and deflectiof0  n"Y  "QdThis assumption

allows to write the partition function for the optical trap as

!Qx) —_— e~
AGDb —— Qw % ¢ QY 0h (12)

.p
“ 3 QY

where pfais the density of states andQ “Ythe thermic energy. Using this, the mesurable

mean squared displacement

. . _&v (A)AQD C!Q"Y Q(L) 'Q Y (13)
C(A)O T 7
w Q

becomes a simple expression, that depends only &and”Y This implies, thattw Gtan be

measured in order to calculate the trap stiffness

3 'rQ "y
Q

e (14)

4.2.7 Drag force method

The drag force calibration method uses the force balance between hydrodynamic friction
force "O and laser induced restoring forcéOof a trapped micro particle moving in liquid. In
general, the flow velocity around moving particle in a fluid is described by the Navie$tokes
equations [142]. The NavierStokes equations can be written in a nodlimensional way by
introducing the Reynolds numberY'Q " 610 [5].” is the density and0 the characteristic
length of the moving micro particle.* and 6 are the dynamic viscosity and the velocity of the
fluid. For small objects such as bacteria or beads the Reynolds number is smalll. p,
indicating laminar flow and no turbulence[143]. Assuming thatY QL. p, the NavierStokes
equations can be simplified to the2tokes equationnr) 1 6, wheren is the pressure[144].
By introducing the Slokes stream function the equation can be solvefll44]. Based on the

solution, it can be shown that the drag force of a moving solid micro particle with radiugis
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'O ¢ ‘' Y[87]. In practice, the fluid around the trapped cells was moved with the
controllable stage of the microscope. At a constant velocity the force balancewetn friction

force "O and laser induced restoring forcéCOreads
O Qo ¢ YOO8 (15)

This equation allows to calibrate the optical trap as well as to check the linear regime of the

optical trap by measuring the deflectionwas a function of velocityo.

4.2.8 Linearity of the optical tweezers

The motorized stage was controlled by the prograr® OE T O! AldsEpdodiBndallowed to
control velocity and acceleration of the stageSince the stage is driven by electric motors and
not by piezo elements the movement is abrupt andmprecise. At lower velocities (~100
pum/s) stage driving was more accuate than at higher velocities (~1000um/s). Therefore,
this method was only usedat small laser powersto check the linear regime of the trapWe
observed, that the linear regime extendedup to deflections of® ¢ X1l for monococcal

cells.

Deflection [nm]
N w B (&)}
o o o o
o o o o

-
o
o

o
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Velocity [um/s]

o

Figure 23: Characterization of the linear regime of dual laser tweezer®eflection was measured as a function
of stage velocity. A linear fit indicates linearity up to 370m deflection.
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4.2.9 Trap stiffness

The dual laser tweezes setup used in this study was primarily calibrated by means of the
equipartition theorem. This was done due to practical reasons: A power spectrum calibration
was impossible, because the QPD in the back focal plane could not be triggered by the
synthesizer. Therefore, the signal that was recorded on the diodes contained the
superposition of the scattered laser beam of both traps and could not be decomposed into
single trap signals.The drag force method was considered to benaccurate because the
movement d the stage is abrupt and impreciseln order to calibrate the trap stiffness non
piliated cells where used. A minimum of 10 bacterial pairs was recorded for at least 500
frames. Each pair was recorded at maximum laser current (18A) and 2%, 5%, 7%, 10% and
15% power. After calculation oftw Cthe trap stiffness at 100% power was extrapolated and
averaged over all calibration measurements in order to take into account the large variability
of size and shape of trapped cell$lean stiffness value®f each trapwere consistently in the

order of k' H  T1pld/pm.

4.2.10 Spatial calibration

In order to calculate a calibration factor that links the frequency distance to the spatial
distance of the two optical traps two beadswith a diameter of 2 um were trapped and
tracked at various values df . The spatial distance between the two beads was calculated
and plotted as a function of 8rrivially the spatial distancehas a minimal value of 2um for 2

um-sized beads A linear fit gave a calibration factor op& wt @t A 7- ( (Figure 24).
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Figure 24: Spatial calibration of the dual optical tweezersSpatial distance between two traps was measured as
a function of the frequency distance delta thais applied to the frequency generator card. The right diagram
displays a close up view of small distances. The dashed line indicates them of radii of two 2um-sized beads
as minimal possible distance. A linear fit is shown in red.

4.2.11 Elastic effects dominate velocity distributions in the position clamp mode of the

dual laser tweezers

To address the question whether the retraction velocities of interacting cells are comparable
to the velocities of single T4P retractiorf47][124], T4P retraction velocities were measured
with the wild -type BG4in dual optical tweezers. First, a single cell (monococcus) was trapped
in each trap. Binding of T4P to the opposite cell followed by a retractioevent led to the
deflection of both cells from their equilibrium position. The retraction velocity was calculated
from the averaged tracks of both monococci. The average velocity of single T4P retraction is
approximately 2000 nm/s in oxygen enriched condiions at constant feedback forces of
30 pN [52]. We calculated the forceaveraged retraction velocity, which is lower by a factor
of four compared to the retraction velocity under oxygen enriched conditionsKigure 25). A
median retraction velocities of Uy VT p¢pd ITOwas found. The stated error

represents the median absolute deviation.
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Figure 25: Retraction velocities 0fBG4(Ng150). Probability density of BG4force-averagedretraction velocities
is shown (N=551).

There are wo possible explanations for this bias. First, the data is acquired without the
ability to control the forces that are applied to the cells while interacting. This means that the
measurement is done at various positions in forc&elocity parameter space resulting in a
superposition of several velocityregimes. Second, pili and cells themselves are to some
extend elastic materials that deform under applied forcef64][145]. Hence, a portion of the
force that is generated translates into elastic deformatias that result in the observation of
slower retraction and deformation. Notably, shape deformations of cells that were deflected

from their equilibrium position could be monitored (Results:Figure 28).

4.3 EvOLUTION/ WHOLE GENOME SEQUENGE(WGS)

4.3.1 Design of the evolution experiment

The major focus of this study is the investigation of intercellular interaction dynamics and
their specific impact on cell aggregateandbiofilms. Alot of progress has been madeecently.
Generally speaking, advances have been mad#ere structure, dynamics, protection and
mechanics have been investigated[126][12][101][99]. However, these advances focus
primarily on shorter timescales that are in the order of a few generations. Larger timescales,
where evolutionary processes become relevant for cell mechanics and their significance in

multicellular systems have not been the main focu®©n account of thisve wanted to design
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an evolution experimentthat fills this gap. The primary idea was to create an experimental
procedure, where interacting and biofilmforming cells grow over many generations
followed by a systematidnvestigation of genomic, mechanicahnd macroscopic parameters
For this, and specifically forN. gonorrhoeag it was necessaryto implement a selection step
in order to avoid mutations that prevent biofilm formation and cell-cell-interactions. We
decided to followthe approach ofPoltak and Coopef121], whereonly cells that adhere to a

bead were transferred into fresh medium

4.3.2 Experimental procedure

The evolution experiment was done in éwell plates (Sarstedt) Prior to inoculation wells
were filled with 10 ml GCmedium and Isovitalex. 3 large or small glass beads were added.
After inoculation (or bead transfer) the well plates were incubated at 37C and 5% Ce&for
24 h. The wells were not shaken during incubation. All in all, 6 parallel lines wft greenwere
cultivated of 17 days. 3 of these lines weré¢reated 2 mM HOz throughout the experiment in
order to apply stress that was considered to have an impact on biofilm formatidi46] . Bead
transfer was done with sterile polymethylpentene (PMP) tweezers (Thermo)Exclusively 1
of the 3beads thathad contact to cells foronly 24 h wastransferred to the next well (Figure

26). The remaining 2 beads of the same size were stored in crgbocks.

m after 24 h

OOOI |O 000 |O OOOI X
Day 1 Day 3 Day 3

Figure 26: Experimental procedure of the evolution experimentlnoculation is indicated by a blue inoculation
loop. After 24 h of growth two beadsant attached cellswere stored in cryo-tubes.Large and small beads were
used to distinguish between inoculation and growth.
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4.4 DETERMINATION OF GNERATION TIMES

A previously published protocol that was established byDr. Enno Oldewurtelwas usedfor
determination of generation times[13]. Cells were cultivated overnight and 2 single colonies
were re-suspended in 2ml GCGmedium. The suspension wasartexed rigorously in order to
disintegrate cell aggregates. Jul of the suspension were placed on agar plates. The low
density of single cellson agarallowed monitoring exponential growth of single colonies via
time lapse fluorescence microscopy. The ratof fluorescence intensity increase was used

calculate the growth rate of numerous colonies.

4.5 RANGE EXPANSIONS

A protocol to generate range expansiongs model system for macroscopic biofilmswas
developed by followingthe approach of Hallaschek et al[112] [79] . Bacteria from overnight
plates of each strain were resuspended in GC medium to an optical densitpf 2.0.
Suspensions of straindabelled by different fluorescent proteins were mixed and droplets of
xEOE A O11O0IA T&£ n8gunAl xAOA ApbPI EAA OI
1:1 ratios. If necessary, the suspensions werenixed in ratios 1:1, 1:10, and 1:100,
respectively. For selective growththe agar contained erythromycin concentrations of 0, 2, 3,
AT A tunACTI T 8
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5 RESULTS

The results of this study are combined irfive sections.
Thefirst sectioninvestigates bacterial cell-cell interactions by means ofdual laser tweezers

In section two, the impact of T4P motor activity and of pilin posttranslational modifications
on rupture forces and detachment rates was quantified and linked to mesoscopicproperties

of early biofilms.

Section three examines pilus retraction without active motor ATPase Unexpectedly, we
found that T4P retract in the absence of the T4P retraction ATPase PilDbservations
indicate that retraction proceeds at a speedarders of magnitudes slower than native pilus
retraction and that it is independent of pilT-homologues Our data suggests,that

periplasmatic PIlE concentrationsaffectthe speed of retraction.

In the fourth section, single-cell interactions are linked to biofilm architecture and bacterial
fitness. We investigated mutational loss of pilugnediated interactions and connectedthis
mechanism to bacterial positioning and population dynamics of macroscopic biofilm®ur
findings indicate that on/off -switching of attractive forces is a powerful mechanism for

governing population dynamics in bacterial biofilms.

The last sectionextends the scope of this study to the evolution oihteracting, biofilm -
forming bacteria. Results demonstrate that gonococci are able to createmacroscopic

structures and pellicles.
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5.1 DUAL LASERTWEEZERSENABLE CHARACTERIZANON OF CELECELL INTERACTION

FORCES AND DYNAMICS

Previous studiesused single optical tweezers to characterize T4kediated interactions
[47]1[13]. In this study we employed dual laser tweezers to characterizeell-cell interactions
of N. gonorrhoeaeWe worked with BG4cells as background strain, because of its inab#itto
perform pilin antigenic variation (AV) [147]. Pilin AV is able to vary the sequence @ilE at
high rates[129][80]. It is likely that altered pilE sequences affecbinding characteristics of
type 4 pili (T4P). Consequently, we use®G4cells to prevent sequence based biases in the

data.

5.1.1 Intermittent pilus -mediated interactions are inconsistent with a stochastic

Poisson process

Single-cell interactions are affeced by thermal noise and the stochastic nature of molecular
machines. Recently, it was demonstrated that waiting times between cdikead interaction
events are not consistent to a Poisseprocess [53]. In this paragraph we investigate
stochastic pilusmediated celtcell interactions. To this end we used the dual laser tweezer
setup to monitor interacting cells. Single gonococci (monococci) where trapped in two
sepaate laser traps. By means of T4Rhe cells bind to each other and deflect themselves
from the central positions of the traps when the pili retract. Since the measured deflection is
proportional to the restoring force, interaction forces could be measured. The monitored
interactions are mediated by repeated binding, T4P retraction and detachment eveniS3].
For purely random events, waiting times between consecutive events are distributed
exponertially. The exponential distribution is a direct consequence of a stochastic Poisson
process that assumes no memory in the systefi48]. In order to testwhether repeated
interaction is memoryless, the waiting time between rupture events that were followed
predominantly by single retraction events was investigated Figure 27). Rupture events as
measure were chosen, because they appear as unambiguous signals in the dHtas
important to note that the waiting time distribution between rupture events misses only very

rare interactions that are combinations of retraction and elongation without rupture. These
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combinations occur at a vanishingly small rate. Therefore, the waiting time distribution

between rupture events is representative for all neasured repetitive interaction patterns.
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Figure 27: Repetitive single cell interaction oBG4(Ng150) measured with dual laser tweezers is characterized
by waiting times. a) Force proportional to deflection is displayed as auhction of time for BG4cells. Individual
interaction events are visible. Red color indicategwo exemplary waiting times between events. b) The
probability density of waiting times measured withBG4 An exponential fit is shown as a red line. (N=490)

Data was acquired with BG4 cells. The exponential distribution has the probability
distribution "Qos ‘Q 7 j* with mean‘ and describes the time between occurrence of
events in a Poisson proces§l48]. If the interaction pattern was a Poisson process, the
waiting times between events should be distributed exponentially. The probability density
distribution shows a pronounced tail at long waiting times. This result is inconsistent with a
Poisson process. The distribution is reminiscent of the waiting time distribution of T4P
retracting silica beads Figure 27) [53].

In conclusion, dual laser tweezer measurements reveal dynamics of intermittent ceiléll
interaction is reminiscent of celtbead interaction, suggesting that the presence of a

neighboring cell does not affect T4P dynamics.

5.1.2 Intercellular forces mechanically deform cells

In the previous paragraph we investyated waiting times between repétive intercellular

interactions. Interestingly we observed $ape deformations of deflected cells while
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monitoring cell-cell interactions in dual laser tweezersln order to characterize this effect,
deformations were quantified following the approach ofOtto et al.[149]. To this end, the
contour of deflectedBG4cells was determined for0 X wells by applying athreshold to
gradient images. The contour was fitted by an ellipse in order to gain stxel accuracy. The
circularity @ U ofaiwas calculated at equilibrium position (O 1D .) and at forces
O ; "Ob o1 .It ™., whered and dare area ad perimeter. The deformation was
then calculated as difference in circulariies’O  ®"O ®"O . To quantify the
background detection level of deformations the deformation based on two equilibrium
positions was calculated as wellD "0 0 ©"0 0 s As expected, the cells show a
significant increase in deformation under applied force Figure 28). This has two
implications: First, our finding indicates that optical tweezers can be used to systematically
investigate contour deformation and cell mechanics on small prokaryotic systemSecond
and importantly, cells show contour deformations up to forcdevels of 40 pN. It has been
shown that these force levels can easily be exceeded by the Tdchinery, indicating cell
deformations in gonococcal aggregates are common and contribute tioet elastic properties
of biofilms.

In summary, intercellular forces mediated by the T4P retraction machinery mechanically

deform cells.
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Figure 28: a) Probability densities of detected deformations 0BG4(Ng150). Deformations were detected as

difference of circularity values. Cells within their equilibrium position (F=0) showed a background level of
AARAOAAOAA AAAEI Ol AGEITTO j OAAQs8s 51 AAO AI OAA j& ¢ fom B.h 1
(black). Probability densities are significantly different (two-dimensional KStest: p = 2.6 -16). N = 79 cells. b)

Cells deflect themselves from their equilibrium position (left side) by means of T4P and reach high restoring

force levels (right side). xy-gradient images (bottom) accentuate the cell contour and show cell deformation at

large forces. Scale bar: im.

5.1.3 Interacting gonococci show cell-cell rupture force s around 50 pN

A primary observable to investigate bacterial interaction forceds the rupture force. The dual
laser trap setup enabled us to monitor celtell interactions and measure the deflections and
the force at which the bond between two cells ruptures. First, singleells were trapped in
each trap. Binding of T4P to the opposite cell followed bg retraction event led to the
deflection of both cells from their equilibrium position. The restoring force is proportional to
the increasing deflection of retracting cells and can be calculated by using the trap stiffness.
At some point, the restoring face is sufficiently large to break the bond between two
interacting cells. Subsequent to bond breakage, the cells are pulled back to the equilibrium
position with a velocity that is significantly faster than the fastest velocities that could be
resolved bythe camera figure 29). Notably, these restoring velocities can barely be resolved
by 20 kHz detectors[53]. Rupture forces were defined as the maximum force prior to bond
breakage. The events appeared as clear signals in the raw data and were summed up into a
histogram. As reference strain (wild type) rupture force distributions were measured for

cell-pairs of BG4
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Figure 29: Rupture events 0BG4(Ng150) are marked by arrows.a) Rupture events reappear as clear signals
in the raw data. Rupture forces were defined as the maxum force prior to bond breakage. Zoom interval is
marked by a dashed line. b) Zoom: Subsequent to bomdpture, cells are pulled back to the equilibrium position
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BG4cells show rupture forces that occur within a broad range. Interestingly, the distribution
does not follow the peakshaped rupture force distributions that were theoretically predicted
for single molecular bonds[150]. The distribution of rupture forces shows a maximum
around 50 pN and a tail for forces higher than 80 pNHigure 30). At 80 pN the linear regime

of the dual optical tweezers setup endsKigure 23). The broad shape at lower forces may be
explained by the fact that the force distributions measured with dual lasetweezers are
susceptible to generic biological noise. This noise is a consequence of the variability of
trapped cells with respect to size, composition, optical properties and stiffness. These factors
have the ability to change the actual trapping poterl and thereby the restoring force,
leading to fluctuations in the measurement of rupture forcesMoreover, the overlap length
between the T4P of both cells is likely to vary.

In conclusion, rupture forces between gonococci are distributed around- 50 pN.
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Figure 30: Rupture forces oBG4(Ng150). Since the linear regime ends at ~ 80 pN (blue line), forces exceeding
80 pN are systematically overestimateda) Probability density of BG4rupture forces. b) Cumulative probabiity
of BG4rupture forces. N = 491 rupture events.

5.1.4 Cell-pairs show varying interaction states during force generation

In addition to rupture forces, that were investigated in the previous paragraphwe
characterizedthe kinetics of TARmediated cellcellinteractions. To this end cell-pairs of BG4
strains were monitored in dual optical tweezerslIn addition to rupture events we observed

different states ofcellular interactions (Figure 31).
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Figure 31: Track of BG4cells (Ng150). Rawdata of interacting cellswas categorized into different stateqred).
During force generation we observedetraction, bundling, elongation, pausing and rupture events.

Cell pairs showed T4P retraction where both bacteria were pulled towards each other,
elongation, where the bacteria moved away from each other, and pausing, where the

deflection was constantbut nonzero. Sometimes, the cell did not return to the center of the
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laser trap after a rupture event. In this casevas denoted as bundlingwhere we assume that
more than one pilus was bound and while the shortest bondiad ruptured, the second
shortest bond kept the bacteria deflected from the center of the trafFigure 31). For the
reference strain BG4we found frequencies of elongation, pausing and bundling-events in
the range of ~ 0.1 HAFigure 32). Retraction and rupture frequencies were in the range of ~
0.8 Hz(Figure 32). We note that elongation, pausing, bundling and rupture events can only
be detected after a retraction eventNotably, the determined frequencies allowed us to
calculate the probability for two cells to be bound to each other vidgheir T4P. For BG4we
found that the probability to be boundis”y T L TE C.

We conclude that gonococci switch between different interaction states during force
generation which allow for determination of kinetic parameters like frequencies of
elongation, pausing, bundling, retraction and rupture Furthermore, dual laser tweezers

allowed for calculation of the probability for cells to be bound.
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Figure 32: Frequenciesof elongation, pausing, bundling, retraction and rupture foBG4-cells (Ng150). N =(39-
529) events.
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5.2 PILUS-MEDIATED SINGLE CELLINTERACTIONS DEPEND ONPOST TRANSLATIONAL

MODIFICATIONS ANDVARIATIONS ORVIOTOR ACTIVITY

Previous studies revealed, thatthe T4P machineryand posttranslational modifications
affect the spatio-temporal dynamics ofgonococcalcolonies[13][12]. Here, we investigated
the role of T4P motor activity and pilin posttranslational modifications for cell-cell
interactions. To this end, we employed a toolbox of strainsAs demonstrated in the previous
section,dual laser tweezers are a valuable tool for characterizing cellulamteractions. In this
section, weusedthe dual tweezers to characterizecellular interaction forces and dynamics

of all strains within our toolbox.

The data presented in the followingsectionis my contribution to the following publications.

A. Welker, T. Cronenberd, R. Zollner et alh  O- 11 AAOI A0 -1 01 06 ' 1 OAOI
$UT AT EAO 1T £ " ARQAReE Aditvol#121, o] 1, A.@18502, Sep. 2018.

, ENOEAI E

R.Zoliner*, T. Cronenbergh . 8 +1 OUAIT h '8 7A1 EAOh -8 +1 itrthndlalibnalAT A "8 -
i TAEEEAAQGET T O 11 ADI AGA 1 AOA OEboRXY, pEBgIs®2 MO0 1T £ AAAOAOEAI

* Equal contributions

5.2.1 A toolbox of bacterial stra ins

In order to investigate the effect of din post translational modifications (PTM) and T4P

motor activity on intercellular interactions, we used a toolbox of bacterial strains.
Specifically,we used strains that haveeither altered pilin post translational modifications

(PTM strainspglEonand BpptA) or modified motor activity (WB strains WB1and WB2) and

compared them to the referencgwild type) strain BG4

The strainspglEonand BpptA bear the following modifications.In wild type cells the phase

variable glycosyltransferase gengglEis in the OFFstate. In the strainpglEon,pglEis in the

ONstate. As a consequence, the corresponding protein PglE adds an additional hexose to the

pilins as part of the pilin glycosylation pathway. In the deletion strain BpptA, the
phosphotransferase gengptAis deleted inhibiting phosphoform modifications of the pilins
(Figure 33).

The WB strains express nonfunctional PilT (PilTws), in addition to the functional PilT
retraction ATPase[151]. PilTws carries a mutation in the Walker B box that inhibits ATP
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hydrolysis. Bacteriattwo-hybrid assays strongly suggest that functional PilT and nen
functional PilTws proteins form heterohexamers[126]. In WB1 and WB2 cells PilTws is
expressed under the control of a weak and a strong promoter, respectively. HenééB1cells
express less norfunctional PilTweand show less strongly impaired T4P motor activity when
compared toWB2cells[126] (Figure 33). Here,we define motor activity to be the interplay

of retraction velocities and the frequencies of T4P retraction, pausing and elongation.

Expressed PilT-Hexamer Expressed PIlE Assembled
PilT-Monomers drives retraction bear PTM T4P fibre

S63—
‘ —> ‘ WG4 (wt) se8” ’ —» WG4 (wt)
, —> pglEon

, —» GPPtA
a)

JH JJ_. JJ_Z 4=
X
) WG4 WB1 WB2 ngEon .

Figure 33: Toolbox of strains a) In contrast to wild type cells BG4, the strains WB1 and WB2 express
nonfunctional PilTwe. As a consequence, the Pilfiexamers that drive T4P retraction show impaired T4Hmotor
activity (red lightning). WB2expresses more Pilwsthan WB1and shows morestrongly impaired motor activity
[126]. b) PIlE in BG4cells carrie a phosphoform modificationat S68 (purple) anda glycoform modification
(green) at S63.In contrast to wild type cells BG4, the strains pglEon and BpptA have different pilin post
translational modifications. pglEon carries an additional hexose at S63 (orange)BpptA lacks the ability to
attach phosphofrom modifications at S68c) The toolbox consistsof the reference (wild type) strain BG4,the
WB strainsWB1and WB2showing impaired T4P-motor activity and the PTM strainspglEonA 1 ZpptAbearing
variations of pilin post-translational modifications.

5.2.2 Rupture forces are tuned by p ost translational modifications

In the previous paragraph we have introduced a bacterial tdbox. We utilized this box in

order to address the question whethePTM and variations of T4P motor activity affect the
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physical interaction forces between gonococci.To this end cellpairs of all toolbox-strains
were monitored in dual optical tweezersand rupture forces were measured.

The WBstrains WB1and WB2show interesting rupture force distributions. The strainWB2
(showing strongly impaired motor activity [126]) shows rupture forces that are similar to
the BG4strain without significant difference. Unexpectedly, we found a significant difference
between WB1 and BG4 (two-dimensional KStest: p =4.2:104). However, this is not a
systematic difference that can be explained by the expressionmdn-functional PilTws. If this

would be the case, we would expect an even stronger effect for the stravB2
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Figure 34: Cumulative probabilities of rupture forces 0BG4(Ng150) and the WB strains WB1(Ng171) and WB2
(Ng176). The linear regime is up to ~80pNN = (305-491) rupture events.

In order to investigate the impact of PTM on intercellular forces,upture force distributions
were measured for celpairs of BG4and the PTMstrains pglEon and BpptA. Additionally,
cross nteraction rupture force distributions were measured for the combinations BG4
pglEonand BG4B b b. dterestingly, PTM-strains do show higher rupture forces than BG4
cells (Figure 35). dearly the distributions show a shift to higher rupture forces that is very
distinct for the BpptA -strain. Even though themajority of pglEonrupture forces is close to
BG4 one can cledy see that the distribution is slightly asymmetric and has a heavy tail
towards higher forces (Figure 35). Strong dfferences could be observed™®@

® y (two-dimensional KStest: p = 1:168) @ O (two -

dimensional KStest: p = 0.1) For the cross interactions O y and Q@ 5
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asymmetric distributions with slight tendendes towards higher forces without significan
differenceto™® y ,® 5 and"O were found.

In summary, rupture forces between single cells are finrduned by pilin post-translational
modifications. Rupture force distributions of strains that show impaired T4Rmotor activity

show no systematic difference in rupture forces.
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Figure 35: Cumulative probabilities of rupture forces of BG4 (Ng150), the PTM strains BpptA (Ng142) and
pglEon(Ng157) and cross interactions a) Cumulative probabilities ofBG4- BG4 B ' 4BpptAand B B B-BpptA
rupture forces. b) Cumulative probabilities of BG4- BG4 B ' 4pglEonand pglEon- pglEonrupture forces. The
linear regime is up to~80pN.N = (196-491) rupture events.

5.2.3 Interaction kinetics are regulated T4P motor -activity and pilin PTM

We addressed the question whether PTM and variations of T4P motor activity affect the
physical interaction kinetics between gonococciTo this end celtpairs of all toolbox-strains
were monitored in dual optical tweezersand the interaction statesretraction, bundling,
elongation and pausing were analyzed.

Bundling and pausingfrequencies were found to be inthe order of ~ 0.1 Hz. No striking
characteristics for BG4, PTM and WB-cells were observed (Figure 36), exceptfor an
increased bundling frequency for theBpptA -strain and an increagd pausing frequency for
the WB1-strain. The high level ofrupture forces of theBpptA -strain and the high expression

level of non-functional PilTws of the WB2-strain may explain these tendencies
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Figure 36: Average hundling and pausingfrequencies ofBG4 (Ng150), PTM strains BpptA (Ng142), pglEon
(Ng157) and WBstrains WB1(Ng171),WB2(Ng176).a) Bundling frequenciesand (b) pausing frequenciesvere
determined by dual trap measurements. Error barsBootstrapping with N=100.N = (21-118) bundling events.
N = (39-202) pausing events.

The elongationfrequencies displayclearly that modifications of pilT lead to higher rates of
elongation. This is consistent to previousresults obtained byforce-feedbackmeasurements
[126]. PTM-strains have an unmodified T4P-motor and show elongation frequenciesn the

range ofBG4cells (Figure 37).
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Figure 37: Average elongation frequencie®f BG4 (Ng150), PTM strainsBpptA (Ng142), pglEon(Ng157) and
WB strains WB1 (Ng171), WB2 (Ng176). Elongation frequencies for PTM and WB-cells were determined by
dual trap measurements. Error barsBootstrapping with N=100.N = (38-346) elongation events.

For the WB-mutants the frequency of retraction’Q decreases™d Q "Q  (Figure
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38). A similar tendency was found for the frequency of rupture eventsd "Q "Q

(Figure 39). The decreasing rate of retraction is consistent with the reduced ability to
hydrolyze ATP for T4Rretraction of the WB strains. Additionally,we expected for the WB
strains, that the reduced ability to use kkemical energy by ATFhydrolyzation leads to a
reduced ability to overcome binding energies and rupture intercellular bondsThis is also

confirmed by the decreasing frequency of rupture events
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Figure 38: Average retraction frequencies oBG4 (Ng150), PTM strainsBpptA (Ng142), pglEon(Ng157) and
WB strainsWB1(Ng171), WB2(Ng176). Retraction frequencies were determined by dual trap measurements.
Error bars: Bootstrapping with N=100. N =3876-844) retraction events

The PTMstrains show a similar tendencyfor rupture frequencies d Q d
(Figure 39). Notably, PTMretraction rates characterized by’Q were roughly on BG4level:
d Q ' (Figure 39). The decreasing frequency of rupture is consistent to
increased intercellular rupture forces, that lead to fewer rupture eventsbetween PTMcells.
The constantrates of retraction for the PTMcells can be explained byhe fact that the T4R
machinery is unmodfied and the BG4amount of ATPis used per unit time to gererate

retractions.
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Figure 39: Average rupture frequencies o0BG4 (Ng150), PTM strainsBpptA (Ng142), pglEon(Ng157) and WB
strains WB1(Ng171), WB2(Ng176). Rupture frequencieswere determined by dual trap measurementsError
bars: Bootstrapping with N=100. N = (19%433) rupture events.

As mentionedabove, dynamical parameters characterize intercellular interaction kinetics. A
global parameter, that combinesthe rates of retraction, rupture, elongation, paumg and
bundling is the probability ,” , that two cells are bound to each other

The probability,” , that two cells are bound to each other was calculateflom single cell
interaction measurements.” was calculated forBG4, PTM and WB-cells. Values of "y
oL m8rg, "y T 1 18T, ” ] ¢ 18to,” T 1T 718t 0 and
” T X T8t 0 were determined (Figure 42). Interestingly, both WB- and PTM

strains show a significant increase in probability to be boundb adjacent cells
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Figure 40: Probability for two gonococcito be bound for BG4 (Ng150), PTM strainsBpptA (Ng142), pglEon
(Ng157) and WB strainsWB1(Ng171), WB2(Ng176). Probabilities for PTM and WBcells were determined by
dual trap measurements. Error bars: Bootstrapping with N= 100.

In summary, frequencies of retraction, rypture and elongationare tunable by modifications
of the T4Rmotor and PTM. PTM do not affect retraction and elongation frequencies but
decrease the number of rupture events per time. Motor deficient WB strains show increased
elongation rates and decreasedupture and retraction rates. With respect toBG4-cells, PTM

and WB-strains show increased probabilities to be bound to adjacent cells.

5.2.4 Cellular interaction s govern material properties and sorting dynamics of

colonies

As demonstrated, T4P motor-activity and pilin post translational modifications (PTM)
regulate interaction kinetics and probabilitiesto be bound Based on the discovered kinetics,
the impact of single cell interactiors on multicellular collective systemswas investigated To
this end observations of cell sorting in early biofilms studied by Dr. Nadzeya Kouzehnd
colony fusionsstudied by Tom Cronenbergwvere connected toabove-described single cell
interaction kinetics.

Early biofilms observed in flow chambers show cell sortig betweenBG4and strains carrying
different pilin PTM, specifically glycosylationinhibited BpglF cells[13][87]. On the basis of
the differential strength of adhesion hypothesis (DSAH)sorting can be explained by

differential rupture forces [107]. Thefindings described in the pevious chapters, namely
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Q v ® ¥ and '@ vy O , thus predict that PTM-cells
segregate to thecenter of an early biofiimwhereas the BG4-cells spread around the core
homogeneously[109]. Notably, a significantly increasedprobability of being bound was
observed for cells with pilin PTMs that differed from the wt (Figure 40). Cells with high
binding probabilities will tend to form clusters. Hence, differences in bindig probabilities
support phase separation. In combination with differences in rupture forces, these
contributions to cell sorting are likely to be sufficient to induce phase separation between
wild -type BG4cells and PTMcells. To test thesepredictions, BG4 and strains carrying
different pilin PTM were mixed in flow chambers and sorting behaviorwas monitored.
Strikingly, both pglEonand BpptA cells were encasedby BG4cells when mixed with the latter,

strongly supporting our predictions based on ruptureforce measurements Figure 41).

B ' -polEon

B ' -BpptA

Figure 41: Crossinteraction of BG4 (Ng150, red), PTM strainsBpptA (Ng142, green), pglEon(Ng157, green
and triggered cell sorting in gonococcal microcoloniesDisplay of1:1 inoculations ofa) BG4B ' ,(p)BG4B DD O'!
and ¢)BG4pglEon. After 5h ofgrowth (done by Dr. Nadzeya Kouzel), colonies were prepared imagbyg confocal
microscopy (done by Anton Welker). Adapted from[87].

In the previous paragraphit was demonstrated that positioning within biofilms and sorting
are linked to intercellular interaction s. Next, we aimed at linking interactionsto dynamical
behavior of biofilms, which can be quantified by shape relaxation and fusion dynamics
[152][153]. Aggregates composed of cells withigh probability to be boundshould show a
more viscous behavior, whereadow probabilities should lead to less viscous material
properties. Hence,we investigated whether the dynamical behavior of biofilms isgoverned
by interactions at the single cell level.

Multicellular collective dynamics of early biofilms were characterized by means of colony
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fusion assaysproviding the parameter, 7— (Figure 42) [126][12]., denotes the surface
tension and-the viscosity of the biofilm. It was found, 7-is strongly decreased for PTM
and WBstrains when compared to wtcells: , 7- y pT Yppl I7G ,1-

¢¢ vl irGand , 71— ox ¢ 1 i7O Notably, coloniesof BpptA -cells fused even
more slowly, so that, 7- could not be determined using the cobny fusion assay However,
qualitatively the data shows clearly that, 7— of WB2- and BpptA -cells is even smaller than
for WB1- and pglEoncells, suggesting glasdike behaviour (Figure 42). Strikingly, this
mesoscopicevaluation of early biofilm dynamics is consistent tadhe binding probabilities
found in this study (Figure 40). High binding probabilities translate into viscous behavior and
slow fusion dynamics characterized by low values qff—.
We used the rupture force’O and the probability for adjacent cells to be bound; , to
estimate the surface tension, "O/®j Y0 where "O/a is the work required to increase the
surface area byY8. The work required for moving one bacterium from the bulk to the surface
by the distanceOis estimated as follows. The diameter of a bacterium ©® T&A I, the
average number of T4P percelli§ X, and the increase in surface area¥ “ ‘Of¢

m™@ A | . We assume that half of the pili are not bound when the bacterium resides at the

surface Together, we estimatehe surface tension to be given by

Py © ’08 16
” —U w o~
C “ 'Of¢ (16)
Surface tensions were estimated to be, VP T . A and , PP 1 il
resulting in viscosity values of— cuvm® and- ¢nmmd [126]. These

diverse viscosity valueshint that” is directly coupled to,, 7—.
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Figure 42: a) Probabilities to be bound forBG4 (Ng150), PTM strainsBpptA (Ng142), pglEon(Ng157) and WB
strains WB1(Ng171), WB2(Ng176). Probabilities to be boundfor PTM and WBcells were determined by dual
trap measurements. Error bars: Bootstrapping with N=100.b) ,, 7~ of BG4, PTM and WB-cells was determined
by colony fusions in flow chambersby Tom Cronenberg[126]. Fading bars ofBpptA and WB2 mark no
guantitative results but qualitative observations that indicate low valueof ,, 7—. Error bars: Standard deviation.
N > 30 fusion events.

In summary, changes of rupture forces and probabilitieso be boundinduce collective cell
sorting in early biofilms. Furthermore, the probability ” that gonococci are bound via T4ks
directly link ed to surface tension and viscosity of gonococcal microcolonies. Interestingly, the
probabilities ” may be tuned either by varying T4P motor activity or by modifing the

rupture forces.

5.2.5 Pilin post -translational modification does not affect the generation time

As demonstrated, collective sorting behavior within model biofilms can be explagu by
rupture forces andprobabilities to be bound In order to verify that the soring behavior is not
biased by altered generation times the generation tnes of all PTMstrains were measured
Generation times oy T owi Ejo T8 c¢& | Eandoy T &

¢& | E,Wwere found. These valuesndicate that PTMdo not affect the division time(Figure

43). Hence, sating behavior is not biased by altered generation times.

In summary, generation times are not affected by PTM. Hence, collective sorting behavior of

78



Results

PTM-mutants in early biofilmsis not biased by selection.
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Figure 43: Pilin posttranslational modification does not affect the generation timeThe generation times of
strains of BG4 (Ng}SO), BpptA (Ng142) andpglEon(Nng?)AwerAe determined during equnentiql growth on
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5.3 T4P-MOTOR DEFICIENTPILT-DELETION STRAIN®RE ABLE TO GENERATFORCES BY
MEANS OFT 4P

pilT deletion strains have beershown to lack competence andhotility [154]. For a long time,

this effect was thought to beihked to the absence of T4P retractioin pilT deletion strains.

However, recent studies found evidence for generipilT-independent T4P retraction in
various specieg155][156].

The data presented in the followingsectionis my contribution to the following publications.

R. Zoliner, T. Cronenbergand" 8 - AMot&r(phopedies of PilT-independent type 4 pilus retraction in
gonococch ia preparation

*Equal contributions

5.3.1 Gonococci retract T4P in the absence of the T4P retraction ATPase PilT

To investigatewhether N. gonorrhoeae shows T4P retraction in the absence of the retraction
ATPase PilTthe dual laser tweezes setup was utilized to characterize binding between

retraction deficient cells. Strikingly, force generation of retraction ATPase deficient dsl
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could beobserved at low trap stiffness(Figure 44). The trapping laser was adjustedto low
powers to trap piliated but retraction ATPasedeficient BpilT-cells. At ¢ Pof the maximum

laser poweratrap stiffness value ofQ t@t t® 11 | wasobtained.

Force [pN]

Radial deflection [nm]

50 100 150 200 250
Time [s]

Figure 44: Force generation ofBpilT-cells (Ng178) in dual laser tweezers at low trap stiffness values
(Q g ¢&M 1).Two BpilT-cells bind,generate forces and deflect themselves from the equilibrium position. The
resulting mean radial deflection of one binding event is exemplarily displayed as a function of time.

First, we tested whether the composition of the medium affects the force generation
gualitatively. GG and RA-medium and PBSuffer were usedas medig respectively. All three
media have been shown to allow characterization of active processes, such as DiNAake,
T4P-retraction and twitching motility [157][158]. GCmedium is an undefined rich medium
with numerous undefined ingredients. RAM is a weldefined cell culture medium and PBS is
a buffer solution without any metabolic ingredients.Force generation of the strainBpilT was
observedin all three media.Subsequentexperiments wereperformed in RAM.

It was conceivable that force generation between two piliated cells wasgeneric effect of
increasing owerlap of two pili. To distinguish between this generic effect andpilT
independent retraction, we trapped aBpilT-cell in one trap and a glass bead in the other trap
at ¢ Pblaser power.A glass bead andne cell were trapped at¢ Pblaser power. Interestingly,
deflections from the equilibrium position were found, indicatingthat the second cell was not
required for force generation by BpilT-cells (Figure 45). Theattractive cell-beadinteraction
is likely to have the same origimas celtcell interaction.

This observation shows that the attractive interaction between two BpilT-cells is not based
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on increasing overlap of two pili. If thisbasic model would hold, we would expect no force
generation beween a piliated cell and a clean glass surface. The similar logic appliesa
model that suggests an increasing overlap between the neighboring cell body and a pilus.
Hence, attractive interactionshows no indication of a generially increasing overlap d T4P
and is likely to have aifferent origin.

Moreover, the glass bead was not coated with DNAo detect gonococcaDNA-uptake, DNA-
coated beads are essentidll59]. As a consequence, cellead interactions cannot be caused
by DNA uptikeevents. Hencecgell-cell interaction is highly unlikely to be caused by th®©NA-
uptake machinery of gonococciNotably, gonococci haveno further extracellular structures
other than the T4P- and the DNA-uptake-machinery to actively generate forces[160]. Since
DNA is unlikely to be involveda plausible explanation for the attractive interaction between
two BpilT-cells is pilus retraction that is not driven by ATPhydrolysis of RilT.

In summary,force generationof BpilT-cellsis independent of the chemical composition of the
medium. More importantly, attractive cell-cell and celtbead interactions were observed,
indicating no generically increasing overlap of piliand no involvement of the gonococcal
DNA-uptake machinery. We conclude trerefore, that gonococcal T4P retract even in the

absence of the retraction ATPase PIilT.

t=0s t~ 22s

Brightfield

Gradient

Figure 45: Force generation of BpilT-cells (Ng178) in dual laser tweezersat low trap stiffness values
(Q g ¢ &1 1).Amotor deficientcell binds to an uncoated glass bead, generates small forces aeflects itself
from the equilibrium position (left side). The cellreacheslarge deflections after ~22 s (right side). x-y-gradient
images (bottom) acentuate bead anaell contour. Scale ba 1 um.
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5.3.2 pilT independent retraction is two orders of magnitude slower than pilT driven

retraction

In the previous section, i was shownthat force generation without functional pilT is likely to
be caused byilT-independent pilus retraction. Compared topilT-driven pilus retraction of
wt-cells the time scale of retraction events is very longFigure 45). Typically, wt-pilus
retraction of a full pilus occurs on atimescale o p O[161], whereaspilT independent
retraction has a timescale that is pi E [Figure 44). We quantified these qualitative
differences intime scalesby measuring the retraction velocities in the dual laser tweezer
setup. Pairs oBpilT were trapped in two optical traps at 2% of the maximum trapping laser
power. Slow retractions were monitored and retraction velocities were calculated from the
tracks ofthe bacteria.A median retraction velocity of0 , @& o 1 [7Owas found for
Bpil T at 2% laser power, which is equivalent to a trap stiffness d® & ¢ £M | (Figure 78).
This valueis much slower whencompared to speeds oPilT-driven retractions [162].

Elastic effects introduce a systematic error in dal-trap velocity-measurements.Therefore,
in collaboration with Tom Cronenberg, it was tested tested whether pilT independent
retraction is observable in single laser trap force feedback measurements. Taghend a
previously established protocolwas used[126]. Consistent to previous findings, elocities
acquired at forces clamped at8 pN were lower when compared to velocities that were
measured at forces clamped at 4 pN Significantly different median values of 0

T8 p @i i7Gandv p® p@& T iTOwere found (two-dimensional KStest: p
= 3.7 -10'7). Most importantly, feedback data confirms thatpilT-independent retraction
velocities differs by two orders of magnitude when compared topilT-driven retraction
(Figure 46).
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Figure 46: Retraction velocities ofBpilT-cells (Ng178). In collaboration with Tom Cronenberg \elocities were
measured at4 pN and8 pN feedback force withlaser tweezersfollowing a previously established protocol

[126].N =(239-289).

Stalling events could be observed in single laser trap measurements. These events indicate

that the PilT-independent retraction machinery stalls on average at forces lower than 10 pN:

'O @& ¢8t b.(Figured?).
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Figure 47: Stalling forces ofBpilT-cells (Ng178).In collaboration with Tom Cronenberg brces were measured
with laser tweezersfollowing a previously established protocol[126]. N = 21stalling events

In summary, RIT-independent retraction velocities are lower by two orders of magnitude
when compared to wild type retractions. The observed retraction is significantly slower for

increasing opposing force levels. Average stalling forces were lower than 10 pN.
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5.3.3 pilT independent retraction is not driven by  pilT2 or pilU

pilT2 and pilU have a highsequencesimilarity to pilT [124][163][164]. They are considered
to be pilT paralogues. In order to test whether attractive celcell interaction of pilT-mutants
is based on pilus retraction driven bypilT2 or pilU three knockout strains were generated
BpilT BpilT2, BpilT BpilU and BpilT BpilT2 BpilU. All three knockout strains were trapped
separately in the dual laser tweezers and monitoredtQ x ¢ £N |.

Interestingly, all three strains showed theattractive cell-cell interactions similar to Figure 45

found for the BpilT-strain. This shows that the force generation dBpilT is not linked to pilT2

or pilU.
Strain Genotype Force
Generation
BPDEI 4 G4::aprR pilT::cmR yes
BDPEI 4 BPDEI 4| G4:aprR pilT::cmR pilT2::kanR yes
BDPEI 4 BPDEI 5| G4:aprR pilT::cmR pilU::ermC yes
BDPEI 4 BPDEI 4| G4:aprR pilT::cmR pilT2::kanR pilU::ermC | yes

Table 6: Force generation ofpilU and pilT2 depletion strains.

In summary, the triple knockout strainBD E 1 4 B D BHows@4RBebdetlom We conclude

that neither pilT2 nor pilU are the cause of force generatiom the absencefunctional pilT.

5.3.4 pilT independent retraction is not driven by proton motive force

The observedpilT-independent force generation is not possible without an internal energy
source. All theoretical explanations that lack an energy source are incompatible with the
second law of thermodynamicsThe proton motive force (PMF) isrelated to a proton-based
chemical potential across a membranandthe driving force of severaltransport machineries
andmolecular motors[165][166][167]. Consequenty, we hypothesized thatPMFmay bethe
energy source behindpilT-independent force generation by T4PTo test this hypothesis

BpilT cells were treated with the uncoupler cabonyl cyanidem-chlorophenyl hydrazone
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(CCCP). CCCP shuttles protons across the membrane, in the direction of the proton gradient
and deplete PMH168]. Cells were incubated with60 uM CCCP for & min prior to usagein
dual laser tweezers Notably, BpilT cells are able to generate forceafter 15min and up to
50min of CCCRreatment. To check that 15nin are sufficient to affectcells, twitching motility
of BG4was checkedConsistent to previous resultscells showedlow twitching motility after
15 min of treatment with 50 uM CCCRnd high twitching motility without CCCH169]. We

conclude thatpilT-independent retraction is not driven by proton motive force.

5.3.5 pilE expression levels affect pilT independent retra ction

Finally, we addressed the question whether the concentration of pilin subunits PilE affects
the dynamics ofpilT-independent T4P retraction. The PilEconcentration in the periplasm
was manipulated. Strain expressing higher 3xpilE) and lower (pilEing) levels of pilE
compared to the wild type were generated. We expected that high levels of periplasmatic PilE
stops or slows the energetically favored retraction. In contrast to that, lowered periplasmatic
PilE-concentrations should induce faster retractims. We tuned the periplasmatic PilE
concentration with two genetic constructs. The construct for high concentrations is added to
the chromosome in theiga-locus. In this norressential locus, two copies gfilE were inserted,
leading to three separately expessed pilE-genes BxpilE) [13]. For low concentrations we
replaced the nativepilE-sequence with an induciblepilE sequence pilEind) [84]. The induced

promoter has a significantly lowered expresion-level [126] .

Strain Genotype Force
Generation

BPEI 4 G4::aprR pilT::cmR yes

PilEind G4::aprR pilT::cmR pilT2::kanR yes

3xpilE G4::aprR pilT::cmR pilU::ermC yes

Table 7: Force generation of modified PIlE expression straingilEina and 3xpilE.

Since velocities could not be measured with dual optical tweezersye characterized

velocities of 3xpilE and pilEina with single trap force feedback measurementdJnfortunately,
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the strain pilEind could not becharacterizeddue to its low probability to bind to trapped glass
beads. Significantly different median values of 0 T@ p@lirdand
0 p@ o1 iTOwere found (two-dimensional KStest:  p p 1 ).
Most importantly, feedback data demonstrates thatpilT-independent retraction is

significantly slowed by increasing PIlE concentrationsKigure 48).
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Figure 48: Retraction velocities ofBpilT and 3xpilE-cells. In collaboration with Tom Cronenberg, elocitieswere
measured at 4 pN feedback force with single trap laser tweezefsllowing a previously established protocol
[126].N = (148239).

In summary, pilT-independent retraction is observedfor the strains 3xpilE and pilEind. At

increasedPilE concentrations thevelocities becomelower.

5.4 CELLULAR INTERACTIONFORCES GOVERBACTERIAL POSITIONNG AND POPULATION

DYNAMICS OF MACROS®CC BIOFILMS

In the previous sections, single cell interactios were characterized and linked to
macroscopic parameters. In this section the scope &nlarged and macroscopidiofilms are
characterized Specifically,it was investigated, whether single cell interactiors directly affect
positioning in biofilms and resulting fitness-dependent population dynamics.To this end
macroscopic expanding populations were grown on solid agar surfaces following the

experimental approach of Hallatschek et a]112]. The expanding populations, show pattern
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formation during growth and are namedrange expansions.These expansions served as
biofilm model allowing for investigation of mutational loss of pilusmediated interaction,

positioning and resulting population dynamics.

The results shown in thissection were performed in close collaboration with Dr. Enno

Oldewurtel and were published under

R. Zoliner, E. R. Olgewurte*IFl .8 +1 c”)pAiAﬁ AAT A "8 -~AAEAOF1 ég
AUl AT EAO OEOT OCE bDi OE OELilREfvE. 7,00. 1, AARBIA0IRAT AT

*Equal contributions

5.4.1 Unpiliated cells are subject to segregation and surf on the fr ont of growing

colonies

It has been shown that loss of piliatiorreducesintercellular interaction sto an undetectable
level [13]. These weakly interacting cells are characterized by a flat colony morphology on
agar[170][171]. Unpiliated (weakly interacting, P) cells segregateto the front of growing
colonies, whereas piliated (strongly interacting, P4 cells stay in the centerof the colony[13].
We hypothesizedthat weakly interacting cells are able to maintain their frontal position
during colony growth even iftheir growth rate is reduced.

To test this hypothesis, two strains that allowed us tandependently tune the growth rate
and the state of piliation/interaction were created [79] (Section 4.1.2.5. red ermG,
expresses a red fluorescent reporter and is resistant agat erythromycin. The second strain
greerR ermG expresses a green fluorescent reportelis also resistant against erythromycin
but shows a weaker resistance level compared t@d ermG-. Hence the notation ermC was
used Additionally, the strain greemR ermG lacks the outer membrane porepilQ. As a
consequence,greerR ermG is unpiliated and weakly interacting. For both strains the
generation timeswere measured in the exponential phaseHigure 49). Importantly, it has

been shown that the deletion opilQ changes the generation time by a negligible fact¢t3].
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Figure 49: Tuning exponential growth rates and bacterial interaction force independently.a) Different
constructs used. b) Generation times of the strains shown in a) as a function of the concentration of
erythromycin. Red crossred ermCHNg065), green crossgreerRermG (Ng118), red circle:red ermC+control),
green circle:green ermC+Ng117) (control). The generation times varied slightly between days (red cross and
red circle) and thus different strains were always grown on the same plate for comparison. Error bars: standard
errors of the mean, N = (166& 1206) colonies. Adapted from[79].

Typically, strains with higher growth rates are fitter andtend to fix within populations [110].

It was testedwhether weakly interacting greerRermG cellsare able to maintain their frontal
position during colony growth despite a strongly decreased growth rate. To this engieerR
ermG andred ermG- were inoculatedon agar containl ¢ f AOI Y"1 Ent1ACTi 18 10
of thepresence oft 1 ACT 1 1 A Q thé®dgiawih irated ddreerk ermG and red ermG
differ by a factor ofi 0 Qi QQE G oO6F0 i Q@i &0 p&. Under these
conditions a mix of the inoculatedgreerRermG andred ermG- cellswere monitored over 10
hours.

Data showsthat fast growing and strongly interactingred ermG- cells were able to push
slowly growing and weakly interactinggreerR ermG over the agar surface Figure 50). This
observation is similar to previously described gene surfing in expanding populations
[172][117] and has two implications: First, frontal positionof weakly interacting cells is not
disturbed by an increased growth rate. Secondweakly interacting cells are able to maintain
their position throughout the exponential growth phase.

In conclusion, weakly interacting cells are able to surf on the front of expanding strongly

interacting cellsdespite a decreased growth rate.
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Figure 50: During exponential phase, slowly growing norpiliated bacteria surf on the front of a fast growing
piliated colony. Time lapse of expanding colonies formed by slowly growing/weakly interactingyreerR ermCM
(Ng118) and fast growing/strongly interactingred erm@ j . Cmou q COT xT 11 nwECTI 1
(greenQerm@¥/ tgen(rederm@ QU EN1p8 w8 " OECEOT AOO AT A AT 1 OOAOO xAOA
AAOd pnmiu Al 8[79.AAPOAA EOI I

5.4.2 Unpiliated cells dominate the front of expanding colonies even if their growth

rate is decreased

It was demonstratedthat weakly interacting cells are able to surf on the front of expanding
colonies that consist ofstrongly interacting cells. This pattern is independentof different
exponential growth rates. As a consequence of this result, we hypothesized that weakly
interacting cells, that are able to maintain their outermost positionshould gain a fithess
advantage because of access to fresh nutrients and unlimited space for growth.

To investigate thishypothesis, greerRermG andred ermG- were inoculatedat different ratios

i Qi QAE &G OFi Q@i & 6and various concentrations of erythromycin leading to

variousi 0 Qi QQE aof0o 1 Q@i & 6 (Figure 54). For convenience, the
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results will be presented on the basis of theepresentative conditioni  p 1

Similar to the observed surfingpattern, strongly interacting red cellsform round patches that
are encapsulated by weakly interacting green cellsiithin the inoculation zone (Figure 51).
Afterx g Athe outgrowth is dominated by weakly interacting green cellsTo test whether the
domination of the outgrowth confers a fitness advantage for weakly interacting cells, green
and red fluorescent cellswithin dilutions of entire colonies atdo mAp AcACDA T pm
and i pBowere counted via fluorescence microscopy Subsequently the fraction of red
cells was calculated. Notably, the fraction of red cells decreed over the first 3 days of
growth. This demonstratesthat the fithess of green and weaklynteracting cells is increased

and confirms the hypothesis
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®
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Figure 51: Competition between initially strongly interacting red ermG- (Ng065) and weakly interactinggreer

ermCM(Ng118) cells at vaying exponential growth rates.a) Examples of mixed colonies (inoculation ratiain

'E ved ermG)/[ greenRAOI M'CEN p i Ggx AMEPAAO o PAOUET ¢ Al T AdHr@Cue®i 1 O 1T £ A
erm/tgen(rederm@ q8 3 AAT A bARAaGtign obredern@ iwihin entire colony as a function of time

obtained from single cell counts of red and green fluorescing cellsin 'E20, 1 'E219. Error bars: Standard

AAOEAOGET T O 1T AOAET AA mEOi i OEOAA ET AAPAT AAT O A@bAOEI AT OOh
experiment. Adapted from[79].

Surprisingly, red sectorsoccurwithin the outgrowth. We suspected that these sectors consist
of weakly interacting red cells, that had switched from the piliated/strongly interacting to
the unpiliated/weakly interacting state via mutations. The number of sectors was

independent of growth rate differences which are characterized byi (Figure 53).
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Furthermore, the number of sectors is dependent on the inoculation ratid . This is
consistent to the expectation of a mutational transition between piliated and unpilied state.
Immunofluorescence against pili confirmed that the observed red sectors were in deed

unpiliated and weakly interacting (Figure 52).

o d

Figure 52: Status of piliation in inoculation zone and in the area of outgrowth in the presence of erythromycin.
Piliated red ermC+(Ng065) and greerR ermG (Ng118) were inoculated at a ratio of 1 to 10 on 4 pg/ml
erythromycin. Bacteria were picked from the area of outgrowth (a, b) or from the inoculation zone, grown
overnight and selected for red fluorescence. Subsequently, bacteria were immabéd on glass cover slide and
stained using immunofluorescence with a primary antibody against PilE. c) Area of outgrowth, d) inoculation
zone. Scale bars: 50 um. Adapted frofi9] .

As acontrol for stable growth rate differences, the area fractions of the weakly interacting

red cells within the green outgrowthwere quantified. The area fractions of the red sectors

increase as a function of distance to the inoculation zone, which is a measure of time in this

case Figure 54). This is consistent tothe expected fithess advantage of weakly interacting

red cells ermC+) against weakly interacting green cellsérmG) at i 1. Notably, colonies
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that were inoculated ati  pandi  p twere still dominated by weakly interacting green

cells after three days of competition despite a severe reduction in growth ratéigure 54).
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Figure 53: Sector density for competition between initially strongly interactingred ermC+ recf\s (Ng065) and
weakly interacting greerR ermG recAnd (Ng118) cells at varying exponential growth ratesThe number of
sectors formed byred ermC+that reached the expanding front after (68- 70) h was normalized to the
circumference of the front. Ratio of generation times: = tgen(greerR ermG)/t gen(red ermC+)Inoculation ratios
betweenred ermC+and greenRermG were black circles:rin= 1, orange squares:in= 10, blue diamondsrin= 100.
The error bars are the standard deviations obtained from 16 macrocolonies for each condition. Adapted from
[79].

In summary, weakly interacting cells dominate the outgrowth of expanding colonies. This
positional effect is based the state of pation/interaction and strong enough to compensate
severely reduced growth rates.Mutational transitions from piliated to the unpiliated state
cause sector formation inexpandingbiofilms and confer genotypic heterogeneity cells in the

outgrowth.
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Figure 54: Competition between initially strongly interacting and weakly interacting cells at varying
exponential growth rates.a) Examples of mixed macrocolonies after 68 70h at varying concentrations of
antibiotics. The ratio rin on top indicates the ratio betweenred ermC+(Ng065) and greerRermG (Ng118)
inoculated onto the agar plater: = tger(greerR ermG)/t gen(red ermC+) Scale bar: 500 um. Fraction oéd ermC+
cells within expanding front as a function of distance fronthe inoculum for [red ermC+ : [greerRermG] of b)

rin= 1, ¢)rin= 10, d)rin= 100. The error bars are the standard deviations obtained from 16 macrocolonies for
each condition. Adapted fron{79].
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5.4.3 Naturally occurring unpiliated mutants accumulate in the expanding outgrowth

of biofilms and dominate the population

So far, itwas demonstratedthat unpiliated cells surf on aggregates of strongly interacting
piliated cells. In macroscopic biofilms the unpiliated and weakly interacting cells maintain
their position in the outgrowth and gain a fithessadvantagethat excels severef reduced
growth rates. Furthermore, mutational transitions from the piliated to the unpiliated state

cause sector formation in theunpiliated outgrowth of macroscopic biofilms on agar.

Figure 55; Pattern ofwt colony.A droplet containing
outgrowth a mix of wt green (Ng165) and wt red (Ng106)

X

primary outgrowth

bacteriawas applied to an agar platea) The colony
was imaged using fluorescence microscopy (here
aEOAO 1T YnEQ8 3bhGellsAverdpiocReg v T Al 8
from the outgrowth and inoculation zone,
respectively, diluted in medium and subsequently
inoculation inoculated onto an agar plate. From the colony
Vi ZONETL morphologies grown on the plate, the fraction of
; non-DET EAOCAA AAIT 1 O xAO AAOAOI ET AA
for each condition. Error bars: standard error from
three independent experiments. Adapted fronj79].

1.0
0.8
0.6
0.4

0.2+ I_I_I
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inoculum zone I outgrowth b

fraction P-

We testedif these findings are consistent to naturally occurring patterns in biofilmsTo this
end, two piliated wild-type strains (wt red and wt green) that have red and green fluorescent
reporters in non-essential lociwere inoculatedin a ratio of 1:1 on agar. Both reporters do not
affect the growth rate[13]. The resulting macroscopic biofilms were imaged after ~2 days.
The biofilm shows specific growthpatterns in sectors that are reminiscent of sector
formation in other species[112]. Sectors grow irthree specificareas: In the inoculation zone
cells showheterogeneous,dense and well mixedstructure. In the primary outgrowth cells
generated initial sectors. In the (main) outgrowth a sudden change of sector patteny,
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which is characterized by fewer and larger sdors was observed

To further investigate the sudden pattern changetime-lapse microscopywas utilized.
Growth of macroscopic biofilms induding sector formation over ~24 h was imaged In the
first 5 h initial growth in the zone of inoculation could be observed After ~7 h the zone of
inoculation is covered with cells and the primary outgrowth starts to form. After ~7h growth
of the primary outgrowth slows down. Notably, formation of the (main) outgrowth is
initiated by segregated, unpiliated and weaklyinteracting cells after ~7.5 h. These cells
appeared to be diffusing in a putative liquid film along the contour of the growing biofilrand
dominate the front after ~11 h (Figure 58) [173].

To verify that the outgrowth indeed consistsof unpiliated cells o control experimentswere
performed: First, cells from the outgrowth and the inoculation zonewere pickedand plated
low cell-densities on agar. The resulting colonies were examined and their morphology was
categorized into piliated P+ and unpiliated R [170]. Subsequently, colony forming units
(CFU) of each categoryere counted Approximately ~20% of the CFU from the inoculation
zone and nearly 100% of the CFU from the outgwth had a unpiliated morphology (
Figure 55). Secondly, cells from the outgrowthwere picked and categorized intopiliated P+
and unpiliated P colonies. To confirm that this visual categorization is correct,
immunofluorescenceagainst the major pilin PilEwas done forthe selected piliated P+ and
unpiliated P- colonies. Pili were distributed around cells that were selected for P+ colony
morpholoCUh xEAOAAO OEA 1 0Ii AARO T &£ PEIE xAO OAOA
control experiments clearly show that the majority of cells in the outgrowth had lost their pili
(Figure 56).
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Figure 56: Status of piliation in

inoculation zone and in the area of
outgrowth. Aggregation of piliated
gonococci leads to three
dimensional spherical colonies
whereas  noninteracting  non-

piliated gonococci form more flat
colonies of larger diameter. To
confirm our ability to clearly

distinguish between colonies on
agar plates of pilated and unpiliated

gonococci by visual inspection of g
colonies on agar plates, we selected
individual a) piliated and b) non-

piliated colonies (Ng165),

immobilized them on a cover slide
and stained using

immunofluorescence with a primary

antibody against PIilE. Red: signal
from cytoplasmic YFP, green, immunofluorescence detecting PilE. The imaging parameters and the contrast are
equal for a) and b). One typical example from three independent experiments is shown. Adapted frfrf] .

As abovementioned, unpiliated cellsgenerated by sitedirected mutagenesisgain a fitness
advantage due to their generic positioning in the outgrowth. To investigate whether this
effect is generic for our biofilm model unmodified piliated wildtype cellswere inoculatedon
agar. Over five days the macroscopic biofilms were picked and low cell densitigsre applied
to agar plates. The growing colonies were categorized into piliated P+ and unpiliated &d
CFU were countedThe fraction of piliated cells™@Q 0 70 "1 0 was calculated,
showing that "Q decreases oer the course of five dgs. The decreasing fraction of piliated

cells confirms the fithess advantage of weakly interacting cells in macroscopic biofilms

(Figure 57).

1.0 Figure 57: Loss of piliation confers selective advantagg€a) Droplets

U containing green wt (Ng165) bacteria were applied to an agar plate.

0.8 — Each day, a colony was suspended in liquid, diluted, and plated. The
& fraction between CFU with pilated (P+) morphology was determined.
= 0.6 Error bars: standard deviation from three independent experiments.
% { Adapted from[79].
® 0.4 —
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8
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In summary,gonococcabiofilms naturally contain a fraction of unpiliated cells Theseweakly
interacting cells accumulate in the outgrowth of growing biofiimsand gain selective

advantage.

PR € oulgrowth
";J."}. ]

putative liquid
film

Figure 58: Dynamics of an expanding colony fronfTime lapse of growing colony. A droplet of piliateded wt
(Ng106) and green wt(Ng165) was inoculated. Overlay between brightfield image and fluorescence images.
3AAT A A AGapteddromi[79]. 8
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5.4.4 Antigenic and phase variation of pilE govern the spatial dynamics at the front of

macroscopic gonococcal biofilms

Pilus-related genesare subject to antigenic and phase variation iN. gonorrhoead174]. Both

mechanisms can cause transitions from the piliated to the unpiliated stateFigure 9).

Following up on the abovementioned load of unpiliated cells in gonococcal biofilms, we

tested whether antigenic andor phase variation ofpilE triggered spatial dynamics at the

front of macroscopic gonococcal biofilmsTo this end unmodified piliated wild -type cells

were inoculated on agar. After 48h of growth cell from the inoculation zone and from the

outgrowth were picked and frozen. Subsequentlythe major pilin gene pilE of clones

originating from inoculum (t=0 h), zone of inoculation(t = 48 h) and outgrowth (t = 48 h)

was sequenced Sequence data was aligned and compared. For the sake of convenience, the

observed pilE sequenceswere categorizedET O Al 00 OEA AAfGA@GhOEA O O AC
avdtfuricated, pd  Anb RCR(he data was normalized by the total number of sequees

from each picking site Figure59).0& 011 1 AT COES AT OAOO Ail OANOAI

OEA 1100 AEOANOGAT O OANODAT EDEREAOBAAET OAGI O &1 0&C
similar to the full length sequencecontain mutations that could be mapped t@ilS-sequences

and show no early stopcodon. pilSdenotes allsilent pilE sequencesn the chromosomethat

have no proper promoter. 04 00T AAOAAh HO8 ET Al OAAOG Al 1 OANOGAI
mispairing (SSM) mutation in a polyG-strech that contains eight cytosines. In this case, SSM

mutations denote seven or nine cytosines in the polg-strech that result in false codon

encryptET T AT A DOATI AOBOA OOIT b redidudl HataGwBereGhepilE-0 # 2 6 Al

specific primer pair used for amplification and sequencing was unable to produce a PCR

product. A likely cause for no PCR product is thaeletion of the pilE locus[174].
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Figure 59: Pilin antigenic and phase variationred wt(Ng106) andgreen wt(Ng165) were picked from the initial
ETTAOI Oi h OEA ETTAOI AGEITT UITTA j 1 éfterdlution @nll gkowth Bnfagar OO C O
plates, individual colonies (clones) were picked angilE was sequenced. Sequences were categorised and the
fraction shown is the number of sequences per category normalised by the total humber of sequences of
inoculum, inoculation zone and outgrowth, respectively. Full length: most abundant sequence in inoculum; full

length, av: sequence change mappablepdSsequence; truncated, pv: length change in pol¢ sequence causing
premature stop-codon; no PCR: PCR amplificatiadid not result in a product. Mean and standard error of three
independent experiments. Adapted fron79].

In wt-inoculations that contain wt red and wt green, two dominating pilE sequenceswere
observedthat are most likely caused by inoculation of two strains. The inoculation zone after

48h showed several distinct pilE sequences.They could bemapped onto pilS1c] pilS1c4

pilS1ch pilS5c] pilS6c], andpilS7cl, respectively. The observedsequencesn the inoculation

zone have o indication of anon-functional protein and are consistent to the finding that

most CFU arepiliated within the inoculation zone (Figure 59). The outgrowth showsa large

number of mutations in the pilE sequence A fraction of T 1 T T1T0f the clones showed

the O £OI1 1 sdgdehc€ @rifld fraction of T8® w T& o showed &ll lengthh  AilG 6
sequences with mutations that could be mapped onteither pilS6c3or pilS1cl Cells that have
COi xT A0 tTyE OEix A OECT EEAEAAT @i BngtBailE OA A A
sequence The fraction of clones witha phase variationj O OT A A O AvAshsigritfi€adtig]

larger within the outgrowth compared to the zone of inoculation(Figure 59). Altogether, the

majority of cellswithin the outgrowth contain®O O &O1 1 1 AT COEh AOG8 AT A (
leading to a nonfunctional pilE sequence. Additionally, a large percentage within the

I OOCOT xOE OET x O witich is lik€lyt®@b® cabs®d b @eetdn of theilE locus.
Thesefindings are consistent to the finding, that unpiliated cells dominate the outgrowth.
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4EA AEAAO OEAO afpahihthe oltdkdwih ddicatesAhiatpilE & Aot exclusively

causing transitions from the piliated to the unpiliated state.
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Figure 60: Pilin antigenic variation governs colony dynamicsa),b),e) A droplet of differentially labeled strains

was inoculated onto an agar plate and colonies were growfEl O 1 ¢ E8 4 UmEplilantigénici 1T T EAO 1
variation deficient green recA(Ng167) andred recA (Ngl168), andb) pilin antigenic variation deficient green

YG4(Ng169) andOA A @#g170).cq . O AAO T £ OAAOI OO EI OEA AOAA 1T &£ 1 060¢C
condition. Error bars represent standard deviation). Distributions of numbers are significantly different for all

PAEOO x EQEestOd) Fractpms of nonDET EAOAA AAI 1 O ET tuwtnE AiiliTU AROAOI
Grey: wt, orangerecAnd, green:YG48 . 'l € 'Ipes far edkhh doridition. Mean and standard error frorthree

independent experiments.e) Effect of pilin antigenic variation on competition. A droplet containing a mix of

green wt (Ng165) and antigenic variation deficientO A A (Mg170) bacteria was appliel to an agar plate. The

ATT1TTTU xAO EIi ACAA OOET ¢ &£ OiI OAOGAAT AA | EAOQO[MpAT PU AEOAO 1y

To testthe robustness of our findingswo background strainsthat are incapable of antigenic
variation were investigated recAnd and BG4.Both motifs, recAand the G4motif are essential
for pilin antigenic variation [175][147]. The A\tdeficient strains were usedand experiments
that were previously performed with wt cells were repeated Two combinations of piliated
AV-deficient strains (recAnd red and recAnd green,BG4ed and YG4reen) were inoculatedin a
ratio of 1:1 on agar. Macroscopic biofilms were imaged after 488olony morphologieswere
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determined. The fractionofnonD E1 AOAA AAI 1 O &£01 1 OEA ETTAOI A
for recAnd and ~0.6% for YG4 (Figure 60). The inoculation zone of BG4biofilms showed a
significantly lower fraction of unpiliated cells compared towt and recAnd outgrowths (Figure

60). No piliated cells could be observedin the outgrowth (Figure 60). Additionally, the

number of sectors within the outgrowth was decreased for the AMeficient strains recAnd

and BG4 (Figure 60). This is likely to be caused byess frequent transitions from piliated to
unpiliated states. The lower density of weakly interacting unpiliated cells in the expanding

front of AV-deficient strains translates then into fewer sectors in the outgrowth. This

hypothesis is confirmed by our data Figure 60).
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Figure 61: Pilin variation in antigenic variation deficient drains. Cells were picked froma) inoculation zone, and

b) outgrowth, respectively. After dilution and growth on agar plates, individual colonies were picked angilE
was sequenced. Sequences were categorised and the fiat shown is the number of sequences per category
normalised by the total number of sequences found for each strain. Full length: most abundant sequence in
inoculum; full length, av: sequence change mappable @IS sequence; truncated, pv: length changia poly-C
sequence causing premature stoggodon; no PCR: PCR amplification did not result in a product. Gregd wt
(Ng106) andgreen wt(Ng165), green:green recANNg167) andred recA(Ng168), red:C O A A T (Ngg69yand
OA A (Mg17p). Mean and standaraerror of three independent experiments. Adapted fronf79].

To testwhether variation of pilE is involved in generatingamutational load of unpiliated cells
in gonococcalrecAnd - and BG4biofilms, clones that were picked from the inoculum, the
inoculation zone and the outgrowth were sequenced Subsequently the data wasagain
categorized and normalizedlInterestingly, no variations in the inocula and the inoculation
zones ofrecAnd and BG4 were observed (Figure 61). The outgrowth recAnd biofilms was
dominated by clones carrying theQ £01 1 pdreAthl gilb §eduence A fraction of T&

T @of the clones in therecAnd outgrowth showed pilin phase variation Figure 61). The
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fraction of clones that showphase variationwithin the BG4 outgrowth was 1@o X '3t O.
This is significantly higher when compared towt or recAnd (Figure 61).

In conclusion, antigenic and phase variatiof the major pilin genepilE lead to loss of pili
and the accumulation of unpiliatedcellsin the outgrowth of expanding colonies. Inhibition of

antigenic variation affectsspatial dynamicswithin the outgrowth of expanding biofilms.

5.5 EVOLUTION OFGONOCOCGN LIQUID ENVIRONMEN LEADS TO PELLICLE ARMATION

AND INHIBITION OF CQONY FORMATION

This sectioncovers results of an evolution experiment that was performed over 1days. The
main idea was to create an experimental procedurehat allows to monitor changes in biofilm
mechanics and to correlate them with genomic changes, in particular with mutationa iT4P-
related genes. mteracting and biofilm-forming cells grow over many generations, followed
by a systematic investigation of genomic, mechanical and macroscopic parameteffie
experimental procedure was inspired by Poltak et al[121], where colonized beads were
repeatedly transferred into fresh medium, in which new sterile beadscould be colonized by
the transferred population.

The evolution experiment was done in close collaboration with Tom Cronenberg.

5.5.1 Evolved cells form ma croscopic pellicle s and structure s

The experiment was donewith six parallel cultures overx ¢ o generations assuming ten
hours of growth per day(Appendix 8.4). Three of these cultures were treated with( / at
half MIC (2mM) in order to investigate whether environmental stress affectshe evolution
of biofilm s [146]. Throughout this section, the six parallel evolved lines are denoted Linel,
Line2, Line3, LineX( / , Line2( / and Line3( / . Line2( / died over the first few
days, probably due to the treatment with( / . Subsequently, the growth chambers of Line2
( / were not treated differently and served as contamination control.

In the first days of the experimentno turbidity could be observed Afterx (daysof evolution
cells of Linel, Line2 and Line3 gw to avisible optical density. Linel-( / and Line3( /

showed an increased visible optical density a few days latéhan the samples receiving no
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(/

Strikingly, visible pellicles andstructures in the growth chambers of Linel, Line2 and Line3,
that covered parts of the growth chambers were observed aftex p days. Two days later,
macroscopicstructures became visible for Line}( / and Line3( / . This behavior was
known for various swimming biofilm-forming species but has not been observed for
gonococcito our knowledge [176]. Importantly, the structures appeared not only at the
bottom of the growth chamberbut alsoat the center and the top of the chamber as pellicles
(Figure 62). This was surprising because gonococci have nm@bvious mechanism for

swimming or floating to prevent sedimentation to the bottom[160].

Top structure @

Mid structure ®

Bottom structure @

Growth chamber y

Figure 62: Pellicle and structure formation at the end of 17days of evolutiorBrightfield imaging with a 2x
objective displays heteogeneous growth patterns in the growth chambers. Mid and top structures were not
connected to walls of the chambers. Scale barnmim.

Pellicles from the top of the growth chamberswere picked for further investigation by
fluorescence microscopy The parental strain carried a green fluorescent marker yfp).
Fluorescence microscopy of the pellicles shows that the pellicles consist of cells that inherited
yfp (Figure 63). This confirms that the structures wee off-spring of the parental strain and
not a contamination. Looking closer at the pelliclefiotspots that show bright fluorescent
signals were detected

After freezing the cells, we tried toreproduce the formation of structures and pellicles.

Unfortunately, the same largescale structurescould not be detectedafter the freezing step.
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Figure 63: Pellicle formation on day 17. A pellicle was picked including surrounding liquid growth medium.
Confocal fluorescence imaging with a 10x objective displays heterogeneous growth pattemvithin a selected
pellicle. Scale bar: 20Qum.

In conclusion, gonococci are able to create struates and pellicles during 17 days of
evolution in liquid environment. These structurescan float freely within the growth medium.
The ability to form macroscopic structures and pellicless suppressed by the procedure of

freezing andunfreezing of cells.

5.5.2 Colony morphology of evolved lines is reminiscent of non -piliated strains on

agar

A standard qualitative observable is the colony morphology of cells on agar. The morphology
can be used to identify the state of piliatiorf170]. Typically, colonies that consist of piliated
cells are elevated and have a sharp contour, whereas colonies that consist of unpiliated cells
show a flat morphology with a fading contour. These characteristics can be observed by eye
under a stereo microsope. The evolved lines show a variety of colony morphologies. This
was expected because after 17 days of evolution the lines are not clonal. However, the major

portion of colonies shows a morphology that is reminiscent of nompiliated cells (Figure 64).
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In summary, the morphology on agar of evolved is heterogeneous and a large population

fraction is reminiscent of nonpiliated cells.
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Figure 64: Colony morpholayy of evolved cells on agarSingle colonies were observed by eye under a stereo
microscope and categorized into P+ and-Anorphologies. The P+ morphology is marked by sharp contours,
whereas R morphologies are flat and lack sharp contours.

5.5.3 Colony formation is inhibited in liquid environment

A major aim of the evolution study was tocharacterize how the ability to form colonies
evolves over time andto determine physical properties of the evolved biofilms. To this end
early colony-shaped biofilmsin liquid environment were characterized These early biofilms
are crucial for determination of structure and macroscopic parameters[12][126].
Interestingly, the evolved lines do not form these early colomshaped biofilms in liquid
environment, specifically in flow chambers. Instead of colony shaped clustera/hich were
found for the ancestor,adisperse distribution was observed(Figure 65). At small scales very
small aggregates, which were formed by only a few cells were found for the®}-Lines.
However, these aggregates differed considerably in size when comparéa the ancestral
strain.

In summary, evolved lines have adjusted intercellular interactioasuch that the morphology

in liquid environment is disperse and not condensed in colonies.
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Figure 65: Lack of auteaggregation of evolved cells within flow chambers. Cells were inoculated by Tom
Cronenberginto a flow chamber filled with GEmedium at OD 0.25. No aggregatiosimilar to ancestral cells
could be observedor the evolved lines. Examples of Linel (a) and Line 320z (b) are shown. c) The ancestral
cells showed colony formation. Scale bar: 10Qum.

5.5.4 Evolved lines show twitching motility and prevent sedimentation

In the previous section it wasdemonstratedthat gonococci show a strong phenotypic change
after 17 days of evolution. In order tocheck whether these changes are consequencelo$s
of piliation, the state of piliation was determined by employing a twitching motility assay.
Motile cells are piliated because T4P are essential for twitching motilitj125] . For this a small
volume of 50yl was takenfrom a central position of the evolution chambers. This volume
was applied to a coverslip and directly investigated by brightfield microscopy. Interestingly,
over 90% of the cels on the coverslipperformed twitching motility . In other words, over
90% of the cells were intact and piliated Figure 66).

In summary, cells within the evolution chambers are able tdispersedlyfloat in the medium.
A large percentage of these floating cells shows T4Rediated twitching motility. Based on
this, we conclude that the inhibited ability to form colonyshaped biofims in liquid
environment is not the result of a lack of pili. Furthermore, we conclude that the colony
morphology on agar of evolved notlonal cells does not represent the state of piliation. This
indicates that the evolved lines tuned intercellular inteactions such thattwitching motility

is favoredover the ability to form densely packed colonies and biofilms.
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Figure 66: Twitching motility and density of evolved cells Cells wereinvestigated by brightfield microscopy
with a 60x water immersion objective. Small volumes of 5@ul were taken from a central position of the evolution
chambers. The volumes were applied to a covalip and directly investigated by brightfield microscopy.Cells
were tracked over10 s to visualize mobility. For convenience, tracks were superimposed and time was color
coded.Scale bar: 1Qum.

5.5.5 H20:treatment does not raise the mean number of mutations

In the previous section it wasshown that 17 days of evolution in liquid growth chambers
with limited nutrients have several phenotypic consequencedNaturally occurring mutations
throughout the genome constantly change genetic informationiln most cases mutational
changes are connect to evolutionary phenotypic changes[177][178]. In order to link
mutational changes of the evolved lines to the observed photypic changes, sequence data
of the evolved strains had to be compared to the ancestral strain. To this end whole genome
sequencing (WGSyvas performedon the ancestral and the evolved populations. DNA of well
mixed and frozen populations was isolated ad sequenced. Consequently, frequencies of
specific mutations that were identified in WGSlata are representative for the entire evolved
population. The genomic sequence of the ancestral strain was created by aligning reads of

the ancestral strain to the anotated genome sequence of FA109[179]. It is important to
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note, that the ancestral population is clonal and produces one reference sequenReads of
the evolved lines were algned the ancestral reference sequence. As mesult, a list of
mutations at specific positions in the chromosomevas obtained For each mutation the
population fraction was calculated.

Contrary to our expectations a lower number of mutations0 was found within the
populations of Linel-( / and Line3( / (Figure67). The lower number of mutations can
be explained by the fact that total number of generations that evolved over 17 dayas lower
forthe ( / -treated lines compared to the untreated linesThe lower number of generations
for both ( / -Lines can be deduced by the delayed development of a visual OD and delayed
structure formation in the growth chambers.

In summary, mutation rates are unlikely to be increased by application of the stress facto
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Figure 67: Number of mutations 0 . The total number of mutations per evolved line was determined by whole
genome sequencing.

5.5.6 Genes related to surface structures show mutations

We expected that some of thelwserved phenotypic changes, such as theutative change of
cell-cell interactions are represented as mutations in WG8ata. In order to identify putative

connections between gene and phenotype all 253 mutationsappearing within the evolved
lines were investigated All in all, 152 different positions in the chromosome where subject

to mutations and hadto be identified (Figure 68).
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Figure 68: Evolved lines show a total number of 253 mutationsCircles mark all mutations along the
chromosomes of the evolved strains.The population fraction is color codedEight mutationsin pilC2 aspArusA
pap, opamafB, pilE and aspAoccurred within all evolved strains and are marked by grey lines.

Overall, 14 of these mutational positions could not be connectedto known genes.
Importantly, none of these 14positions show up consistently throughout all 5 evolved lines.
Furthermore, no mutation occurs specific tdH20z- and no-stress-conditions. This indicates
that H20z-conditions do not select specific mutations over 17 days of evolutionThe
remaining mutations were oftentimes in close proximity and appeared to hit the same gene.
Altogether, 20 targets that were affected by mutationscould be identified. 8 of these
mutational targets show up consistently throughout all 5 evolved linegFigure 68). These
targets were the primary suspects for caging consistenty observed dispersephenotype
changes among all evolved linedt has beenshown that slight changes of attractive celtell
interactions have severe consequences for structure and dynamics of cell aggregates
[126][87].
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Figure 69: Mutations in pilE. Circles mark allpilE mutations of the evolved strains.The population fraction is
color coded.pilE is devided into conserved region (CR), semvariable region (SVR), cysteine 2 (CYS2), hyper
variable loop (HVL),cysteine 1 (CYS1) and hypevariable tail (HVT). Boundaries are marked by a grey line. No
mutation shows up consistentlyfor all five strains. The population fraction is color coded.

Interestingly, mutations in pilE and pilC2 show up in large fractionsthroughout all evolved
populations. Both genes are directly linked to pilus mediated force generatiof6][77]. pilE
has a minimum of 7and up to 16 mutations in the evolved populationsNone of these
mutations occur in consistent positions inpilE for all evolved populaion (Figure 69). The
large number of mutationsin pilE was expected sine pilE is a major mutational hotspot due
to antigenic variation. Sequence similarities tosilent pilE-copiespilS1, pilS7cland to L-pilin
pilE1 were observed If mutations of pilE are the cause of observed phenotype, we conclude
that there are several mutational pathways inpilE that generate a disperse phenotype.
Notably, a point mutation in pilC2 occurs consistently in all evolved line with afraction of
m@ v 18t (Table8).

In conclusion,( / -conditions are unlikely to increase the mutation rate and do not select
specific mutations over 17 days of evolution. Mutations ipilE and pilC2and other surface
related genes are observedat high fractions and are likely to be linked to the observed

disperse morphologies.
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Target Description / Function / Mean NCB} Evolved Lines
Comment fractlo_n of Reference No stress| ( /
mutation
112(3]1]2
pilC2 T4P associated protein T 11 T 11 CAB05667.1| X | X | X | X | X
pilE Major pilin of T4P ™ Y @ x| NGO1177 X | X[ X|X[X
aspA Similar to lyaseaspAin N. T p 181 0 NMO1099 X[ X|X|X]|X
meningitidis
rusA Similar toresolvaserusAin | T® ¢ 18t p| NMAAL1605 | X | X | X | X | X
N.meningitidis
opa Opacity-associated protein | T® v T p NGO09965 | X | X | X | X | X
(opa)
pap Putative phage associated | @ ¢ 1@ 11 NGO0467 X | X | X|X|X
protein (pap)
mafB Adhesin, polymorphic toxin | T® w 138t @ NGO1971 X | X[ X|X[X
fetA Immunogenic outer Ty 1T @ 11 NGO2093 X | X | X|X|X
membrane protein
pilC1 T4P associated protein ™ ¢ 1 X| NGO0055 - - X | X|X
tRNA Gene for tRNAThreonine T 1T T8 p| A6J4403405 | X | X | - | X | X
Antiporter | Similar to Nat/H *- 8t w 18t 11 NGFG0027 | - | - | - | X | -
antiporter in N.meningitidis
Transfer- Glycosyttransferase family | @ ¢ 18t p| NGO2158 X | X | X|X|-
ase A
Ligase Activates fatty acids by T80 w 181 p| NGO0530 X|-1-1-]X
binding to coenzyme A
rRNA Gene for rRNA23S pdt t 18t 1 NGO19006 | X | X | - | - | -
ribosomal RNA
pilS7cl Silent pilE-copy T ¢ 18t L] X60750.1 -l - x| - -
pilQ Outer membrane pore of T ¢ 181 11 NGOO0773 - x| -]-]-
T4P-machinery
Peptidase | IgA-specific serine ende T 1 181 ¢ NGOO0275 - X -] - -
peptidase, autotransporter
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Transpos- | Transposase 1S116 ™ 1 18t v NGOO0773
ase /1IS110/1S902 family

protein
Phospho Phospholipase patatin T80 w 181 1 NGFG01940
lipase family protein
Putative Unidentified sequences - -
pilE copies | with similarity to pilE

Table8: List of all mutations that werefound and identified by WGS.
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6 DISCUSSION

6.1 THE DUAL TRAP ASSAYNABLES CORRELATIONBETWEEN CELLULARNTERACTION

FORCES AND COLONY MXMICS

In this part of the work, interactions on the single cell levelvere studied. Using dual laser
tweezers, interaction kinetics and rupture forceswere characterized The impact of T4P
motor activity and pilin post translational modifications on cell-to-cell interaction was
investigated. Our results have manifold implications dr collective behavior of cellular

communities.

6.1.1 Potentials and limitations of the dual trap for characterizing cell  -cell

interactions

Recenty, biophysical tools were employed for characterizing cellular interactions,
specifically T4ARmediated interactions. Using a single optical trap, rupture forces between
motile cells and piluscoated surfacesvere measured[13]. Further studies used micro pillars
or surface attached mobile cells to characterize intercellular interactiong180][12]. In a
different set of experiments, atomic force microscopy was used for measuring rupture forces
between pili and different abiotic surfaces[181]. However, these techniques exclusively
allow for characterizing interaction with cells that were attached to surfaces making these
techniques prone to biasesrelated to surfaces. To overcome any surface related
measurement errors, we created a dual laser tweezers setup by application of an acousto
optic deflector (AOD). Specifically, two traps were positioned in close proximity to monitor
surface-independent interactions of gonococci. The dual trap was highly adept to
characterize the kinetics of T4PT4P attachment, retraction, elongation, and rupture. First,
measurements performed with the dual laser tweezers setup revealed that the waiting time
distributions between cell-cell and celtbead interaction events are similaff53]. This finding
indicates that there is no evidence for celinduced T4P force generation and shows that is
unlikely that cells can distinguish between adjacent surfaces and cel&econd, characterizing
T4P-T4P interaction kinetics is important for linking T4P-mediated cellular interactions to

colony behavior as discussed in chaptes.1.3 In contrast to simple receptorligand binding
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kinetics, T4P are molecular motors. The dual trap characterized both the motor properties
(i.e. T4P retraction) and the kinetics battachment and detachment. Third, the rupture forces
between T4P generated by neighboring cells were addressable. These forces can be linked to
cell sorting as discussed i%.1.3 One drawback of our current setup was that the linear force
regime did not extend throughout the entire force range necessary for full characterization
of the rupture forces. Increasing the traps stiffness, e.g. by optimizing laser cougi will be

a future challengelt is important to note that the application of an AOD to manipulate the
trapping laser grants a large versatility ancdenablesthe generation ofmore than twotrapping
potentials in order to capture and align, for example, roghaped bacteriaor multiple cells.
This should allow for characterizing cellcell interactions of different species and
multicellular interactions .

However, concerning dual laser tweezes, there are crucial points that need to be addressed
Currently, the dual laser tweezers lack the ability to perform forceelamp measurements. As
a first step towards dual tweezers with force-clamp, we enabled dynamic controlof the
trapping positions (Section 4.2.3.3. In future experiments, livetracking of cells can be used
to dynamically adjust trapping positions and run the setup in force&elamp mode. We chose
trap distance of 2.84 um. At this distance we observed enough binding events between two
cells, while preventing celicell-contact. As a consequence, the question how intercellular
interactions depends on the radial distance between singleells remains unanswered.

The dual tweezers setupis susceptible to generic biological noise that occurs due to
variations in size, shape and composition of the trapped cells. In addition to thawe
discovered thatcells deform within the tweezers at ~35 pN. Typically, deformation studies
deal with forces in nanonewton range[145][182]. An additional effect that contributes to
systematic measurement biasess the elasticity of the T4P fiber. Even though T4P can endure
forces up to hundreds of piconewtons they strich up to threefold [181][64]. The elastic
effectsaffect the shape of rupture distributions, which differed from theoretical predictions
[150][183]. However, such predictions generally assume single biomolecule bonds. This
assumption is unlikely to be trueandthe T4P overlaplength and the exact number of bounds
between interacting cellsremains unknown. The numberof bonds is likelyto vary and thus
contributes to the broad rupture force distributions.

Using AFMand P. aeruginosarupture forcesbetween T4P andchydrophobic substrateswere
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determined to bein the range of 50 pN up to 250 pNlL81]. For our model system broad wild
type rupture force distributions with a maximum at roughly 40 pNwere observed.Even
though AFM and dual laser tweezers measurementgve slightly different geometriesit is
interesting to compare rupture force and motor force forP. aeruginosaand N. gonorrhoeae
P. aeruginosaenerates motor forces around 40 pN but show rupture forces between 50 pN
and 250 pN|[27] [181]. This trend is reversed forN. gonorrhoeaewhere the motor force
exceeds 100 pN and the rupture forces have a maximum around 40 pN. Henteg,
gonorrhoeaeis able to perform a tugof-war mechanism which isunlikely for P. aeruginosa.
We conclude that the dual laser tweezers setup is a valuable angersatile tool for

characterizing celtcell interactions.

6.1.2 Motor activity and PTM can be f ine-tun ed by interaction kinetics

Previously, it was found thatdifferent pilin post translational modifications (PTM) have the
potential to modify rupture forces, resulting in cell sorting[13]. In this study, the role of pilin
PTM and T4Pmotor activity on interaction kinetics andforceswas investigatedby means of
dual laser tweezers. Interestingly, variations in pilin PTM and inT4P motor activity affect
the probability that two gonococci are bound to each other by T4F4P interactions.
Interestingly, the kinetics of interactions are affected in different ways.

Changing the status of pilin PTM shiftedhe rupture force distributions to higher values.
Concomitantly, the frequency of T4PT4P rupture events decreased while the frequency at
which T4P retractions occurred was unaffectedModeling of pilus bundles showed that the
average piluspilus interaction energy strongly dependson PTM[184]. Based on this, it was
suggested that PTM could have important consequences for pilpdus interaction [184].
Consistent to these theoretical predictions we observed that PTM change the rupture forces.
Specifically, our data indicates thaan additional hexose at S63 and lack of phosphoform
modifications at S68 increase the pilupilus interaction energy and thus the piluspilus
rupture forces.

Reducing T4P motor activity, increased elongation rates and decreased rupture and
retraction rates consistent to force feedback measuremen{426]. Furthermore, increased

probabilities to be bound to adjacent cells were observed for motor deficient WBtrains in
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comparison to wild type-cells. It is tempting to speculate that cells react to environmental
changes and dynamically tune their motor activity in order to modulate for example rupture
rates. By this, dynamical responses to varying oxygen conditions could be explained
[52][185].

In conclusion, both motor activity and PTM fingune intercellular interactions. Various
speciesshow varable motor activity and a broad range of PTM186][52][187][188]. It is
tempting to speculatethat regulating of motor activity and posttranslational modifications

of surface related structuresis acommontool for cells to change adhesion properties

6.1.3 On the relevance of physical single cell interaction s for collective behavior at

mesoscopic scale

The strength of interactions on the single cell level affects multicellular arrangements and
structure [12][13]. This is not specific to prokaryotic systems.For example during
embryonic development the strength of intercellular interaction affects spatialarrangement

of cellswithin colonies [189]. Nonliving colloidal systems with attractive interactions form
liquid-or crystal-like structures. Interactions in these systems can be controlled by by DNA
hybridization or electrostatics [190][191][9]. In this study the kinetics and rupture forces of
single cells were characterized and their relevance for physical properties of cell aggregates

and biofilms was investigated.

6.1.3.1 Huid -like behavior in bacterial colonies

We hypothesized that aggregates composed of cells wigitrong interactions should show a
more viscous behavior, whereaswveak interactions should lead to less viscous material
properties. In this study an important measure forstrength of interaction is the probability
that two gonococci are bound via T4PMaterial properties were quantified by shape
relaxation and fusion dynamics [152][153]. Strikingly, the data confirms that high
probabilities for cells to be bound lead tdhigh viscosity of even glasdike behavior, whereas
low binding probabilities lead to low viscosity. The fact that changes in motor activity (WB
strains) and pilin post translational modification (PTMstrains) have a similar effecton
viscosity underscores the universality of the previous statemeniVe note, thatthat the fusion
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assay allowed only for characterization of longerm viscous behavior. However, it is possible
that visco-elastic behavior is time-dependent. To characterize this, micrerheology would
have to be applied. In addition to thatve note thatthere areimportant aspectsto the fluid
analogy of bacterial communities. We found that the strain BpptA has increased rupture
forces and probabilities for cells to be bound. InterestinglyBpptA cells showed significantly
increased fusion timeswith colonies that showed a rather edgyglasslike shape Hence, it is
tempting to speculate that intercellular interactionsof BpptA cells lead to collective behavior
close to a transition from liquid-like to glasslike behavior.

In conclusion, our dat strongly suggest that changes of intercellular interaction, specifically

rupture forces and binding probabilities, determinethe fluidity of bacterial colonies

Figure 70: Model representation of how intercellular interaction affects mesosopic material properties. Single
cell interaction mediated by T4P is characterized by specific parameters, e.g. rupture force &nd binding
probability m On the nescscopic scale material properties can be characterized by viscosig/ and surface
tensionA 8 / OO AA Ghat lafgé ValEes AxAndm 1T AAA O1T 1 AOCA OEOAT OEOEAO
AEAOAAOAOEUAA AU 1711 ¢ AEAOAAOAOEOOEA OEADPA OAI AAOQGEI I

6.1.3.2 Cell sorting

We characterized ceHcell rupture forces for two strains that have altered posttranslational

modifications (pglEonand BpptA). We found that therupture force distributions were shifted

to higher values. The differential strength of adhesion hypothesis (DSAH) predicts cell
sorting within cellular communities based on the strength of interaction and the rupture
force, respectively. According to the DSAH, cells that show high rupture force levels will
segregate to the center and cells with lower rupture forces will (fully or partially) encase the
strongly interacting cells. Strikingly, DSAHpredictions based on measured rupture force

distributions were in agreement with observed phase separation patterns for the two PTM
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