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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 [1]. They naturally consist of a larger number of species, but can also develop
from a single species [2,3]. Specifically, marine bacterial biofilms are a common phenomenon that
occurs below sea level on almost any immersed surface, even artificial ones [4-6]. Right from the
moment the surface is immersed, the biofilm is rapidly formed and evolves [7] since it is an important
survival mechanism of marine bacteria [5]. This life state is preferable for many bacteria as it offers
many advantages, such as protection from harmful conditions and predators, utilization of community
cooperation, nutrient exploitation, better response to toxins and antibiotics, etc. [5,8,9]. At the
beginning, the individual bacterial cells attach to the surface (adhere) and form monolayers. As they
divide and more bacteria adhere, multilayers develop, consisting of clusters of cells [10]. The
multilayer biofilm consists not only of bacterial cells but also of an extracellular polymer matrix
secreted by the bacteria [1,10,11], which is essential for biofilm development. This phase of biofilm
serves as the initial phase for more complex communities, consisting of algae, bivalves, barnacles,
and larvae as well [6,11,12]. A simple timeline of biofilm evolution, from individual bacteria and

bacterial clusters and colonies to a more diverse latter phase, is shown in Figure 1 [13].
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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 environment [13].



As stated in Figure 1, the first half of the timeline describes the stages common to all biofilms and
involves only bacterial species, while the rest of it is typical only for the aquatic environment. The
stages at which only the bacteria are present are the focus of this dissertation. Moreover, marine
bacteria are chosen as a primary target for numerous reasons.

The development of marine bacterial biofilms. often called biofouling, causes various struggles
[12,14,15]. Growing on the vessel hulls (Figure 2A [14]) and increasing vessel resistance and fuel
consumption, biofouling presents a major economic issue in maritime traffic but is also a damaging
factor causing biocorrosion (Figure 2B [15]). Very often non-indigenous species are transferred by
vessels due to interacting and adhering to developed biofilm, creating ecological issues as well. All
these problems are initiated exactly by marine bacteria, as the initial phase of biofilm formation,

making them a tempting research subject.

Figure 2. A) Vessel hull fouling [14] B) Biocorrosion [15].

To deal with the mentioned issues, 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 biological [16] or physicochemical [17] approach, just as
there is no fully effective method without reporting the toxic effects and consequences for the
environment [14,15]. On the other hand, apart from developing antifouling strategies, a closer look at
the adhesion process as the initial stage 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. Scientific 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 scanning electron microscopy) and numerous biochemical
analyses are used. Furthermore, for the composition and functional potential of biofilm communities,
the next-generation sequencing (NGS) and phylogenetic investigation of communities by
reconstruction of unobserved states (PICRUSt) are applied. The NGS could be considered a revolution
in the field of genomics [18-20], 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 substrate to different time intervals [21-
24]. Some of the globally most abundant bacteria in seawater and at the phylum level are shown to be
Proteobacteria, Cyanobacteria, Bacteroidetes, and others [24,25]. This 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 [26-29]. 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
units), assigning taxonomic labels to these clusters, quantifying the abundance of each taxon, and
presenting the results in a taxonomic profile or abundance table. It is often combined with the
PICRUSt algorithm [30,31], a bioinformatics software package for predicting the functional content
or potential of microbial communities based on their taxonomic composition, which is usually derived
from marker genes such as the 16S rRNA gene. It is based on the assumption that the functional
potential of the community is related to the genetic content of the present microorganisms. PICRUSt
uses the KEGG database (Kyoto Encyclopedia of Genes and Genomes) [32] to link the predicted
composition of microbial communities to functional capabilities and to estimate the frequency of
functional pathways based on taxonomic information obtained from 16S rRNA gene sequences.

Opposed to the natural sea-developed biofilm, the biofilm can be developed and studied in controlled
laboratory conditions. The bacteria are provided with the necessary nutrients and the conditions under
which they can divide and form complex communities. The advantage of laboratory research is that
it enables the direct investigation of specific features and characteristics of the biofilm, the observation

of the development of colonies or the adhesion process itself.



The adhesion process is usually studied on a single bacterium interacting with the substrate, or on a
population of bacteria observed as individuals. From the individual bacterial trajectories, a mean
squared displacement (MSD) was calculated, characterising their motion type as adhering, diffusing,
and swimming (Figure 3A), according to the exponent on the t time interval that was adjusted to
match the calculated MSD [33]. The number of bacteria was also counted for each type of motion,
both in wild-type and flagellum-mutant bacteria [33]. While directly interacting with the substrate,
bacterial near-surface motility mechanisms using flagella and pili were examined [34] (Figure 3B)
and characterized as crawling, walking, twitching, and pivoting [33-36]. The rheotaxis and orientation

dynamics were also described as a function of the applied shear rate [37] (Figure 3C).
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Figure 3. A) Calculated MSD as a function of 7 time interval. The k; coefficient was set to match the MSD

and characterise the stated types of motion [33] B) Near-surface motility: crawling trajectories [34] C) flow

and wall effects on rheotaxis and orientation dynamics [37].

Moreover, bacteria can be observed as a whole community of a certain species, focusing on the
development of aggregates, colonies, and biofilm. Bacterial surface attachment and surface
physicochemical state were monitored on colloidal bead suspension [38]. Also, the biofilm

4



development and maturation process after adhesion were observed in a longer time interval for wild-
type and aggregation-inducing polysaccharide mutant bacteria [3] (Figure 4A), as well as the early
phase formation on stainless steel [39]. Furthermore, a reported 3D structure biofilm evolution
revealed its characteristics, growth dynamics, and colony merging [13,40], but also the effect of
biofilm reduction with the use of antimicrobial peptides [41]. With the description of biofilm
formation mechanisms [42], its development was also simulated, predicting the growth behaviour
from different initial aggregate arrangements, and compared to real growth [43,44]. After the
maturation of biofilm, erosion or dispersion occurs as a result of unfavourable conditions and

environmental changes, during which the bacteria leave as single cells [45] (Figure 4B).
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Figure 4. A) 3D biofilm structures of wild-type and vps-l mutant Vibrio cholerae, tagged with green

fluorescent protein [3]. The red scale bar indicates 50 pm. B) Modes of escape from a developed biofilm [45].
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Dispersion is driven by quorum sensing [3,46], a crucial bacterial cell-to-cell communication and
collective behaviour mechanism that is guided by secreted signal molecules and receptors and shown
to affect both the process of biofilm formation and its regulation [47-49]. It acts as a response to
mainly oxygen and nutrient depletion, as well as flow disruption [45]. The final phase of the biofilm
has been studied with dispersal initiated by the interruption of nutrient flow [50] or explained by
quorum sensing regulatory networks [46]. Also, it was shown that the development of a biofilm can
be prevented by quorum quenching [51]. 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 reported [52], 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 heights [53]. Very rarely the bacterial model was not Escherichia coli or Pseudomonas
aeruginosa, which became the standard species for bacterial biofilm research. The primary and
irreversible adhesion, biofilm maturation, and both interaction and genetic regulatory mechanisms,
including quorum sensing, were extensively described for Escherichia coli [54], as well as its strongly
suppressed chemotactic drift at higher cell densities [55].

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

into species interactions, cohabitation, and competition for resources [56] (Figure 5).
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Figure 5. A schematic view of millifluidic channel together with surface-dwelling characteristics of two

different species, both at the bottom and the top, measured as confocal fluorescence intensities [56].



Apart from the experimental background, the bacterial motion and the conditions that the bacteria are
found under during experiments can be described theoretically.

Talking about diffusion, the Stokes-Einstein equation describes the diffusion of spherical particles

with radius r, with relation D = :;UTT where n is the dynamic viscosity of water at 20°C

(0.001 kgm~1s~1). If this is applied on 1 to 2-micron-sized bacteria with an approximation of a
spherical particle, that would result in a diffusion constant D = 0.215 pm?s~1. The mean squared
displacement of a particle (MSD), which is (|x(t) — x(0)|?) = %Z?’ﬂlxi(r) — x;(0)|? averaged by
N particles can be calculated from diffusion constant as MSD = 2nDt, where 7 is the observing time
interval and n is the number of dimensions. For 7 = 1s and 2D motion, MSD equals 0.86um?,
describing the covered area of spontaneous diffusion of a random particle. On the other hand, the
bacteria with a willing and directed motion perform ballistic steps from which an average speed and
crossed length can be calculated. The average speed reaches from 40 to 80ums~! due to their

flagellum [57]. This speed exceeds by far a spontaneous diffusion motion (Figure 6A).
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motion. B) Rectangular microfluidic channel defined by the width w, height h, and length I, with specified
axes. A bacterium adhered at the surface is shown with drag and lift forces that act upon it. C) A schematic

representation of the shear rate of ambient flow G.



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 defined by the width w, height h, and length [ as in Figure
6B, experience shear stress as a result of shear forces, and resist the drag F, and lift force F;.

In the case of h < w, if the middle height is set to zero and it ranges from —h/2 to +h/2, velocity as

a function of height could be written as v(z) = V4, (1 — ‘f—;) [58], where the maximum velocity is

achieved at the middle height (z = 0). The volume flow @ is then defined as Q = v - h - w, where ©

Is the average velocity across the length direction. The average velocity equals two thirds of its

maximum value v = gvmax [58], transforming the velocity as a function of height into
v(z) = %17 (1 - %2) = % (1 - %) Deriving this velocity by the height results in the shear rate of
the ambient flow G (Figure 6C), which describes the flow field, the change of velocity with height.

_129, z, where for the z = _h at the surface it becomes G = 2. The shear
h3w 2 h2w

Therefore, v _ G
dz

Reynolds number is defined as Re; = 'GlTLd [59], where L is the height at which it is calculated and d

is the diameter of a spherical-like particle (bacterium), while v is the kinematic viscosity of water
(107%m?2s~1 at 20°C). Since the drag and lift forces for the fluid density p are defined as
Fp = Cpsngszd2 and F, = CLSngZLZd2 [59], where drag shear coefficient and lift shear

40.81

coefficient are calculated as Cps = —— (1 + 0.1Re;""*%) and C;s = 308

—2)0_22 [59], the drag and

(Res®+0.1
lift forces could be estimated. For the approximate volume flow of 20ul/min, 120 um channel height
and 2mm channel width (conditions used in this dissertation), the shear rate of the ambient flow would

be G = 69.6 s~ 1. Furthermore, if the shear Reynolds number is calculated at the height of the half
bacterium diameter (L = g), for the bacterium diameter of 1um and at 20°C of the water medium, it

would be Re, = 34.8-107°. Thus, for the Cp, = 1.17 - 10° and C,; = 5.95, the bacterium at the
bottom would feel the drag force of Fp, =5.6-10"'3N and negligible lift force of only
F, =7-1071N. In case of decreasing the channel height n times, the drag force would increase
roughly n? times and vice versa, hence it is inversely proportional to the square of channel height,
Fp o< h™2. Also, if the bacteria grew in time and from one individual a colony evolved, the observed

particle would increase its diameter and the height at which the drag force was calculated. The drag



force is directly proportional to the square of the particle diameter, F, o< d?. In the end, it is directly
proportional to the flux change, Fp «< Q.

These forces are caused by the fluid motion i.e. its velocity that varies along the yz plane for a fixed
x position. Calculation of the velocity field v(y, z) (Figure 7A) [53] along the width of the channel
w(y) as in Figure 6B reveals that the bacteria at the same height z will feel different shear stress
across the width, as a result of velocity variation v(y). Furthermore, for a steady flow of
incompressible fluid, the shear stress was modelled across the 1 mm-wide channel for different
channel heights (Figure 7B) [53].
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Figure 7. A) Velocity field calculation for a steady viscous flow of an incompressible fluid in a rectangular
channel [53]. B) Bottom shear stress variation across the channel width as a result of velocity field v(y, z),

given for 5 rectangular 1mm-wide channels, ranging in height from 250 um (red) to 1000 um (dark blue), under
a flow rate of 1 ml/h [53].

Using this formula from Figure 7A, the velocity field can be calculated for any type of rectangular
channel. For instance, a 1.8 mm-wide and 120 pm-high channel (conditions used in this dissertation)
at a fixed height of 60um (half of the height) would have a velocity profile as in Figure 8A (blue
dots), with velocity reaching the maximum value at around 200 um of width and being constant until
1600 pm of width is reached. The profile is symmetrical regarding the middle width (900 um). On
the other hand, at the lower height of z = 10um, the highest reached velocity is only at around 31%
of the maximum velocity in the channel (Figure 8A, orange dots), confirming that the velocities
decrease while approaching the boundary, both in the y and z direction. Observing the bacteria that

are adhered on the surface, their height would be around 1 um, hence the velocity field at this height
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Figure 8. A) Velocity field at a fixed x position and at the heights of z = 60pm and z = 10um, in a 1.8 mm-
wide and 120 um-high channel. B) Velocity field at the height of z = 1um, at which the bacteria is situated
while adhered at the surface.

is particularly interesting and shown in Figure 8B. The presented width ranges only to 150 um, since
from that point on, the velocity becomes constant. Again, the profile is symmetrical and identical
variation is found on the other side. The maximum velocity value that is reached at this height is only
around 3% of the maximum velocity of the whole channel, making it noticeably lower. Also, the
bacteria that adhere in the region of 50 pm from the boundary feel even smaller shear stress (Figure
8B).

Talking about bacterial interaction, quorum sensing is a crucial cell-to-cell communication, enabling
collective behaviour driven by secreted signal molecules. Since it affects biofilm formation and
regulation [47-49], but also dispersion [3,46], it is necessary to estimate the MSD of these signal
molecules. Autoinducer-2 (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 atoms, 7 - 10~ 1%m. Stokes-Einstein

kgT
6nnr

~ 6-10"1%n?%s~1, For t = 1s and 1-dimensional

equation for T = 293K then gives D =

diffusion (z), mean squared displacement MSD = 2Dt = 1200pm? and mean displacement is around

35 um. Also, for the volume flow of 20ul/min, 120 um channel height and 2mm channel width

(conditions used in this dissertation), the average velocity is v = 2 = 1.4mms~'and Vimax =
h-w

v

N W

2100ums~1. The bacteria at the bottom experience only around 3% of the maximum velocity, v ~

60pms~1, making the diffusion of Al-2 molecule somewhat “quicker” than the ambient flow at the
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bottom of such a channel since the average displacement in the z direction should be ~ 35um after 1
second. For T = 0.1s, the bottom velocity would be ~ 6ums~1 and the MSD of 120um? with a mean
displacement of 11 pm. On the other hand, the time needed for the same molecule to diffuse to half
of the height (60um) is 3 seconds, after which it could be said that Al-2 molecules cover all the heights

in the channel. In the same time interval, the medium passes around 180 um at the bottom and 6000
um at the middle (g,g), in the 10 cm long channel. Therefore, it is questionable if the Al-2 molecule

could reach the neighbouring bacteria before diffusing to the bulk, but it could reach them afterwards
since all heights should be covered while it 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 used non-pathogenic autochthonous marine bacterium
model species for adhesion dynamics and colony and biofilm evolution research. Moreover, the
quantification of adhesion as a substrate coverage, and colony evolution is rarely presented. A
particularly interesting dispersion phenomenon of colonies and biofilm, which has some reported
causes [10,60-62], remained unclear and unquantified regarding its time dependence and dependence
on the position in the channel, as well as the substrate coverage at which it is triggered.

The aim of this dissertation is the identification of a representative primary biofilm-forming model
species from Kastela Bay: its (I) isolation and (II) cultivation in laboratory conditions, (I11)
guantitative determination of its potential regarding the adhesion mechanics and genetic potential,
(IV) quantification of its adhesion/desorption dynamics, (V) identification of main events of this
dynamics on the single cell level and (V1) identification of the collective effects in different stages of
adhesion/dispersion dynamics. To achieve this, the following goals were set and accomplished.

To begin with, the first goal was to extract, isolate, cultivate, and identify autochthonous marine
bacterial species from the sea that participate in the early stages of biofilm formation. To distinguish
which of the isolated species was the best choice for model species in studying the adhesion dynamics,
preliminary adhesion tendency measurements were performed. Also, the NGS analysis was carried

out to acquire the relative abundances of all marine bacterial species that were found in early-formed
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biofilm, as well as their representations in various phases of complex biofilm samples, thus confirming
the importance of their presence. To further confirm the choice of a suitable model bacterial species,
genes critical for bacterial adhesion, quorum sensing and cell motility in the species of interest were
predicted using the PICRUSt method.

In general, successful bacterial adhesion is an elementary step for often harmful and undesirable
biofilm development in seawater and other environments. Each pathogenic action also occurs after
adhesion and colonisation. To better describe the rate and characteristics of adhesion for a chosen
bacterial model, another goal was to design and produce a bio-reactor that could enable the
quantification of adhesion dynamics on the solid substrate and monitor the distribution of their
aggregates of different sizes. This was achieved by measuring the surface of the covered substrate at
the chosen time points. Achieving this led to the question of real-time bacterial adhesion dynamics.
With the aim of calculating it, the adhesion dynamics was measured first in large volume (in bulk
conditions) of around 5 ml, with no height restriction, where the bacteria could swim freely and not
interact with the ceiling, possibly being forced to adhere. For this, a barrel-like container with different
flow rates of medium mixing was predicted. Compared with the adhesion in a microfluidic device
with a constant flow of the medium, which was a confined space where the height was restricted, the
optimal experimental setup for the following research was to be decided, as well as finding the
parameters that could drive their behaviour.

Changing the focus from the adhesion of individual bacteria from the medium and their collective
behaviour, the next goal was to comprehend how colonies evolve in time. The idea was to conduct
the experiment for measurement of colony sizes (surfaces), from the starting individual cell until the
evolved colony dispersion, and also compare it with standard growth models. Here, an inevitable
bacterial division could be controlled better and the essential supplies ensured easier. Additionally,
whether the colonies were affected by the change in the initial concentration of bacteria set on the
substrate was to be checked and the critical parameters confirmed. Also, the question to be answered
was whether and how the 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 positions in the channel, but also to quantify collective

dispersion phenomenon, and offer an explanation for its triggering mechanisms.
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The hypothesis of this dissertation: A marine bacterium can be isolated from early-phase formed
biofilm from Kastela Bay and serve as a convenient and versatile model for quantitative investigation
of adhesion dynamics and pioneer biofilm formation, as well as potential prevention strategies. The
regulation of the early stages of biofilm includes collective phenomena guided by interactions between

cells.
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2. Materials and methods

2.1. Choosing the bacterial model species

2.1.1. Isolation and identification of biofilm-forming species

To isolate the biofilm-forming 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 sterile scalpel. The Styrofoam carrier was also cleaned the same way
and placed on the 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 Fisheries in Split, Croatia
(43°3028.8"N, 16°23'18.1"E). The slides were exposed to the marine environment for three days to
ensure that there was sufficient biodiversity in the biofilm, but also that the biofilm did not develop
too much from the early phase, which was the aim. After three days, the biofilm formed on three slides
was scraped and diluted with 300 ml of sterile distilled water. An aliquot of 100 pl and its dilutions
of 1:2, 1:10, 1:20, and 1:100 were spread on Marine agar plates. Marine agar was prepared from 37.4
g/L of Marine broth (BD Difco, USA), to which 15 g/L of 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 then randomly 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 them taxonomically, their genomic DNA was extracted using
the NucleoSpin Microbial DNA Kit (Macherey-Nagel, 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 -TACGGYTACCTTGTTACGACT-3)
under standard PCR conditions [63], and subjected to Sanger sequencing of both strands in Macrogen
Europe service (Amsterdam, Netherlands). The obtained sequences were then compared with those
available in the GenBank database using the BLAST software (http://www.ncbi.nlm.nih.gov/). All

isolates were stored in glycerol-containing stocks at -80 °C.
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2.1.2. Preliminary adhesion tendency tests

The isolated species were identified taxonomically and showed to participate in the early phase of
biofilm formation. To verify whether these species actually have adhesion 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 transferred into 5 ml of Marine broth
for each species separately, around 20 hours-old overnight culture was directly inserted into a simple
transparent microchannel as in Figure 9A. A microscopic coverslip was used as a substrate, and a
hollowed two-sided sticking tape as the frame, ensuring the height. Above the frame, a transparent
thin plastic with an “in” and “out” hole was placed. The medium was left in stationary conditions
without any flux or medium exchange. The microchannel was placed onto a stage of the PicoTwist
apparatus (Figure 9B), which was used as an inverted microscope. The bottom (substrate) of the
microchannel was monitored and filmed with a uEye camera (IDS, Germany). The adhesion process
was quantified as a percentage of substrate surface coverage in time and calculated in the FIJI image
processing package [64]. The results of this preliminary experiment were used, together with the
results of the following methodology sections 2.2. and 2.3. to decide which isolated biofilm-forming

monoculture has the potential to serve as model species for future experiments and will be used.
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Figure 9. A) 30 um high microchannel with an insertion and ejection hole. B) PicoTwist apparatus, used simply

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

2.2.1. DNA isolation and preparation of samples

To collect the samples for NGS, a similar procedure was used as in section 2.1.1. but this time a larger
number of microscopic slides was used to ensure that sufficient biofilm and its amount of DNA was
collected. Based on the estimate of how much DNA can be collected on a single slide, it was decided
to use exactly one hundred and ten glass slides to achieve the required amount of DNA for each
sample. Both 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
carrier was placed at the same location (Institute of Oceanography and Fisheries in Split, Croatia
(43°30'28.8"N, 16°23'18.1"E)), so that the slides (substrates) were immersed beneath the sea level
(Figure 10). The experiment was conducted in the late November of 2019, at a sea temperature of
(18£1) °C. At the moment of immersion, 1200 ml of seawater was collected below the surface and
immediately filtered through 0.22 um pore-size MCE membrane filters (Whatman, UK) to obtain the
first sample SO. This sample was taken mainly to show which species were present in the environment
at the beginning of the experiment and in what abundance, but also to distinguish the species present
in the biofilm from the others which presumably do not adhere at all and are only present in 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 the formed 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 samples (B1-B3) contained DNA from organisms involved in
the early phase of biofilm formation at different time points, thus giving an insight into which species
were present in which abundance during these phases, but also on development and evolution of the
biofilm. To extract genomic DNA from the seawater and biofilm samples, the DNeasy PowerWater
Kit (Qiagen, Germany) was used. Samples B1, B2, and B3 consisted of DNA taken from N individual
slides that were pooled together. This generated a unique one-value result for each different
operational taxonomic unit (OTU) found in separate biofilm samples B1, B2, and B3, acquired from

a larger number of individual and independent slides representing a biofilm sample (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 and biofilm were sent for analysis, the DNA concentration
and quality were analysed using a NanoDrop® Spectrophotometer 1000 (Thermo Scientific, USA).
The samples were then sent to Novogene Europe (Cambridge, UK) for NGS sequencing of the
microbial 16S rRNA gene, using custom V3-V4 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 1.7.0, http://giime.org/scripts/split_libraries_fastg.html [65]. 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 from the SILVA database [66] 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 taxa-based relative abundance distribution among the
samples. The relative 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 EMBL-EBI under project accession number
PRJEB48750 as follows: SAMEA10944843 (sample S0), SAMEA10944844 (sample B1),
SAMEA10944845 (sample B2), SAMEA10944846 (sample B3).

2.2.3. NGS analysis and a- and p-diversity calculation

The main objective of the NGS analysis was to observe the NGS 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 these 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 formation and how frequently they occur at different
stages of biofilm formation, also knowing that they are cultivable. Additionally, what can be
calculated from the relative abundances and examined in terms of relevant species are diversities in a
sample or among the samples. The a-diversity describes the diversity of a single sample and its
characteristics, such as richness and evenness, were calculated from the relative abundances of each
OTU in a sample (p;) for n OTUs. Shannon diversity index (H) describing richness and Simpson

diversity index (1) describing evenness were calculated as in [27]:

n
H=—Zpi'logz(pi) /1=1—2pi2
i=1 i

B-diversity, on the other hand, describes the diversities among any of two samples based on a
phylogenetic tree generated for those samples, the lengths of branches in the tree, and the abundance
of species in the branch (weighted value). For the length of the i-th branch b; among n branches, the
numbers of sequences descending from the i-th branch in samples A (4;) and B (B;), and the total
number of sequences in samples A (Ar) and B (By), the weighted UniFrac value for B-diversity is
calculated as in [67]:

A;
Ar

B;
B

n
u=Zbl--
i

Furthermore, the principle coordinate analysis (PCoA) was carried out [67,68]. 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 are 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 are crucial 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 abundances of the 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 itis also assigned to specific OTUs that could potentially exhibit the functions of interest
as a result of their gene expression, if they possess these genes. A simple workflow of this algorithm

is presented in Figure 11.
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Figure 11. A simple workflow of the PICRUSt algorithm [69]. A Taxonomically identified microbial
community (taxonomic profile) with its genetic potential (functional profile). B Functional profile represented

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

During the analysis, PICRUSt normalizes the relative abundance of operational 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 number. 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 compared
to see if they contain the genes relevant for biofilm formation. Therefore, the genes involved 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 the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO)
genomic database [32]. 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, the following 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 [32], using the PICRUSt v2.3.0 software package [31]. This generated the
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 OTUs into account. In order to convert the
representation of data from the OTU/KO view to the taxa/function view, the following actions were
taken. OTU-to-taxa lookup table was used to form a table that relates taxons of chosen taxonomic
levels to different OTUs. From 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 molecular functions (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 tables were created.

2.4. Adhesion dynamics in a bioreactor

For the following experiments, Vibrio gigantis was chosen as a model bacterial organism among the
isolated species from a formed marine biofilm. A newly-designed experiment in a bioreactor was set
to monitor bacterial adhesion and aggregate formation on a glass substrate and at the chosen time
points, during a one-hour and three-hour time interval. From this point on, the Marine Broth (MB)
medium used in the experiments (BD Difco) was filtered through a sterile 0.45 um pore-size syringe
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 viable plate counts of V. gigantis were determined at O D¢, 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 initial concentration
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 density of 5 - 10° CFU/ml
by diluting it appropriately. The growth dynamics of V. gigantis was then analysed over 24 hours at
28°C. Triplicate absorbance values of a sample and a blank probe were measured at a wavelength of
600 nm using a Synergy HTX multi-mode reader (BioTek, USA).

2.4.2. Bioreactor experiment setup

To quantify the adhesion dynamics at chosen time points, the percentage of substrate surface covered
with V. gigantis was calculated. Eight clean microscopic slides used as a substrate were cleaned three
times with 70% ethanol and kimwipes and inserted into the Styrofoam gaps made with a sterile scalpel
(Figure 12A). 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 volume glass
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 approximately 3-4 rps, to prevent the settling of bacteria.
A filtered MB overnight culture of V. 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
were partially immersed into the broth (Figure 12B), 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 and gently 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. This in the only experiment
configuration where carbol fuchsin was used. 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
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Figure 12. A) Styrofoam carrier with 8 microscopic slides used as substrates. B) A simple schematic view of
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&

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

slides were taken out at different time points, in clockwise order and were processed identically. After
all the slides were processed, they were ready for imaging. The experiment was repeated three times.

2.4.3. Image analysis

After the slides with the attached bacteria were collected and processed, each slide was examined on
an upright microscope in brightfield microscopy mode (Zeiss Axio-imager M1 microscope) with a
high-resolution camera (Carl Zeiss Axio-Cam MR Rev3) using Axio Vision Rel. 4.7 software (Zeiss,
Austria). To ensure a justified surface analysis, the identical regions of interest were examined for
each slide (Figure 13). During the first measurements, the images were taken with a 40x magnification
objective, but when compared with the images from a 10x magnification objective, the results were
almost identical, so the latter was used further on, allowing more surface area to be analysed. After
obtaining 10 images for each region of interest (Figure 13), 30 images for each slide were selected as
the representative ones and processed in ImageJ software [70]. A total of 240 images were imported
and subjected to a threshold procedure, identical for each image. After the binarized images were
obtained that way (Figure 14), the “analyze particles” option was performed. This resulted in a
calculated percentage of the covered surface for each image, which was taken as a measure of the

adhesion rate. The average percentage of the 30 representative images was taken for each slide or time

22



point. Furthermore, the aggregate size distribution was also analysed, as the average number of
various-size aggregates in time, by 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
o
—

Figure 13. A slide was partially immersed into the bacterial sample (medium). Three examined regions of
interest are shown (10 images for each region), resulting 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 noticed. The slide dimensions were 75x25 mm.

Figure 14. An example of two random fragments of images at the earlier (upper, coverage percentage 3.8%)
and later phase (lower, coverage percentage 11.7%) of the experiment after binarization. High contrast was

achieved using the carbol fuchsin, enhancing the visualization of bacteria. The red scale bar represents 100 pm.
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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 biofilm-forming 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 a
microscope to qualitatively describe the condition and characteristics of a developed biofilm. The
presence of differently-shaped bacterial cells was noted (Figure 30ABC), but also more complex
communities, probably consisting of several species (Figure 30BC), and diatoms as representatives of
eukaryotic cells (Figure 30AC). A variety of bacterial species involved in the early phase of biofilm
development was found, as well as species participating in the latter phases, when more complex

structures were formed.

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 a dilution that had approximately 30 well-isolated
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 isolation of 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 cultures at the optimal conditions. The plates had a diameter of 10 cm.

ensured that there 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 the 16S rRNA paired-end sequencing (Table 1A). Most species were
taxonomically identified as the species from genera Vibrio and Pseudoalteromonas. The 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 isolate number 1 was confirmed as Vibrio gigantis, which
was of particular interest due to its high adhesion tendency (see next subsection). The sequencing was

repeated twice for the isolate number 1 (Table 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 12056 127 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 paired-end 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 16S rRNA 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, also with a large amplified fragment and a high percentage of concordance.

To this point, 16 pioneer biofilm-forming and cultivable isolates were selected, among which the

majority were taxonomically identified to a species or genus level.

3.1.2. Preliminary adhesion tendency tests

Each of the bacterial isolates was tested individually for its adhesion tendency by placing 20-hour-old
bacterial overnight culture in a simply designed microchannel with a microscopic coverslip as a

substrate. The idea was to check whether and at which rate a certain species adhered in the

47



microchannel without a flow, which was expected since they were found in the biofilm 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 adhering V. gigantis bacteria at the initial (A) and the
latter phase (B), after around 20 minutes.
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Figure 34. Percentage of covered surface as a measure of adhesion of V. gigantis.
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Adhesion was measured as the percentage of substrate covered by bacteria and its evolution over a
20-minute period is shown in Figure 34.

Other isolates were also tested, but the progress of their adhesion as an essential and obligatory feature
was not as rapid and effective as in V. gigantis, making them less desirable as biofilm-forming model
species. Since V. gigantis was one of the few isolates that 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
results of the following two sections were in favour of doing so.

The transition from a free-swimming to a surface-attached state of V. gigantis was recorded (Pre-
video in the Appendix). Together with a high motion activity and fast swimming, its surface motility
modes such as twitching, crawling, pivoting, rotating, and detachment after division were seen (Pre-
video), all being standard bacterial behaviour in the early stages of surface adhesion [34-36]. The
swimming individuals were recorded moving at the rate of 50 to even 120 ums ™1 in accordance with

what was reported [57].

3.2. NGS (Next generation sequencing) analysis

3.2.1. Sequencing depth

The DNA material from the biofilm samples was collected as described in the “Methods” section
(Figure 35), as was that from the seawater sample. After the sequences were obtained, quality-filtered,
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 measured how the
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 sequenced
deep enough and all the relevant OTUs were found (Figure 35). Increasing the number of the
remaining examined sequences would produce only a few more unique OTUs (those with only one
sequence found). The number of species observed was the highest in the seawater sample, indicating
a higher diversity of species. It decreased with the development of the biofilm, especially on the third

day of the biofilm, when certain species were found more frequently and were predominant.
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Figure 35. Genomic DNA extracted from biofilm samples reached rarefaction saturation, as shown by the
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 inaccuracies or, more importantly,
to the incomplete annotation of all marine species genomes, leading to the recognition of new and
unique species. As a result, certain sequences could not be associated with certain OTUs at the species
level with certainty and were instead 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 to OTUs at the
genus level indicates possible limitations in the current SILVA database, although it is regularly
updated [66]. After genus-level OTUs, species-level OTUs were the most frequent in all samples,
followed by a comparable frequency of family-level 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 represents a total number of sequences in samples, which is 82480, 98700, 91526, 97982 in
order of appearance.

3.2.2. Relative abundances analysis
After each read sequence was grouped into OTUs, relative abundances for each OTU could easily be
calculated by dividing the absolute count of read sequences of any OTU in the sample by the total
number of read sequences of the same sample, thus describing the composition of biofilm 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 relative abundances (Table 2). The relative
abundance of V. gigantis in biofilm samples confirmed its adhesion effectiveness to the immersed
surface. From the calculated relative abundance of only 0.73% in the seawater sample, it grew to a
huge 11.83% in the first-day sample of the biofilm, meaning that more than every tenth read sequence
came from the V. gigantis species. In the following samples (2-day and 3-day 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 over by some other
species during the following days, such as Gamma proteobacterium_UDC305 (10.59% in B2 and
19.75% in B3), Thalassotalea eurytherma (6.53% in B2, 8.19% in B3), and Bacterium_RFB_D08
(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 abundances of most frequent species in seawater (S0) and biofilm (B1, B2, B3) samples.

There are two possible explanations for the decrease in the relative abundance of V. gigantis. The first
one is that after active adhering during the early phase of biofilm formation on the first day, it simply
began leaving the biofilm during the following days. The other possibility was that its absolute
abundance (real number) remained unchanged, while the absolute abundances of other species or
genera increased substantially, causing its relative abundance to decrease. Since V. gigantis had the
highest relative abundance among all species in the initial phase of biofilm evolution (Figure 37), it is

definitely a very desirable model species for the study of adhesion dynamics.
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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 is Dinophysis acuminata, a eukaryotic planktonic species, which was much more
abundant in the seawater sample with a relative abundance of 4%, while its relative abundance in the
biofilm samples fell far below 0.1%, probably due to insufficient development of the biofilm at that
time, as more complex organisms attach later. Taking a look at the genus taxonomic level, the Vibrio
genus was one of the most dominant with a relative abundance of 7.33% in the seawater sample,
20.68% in B1, and 6.03% in the B2 sample (Table 3). To a certain extent, it followed the trend of V.
gigantis but not entirely. Other mostly occurring genera were Thalassotalea (19.44% in B2 and
29.73% in B3), Colwellia (10.99% in B2 and 20.38% in B3), Loktanella (9.46% in B3), and
Agarivorans (6.42% in B1 and8.68% in B2 sample) (Table 3). Moreover, at the phylum taxonomic
level, mostly Proteobacteria, Cyanobacteria, and Bacteroidetes were found (Supplementary Figure 1

in the Appendix), which were globally shown to be the most frequent phyla [21, 22, 24, 25].
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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 from V. gigantis, the only other identified species of the Vibrio genera was Vibrio sp. EJY3. Its
relative abundance had a value of around 5%, both for the seawater sample SO and the B1 biofilm
sample, which was quite different behaviour when compared to V. gigantis. In the other samples, it
dropped quite similarly as to the relative abundance of V. gigantis. In Figure 38 the relative
abundances for the most dominant genera are shown together with those of V. gigantis and V. sp.
EJY3, which are compared next to each other and shown as a subset of genus Vibrio. Here the trend
of the presence of Vibrio species is clearly in favour of V. gigantis, also when it is compared to the
whole genus Vibrio. When summing up the relative abundances of the two species mentioned (see
Figure 38), the cumulative proportion still does not match the relative abundance attributed to the
genus Vibrio. This discrepancy results from the presence of additional Operational Taxonomic Units
(OTUs) associated with the genus Vibrio that could not be confidently identified to species level
despite sequence similarity at the 16S level, as they show considerable sequence dissimilarity with
annotated Vibrio species in the database. Specifically, 19 different Vibrio species were identified in
these samples.

With the exception of Vibrio sp. EJY3 (OTU7) and Vibrio gigantis (OTU 11), the remaining Vibrio

species were assigned specific OTUs without further identification at the species 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 genus Vibrio.

The observed sequence variations between these Vibrio OTUs were substantial enough to justify their

classification as distinct OTUs (Table 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 Vibrio, delineated 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 OTUs from the same
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 Vibrio was only 10% when the marine environment 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, but also among the species of its own genus, which should have similar characteristics due to
their close taxonomic relationship. This bacterium was originally isolated in France, from the Pacific
oyster (Crassostrea gigas) [72], but has also been found in China, Malaysia, and Sweden. The
complete genome sequences of these strains are deposited in the NCBI database. V. gigantis has not
been recorded for infections in humans, but vibriosis has been reported in cage-farmed marine fish

[73,74]. It is also a plastic coloniser with potential participation in its degradation [75].

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 abundance of OTU11 (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 obtain additional information on how the biofilm samples developed and how they differed from
the seawater sample, diversity indices were calculated. First, a simple measure of phylogenetic
diversity was calculated from constructed cladograms [26] and is presented in Figure 39. A quick
glance at Figure 36 clearly separates the three-day biofilm sample B3 from the other samples which
did not vary substantially in phylogenetic diversity. This is a further indication that the biofilm became

more specific on third day in terms of the composition and variety of the species found 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 the most fundamental metric of a-diversity and provides a characterization of each
sample without comparing it to others. Other, more specific, a-diversity measures are those describing
the richness of a sample (Shannon [H]) and the evenness/dominance of the sample (Simpson diversity
index [A]). The Shannon index estimates the richness of heterogeneous samples and takes into account
both the relative abundance and the total number of species in a sample [27]. Its values are shown in
Figure 40. Simpson index, on the other hand, is calculated as the sum of squares of relative abundances
in a sample, or by subtracting that value from 1 [27], as in Figure 40, thus calculating the dominance

or the evenness respectively. In other words, it describes if there are dominant and 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 0 to 1.

Shannon (H) and Simpson (A) diversity index
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Figure 40. Shannon (H) and Simpson (L) diversity indices, describing the richness and evenness of a sample
with given formulas, where p; is the relative abundance of the i-th OTU and n is the number of OTUs in a

sample. Simpson index is not presented graphically, but only shown numerically.

As expected, the richness the highest in the seawater sample (7.49), gradually decreased in samples
B1 (6.41) and B2 (6.2) and finally reached a value of 5.15 in sample B3, again confirming that the
biofilm became more specific as 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 sample, while
evenness decreased and dominance increased in the B3 sample, suggesting that certain species were
more abundant due to others. All a-diversity measures were compatible.

The B-diversity measurements compared the community composition directly between the samples,
again separating the B3 sample from the others. Weighted UniFrac values were calculated, taking into
account the compositions of the samples both quantitatively and qualitatively [67]. The diversity was
the highest between the seawater sample SO and the biofilm samples B1-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 samples. Among the biofilm samples, the most similarities were
found between B1 and B2 samples, with a diversity measure of 0.141, while B1 and B3 were the least

similar with a diversity measure of 0.281 (Figure 41).
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Figure 41. Weighted UniFrac distance metric between seawater (SO) 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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The B-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 axes [68]. With 92.74% of the described variation on the first axis,
the seawater sample SO was completely separated from the biofilm samples (Figure 42). The second
axis, summarizing almost all of the remaining variability (6.73%), arranged the biofilm samples in
order where B1 and B2 samples were put closer together and described as more related than they are

with a B3 sample (Figure 42), which was also in agreement with Figure 41.

3.3. Prediction of metagenome functional potential

While a metagenomic analysis provides insights into 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 potential of 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
annotations 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 [31].

3.3.1. Functional capacity at the genus 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 motility proteins, and flagellar assembly; quorum sensing; biofilm
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®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

2050100 [ 250 [ s00 [7750" GGGNINNN

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 functions closely related to cell
motility, b stands for quorum sensing, c for biofilm formation and secretion-related functions, and d for the
essential housekeeping gene functions. C Biofilm formation — Vibrio cholerae was selected as the
representative of the genus Vibrio, assuming that its biofilm-related genes were similar enough to those of the
other genera.

formation and secretion-related functions: Biofilm formation — Vibrio cholerae, secretion system,
two-component system.

The assigned categories are taken from the KEGG database [32]. The molecular function "Biofilm
formation — 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 function also applies
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 their consistent 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 increased expression of
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 the species level

An interesting area of research is the evaluation 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. Molecular function (L3) prediction of selected species in seawater (SO) and biofilm (B1, B2, B3)

samples. Colour boundaries are arbitrarily set. White-coloured values are ranging from 0 to 3. Marks a, b, c,
and d stand for the same roles as in the previous heatmap table.

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. While
playing a dominant role in certain molecular pathways 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 look at 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 genes for the expression 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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Table 8. Gene activity (L4) prediction of selected species in 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
— bacterial motility, b — two-component system, ¢ — bacterial chemotaxis, d — cell motility, e — secretion system,
f — quorum sensing, g — biofilm formation - Vibrio cholerae, h — translation factors, i — mitochondrial

biogenesis, j — DNA replication proteins, k — DNA repair and recombination proteins.

Quorum sensing is an essential cell-to-cell signalling mechanism that regulates biofilm formation and
gene expression using small signalling molecules. One of the most important ones is autoinducer-2
[76], which is synthesised by Lux family genes [46].

PICRUSt analysis revealed the presence of genes involved in the Lux quorum system, including the
luxN [77], luxQUO [78,79], luxP [46,80-82] and luxS [46,83] genes, in the genome of V. gigantis
(Table 9). These genes are key components of the Lux quorum signalling pathway, suggesting that
this bacterium is able to communicate from cell to cell via Al-2 molecules.

However, the Lux quorum system normally also plays a key role in the regulation of bioluminescence
in various species of the genus Vibrio. It is important to note that the presence of two critical
components essential for bioluminescence in Vibrio species was not revealed: a transcriptional
activator luxR and the luciferase operon (luxCDABEG) [84]. LuxR serves as a transcriptional regulator,
while the luciferase operon is responsible for the production of luciferase enzymes that are crucial for
the bioluminescence response [85]. The absence of these components suggests that V. gigantis may
lack the genetic requirements for bioluminescence that distinguish it from some other species of the
genus Vibrio.

To provide a comparative perspective, we examined the genetic content of V. gigantis in relation to

two other bacterial species: Photobacterium phosphoreum and Aliivibrio fischeri [85], both of which
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are known for their genetic predisposition to bioluminescence in seawater (Table 9). PICRUSt
analysis showed that these bioluminescent species show a relatively higher share of the luxABCDE
genes in their genomes, which indicates their bioluminescence ability. This observation is consistent
with their known ability to produce light through the luciferase enzymatic pathway, which is key to

their bioluminescent properties [86].

50 Bl B2 B3|S0 Bl B2 B3|50 Bl B2 B3|50 Bl B2 B3(S0 Bl B2 B3

luxA; alkanal monooxygenase alpha chain

luxB; alkanal monooxygenase beta chain

luxC; long-chain-fatty-acyl-CoA reductase

luxD; acyl transferase

luxE; long-chain-fatty-acid---luciferin-component ligase

luxN; two-component system, autoinducer 1 sensor kinase/phosphatase

luxO; two-component system, repressor protein

luxP; autoinducer 2-binding periplasmic protein

luxQ; two-component system, autoinducer 2 sensor kinase/phosphatase

luxR; transcriptional activator of the bioluminescence operon

luxS; S-ribosylhomocysteine lyase
luxU; two-component system, phosphorelay protein
Photobacterium Pseudoalteromonas Vibrio gigantis Vibrio sp.EIY3 Aliivibrio fischeri
phosphoreum 5p.8040
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Table 9. Prediction of the genetic potential of cellular communication via chemical signalling molecules Al 2

in pioneer bacterial species in seawater (S0) and in the first three days of biofilm formation on the surface of
immersed slides (B1, B2 and B3). Colour boundaries are arbitrarily set.

In summary, the observed dynamic involvement of Vibrio gigantis in functional processes within the
biofilm community is closely related to its relative abundance in different samples. This
comprehensive analysis improves our understanding of the genetic basis that contributes to the
biofilm-forming abilities of V. gigantis in the studied environment.

Not only did V. gigantis show 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 regulation. All this 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 formation under
controlled conditions at the chosen time points, a newly designed and easily-implementable
experiment in a bioreactor was developed. With the idea of imitating a natural environment, there
were no motion restrictions and it was performed in a large volume. V. gigantis was finally chosen as
a model bacterial organism whose adhesion was quantified on a glass substrate as the substrate
coverage percentage.

Before measuring the adhesion dynamics of V. gigantis in a bioreactor, its growth Kinetics was
determined (Figure 43) to find out how the concentration of bacteria in the medium changes as the
experiment evolves. During the first 3 and a half hours, which fully covered the length of the upcoming
experiments, the curve was strictly exponential, after which unusual stagnations for this phase were
found (roughly around 4-5 and 6-7 hours). This could be due to low oxygen and nutrient concentration,
whose lack caused the metabolic shifts and changes in behaviour. Nevertheless, the growth was more
expressed after 8 hours. From 12 hours onwards, a plateau with occasional slow growth was seen,
until 22 hours, as the nutrient and oxygen concentrations probably decreased to the extent of causing

death and settling, lowering the measurement values.

Vibrio gigantis growth kinetics
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Figure 43. The growth kinetics of V. gigantis over 24 hours, at the lowest achievable temperature of 28°C. The
measurements of the absorbance values of a sample and a blank probe were carried out in triplicate. The culture

was adjusted to 5 - 10° CFU/m.
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3.4.1. Adhesion quantification

The bioreactor used for the adhesion quantification of V. gigantis is 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 kinetics (Figure
43), it was decided to proceed with two experiment durations. The shorter experiment aimed to keep
the bacteria at a constant concentration, i.e. in the lag phase, and therefore lasted one hour. The longer
experiment lasted three hours, allowing the bacteria to enter the early exponential phase. In the shorter
experiment, the slides were removed after 1, 3, 5, 10, 20, 30, 45, and 60 minutes. Removing the slides
so frequently could affect and disturb the pre-adhesion dynamics, while reducing the number of slides
would take away 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 pre-adhesion dynamics perturbation was
minimized and the adhesion over a longer period was allowed. On the other hand, the bacteria in the
longer experiment reached the exponential growth phase and the concentration was not relatively

constant as in the shorter experiment.
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Figure 44. A random original image of V. gigantis (not processed), taken with a 100x magnification objective.
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After the experiments were conducted, the images were taken with a 10x magnification objective. A
random image at 100x magnification is shown (Figure 44) to present V. gigantis in a better resolution,
showing that it is a comma-shaped species characteristic for Vibrio genus, with its length of around
2.5 um and width of around 1 pm. This also showed how the real image looked before it was subjected
to calculation later on. Also, most of the bacteria were caught at a certain stage of division, making
them look more elongated than they are, or even two individuals can be distinguished.

To get an insight into the surface condition at different time points of the experiment, a set of images
that best describe it was selected and presented in Figure 45. Due to the low magnification, it was
difficult to observe them at the level of individual bacteria, but it did not affect the calculation of the
percentage of covered substrate, a direct measure of adhesion. Qualitatively, it can be seen that the
number of adhering bacteria increased with time and the aggregates began to appear in the range of
30 to 45 minutes (Figure 45). While the number of bacteria and aggregates stagnated or slightly
decreased at 60 minutes, a considerable decrease was observed in most images at 90 minutes, which
was far from expected. At the last two time points, a substantial increase in the covered substrate was

noticed (Figure 45). This was described quantitatively as well in the following figures.

The results of the three-hour experiments are shown in Figure 46. Three measurements from
independent experiments are shown together with the averaged value, confirming spontaneous
adhesion. A constant increase in adhesion was observed from the beginning until a peak value was
reached at 60 minutes. This was followed by a surprising decrease at 90 minutes and a further increase
until the end of the experiment. The final percentage values of surface coverage ranged from 12.61%
to 18.08%. A similar trend of adhesion dynamics was observed between the independent
measurements with a correlation coefficient of R, = 0.87, Ry3 = 0.94, and R,3; = 0.92.

The value dispersion at the same time points could be explained either as an interference with slides
while removing them, or as the result of unequal initial concentrations. The surprising event of decline
at 90 minutes is particularly interesting. At first thought, this could be interpreted as a detachment of
bacterial cells after division, but probably the effect of the newly arrived bacteria would overcome the
losses due to such a detachment. Hence, this could be a result of the biofilm dispersal process, which
has been confirmed experimentally and theoretically in different species and is related to quorum
sensing [44-46,87]. What is also intriguing is the aggregates that gradually appear, then mostly

disappear, and return again to a certain extent.
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Figure 45. V. gigantis adhesion on a microscopic slide at indicated extraction times in minutes (original
images). The images were taken by a 10x magnification objective (a quarter of a real image shown). The red

scale bar indicates 50 um. The initial concentration was 0.5 McF at room temperature of 24°C.
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Figure 46. Adhesion dynamics of V. gigantis in the 3-hour experiment, calculated as covered surface

percentage. After 1 hour of incubation, the initial concentration was 0.5 McF at room temperature of 24°C.

The independent measurements of the one-hour experiment showed a coverage increase until around
60 minutes, after which it decreased (Figure 47). These measurements varied considerably more, with
a less uniform adhesion trend. It is likely that the frequent slide removals caused an unwanted
interference with the system at an early stage of the experiment, where pre-adhesion dynamics is
presumably a dominant effect. This interpretation is also supported by the fact that the short
experiment resulted in generally lower coverages than the long experiment when the same time points
are compared (Figure 46 and 47).

In order to check how the coverage would evolve with the changed initial concentration, additional
two experiments were carried out: the first one with no incubation at all, and the other one with the
incubation time extended by one hour. The rest of the methodology was left unchanged. The average
curve from the 3-hour experiment was compared with the curves from the doubled incubation (+1h)
and omitted incubation (-1h) in Figure 48.
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Figure 47. Adhesion dynamics of V. gigantis in the 1-hour experiment, calculated as covered surface
percentage. After 1 hour of incubation, the initial concentration was 0.5 McF at room temperature of 24°C.
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Figure 48. Adhesion dynamics of V. gigantis in the 3-hour experiment (average values from Figure 46) and
the experiments with the doubled incubation (+1h) and omitted incubation (-1h).
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The coverage for the added incubation increased rapidly due to a much higher initial concentration
until it reached its maximum at 20 minutes. After a huge fall at 45 minutes, it grew exceptionally at
90 minutes which was in complete contrast with the average curve from regular incubation time.
Followed by another strong decrease at 120 minutes, it continued to grow until the end. The coverage
for the no-incubation regime behaved similarly but with much smaller amplitudes due to the lower
initial concentration and the lack of exposure to a fresh marine broth before the experiment. Both
regimes with added and omitted incubation time behaved like they were in the counter phase with the
3-hour average curve, resulting in opposite adhesion and detachment trends. For the additional
incubation and increased initial concentration, an early decrease in the coverage at 20 minutes and the
one at 90 minutes could be attributed to quorum sensing [46,62], or even to a natural response to the
overcrowded substrate [61], which is perceived as an unfavourable condition. In this case, the nutrient
deficit could not be the cause, because the coverage percentage grew afterward. Finally, changing the
initial concentration affected the adhesion dynamics trend.

Regardless of the duration of the experiment or incubation, the slides were extremely populated at the
broth and air interface in each experiment. This area was dense to the extent that the stains on the slide
could be seen by the naked eye. Certainly, these areas were not taken into account because the covered
surface would be 100% (see section 2.4.3.). This is also a confirmation that V. gigantis is a facultative
anaerobe, favouring aerobic respiration when oxygen is present and switching to fermentation

otherwise, like most members of the genus Vibrio [88].

3.4.2. Aggregate analysis

From Figure 45 it is clear that aggregate forms were present at certain adhesion stages. At this point,
the exact formation process was not determined since real-time evolution was not captured. These
clusters could be the aggregates formed by a spontaneous accumulation of bacteria from the bulk one
by one, but also could be previously formed in the bulk and adhere directly as an aggregate. Moreover,
the bacteria that adhere as individuals can form a colony by a simple division and that could be what
was seen in Figure 45. The last option was least probable since some aggregates were simply too large
at 45 minutes for the division time of around 20 minutes, that is why the term aggregates is used in
this section. Observing the aggregates of various sizes and the changes in their average number in
time provides additional results for discussion (Figure 49). For each time point of the 3-hour

experiment, the average number of variously-sized aggregates was calculated from a 30-image set.
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Figure 49. The average number of aggregates of various sizes at time points of the three-hour experiment (from
Figure 46). For the sizes of <2, 2-4, 4-8, and 8-15 um?, the numbers range up to 14000, while for the 25-75
um? and the larger aggregates, the scale on the y-axis has been adjusted appropriately. After 1 hour of

incubation, the initial concentration was 0.5 McF at room temperature of 24°C.

The individual bacteria, pairs and various-sized aggregates were taken into account. The number of
individual bacteria (<2um?), pairs of bacteria (2-4um?), and smaller aggregates (4-8 um?) increased
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over time, with the most noticeable increase at 90 minutes (Figure 49, green column). On the contrary,
medium (8-25 and 25-75 um?) and larger aggregates (75-250 and 250-750 pum?) reached their peak
in abundance at 45 minutes after which it was reduced by 50-70% until the 90-minute time point. At
the next time points, their number increased again. The aggregates of >750 um? were too few but they
also followed this trend. In other words, during the whole experiment, the number of individual
bacteria, smaller and larger aggregates was increasing until the 45-minute time point, after which the
number of larger aggregates dropped drastically and that way probably freed up the space for the
uninterrupted increase in the number of individual bacteria and smaller aggregates which populated
the substrate continuously. The bacteria acted differently on the single and aggregate level. These
fluctuations in the number of different-sized aggregates (Figure 49, Figure 45) could be the result of
quorum sensing, controlling a dispersal process [45,46,61] due to the surrounding bacterial
concentration, overcrowding, or a localized nutrient and oxygen deficiency. Furthermore, although
the surprising growth Kinetics stagnations from Figure 43 occurred outside the time interval of this
experiment, clearly there is some behaviour regulation and possible metabolic shifts due to oxygen
and nutrient concentration deficiency caused by their consumption and cell division with bacterial
concentration increase. This could act as an initiator for these aggregate number fluctuations, but also
for the decrease in the substrate coverage percentage at given time points. Also, the exact fraction of
bacteria, coming from the adhered bacteria and from the divided bacteria could not be known. The
division was, as an inevitable and inseparable event from the adhesion, considered under the adhesion
process and added to its measure.

To sum up, in order to achieve a better insight into the adhesion dynamics, the detachment process,
and aggregate dynamics, and also to provide more specific explanations and conclusions, real-time
monitoring of V. gigantis is fundamental. In the following sections, the results of experiments on

additional experimental setups, designed or adjusted from the existing ones, are shown and discussed.
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