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Abstract

Background: In aquatic environments, microbial biofilms are hot spots of microbial diversity, as well as a substrate for larval settlement of many invertebrate species.
Examining the functional diversity of microorganisms in polar regions is a new and still unknown field of aquatic microbiology, that is attracting increasing interest for its
significance in both scientific research and resources exploitation.

The context and purpose of the study: In the framework of research aimed at studying microbial colonization occurring at Terra Nova Bay, culturable heterotrophic
bacteria were quantified and characterized phenotypically at two study areas (Road Bay and Tethys Bay) with different environmental characteristics: the first one was
close to Mario Zucchelli research station and impacted by anthropogenic pressure due to sewage wastes, while the second was exposed to salinity gradients due to
glacier melting. In this context, artificial structures hosting plastic (polyvinyl chloride, PVC and polyethylene, PE) panels were deployed at -5 and -20m depths at each of
the stations (one Impact and one Control) chosen per each study area. Water samples were contextually collected at the time of recovery of the plastic panels, namely
after 12 months of deployment; at Road Bay, at the -5 m depth, a short-term experiment was also performed, with the recovery of the panels after 2.5 and 9 months of
deployment. Bacterial strains were isolated in axenic culture both from water and biofilm matrices, and examined for their main phenotypical traits and functional diversity,
through Gram staining, oxidase production, glucose fermentation and screened for enzymatic activity profiles (proteolytic, glycolytic and phosphatasic activities) using
specific fluorogenic substrates.

Results: Most of the bacterial isolates were Gram-negative, oxidase-positive and glucose-fermenting strains. Higher enzyme diversification was found in Road Bay
at the site impacted by the sewage wastes from the research station, compared to the control site. A higher abundance of heterotrophic bacteria was detected on PVC
compared to PE. Several pigmented strains, ascribable to Flavobacterium sp., were isolated from biofilm with respect to the ones isolated from the pelagic environment.

Main findings: The screening of bacterial isolates for the production of hydrolytic enzymes revealed that proteolytic and phosphatase activities were a common
metabolic trait of both water and biofilm-derived isolated. Microbes inhabiting Antarctica represent a very important and not completely known source of bioactive
molecules with possibly multiple applications, from biomedicine to pharmaceutical, cosmetics, biodegradation, and so on.

Conclusions: This is the first contribution to characterize phenotypically the bacteria colonizing the Ross Sea seabed in comparison with pelagic heterotrophic
bacteria and to explore their metabolic abilities and the biotechnological potential of these microorganisms. The preliminary data regarding the metabolic profiles and
composition of the microbial community have highlighted the plasticity of the microbial community, whose metabolism is modulated by the organic matter supplies found
near the Mario Zucchelli Station.

Brief summary: Heterotrophic bacteria in the waters and in the biofilm covering the surface of settlement panels in plastics deployed at sea for different time periods
were studied in two bays of the Ross Sea, Road Bay and Tethys Bay. The main phenotypical characteristics of the bacterial isolates were examined. The production of
hydrolytic enzymes makes microbial biofilms interesting sources of molecules with a potential applicative interest.

Any potential implications: Bioprospecting research on polar microorganisms represents an attractive field of microbiology that is supported by increasing attention
towards the discovery of hydrolytic enzymes as new active compounds having unexplored properties and applications.
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Introduction

In aquatic ecosystems, biofilms cover the surface of
all submerged substrates [1]. Marine biofilms are complex
systems consisting of microbes embedded in a matrix of
extracellular polymers [2]. Microbial biofilms represent hot
spots of microbial diversity and a potential source of secondary
metabolites; acting like a second skin on the organisms [3],
they are also suitable substrates for the larval settlement
of many invertebrate species [4]. Microbial communities
(bacteria and microalgae) within biofilm follow distinct
succession patterns and fill specific functional niches; they
are able to structurally self-organize in response to external
conditions and to the activities of the various biofilm members.
Biofilm-associated bacteria and microalgae also contribute to
the overall functioning of aquatic ecosystems, by regulation of
key biological processes (i.e. degradation of organic matter and
environmental pollutants, photosynthesis, nitrogen fixation)
(5,6].

Despite the increasing interest in microbial biofilms, in
polar regions such as Antarctic marine environments, there
is still a paucity of knowledge on community composition in
most marine biofilms and their responses to natural/anthropic
changes [3, 4, 7). Particularly, the microbial colonization in the
Ross Sea is largely unexplored and increasing human pressure
makes a clearer understanding of microbial community
dynamics necessary [6]. The interest in microbial colonization
is also related to the potential threat posed by marine litter and
particularly plastic pollution that has come to an emerging
field of research for its eventual detrimental consequences
for human and animal health [6] as well as for the overall
ecosystem health. Plastics are a unique habitat to host and
spread across the oceans diverse microbial species attached to
their surface, creating the so-called “plastisphere”, according
to the name coined by Zettler, et al. [8]. The plastisphere
community composition seems to be affected by the chemical
nature of plastic substrates of different compositions [9].

For long times, Antarctic regions have been considered
pristine environments, but recent evidence of human
footprints on these vulnerable ecosystems has been provided
[10-13]. Furthermore, the microorganisms that survive and
grow in extremely cold conditions such as those typical of
polar regions have adopted a variety of adaptive strategies that
allow them to maintain their activity and metabolic function
despite the challenging conditions. These microorganisms are
expected to possess properties of interest in several fields of
applications, such as biomedical, cosmetical, bioremediation,
and so on [14-15].

In the light of the above-reported considerations, funded
by the Italian National Research Program in Antarctica (PNRA),
research has recently been undertaken in the Ross Sea in order
to follow the process of microbial colonization in relation to
the further settlement of benthic communities and to assess
microbial abundance and metabolism in two coastal sites
differently exposed to natural and anthropogenic forcings.
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The specific objectives of the present study were: i) to
assess quantitatively the heterotrophic bacteria present in two
Antarctic sites exposed to anthropic and natural perturbations
and ii) to study the phenotypical characteristics of bacterial
isolates in order to get insights into their composition and
functional diversity

Materials and methods
Study area and experimental design

The research was performed during the XXXIII and XXXIV
Italian Antarctic expeditions, covering two consecutive austral
summer periods. Two different areas were chosen for this
study (Figure 1).

1. Road Bay, a small bay close to the Mario Zucchelli
Research Station, where the Research Station sewage is
located and that represented a site exposed to anthropic
impact.

2. Tethys Bay, a large bay 2 km North of Road Bay, is
inner and isolated from Road Bay. Herein a large
glacier (Amorphous Glacier) approaches the shore and
a salinity gradient was expected to be present; this site
allowed to simulate potential effects caused by global
warming.

At each of the study areas an impact site and a control site
were set up, and precisely Road Bay (RB, Impact) and Punta
Stocchino (PTS, Control) within the Road Bay area; Amorphous
Glacier (AG, Impact) and Tethys Bay (TB, Control) within the
Tethys Bay area. At all these stations artificial structures with
attached plastic panels were deployed at depths of -5 and
- 20 meters. The geographical coordinates of the study sites
were: RB (Latitude 74°41,743’ S Longitude 164°07,125’ E), PTS
(Latitude 74°41,651’ S Longitude 164°07,303’ E), TB (Latitude
74°41,417’ S Longitude 164°06,303’ E) ; AG (Latitude 74°41,234’
S Longitude 164°02,135’ E).

Settlement panels for microbial colonization

Polycarbonate Vinyl Chloride (PVC) and Polyethylene (PE)
panels (approximately 15 cm x 15 cm) were used as artificial
substrates for the study of microbial colonization. The plastic
panels - in a number of 3 PVC and 2 PE plates - were fixed
into a frame in inox (Figure 2); in the pack ice large holes were
produced, through which each structure was submerged and
moored with hooks at established depths (-5 and -20 m).

Two experiments (short-term and long-term experiments)
were performed. For the long-term experiment, the panels
were fixed at the arrival in Antarctica (November 2017, during
the first expedition) and removed after one year (in November
2018) using divers who plunged from holes made by ENEA
logistics in the pack-ice. In the short-term experiment,
performed in Road Bay at -5 m depth only, all the panels were
removed after 2.5 months of immersion and replaced with new
ones, which were collected at the beginning of the successive
year, therefore after 9 months.

(T2
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Figure 1: Map showing the study sites in the Ross Sea (Antarctica). Above, the Tethys Bay area with the Impact (Amorphous Glacier) and the Control (Tethys Bay) stations;
below, the Road Bay area with the Impact (Road Bay) and the Control (Punta Stocchino) stations.

Figure 2: Details of the logistical operations carried out at Ross Sea (Antarctica): holes produced in the pack ice by the ENEA staff (on the left) and artificial structures

hosting the panels in polyvinyl chloride (PVC) and polyethylene (on the right).

All the recovered panels were assessed for the amount
of biofilm, and the abundance and functional diversity of
bacterial biofilm components. At the same time of recovery of
the plastic panels (i.e. after 12 months of immersion), water
samples were collected and temperature, salinity, dissolved
oxygen, pH and fluorescence measurements were taken along
the water column too.

Bacteriological analysis: Cultivation procedure and Iso-
lation of bacterial strains

The viable heterotrophic bacteria were estimated by
inoculation of serial dilutions of water and biofilm samples
on Marine Agar 2216 plates (Difco) incubated at +5°C for 7-21
days and the grown colony forming units (CFU) were counted.
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Colonies grown on Marine Agar were isolated; about 30 colonies
were isolated from each sample, although some strains lost
their viability during successive replications.

Phenotypic characterization

The phenotypic characterization of the isolated strains
was performed according to the standard procedures in use
at the CNR- ISP laboratory (Messina, Italy). All the bacterial
isolates were screened for Gram staining, oxidase production,
colony pigmentation, glucose fermentation and production
of proteolytic, glycolytic and phosphatase enzymes as an
expression of potential virulence factors [16]. The morphotype
(i.e. cocci, rods, pleomorphs) was also recorded.

Gram staining

A Gram staining kit (Oxoid), composed of crystal violet,
decolorizer, iodine solution and safranin was used to distinguish
the Gram-negative strains (visible with a pink coloration) from
the positive ones (colored in violet).

Oxydase test

The oxidase test is a biochemical reaction commonly used
to search for the presence of cytochrome oxidase. When a
microorganism contains the cytochrome oxidase enzyme,
the reduced colorless Kovacs reagent (1% tetramethyl-p-
phenylenediamine dihydrochloride) is converted into an
oxidized colored product [17].

Glucose fermentation

All the strains were screened for their ability to ferment
glucose on Triple Sugar Iron agar (Oxoid) tubes; the tubes were
scored as positive (glucose-fermenting strains) or negative
(glucose oxidizing strains or strains showing no reaction).
The production of gas or hydrogen sulphide was also recorded
as distinctive characters for the presumptive identification of
each bacterial strain (see below).

Enzymatic profiles

To test the bacterial ability to synthesize proteolytic
(leucine aminopeptidase, LAP), glycolytic (alpha- and beta-
glucosidase, GLU), phosphatasic (alkaline phosphatase, AP)
enzymes all the strains in axenic culture were inoculated by
replica plating on the surface of four Marine agar dishes, one for
each enzyme to be assayed. Only one strain was inoculated per
each Petri dish, in order to avoid potential interferences in the
interpretation of the results [18]. After incubation for 10 days
at +5°C, the plates were covered with a paper filter dish soaked
by a 0.1 mM solution of each fluorogenic substrate [leucine-7
amido-4-methyl-coumarin, 4-Methlumbelliferyl (MUF)-a-
d-glucoside, 4-MUF-b-d-glucoside, MUF-phosphate] specific
for LAP, alpha-GLU, beta-GLU and AP, according to the Kim
and Hoppe’s method [19]. The substrate hydrolysis was visible,
after 3 min, as a fluorescent spot, around the bacterial colony
under UV light of a Wood lamp.

The enzymatic profiles of bacteria isolated from water
and biofilm at Road Bay (RB) and Punta Stocchino (PTS) were
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represented as heatmaps, that give a visual representation of
the functional diversity as a panel of colors. Heatmaps were
generated using the PAST software (version 3.14) [20].

Presumptive identification

According to their main morphological and physiological
characteristics, bacterial isolates were identified at least at a
genus level, using Oliver’s identification scheme [21].

Data representation

The phenotypical traits of bacterial isolates were
represented as pie charts, that showed per each trait (Gram
staining, morphotype, pigmentation, oxidase production,
glucose fermentation) the percentage of positive strains with
respect to the total number of isolates.

Results

The abundance of culturable heterotrophic bacteria in water
ranged from 1.03 x 10> to 6.87 x 10> CFU/ml in Road Bay and
from 3 CFU/ml to 3.03 x10> CFU/ml in Tethys Bay. Within the
biofilm matrix developed in Road Bay, their abundances were
comprised between 3.5 x10' and 1.27 x 103 CFU/cm? and between
3.5 X 10" and 1.71 x 10> CFU/cm? for PVC and PE, respectively.
In Tethys Bay, culturable heterotrophic bacteria varied from
4 X 10" to 4.52 x 10> CFU/cm? and from 3 to 1.5 x 10' CFU/cm?
for PVC and PE, respectively. Their distribution in the pelagic
domain at the time of the substrate recovery and after 2.5, 9
and 12 months of substrate immersion for the biofilm is shown
in Figures 3,4 for water and biofilm respectively. Both in water
and biofilm, the heterotrophic bacteria were more abundant at
the Impact than at the Control stations.

Several strains isolated from biofilm were pigmented
(Figure 5), while pigmented strains were isolated from water
only rarely.

Figures 6,7 summarize the main phenotypic characteristics
shown by the bacterial strains isolated from the water
and biofilm samples assayed in this study, respectively.
In waters, Gram-negative strains were predominant (over
60% of the total); they were mostly oxidase-positive, not
pigmented strains (excepting some yellow-orange pigmented
strains found at RB-20m) and glucose-fermenting strains
predominated at RB-5m, while glucose oxidizing strains
prevailed at PTS-20m. Morphotypes were more diversified at
RB-5m than at other sites. Bacterial strains isolated from the
biofilm grown on PVC panels were mostly Gram-negative (over
70% of the total), oxidase-positive and glucose-fermenting
strains; at the impact RB site they showed a diversified shape
and pigmentation compared to the isolates from the control
PTS site. Bacterial strains isolated from the biofilm grown on
PE panels were characterized by a low degree of diversification
compared to the analogous isolated from PVC. All strains were
Gram-negative and oxidase-negative at the RB site.

The phenotypical differences found between the PVC-
and PE-associated bacteria indicated that the two plastic
materials represented different substrates for the attached
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Figure 3: Abundance of heterotrophic bacteria (in Colony Forming Unis, CFU per ml) recorded in water samples collected from -5m and -20m depths at the stations Road Bay
(RB, Impact) and Punta Stocchino (PTS, Control) within the Road Bay area and at Amorphous Glacier (AG, Impact) and Tethys Bay (TB, Control) within the Tethys Bay area.
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Figure 4: Abundance of heterotrophic biofilm cultivable bacteria obtained on polyvinyl chloride (PVC) and polyethylene (PC) panels deployed for 12 months at -5 and -20 m
depths at the stations Road Bay (Impact) and Punta Stocchino (Control) within the Road Bay area and at Amorphous Glacier (Impact) and Tethys Bay (Control) within the
Tethys Bay area. Additional data were taken after 2.5 and 9 months of deployment at-5 m depth of Road Bay and Punta Stocchino stations only.

Figure 5: Typical pigmented bacterial strains isolated from biofilm samples.
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microorganisms; moreover, the plastisphere was composed
of microbial species well adapted to colonize these artificial
substrates through diversified metabolic patterns.

In the presumptive identification based on the traditional
biochemical methods, each isolate was assigned to one of the
following main genera:

-Pseudomonas: Gram-negative, glucose nonfermenting,
oxidase-positive or -negative rods;

-Vibrio/Aeromonas Photobacterium: Gram-negative, glucose-
fermenting and oxidase-positive rods;

-Flavobacterium: Gram-negative, pigmented, oxidase-
positive or negative rods;

-Bacillus: Gram-positive rods, with spores;
-Corynebacterium: Gram-positive rods, without spores;

-Micrococcus: Gram-positive, glucose-oxidative, clumps-
shaped cocci.

According to these identification criteria, most of
the bacterial isolates were assigned to Vibrio/Aeromonas/
Photobacterium genera; the pigmented strains were classified
as belonging to the Flavobacterium genus, while glucose
nonfermenting strains were identified as Pseudomonas sp.

Some strains were assigned to Micrococcus sp.

Enzymatic profiles, shown in Figure 8, indicated that the
majority of the isolates were active producers of LAP and AP,
another represented enzyme was beta-GLU, while alow number
of strains produced alpha-GLU. Biofilm isolates showed higher
enzymatic levels than water isolates.

Discussion

In the Antarctic environment, studies on the structure and
function of the microbial communities that make up biofilms
are still limited [4,7]. This study is the first to contribute to the
knowledge of culturable bacteria belonging to microbial biofilm
in the Ross Sea. In natural aquatic ecosystems, the community
composition of microbial biofilms is widely variable; shifts
in response to environmental or anthropogenic drivers are
known. Except for a study at McMurdo Station [4] , to our
knowledge, the marine microbial environment in Antarctica is
largely unexplored, particularly regarding the response of biota
to natural/anthropogenic pressures. Extreme environments
such as polar regions are also among the most interesting
study areas for the discovery of new microbial species, not yet
cultured and explored. In this study, the high abundance of
heterotrophic bacteria found at the Impact stations compared
to the Control ones was likely caused by the water enrichment
due to the Zucchelli wastewater depuration plant in the Road
Bay area or to the release of detritus in proximity of the glacier
in the Tethys Bay area. The most common bacteria isolated
from water and biofilm were Gram-negative rods. Most of
the isolates were assigned to the genera Vibrio/Aeromonas/
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Figure 8: Heatmaps showing the enzymatic profiles of bacteria isolated from water
and biofilm at Road Bay (RB) and Punta Stocchino (PTS) (Poly vinyl chloride, PVC;

Polyethylene, PE; leucine aminopeptidase, LAP; alpha- and beta-glucosidase, alpha-
and beta-GLU; alkaline phosphatase, AP).

Photobacterium; moreover, a frequently recovered genus
was Pseudomonas, which is characterized by high metabolic
versatility [18].

Bioprospecting is a quite recent field that is in progress;
several studies have been previously performed on bacterial
strains isolated from polar environments to explore their
biotechnological potential (see [15] for a review). The ability
to produce hydrolytic enzymes was observed in a wide
number of bacterial strains isolated from water and biofilm
samples from the Ross Sea. As it is known, the culturable
fraction represents the viable fraction associated with organic
polymers and is also equipped with a wide enzyme spectrum
[18]. The enzymes assayed in the Ross Sea were among those
related to the decomposition of common organic substrates. A
high functional diversity of culturable bacteria was observed
in Potter Cove, South Shetland Islands, Antarctica, where
bacterial strains produced several hydrolytic enzymes, that
represented a promising source of biomolecules [22]. Among
189 isolated bacteria, the strains able to produce amylases,
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pectinases, cellulases, CM-cellulases and proteases accounted
for percentages of 9.5%, 22.8, 14.8%, 25.4%, and 44.4% of the
total of strains. At least one extracellular enzyme was produced
by more than 25% of the isolates, some of which were found to
be able to produce up to six of the assayed enzymatic activities.

A broad range of cold-active hydrolytic enzymes was
produced at a cultivation temperature of 4°C by most of the
bacterial strains isolated from Arctic sea ice and seawater
(Spitzbergen) samples [23]. The strains that were able to
degrade proteins (using skim milk and casein as substrates),
lipids (olive oil), and polysaccharides (starch and pectin)
represented a percentage of 56, 31, and 21% of the total of
isolated strains, respectively. Conversely, Fenice, et al. [24]
found that a low eco- nutritional versatility in fungal isolates
from different sites on Victoria Land (continental Antarctica).
Glucose oxidase, protease and DNAase were almost low or absent
in thirty-three fungal strains, while amylase and phosphatase
activities were common and lipases were generally present in
high quantities in almost all the strains.

Another interesting feature of the phenotypical study
performed in the Ross Sea was the wide number of pigmented
strains isolated from the biofilm The production of pigment
has been suggested as a strategy to overcome oxidative stress
[25,26]; another hypothesis is that pigment is a trait common
to virulent strains [27].

Conclusion

This study was a contribution to current knowledge on the
abundance and functional diversity of the culturable fraction
of the heterotrophic bacterial biofilm community and to the
discovery of new species and microbial products, as well as
to clarify diversity-function relationships and interactions
between the different bacterial groups in the Ross Sea
benthic domain. New insights on plastic-associated bacterial
assemblage adapted to live in this extreme environment were
also provided.
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