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1. Introduction

1.1. Marine biofilm and bacteria

Bacterial biofilms are microorganism communities that are associated with their surfaces and merged
in a polymer matrix I]. They naturally consist of a larger number of species, but can also develop
from a single specig®,3. Specifically, marine bacterial biofilms are a common phenomenon that
occurs below sea level on almost any immersed surface, even artificialdeBleR[ght from the
moment the surface is immersed, the biofilm is rapidly formed and eva@&sge it is an important
survival mechanism of marine bacteri. [This life state is preferable for many bacteria as it offers
many advantages, such as protecfrom harmful conditions and predators, utilization of community
cooperation, nutrient exploitation, better response to toxins and antibiotics5&¢. [At the
beginning, the individual bacterial cells attach to the surface (adhere) and form mmdasyiey

divide and more bacteria adhere, multilayers develop, consisting of clusters of16glIgHe
multilayer biofilm consists not only of bactdrieells but also of an extracellular polymer matrix
secreted byhebacteria 1,10,11, which is esential for biofilm development. This phase of biofilm
serves as the initial phase for more complex communities, consisting of algae, bivalves, barnacles,
and larvae as well6[11,12. A simple timeline of biofilm evolution, from individual bacteria and

baderial clusters and colonies to a more diverse latter phase, is shéguia 1[13)].

- N
i e

Bl
y
c
Substrate  Non-adherent Adherent Bacterial Bacteria, diatoms, Macroalgae, larva of

bacteria bacteria biofilm microalgae spores invertebrates and invertebrates
Stages common to all biofilms (medical and environmental) Stages unique to aquatic biofouling

Figure 1. A general biofilm evolution, with an extension to the aquatic environra&ht [



As stated irFigure 1 the first half of the timeline describes the stage®mmon to all biofilms and
involves only bacterial species, while the rest of it is typacdy for the aquatic environment. The
stages at which only the bacteria are present are the focus of this disseMatieover, marine
bacteria are chosen as anmary target for numerous reasons

The development of marine bacterial biofilms. often called biofouling, causes various struggles
[12,14,1%. Growingon the vessel hulld{gure A [14]) and increasing vessel resistance and fuel
consumption, biofouling i@sents a major economic issue in maritime traffic but is also a damaging
factor causing biocorrosiorrigure B [15]). Very often norindigenous species are transferred by
vessels due to interacting and adhering to developed biofilm, creating ecolsgies as well. All

these problems are initiated exactly by marine bactesathe initial phase of biofilm formatipn

making them a tempting research subject.

Figure 2. A) Vessel hull fouling 14] B) Biocorrosion 5]

To deal with the mentionedsues, various antifouling strategies have been developed, but they are
either selective or with harmful side effects on the environment. Until today, no universally effective
antifouling method exists, whether it uses a biologité] ¢r physicochemicdl17] approach, just as

there is no fully effective method without reporting the toxic effects and consequences for the
environment 14,19. On the other hand, apart from developing antifouling strategies, a closer look at
the adhesion process as the aiititage of the biofilm, as well as monitoring the biofilm development
and its dispersion, could change our view of these complex communities, reveal their characteristics

and behaviour, and clarify how they initially form, develop and operate.



1.2. Scienific background

The biofilm can be researched after it is developed in the sea environment and taken for examination
as a whole complex community that was formed. To study the structure and growth of biofilms
microscopic techniques (confocal and scanrefertron microscopy) and numerous biochemical
analyses are used. Furthermore tf@composition and functional potential of biofilm communities,

the nextgeneration sequencing (NGS) and phylogenetic investigation of communities by
reconstruction of unolesved states (PICRUSt) are appli€de NGS could be considered a revolution

in the field of gepmics [L8-20], which is widely used to study both the composition and diversity of
biofilms developed on the substrates exposed to the sea. This can involve changing the locations of
the samples, replacing the type of substrates, or exposing the substiitferent time intervals1-

24]. The NGS method is based on finding the relative abundances of species present in the samples,
giving an insight into the composition, and also offers the calculation of phylogenetic, alpha, and beta
diversity 25-28]. In summary, converting the number of 16S rRNA gene reads into the exact number
and composition of bacterial species in a sample involves clustering similar sequences into OTUs
(operational taxonomic unitssigning taxonomic labels to these clusters, tfysry the abundance

of each taxon, and presenting the results in a taxanpnofile or abundance tablét is often
combined with the PICRUSt algorithrd9,3(, a bioinformatics software package for predicting the
functional content or potential of maisial communities based on their taxonomic composition,
which is usually derived from marker genes such as the 16S rRNAlIgsiezased on the assumption

that the functional potential of the community is related to the genetic content girdabent
microorganisms. PICRUSt uses the KEGG database (Kyoto Encyclopedia of Genes and Genomes)
[31] to link the predicted composition of microbial communities to functional capabilities and to
estimate the frequency of functional pathways based on taxonomic infamnostaine from 16S

rRNA gene sequences.

Opposed to the natural sdaveloped biofilm, the biofilm can be developed and studiednitrolled
laboratory conditions. The bacteria are provided with the necessary nutrients and the camtigons
which they can divide and form complex communities. The advantage of laboratory research is that
it enables the direct investigatiohspecific features and characteristicthabiofilm, the observation

of the development of colonies or the adhesion procedfs itse



The adhesion process is usuatydiedon a single bacterium interacting with the substrate, or on a
populationof bacteria observed as individuals. From the individual bacterial trajectories, a mean
squared displacement (MSWascalculated, charaatsing their motion type as adhering, diffusing,
and swimming Figure 3A), according to the exponent on theime interval that was adjusted to
match the calculated MSI32]. The number of bacteria was also counted for each type of motion,
both inwild-type and flagellummutant bacteriad2). While directly interacting with the substrate,
bacterial neasurface motility mechanisms using flagella and pili were exami@gd(Figure 3B

and characterized as crawling, walking, twitching, and pivoB82e3p]. The rheotaxis and orientation

dynamics were also described as a function of the applied shea&6a]dteifure 3C).

A
103 ;
_| Swimming: <kr> =1.78
— 107 5
E 1
= 10
f/:\ 0
c 10
310
&) 1 :
~ Adhering:<kr> = 0.32 .
10~ '
(R*(4,)), = Cr*t
—4 : 10 um
ST 100 10! H
T [s]
C Surface alignment Head-tail rotations Flagellar chirality Jeffery orbits Weathervane effect
Zli.x Wall E\W lll Flow lll Flow Flow :
y j—
¢ P ZI_.X \j,
y 1IN y <« @&
?Tx ‘Z_Tx s a

Figure 3. A) Calculated MSD as a function dftime interval. ThéQ coefficient was set to match the MSD
and characteristhe stated types of motio83] B) Nearsurface motility: crawling trajectorie83 C) flow

and wall effects onheotaxis and orientation dynami&s].

Moreover bacteria can be observed as a whole community of a certain species, focusing on the
developnent of aggregates, colonies, and biofilm. Bacterial surface attachment and surface
physicochemical state were monitored on colloidal bead suspen3in Also, the biofilm
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development and maturation process after adhesion were observed in a longaetwvaéfor wild

type and aggregatieinducing polysaccharide mutant bactei3h (Figure 4\), as well as the early
phase formation on stainless ste®8][ Furthermore, a reported 3D structure biofilm evolution
revealed its characteristics, growth dynasniand colony merginglB,39, but also the effect of
biofilm reduction with the use of antimicrobial peptidet][ With the description of biofilm
formation mechanisms4l], its development was also simulated, predicting the growth behaviour
from different initial aggregate arrangements, and compared to real gre\td3. After the
maturation of biofim, erosion or dispersion occues a result of unfavourable conditions and

environmental changes, during which the bacteria leave as singleddglBipure 8).
A 2h 6h 8h 48 h
WT . . . . I
: . . . -

Sloughing

B ==

R $
Erosion <=
N
Planktonic ":& &
mode of — f
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Dispersion is driven by quorusensing 3,49, a crucial bacterial celio-cell communication and
collective behaviour mechanisitmat is guided by secreted signal molecules and receptors and shown
to affect both the process of biofilm formation and its regulati@dg]. It acts as aasponse to

mainly oxygen and nutrient depletion, as well as flow disrup#dh [Thefinal phase othe biofilm
hasbeenstudiedwith dispersal initiated by the interruption of nutridltw [49] or explained by
qguorum sensing regulatonetworks #5]. Also, it was shown thahe development of a biofilm can

be prevented by quorum quenchifg0]. When performing the adhesion dynamics experiments, one

of the key features is the rate of medium flow (flux). Based on its rate, the influence on the local
repression of quorum sensing was reportéd],[ as well as the interaction with the biofilm
development due to shear stress varying across the width of a channel and changing for different
channel heights52]. Very rarely the bacterial model was neschericlia coli or Pseudomonas
aeruginosa which becamehe standard species for bactertaibfilm research. The primary and
irreversible adhesion, biofilm maturation, and both interaction and genetic regulatory mechanisms
including quorum sensingrere extensivg described foEscherichia col[53], as well as its strongly
suppressed chemotactic drift at higher cell densifidfs [

Unlike the experiments where only one species was used, emphasizing its specific characteristics,
observing the multiple species comnity mimics the more realistic environment, giving an insight

into species interactions, cohabitation, and competition for reso&Sg$-[gure 5.
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Figure 5. A schematic view of millifluidic channel together with surfaeelling characteristics dafvo

different species, both at the bottom and the top, measured as confocal fluorescence inb&hsities [



Apart from the experimental background, the bacterial motion and the conditions that the bacteria are
found under during experimertan bedescribedheoretically.

Talking about diffusion, the StokdésSnstein equation describes the diffusion of spherical particles

with radiusi, with relation O ——, where — is the dynamic viscosity of watel t 20AC
(Mm@ i ). If this is applied on 1 t@-micronsizedbacteria with an approximation of a
spherical particlethat would result in a diffusion constaé®t 1@ p &x i . The mean squared

displacement of a particle (MSD), which@@ot @omnsO -B st & ms averaged by
0 particlescan be calculated froufiffusion constanasd "YO ¢¢& ‘O,fwheret is theobservingime
interval and ¢ is the number of dimensienFor ¥ pi and 2D motion 0 "Y'GqualsTi®) éa ,
describing the covered area sifontaneousifiusion of a random particleOn the other handhe
bacteria with a willing and directed motiperformballistic steps from which aaverage speed and
crossed length can be calculatddhe average speewacles from 40 toy méA  due to their

flagellum [56]. This speed exceeds by far a spontaneous diffusion m@tgare6A).
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Figure 6. A) MSD dependence of time interviafor diffusion (proportional td) and directed or constrained

motion B) Rectangular microfluidichannel defined by the width w, height h, and lengthith specified
axes. A bacterium adhered at the surface is shown with drag and lift forces that act Gpéndthematic

representation dheshear rate of ambient flo@



On the other hand, the adhered bacteria perform slight movements at the beginning of adhesion, finally
becoming anchored and immobile after some time. The bacteria dwelling at the surface of a substrate
inside a rectangular microfluidic channel definedty widthv , height’Q and lengthias in Figure

6B, experience shear stress as a result of shear forces, and resist t@eath@dgft force™O.

In thecase ofQL 0, if the middle heighis set to zero and iangesrom "(¥¢to "(X¢, velocity as

a function of height could be written 8sd 0 p — [57], where the maximum velocity is

achieved at the middle heighit ( 1. The volume flowd is then defined a8  O[JQQ , whereO[

is the average velocity across the length directiimee aerage velocity equals two thirds of its

maximum value O -0 [57], transforming the velocity as a function of height into

& -0[p — — p — .Deriving this velocity by théeight results in the shear rate of
the ambient flowO(Figure &), which describeghe flow field the change of velocity with height

Therefore— O — 30, where for thex - at the surfacé& becomesO —. Theshear

S S

Reynolds numbes defined asy Q [58], wherel is the heighat which it is calculatednd’Q

is the diameter of a spheridiéte particle (bacterium), whilé is the kinematic viscosity of water
pmai at 2 BiAc8 )the drag and lift forces for the fluid densityare definedas

O 0 -"00Q and™O O -""00'Q [58], where drag shear coefficient and lift shear

8

coefficient are calculated & =~ —>— p MPYQ® andd =— [58], the drag and

lift forces could be estimateHor the appoximate volume flow of dFd "Qé{p ¢ A& channel height
andg¢a a channel widti{conditionsused in this dissertatiprthe shear rate of the ambient flow would

be'O ¢ @i . Furthermore, ithe shear Reynolds number is calculated at the height of the half
bacterium diametef)( -), for thebacteriumdiameter ofp & a n d  a bf th@vat&rGnediumit

would be'YQ o & 1. Thus, br theo PP ¥Pp mando L& v the bacterium at &
bottom would feel the drag force ofO v& 3 m 0 and negligible lift force of only
'O xp m 0. In case of decreasing the channel heglhimes, the drag force would increase
roughly¢ timesand vice versahence it is inversely proportional to tequare ofthannel height
"0 9 (. . Also, if the bacteria g in time and from one individual a colony evaly¢he observed

particlewould increase its diameter and the heightvhichthe drag forcevas calcuhted The drag



force is directly proportional to the square of the particle diami€¢® G . In the end, it is directly
proportional to the flux changé © 1.

These forces are caused by the fluid motion i.e. its velocity that \zoiegthe w ¢plane for a fixed
cposition.Calculation ofthe velocity fieldd «ftt (Figure ) [52] along the width of the channel
0  as inFigure 6Breveals that the bacteria at the same heaightll feel different shear stress
across the widthas a resul of velocity variation 0 w. Furthermore,for a steady flow of
incompressible fluidthe shearstresswas modelledacross the Inm-wide channeffor different
channel height&Figure7B) [52].

B
A 30
v(y,z) y y z z o = 2 > iy
4v, _I(l _T«) ' E(l _E) a8 ((2,, + 1):) ' c(g 20
cosh(p, %) AT cosh(q,%) R G\ @) 1 O
with P,, = {2“,.,“:’ (In = :2"\#’1'1 = V(‘._:g) O
0 0.5 1

y (mm)
Figure 7. A) Velocity field calculationfor a steady viscoubow of an incompressible fluiéh a rectangular
channel[52]. B) Bottom shear stress variation across the channel width as a result of velocity digid,
givenfor 5rectanguladmmwide channelsranging in heightfro2 5 0 (redmol1 0 00 & m (whader k b |
a flow rate of 1 ml/H52].

Using this formula from Figure 7A, the velocity field can be calculated for any type of rectangular
channelFor instance, p&a a-wide andp ¢ A -high channel (conditions used in this dissertgtio

at a fixed height ofp TtéA (half of the height) would have a velocity profile as in Figure 8A (blue
dots), with velocity reaching the maxi mum val
1600 Om of width is reached. The profile is s
the other hand, at the lower heighttof p 7 I, the highest reached velocity is only at around 31%

of the maximum velocity in the channel (Figure 8A, oranges)datonfirming that the velocities
decrease while approaching the boundary, both imotived & direction.Observing the bacteria that

are adhered on the surfatiegir height would be aroung A I, hence the velocity field at this height



A Velocity field for a fixed length x (in bulk) B Velocity field for a fixed length x and height z=1um
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Figure 8. A) Velocity fieldat a fixedwposition andatthe heightof & @ médandd p A in ap & a-
wide andp ¢ At -high channelB) Velocity field at the height oft p &, at which the bacteria is situated
while adhered at the surface.

is particularlyinteresting and shown in Figu8. The presented widttangeonl 'y t o 150 On
from that point on, the velocity becomes constéagfain, the profile is symmetrical andentical
variationis found on the other sid€he maximum velocity valuthat isreachedt this height is only

around 3% of the maximum velocitf the whole channelmaking it noticeably lowerAlso, the
bacteristhatad her e in the region of 50 Om from the b
8B).

Talking about bacteriahteraction, quorum sensing is a crucial 4elcell communicationenabling
collective behaviour driven by secreted signal molecules. Since it affects biofilm formation and
regulation [4648], but also dispersion [3,45], it is necessary to estimate BB bf these signal
molecules Autoinducer2 (Al-2), as a standard quorum sensing molecule consists of 23 atoms and

based on its 3D model, its diameter can be estimated as 7 linear at@mg, & . StokesEinstein
equationfor Y ¢ wlothen givesO — o@p m & i . Fort pi and 1-dimensioml

diffusion @), mean squared displaceméntYO ¢Ot p ¢ ®ar and mean displacemesiaround

35 A4 . Also, for thevolume flow of D Ol / mi n, 120 Om channel heig
(conditionsusedin this dissertatiop the average velocity s’ - p&& ai  andvu -0l

¢ p Ttat A . The bacteria at the bottom experience only around 3% of the maximum vealbocity
@ A, making the diffusionof AR mo | ec ul e s o nhanthk antbiend fopw at thd e r 0
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bottom of such a channgihce the average displacement indlukrection should be o vdAafter 1
secondFort T1®i, the bottom velocity would be ¢ &i andthe MSD op ¢Am with amean
displacemenbf 11 A4 . On the otler hand, the time needed for the same molecule to diffuse to half
of the height@ 1dd) is 3 seconds, after whidhcould be said thatl-2 molecules cover all the heights

in the channelln the same timaterval the medium passes around %0 at the bottom and 6000
Ad atthe middle(—h), in the 10 cm longhannel Therefore, iis questionable if the A2 molecule

could reach the neighbouring bacteria before diffusartgebulk, but it could reach them afteards
sinceall heightsshoutl be covered whilé is diffusing. Hence, the effect of quorum sensing could be
diminished but not neglected.

1.3 Goals and Hypothesis

Despite all these findings, there is no widely usedpathogeniautochthonousnarine bacterium
model species for adhesion dynamics and colony and biofilm evolution research. Motkeever,
guantification of adhesion a® substrate coveragend colony evolutionis rarely presentedA
particularly interesting dispersion phenomenoncolonies and biofilmwhich has some reported
causes0,5961], remained unclear and unquantified regardisgimedependencand dependence
on thepositionin thechannel as well as theubstrateoverage at which it is triggered

The aim of this disertationis the identification of a representative primary bioffionming model
species fr omts f)asplatienl and I(B aultivation in laboratory conditions,ll)
guantitative determination of its potentr@garding theadhesion mechanics and genetic potential,
(IV) guantification of its adhesion/desorption dynami&$) identification of main events dhis
dynamics on the single cell levahd(VI) identification of the collective effecis different stages of

adhesio/dispersion dynamicd.o achieve this, the following goals were set and accomplished.

To begin with, the firsgoal was to extractijsolate cultivate, and identify autochthonous marine
bacterial species from the sisat participate in the dg stageof biofilm formation To distinguish
whichof theisolated species was the best chdacenodelspecies irstudying the adhesion dynamics
preliminary adhesion tendency measuremerdgee performedAlso, the NGS analysis wasarried

outto acquireherelative abundancesf all marine bacterial species that were found in efmisned
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biofilm, as well as their representations in variousgas of complex biofilm samplélus confirming

the mportance of their presencko further confirm the choice ofsuitable model bacterial species,
genes critical for bacterial adhesion, quorum sensing and cell motility in the species of interest were
predictedusing the PICRUSt method.

Another goal was to design and produce arbaxtor that could enable the quéaétion of adhesion
dynamics on the solid substrate and monitor the distributioheafaggregates of different sizes by
measuring the surface of the covered substrate at the chosen time points. Achieving this led to the
question of reatime bacterialadhesion dynamics. With the aim of deciphering it, the adhesion
dynamics was measured first in large volume (in bulk) caditwith no height restrictiorand then

in a microfluidic device as a confined space, where the height was restricted. Fowthggees of
experiments, a barrike container with different flow rates of mediumixing, and a microchannel

with a constant flow of medium were predicted.

Changing the focus from the individual bactearad their collective behaviouthe next goal wat
comprehend how colonies evolve in tiniée idea was to conduct the experiment for measurement

of colony surfaces, from the individual cell uritie colonydispersion, and compare it with standard
growth models.Additionally, whether the coloniesvere affected by the changm the initial
concentration of bacterseton the substrate/as to be checked\lso, the question to be answered
waswhether and howhe dispersion time depends on the position in the microchannel. To understand
that, specifically designed Polydimethylsiloxane (PDMS) microchannels were created for
simultaneous monitoring of two different positiomsthe channelbut alsoto quantify collective

dispersion phenomenoandoffer an explanatiofor its triggering mechanisms

The hypothesis of this dissertation: A marine bacteritan be isolated from earlyhaseformed
biofilm from Kagtela Bay and serve as a conver
of adhesion dynamics and pioneer biofilm formation, as wegblotential prevention strategies. The
regulation othe early stages diofilm includes collective phenomegaided by interactions between

cells.
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2. Materials and methods

2.1.Choosing the bacterial model species

2.1.1.1solation andidentification of biofilm-forming species

To isolate the biofilmforming bacterial species from the early phase of biofilm formation, three
microscopic slides were cleaned three times with 70% ethanol and kimwipes and inserted into the
gaps made in Styrofoam using a Béescalpel. The Styrofoam carrier was also cleaned the same way
and placednthe sea surface, with the slides (substrates) immersed in the sea. Precisely, into a pool
with a free circulation of seawater, at the Institute of Oceanography and FisheBiglg,ilCroatia
(43A30'28.8'" "N, 16A23'18. Mmarindevironnieht éor tisrde idayets we
ensure thathere was sufficient biodiversiin the biofilm but also that the biofilm did natevelop
toomuch from the early phasghichwasthe aim After three days, the biofilm formed on three slides
was scraped and diluted with 300 ml of steril
of 1:2, 1:10, 1:20, and 1:100 were spread on Marine agar plates. Mganwas prepad from 37.4

g/L of Marine broth (BD DifcolUSA), to which 15 g/Lof technical agar (Biolife, Italy) was added.

To allow colony formation for all the present species, agar plates were left for three days at room
temperature. The colonies formed were theamdomly selected based on different morphology and
sizes and subcultured i.e. spread onto new agar plates to ensure monocultures, all resulting in 16
different isolated species. To identify theaxonomically their genomic DNA was extracted using

the NuckoSpin Microbial DNA Kit (MachereNagel, Germany), according to the manufacturer's
instructions. The partial 16S rRNA gene of the representative strains was amplified with primers 27f
(5" -AGAGTTTGATYMTGGCTCAG-3") and 1492r (5-TACGGYTACCTTGTTACGACT3")

under standard PCR conditior&?], and subjected to Sanger sequencing of both strands in Macrogen
Europeservice(Amsterdam, Netherlands). The obtained sequences were then compared with those
available in the GenBank database using the BLAST softwai/(Wivw.ncbi.nlm.nih.gov/). All
isolates were stored in glycerobntaining stocksaB 0 A C.
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2.1.2. Preliminary adhesion tendency tests

Theisolated species were identifieexonomicallyand showed to participatein the early phase of
biofilm formation To verify whether these species actuallyeadhesion preferences in laboratory
conditions and consequently could be used in future adhesion dynamics experiments, they were tested
for adhesion tendencies one by one. After a single colony was transfea&dml of Marine broth

for each species separatedypund 20 hoursld overnight culture was directly inserted into a simple
transparent microchannel askigure A. A microscopic coverslip was used as a substrate, and a
hollowed twasided stickingape as the frame, ensuring the height. Above the frame, a transparent
thin plastic with an fAind and Aouto hole was
without any flux or medium exchange. The microchannel was placed onto a stage cbheifi
apparatus Kigure ®B), which was used aan inverted microscope. The bottom (substrate) of the
microchannel was monitored and filmed witbhEByecamera (IDS, Germany). The adhesion process
was quantified as a percentage of substrate surface cevarage and calculated the FIJI image
processing packag®3d]. The results of this preliminargxperiment were usedogether with the
resultsof the following methodology sections 2.2. and 2.3. to decide which isolated bfofining

monoculture hathe potential tserve asnodel species for future experimeatsdwill be used.

‘~

Figure9.A)30 Om high microchannel wB)RicoTwistrapparais,ased simplp  a n

as an inverted microscope, onto which the microchannel waeql
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2.2. NGS (Next generation sequencing) analysis

2.2.1. DNA isolaion and preparation of samples

To collectthe samples for NGS, a similar procedure usedas in sectior2.1.1.but this time a larger
number of microscopic slides was used to enthaesufficientbiofilm and itsamount ofDNA was
collected Based on the estimaté how much DNA can be collectensh a single slide, it was decided

to useexactly one hundred and ten glass slideadisieve the required amount DNA for each
sample. Bdt the slides and Styrofoam carrier were cleaned three times with 70% ethanol and
kimwipes and the slides were inserted into the Styrofoam gaps made with a sterile scalpel. Again, the
carrierwas placed at the same location (Institute of Oceanography ahdrieés in Split, Croatia
(43A30'28.8' "N, 16A23'18.1"'""E)), so that the
(Figure 10. Theexperiment was conducted in the late November of 2019, at a sea temperature of
(18N1) AC. At tdoe, 120@mhefsdawaterf was collected below the surface and

i mmedi ately filt erseadMCE membrang filter® (WHBaBnarg UK) to obtaia the

first sample SO. This sample wakenmainly toshowwhich species were present in the environimen

at thebeginningof the experiment anich what abundangéutalso to distinguistthe species present

in the biofilm from the othersvhich presumably do not adhere at all and anéy presenin this

sample. After 24, 48, and 72 hours from the immersion, exactly 50, 30, and the remaining 30 slides
were recovered from the sea. For each day a separate sample of one, two, and three days old biofilm
(B1-B3) was obtained, by thoroughly scraping fibened biofilm from the slides with a sterile razor
blade. The scraping was combined with a gentle rinsing of the slides with sterile distilled water. In the
end, the fully scraped biofilm from each sample was filtered the same way as the seawater from the
S0 sample. Apart from the SO sample which contained metagenomic DNA from the seawater at the
time of submergence, the other three samplesBB1contained DNArom organisms involved in

the earlyphaseof biofilm formation at different time points, thgs/ing an insight into which species

were presenin which abundance duringese phasebutalsoon development and evolutiaf the

biofilm. To extract genomic DNA from the seawater and biofilm samples, the DNeasy PowerWater
Kit (Qiagen, Germany) was ed.SamplesB1, B2, and B3 consisted of DNiakenfrom N individual

slides that were pooled together. Thgenerated a unique omelue result for each different

operational taxonomic unit (OTWyundin individual samples (data pooling).
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Figure 10. Schematic view of the Styrofoam carrier with 110 inserted microscopic slides that were immersed
into the sea and used as substrates for biofilm formation.

2.2.2. 16S rRNA amplicon sequencing and data accession

Before the DNA samples from seawater andilomwere senfor analysis, the DNA concentration

and quality were analysed using a NanoDropE S
The amples were then sent to Novogene Europe (Cambridge, UK) for NGS sequencing of the
microbial 16S rRNA genaysing custom V3/4 primers. The raw data obtained were merged and
quality-filtered to remove reads that did not meet the desired quality. This was done using the QIIME
pipeline (version 1.7.0http://qgiime.org/scripts/split_libraries_fastq.htf@d4]. The sequences that

met the desired quality were grouped into operational taxonomic units (OTUSs) by clustering with a
97% identity threshold. The OTUs were obtained frtme SILVA database 6] and they
corresponded to certain and unique species, genera, and other taxonomic levels in the samples. This
finally led to obtaining the taxa information and tébased relative abundance distribution among the
samples. The relat abundance of any OTU was calculated as the number of sequences attributed to
a given OTU divided by the total of sequences of all OTUs. The 16S rRNA gene sequences have been
deposited in the European Nucleotide Archive (ENA) at EMERI under project assion number
PRJEB48750 as follows: SAMEA10944843 (sample S0), SAMEA10944844 (sample B1),
SAMEA10944845 (sample B2), SAMEA10944846 (sample B3).

223NGS anal ya n ddivarsitgcaltilation

The main objective of the NGS analysis was to obs#rwdNGS results and the relative abundances

in the samples in relation to the 16 isolated species from section 2.1. Apart from the species isolated
from the biofilm and their preliminary adhesion tendency tests, the idea was to confirm the presence
of the® species in biofilm samples and compare their relative abundances with those of other species,

as well as to analyse how they change as biofilm evolves. With that in mind, it could be estimated
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how relevant the isolated species are for biofilm formatrahleow frequently they occur at different
stages of biofilm formation, also knowing that they are cultivaBigditionally, what can be
calculated from the relative abundances and examined in terms of relevant species are diversities in a
sample or amonghte s a mp | -@iversity debcebesUhe diversity of a single sample and its
characteristicssuch as richness and evennegsre calculated from the relative abundances of each
OTU in a sampler) for € OTUs. Shannon diversity indexO describing richness and Simpson
diversity index _ describing evenness were calculated a6 [
0 naxén - P n

b-diversity, on the other hand, describes the diversities among any of two samples based on a
phylogenetic tree generated for those sampleslengths of branches in the tree, and the abundance
of species in the branch (weighted value). For the length oftthbranchd amongé branches, the
numbers of sequences descending from-thebrant in samples A6 and B ¢ , and the total
number of sequences in samplestA andB 6 , t he wei ght ed -diemityfsr ac
calculated as ingo):

0 W C).,O— —

o 0

Furthermore, the principle coordinate analysis (PCwA$ carried outd6,67. It maps the distance
between objects in distance matrices and displays dissimilarities among objects by finding the
characteristics that explain/contain most of the variation between the data sets. The variations between

samples ee represented on two orthogonal coordinates.

2.3. Prediction of metagenome functional potential

Another indicator that could highlight the adhesion potential of bacteria from biofilm samples and the
cultured bacteria is the prediction of genes that areial for biofilm formation. Using the
bioinformatics software package PICRUSt (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States), the functional potential of each sample can be predicted based
on the relative abundancesthe OTUs contained in the sample (taxonomic profiling) and the genes
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annotated in their genomes (functional profiling). Not only is the functional potential of a sample
predicted, but it is also assigned to specific OTUs that could potentially ekleifutrictions of interest
as a result of their gene expression, if they possess these genes. A simple workflow giritisral

is presented in Figure 11

Microbial Community
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Figure 11 A simple workflow of the PICRUSt algorithm 8 A Taxonomically identified microbial
community (taxonomic profile) with its genetic po:

as shares of each function attributed to each taxon. C The final representation.

During the analysis, PICRUSt normalizes the relative abundahoperational taxonomic units
(OTUs) based on their respective 16S rRNA gene copy number. This contributes to a more accurate
representation of the true abundance of each taxon in the community, taking into account the inherent
variations in gene copy niuar. The desired OTUs, in this case, the isolated species and those more
abundant ones from the samples, or even genera to which they belong, can be observed and compare
to see if they contain the genes relevant for biofilm formation. Therefore, theigeaksd in cell

motility, quorum sensing and translation of surface adhesion proteins are of interest. To predict the

involvement of a particular taxon in overall functional potential and metabolic pathways, PICRUSt
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uses information from th&yoto Encycbpedia of Genes and Genomes (KEGG) Orthology (KO)
genomic database [31]. The predicted functions can be observed at several hierarchical levels, ranging
from L1 to L4, where L4 representation corresponds directly to genes, L3 to molecular functions that
require a smaller genetic network, and in the end L1, being the most general and complex functional
level. The OTUs can also be observed at different taxonomic levels, ranging from species and genus
to class or phylum level.

To perform this analysis, thelfowing was done. The resulting OTU sequence abundance table from
NGS was stored in BIOM file format. It was then used to predict functional potential by referring to
the KEGG database [31], using the PICRUSt v2.3.0 software package [30]. This generated th
functional attribution table for each taxon, thus relating the OTUs with their potential KO functions
from the KEGG database. From the functional attribution table, the relative taxon abundance table
was created, taking the relative abundances of OTWs @&ccount. In order to convert the
representation of data from the OTU/KO view to the taxa/function view, the following actions were
taken. OTUto-taxa lookup table was used to form a table that relates taxons of chosen taxonomic
levels to different OTUsEFrom this table, a specific taxonomic level and selected taxons from the
same level were used for further processing. Similarly, to observe specific molecular functions, the
KO database was converted into a hierarchical table, from which specific mofecwakzons (L3) or

exact genes of interest (L4) from the same hierarchical level were selected and used in further data
processing. With the chosen taxons of the same taxonomic level and molecular functions or genes of

interest, desired taxa/function tablwere created.

2.4. Adhesion dynamics in a bioreactor

For the following experimenty/ibrio gigantiswas chosen as a model bacterial organism among the
isolated species from a formed marine biofilkmewly-designedexperiment in a bioreactor wast

to monitor bacterial adhesion and aggregate formation on a glass sulsttatethe chosen time

points duringa onehour and thredourtime interval From this point on, the Marine Broth (MB)
medium used in the experiments (BD Difco) was filtetedughas t er i | e Gsizedsgringdm p o
filter (Millex- HA, Germany), to ensure the transparency of the medium and improve the visibility of
bacteria without affecting bacterial growth.
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2.4.1. Premeasurements

The colony forming units (CFU) of viabjpgate counts of/. gigantisvere determined & O values

of 0.2 and 0.4, using a spread plate method. The counted approximate number of bacteria at these OD
values was also determined on a McFarland densitometer (Biosan, Latvia) so the initiaratooent

could be more easily adjusted.

The overnight culture was diluted 1:20 in fresh and filtered MB and incubated for one hour to reach
the exponential phase. The exponentially grown culture was adjusted to a densipy niCFU/ml

by diluting it appreriately. The growth dynamics &f. gigantiswas then analysed over 24 hours at
28AC. Triplicate absorbance values of a sampl
600 nm using a Synergy HTX multiode reader (BioTek, USA).

2.4.2. Bioreactorexperiment setup

To quantify the adhesion dynamics at chosen time points, the percentage of substrate surface covered
with V. gigantiswas calculated. Eight clean microscopic slides used as a substrate were cleaned three
times with 70% ethanol and kimwipand inserted into the Styrofoam gaps made with a sterile scalpel
(Figure 1A\). The Styrofoam was also previously cleaned with 70% ethanol. It was all set under
ultraviolet light inside a digester before the start of the experiment. A sterile 250 ml e@lass

beaker, containing a 2 cm long magnetic stirring bar, was used as a container and put on a magnetic
stirrer that enabled the constant bar spin of approximatélyp3 to preventhe settlingof bacteria.

A filtered MB overnight culture oV. gigantis was prepared at room temperature. 15 ml of culture

was diluted with 200 ml of fresh MB, incubated for one hour until density reached 0.5 McFarland
units (McF), and then poured into a glass container. The Styrofoam was then flipped and the slides
werepartially immersed into the brofRigure 1B), which determined the start of the experiment. At

the first time point, a randomly selected slide was gently removed from the container. The removed
slide was then slowly dipped in sterile distilled water gedtly moved around for approximately 10
seconds to remove bacteria that did not sufficiently attach to the surface. The slide was then dried on
a burner to fix the attached cells and stained with 1:5 diluted carbol fuchsin (Fluka, Switzerland) for
two minutes to achieve a better contrast for the latter imaging. After staining, the slide was slowly
immersed in sterile distilled water again, to remove the stain excess and dried in the same manner as

before. The remaining slides were taken out at diffeiemd points, in clockwise order and were
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Figure 12 A) Styrofoamcarrier with 8 microscopic slidassed as substrate®) A simple schematic view of

a bioreactor, with the slides being partially immersed into the broth

processed identically. After all the slides were processed, they were ready for imaging. The entire

experiment was repeated three times.

2.4.3. Image analysis

After the slides with the attached bacteria were collected and processed, each slide wasl @amine

an upright microscope in brightfield microscopy mode (Zeiss Axiager M1 microscope) with a
high-resolution camera (Carl Zeiss Axitam MR Rev3) using Axio Vision Ret.7 software (Zeiss,
Austria). To ensure a justified surface analysis, the idantegions of interest were examined for
eachslidefigure1l . During the first measurements, the
objective, but when compared with the i mages
almost idential, so the latter was used further on, allowing more surface area to be analysed. After
obtaining 10 images for each region of interéggre 13, 30 images for each slide were selected as

the representative ones and processed in ImageJ sof6#arA ftotal of 240 images were imported

and subjected to a threshgddocedure, identical for each image. After the bretiimages were
obtained that wayHigure 14 , anblge fparticleso option was per
calculated percentage of thevered surface for each image, whighstaken as a measure ife

adhesiommate The average percentage of the 30 reprasigatmages was taken for each slmdime
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point. Furthermore the aggregate size distribution walso analy®d, as lte average number of
varioussize aggregates in timey limiting the surfaces taken into account.

slide region exposed to air slide region exposed to the medium

regions of interest

extremely populated area at the surface
e
—

Figure 13 A slide was partially immersed into the bacterial sample (mediufiree examined regions of
interestare shown(10 images for each region), viting in a total of 30 images per slide. The average
percentage of surface coverage from 30 representing images was taken for each slide. At the border of the

medium and air, an extremely populated area was nofitedslide dimensiawere 75x25 mm.

Figure 14. An example of two random fragments of images at the early and late phases of the experiment after
binarization. High contrast was achieved due to the use of carbol fuchsin which enhanced the visualization of
bacteria and the surface could easilybe glat@dThe red scal e bar represents
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3. Results and Discussion

3.1.Choosing the bacterial model species

3.1.1.Isolation and identification of biofilm-forming species

To identify the pioneer biofilasfiorming species, the microscopic slides were exposed to the marine
environment for three days. At the moment of extraction, one of the slides was examined under
microscope to qualitatively describe the condition and characteristics of a developed biofilm. The
presence of differentlghaped baetial cells was noted (Figure ABC), but also more complex
communities, probably consisg of several species (Figu36BC), and diatoms as representatives of
eukaryotic cells (Figie 30AC). A variety of bacterial spées involved in the early phasé biofilm
development was founds well asspecies participatingn the latter phasesvhen more complex

structures wereoifrmed.

Figure 30. Common pioneer species that form a biofilm in the marine environment within three days

The remaining slides were aseptically scraped, and the biofilm samples were then subjected to serial
dilution, with aliquots from different dilutions plated onto solid agar media. The resulting plates had
varying colony densities (see Figure 31), and atigih that had approximately 30 watblated
colonies was selected for further study. Subsequently, colonies with discrete growth and non
overlapping morphology were subcultured individually on fresh agar plates to obtain pure
monocultures. After isolatioof 16 monocultures, morphological examination by visual inspection
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Figure 31 The scraped biofilm was serially diluted to facilitate subcultivation with the aim of isolating pure

bacterial culturesThe plates had a diameterXiicm.

ensured thahere were no discernible differences between the individual bacteria within each isolate,

indicating phenotypic uniformity (see Figure 32).

Figure 32 Morphological and morphotypic evaluation of the bacterial isolate 1

These isolates were sent for theéS rRNA paireeend sequencing (Table 1A). Most species were
taxonomically identified as the species from genghaio andPseudoalteromonadhe reason why

the species came from almost exclusively two different genera may be that not all bacteria can be
cultivated on the marine agar plates. The isalat@berl was confirmed a¥ibrio gigantis which

was of particular interest due to its high adhesion tendency (see next subs€cg@®quencing was
repeated twice for the isolate numbdiTable 1B)
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Query] | Identities
Name| Gene | Length | Stat | End | Match | Total | Pct.(%)
1F Halomonas sp. SK18 165 ribosomal RNA gene, partial sequence 1433 1 36 35 36 97
1R Vibrio gigantis strain S-44 16S ribosemal RNA gene, partial sequence 1456 1450 829 534 627 85
2F Pseudoalteromonas sp. strain 70365 165 ribosomal RNA gene, partial sequence 1427 10 274 238 265 90
2R Pseudoalteromonas sp. strain 70320 16S ribosomal RNA gene, partial sequence 1429 1429 776 641 657 98
3F Epicoccum nigrum, ribosomal RNA gene and internal transcribed spacer 2 816 1 815 797 828 96
3R Bacterium QM35 16S ribosomal RNA gene, partial sequence 1427 1424 568 792 861 92
4F Vibrio sp. P1S6 16S ribosomal RNA gene, partial sequence 1453 4 822 805 821 98
4R Vibrio gigantis strain PJ-21 16S ribosomal RNA gene, partial sequence 1456 1451 239 1199 1213 99
5F Pseudomonas sp. O-NR7 16S ribosomal RNA gene, partial sequence 1416 2 35 33 34 97
5R Microbacterium phyllosphaerae strain QT8 16S ribosomal RNA gene, partial sequence . 1491 1450 1107 260 30 74
6F Vibrio sp. 575-9 16S ribosomal RNA gene, partial sequence 933 2 858 835 860 97
6R Vibrio sp. An91 partial 16S rRNA gene, isolate An91 © 1462 1450 182 1243 1294 96
TF Pseudoalteromonas marina strain D5053 16S ribosomal RNA gene, partial sequence 1012 8 787 756 784 96
TR Pseudoalteromonas sp. NBRC 101701 gene for 16S rRNA, partial sequence 1461 1448 274 1149 1175 98
8F - - - - - - -
8R Pseudoalteromonas sp. 29 16S ribosomal RNA gene, partial sequence 1419 1411 288 1065 1130 0 94
9F Vibrio sp. H1309/3.3 partial 16S rRNA gene, isolate H1309/3.3 1465 2 285 270 287 94
9R Uncultured bacterium clone Woods-Hole_a1941 16S ribosomal RNA gene, partial sequence 1513 1491 536 927 961 96
10F Bacillus sp. enrichment culture clone DWSRK116 16S ribosomal RNA gene, partial sequence 963 268 299 31 32 97
10R Microbacterium ginsengisoli strain HKS03 168 ribosomal RNA gene, partial sequence 1440 1420 682 = 623 762 82
11F Uncultured bacterium clone YD100-50 16S ribosomal RNA gene, partial sequence 1513 29 913 863 888 97
11R Uncultured bacterium clone SanDiego_a2785 16S ribosomal RNA gene, partial sequence _ 1513 1481 266 1206 1217 99
12F Pseudoalteromonas marina strain | 17 165 ribosomal RNA gene, partial sequence 1503 21 893 834 877 95
12R Uncultured bacterium clone T8 16S ribosomal RNA gene, partial sequence 1497 1468 186 1239 1290 96
13F Uncultured bacterium clone T8 16S ribosomal RNA gene, partial sequence 1497 30 1173 1091 1148 95
13R Uncultured Pseudoalteromonas sp. clone K4572 165 ribosomal RNA gene, partial sequence 1497 1467 319 1123 1150 98
14F Staphylococcus pasteuri strain HN-35 16S ribosomal RNA gene, partial sequence 1460 3 623 576 625 92
14R Staphylococcus warneri partial 16S rRNA gene, isolate OCAT13 1116 1075 17 773 982 79
15F Bacterium strain NBTE-T4 16S ribosomal RNA gene, partial sequence 1425 4 949 919 947 9o
15R Pseudoalteromonas undina strain RA4 16S ribosomal RNA gene, partial sequence 1360 1360 70 1268 1292 98
16F Pseudoalteromonas marina partial 16S rRNA gene, isolate M7 1416 16 736 698 723 97
16R Pseudoalteromonas sp. SBS52-1 16S ribosomal RNA gene, partial sequence 1461 1451 166 1257 1293 97

Table 1A. Taxonomic identification of 16 isolates from 16S rRNA paiesd sequencing. Length denoted the
size of a sequence that was sequenced, with the position of a Start and End base. Match was the number of
identical bases between the reference F8$A sequence and the sequenced fragment, while the Total number

was the number of bases of the fragment.

[Query Identities

Name Gene | Length | start | End Match | Total | Pct.(%)
1(1)F Vibrio sp. VibC-Oc-039 16S ribosomal RNA gene, partial sequence 1469 29 1219 1141 1198 95
1(1)R Vibrio gigantis partial 16S rRNA gene, isolate LPD 1-1-47 1463 1439 106 1304 1334 98
1(2)F Vibrio sp. VibC-Oc-057 16S ribosomal RNA gene, partial sequence 1478 31 1056 1004 1030 97
1(2)R Vibrio gigantis strain S-32 16S ribosomal RNA gene, partial sequence 1455 1449 278 1139 1173 97

Table 1B.The taxonomic identification of isolate 1 gave compatible results for forward and reverse sequencing

of the two technical replicates, alaith a large amplified fragment and a high percentage of concordance.

To this point, 16 pioneer biofilforming and cultivabldsolateswere selected among which the

majority were taxonomicallidentified to a species or genus level

3.1.2. Preliminary adhesion tendency tests

Each of the bacterial isolates was tested individually $cadhesion tendency by placid@hourold
bacterial overnight culture in a simply designed microchannel with a microscopic coverslip as

substrate. The idea was to cheekether and at which rate a certain species adhered in the
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microchannel without a flow, which was expected since they were fouia ibiafilm samples. In
Figure 33 the surface condition at two different moments is shown for Vibrio gigantis (isolate 1),

presenting the evolution of the adhesion process.

Figure 33. The surface of the microchannel with the adherihggigantisbacteria at the initial (A) and the
latter phase (B), after around 20 minutes.

Preliminary adhesion tendency test (V. gigantis)
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Figure 34. Percentage of covered surface as a measure of adhesiogigéantis
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Adhesion was measured as the percentage of substrate coydacteriaand its evolutiorovera
20-minute period ishown in Figure34.

Otherisolateswvere also tested, but the proggef their adhesicssan essential anobligatoryfeature

was not asapidand effective as iN. gigantis making them less desiratds biofilmforming model
species. Sinc¥. gigantiswas one of the fewgolateghat were taxonomically identified at the species

level after the isolation and also preliminarily showed a strong and promising adhesion tendency, it
was decided to proceed with this species as the model organism for future experiments. Also, the

resultsof the following two sections were favourof doing so

3.2. NGS (Next generation sequencingnalysis

3.2.1. Sequencing depth

The DNA material from the biofilm samples was collected as described i Mthod® section

(Figure 35, aswas thafrom the seaatersample. After the sequences were obtained, qtfdtityed,

and grouped into OTUs, a rarefaction measure was done to determine whether the samples were
sequenced to the depth sufficient to represent their real diversity. In other words, it measuhed how t
number of newly observed OTUs changed by increasing the number of examined sequences in a
sample. After the plateau was reached for each sample, it could be said that the sample was sequence
deep enough and all the relevant OTUs were foufidu(e 35. Increasing the number of the
remaining examined sequences would produce only a few more unique ok ithonly one
sequencéound). The number of speciebservedvas thehighestin the seawatersample indicating

a higher diversity of speciel$.decreaseavith the development of tHaofilm, especiallyonthe third

day ofthebiofilm, when certairspecies were found more frequently avete predominant
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Figure 35. Genomic DNA extracted from biofilm samples reached rarefaction saturation, as lshdte
observed species plateau, indicating sufficient sequencing depth.

Not all of the sequences organized in Operational Taxonomic Units (OTUs) could be taxonomically
identified to species level. This limitation may be due to technical inaccuraciasrerjmportantly,

to the incomplete annotation of all marine species genomes, leading to the recognition of new and
unigue species. As a result, certain sequences could not be associated with certain OTUs at the specie:
level with certainty and were insté summarized at higher taxonomic levels, mainly at the genus or
family level (see Figure 36). The exact enumeration of sequences at different taxonomic levels per
sample is also recognizable. In particular, the predominance of sequences belonging i h&Us

genus level indicates possible limitations in the current SILVA database, although it is regularly
updated [65]. After gendlevel OTUs, speciekevel OTUs were the most frequent in all samples,
followed by a comparable frequency of fardigvel OTUs. In contrast, OTUs at higher taxonomic

levels were less frequent or only insignificantly represented (see Figure 36).
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Figure 36. Taxonomic depth of OTUs per sample, with the exact number of sequences at each taxonomic level.
The top number representsatal number of sequences in samples, which is 82480, 98700, 91526, 97982 in
order of appearance.

3.2.2. Relative abundances analysis
After eachread sequenosas grouped into OTUs, relative abundances for each OTU could easily be
calculated by dividing the absolute countreddsequences of any OTU in tikample by the total
number of read ejuences of the same sample, tdescribingthe composition of biolim and
seawater samples. Among more than 2000 OTUs and around 220 OTUs at the species level, a few
dozen stood out as more frequent and with higher relaitendances (Tablg). The relative
abundance of/. gigantisin biofilm samples confirmeds adhesin effectivenesgo the immersed
surface From thecalculatedrelative abundance of only 0.73% in thewgatersample, it grew to a
huge 11.83% in the firsday sample of the biofilm, meaning that more than every teatisequence
came from theV. gigants species. In the following samples-day and 3day biofilm samples) it
gradually decreased, to 3.76% and 0.96% respectively. This was the indicator that this species
probably had an important role in the early phase of biofilm development, taken wanbéyother
species during the following days, such@smma proteobacterium_UDC3(%0.59% in B2 and
19.75% in B3),Thalassotalea eurytherm@®.53% in B2, 8.19% in B3), anBacterium_RFB_DO08
(5.05% in B3).
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Relative abundance [%)]

Taxonomy S0 B1 B2 B3
gamma_proteobacterium_UDC305 0.4110 2.6322 10.5880 19.7454
Vibrio_gigantis 0.7347 11.8295 3.7645 0.9590
Thalassotalea_eurytherma 0.2461 2.3521 6.5398 8.1911
Vibrio_sp. EJY3 5.1916 4.9248 0.9057 0.3019
bacterium_RFB_D08 0.0436 0.3298 1.1191 5.0521
Dinophysis_acuminata 4.0470 0.0861 0.0327 0.0315
Gammaproteobacteria_bacterium_Q1 0.0909 2.4151 0.9239 0.3565
Phalacroma_mitra 1.3543 0.0170 0.0061 0.0000
alpha_proteobacterium_HIMB59 1.2488 0.0327 0.0109 0.0048
Arcobacter_nitrofigilis 0.7602 0.4898 0.4753 0.2546
Thalassomonas_sp._Ma5 0.0182 0.1600 0.4583 0.7287
Photobacterium_phosphoreum 0.6971 0.0800 0.0449 0.0073
Thalassotalea_agariperforans 0.0145 0.1164 0.4013 0.6668
Alteromonadaceae bacterium_HSML-FTL-9¢ 0.0703 0.5723 0.3540 0.2922
Photobacterium_ganghwense 0.4146 0.5007 0.3589 0.2049
Serratia_marcescens 0.2376 0.3577 0.4656 0.1225
Thalassotalea_agarivorans 0.0206 0.1479 0.2958 0.3528
Aliivibrio_fischeri 0.1588 0.2255 0.0594 0.0170
Escherichia_coli 0.0727 0.2037 0.2025 0.0461
Saccharophagus_sp. MM1-2b 0.0121 0.1588 0.1382 0.0558
Pseudoalteromonas_sp. 8040 0.0048 0.1467 0.1091 0.0170
Dokdonia_genika 0.0048 0.0194 0.1164 0.1103
Tenacibaculum_dicentrarchi 0.0570 0.0776 0.0170 0.0048
Lewinella_agarilytica 0.0109 0.0170 0.0267 0.0497
Staphylococcus_epidermidis 0.0206 0.0485 0.0170 0.0048
Paramoritella_sediminis 0.0412 0.0424 0.0073 0.0024

Table 2 Relative abundares of most frequersipecies irseawater (S0) arlalofiim (B1, B2, B3) samples.

There are twossibleexplanations for the decrease in the relative abundanteggantis The first

one is that after active adhering during the early phase of biofilm formation on thuayirstsimply

began leaving the biofilm during the following days. The other possibility was that its absolute
abundance (real numbe®mainedunchanged, while the absolute abundarafesther species or
genera increased substantiattgusingits relatve abundance decreaseSinceV. gigantishadthe
highest relative abundance among all spaaiéiseinitial phase of biofilm evolutionHigure 37, it is

definitely avery desirable model species fibre study ofadhesion dynamics
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Relative abundance of selected species in samples eel
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Figure 37. Relative abundance of pioneer bacterial species in seawater (S0) and during the first three days of

biofilm formation on the surface of immersed slides (B1, B2 and B3).

Also of interest isDinophysis acuminataa eukaryotic planktonic species, which wasch more
abundantn the sewatersample witharelative abundance of 4%, while its relative abundamtee
biofilm sampledell far below 0.1%, probably due to insufficient development of the biofilm at that
time, asmore complex organissattachlater. Taking a look at the genus taxonomic levelMifeio
genus was one of the most dominant with a relative abundance of 7.33% inwvtlaéessample,
20.68% in B1, and 6.03% in the Bample (Tabl&). To a certain extent, it followed the trend\of
gigantis but not entirely. Other mostly occurrirgenera werelhalassotalea19.44% in B2 and
29.73% in B3),Colwellia (10.99% in B2and 20.38% in B3)Loktanella (9.46% in B3), and
Agarivorans (6.42% in B1 and8.68% in B2 sample) (T&hle
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Relative abundance [%)]

Taxonomy S0 Bl B2 B3
Thalassotalea 0.7675 8.4918 19.4399 29.7345
Vibrio 7.3363 20.6826 6.0306 1.5701
Colwellia 0.4450 2.7886 10.9930 20.3831
Loktanella 0.3383 0.6462 2.9413 9.4690
Agarivorans 0.2340 6.4197 8.6833 3.7452
Pseudoalteromonas 0.3892 6.9096 4.6229 0.9796
Psychrosphaera 0.1200 2.8819 2.1799 1.1760
Ascidiaceihabitans 2.8067 0.4765 0.8135 0.4910
Psychrobium 0.0558 0.7335 2.0466 1.3785
Photobacterium 1.6671 0.7347 0.4559 0.2291
Arcobacter 1.5422 1.1809 0.9736 0.5092
Glaciecola 1.4149 0.0812 0.0897 0.0849
Marinobacterium 0.3237 1.1773 0.5335 0.2049
Reinekea 0.1212 1.0997 0.5553 0.3310
Octadecabacter 0.1018 0.1188 0.4001 1.0621
Pseudohongiella 0.8887 0.0800 0.0449 0.0206
Propionigenium 0.6280 0.8075 0.2170 0.1855
Candidatus_Actinomarina 0.6996 0.0121 0.0133 0.0000

Table 3. Relative abundances of most frequent genera in seawater (S0) and biofilm (B1, B2, B3).samples

Apart fromV. gigantis the only other identified speciesthe Vibrio genera wa¥ibrio sp. EJY 3lts
relative abundance had a value of around 5%, both fose&eatersample SO and the B1 biofilm
sample, which was quite different behaviour when compar&t ¢pgantis In theothersamples, it
dropped quite similarly asto the relative abundance o¥. gigantis In Figure 38the relative
abundances for the modbminant genera are shown together with thos¥.ajigantisandV. sp.

EJY3 which are compared next to each other and shown as a subset o¥deimudiere the trend

of the presence dfibrio species is clearly in favour ®. gigantis also when it icompared to the
whole genus/ibrio. When summing up the relative abundances of the two species mentioned (see
Figure 3B), the cumulative proportion still does not match the relative abundance attributed to the
genusVibrio. This discrepancy results from the presence of additiopalational Taxonomic Units
(OTUs) associated with the genugbrio that could not be confidently identified to species level
despite sequence similarity at the 16S level, as they show considegghlence dissimilarity with
annotated/ibrio species in the database. Specifically, 19 diffex&htio species were identified in
these samples.

With the exception o¥ibrio sp. EJY3OTU7) andVibrio gigantis(OTU 11), the remaininyibrio

species werassigned specific OTUs without further identificationhe $pecies level (see Table 4).
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Figure 38 Genera with the highest relative abundances among the samples. The exceptions are the two framed

species, shown as a subset of the g¥filuiso.

The olserved sequence variations between théseo OTUs were substantial enough to justify their

classification as distinct OTU3 able 4) implying their taxonomic differentiation.

Tax_detail
OTU_7 |k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__ Vibrionales;f_ Vibrionaceae;g_ Vibrio; s_ Vibrio_sp._EJY3

OTU_11 |k Bacteria;p Protecbacteria;c_ Gammaproteobacteria;o  Vibrionales;f  Vibrionaceae;g_ Vibrio; s__ Vibrio_gigantis

0OTU_32 |k__ Bacteria;p__Proteobacteria;c__Gammaprotecbacteria;o__Vibrionales;f__Vibrionaceae;g_ Vibrio

0OTU_121 |k_ Bacteria;p__ Proteobacteria;c_ Gammaproteobacteria;o_ Vibrionales;f _ Vibrionaceae;g_ Vibrio

OTU_143 |k__Bacteria;p__Proteobacteria;c__Gammaprotecbacteria;o_ Vibrionales;f_ Vibrionaceae;g_ Vibrio

OTU_210 |k__ Bacteria;p__Proteobacteria;c_ Gammaproteobacteria;o_ Vibrionales;f  Vibrionaceae;g_ Vibrio

OTU_247 |k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o_ Vibrionales;f_ Vibrionaceae;g_ Vibrio

OTU_367 |k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__ Vibrionales;f _ Vibrionaceae;g_ Vibrio

OTU 586 |k Bacteria;p_ Proteobacteria;c Gammaproteobacteria;o  Vibrionales;f  Vibrionaceae;g  Vibrio

OTU_618 |k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__ Vibrionales;f__ Vibrionaceae;g_ Vibrio

OTU_752 |k__ Bacteria;p__Proteobacteria;c_ Gammaproteobacteria;o_ Vibrionales;f _ Vibrionaceae;g_ Vibrio

OTU_765 |k__Bacteria;p__Proteobacteria;c__Gammaprotecbacteria;o_ Vibrionales;f_ Vibrionaceae;g_ Vibrio
0OTU_1042 |k__ Bacteria;p__Proteobacteria;c_ Gammaproteobacteria;o_ Vibrionales;f  Vibrionaceae;g_ Vibrio

OTU_1268 |k__Bacteria;p__Proteobacteria;c__Gammaprotecbacteria;o_ Vibrionales;f_ Vibrionaceae;g_ Vibrio
OTU_1443 |k__ Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o_ Vibrionales;f_ Vibrionaceae;g_ Vibrio

OTU 1602 |k Bacteria;p Proteobacteria;c_ Gammaproteobacteria;o  Vibrionales;f  Vibrionaceae;g_ Vibrio

OTU_1860 |k__Bacteria;p__Proteocbacteria;c__Gammaproteobacteria;o__ Vibrionales;f_ Vibrionaceae;g_ Vibrio

OTU_2018|k__ Bacteria;p__Proteobacteria;c_ Gammaproteobacteria;o_ Vibrionales;f  Vibrionaceae;g_ Vibrio

OTU_2130|k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o_ Vibrionales;f_ Vibrionaceae;g_ Vibrio

Table 4. All Operational Taxonomic Units (OTUs) within the genus Vibdelineated on the basis of their

highly conserved DNA sequences.
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It is particularly interesting to note that when the relative abundance of V. gigantis from each
individual sample is divided by the sum of the relative abundances of all Vibrio OTUsfecsarne
sample, it becomes clear how this particular species stands out from the genus Vibrio in terms of
occurrence in the biofilm samples (the last row of Table 5). The proportion of V. gigantis in the entire
genus Vibro was only 10% when the marieavironment or the SO sample was observed. However,
when the biofilm samples were considered, its proportion in the genus Vibrio was about 60%. This
confirmed that V. gigantis adheres much more frequently to the substrate, not only among the other
genera, bualso among the species of its own genus, which should have similar characteristics due to
their close taxonomic relationshiphis bacterium was originally isolated in France, from the Pacific
oyster Crassostrea giggs[71], but hasalso beenfound in China, Malaysia, and Swedérhe
complete genome sequenadghese strains are depositedtie NCBI databaseV. gigantishas not
beenrecorded folinfections in humandyut vibriosis has been reported in cdgemed marine fish

[72,73. It isasoa plasticcoloniserwith potential participation in its degradatiord].

Relative abundance
S0 [%] | B1[%] | B2 [%] | B3 [%)]
oTu 7 5.19 4.92 0.91 0.30
0oTU_11 0.73 | 11.83 | 3.76 0.96
oTu_32 0.66 1.66 0.53 0.12
OoTu 121 0.06 0.52 0.22 0.03
0TuU_143 0.12 0.30 0.08 0.02
OTuU_210 0.02 0.19 0.07 0.03
0OTu 247 0.23 0.12 0.01 0.00
OTuU_367 0.03 0.09 0.03 0.01
OTU_ 586 0.07 0.19 0.05 0.02
OTU 618 0.09 0.17 0.09 0.03
OTuU_752 0.04 0.15 0.06 0.01
OTU _765 0.01 0.01 0.00 0.00
0oTU_1042 0.00 0.01 0.00 0.00
OTU_1268 0.01 0.02 0.00 0.00
OTU 1443 0.02 0.01 0.01 0.00
OTU 1602 0.00 0.00 0.01 0.00
OTU_1860 0.04 0.43 0.18 0.02
0oTU_2018 0.00 0.00 0.00 0.00
OTU_2130 0.02 0.04 0.02 0.01
OTU_11/g_ Vibrio|0.1001(0.5720|0.6242(0.6108

Table 5. All the OTUs from genus Vibrio with their relative abundance in seawater (S0) and biofilm (B1, B2,
B3) samples. In the last row of the table, the relative abund#no@U11 (V. gigantis) was divided by the

sum of the relative abundances of all Vibrio OTUs of the same sample.
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3.2.3. Samples diversities

To obtainadditional information on how the biofilm samplsvelopedcand how they differed from

the seawater sample, diversity indices were calculated. First, a simple measure of phylogenetic
diversity was calculated from constructed cladogra®® §nd is presented iRigure 32 A quick
glanceat Hgure 36 clearly separasthe threeday bpfilm sample B3 from the other samplekich

did not varysubstantiallyn phylogenetic diversity. This sfurther indicationthat thebiofilm became

more specifion third day in terms of theomposition andarietyof thespecies fond in it.

Phylogenetic diversity (PD)
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Figure 39. Phylogenetic diversity calculated from a constructed cladogram for one seawater (S0) and three
biofilm samples (B1, B2, B3). As the number of considered sequences increased, so did the current diversity

value.

This represents thmost fundamental metric f -div@rsity and provides eharacterization of each
samplewithout comparing itto other®t h er , mo rdersitypreasirds are thosdtlescribing
the richness of a sample (Shannon [H]) and the evenness/dominanceaofiphe (Simpson diversity

i ndex [@a&]). The Sheachness of heterogereous sampldas amd takessinto account
boththerelative abundance aridetotal number of species a sampleZ6]. Its values are shown in
Figure 40 Simpson index, othe other hand, is calculated as the sum of squares of relative abundances
in a sample, or by subtracting that value fron26],[asin Figure 4Q thus calculating the dominance

or the evenness respectively. In other words, it describes if there areadbmind more frequent
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species in a sample or if the occurrence among the species is more evenly distributed. It always varies
from O to 1.

Shannon (H) and Simpson (A) diversity index

8f H =749 \=0.982
m S0
H=641 A=0.964 —
. B
H=62 X=0963
" B3 |

H=515 A=10929

mn
H=—Zp.-logzp;- A=1—ZP?
i=1 i

0 20000 20000 80000 80000
sequences per sample

Figure40Shannon (H) and Simpson (&) diversity indice:
with given formulas, wherg is the relative abundance of théhiOTU ande is the number of OTUs in a

sample. Simpson index is not presented graphidaliyonly shown numerically.

As expected, the richness the highest in the seawater sample (7.49), gradually decreased in samples
Bl (6.41) and B2 (6.2) and finally rd@ed a value of 5.15 in sam@8, again confirming that the

biofilm became more spedifias it developed. In contrast to the Simpson index which did not vary
much between the samples, ranging from 0.982 for SO to 0.929 for the B3 sample. However, a clear
trend was observed, showing that species were most evenly distributed in the SO wéitele,
evenness decreased and dominance increased in the B3 sample, suggesting that certain species wet
mor e abundant dliuveesitytmeaswes Wweeercampatilfd. | U

T h edivérsity measurementomparedhe community composition directly between the samples

again separating the B3 sample from the oth#keighted UniFrac valuesere calculatedaking into

account the compositions of the samples botnttatively and qualitativelj66]. The diversitywas

the highestbetween the seawateampleS0O and the biofilm sampleB1-B3 (Figure 41) These
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differences were to be expected, as it cannot be assumed that everything present in the environment
would also be found in the biofilm samplésnong the biofim samplesthe most similarities were
found between B1 and B2 samplesth a diversity measure of 0.141, while B1 and B3 were the least

similar with a diversity measure of 0.2&8idure 4.

0 0.5 1
Beta diversity

Figure 41 Weighted UniFrac distance metric between seawW&@y and biofilm (B1, B2, B3) samples.
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Figure 42 Principal coordinate analysis (PCoA), explaining the variations between seawater and biofilm
samples by representation on two orthogonal axes, firstly on PC1 (92.74%) and then on PC2 (6.73%).
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Theb-diversity was also presented by principal coordinate analysis (PCoA), which is based on finding
the characteristics (eigenvectors) that describe most of the variation between the samples and
presenting them on two orthogonal ax@g[With 92.74% of thelescribed variation on the first axis,

the seawater samp&)was completely separated finahe biofilm samples (Figure 12'he second

axis, summarizing almost all of the remaining variability (6.73%), arranged the biofilm samples in
order where B1 andBsamples were put closer together dadcribed as more related than they

with a B3 sample (Figure 42which wasalso in agreement with Figure 41

3.3. Prediction of metagenome functional potential

While a metagenomic analysis provides insights the overall functional potential of a sample with
certain predictions, our main focus was on genes and molecular functions that are closely linked to
and crucial for biofilm formation. At the hierarchical level of molecular functions (L3), the focus was
on those related to cell motility, quorum sensing and secretion. Genes of particular interest considered
at the L4 hierarchical level were directly related to the network of these specific molecular functions.
In addition, the predicted functional potetof Operational Taxonomic Units (OTUs) was assessed

at different taxonomic levels, with particular emphasis on the genus and species level. The creation of
heatmaps was facilitated by using the relative abundances of OTUs in conjunction with gene
annotaions in their respective genomes. These annotations were determined by a PICRUSt analysis
estimating the contribution of each taxon to the overall functional potential and metabolic pathways
of the biofilm community [30].

3.3.1.Functional capacity at thegenus level
At the genus level, the genera with the highest relative abundances were selected for their genetic, i.e.
functional potential prediction (Table 6). The exact molecular functions are Bacterial motility:

bacterial chemotaxis, bacterial motiliproteins, and flagellar assembly; quorum sensing; biofilm
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S0 Bl B2 B3|S0 Bl B2 B3|S0 Bl B2 B3|S0 Bl B2 B3|S0 Bl B2 B3 |50 Bl B2 B3|50 Bl B2 B3|S0 Bl B2 B3

®Bacterial chemotanxis

®Bacterial motility proteins |

'Flagellar assembly

bQuorum sensing I

€ Biofilm formation - Vibrio cholerae

c
Secretion system

N Two-component system

d DNA repair and recombination proteins
d

DNA replication

d Transporters

Agarivorans | Ascidiaceiha-| Colwellia Loktanella Photobacte- |Pseudoaltero- | Thalassotalea Vibrio
bitans rium monas

2050 oo | 250 | s [T7s0” 0N

Table 6. Molecular function (L3) prediction of selected genera in seawater (S0) and biofilm (B1, B2, B3)
samples. Colour boundaries are arbitrarily set. Denoted by a are molecular funadsahg i@lated to cell
motility, b stands for quorum sensing, c for biofilm formation and secregilated functions, and d for the
essential housekeeping gene functions. C Biofilm formalioVibrio cholerae was selected as the
representative of the genugbrio, assuming that its biofilaelated genes were similar enough to those of the
other genera.

formation and secretierelated functions: Biofilm formatioii Vibrio cholerag secretion system,
two-component system.

The assigned categories are takemfithe KEGG database [31]. The molecular function "Biofilm
formationi Vibrio cholerae" was selected due to the taxonomic proximity between V. gigantis and
V. cholerae, which both belong to the genus Vibrio. Hence, it is plausible that this functioppdils® a

to some extent to V. gigantis, although it is a different species. Furthermore, the selection of essential
functions, such as DNA repair, DNA replication and transporters, reflects the inherent activities of
housekeeping genes and thus justifies ttensistent prediction. In the case of the genus Vibrio, the
broad genetic potential for these functions closely matches their relative abundances, as shown by the
colours of the heatmap (see Table 6). Remarkably, the genus Vibrio shows an increa&ssibexpir

these functions, especially in the B1 sample. This analysis also improves our understanding of the

functional dynamics within the biofilm community.
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3.3.2.Functional capacity at thespeciedevel

An interesting area of research is thaluation of predicted molecular functions at the species level
to elucidate possible variations within the genus Vibrio, with particular emphasis on the genetic
potential for biofilm formation of the bacterium V. gigantis (Table 7).

S0 Bl B2 B3 |50 B1 B2 B3|SO Bl B2 B3|S0 Bl B2 B3|SO Bl B2 B3
®Bacterial chemotaxis
®Bacterial motility proteins

@Flagellar assembly

b .
Quorum sensing

“Biofilm formation - Vibrio cholerae

Secretion system

“Two-com ponent system

dDNA repair and recombination proteins
d

DNA replication

dTransporters

Photobacterium| Pseudoaltero- | Thalassotalea | Vibrio gigantis | Vibrio sp.EJY3
phosphoreum |monas sp.8040| eurytherma

~ 3 [ 10 | 25 | so | 200 [F2507 SGONINENNSRNNNN

Table 7. Molecularfunction (L3) prediction of selected species in seawater (S0) and biofilm (B1, B2, B3)

samples. Colour boundaries are arbitrarily Bétite-colouredvalues are ranging from 0 to 3. Marks a, b, c,
and d stand for the same roles as in the previous heédiviap

In the SO sample, it was moderately involved in all functions, while in the B1 sample, that substantially
increased and decreased on each subsequent day, strongly depending on its relative abundance. Whils
playing a dominant role in certain molecular padlys/ in the SO and B1 samples, it was mainly
replaced by Thalassotalea eurytherma in the B2 and B3 samples. The comparison of V. gigantis with
Vibrio sp. EJY3 also confirms the superior potential of V. gigantis among the species of its genus.

A closer lookat the molecular functions reveals a network of cooperating genes. A direct genetic
potential of selected genes involved in biofilm formation is shown in Table 8 for the same species as
in the previous table. The genome of V. gigantis contains genebdoexpression of aerotaxis
receptors, flagellar proteins, pilus and pilin assembly proteins and the autoinducer luxP, which enable

the processes of chemotaxis, bacterial motility and quorum sensing.
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S0 Bl B2 B3|S0 Bl B2 B3 SO Bl B2 B3 S0 Bl B2 B3|S0 Bl B2 B3

b
2P € aer; aerotaxis receptor

afIaG;ﬂagEIIar protein FlaG

dflal; flagellar rod protein Flal
8 eﬂp: pilA; pilus assembly protein Fip/PilA

f
sluxP; autoinducer 2-binding periplasmic protein LuxP

®EmshA; MSHA pilin protein MshAﬁ

®traF; conjugal transfer pilus assembly protein TraF

hi fusA; GFM; EFG; elongation factor G!

j"g\;rA; DNA gyrase subunit A [EC:5.6.2.2]

Photobacterium| Pseudoaltero- | Thalassotalea | Vibrio gigantis | Vibrio sp.EJY3
phosphoreum |monas sp.8040 | eurytherma

o [ o0os | o1s [ o5 [a

Table 8 Gene activity (L4) prediction of selected sigscin seawater (S0) and biofilm (B1, B2, B3) samples.

Colour boundaries are arbitrarily set. These genes are usually involved in more than one molecular function: a
T bacterial motility, i’ two-component system,icbacterial chemotaxis,idcell motility, ei secretion system,
f 1 quorum sensing, § biofilm formation - Vibrio cholerae, hi translation factors, i mitochondrial

biogenesis, j DNA replication proteins, k DNA repair and recombination proteins.
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In summary, the observed dynamic inkeihent ofVibrio gigantisin functional processes within the
biofilm community is closely related to its relative abundance in different samplas.
comprehensive analysis improves our understanding of the genetic basis that contributes to the
biofilm-forming abilities ofV. gigantisin the studied environment.

Not only didV. gigantisshow a promising adhesion propensity in preliminary experiments and was
extremely abundant in biofilm samples, especially on the first day of biofilm, but it was also found to
possess the crucial genes for quorum sensing and biofilm formation and ceguéitihis made this

species a perfect model for the following experiments on adhesion dynamics and colony development.
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3.4. Adhesion dynamics in a bioreactor

In order to monitor and quantify bacterial adhesion dynamics and aggregate foruomadien
controlled conditionsat the chosen time pointa newly designedand easilyimplementable
experiment in a bioreactavas developedWith the idea of imitating a natural environmeriere
were no motion restrictiorendit was performed in a largslume.V. gigantiswasfinally chos& as

a model bacterial organismwhose adhesion was quantifiett a glass substrates the substrate
coverage percentage

Before measuring the adhesion dynamicsvofgigantisin a bioreactor, its growth kinetics was
determined Figure 43 to find out how the concentratiai bacteria in the mediurthanges as the
experiment evolves. During the first 3 and a half hours, which fully covered the length of the
experiment, the curweas strictly exponential. After around 22 hours the majority of bacteria started
settling down, as the concentration of the nutrients decreeaesing eithedeathor a reduction of

swimmingwhile adjusting to undesirable conditions

Vibrio gigantis growth kinetics
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Figure 43 The gravth kinetics of V. gigantis. The measurements of the absorbance values of a sample and a

blank probe were carried out in triplicate.

3.4.1. Adhesion quantification
The bioreactor used for the adhesion quantificatioW.ajigantisis a newly designed, simple, and
low-cost setup, offering its practical and offshore application. For this experiment, the critical

parameter to adjust was the duration of the entire experiment. According to the growth Khgpiies (
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43), it was decidedo proceed with two experiment durations. The shorter experiment &nkeep

the bacteria at a constant concentration, i.e. in the lag @rabthereforéasted one hour. The longer
experimentasted three hours, allowing the bacteria to enter the @gronential phasén the shorter
experimentthe slidesvere removed after 1, 3, 5, 10, 20, 30, 45, and 60 miriRésoving the slides

so frequentlycould affect and dtsirb the preadhesion dynamics, while reducing the number of slides
would take awg the time points, which would question the meaning of the experiment. The time
points of slide removal in the longer experiment were more distant, at 10, 20, 30, 45, 60, 90, 120, and
180 minutes.In this way, a possible interference and-pdhesion dynaros perturbation was
minimizedand the adhesion over a longer period was allowed. On the other hand, the lattteria
longer experimenteached the exponentigtlowth phase and the concentration was not relatively
constant as in the shortexperiment

After the experiments were conducted, the images were taken with a 10x magnification objective. A
random image at 100x magnification is shown (Figideto presenV. gigantisin a better resolution,
showing thait is a commashaped speciasharacterist for Vibrio genus with its length of around

2.5 Om and wi dThisalsmshowedhow theredlimhge Ooked befe it was subjected

to calculation later on. Also, most of the bacteria were caught at a certain stage of division, making

themlook more elongatethan they are, or even two individuals can be distinguished.
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Figure 44. A random imagef V. gigantis taken with 100x magnification objective, befdihe calculation.
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Figure 45. V. gigantisadhesion on a microscopic slide at iraded extraction times. The images were taken
by a 10x magnification objective. The red scale bar in the bottom right dodieates5 0 & m. For b

visibility, only a quarter of a real image is shown.
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