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Novel Antifoulants: Inhibition of Larval Attachment by Proteases
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Abstract

We investigated the effect of commercially available
enzymes (o-amylase, o-galactosidase, papain, trypsin,
and lipase) as well as proteases from deep-sea
bacteria on the larval attachment of the bryozoan
Bugula neritina L. The 50% effective concentrations
(ECsp) of the commercial proteases were 10 times
lower than those of other enzymes. Crude proteases
from six deep-sea Pseudoalteromonas species signif-
icantly decreased larval attachment at concentra-
tions of 0.03 to 1 mIU ml™. The ECs of the pure
protease from the bacterium Pseudoalteromonas
issachenkonii UST041101-043 was close to 1 ng ml™
(0.1 mIU mlI™). The protease and trypsin individually
incorporated in a water-soluble paint matrix
inhibited biofouling in a field experiment. There are
certain correlations between production of proteases
by bacterial films and inhibition of larval attach-
ment. None of the bacteria with biofilms that
induced attachment of B. neritina produced proteo-
lytic enzymes, whereas most of the bacteria that
formed inhibitive biofilms produced proteases. Our
investigation demonstrated the potential use of
proteolytic enzymes for antifouling defense.
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Introduction

Natural and artificial substrates in the marine
environment are quickly colonized by microfoulers
(marine bacteria, protozoans, and microalgae) and
macrofoulers (invertebrates and macroalgae) (Wahl,
1989; Little and Wagner, 1997; Railkin, 2004). Both
micro- and macrofouling in the world’s oceans cause
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huge material and economic losses in maintenance
of mariculture facilities, shipping facilities, vessels,
and seawater pipelines (Wahl, 1997; Clare, 1998;
Fusetani, 2004; Yebra et al., 2004). Worldwide,
countries spend more than US$5.7 billion annually
to prevent and control marine biofouling (Rouhi,
1998). To minimize the impacts of foulers, many
underwater structures are protected by antifouling
coatings. Yet, these coatings are highly toxic and
nonspecific (Yebra et al., 2004). As an example, it has
been shown that extremely low concentrations of
tributyltin (TBT) (1 to 20 ng 1"!)—the mostly com-
mon antifouling agent—cause defective shell growth
in the oyster Crassostrea gigas and development of
male characteristics in female genitalia in the dog-
whelk Nucella sp. (Yebra et al., 2004). The ban of TBT
and other toxic biocides in marine coatings (van Wezel
and van Wlaardingen, 2004) has created a need for the
shipping industry and the producers of coatings to
develop alternative technologies to prevent fouling on
ship hulls.

Marine biofilms can enhance (Kirchman et al,,
1982; Maki et al., 1988; Lau and Qian, 2001) or inhibit
larval settlement (Maki et al., 1988; Holmstrém et al.,
1992, 2002; Egan et al., 2001, 2002; Dobretsov and
Qian, 2002, 2004; Lau et al., 2003). It has been shown
that bacterial chemical compounds inhibit larval
settlement and may be used as “environmentally
friendly” antifoulants for protection against marine
biofouling (Holmstrom and Kjelleberg, 1999; Burgess
et al.,, 2003). Moreover, bacterial strains can be
cultivated in large amounts and produce diverse
chemical compounds under optimal conditions. All
these factors make bacteria an important source of
antifouling compounds (Dobretsov et al., 2006). Com-
pared to the large number of antifouling compounds
that have been reported from marine macroorganisms,
only few antifouling compounds have been isolated
from marine bacteria (Fusetani, 2004). For example,
the marine bacterium Alteromonas sp. produced the
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antifouling compound ubiquinone-8 (Kon-ya et al.,
1995) that inhibited settlement of the barnacle
B.amphitrite at concentrations of 12.5 to 25.0 ppm.

Many biofouling species, such as bacteria, dia-
toms, algal spores, and invertebrate larvae use protein
and glycoprotein polymers for their attachment to the
surfaces (Cooksey and Wigglesworth-Cooksey, 1995;
Callow and Callow, 2000; Kamino, 2001). Algal
spores use polysaccharides, proteins, and their com-
plexes for spores attachment and adhesion (Vreeland
et al.,, 1998). In contrast, the adults of the mussel
Mytilus edulis use proteins, which mostly contain
the amino acid 3,4-dihydroxyphenylalanine (DOPA)
for their attachment (Waite, 1992; Wiegemann,
2005). Similarly, larvae of the barnacle Balanus
amphitrite and the bryozoan Bugula neritina attach
to substrata via different proteins (Matsumura et al.,
1998; Kamino, 2001; Railkin, 2004). Therefore, we
hypothesized that enzymes that cleave proteins and
carbohydrates can inhibit larval attachment of the
bryozoan Bugula neritina—one of the major foulers
in tropical waters. In addition, we tested the effects
of sulfatases and lipases as many of adhesive proteins
and carbohydrates may contain sulfate esters and
fatty acid groups. We tested our hypothesis by
addressing the following questions: (1) Do commer-
cially available enzymes (proteases, sulfatases,
lipases, and saccharidases) inhibit larval attachment
of B. neritina? (2) Do proteolytic enzymes produced
by deep-sea bacteria inhibit larval attachment in
laboratory and field experiments? (3) Is there a correla-
tion between the production of proteolytic enzymes by
bacterial isolates and the inhibition of larval attach-
ment on the corresponding bacterial biofilms?

Materials and Methods

Commercially Available Enzymes. For larval
bioassay experiments we use the following enzymes:
proteases—trypsin (from bovine pancreas, T1426) and
papain (from Carica papaya, no. 76220);
sulfatases—sulfatase (from Helix pomatia, S9626);
lipases—lipase (from Candida rugosa, L1754); and
saccharidases—a-amylase (from Aspergillus oryzae,
A6211) and B-galactosidase (from Escherichia coli,
no. 48275). All enzymes were purchased from Sigma-
Aldrich (St. Louis, MO). Solutions of the enzymes
were prepared with sterile filtered (0.22 pm) sea
water (FSW) and concentrations from 4 mIU ml™! to
0.04 mIU ml™" were used in the experiments. The
enzymatic activity (i.e., proteolytic, glycolytic, etc.)
was calculated by the multiplication of enzyme
weight and its commercial specific activities. The
concentration of enzymes was expressed as mIU ml™
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because the concentration of enzymes in weight per
volume depends on chemical purity of compounds and
cannot accurately describe their enzymatic activity. In
addition, for comparison with other reports, the
concentrations of enzymes were expressed as ng ml ™.

Isolation of Bacteria. Sediment samples were
collected from three deep-sea locations near Unimak
Island along Aleutian margin, Pacific Ocean. Sedi-
ments were removed from the upper 6 cm of tube cores
collected using the remotely operated vehicle JASON 1T
on a cruise aboard the R/V Revelle in July, 2004. The
strains D1-001, D2-005, and D3-103 were collected
from 53°27'N, 163°22'W, at a depth of 4240 m; the
strain D4-001 was collected from 53°30'N, 163°27'W,
at a depth of 3283 m and the strains D12-004 and D12-
006 were collected from 53°30'N, 163°26'W, at a depth
of 3310 m. For bacterial isolation the sediments were
placed into sterile test tubes, kept cool (4 to 6°C), and
transported to the laboratory of the Hong Kong Uni-
versity of Science and Technology (HKUST). To isolate
bacteria, 1 g of sediment was resuspended in 10 ml of
filtered (0.22 um) seawater. Aliquots of 200 pl of each
suspension were streaked onto nutrient agar (0.3%
yeast extract, 0.5% peptone, 1.5% agar, FSW) with
replication (n=3) and incubated at 15 + 1°C under a
15 h light:9-h dark photoperiod under normal pres-
sure conditions. After 1 to 3 days of incubation,
bacterial colonies were examined for conspicuous
characteristics such as color, shape, size, surface
topography, and the presence of granules under a
dissecting microscope. Distinguishable colonies
were isolated and purified.

In addition, bacterial strains were isolated from
7-day-old natural biofilm from the B. neritina hab-
itat (Port Shelter Bay, 22°21'N, 114°16'E). The
bacterial strains were isolated and identified by
comparative analysis of their 16S rRNA gene
sequences as described in Lau et al. (2002). The
closest match to the 16S rRNA gene sequence of the
respective bacterium was retrieved by comparison
with data from GenBank (http://www.ncbi.nlm.
nih.gov). The bacterial isolates were stored in 50%
glycerol at —-80°C unless needed for the experiment.

The proteolytic activity of bacterial cultures
was screened on a skim-milk agar medium contain-
ing 2% of skim-milk powder and 1% of tryptone
(wt/vol). After 1 week of cultivation at room
temperature (23°C), a colony showing a clear zone
indicated which bacteria showed higher protease
activity. Six bacterial strains (D1-001, D2-005, D3-
103, D4-001, D12-004, and D12-006) exhibited the
strongest protease activity and were chosen for the
subsequent laboratory experiments.
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Production, Isolation, and Purification of
Enzymes from Bacteria. Strains were grown in
marine 2216 broth (Difco Laboratories, Fisher
Scientific, Pittsburgh, PA) at 4°C in 2-liter shake
flasks (150 rpm). After 5 days the cell pellets were
separated from the medium by centrifugation (5000g).
Ammonium sulfate (Sigma-Aldrich) was added to the
spent culture media to achieve 80% saturation. The
suspension was centrifuged (5000g) and the precipitate
was dissolved into 25% saturated ammonium sulfate
in 50 mM Tris-HCI (pH 7.5). Six of the crude bacterial
supernatants with enzymatic activity were dialyzed
overnight (Spectrum Laboratories Inc., Laguna Hills,
CA, MWCO 1000) to remove ammonium sulfate for
the larval settlement bioassay. The protease produced
by the strain D12-004 (Pseudoalteromonas
issachenkonii UST041101-043, GenBank accession
no. DQ178021) that has the strongest antifouling
effect was purified by methods described previously
(Xiong et al., 2004, 2007). Briefly stated, the sample
was applied to a phenyl Sepharose® column
(Amersham Pharmacia Biotech, Uppsala, Sweden)
and was eluted with a linear gradient of 25 to 0%
saturated ammonium sulfate. After ultrafiltration
through 1-kDa membrane to remove the salts, the
active fraction was applied to a DEAE Sepharose®
(Amersham Pharmacia Biotech, Uppsala, Sweden)
ion-exchange column and eluted using a linear
gradient of 0 to 1 M sodium chloride solution with
buffer. The purified enzyme was stored at —20°C in
20 mM ammonium acetate buffer (pH 6.0).

Protease Activity Detection and Measure-
ments. The filter paper diffusion experiment was
designed to detect protease activity. A skim-milk
agar plate containing 2% of skim-milk powder and
1.5% agar was the detection medium. A piece of
filter paper disk (diameter of 4 mm) with 50 ul of
suspected sample was laid on the plate. After a 1-day
incubation at room temperature (23°C), the transpar-
ent zone indicated the protease activity.

Protease activity was measured by assaying the
UV absorbance of the liberated amino acids using
casein as a substrate (Ghorbel et al., 2003; Xiong et al.,
2004). Suitably diluted enzyme solution (0.5 ml) was
mixed with 0.5 ml of buffer (50 mM Tris-HCI,
pH 7.5) containing 0.5% casein, and incubated for
30 min at 35°C. The reaction was stopped by addition
of 0.5 ml of trichloroacetic acid (20%, wt/vol). The
mixture was allowed to stand at room temperature for
15 min and then centrifuged at 13,000 rpm for 15 min to
remove the precipitate. The absorbance of supernatant
was measured at 280 nm. A standard curve was
generated using solutions of 0 to 50 mg 1! tyrosine.
One unit (TU) of protease activity was defined as the

amount of enzyme that liberated 1 micromole of
tyrosine in 1 min. All experimental data are given as
the mean of three independent experiments with three
replicates, unless otherwise stated.

Larval Culture. Adults of the bryozoan Bugula
neritina, were collected from submerged rafts at the
fish farms in Yung Shue O, Hong Kong (114°21'E,
22°24'N). Larvae were obtained according to the
method described by Dobretsov and Qian (2004);
and only newly released larvae (i.e., within 10 min)
were included in the bioassays.

Larval Bioassays. The larval bioassay was per-
formed several times on different larval batches
with replication (n=6) in sterile polystyrene 24-
multiwell plates (Falcon, Brookings, SD). Each well
contained around 20 larvae of B. neritina and the
enzyme under investigation. In experiments with
bacterial films, we used Petri dishes (no. 1006,
Falcon) biofilmed according to Dobretsov and Qian
(2006). The choice bioassay was conducted in double-
sided test containers. One dish contained biofilms
and the other dish was sterile, so that larvae in each
container would have a choice of two surface types
for attachment. Twenty larvae were introduced in
each dish containing monospecies bacterial films. In
all bioassays, FSW were used as a control. Purified
protease and trypsin solution heated at 100°C for
15 min were used as additional controls in some
experiments. Larval settlement assays were run at
23°C under continuous illumination for 1 h. After the
testing period, the number of metamorphosed and
swimming larvae was counted with a microscope.

Field Experiments. Pure enzymes, such as trypsin
(from bovine pancreas, T1426, Sigma) and protease E1
from the deep-sea bacterium P. issachenkonii
UST041101-043, were dissolved in distilled water.
Trypsin and the protease were individually mixed with
water-based vinyl paint, MC1111 (Macpherson Ltd.) to
obtain concentrations of 10 mIU ml ™, 100 mIU ml ™,
and 250 mIU ml™. In field experiments trypsin was
tested at concentrations of 80 ng ml™, 0.8 ug ml™, and
2 ug ml™?, while the protease was tested at concen-
trations 100 ng ml™}, 1 pg ml™, and 2.5 pg ml™". The
proteolytic activities of trypsin and protease were
measured by hydrolysis of casein at 35°C (pH 8). All
prepared paints were applied by brushes to plastic
panels (10 x 10 cm, n=3) and air dried for 24 h before
the experiment. Distilled water added to the vinyl
paint and deactivated by heating enzymes mixed with
the paint was used as a positive control. An antifouling
paint Interspeed Ultra (International Ltd.), which con-
tains the biocides copper oxide and preventol A4S, was
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Figure 1. Antifouling effect of
commercially available enzymes
on larval settlement of Bugula
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used as a negative control. Panels were exposed to
biofouling at a depth of 1 m at the fish farm Yung Shue
O, Hong Kong (114°21'E, 22°24'N) for 14 days in
December, 2005. Seawater temperature during the
experiments was 20°C and salinity was 35%.

Statistical Analysis. The numbers of attached
larvae were converted into percentages that were
then arcsine-transformed. In the case of zero
attached larvae, a value of 4 n”! (n=number of
larvae in a single replicate) was assigned to
improve the arcsine transformation (Zar, 1996).
The normality assumption was verified via the
Shapiro-Wilk test (Shapiro and Wilk, 1965). The

0.2

Heo
Ho

neritina. Larval settlement was
calculated based on the number
of larvae settled 1 h after the
commencement of bioassay. Fil-
tered sea water (FSW) and heated
(100°C) trypsin were used as
controls. Data are the means + 1
SD. Data that are significantly
different from the control ac-
cording to a Dunnet test
(ANOVA: P < 0.05) are indicated
by an asterisk above the bars.

density of the bacteria was square-root transformed
to ensure normality of variance. The differences
between bacterial densities and larval attachment in
the laboratory and field experiments with enzymes
were analyzed with one-way ANOVA followed by a
Dunnet post hoc test. In addition, attachment in test
and control vessels with monospecies biofilms was
compared to the null hypothesis of 50:50 distributions
of attached larvae on either side of the vessel, using a
replicated G-test for the goodness of fit (Zar, 1996).
The G-value was calculated as a measure of heteroge-
neity among replicate vessels within experimental
type, as well as among experimental replicates.
Homogeneous data sets were pooled and corresponding

. 1/10
3 1/100
1 1/1000

00

Figure 2. Effect of spent culture me-
dium from six bacteria isolated from
the deep sea sediments on larval at-
tachment of Bugula neritina. Auto-
claved FSW and heated spent
culture mediums (HSCM, 100°C)
were used as controls. Before the
experiments, spent culture medium
was diluted 10, 100, and 1000 times.
The spent culture media protease
activities (mIU ml™) of the tested
bacteria are shown above the bars.
Bars are the means of six replicates +
1 SD. Data that are significantly dif-
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Table 1. Coding of deep-sea bacterial isolates used for the experiments

Similarity

GenBank according
Close matched species accession no. to NCBI (%) Isolated from location Strain code
Pseudoalteromonas paragorgicola AY040229 97 53°27'N, 163°22'W,4240 m D1-001
Pseudoalteromonas tetraodonis AF214729 99 53°27'N, 163°22'W,4240 m D2-005
Pseudoalteromonas sp. UST020129-019 AY241428 99 53°27'N, 163°22/W,4240 m D3-103
Pseudoalteromonas tetraodonis AF214729 99 53°30'N, 163°27'W,3283 m D4-001
Pseudoalteromonas issachenkonii AF316144 98 53°17'N, 163°26'W,3310 m D12-004
UST041101-043
Pseudoalteromonas sp. MGP-2 AF530129 99 53°17'N, 163°26'W,3310 m D12-006

G-values were transformed by Willam’s correction
(Zar, 1996). In all cases, the threshold for significance
was 5%. The data presented in all the figures
herewith are not transformed.

Results and Discussion

At high concentrations, all tested enzymes except
lipase inhibited larval attachment (Figure 1). At
concentrations of 0.4 mIU ml™ (about 3 ng ml™),
only proteolytic enzymes (papain and trypsin) but
not glycolytic and lipolytic enzymes significantly
(P< 0.05) inhibited larval settlement. At concentra-
tions of 0.04 mIU ml™! (below 0.3 ng m1™) all tested
enzymes had no effect on larval attachment. Heated
trypsin did not show any antifouling activity. These
results suggested that proteolytic activity of trypsin is
responsible for antifouling effect. The enzymes did not
affect larval survival, and after larvae were washed
with fresh seawater, they settled (data not shown).
The taxonomic identification showed that all of
deep-sea bacterial isolates that produced proteases
belonged to the genus Pseudoalteromonas sp. (Table
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1). Spent culture medium from all Pseudolateromo-
nas isolates significantly inhibited larval settle-
ment of B. neritina (P<0.05) compared to the
control (FSW) (Figure 2). Heated spent culture
medium (HSCM) lost its proteolytic activity and
did not affect larval attachment, suggesting that
proteins and possibly enzymes are responsible for
inhibition of larval attachment. Spent culture me-
dium from deep-sea bacteria (Table 1) was further
purified and crude enzymes (precipitated with am-
monium sulfate and dialyzed) were tested against
larval settlement of B. neritina (Figure 3). At high
concentrations (1 mIU ml™ and 0.2 mIU ml™), all
crude enzymes significantly (P< 0.05) decreased
larval attachment. At concentrations of 0.03 mIU
ml™! and 0.06 mIU ml™, the crude enzymes did not
significantly change larval attachment, except for
the crude enzyme from the strain D12-004. The
larvae remained alive in the crude enzymes solu-
tions and the effect of crude enzymes was reversible.

The proteases from deep-sea bacteria can be
divided into two groups according to the optimum
pH values of the protease activity (Xiong et al.,,

3 0.03miUml"!
s (06 mIU mi™’

B 0.2 miU mil™!
U T
C—J omiuml™?

Figure 3. Effect of crude enzymes
(see Materials and Methods) from
deep-sea bacteria on larval settle-
ment of Bugula neritina. Auto-
claved FSW was used as a control.
Concentration of enzymes: gray =
0.03 mIU mlY; dark gray =0.06 mIU
ml 7} stipled =0.2 mIU ml %; black =
1 mIU ml}; white =0 mIU ml™
(FSW). Bars are the means of six rep-
licates + 1 SD. Data that are signifi-
cantly different from the control

D1-001 D2-005 D3-103 D4-001 D12-004 D12-006 control

Enzymes from bacterial isolates

according to a Dunnet test (ANOVA:
P< 0.05) are indicated by an asterisk
above the bars.
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Figure 4. Effect of the purified protease from
Pseudoalteromonas issachenkonii UST041101-043 (D12-
004) on larval settlement of Bugula neritina. The mixture
of autoclaved FSW and deactivated 1 mIU ml " protease
(enzyme heated until 100°C) were used as controls. Bars
are the means of six replicates + 1 SD. Data that are sig-
nificantly different from the control according to a Dunnet
test (ANOVA: P< 0.05) are indicated by an asterisk above
the bars.

2007). The optimum pH range of the proteases from
the strains D12-004 and D3-103 was pH 7 to 8, and
optimal activity observed at temperature close to 30°C,
whereas the optimum pH of the proteases D2-005, D4-
001, D1-001, and D12-006 was close to pH 9 and they
were active at temperatures of 40 to 45°C. Our data
suggest that some of bacterial enzymes have optimal
performance at conditions close to that in seawater and
these enzymes can be used for antifouling applications.

One deep-sea bacterial strain (Pseudoalteromonas
issachenkonii UST041101-043; D12-004) that dem-
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onstrated the highest antifouling activity (Figure 3)
and showed maximal activity at pH and temperature
range typical for tropical waters (Xiong et al., 2007)
was selected for the further purification of protease.
Xiong et al. (2007) described purification of neutral,
cold-adapted protease from P. issachenkonii; there-
fore we present only results of bioactivity of this
protease. Protease with activity above 0.1 mIU ml™
(above 1 ng ml™) significantly decreased larval
attachment (Figure 4). After heat denaturation of
the enzyme, antifouling activity was lost. This
means that the enzyme caused antifouling activity
of P. issachenkonii. The attachment of B. neritina in
dishes with enzymes at 0.05 mIUml™ (0.5 ng ml™)
was lower than that in the FSW (control), but not
significantly. The effective concentration of protease
for 50% inhibition of larval settlement (ECso) was
0.1 mIU ml™?, which is equal to 1 ng m1™*. This con-
centration is much lower than that of other antifoul-
ing compounds (Dobretsov et al., 2006). Therefore,
the proteolytic enzyme from Pseudoalteromonas
issachenkonii UST041101-043 has great potential
as a future antifouling agent in tropical waters.
Only limited information about the effect of
enzymes on larval settlement is available from the
literature. Callow et al. (2000) reported that trypsin,
proteases A and B cleave adhesive of spores of the
alga Enteromorpha sp. and thus prevent their
attachment. The serine proteases were found to
have the broadest antifouling effect against adhe-
sion of spores of Ulva linza, cells of the diatom
Navicula perminuta, and cyprids of the barnacle
Balanus amphitrite (Pettitt et al., 2004). The anti-
fouling effects were observed at a minimal enzyme
concentration of 0.44 pug ml™, which is more than

I biofilmed
[ clean

Figure 5. Effect of monospecific bac-
terial films on larval attachment of
Bugula neritina. Each test vessel
contained biofilmed and sterile
(unfilmed) dishes. Two sterile dish-
es were used as a control. Signifi-

B1 B2 B3
Bacterial strains

B4 B5 B6 B7 B8 B9 Bi0control

cantly different (G-test, P< 0.05)
settlement on biofilmed dishes is
indicated by an asterisk.
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400-fold higher than in our experiments. After
inactivation of enzymes by heating, the antifouling
effect remained, suggesting that non-enzymatic
components in the enzyme formulations played a
role in the inhibition of biofouling. Therefore, the
results of Pettitt et al. (2004) need to be interpreted
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Figure 6. Effect of trypsin (WT) and protease from
Pseudoalteromonas issachenkonii UST041101-043 (WP) in-
corporated in water-based paints on biofouling. The num-
bers correspond to the mIU ml™ of enzyme added to the
paint. The paint with distilled water added and the paint
with heated enzymes [HT (trypsin) and HP (protease)] at 100
mIU ml™! were used as controls. AF paint is a biocidal
antifouling paint (International Ltd). Bars show the means of
three replicates + 1 SD. Data that are significantly different
from the control (ANOVA, Dunnet test: P< 0.05) are indi-
cated by an asterisk above the bars.

with caution. In a series of patents, inventors pro-
posed to use the enzymes to prevent biofouling
(Selvig et al., 1999; Bonaventura et al., 2000;
Allermann and Schneider, 2001). For example, pro-
teolytic and amylolytic enzymes inhibited recruit-
ment of algal spores and a bryozoan, and attachment
of bacteria, but did not inhibit barnacle settlement
(Selvig et al., 1999). Rittschof et al. (1991) investi-
gated the effect of commercially available hydrolytic
enzymes on the barnacle Balanus amphitrite settle-
ment. The majority of enzymes did not have any
effect on larval settlement at concentrations ranging
from 1 to 100 nM. The investigators observed that
only protease XI at the concentration of 100 nM
(about 2 mg ml™!) inhibited larval settlement, while
10 nM of trypsin (about 238 pg ml™) stimulated
larval settlement. The difference between our
results and those of the investigation of Rittschof
et al. (1991) may be explained by the difference in
larval response to enzymes and the concentrations
of enzymes used.

How can enzymes decrease larval attachment?
There are two possible explanations. First, to attach
to the surface, larvae, spores of algae, and micro-
organisms use different adhesive polymers (Callow
and Callow, 2000; Wiegemann, 2005). For example,
bacteria and algae use adhesive proteins, polysacchar-
ides, and glycoproteins for adhesion (Becker, 1996;
Vreeland et al., 1998). Proteins with high DOPA
content play an important role in the adhesion of
bivalve molluscs, such as Mytilus edulis (Waite, 1992,
Wiegemann, 2005). The barnacle larvae and bryozo-
ans achieve adhesion by secretion of proteinaceous
cement (Kamino, 2001; Matsumura et al., 1998;
Railkin, 2004). Silk-like proteins enriched with DO-
PA are used for tube construction by the polychaete
Phragmatopoma californica (Jensen and Morse,
1988). Because most adhesive substances consist of
proteins and carbohydrates, we propose that proteo-
lytic or glycolytic enzymes can cleave adhesives of
larvae and algal spores and therefore prevent attach-
ment of propagules. Second, enzymes can remove
proteinaceous cues necessary for Bugula neritina
attachment. Although inductive cues for B.neritina
have not been found yet (Dobretsov and Qian, 2006),
other larvae, like barnacles, have been shown to
respond to proteinaceous cues produced by adults
(Clare et al., 1994, Matsumura et al., 1998).

In our experiments, most of the bacterial iso-
lates that induced larval settlement of B. neritina did
not produce proteolytic enzymes (Table 2; Figure 5).
In contrast, the strains that produced enzymes either
were inhibitive or induced low settlement of larvae.
Therefore, we found a strong negative correlation
between the effect of bacterial biofilms on larval
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Table 2. Correlation between production of proteolytic enzymes and inductiveness of bacterial isolates from biofilms and

Pseudoalteromonas issachenkonii isolated from deep water

Production Induction of
Similarity  of proteolytic B. neritina
Abbreviation Close match UST accession no. (%) enzymes settlement
a—Proteobacteria
Bl Rhodovulum sp. UST950701-012 98 Inductive
B2 Agrobacterium altanticum UST010801-005 99 - Inductive
y-Proteobacteria
B3 Pseudoalteromonas sp. UST010723-006 97 + Noninductive
B4 Vibrio campbelli UST991130-066 98 + Noninductive
B5 Alteromonas sp. UST040911-046 96 + Noninductive
B6 Vibrio alginolyticus UST981130-062 99 + Inhibitory
B7 Vibrio sp. UST991130-048 98 + Inhibitory
B8 Vibrio proteolyticus UST991130-028 95 + Inhibitory
B9 Pseudoalteromonas issachenkonii UST041101-043 98 + Inhibitory
Firmicutes
B10 Staphylococcus haemolyticus UST950701-004 99 B Inductive

Inductive strains induce significantly high (P< 0.05) larval settlement; the settlement rate in noninductive strains is the same as in the
control (nonbiofilmed petri dish); inhibitory strains significantly (P< 0.05) reduced larval settlement (see Figure 5). =, No enzyme

production; +, enzyme production.

settlement and production of proteolytic enzymes,
which may suggest that biofilm rejection by larvae
may not only result from production of repellent or
inhibitive cues by bacteria (Holmstrom and Kjelle-
berg, 1999; Egan et al., 2001, 2002; Dobretsov and
Qian, 2002, 2004), but also as a result of production
of enzymes by bacterial species.

In our field bioassay, the protease from
Pseudoalteromonas issachenkonii UST041101-043
incorporated in water-based paint significantly
inhibited settlement of the barnacle Balanus
amphitrite and the bryozoans Bugula neritina and
Schizoporella sp. compared to the control (paint
without enzyme) or deactivated enzyme (paint with
heated enzyme) (Figure 6). Moreover, the inhibitory
effect of the protease from the bacterium P.
issachenkonii was stronger than that of trypsin. For
example, a concentration of 250 mIU ml™! (about 2
pg ml™) trypsin was high enough to suppress
recruitment of B. amphitrite and Schizoporella sp.,
while the protease from the bacterium was effective
at lower concentrations (10 mIU ml™ or about 100
ng ml™'). Antifouling activity of both enzymes
against the barnacle B. amphitrite was stronger than
of the biocidal antifouling paint (Figure 6).

At present, industries control biofouling by using
highly toxic antifouling compounds. Suppressing bio-
fouling without the use of biocides that kill propagules
can be done by controlling propagules adhesion, either
by impeding the production of adhesive or by curtailing
the strength of that adhesive once secreted. In the
natural environment microorganisms can easily bio-
degrade enzymes to amino acids and finally to carbon
dioxide and water; therefore, it is generally accepted

that enzymes are “environment-friendly” agents. Sta-
bility of enzymes in seawater and solvent-based paints
limits commercial application of enzymes as antifoul-
ing agents. It has been shown that some enzymes (i.e.,
halophilic proteases) are quite stable in organic sol-
vents (Klibanov, 2001). In our experiments, protease
from P. issachenkonnii remained active in seawater
for 14 days at high salt concentrations of about 2 M
and in acetone (Xiong et al., 2007). In addition, this
enzyme has an optimal temperature (about 30°C) and
pH (about 8) close to those observed at tropical waters,
while other tested enzymes were effective at different
temperature and pH. All these facts suggest that the
protease from P. issachenkonnii can be used widely
for different seawater antifouling applications.
Overall, our investigation demonstrates that pro-
teases can act as antifouling agents. The critical doses
for proteases are relatively lower than those for other
common antifoulants. In our experiments the minimal
effective protease concentration was about 1 mIUml™,
which means that the final pure protease matter
concentration was about 1 ng ml™'. In contrast, the
other biocides, such as TBT, had six fold higher
effective concentrations (Zentz et al., 2002). There-
fore, proteases may be useful in the development of
future “environment-friendly” antifouling coatings.

Acknowledgments

We thank Dr. Hans-Uwe Dahms (Germany) for his
useful suggestions on the manuscript; Dr. Tony
Rathburn (USA) for facilitating collection of deep-
sea samples; Dr. Linsheng Song (China) for his help



SERGEY DOBRETSOV ET AL.: INHIBITION OF LARVAL SETTLEMENT BY ENZYMES

in isolation of bacteria; and the crew, pilots, and the
captain of the R/V Revelle and Jason II (USA) for
their assistance. This work was supported by the
West Coast National Undersea Research Center
Grant UAF-04-0112 to L.A.L., a grant from China
Ocean Mineral Resource Research and Develop-
ment Association (COMRRDA 03/04.SCO01), and a
Central Allocation grant (CAS04/05.Sc01) to P.Y.Q.,
and partially by an Alexander von Humboldt Fel-
lowship to S.D.

References

Allermann K, Schneider I (2001) Antifouling paint com-
position comprising rosin and enzyme. PCT Patent
application. WO 01/72911 A1l

Becker K (1996) Exopolysaccharide production and attach-
ment strength of bacteria and diatoms on substrates
with different surface tensions. Microb Ecol 32, 23-33

Bonaventura C, Bonaventura J, Hooper IR (2000) Anti-
fouling methods using enzyme coatings, Dec. 7, 1999
Singapore. US Patent 5,998,200

Burgess JG, Boyd KG, Armstrong E, Jiang Z, Yan L,
Berggren M, May U, Pisacane T, Granmo A, Adams
DR (2003) The development of a marine natural
product-based antifouling paint. Biofouling 19, 197-205

Callow ME, Callow JA (2000) Substratum location and
zoospore behaviour in the fouling alga Enteromorpha.
Biofouling 15, 49-56

Callow JA, Stanley MS, Wetherbee R, Callow ME (2000)
Cellular and molecular approaches to understanding
primary adhesion in Enteromorpha: an overview.
Biofouling 16, 141-150

Cooksey KE, Wigglesworth-Cooksey B (1995) Adhesion of
bacteria and diatoms to surfaces in the sea: a review.
Aquat Microb Ecol 9, 87-96

Claire AS (1998) Towards nontoxic antifouling. ] Mar
Biotechnol 6, 3-6

Clare AS, Freet RK, McClary M Jr (1994) On the
antennular secretion of the cyprid of Balanus amphitrite
amphitrite and its role as a settlement pheromone. J
Mar Biol Assoc UK 74, 243-250

Dobretsov S, Qian PY (2002) Effect of bacteria associated
with the green alga Ulva reticulata on marine micro-
and macrofouling. Biofouling 18, 217-228

Dobretsov S, Qian PY (2004) The role of epibotic bacteria
from the surface of the soft coral Dendronephthya sp.
for the inhibition of larval settlement. ] Exp Mar Biol
Ecol 299, 35-50

Dobretsov S, Qian PY (2006) Facilitation and inhibition of
larval attachment of the bryozoan Bugula neritina in
association with mono-species and multi-species bio-
films. ] Exp Mar Biol Ecol 333, 263-274

Dobretsov S, Dahms HU, Qian PY (2006) A review:
inhibition of biofouling by marine microorganisms
and their metabolites. Biofouling 22, 43-54

Egan S, James S, Holmstrom C, Kjelleberg S (2001)
Inhibition of algal spore germination by the marine

bacterium Pseudoalteromonas tunicata. FEMS Micro-
biol Ecol 35, 67-73

Egan S, James S, Kjelleberg S (2002) Identification and
characterization of a putative transcriptional regulator
controlling the expression of fouling inhibitors in
Pseudoalteromonas tunicata. Appl Environ Microbiol
68, 372-378

Fusetani N (2004) Biofouling and antifouling. Nat Prod
Rep 21, 94-104

Ghorbel B, Sellami-Kamoun A, Nasri M (2003) Stability
studies of protease from Bacillus cereus BG1l. Enzyme
Microb Technol 32, 513-518

Holmstrom C, Kjelleberg S (1999) Marine Pseudoalteromonas
species are associated with higher organisms and produce
active extracellular compounds. FEMS Microbiol Ecol 30,
285-293

Holmstrom C, Rittschof D, Kjelleberg S (1992) Inhibition
of settlement by larvae of Balanus amphitrite and
Cliona intestinalis by surface-colonizing marine bac-
terium. Appl Environ Microbiol 58, 2111-2115

Holmstrom C, Egan S, Franks A, McCloy S, Kjelleberg S
(2002) Antifouling activities expressed by marine
surface associated Pseudoalteromonas species. FEMS
Microbiol Ecol 41, 47-58

Jensen RA, Morse DE (1988) The bioadhesive of
Phragmatopoma californica tubes: a silk-like cement
containing L-DOPA. ] Comp Phys B 158, 317-324

Kamino K (2001) Novel barnacle underwater adhesive
protein is a charged amino acid-rich protein constituted
by a Cys-rich repetitive sequence. Biochem J 356, 503-507

Kirchman D, Graham D, Reish D, Mitchell R (1982)
Lectins may mediate in the settlement and metamor-
phosis of Janua (Dexiospira) brasiliensis Grube (Poly-
chaetea: Spirorbidae). Mar Biol Lett 3, 201-222

Klibanov AM (2001) Improving enzymes by using them in
organic solvents. Nature 409, 241-246

Kon-ya N, Shimidzu N, Otaki N, Yokoyama A, Adachi K,
Miki W (1995) Inhibitory effect of bacterial ubiqui-
nones on the settling of barnacle, Balanus amphitrite.
Experientia 51, 153-155

Lau SCK, Qian PY (2001) Larval settlement in the serpulid
polychaete Hydroides elegans in response to bacterial
films: an investigation of the nature of putative larval
settlement cue. Mar Biol 138, 321-328

Lau SCK, Mak KKW, Chen F, Qian PY (2002) Bioactivity
of bacterial strains from marine biofilms in Hong Kong
waters for the induction of larval settlement in the
marine polychaete Hydroides elegans. Mar Ecol Prog
Ser 226, 301-310

Lau SCK, Thiyagarajan V, Qian PY (2003) The bioactivity
of bacterial isolates in Hong Kong waters for the
inhibition of barnacle (Balanus amphitrite Darwin)
settlement. ] Exp Mar Biol Ecol 282, 43-60

Little BJ, Wagner PA (1997) Succession in microfouling. In:
Fouling Organisms of the Indian Ocean: Biology and
Control Technology, Nagabhushanam R, Thompson M,
eds. (New Delhi: Oxford and IBH) pp 105-134

Maki JS, Rittschof D, Costlow JD, Mitchell R (1988)
Inhibition of attachment of larval barnacles, Balanus
amphitrite, by bacterial surface films. Mar Biol 97, 199-206



Matsumura K, Nagano M, Kato-Yoshinaga Y, Yamazaki
M, Clare AS, Fusetani N (1998) Immunological studies
on the settlement-inducing protein complex (SIPC) of
the barnacle Balanus amphitrite and its possible
involvement in larva-larva interactions. Proc R Soc
Lond 265, 1825-1830

Pettitt ME, Henry SL, Callow ME, Callow JA, Clare AS
(2004) Activity of commercial enzymes on settlement
and adhesion of cypris larvae of the barnacle Balanus
amphitrite, spores of the green alga Ulva linza, and the
diatom Navicula perminuta. Biofouling 20, 299-311

Railkin AI (2004) Marine Biofouling: Colonization Pro-
cesses and Defenses. (Boca Raton, FL: CRC Press)

Rittschof D, Schmidt AR, Hooper IR, Gerhart DJ, Gunster
D, Bonaventura J (1991) Molecular mediation of settle-
ment of selected invertebrate larvae. In: Bioactive
Compounds from Marine Organisms, Thompson MR,
Sarojini R, Nagabhushanam R, eds. (Rotterdam: A.A.
Balkema) pp 317-328

Rouhi AM (1998) The squeeze of tributyltins. Chem Eng
News 27, 41-42

Selvig T, Warren PP, Leavitt RL (1999) Methods for
removing undesired growth from a surface. US Patent
No 346535, fill. date 02.07.99

Shapiro SS, Wilk MB (1965) An analysis of variance test for
normality (complete samples). Biometrika 52, 591-611

van Wezel AP, van Wlaardingen P (2004) Environmental
risk limits for antifouling substances. Aquat Toxicol
66, 427-444

Vreeland V, Waite JH, Epstein L (1998) Minireview-
polyphenols and oxidases in substratum adhesion by
marine algae and mussels. | Phycol 34, 1-8

SERGEY DOBRETSOV ET AL.: INHIBITION OF LARVAL SETTLEMENT BY ENZYMES

Wahl M (1989) Marine epibiosis.l. Fouling and anti-
fouling: some basic aspects. Mar Ecol Prog Ser 58,
175-189

Wahl M (1997) Living attached: aufwuchs, fouling, epibiosis.
In: Fouling Organisms of the Indian Ocean: Biology and
Control Technology, Nagabhushanam R, Thompson M,
eds. (New Delhi: Oxford & IBH) pp 31-84

Waite JH (1992) The DOPA ephemera: a recurrent motif in
invertebrates. Biol Bull 183, 178-184

Wiegemann M (2005) Adhesion in blue mussels (Mytilus
edulis) and barnacles (genus Balanus): mechanisms
and technical applications. Aquat Sci 67, 166-176

Xiong H, Nyyssold A, Jinis J, Pastinen O, Weymarn N,
Leisola M, Turunen O (2004) Characterization of the
xylanase produced on submerged cultivation by
Thermomyces lanuginosus DSM 10635. Enzyme
Microb Technol 35, 93-99

Xiong H, Song L, Xu Y, Tosi M-Y, Dobretsov S, Qian P-Y
(2007) Characterization of proteolytic bacteria from the
Aleutian deep-sea and their proteases. J Ind Microbiol
Biotechnol 34, 63-71

Yebra DM, Kiil S, Dam-Johansen K (2004) Antifouling
technology-past, present and future steps towards
efficient and environmentally friendly antifouling
coatings. Prog Org Coat 50, 75-104

Zar JH (1996) Biostatistical Analysis. 3rd ed. (Upper
Saddle River, NJ: Prentice-Hall)

Zentz F, Hellio C, Valla A, De La Broise D, Bremer G,
Labia R (2002) Antifouling activities of N-substituted
imides: antimicrobial activities and inhibition of
Mytilus edulis phenoloxidase. Mar Biotechnol 4,
431-440




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


