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Abstract: Marine diatoms are essential members of both phytoplankton and phytobenthic commu-
nities, able to colonize submerged artificial and natural surfaces, contributing to benthic microbial
biomass. Diatoms have developed different adaptative mechanisms to cope with various envi-
ronmental stresses, including high concentrations of heavy metals. The aim of this study was to
investigate the arsenic resistance of diatoms, isolated from microbial mats collected from an arsenic-
rich brackish pond (Lake Mergolo della Tonnara, Italy), by evaluating (i) their ability to form biofilms
in the presence of arsenite (AsIII) or arsenate (AsV), and (ii) the variations in the photosynthetic
pigments’ contents (i.e., chlorophyll a and c) in their biofilms. The mats were dominated by members
of the genus Amphora, and isolates were affiliated with species of A. capitellata, A. coffeaeformis, and
A. montana. The strains grew better in the presence of AsV than AsIII, which is generally less toxic.
After seven days of incubation, each strain exhibited a different ability to form biofilms on glass
surfaces in the presence of arsenic (25 ppm), with A. montana strain 27 being the most effective (86%)
in the presence of AsIII, and A. coffeaeformis strain 26 (74%) with AsV. Photosynthetic pigment levels
(chlorophyll a and c) differed in each biofilm, being poorly reduced by AsIII in strain 27, and by
AsV in strain 26, indicating a species-specific response to arsenic stress. Our results indicated that
Amphora species thriving in this environment can form biofilms as an As-resistance mechanism,
maintain their levels of photosynthetic pigments, and support the functioning of the pond ecosystem,
with A. montana being favored in the presence of AsIII, whereas A. coffeaeformis 26 in the presence of
AsV. As producers of biofilms, these strains could be useful to develop new strategies to remediate
arsenic pollution.

Keywords: arsenic; biofilm; diatom; microalgal mat; resistance; transitional environment

1. Introduction

Arsenic, a metalloid of both geogenic and anthropogenic origin, can be found in a
variety of environments [1]. In nature, arsenic exists both in organic and inorganic forms;
the inorganic forms, such as the trivalent arsenite (AsIII) or pentavalent arsenate (AsV), are
more toxic than organic forms [2]. In natural aquatic environments, the most toxic arsenite
prevails under anoxic conditions, and arsenate in soils and oxygenated surface waters [3].
In rivers, As-contaminated waters have baseline concentrations ranging between 0.1 and
2.1 µg L−1, with an average of 0.8 µg L−1 [4–6]. Naturally occurring arsenic enrichment
from hydrothermal or meteoric groundwaters can range from 10 up to 370 µg L−1 [7]. High
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concentrations of natural arsenic in groundwater pose significant health risks to humans,
ranging from skin lesions to cancers affecting the brain, liver, kidney, and stomach [4,5].
Consequently, the presence of arsenic in water frequently restricts its use as a potable water
source in several regions worldwide. The European Directive 98/83/EC imposed the limit
of arsenic in drinking water to 10 µg L−1 [8].

It is well known that microorganisms possess resistance strategies in response to toxic
concentrations of heavy metals, including nonspecific and specific mechanisms involved
in metabolic and enzymatic processes [9,10]. Metabolic pathways that confer As resis-
tance to microalgae include AsIII oxidation, reduction of AsV to AsIII, methylation, and
further transformation to less toxic organic forms, such as arsenosugars or arsenolipids [11].
Nonspecific mechanisms include sequestration into vacuoles [12,13], cell surface binding,
complexation of arsenic with different compounds (i.e., thiolic groups, glutathione, and
phytochelatins), and biofilm formation ([13] and references therein [14]). Biofilm formation
is a complex process that begins with the adhesion of microbial cells to surfaces, followed by
the irreversible attachment stage, biofilm development and maturation, in which cells are
embedded in the auto-produced matrix, and finally, the biofilm dispersion, in which cells
leave the biofilm structure in order to contaminate other surfaces [15,16]. Microbial biofilms
play a crucial role in influencing the flux of nutrients, adapting to continuous environmental
changes, favoring tolerance to toxic elements even at high concentrations. Biofilms can
evolve into more complex cellular assemblages or microbial mats, often present in the
liquid–solid interface of various environments [16–18], including extreme environments,
such as hypersaline ponds and hot springs [19].

Transitional environments, such as that of Oliveri-Tindari Lagoon (Northeastern Sicily,
Italy), are of great importance from a naturalistic and environmental point of view. Previ-
ous multidisciplinary investigations carried out in the Oliveri-Tindari Lagoon (including
small coastal ponds, i.e., Lake Verde, Lake Mergolo della Tonnara, Lake Marinello, and
Lake Fondo Porto) documented qualitative variations in the composition of biological
communities in response to high hydrobiological complexity and trophic-sedimentary
changes, and provided important results to promote its environmental protection and
conservation [20–24]. The whole transitional system of Oliveri-Tindari Lagoon, which was
declared a Regional Nature Reserve in 1998 (D.R. No. 745/44.10/12/98), does not suffer
relevant anthropogenic impacts, although it is vulnerable and sensitive to environmental
forcing, such as the amount of energy supply and trophic load [25–27]. Nevertheless, in
contrast with the status of protected area, toxic elements were detected in the past in all
basins, including high concentrations of arsenic [28,29], related both to the presence of rocks
enriched in arsenic in the same geological formation [30] and the contamination by seagull
droppings in the lagoon [31]. In sediments collected from three brackish ponds in the
lagoon, where arsenic was found at very high concentrations (on average, 17.25 mg kg−1),
the isolation of bacteria capable of growing in the presence of arsenic suggested that they
are involved in the biogeochemical cycle of this metalloid [29]. However, to the best of
our knowledge, there are no reports on the ability of microalgae to react with arsenic in
this area.

Present investigations, revealing the occurrence of conspicuous microbial mats, at
least in a basin (Mergolo della Tonnara Pond), allowed to verify the hypothesis that biofilm
formation, protecting microalgal cells by binding arsenic, concomitantly allows them to
maintain their photosynthetic potential.

The aim of this study was to investigate the arsenic resistance of diatoms, isolated
from microbial mats collected from an arsenic-rich brackish pond (Lake Mergolo della
Tonnara, Italy), by evaluating (i) their ability to form biofilms in the presence of arsenite
(AsIII) or arsenate (AsV), and (ii) the variations in the photosynthetic pigments’ content
(i.e., chlorophyll a and c) in their biofilms.
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2. Materials and Methods
2.1. Study Area and Sample Collection

The brackish pond, “Lake Mergolo della Tonnara” (38◦08′22′′ N; 15◦03′08′′ E; hereafter
LMT), belongs to a system of small coastal ponds forming the Oliveri-Tindari Lagoon
(Sicily, Italy) in the Gulf of Patti (Figure 1). The lagoon, whose origin is due to the growth of
very dynamic coastal splits, is periodically subject to drastic changes, which, however, have
only marginally influenced LMT, whose present-day conformation dates back to the early
19th century [26]. On a pluri-decadal timescale, qualitative and quantitative variations in
the biological communities have been documented both in LMT and the whole lagoon, in
response to high hydrobiological complexity and trophic-sedimentary changes [24,26].
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Figure 1. The study area of the Oliveri-Tindari Lagoon (Gulf of Patti, Sicily, Italy) including Lake
Verde, Lake Fondo Porto and Lake Mergolo della Tonnara.

In this pond, the temperature, salinity, and pH of bottom water were measured in June
2023 at two sampling stations (S1 and S2), at 3.2 and 3.8 m depths, respectively, using a
digital thermometer (Hanna Instrument, Milan, Italy) and Multiparameter Meters (Thermo
Scientific™ Orion Star™ A325). Recorded parameters were as follows: temperature 25.4 ◦C,
pH 7.11, salinity 24.5 PSU, and conductibility 38.88 mS cm−1 at S1, and temperature 27.9 ◦C,
pH 7.52, salinity 22.3 PSU, and conductibility 37.40 mS cm−1 at S2.

Two mat samples (two replicates) were manually collected by a SCUBA diver from
the center of the lake (about 3.8 m maximum depth) using sterile polystyrene tubes (50 mL;
Thermofisher, Monza, Italy), and they were kept cool in the dark upon arrival at the labora-
tory.

2.2. Diatom Isolation

The two mat samples were combined and aseptically homogenized by vortexing for
10 min to obtain one representative sample. An aliquot (1 g, w/w) of the representative mat
sample (in triplicate) was suspended in 9 mL of sterile sea water, prefiltered by a sterile
64 µm pore-size cellulose membrane (47 mm in diameter; Millipore, Burlington, MA, USA)
to remove higher-size fractions, and each suspension was then filtered by a 3 µm membrane
(47 mm in diameter; Millipore) to concentrate the microalgal fraction.

Each membrane filter was seeded on a Guillard f/2 medium agar plate [32] (pH 7.5)
incubated at room temperature under continuous illumination (100 µmol of photons
m−2 s−1) for 7 days. Single colonies were streaked onto f/2 agarose plates until axenic
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culture was obtained. Finally, each strain was maintained at room temperature in f/2 broth
under continuous insufflation of sterile air (7.2 L min−1).

2.3. Phenotypic and Genotypic Characterization

The isolated strains were observed for cell morphology under light microscopy (Olym-
pus BX60, Tokyo, Japan) and identified according to Sanchez et al. [33].

Cellular lysis and DNA extraction were performed according to the method described
by Yuan et al. [34]. Briefly, 2 mL of each culture in stationary phase grown in f/2 broth
(OD570nm = 0.5) was centrifuged at 8000× g for 10 min, the pellet was resuspended in 50 µL
of water PCR reagent (Sigma-Aldrich, Milan, Italy), and 5 sterile silica beads (425–600 µm in
diameter; Sigma-Aldrich, Milan, Italy) were added in each tube. The freezing and thawing
procedure was applied three times, as follows: 55 ◦C for 30 min, and then vortexed for
5 min, and placed at −20 ◦C for 5 min. Each tube was centrifuged at 8000× g for 10 min
to remove debris, and the supernatant was analyzed using nanodrop (Thermo Scientific™
NanoDrop™, Thermo Fisher Scientific, Wilmington, DE, USA) to quantify DNA and stored
at −20 ◦C.

The 18S rRNA gene was amplified by polymerase chain reaction (PCR) using the
My Taq HS DNA Polymerase Kit PCR (Bioline, Camarillo, CA, USA) and the following
primers: forward AF (5′ AACCTGGTTGATCCTCCTGCCAG 3′) [35], and reverse: SSU-
inR1 (5′-CACCAGACTTGCCCCTCCA -3′) [36]. The reaction conditions were 94 ◦C for
3 min, 40 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 1 min, with final extensions
of 72 ◦C for 7 min.

The sequencing of the PCR products was performed by BioFab (Rome, Italy). For
microalgae species’ identification, a nucleotide BLAST search (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) was performed to obtain sequences with the most significant alignment.
Sequences assigned to isolates and selected reference sequences were used for phylogenetic
tree construction, generated by the neighbor-joining method using the Kimura-2parameters
algorithm. Distance matrix trees were generated by the neighbor-joining (NJ) method with
the Felsenstein correction, as implemented in the PAUP 4.0B software (Sinauer, Sunderland,
MA, USA). The NJ calculation was subjected to bootstrap analysis (1000 replicates).

2.4. Effects of the Presence of AsIII and AsV on Diatoms’ Growth

To test the arsenic effects on the growth of the isolates, arsenic was added from filter-
sterilized stock solutions of NaAsO2 (AsIII, pH = 7.2) or Na2HAsO4 7H2O (AsV, pH = 6.0) in
deionized water at different final concentrations (12.5, 17, 25, and 34 ppm) in f/2 medium.
A stationary diatom culture in f/2 after incubation at room temperature was centrifuged at
8000× g for 10 min. The diatom pellets (OD570nm = 0.01) were resuspended and inoculated
(2 mL) in each tube (18 mL), containing AsIII or AsV, or without As for the control. The
tubes were incubated at 25 ◦C for seven days under 100 µmol photons m−2 s−1 continuous
illumination and atmospheric air insufflation of 7.2 L min−1, and the growth was evaluated
spectrophotometrically (OD570nm) after 2, 4, 6, and 7 days.

2.5. Adhesion of Diatoms and Biofilm Formation on the Abiotic Surface in the Presence of AsIII and AsV

Aliquots (27 mL) of each isolated strain in stationary phase culture in f/2 (adjusted to
OD570nm = 0.01) were distributed into tubes containing sterile glass slides (25 × 75 mm).
After the addition of the AsIII or AsV (3 mL) dissolved in f/2 (sublethal final concentration),
the tubes were incubated at room temperature for 7 days under 100 µmol photons m−2 s−1

illumination. Non-adherent cells on the glass slides were removed by washing five times
with sterile PBS; after that, each slide was observed using a light microscope (Olympus
BX60, Tokyo, Japan), and the adherent cells were counted. To evaluate the biofilm for-
mation on the glass slides, the extracellular mucopolysaccharides of each biofilm were
stained with aqueous Alcian Blue solution (5 mg mL−1, Alcian Blue 8GX, Sigma-Aldrich,
Milan, Italy) [37]. The growth of these microalgal biofilms was estimated based on the
exopolysaccharide production, highlighted by Alcian Blue staining. The biofilm formation
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was expressed as a percentage related to dye intensity present in the microscopic field,
evaluated by ImageJ [38] image analysis software. In each experiment, biofilms in tripli-
cates were used for the measurements. To estimate the volume of each biofilm, the ImageJ
software (Version 1.54k, USA) plugin, 3D surfaces, was used.

2.6. Photosynthetic Pigments’ (Chlorophyll a and c) Concentrations in Biofilms in the Presence of
AsIII or AsV

The concentration of the chlorophyll a and c in each biofilm, formed in the presence
or absence of AsIII or AsV, was evaluated according to Zecher et al. [39]. Every two days,
one glass slide covered by each biofilm was immersed in the extraction solution of pig-
ments, containing cold acetone (90% v/v, Sigma-Aldrich, Milan, Italy), for 40 min at room
temperature in the dark for up to 7 days. After being centrifuged for 5 min at 1300 rpm,
the chlorophyll concentrations were determined spectrophotometrically, as reported by
Jeffrey and Humphrey [40]. Briefly, the absorbance at OD = 750 nm, 664 nm, and 630 nm
of each supernatant was measured (UV-Vis Spectrophotometer UV-2600, Shimadzu, Duis-
burg, Germany), and the following equations were used to calculate the total chlorophyll
concentrations (µg mL−1):

Chl(a) = 11.47 × (Abs664nm − Abs750nm) − 0.4 × (Abs630nm − Abs750nm) (1)

Chl(c1 + c2) = 24.36 × (Abs630nm − Abs750nm) − 3.73 × (Abs664nm − Abs750nm) (2)

The results were expressed in percentage, as follows:

Chl% = ChlAs/Chlcontrol × 100

where ChlAs is the chlorophyll concentration in the presence of AsIII or AsV, and Chlcontrol
is that in the absence of As.

2.7. Statistical Analysis

Averages and standard deviations of the experiments carried out in triplicates were
used to compare the different experimental groups. Data were analyzed by two-way
ANOVA and Tukey’s post hoc analysis (GraphPad Software Inc., La Jolla, CA, USA).
Significance was considered relevant at p ≤ 0.05 or highly significant at p ≤ 0.01.

3. Results
3.1. Diatom Isolation, Phenotypic and Genotypic Characterization

The isolates formed green-brown colonies after 7 days of incubation at 25 ◦C under
100 µmol photons m−2 s−1 illumination. In the bright-field microscope, the cells from each
colony possessed the cellular morphology belonging to diatoms: amphoroid, with a dorsiven-
tral shell outline, a linear ventral margin and raphe system, settled near the ventral margin,
and their girdle-band was a distinguishing characteristic on the dorsal margin (Figure 2).
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The three isolates were phylogenetically attributed to the genus Amphora (Table 1).
The partial 18S rRNA gene sequences of Amphora capitellata 24, A. coffeaeformis 26, and
A. montana 27 were submitted to GenBank.

Table 1. Phylogenetic affiliation, closest sequences, and BLAST similarity (%) of partial 18S rRNA
sequences of diatoms isolated from mats of Lake Mergolo della Tonnara.

Strain Phylogenetic Affiliation BLAST Similarity (%) Accession No.

24 Amphora capitellata 10S149 isolate D 99.8 JQ886459.1
26 Amphora coffeaeformis strain NZmm1W4 100 KY054933.1
27 Amphora montana isolate DHmm3W2 100 KU561121.1

3.2. Effects of AsIII and AsV on Diatoms’ Growth

The effects of arsenic on the growth of the three strains were evaluated in the presence
of AsIII or AsV at different concentrations (12.5, 17, 25, and 34 ppm) after incubation for
seven days (Figure 3).

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 3. Growth curves of A. capitellata 24, A. coffeaeformis 26, and A. montana 27 in f/2 medium 
under different concentrations, i.e., 0 (control), 12.5, 17, 25, and 34 ppm of AsIII or AsV. The graphs 
show data from triplicate experiments (mean ± SD). 

In the presence of AsIII, A. capitellata 24 and A. coffeaeformis 26 grew up to 12.5 ppm, 
whereas A. montana 27 grew up to 17 ppm, indicating that this strain was the most tolerant 
to AsIII (Figure 3). In the presence of AsV, all strains grew up to 25 ppm, and A. coffeaeformis 
26 possessed the highest values at all concentrations. 

The toxicity of AsIII or AsV was determined as the effective concentration at which a 
50% reduction in the growth of each strain (EC50 value) occurred (Figure 4). 
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under different concentrations, i.e., 0 (control), 12.5, 17, 25, and 34 ppm of AsIII or AsV. The graphs
show data from triplicate experiments (mean ± SD).

In the presence of AsIII, A. capitellata 24 and A. coffeaeformis 26 grew up to 12.5 ppm,
whereas A. montana 27 grew up to 17 ppm, indicating that this strain was the most tolerant
to AsIII (Figure 3). In the presence of AsV, all strains grew up to 25 ppm, and A. coffeaeformis
26 possessed the highest values at all concentrations.
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The toxicity of AsIII or AsV was determined as the effective concentration at which a
50% reduction in the growth of each strain (EC50 value) occurred (Figure 4).
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Figure 4. AsIII (a) or AsV (b) (from 12.5 to 34 ppm) toxicity, expressed as EC50, on the viability of
A. capitellata 24, A. coffeaeformis 26, and A. montana 27. The bars represent mean ± SD for three repli-
cates (n = 3). Statistical differences were evaluated using two-way ANOVA with Tukey’s multiple
comparisons tests. Different lowercase letters above the bar graph indicate significant statistical
differences (p ≤ 0.05).

AsIII toxicity effects were similar for A. capitellata 24 and A. coffeaeformis 26
(EC50 = 13.5 ± 0.5 and 13.7 ± 0.6, respectively), but the toxicity was significantly lower for
A. montana 27 (EC50 = 17.9 ± 0.4). The toxicity of AsV was lower than that of AsIII, with
the highest EC50 registered for A. coffeaeformis 26 (25.1 ± 0.5 ppm), followed by those of
A. capitellata 24 and A. montana 25 (20.8 ± 0.4 and 19.4 ± 0.9 ppm, respectively).

3.3. Effects of AsIII and AsV on Biofilm Formation

The effects of arsenic on the adhesion and biofilm formation by diatoms were investigated
at different times, corresponding to the different phases of biofilm formation, i.e., initial
attachment (T1), irreversible attachment (T4), and after the biofilm development (T7).

The ability of Amphora capitellata 24, A. coffeaeformis 26, and A. montana 27 to form
stable adhesion onto glass surfaces after four days of incubation (T4) in the absence or
presence of AsIII or AsV (25 ppm) is shown in Figure 5.

In the presence of AsIII, A. montana 27 (140 ± 2%) was able to adhere onto glass slides
more than A. coffeaeformis 26 (60 ± 2%) and A. capitellata 24 (6 ± 2%). In the presence of AsV,
the adhesion of A. coffeaeformis 26 was the highest (130 ± 2%), followed by A. capitellata 24
(86 ± 2%) and A. montana 27 (92 ± 2%).

The progression of the biofilm formation, monitored periodically, reflected the same
trend as that observed after seven days. After seven days of incubation in the presence
of AsIII, A. montana 27 (86 ± 2%) was able to form biofilm on glass slides more than
A. coffeaeformis 26 (48 ± 2%) and A. capitellata 24 (18 ± 1%; Figure 6).

Differently, in the presence of AsV, A. coffeaeformis 26 formed more biofilm (78 ± 2%)
than A. capitellata 24 (66 ± 1%) and A. montana 27 (62 ± 4%). These results suggest that the
cell adhesion and biofilm formation differed in the presence of arsenic in a species-specific
manner, with A. montana 27 being more effective in the presence of AsIII and A. coffeaeformis
26 in the presence of AsV (Figure 7).
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Statistical differences were evaluated using a two-way ANOVA. * p ≤ 0.05 and ** p ≤ 0.01, significant
statistical differences compared to the control.
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3.4. Photosynthetic Pigments’ (Chlorophyll a and c) Concentrations in Biofilms in the Presence of
AsIII and AsV

The concentrations of the photosynthetic pigments (chlorophyll a and c) in the biofilms
formed by A. capitellata 24, A. coffeaeformis 26, and A. montana 27 in the presence or absence
of AsIII or AsV (25 ppm) are shown in Figures 8 and 9.
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Figure 8. Chlorophyll a and chlorophyll c content (%) in A. capitellata 24, A. coffeaeformis 26, and A. mon-
tana 27 biofilms in the presence or absence of AsIII (a) or AsV (b), quantified by spectrophotometric
analysis. Statistical differences were evaluated using a two-way ANOVA. ** p ≤ 0.01, significant
statistical differences compared to the control.
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Figure 9. Chlorophyll a and chlorophyll c concentrations (µg mL−1) in A. capitellata 24, A. coffeaeformis
26, and A. montana 27 biofilms in the presence or absence of AsIII (a) or AsV (b), quantified by
spectrophotometric analysis.

The status of the growth and toxicity of AsIII and AsV could be related to the chloro-
phyll content during the exposition time (Figure 9).

After seven days of incubation, in the presence of AsIII, the level of chlorophyll a
was greatly reduced in A. coffeaeformis 26 (92%), followed by A. capitellata 24 (85%) and
A. montana 27 (7.7%; Figures 8a and 9a). Differently, the content of chlorophyll c was
reduced more in A. capitellata 24 (96%) than in A. coffeaeformis 26 (85%) and A. montana
27 (18%).

In the presence of AsV, the level of Chla was poorly affected in the biofilm of A. cof-
feaeformis 26 (3%), whereas it was dramatically reduced in A. montana 27 (58%) and in
A. capitellata 24 (61%). Moreover, the levels of Chlc were less affected in the biofilms of
A. coffeaeformis 26 (6%) and A. montana 27 (9%), whereas Chlc was greatly reduced in the
A. capitellata 24 biofilm (97%).

4. Discussion

Exposure to toxicants may alter the physiology and structure of biofilms, leading to
changes in ecosystem function and trophic relations. The elevated concentrations of arsenic,
mainly of geogenic origin, can lead to heavy metal resistance in the resident microbiota
present at the transitional ecosystem of the Lake Mergolo della Tonnara (LMT).

In this study, diatoms that dominated the microbial mats in the salt marsh Lake
Mergolo della Tonnara were investigated for their arsenic-adaptative strategies. Toxic
effects of arsenic are primarily attributed to the disruption of cell membranes, thereby
affecting the uptake of nutrients by attaching themselves to the thiol groups and replacing
phosphate ions, which in turn impairs the antioxidant defense mechanisms [41,42] and the
energy flux of the photosynthetic machinery [42].

As a result of the microscopic and genotyping characterization, the isolates were
affiliated with the genus Amphora, and species of A. capitellata 24, A. coffeaeformis 26, and
A. montana 27, well-known specialized species able to thrive in hostile environments [43–45].
These three isolates were able to grow better in the presence of arsenate (AsV) than arsenite
(AsIII; ranging from 12.5 to 25 µg mL−1), which is the most toxic form. Although the ability
to survive different toxic metals, such as nickel, cadmium, chromium, and copper, has
been reported for some species of the genus Amphora (e.g., A. coffeaeformis) [46–48], to our
knowledge, only limited information is present for their arsenic resistance.
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The production of microbial exopolysaccharides (EPSs), forming complex biofilm
structures, contributes to constitutive nonspecific mechanisms involved in the microbial
metal resistance or tolerance [49]. In our study, the presence of As forms affected—although
at different levels—the ability of the three strains to adhere to, and consequently form
biofilms on, glass surfaces, with A. montana 27 being the most effective in the presence of
AsIII, and A. coffeaeformis 26 the most efficient in the presence of AsV. Biofilms produced by
the genus Amphora (e.g., A. coffeaeformis and A. holsatica) are notoriously composed mainly
(about 90%) of acidic polysaccharides [43], including uronic and glucuronic acids and
sulfonic sugars [50–52]. Generally, biosorption occurs via the interaction between negatively
charged EPSs and positively charged metal ions (i.e., As, Cu, Pb, and Cd), resulting in their
immobilization and, therefore, the inability to penetrate the cell surface [42]. Several types
of functional groups in EPSs of diatoms (such as hydroxyl, carboxyl, carbonyl, sulfhydryl,
phosphate, and amino groups) could be responsible for the superficial adsorption of arsenic,
which plays a significant role in the environmental arsenic detoxification, as also observed
by a wide variety of prokaryotes [8].

Although the amounts of EPSs induced by each form of arsenic are not yet known, the
presence of acidic residues in the EPSs secreted by the three isolates was corroborated by the
ability to adsorb the Alcian Blue dye during biofilm formation, as observed in A. montana
27 exposed to AsIII and in A. coffeaeformis 26 in the presence of AsV (Figure 5). The high
content of uronic acids and pyruvate in the EPSs of A. coffeaeformis 26 was previously
reported to have adsorptive affinities for certain metal ions (especially copper), as well as
high complexation capacities for metal ions, which may, therefore, confer some selective
ecological advantages [43]. To our knowledge, this is the first report on the ability of
A. montana 27 and A. capitellata 24 to form biofilms in the presence of arsenic.

The reduction in photosynthetic pigments (Chla and Chlc) is considered as the early-
warning functional endpoint [53], which is usefully complemented by more structural
information for the As damages [53,54]. The presence of As seriously affected the chloro-
phyll pigment levels in the diatom biofilms due to the substitution of inorganic phosphate
by As during the competitive uptake required for both the biosynthesis of pigments and
degradation of photosynthetic precursors [42,55]. In the presence of AsIII, A. montana 27
maintained its main photosynthetic pigment (Chla), whereas Chlc was moderately reduced,
suggesting that the EPSs, as the major components of its biofilm matrix, could hinder the
toxic effects of AsIII. Differently, A. coffeaeformis 26 produced the highest amount of biofilms
in the presence of the less toxic AsV, and it concomitantly maintained the photosynthetic
pigment levels, suggesting a protective role of the biofilm matrix against the hazardous
effects of AsV. Accordingly, EPSs and antioxidant molecules extracted from A. coffeaeformis
26 were reported to be able to neutralize the toxic effects in African catfish exposed to
AsV [55].

The data obtained in this work highlighted the different resistance abilities to arsenic
of diatoms from the Lake Mergolo della Tonnara, and suggested that the relative species
dominance in the microalgal mats could be induced by the arsenic form present (AsIII or
AsV) in the environment, with A. montana 27 being favored in the presence of AsIII, whereas
A. coffeaeformis 26 in the presence of AsV. As biofilm producers in the presence of arsenic,
A. montana 27 and A. coffeaeformis 26 could be further investigated as prospective novel
strategies for removing metal ions from polluted environments, as an attractive alternative
to the commonly used physicochemical remediation processes.

5. Conclusions

The members of the genus Amphora, representing the principal primary producers in
the Lake Mergolo della Tonnara, showed species-specific arsenic resistance and adopted
biofilm production via secretion of exopolysaccharides as a resistance strategy to cope with
As stresses. Moreover, A. montana 27 and A. coffeaeformis 26, maintaining the levels of the
main photosynthetic pigments in the presence of AsIII or AsV, supported the functioning of
the pond ecosystem, which can thus be considered a profitable case study of an extreme
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environment and related adaptation strategies. These results suggested that, as diatoms
well adapted to arsenic, the species of A. montana 27 and A. coffeaeformis 26 could be
considered promising candidates as bioindicators of arsenic-contaminated environments.
Finally, as producers of biofilms in arsenic-rich conditions, A. montana 27 and A. coffeaeformis
26 could be useful to develop novel applications for arsenic bioremediation technologies.
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