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ARTICLE INFO ABSTRACT

Biofilms are the most widely distributed and successful microbial modes of life. The capacity of bacteria to
colonize surfaces provides stability in the growth environment, allows the capturing of nutrients and affords
protection from a range of environmental challenges and stress. Bacteria living in cold environments, like
Antarctica, can be found as biofilms, even though the mechanisms of how this lifestyle is related to their en-
vironmental adaptation have been poorly investigated. In this paper, the biofilm of Pseudoalteromonas halo-
planktis TAC125, one of the model organisms of cold-adapted bacteria, has been characterized in terms of biofilm
typology and matrix composition. The characterization was performed on biofilms produced by the bacterium in
response to different nutrient abundance and temperatures; in particular, this is the first report describing the
structure of a biofilm formed at 0°C. The results reported demonstrate that PATAC125 produces biofilms in
different amount and endowed with different physico-chemical properties, like hydrophobicity and roughness,
by modulating the relative amount of the different macromolecules present in the biofilm matrix. The capability
of PATAC125 to adopt different biofilm structures in response to environment changes appears to be an inter-
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esting adaptation strategy and gives the first hints about the biofilm formation in cold environments.

1. Introduction

Bacteria in nature are most often found associated with surfaces in
communities known as biofilms (Hall-Stoodley et al., 2004). Biofilm has
been defined as an aggregate of microorganisms in which the cells are
surrounded by a self-produced matrix constituted of extracellular
polymeric substances (EPS) and adhere to each other and/or to a sur-
face. The intermolecular interactions between the EPS molecules de-
termine the mechanical properties of the matrix, and the physiological
activity of the organisms in the biofilm (Flemming and Wingender,
2010). Although the precise chemical and physical composition of the
EPS varies according to the species and the growth conditions, the main
biofilm matrix building blocks are bacterial proteins, extracellular DNA
(eDNA) (Whitchurch et al, 2002), lipids and polysaccharides
(Flemming and Wingender, 2010). The eDNA is a critical component of
the biofilm matrix of several bacteria (Whitchurch et al., 2002; Seper
et al., 2011), and its amount in the biofilms varies greatly from strain to
strain. It has multiple functions in biofilm formation (Okshevsky et al.,
2015) and influences the three-dimensional biofilm architecture and
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stability by acting as a cell-cell interaction polymer (Allesen-Holm
et al., 2006).

The importance of proteins in the biofilm structure and function is
increasingly being recognized. Matrix proteins include not only the
outer membrane proteins and the secreted proteins, but also particular
classes of proteins, such as the adhesins, or motility organelles, such as
curli or type IV pili proteins (Flemming and Wingender, 2010; Johnson
et al., 2014).

Extracellular polysaccharides are important structural components
of the biofilm matrix. Most of the exopolysaccharides of the matrix are
very long, with a molecular weight range of 500-2000 kDa; they can be
homopolymers, such as cellulose, curdlan, and dextran, or hetero-
polymers, such as alginate, emulsan, gellan, and xanthan (Yildiz et al.,
2014).

Biofilm architectures are highly variable, ranging from open struc-
tures, containing channels and columns of bacteria, to structures with
no obvious pores and densely packed regions of cells (Wimpenny et al.,
2000; Doghri et al., 2015). To date, most attention has been focused on
biofilms arising from the colonization of solid-liquid (S-L) interfaces
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(i.e. submerged biofilms), but several other kinds of interface, as the air-
liquid (A-L), also provide ecological opportunities for bacterial colo-
nization. The biofilms formed on the surface of static liquids are usually
referred to as pellicles or floating biofilms (Wimpenny et al., 2000).

Irrespective of the interface where the bacteria aggregate, the bio-
film formation consists of several stages and involves numerous con-
served and/or species-specific factors (Hall-Stoodley et al., 2004). In
any case, the biofilm formation can be described as a developmental
process with distinct stages: an ‘initial adhesion’, in which the micro-
organisms adhere to biotic or abiotic surfaces; an ‘early biofilm for-
mation’, during which the microorganisms begin to produce extra-
cellular polymeric substances (EPS); a ‘biofilm maturation’, involving
the development of three-dimensional structures where the EPS com-
ponent provides a multifunctional and protective scaffold; and finally a
‘dispersal’, whereby the cells leave the biofilm to reenter the planktonic
phase (Sauer et al., 2002). This is a dynamic and complex process and
requires a considerable energetic cost (Saville et al., 2011); however,
this cost may be evolutionarily acceptable due to the structural and
physico-chemical advantages deriving from the biofilm formation. First,
the capacity to colonize a surface provides a high level of stability in the
growth environment. Secondly, the matrix enables the biofilm to cap-
ture resources such as the nutrients that are present in the environment
or that are associated with the substratum on which the biofilm is
growing (Flemming and Wingender, 2010). Thirdly, the biofilm for-
mation affords protection from a wide range of environmental chal-
lenges (Flemming et al., 2016). Moreover, the spatial organization of
the cells in biofilms allows a high degree of biodiversity and complex,
dynamic and synergistic interactions, including cell-to-cell commu-
nication and enhanced horizontal gene transfer (Flemming et al., 2016).
Therefore, the ability to form biofilm is a selective advantage for bac-
teria.

Correspondingly, bacteria living in extreme environments, like
Antarctica, can be found as biofilms and this ability is believed to aid
their adaptation and survival in the environment (Liao et al., 2016).
The capability of cold-adapted bacteria to live and proliferate at low
temperatures is the result of a wide range of adaptive features
(Margesin and Feller, 2010; Carillo et al., 2015; Casillo et al., 2017) but
how and if the capability to form biofilm can be included into these
features is poorly investigated (Smith et al., 2016; Liao et al., 2016).

In this paper, our attention has been focused on the biofilm struc-
ture of Pseudoalteromonas haloplanktis TAC125 (PhTAC125) (Médigue
et al., 2005). Pseudoalteromonas strains played a significant role in
marine ecosystems and they have been frequently isolated from natural
biofilms or surfaces of eukaryote (Holmstrom and Kjelleberg, 1999).
They are also known to produce a wide array of compounds with
pharmaceutical and antifouling potential (Isnansetyo and Kamei, 2003;
Klein et al., 2011). Moreover, PATAC125 is one of the model organisms
of cold-adaptation and is one of the most intensively investigated psy-
chrophilic bacteria. The increasing interest in PATAC125 has led to the
accumulation of different data types for this bacterium in the last few
years, including its complete genome sequence (Médigue et al., 2005),
its proteome (Piette et al., 2011), its growth phenotypes description in
different conditions (Giuliani et al., 2011; Sannino et al., 2017; Wilmes
et al.,, 2010) and the construction of a genome-scale metabolic model
(Fondi et al., 2015).

The main aim of this paper was the characterization of PATAC125
biofilm in different environmental conditions to asses if and how the
PhTAC125 biofilm structure is shaped by the environment. In detail, the
response to different temperatures (15°C vs 0°C) and nutrient abun-
dance (rich medium vs synthetic medium) has been analyzed. The
PhTAC125 biofilm has been characterized in terms of biofilm typology
and matrix composition by means of several classic experimental ap-
proaches, such as confocal laser scanning microscopy, and Raman
Microspectroscopy a technique recently used to provide molecular de-
tails of the chemical composition of bacterial biofilms (Carey et al.,
2017; Henry et al., 2017; Takahashi et al., 2017).
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2. Materials and methods
2.1. Bacterial strains and culture conditions

Pseudoalteromonas haloplanktis TAC125 was isolated in 1992 from
an Antarctic coastal seawater sample collected near the French
Antarctic station Dumont d'Urville, Terre Adélie (66°40’ S; 140° 01’ E).
It was grown in Brain Heart Infusion broth (BHI, Oxoid, UK) and the
synthetic medium GG (10 g/L D-Gluconic acid sodium, 10 g/L glutamic
acid, SCHATZ salt mixture) (Sannino et al., 2017). The biofilm forma-
tion was assessed in the static condition in the BHI medium and GG
medium at 15 °C and 0 °C at different times (24 h, 48 h, 72 h, and 96 h).

2.2. Biofilm formation and assays

The quantification of the in vitro biofilm production was based on
the method described by Christensen with slight modifications
(Christensen et al., 1985). Briefly, the wells of a sterile 24-well flat-
bottomed polystyrene plate were filled with 1 mL of a medium with a
suitable dilution of the Antarctic bacterial culture in the exponential
growth phase (about 0.1 OD 600 nm). The plates were incubated at
15°C and 0 °C for different times (24 h, 48h, 72h, and 96 h). After
rinsing with PBS, the adherent cells were stained with 0.1% (w/v)
crystal violet, rinsed twice with double-distilled water, and thoroughly
dried. To analyze the typology of the biofilm formed at the different
tested conditions, the stained biofilms were photographed by a camera
from the top (the submerged biofilms) and from the front (the pellicles)
of the plates. Subsequently, the dye bound to the adherent cells was
solubilized with 20% (v/v) acetone and 80% (v/v) ethanol. After
10 min of incubation at room temperature, the OD 590 nm was mea-
sured to quantify the total biomass of biofilm formed in each well; the
0OD590 values reported was obtained by subtracting the OD590 value of
the control obtained in absence of bacteria. Each data point was com-
posed of six independent samples.

2.3. Biofilm recovery

Pellicles. The biofilm formation assay was performed in BHI
medium and GG medium at 15 °C, since in these conditions the biofilm
formation occurred at the air-liquid interface. Briefly, the wells of a
sterile 24-well flat-bottomed polystyrene plate were filled with 1 mL of
a medium with a suitable dilution of a PATAC125 culture in the ex-
ponential growth phase (about 0.1 OD600 nm). Plates were incubated
at 15°C for 96 h to allow the formation of compact and resistant pel-
licles at the air-liquid interface. After incubation, the pellicles were
recovered using a pipette and stored at —20°C. The samples were
freeze-dried for further analysis.

Submerged biofilm. The biofilm formation assay was performed in
the GG medium at 0 °C, since in this condition the biofilm formation
occurred at the solid-liquid interface. Briefly, sterile plastic Petri dishes
(90 x 15 mm) were filled with 25 mL of the GG medium with a suitable
dilution of a PhATAC125 culture in the exponential growth phase (about
0.1 OD 600 nm). The plates were incubated at 0 °C for 48 h to allow a
strong biofilm formation at the solid-liquid interface on the bottom of
the plates. After incubation, the supernatant and the cells were dis-
carded, and the plates were rinsed twice with filter-sterilized PBS. The
submerged biofilm was recovered by scraping with a sterile cell scraper,
centrifuged to remove the supernatant and stored at —20°C. The
samples were freeze-dried for further analysis.

2.4. Microbial adhesion to hydrocarbons (MATH) assay

Solution chemistry and cleaning procedure. Analytical reagent
grade chemicals were used throughout and Milli-Q deionized (DI) water
was used to prepare all the solutions. The electrolyte solutions were
prepared with 200 mM NaCl. All the experiments were performed at
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room temperature (20 + 1°C). The cleaning procedure for the glass-
ware was rinsed with acetone, washing with DI water, acid-washing
with 12 M HCI and finally rinsing repeatedly with DI water.

Preparation of bacteria. The PATAC125 biofilm formation was per-
formed in the BHI medium and GG medium at 15°C. After 96 h in-
cubation, the biofilms (pellicles) were recovered, separated from the
supernatant by centrifugation and then resuspended in a 0.2M NaCl
electrolyte solution. To remove traces of the growth medium, the bio-
films were centrifuged and resuspended in a fresh electrolyte solution
three times to obtain a final bacterial suspension suitable for use.

Hydrocarbons. Three different hydrocarbons were chosen: n-hex-
adecane (97-99%, Sigma), n-dodecane (=99%, Sigma), and toluene
(99.8%, Sigma). The partition coefficients were: n-hexadecane, log
Kow = 8.20; n-dodecane, log Kow = 6.10; and toluene, log
Kow = 2.73.

MATH assay. The cell surface hydrophobicity (CSH) of the biofilms
(pellicles), recovered in the BHI medium and GG medium as previously
described, was determined through the Microbial Adhesion to
Hydrocarbons (MATH) assay, as a measure of their hydrophobic ad-
herence, by following the method of (Rosenberg et al., 1980) with slight
modifications. The bacterial suspension was adjusted to an absorbance
(A0) of 0.6 at 600 nm. In a clean borosilicate round-bottom glass tube
(16 x 150 mm), 1 mL of the test hydrocarbon was added to 4 mL of the
bacterial suspension. The tube was vortexed for 2 min and set aside to
rest for 30 min to allow for the phase separation. Next, a sample of the
bacterial suspension was retrieved with a clean Pasteur pipette, with
great care taken to avoid allowing the hydrocarbon layer to enter the
pipette. The sample was then transferred to a cuvette for the final ab-
sorbance measurement (Af) at 600 nm. The adhesion of the bacteria to
the hydrocarbons was evaluated as the fraction partitioned in the hy-
drocarbon phase, FPC. This was calculated as (FPC = 1 — Af /AO0).

2.5. Motility assay

For the swarming motility assay, BHI and GG soft agar plates (0.3%
agar) were used. An appropriate volume of a saturated cell culture
(about 50 pL) of PATAC125, grown in the BHI medium and GG medium,
was spotted on autoclaved circular pieces of Whatman Filter Paper with
an average diameter of approx. 1.5cm. Once the cells had been ab-
sorbed, the filters were placed in the center of the BHI and GG soft-agar
plates and then the plates were incubated at 15 °C and at 0 °C, in par-
allel. To evaluate the ability of PATAC125 to swarm into a semi-solid
medium, the cell spots were measured every 24 h in terms of distance
from the filter. In this work, the motility is expressed as the length of
the path per unit of time (mm/h).

2.6. Mannose effect on the biofilm formation

To test whether the presence of mannose affects the ability of
PhTAC125 to form a biofilm, a static biofilm formation assay was
performed in the GG medium for 24 h at 0 °C in the presence of man-
nose. In detail, 200 uL. of the medium with a suitable dilution of a
PhTAC125 culture in the exponential growth phase (about 0.1 OD
600 nm) were added into each well of a sterile 96-well flat-bottomed
polystyrene plate in the absence and presence of 200 mM D-mannose
(Merck KGaA) and 200 mM D-galactose (VWR International) as a con-
trol. After the incubation, the biofilm quantification was performed by
means of the crystal violet method, as previously described.

2.7. Confocal laser scanning microscopy

For the confocal microscopy analysis, the biofilm formation was
performed on Nunc™ Lab-Tek” 8-well Chamber Slides (n° 177445;
Thermo Scientific, Ottawa, ON, Canada) in the BHI medium and GG
medium at 15 °C and 0 °C for 24 h. All the microscopic observations and
image acquisitions were performed with a confocal laser scanning

68

Microbiological Research 218 (2019) 66-75

microscope (CLSM) (LSM700-Zeiss, Germany) equipped with an Ar
laser (488 nm), and a He-Ne laser (555 nm).

Bacterial Viability and Biofilm Thickness Determination. The bio-
film cell viability was determined by the FilmTracer™ LIVE/DEAD’
Biofilm Viability Kit (Molecular Probes, Invitrogen) following the
manufacturer’s instructions. Briefly, 300 pL of the medium with a sui-
table dilution of a PATAC125 culture in the exponential growth phase
(about 0.1 OD 600 nm) were added to each well of a sterile Chamber
Slide. After 24 h incubation, the plates were rinsed with filter-sterilized
PBS. Then each well of the chamber slide was filled with 300 uL of a
working solution of fluorescent stains, containing the SYTO® 9 green
fluorescent nucleic acid stain (10 uM) and Propidium iodide, the red-
fluorescent nucleic acid stain (60 uM), and incubated for 20-30 min. at
room temperature, protected from light. All the excess staining was
removed by rinsing gently with filter-sterilized PBS. The images were
obtained using a 20X/0.8 objective. The excitation/emission maxima
for these dyes are approximately 480/500 nm for the SYTO" 9 stain and
490/635 nm for propidium iodide. Z-stacks were obtained by driving
the microscope to a point just out of focus on both the top and bottom of
the biofilms. The images were recorded as a series of. tif files with a file-
depth of 16 bits. The COMSTAT software package(Heydorn et al., 2000)
was used to determine the biovolume (um®/pm?), mean thickness (um)
and roughness coefficient (Ra*). Biovolume was defined as the number
of biomass pixels in all images of a stack, multiplied by the voxel size
and divided by the substratum area of the image stack. Biovolume re-
presents the overall volume of the biofilm, and also provides an esti-
mate of the biomass in the biofilm. Average thickness of biofilm pro-
vided a measure of the space size of the biofilm and is the most common
variable in biofilm literature. Roughness coefficient is calculated from
the thickness distribution of the biofilm and provides a measure of how
much the thickness of the biofilm varies and is an indicator of biofilm
heterogeneity. For each condition, two independent biofilm samples
were used and at least two Z-stacks were performed.

2.8. Raman microspectroscopy

Raman is a technique appropriate for the investigation of biopo-
lymer compositions in media containing high concentrations, such as in
biopolymer crystals (Vergara et al., 2013, 2005) or cells. Indeed, bio-
film media and substrates have been investigated by Raman micro-
spectroscopy in order to describe the chemical composition of bacterial
biofilms (Henry et al., 2017; Carey et al., 2017). A confocal Raman
microscope (Jasco, NRS-3100) was used to obtain the Raman spectra.
The 514 nm line of an air-cooled Ar* laser (Melles Griot, 35 LAP431
220) was injected into an integrated Olympus microscope and focused
to a spot diameter of approximately 1 um by a 100x objective with a
final 6 mW power at the sample. A holographic notch filter was used to
reject the excitation laser line. The Raman backscattering was collected
using a diffraction lattice of 1200 grooves/mm and 0.1 mm slits. Typi-
cally, it took 60s to collect a complete data set by means of a Peltier-
cooled 1024 x 128 pixel CCD photon detector (Andor DU401BVI). The
Raman measurements were at least triplicated for reasons of reprodu-
cibility for each spot sampled. The wavelength calibration was per-
formed by using cyclohexane as standard.

2.9. DOC-PAGE

PAGE was performed using the system of Laemmli (Laemmli, 1970)
with sodium deoxycholate (DOC) as the detergent. The separating gel
contained final concentrations of 14% acrylamide, 0.1% DOC, and
375 mM Tris/HCl (pH 8.8); the stacking gel contained 4% acrylamide,
0.1% DOC, and 125 mM Tris/HCI (pH 6.8). The biofilm samples were
prepared at a concentration of 0.05% in the sample buffer (2% DOC and
60 mM Tris/HCI [pH 6.8], 25% glycerol, 14.4 mM 2-mercaptoethanol,
and 0.1% bromophenol blue). All the concentrations are expressed as
the mass/vol percentage. The electrode buffer was composed of SDS
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(1 g/L), glycine (14.4 g/L), and Tris (3.0 g/L). The electrophoresis was
performed at a constant amperage of 30 mA. The gels were fixed in an
aqueous solution of 40% ethanol and 5% acetic acid. The biofilm
sample bands were visualized by silver staining as previously described
(Tsai and Frasch, 1982).

2.10. Sugar analysis

The glycosyl analysis was performed as already reported (Carillo
et al., 2014). Briefly, biofilm samples (0.5 mg) were mixed with 1 mL of
HCl/CH30H, subjected to methanolysis for 16h at 80°C and then
acetylated. Fatty acids were extracted twice with hexane and the me-
thanol layer was dried and acetylated. Both the acetylated methyl
glycosides and methyl esters of the fatty acids were injected into the
GC-MS. All the sample derivatives were analyzed on an Agilent Tech-
nologies gas chromatograph 6850 A equipped with a mass selective
detector 5973 N and a Zebron ZB-5 capillary column (Phenomenex,
30m X 0.25mm i.d., flow rate 1 mL/min, He as carrier gas). The
acetylated methyl glycosides were analyzed using the following tem-
perature program: 140 °C for 3 min, and 140 °C — 240 °C at 3 °C/min.
The acetylated alditols were analyzed using the following temperature
program: 150 °C for 3 min, and 150 °C — 330 °C at 3 °C/min.

2.11. Calcofluor binding assay

The cellulose production was detected by growing bacteria on GG or
BHI agar supplemented with 200 pg/ml Calcofluor (Sigma, Milan). The
plates were incubated at 0°C or 15 C for 96 h. The colonies were vi-
sualized under a 366 nm light source.

2.12. Cellulase assay

20mg of each sample was incubated with 0.4mL of acetic acid
0.05M, 0.1 mL of water, and 0.1 mL of cellulase from Trichoderma reesei
ATCC 26921, at 37 °C for 2h. The reaction was quenched by transfer-
ring the tube into an ice bath and centrifuged at 4 °C, 3000 rpm, 10 min.
The supernatant was freeze-dried and analyzed as acetylated alditols, as
reported (Pieretti et al., 2010).

2.13. DNase I and proteinase K treatment on biofilm formation

To understand if DNase I and proteinase K are able to affect the
PhTAC125 biofilm formation process, a static biofilm assay was per-
formed in the presence of DNase I or proteinase K. The biofilm for-
mation was assessed in the BHI medium and GG medium at 15 °C and
0 °C for 24 h. In detail, 200 pL of the medium with a suitable dilution of
a PhTAC125 culture in the exponential growth phase (about 0.1 OD
600 nm) were added into each well of a sterile 96-well flat-bottomed
polystyrene plate in the absence and presence of DNase I or proteinase
K at 100 uL/mL. After incubation, biofilm quantification was performed
by means of the crystal violet method, as previously described
(Christensen et al., 1985).

3. Results

3.1. Characterization of PhTAC125 biofilm obtained in different culture
conditions

To investigate the capability of PATAC125 to form biofilm at dif-
ferent growth temperatures, the bacterium was grown in BHI, a rich
culture medium, or in GG, a synthetic minimum medium, at 15 °C and
0°C in static conditions, and the biofilm was evaluated at different
incubation times. As shown in Fig. 1, the Antarctic bacterium was able
to form biofilm in all the tested conditions and the amount of the
biofilm formed in the diverse conditions was different (statistically
significative shown Table S1); in the synthetic medium GG, the amount
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of biofilm produced by the bacterium was higher than that produced in
the rich medium BHI both at 15°C and at 0 °C (Fig. 1). Moreover, the
kinetics of the biofilm formation proved to be slightly different in the
analyzed conditions, considering that, at 15°C in GG the amount of
biofilm increased over time while at 0 °C decreased (Fig. 1), suggesting
that the temperature strongly influences the kinetics of the biofilm
formation.

Furthermore, as shown in Fig. 1 the PATAC125 biofilm accumulated
mainly at the air-liquid interface forming pellicles at 15 °C in both BHI
and GG media and at 0 °C only in BHI, while, interestingly, it formed
biofilm mainly at the solid-liquid interface at 0 °C in the GG medium.

3.2. MATH assay on pellicles obtained in different culture conditions

The macroscopic inspection of the pellicles deriving from A-L bio-
films obtained when PhTAC125 was grown in BHI or GG medium was
suggestive of changes in their respective structural features. In fact,
pellicles from the bacterial growth in BHI medium at 15 °C after 96 h
incubation proved to be stickier and slimier than those obtained in the
GG in the same conditions, which, in contrast, presented more compact.
Therefore, the microbial adhesion to hydrocarbons (MATH) assay was
performed to assess the hydrophobicity of the PATAC125 pellicles by
examining their solubility in three different solvents: toluene, n-dode-
cane, and n-hexadecane. As shown in Fig. 2, the PATAC125 pellicles
obtained in GG medium exhibited a significant degree of solubility in all
the hydrocarbon solvents examined. In contrast, the PhATAC125 pellicles
formed in BHI medium demonstrated negative partitioning fractions in
the tested solvents, indicating that the PATAC125 GG-grown pellicles
exhibited a higher hydrophobicity with respect to the PATAC125 BHI-
grown ones.

3.3. Motility assay in different culture conditions

The different motility of the PhTAC125 cells in the four studied
conditions was evaluated (Table 1) by means of an LB soft agar motility
assay (Liu et al., 2010) and was expressed as the length of the path
travelled on the BHI and GG soft-agar plates per unit of time. The re-
duction of the flagellar motility at low temperatures has previously
been reported (De Maayer et al., 2014), and indeed, as expected, at 0 °C
the bacterium displayed a lower ability to move in a semi-solid medium
than at 15°C.

3.4. CLSM analysis of biofilm obtained in different culture conditions

The biofilms produced by PATAC125 in the diverse conditions were
further investigated by confocal laser scanning microscopy (CLSM) to
analyze the biofilm structure and the biomass distribution by means of
three-dimensional biofilm images. Live/dead staining was used to vi-
sualize the PhTAC125 cells encapsulated in the biofilm matrix (Figs. 3a
and S1) (green indicates viable cells and red indicates damaged cells).
Although the four images were clearly different, it is difficult to obtain
detailed and accurate descriptions of the differences among the four
biofilms, based on visual inspection only. Therefore, all the CLSM image
stack data were further analyzed using the COMSTAT image analysis
software package (Heydorn et al., 2000) to evaluate the different
variables describing the biofilm structure. As expected, the values of the
biomass and the average thickness of the biofilm obtained in the rich
medium BHI were significantly lower if compared to those of the bio-
film produced by PhATAC125 in the GG medium at the same temperature
(Fig. 3b). The analysis revealed that in the GG medium the biofilm
proved to be more compact, both at 15 °C and at 0 °C, as indicated by a
lower roughness coefficient (Fig. 3b). This dimensionless factor pro-
vides a measure of how much the thickness of a biofilm varies, and it is
thus used as a direct indicator of biofilm heterogeneity, suggesting that
the medium composition has a key role in the definition of this char-
acteristic of the biofilm structure (Toyofuku et al., 2016; Bester et al.,
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Fig. 1. Analysis of the effect of temperature and growth medium on the PATAC125 biofilm formation at different times. PATAC125 biofilm obtained at 15 °C or 0 °C in
the BHI medium or in the GG medium. The biofilms were analyzed at 24 h, 48 h, 72h, and 96 h with the crystal violet assay. Each data point was composed of six
independent samples. (Top) Stained biofilms: the top view of wells allows a better vision of the submerged biofilms at the solid/liquid interface, (Lateral) whereas the

lateral view is more useful to see the biofilms at the air/liquid interface.
2011; Shrout et al., 2006).

3.5. Raman microspectroscopy of PhATAC125 biofilms

High-quality Raman spectra were collected for biofilms grown at
0°C in the GG and BHI media (spectra a and b in Fig. 4). Eventual
signals coming from growth medium and/or the polystyrene supports
were explored by recording the Raman spectra of the uninoculated
media and of polystyrene, from which the GG-grown biofilm at 0 °C was
scraped. As shown in Fig. 4, the GG medium presented several Raman
bands in the 800-1500 cm ! region (spectrum c in Fig. 4) that can be
mainly assigned to carbohydrate-related vibrations. BHI medium was
instead not active at Raman analysis (spectrum d in Fig. 4). The ob-
served Raman bands recorded in the reference experiments were taken
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into consideration and not mentioned during the following analysis of
microbial biofilms.

Both biofilms grown at 0°C in the GG and BHI media showed
Raman bands assignable to proteins, nucleic acids, and carbohydrates
(Henry et al., 2017; Carey et al., 2017). The visual inspection of the
obtained Raman spectra indicated that they were significantly different.
Therefore, these spectral changes do indeed reflect the different che-
mical composition of the PATAC125 biofilms. For the purpose of a
quantitative comparison, the spectra of the biofilms in Fig. 4 were
normalized with respect to the amide I band (~ 1665 cm ™). There-
fore, the following comparison between the biofilms refers to the re-
lative content of nucleic acids or carbohydrates with respect to the
protein content (Henry et al., 2017).

The strongest evidence was the presence of Raman bands at
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Fig. 2. MATH assay of PhTAC125 A-L biofilms. The fraction of the biofilms
partitioned in the hydrocarbon phase measured by means of MATH assay. The
bacterial suspensions are contacted with toluene, n-dodecane, and n-hex-
adecane. The cells were suspended in 200 mM NacCl for all the measurements.
Each data point represents the mean + SD of four independent samples.

Table 1

Motility of PhTAC125 in different conditions. Analysis of the ability of
PhTAC125 to swarm into a semi-solid medium. The motility was expressed as
the length of the path travelled on the BHI and GG soft-agar plates per unit of
time (mm/h). The data are reported as the mean + SD of three independent

experiments.
MOTILITY (mm/h)
0°C 15°C
BHI 0.092 + 0.008 0.375 + 0.02
GG 0.016 + 0.002 0.104 = 0.003

674 cm ™! (the guanine-ring mode), 786 cm ™! (mostly the DNA phos-
phodiester backbone mode), and 815cm ™' (mostly the RNA phos-
phodiester backbone mode) only in the sample grown in the GG

a BHI 15°C BHI 0°C
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medium. These bands, which represent important nucleic acid finger-
prints (Carey et al., 2017), were, on the contrary, not detectable in the
biofilm obtained in the BHI. Other nucleic acid-related bands can be
compared between the two samples, consistently indicating a much
higher nucleic acid relative content in the GG-grown biofilms. Indeed,
the Raman bands at 1588 cm ™! (the adenine/guanine ring) and at
1178 cm ™! (the guanine-ring) presented a higher intensity in the latter
sample. Moreover, the band at 1488 cm ™! (the adenine/guanine ring),
after normalization to amide I (1665 cm 1), was ~ 5 times higher in the
GG- than in the BHI- grown biofilms.

The relative content of carbohydrates can be estimated by the ratio
11130/11007, related to the carbohydrate and Phe-ring bands, respec-
tively (Carey et al., 2017; Henry et al., 2017). Other carbohydrate-re-
lated Raman bands were located at 1366 and 1400 cm ™', All these
markers consistently indicated a slightly higher carbohydrate/protein
content in the biofilms grown in the GG medium compared to those
obtained in the BHI medium.

Concerning the analysis of biofilms grown at 15°C, as a high
fluorescence was observed for biofilms grown in both media, a further
washing step was carried out to get rid of this interference.
Unfortunately, a Raman spectrum of modest quality was collected only
for the sample grown in the GG medium (data not shown). Despite its
modest quality, the Raman spectrum recorded allowed us to see at least
detectable nucleic acid-related Raman bands at 674 cm™?, 786 cm ™1,
and 815 cm ™! with a relative nucleic acid/protein Raman intensity si-
milar to that observed for the biofilms grown at 0 °C, indicating that the
specific growth temperature did not influence the relative nucleic/
protein ratio.

3.6. Sugar analysis of Ph'TAC125 biofilms

In order to obtain information on the polysaccharides present in the
different PATAC125 biofilm, samples were analyzed by 14% DOC-PAGE
and visualized by using the silver nitrate method (Tsai and Frasch,
1982) (Fig. S2). The silver nitrate showed the presence in all the sam-
ples of one band at low molecular masses, corresponding to LPS, the
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Fig. 3. CLSM analysis of PhATAC125 biofilms. Analysis of the effect of temperature and growth medium on the PATAC125 biofilm structure. (a) CLSM analysis of
PhTAC125 biofilm grown in chamber slides at 15 °C and 0 °C in the BHI medium and GG medium for 24 h. The three-dimensional biofilm structures were obtained
using the LIVE/DEAD” Biofilm Viability Kit. (b) COMSTAT quantitative analysis of the biomass, average thickness and roughness coefficient of the PATAC125
biofilms at all the tested conditions. (For interpretation of the references to colour in the text, the reader is referred to the web version of this article).
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Fig. 4. Raman analysis of PATAC125 biofilms.
Raman spectra (500-1800 cm™) collected with
514 nm laser, 60s exposure, and 1um spot
size: (a) GG-grown biofilm at 0°C, (b) BHI-
grown biofilm at 0 °C, (¢) GG medium, (d) BHI
medium, and (e) polystyrene substrate. The
spectra a and b are normalized with respect to
the amide I band (1665 cm ™ 1).
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Table 2

Biofilm sugar analysis profile. Monosaccharides percentage calculated for each
biofilm growth condition referred to the relative abundance of each component
compared to the total sugars.

Carbohydrate PhTAC125 PhTAC125 PhTAC125 PhTAC125
S-L Biofilm A-L Biofilm A-L Biofilm A-L Biofilm
0°C GG 0°C BHI 15°C BHI 15°C GG

Ribose 37.6% 3.4% - 22.5%

Mannose - 1.1% 1.8% 1.2%

Galactose 13.1% 36.1% 36.2% 15.7%

Glucose 4.9% 5.3% 4.5% 7.4%

GIcN 18.1% 18.2% 19.3% 24.6%

Heptose 22.8% 35% 37.5% 22.7%

NAM 3.5% 0.9% 0.7% 5.9%

structure of which had already been characterized (Michela Corsaro
et al., 2001). In addition, samples corresponding to GG-grown biofilm
and the BHI-grown biofilm, both developed at 0°C, showed several
bands attributable to nucleic acids (Fig. S2 lanes a and b). Glycosyl
analysis performed on the PATAC125 biofilms confirmed the presence
of sugars attributable to the lipopolysaccharide (Michela Corsaro et al.,
2001) like galactose, glucosamine, heptose, and traces of mannosamine;
indeed, in the biofilm a lot of biomass is constituted by cells. Moreover,
N-Acetyl-muramic acid (MurNAc, NAM), ribose and glucose were found
(Table 2). The presence of ribose confirmed the occurrence of nucleic
acids in the samples.

The presence of cellulose in PhATAC125 biofilm was preliminarily
investigated by staining cells, grown on GG or BHI agar plates, with the
Calcofluor (Fig. S3). Although it is routinely used for this purpose
(Zogaj et al., 2001), Calcofluor is not absolutely specific for cellulose (it
is known to bind also B[1-4] and B[1-3]-linked glucosyl polymers).
Therefore, to confirm the presence of cellulose, the samples of the
PhTAC125 biofilms were treated with a cellulase, an enzyme which has
the capability to specifically hydrolyze cellulose, leading to free glucose
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formation. The released glucose was revealed as acetylated alditol,
demonstrating the presence of cellulose in all the tested samples (Fig.
S4).

3.7. DNase I and proteinase K effect on biofilm formation in different
environmental conditions

The role of proteins and eDNA in the ‘initial adhesion’ and ‘early
biofilm formation’ steps was studied to collect more information on
molecular mechanisms involved in PATAC125 biofilm formation in the
four explored conditions. PATAC125 was grown in the BHI and GG
media at 15°C and 0 °C in static conditions, in the presence of either
DNase I or proteinase K, and a quantification of the formed biofilm was
performed by means of crystal violet staining (Fig. 5). The results ob-
tained revealed that the treatment with DNase I did not lead to any
reduction in the biofilm development but, interestingly, in the GG at
0 °C the nuclease addition led to an increase in the biofilm biomass. The
proteinase K treatment, on the other hand, strongly affected the Ant-
arctic bacterium biofilm formation in the BHI medium, whereas the
protease addition did not have a great impact on the biofilm formation
in the GG medium (Fig. 5).

4. Discussion

The ability of bacteria to form biofilms in many environments is
undoubtedly related to the selective advantage that the surface asso-
ciation offers. As previously reported the Antarctic bacterium
PhTAC125 is able to form biofilm at 4 °C in BHI and in GG broths and in
these conditions, the biofilm formation generally occurs at the air-li-
quid interface (Papa et al., 2013; Parrilli et al., 2015).

In this paper, the structural characterization of the biofilm of the
Antarctic bacterium PhTAC125, produced in response to different nu-
trient abundance and temperatures, was investigated. In particular, the
capability of PhATAC125 to form biofilm was investigated at 15 °C and
0°C in BHI and GG media.
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Fig. 5. Analysis of the effect of DNase I and proteinase K on PhATAC125 biofilm
formation. The PATAC125 biofilm formation obtained in the BHI medium or GG
medium at 15°C or 0°C for 24h in the absence and presence of DNase I or
proteinase K at a concentration of 100 ug/ml. The data are reported as a per-
centage of the residual biofilm after the treatment. Each data point represents
the mean + the SD of six independent samples; the mean values were com-
pared to the untreated control and considered significant when p < 0.05(*
p < 0.05, ** p < 0.01, *** p < 0.001) according to the Student t-test.

The Antarctic bacterium resulted to be able to form biofilm and the
majority of cells unbudded in the matrix resulted vital (Fig. S1) in all
the tested conditions. This result is not surprising since its genomic and
metabolic features indicate that this bacterium is adapted to periodic
changes in temperature and nutrient availability (Médigue et al., 2005).
Data described demonstrating that the cold-adapted bacterium re-
sponds to different temperatures (15 °C vs 0 °C) and levels of nutrients
abundance (rich medium vs synthetic medium) producing different
amount of biofilm, indeed in the synthetic medium, the biofilm quantity
was higher than that produced in the rich medium. It’s important to
underline that in planktonic growth condition the biomass reached in
BHI is always higher than that obtained in GG medium (data not
shown). Likely, the presence of a lower availability of nutrients could
induce a greater production of biofilm since the biofilm matrix can
improve the capture of nutrients (Flemming et al., 2016; Shrout et al.,
2012; Tolker-Nielsen and Tolker-Nielsen, 2015), and therefore the
higher biofilm production could be a strategy to survive in poor nu-
trient conditions. It’s interesting to note that at 0 °C in the GG medium,
the bacterium produced biofilm to the same extent as in BHI at 15 °C,
indicating that also at low temperatures the energetic cost related to the
biofilm production is adequate to the advantages deriving from the
biofilm formation. The CLSM analysis on the biofilms produced by
PhTAC125 in GG and BHI revealed that the medium composition has a
key role also in the definition of the biofilm structure. Actually, the
investigation revealed that the biofilm obtained in the GG medium was
more compact than the biofilm developed in the rich medium.

It is useful to remark that the temperature and the media compo-
sition not only affect the amount and the compactness, but also the
typology, of the biofilm. Indeed, the PhTAC125 biofilm accumulates
mainly at the air-liquid interface at 15 °C in both BHI and GG media and
at 0 °C only in BHI, while, interestingly, it forms biofilm mainly at the
solid-liquid interface at 0 °C in the GG medium. Although a correlation
between the typology of a biofilm and the growth medium has recently
been published (Paytubi et al., 2017), to the best of our knowledge, this
is the first report of the effect of the temperature on the typology of
biofilm (i.e. in the spatial localization of biofilm). Indeed, the bacterium
in GG medium produced a liquid-air biofilm if grown al 15 °C, while in
the same medium it produced a biofilm on solid-liquid interface when
grown at 0 °C. Anyway, it is remarkable to note that PATAC125 is able
to efficiently produce both submerged biofilms and pellicles and that
the PhTAC125 pellicles obtained in the two media resulted to be dif-
ferent. The pellicles obtained in the BHI was slimier and stickier than
those obtained in the GG which, in contrast, seemed to be more
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compact and better structured. Moreover, the PhiTAC125 GG pellicles
displayed a higher hydrophobicity compared to the PhTAC125 BHI
pellicles.

The A-L biofilm formation has been described for various bacteria
and proceeds through several stages (Armitano et al., 2013). In the
early stages, a thin layer of cells appears at the air-liquid interface
(Armitano et al., 2013) and, subsequently, the three-dimensional
structures develop as the pellicle grows and thickens (O’'Toole et al.,
2000). The exact mechanisms underpinning the initial stages of the
pellicle formation (i.e. how the cells reach the interface) have not been
well-characterized. However, the cell motility seems to strongly influ-
ence the A-L biofilm formation, which requires upward swimming
capabilities (Kobayashi, 2007). In fact, it has been reported that many
bacteria show defects in pellicle formation when the genes involved in
the flagellum synthesis are mutated, and, in some species, the ability to
form a pellicle is completely abolished (Lemon et al., 2007; Serra et al.,
2013). Since several authors have reported that motility might facilitate
the bacteria localization near the A-L interface and thereby contribute
to the A-L biofilm formation, the different motility of the PATAC125
cells in the four studied conditions was explored and the bacterium
resulted to be slower in the GG than in the BHI medium. This result
could explain why the bacterium was unable to form pellicles at 0 °C in
the GG medium, but it does not completely clarify why in this condition
PhTAC125 was able to form an S-L biofilm. Unpublished proteomic data
from our laboratory revealed that the major pilin MshA of type IVa
mannose-sensitive hemagglutinin pili is overexpressed when PhTAC125
is grown at 0°C in a GG medium. Interestingly, type IVa mannose-
sensitive hemagglutinin pili are critical for the initial attachment to a
surface and for the S-L biofilm formation in several bacteria, such as
Vibrio cholerae (Watnick et al., 1999) and Pseudoalteromonas tunicata
(Dalisay et al., 2006). In particular, MshA pili are crucial for the “or-
biting” of near-surface motility trajectories (Utada et al., 2014) and it
has been demonstrated that when the mannose is added to the medium,
in order to saturate the MshA pili binding, the orbiting motility of V.
cholerae is ablated and the initial surface attachment is impaired (Utada
et al., 2014). To assess if the capability of PATAC125 to form an S-L
biofilm in the GG medium at 0 °C was related to the type IV mannose-
sensitive hemagglutinin pili, the bacterium was grown in the GG
medium at 0 °C in the presence and absence of mannose and the biofilm
formation was evaluated (Fig. S5). The presence of mannose reduced
the formed biofilm suggesting that, as in V. cholera, also in PATAC125 at
0 °C in the GG medium the surface attachment was mediated by type IV
pili and it occurred mainly in these conditions due to the type IV pili
overexpression and the reduced motility.

All the data obtained on the biofilm characterization have demon-
strated that the specific features like the typology, hydrophobicity,
biomass, thickness, and compactness, of PhATAC125 biofilms obtained in
different conditions, were deeply different. To assess if these differences
might be related to a possible different chemical composition of the
biofilm matrix components, the biofilm structures were further in-
vestigated by Raman microspectroscopy. This technique has been re-
cently proposed and applied to the chemical characterization of similar
biofilms (Carey et al., 2017; Henry et al., 2017; Takahashi et al., 2017).
Overall, the Raman investigation of the PhATAC125 biofilms indicated a
much higher nucleic acid/protein ratio and an only slightly higher
carbohydrate/protein ratio in the biofilms obtained in the GG medium
compared to those grown in the BHI medium. The high nucleic acid/
protein ratio, reported for the biofilms grown in the GG, could be in
accordance with the observation that the PATAC125 GG pellicles dis-
played a higher hydrophobicity than the PhTAC125 BHI pellicles. In-
deed, several studies have suggested that eDNA increases the hydro-
phobicity of bacterial cells (Okshevsky and Meyer, 2015). Therefore,
it’s possible to correlate the hydrophobicity of GG pellicles with a
higher content of eDNA, or better with a higher nucleic acid/protein
ratio in the biofilm obtained in GG. Moreover, the different nucleic
acid/protein relative ratio could also account for the reported
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differences in the PhTAC125 biofilm structure (Fig. 3b, roughness
coefficient) due to the known influence of eDNA on biofilm three-di-
mensional architectures (Okshevsky and Meyer, 2015).

Polysaccharides are considered as a significant structural compo-
nent of the biofilm matrix. As predictable, sugar analysis done on the
PhTAC125 biofilms demonstrated the presence of sugars characteristic
of the PATAC125 lipopolysaccharide (Michela Corsaro et al., 2001) like
galactose, glucosamine, heptose, and mannosamine. Moreover, N-
Acetyl-muramic acid (MurNAc, NAM), ribose and glucose were found.
Muramic acid is one of the components of the peptidoglycan structure
but also found in LPS structures (Zych et al., 1998; Casillo et al., 2015).
As far as we know, it has never been reported as a biofilm component.
Instead, ribose has already been found in biofilms (Hung et al., 2005).
The presence of glucose in all the samples and the occurrence of a
cellulose synthase gene cluster in the PATAC125 genome (Romling and
Galperin, 2015) prompted us to investigate the presence of cellulose in
the PhTAC125 biofilm matrix. Cellulose is a significant extracellular
matrix component of the biofilms of several ecologically diverse bac-
teria, and it mediates cell-cell interactions, cell adherence and biofilm
formation on biotic and abiotic surfaces (Romling and Galperin, 2015).
Four principal types of cellulose synthase operon have been found in
various bacterial genomes, in the PhTAC125 genome was found
(Romling and Galperin, 2015) an E. coli-like type of bcs operon which is
widespread among the members of beta and gamma subdivisions of
proteobacteria, the expression of the cellulose synthase gene cluster is
generally stimulated during biofilm formation (Zogaj et al., 2001;
Prigent-Combaret et al., 2012). The data reported demonstrated that
the cellulose is a constituent of PATAC125 biofilm matrix in all the
tested conditions.

Although the Antarctic bacterium synthesizes cellulose as poly-
saccharidic component present in the matrix in all the tested conditions,
when the different relative content of eDNA and proteins is modulated,
it produces biofilm matrices with different characteristics in terms of
hydrophobicity, porosity, and roughness.

Last part of the research work was dedicated to assessing if the
environmental conditions also influence the PATAC125 biofilm devel-
opment process. In particular, the role of proteins and eDNA in the
‘initial adhesion’ and ‘early biofilm formation’ steps were studied when
the bacterium was grown in the GG or BHI media. The results obtained
revealed that the treatment with DNase I did not lead to any reduction
in the biofilm development but, interestingly, in the GG at 0°C the
nuclease addition led to an increase in the biofilm biomass. For some
bacteria, eDNA, besides its structural role, is required for the initial
attachment to surfaces, whereas in other bacteria it plays a role during
the transition from the attachment phase to the biofilm maturation
phase (Okshevsky et al., 2015). Data reported suggested that the eDNA
has a marginal role in the PhTAC125 early biofilm formation both in the
GG or BHI. On the other hand, proteins have a key role in Antarctic
bacterium biofilm formation in the BHI medium, whereas they did not
have a great impact on the biofilm formation in the GG medium. The
reported differences in the role of proteins and of eDNA in early biofilm
formation steps suggest that the environmental conditions also influ-
ence the molecular mechanisms responsible for biofilm establishment
and formation.

In conclusion, the capability of PATAC125 to adopt different biofilm
structures in response to changes in its environment appears to be an
interesting adaptation strategy and the results herein described give the
first hints in biofilm formation in cold environments.
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