
applied  
sciences

Brief Report

The Presence of Marine Filamentous Fungi on a Copper-Based
Antifouling Paint

Sergey Dobretsov 1,2,*, Hanaa Al-Shibli 3, Sajeewa S. N. Maharachchikumbura 4 and Abdullah M. Al-Sadi 3

����������
�������

Citation: Dobretsov, S.; Al-Shibli, H.;

Maharachchikumbura, S.S.N.;

Al-Sadi, A.M. The Presence of Marine

Filamentous Fungi on a Copper-

Based Antifouling Paint. Appl. Sci.

2021, 11, 8277. https://doi.org/

10.3390/app11188277

Academic Editors: Anna Poli and

Valeria Prigione

Received: 24 June 2021

Accepted: 20 August 2021

Published: 7 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Marine Science and Fisheries, College of Agricultural and Marine Sciences,
Sultan Qaboos University, P.O. Box 34, Al-Khod 123, Oman

2 Centre of Excellence in Marine Biotechnology, Sultan Qaboos University, P.O. Box 50, Al-Khod 123, Oman
3 Department of Crop Sciences, College of Agricultural and Marine Sciences, Sultan Qaboos University,

P.O. Box 34, Al-Khod 123, Oman; Alshiblihana@gmail.com (H.A.-S.); alsadi@squ.edu.om (A.M.A.-S.)
4 School of Life Science and Technology, University of Electronic Science and Technology of China,

Chengdu 611731, China; sajeewa83@yahoo.com
* Correspondence: segey@squ.edu.om; Tel.: +968-2414-3581

Abstract: Marine biofouling is undesirable growth on submerged substances, which causes a major
problem for maritime industries. Antifouling paints containing toxic compounds such as copper are
used to prevent marine biofouling. However, bacteria and diatoms are usually found in biofilms
developed on such paints. In this study, plastic panels painted with a copper-based self-polishing
antifouling paint were exposed to biofouling for 6 months in the Marina Bandar Rowdha, Sea of
Oman. Clean panels were used as a control substratum. Marine filamentous fungi from protected
and unprotected substrate were isolated on a potato dextrose agar. Pure isolates were identified using
sequences of the ITS region of rDNA. Six fungal isolates (Alternaria sp., Aspergillus niger, A. terreus,
A. tubingensis, Cladosporium halotolerans, and C. omanense) were obtained from the antifouling paint.
Four isolates (Aspergillus pseudodeflectus, C. omanense, and Parengyodontium album) were isolated from
clean panels and nylon ropes. This is the first evidence of the presence of marine fungi on antifouling
paints. In comparison with isolates from the unprotected substrate, fungi from the antifouling
paint were highly resistant to copper, which suggests that filamentous fungi can grow on marine
antifouling paints.
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1. Introduction

Marine biofouling is defined as the “undesirable accumulation and growth of organ-
isms on submerged surfaces” [1]. Usually, biofouling organisms are divided by their size
onto microfouling and macrofouling. Microfouling is composed of microscopic (<0.5 mm)
organisms, mainly bacteria and diatoms [2,3]. Macrofouling, on the other hand, is com-
posed of macroscopic organisms (>0.5 mm) visible by the naked eye, such as barnacles,
mussels, bryozoans, macroalgae and others [4–6]. Microfouling has a significant impact on
the recruitment of spores and larvae of algae and invertebrates (reviewed by [4,7]).

Marine biofouling causes significant problems for maritime industries [8,9]. It can
increase the fuel consumption of ships, clog membranes and pipes, increase corrosion,
decrease buoyancy, and destroy nets and cages [10,11]. Countries worldwide spend
more than USD 7 billion per year in order to protect from biofouling and deal with is
consequences [9].

In order to prevent submerged structures like boats and ships from biofouling com-
panies are using antifouling coatings [9,12]. These antifouling coatings usually contain
biocides that kill biofouling organisms. Currently, the most effective biocide is copper or
cuprous oxide [12].
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While antifouling paints are supposed to prevent biofouling, most of them have
biofilms on their surfaces [3,13,14]. There is limited information about the biofilm com-
position of antifouling paints (see [15,16]). It has been shown that biofilms on antifouling
paints consist of diverse species of bacteria and diatoms [17–19]. Up to now, filamentous
fungi on antifouling paints have not been observed. Previous studies showed that biocides
of antifouling paints and environmental conditions shaped the structure of the microbial
communities [20,21].

Marine fungi are an important component of the marine environment [22,23]. While
marine filamentous fungi are not very well studied, they are widely distributed and
associated with sediments, sand grains, seaweeds, submerged wood, sea animals and
plants [24]. Chytidiomycota and Ascomycota are fungal divisions dominated in samples
from six European near-shore sites [22]. Forty-six fungal isolates belonging to the genera
Cladosporium, Paraphaeosphaeria, Trichoderma, Alternaria, Phoma, and Arthrinium were isolated
from marine biofilms developed on different submerged substrata [25]. Chytidiomycetes
fungi dominated in marine biofilms developed on glass and plastic substrates [26]. To
our knowledge, marine fungi have never been recorded on antifouling paints, especially
copper-based ones. However, it was observed using metabarcoding that most of the fungal
species in marine periphyton biofilms were not affected by 10 µM of copper [27]. Some
species of marine filamentous fungi are highly resistant to high concentrations of copper.
For example, Penicillium chrysogenum was able to tolerate concentrations of 500 mg L−1 of
copper [28].

The main aim of this study was to identify the fungal isolates from biofilms developed
on the surface of a cooper-based antifouling paint and demonstrate their copper resistance.

2. Materials and Methods
2.1. Antifouling Paint and Other Substrata

A commercial copper self-polishing paint Interspeed® BRA640 (International Paint,
Gateshead, UK) was used in this study. The antifouling paint contains about 25–50%
of cuprous oxide by weight [29]. An average release rate of copper from the paint was
3.8 µg cm−2 day−1 [30]. The paint was manually applied (thickness 125 µm) onto plastic
fiberglass panels (15 cm × 28 cm) cleaned with ethanol (96%, Sigma, Ronkonkoma, NY,
USA) in the laboratory. Fiberglass was obtained from a local Omani manufacturer (Al
Kaboura, Muscat, Oman). This material was selected because it is used to make boats
and it has a high biofouling potential. All coated panels were air-dried for several days at
ambient temperature prior to deployment. All substrates (panels and ropes) were cleaned
with 96% ethanol before the experiment to eliminate bacteria and fungi. No fungi were
found on these substrates prior to the experiment.

2.2. Experiment and Testing Site

Three panels covered with the antifouling paint were exposed vertically to biofouling
at the depth of 1 m for 6 months in Marina Bandar Rowdha (23,035′07′′ N 58,036′48′′ E),
Muscat, Oman. As a control, uncoated fiberglass panels were used. Panels were fixed at
the desired depth using a nylon rope (RopeNet, Taishan, China) attached to a pontoon. At
the end of the rope, a weight was attached to keep the panels in a vertical position.

Marina Bandar Rowdha is a semi-enclosed bay for private recreational boats and
yachts. It has a relatively high hydrocarbon and heavy metal pollution with one of the high-
est concentrations of TBT in Oman’s waters [31]. This marina was selected due to its (very
high) biofouling rates and a history of biofouling and antifouling investigations [21,32].
The experiment in the marina was conducted in 2018 between the months of February and
September. During the study the seawater temperature varied from 24 to 30 ◦C, pH was
about 8.2 and the salinity varied from 37 to 38 ppt. During the experiment, the seawater
turbidity was 2–3 NTU (Nephelometric Turbidity Units).
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2.3. Isolation of Fungi

Biofouled panels (painted and not) and ropes holding panels were collected from
the marina in September 2018. At the marina, the ropes and the panels were individually
packed into sterile bags and brought on ice to the laboratory. In the laboratory, the panels
and ropes were washed several times with sterile distilled water (SDI). Using sterile scissors,
the ropes were cut into 1.0 cm pieces. Surfaces of the panels and the ropes were disinfected
using 1% sodium hypochlorite solution to eliminate bacteria (NaClO, Zhengzhou Sino
Chemical Ltd., Beijing, China). Then, the panels and the ropes were washed three times
with SDI. After that, the biofilms were removed from the panels using sterile cotton swabs.
Finally, one piece from each rope or an individual swab was placed into a Petri dish
containing a 2.5% potato dextrose agar (PDA, Merck, Kenilworth, NJ, USA) prepared using
filtered (0.45 µm cellulose nitrate filter, Sartorius, Germany) and autoclaved seawater from
the marina. As a control, PDA Petri dishes containing autoclaved seawater were used.
Visible growth of fungi was checked after incubation at 25 ◦C for up to three weeks. Each
individual fungal colony was transferred into a new fresh PDA plate. Pure fungal colonies
were stored on PDA slants with 10% glycerol for further genetic identification (see below).

2.4. Identification of Fungi

Before the identification, the isolate was grown on PDA. The identification of fila-
mentous fungal isolates was done based on sequences of the internal transcribed spacer
region (ITS) of the ribosomal DNA [33]. Firstly, 80 g of fungal mycelia were harvested
and freeze-dried. Then, its DNA was further extracted [34]. Secondly, the ITS rDNA
region was amplified using the primer pairs of ITS4 (TCCTCCGCTTATTGATATGC) and
ITS5 (GGAAGTAAAAGT CGTAACAAGG). The PCR program followed the conditions
of [35]. MACROGEN, Korea sequenced the PCR products. In order to obtain the ITS rRNA
sequence, two complementary sequences for each fungal isolate were aligned using MEGA
v.6 [36]. Fungal isolates were identified based on a comparison of the ITS rRNA sequences
against the National Center for Biotechnology Information (NCBI) database. Sequences
of fungal isolates were deposited in the NCBI GenBank database with accession num-
bers MN947598–MN947607. For phylogenetic trees, maximum likelihood analysis with
1000 bootstrap replicates based on ITS sequence data was done using RaxmlGUI v. 1.3 [37].
The final phylogenetic tree was selected by comparing the likelihood scores using the
GTR+GAMMA substitution model.

2.5. Copper Resistance of Fungal Isolates

In order to prove that fungal isolates are able to grow on antifouling paints, we tested
their sensitivity to copper by an agar diffusion technique. Because copper oxide is not
soluble in water, copper sulfate (CuSO4, Sigma Aldrich, Ronkonkoma, NY, USA) was used.
Firstly, different concentrations (500–0.01 g L−1) of copper sulfate in autoclaved seawater
were prepared. Secondly, fungal isolates were grown onto 2.5% potato dextrose agar (PDA,
Merck, Kenilworth, NJ, USA) for 3 days. PDA was made using autoclaved seawater from
the marina. A four mm disc of each fungal isolate was cut and individually placed onto
the PDA Petri dish. Thirdly, 10 µL of copper sulfate solution was added to a sterile paper
disk (diameter 6 mm). As a control, disks with 10 µL of seawater were used. The disks
were air-dried at room temperature and placed in the middle of a PDA Petri dish two cm
away from the isolate. The dishes were incubated at 25 ◦C for 5 days. The experiment was
made in triplicate. The presence or absence of an inhibition zone was detected. Finally, the
minimal inhibitory concentration of copper (II) sulfate (µg cm−2) for each fungal isolate
was calculated.
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3. Results and Discussion
3.1. Biofouling on Different Substrata

Biofouling on the antifouling paint was minimal and only biofilms were observed. In
opposite, the ropes and unprotected panels were completely covered with macrofouling
organisms, dominated by Tunicata and Bryozoa. This supports our previous data about
performance of different antifouling paints in Oman waters [21,32]. The 1-year field
experiment showed that copper-based antifouling paints have only diatom and bacterial
biofouling [21]. A previous experiment with unprotected fiberglass and acrylic panels
demonstrated dominance of Bryozoa, barnacles and sponges [38]. The absence of sponges
and barnacles in the current study could be due to differences in the substratum chemistry
(nylon versus acrylic) and shape (flat plates versus cylindrical ropes).

3.2. Species of Fungi Isolated from Different Substrata

In total, six fungal isolates were obtained from the antifouling paint and four were iso-
lated from unprotected substrata (Table 1). Based on the phylogenetic analysis, the majority
of isolates belonged to Aspergillus and Cladosporium genera (Supplement Figures S1–S4).
The genera Aspergillus and Cladosporium are commonly found in the marine environ-
ment [39–41]. Additionally, Aspergillus and Cladosporium are associated with marine
sponges [42,43]. There is limited information about marine derived filamentous fungi
in Oman, but we have been able to isolate Aspergillus terreus from mangrove areas [44].
Cladosporium omanense found in this study (Table 1) was previously isolated from living
leaves of Zygophyllum coccineum in Oman [45]. The presence of C. omanense on all inves-
tigated substrates could be due to several reasons. It could suggest that this species is
very common in Omani waters and can colonize protected and unprotected substrata.
Alternatively, it could be due to contamination of our culture by spores of this fungus.
This is highly unlikely, as there were no fungi recovered from the control plates with
autoclaved seawater.

Filamentous fungi belonging to the genera Parengyodontium were isolated from bio-
fouled ropes only (Table 1). Parengyodontium album is an environmental saprobic mold and
an opportunistic pathogen [46]. This species has been observed on buildings composed of
limestone and plaster [47]. Additionally, P. album was found in sediments of polar-boreal
White Sea [48]. The presence of this fungus in Oman waters suggests that this species can
be found in tropical waters as well.

The genera Aspergillus, Cladosporium and Alternaria were found on the copper-based
antifouling paint (Table 1). Moreover, A. tubingensis, A. terreus, A. niger and C. halotolerans
were found only on the antifouling paint. Alternaria isolates were obtained exclusively from
the paint. Previously, the fungi Alternaria were isolated from soft corals [49], sponges [50]
and algae [51]. While 18S RNA of fungi belonging to the class Agaricomycetes was
detected on an antifouling paint using Illumina amplicon sequencing [52], fungal isolates
were obtained from antifouling paints for the first time in this study. Previously, only
bacteria and diatoms were detected in biofilms on antifouling paints [3,21].

3.3. Copper Resistance of Fungal Isolates

In order to prove that fungal isolates are able to grow on antifouling paints, their
sensitivity to different copper concentrations is tested in laboratory experiments (Table 2).
Due to low solubility of CuO, CuSO4 was used in this experiment. Previous studies suggest
that CuSO4 is more toxic compare to CuO [53]. Thus, the isolates are more resistant to
CuO than is reported in Table 2. Generally, isolates from antifouling paint can tolerate
higher concentrations of copper. Five out of six isolates from the antifouling paint can
tolerate an average daily release rate of copper 3.8 µg cm−2 day−1 [30] from the tested paint
(Table 2). The highest copper resistance was observed for Aspergillus terreus. This fungus
can tolerate 2% of CuCl2 in a polyvinyl chloride coating in a laboratory experiment [54]
and can be used to remove heavy metals from water [54]. In opposite, fungal isolates from
unprotected substrata had low tolerance to copper (Table 2). This suggests that isolates
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from the copper-based antifouling paint are adapted to high copper concentrations and
could grow and play an important role in biofilms.

Table 1. The list of fungal isolates from panels painted with the antifouling paint and not painted (control) panels and ropes.

Species Substrate No GenBank Accession Number Picture

Aspergillus tubingensis Antifouling paint H1 MN947598
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Table 2. The minimal inhibitory concentration of copper (II) sulfate (µg cm−2) for fungal isolates
from panels painted with the antifouling paint, not painted (control), and ropes. Highlighted values
exceed an average release rate of copper from the paint (3.8 µg cm−2 day−1 [30]).

Species Substrate Minimal Inhibitory
Concentration

Aspergillus tubingensis Antifouling paint 4.3
Aspergillus terreus Antifouling paint 5.2
Alternaria sp. Antifouling paint 3.9
Aspergillus niger Antifouling paint 4.3
Cladosporium halotolerans Antifouling paint 3.9
Cladosporium omanense Antifouling paint 1.3
Aspergillus pseudodeflectus Control 0.17
Cladosporium omanense Control 0.87
Cladosporium omanense Ropes 1.3
Parengyodontium album Ropes 1.3

3.4. Importance of This Study

Our finding has very important implications for antifouling industries. Firstly, it
demonstrates that some fungal species can live on antifouling paints and tolerate relatively
high copper concentrations. Compared to the isolates from unprotected substrata (ropes
and panels), fungi from the antifouling paint were highly resistant to copper. Previous stud-
ies suggested copper resistance of some fungal species that bind copper to cell walls [55,56].
Additionally, fungi can produce copper-binding proteins and chelating compounds in
response to elevated concentrations of copper [55]. Secondly, the role of fungal species on
antifouling paints requires further investigations. It is possible to propose that filamentous
fungi can degrade organic matrix of the paint, composed of vinyl or acrylic resin or silicone
polymers, which in turn can affect release of the biocide and the life span of the antifouling
paint. It has been shown that filamentous fungi can deteriorate synthetic paints [57,58].
Additionally, filamentous fungi can degrade biocides of antifouling paints, such as Irgarol
1051 [59] and TBT [60]. In opposite, some marine fungal species produce antimicrobial
and antifouling compounds (see review [61]). Presence of these strains on paints could
be beneficial and enhance their antifouling properties. Finally, more research is needed to
understand if marine fungi can be found on other antifouling paints exposed to biofouling
in different seas and investigate possible mechanisms whereby fungi transform these paints.
Additionally, it is important to investigate the role of marine fungi on antifouling paints
and possible mechanisms of their resistance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11188277/s1, Figure S1: Phylogram generated from maximum likelihood analysis based on
ITS sequence data of analyzed Alternaria species. Isolates derived from this study are in red. The tree
is rooted to A. alternantherae (CBS124392), Figure S2: Phylogram generated from maximum likelihood
analysis based on ITS sequence data of analyzed Aspergillus species. Isolates derived from this study
are in red. The tree is rooted to Penicillium herquei (CBS 336.48), Figure S3: Phylogram generated
from maximum likelihood analysis based on ITS sequence data of analyzed Cladosporium species.
Isolates derived from this study are in red, Figure S4: The tree is rooted to Cercospora beticola (CBS
116456), Phylogram generated from maximum likelihood analysis based on ITS sequence data of
analyzed Parengyodontium species. Isolates derived from this study are in red. The tree is rooted to
Purpureocillium lilacinum (CBS 284.36).
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