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ABSTRACT: It has previously been shown that the red alga Bonnemaisonia hamifera is less fouled by
bacteria relative to co-occurring seaweeds and that surface extracts of B. hamifera inhibit bacterial
growth at natural concentrations. In the present study, we isolated the antibacterial metabolite by
bioassay-guided fractionation of extracts of B. hamifera using standard chromatographic methods.
Nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry were used for molecular
identification. The antibacterial activity in the extracts was caused by a previously described poly-
halogenated 2-heptanone: 1,1,3,3-tetrabromo-2-heptanone. To further investigate the role of this
compound as an ecologically relevant antifoulant against bacterial colonisation, we quantified it on
the surface of B. hamifera specimens collected in the field. Levels of 1,1, 3, 3-tetrabromo-2-heptanone
on the surface of the algae were on average 3.6 pg cm™2, Natural surface concentrations of this sec-
ondary metabolite were used to test for growth-inhibiting effects against 18 bacterial strains isolated
from red algae co-occurring with B. hamifera. The test indicated a phylogenetic specificity of the
metabolite, and gram-positive bacteria and flavobacteria proved to be particularly sensitive. In a fur-
ther test, natural surface concentrations of 1,1, 3, 3-tetrabromo-2-heptanone were applied to artificial
panels and incubated in the sea. After 4 and 7 d, the number of settled bacteria was significantly
lower on all treated panels compared to controls. Thus, this study shows that 1,1, 3, 3-tetrabromo-
2-heptanone has an ecologically relevant role as an antifoulant against bacterial colonisation on the
surface of B. hamifera. This study is also one of only a few to quantify natural surface concentrations
of a seaweed secondary metabolite.
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INTRODUCTION

Bacteria are ubiquitous in the sea and typically occur
at densities of 10° cells ml"! (Fenchel 1988). Thus, ma-
rine plants and animals are continuously exposed to
high concentrations of bacteria, some of which can
colonise living surfaces. Bacterial epibiosis on benthic
macroalgae (seaweeds) can be disadvantageous for
the host. For example, epiphytic bacteria can indirectly
cause negative effects by providing positive settlement
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cues for macroscopic fouling organisms (O'Connor &
Richardson 1996, Unabia & Hadfield 1999, Huggett et
al. 2006). Furthermore, pathogenic bacteria can cause
severe tissue damage in algae (Sunairi et al. 1995,
Sawabe et al. 1998, Vairappan et al. 2001), or even
mortality (Littler & Littler 1995). Since seaweeds lack
cell-based inducible immune responses, they must
either tolerate microbial attacks, or have other means
of defense. It has often been hypothesised that sea-
weeds have chemical defenses against bacteria (e.g.
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Lau & Qian 1997, Kubanek et al. 2003, Engel et al.
2006), and several studies have shown that seaweeds
produce compounds with antibacterial properties
(Sridhar & Vidyavathi 1991, Hellio et al. 2000, 2001).
The ecological roles of these compounds are, however,
often unknown. Most studies have focused on finding
substances for pharmacological and antifouling appli-
cations, and only a few studies have been conducted in
an ecological context by (1) investigating natural distri-
bution and abundance of epiphytic bacteria, (2) using
ecologically relevant bacteria in bioassays, and (3) test-
ing ecologically relevant concentrations of alga-
derived antibacterial compounds, i.e. concentrations of
metabolites that are naturally encountered by bacteria
(but see Maximilien et al. 1998, Kubanek et al. 2003,
Nylund et al. 2005, Paul et al. 2006a).

In a previous study on the red alga Bonnemaisonia
hamifera, Nylund et al. (2005) showed that (1) crude
extracts of B. hamifera have broad-spectrum effects
against bacterial growth at volumetric concentrations,
(2) lipophilic surface extract at natural concentrations
per area inhibits bacterial growth, and (3) natural
populations of B. hamifera have fewer epiphytic bacte-
ria compared to a co-existing alga that lacks broad-
spectrum antibacterial metabolites. In the study by
Nylund et al. (2005), the specific metabolite(s) respon-
sible for the antibacterial activity were not identified.
Previous reports showed that B. hamifera produces
a rich variety of halogenated compounds, including
2-heptanones, 2-heptanols, acetates and acids (Siuda
et al. 1975, Jacobsen & Madsen 1978, McConnell &
Fenical 1980). Some of these metabolites show
antibacterial activity (Siuda et al. 1975,
McConnell & Fenical 1979, 1980),
although their ecological roles are not
known.

The present study focusses on identi-
fying the metabolite(s) responsible for
the antibacterial activity in the crude
extract of Bonnemaisonia hamifera and
assessing their possible ecological role
as natural antifoulants against bacteria.
We used bioassay-guided fractiona-
tions of B. hamifera extracts in order to
test all extractable metabolites for their
antibacterial activity. We also investi-
gated whether, and at what concentra-
tions, the major deterrent metabolite is
naturally presented to colonising bacte-
ria by determining surface concentra-
tions of this metabolite on algae col-
lected in the field. We then isolated
bacteria from seaweeds co-occurring
with B. hamifera in order to test for
antimicrobial effects of natural surface

concentrations of the metabolite on ecologically rele-
vant bacteria. Finally, we deployed panels treated with
natural surface concentrations of the metabolite in the
sea, in order to assess the effect of the metabolite on
bacterial colonisation under realistic flow conditions.

MATERIALS AND METHODS

Study organism and collection of algal material.
Bonnemaisonia hamifera is a filamentous red alga with
a heteromorphic diplohaplontic life cycle (Dixon &
Irvine 1977, Fig. 1). The work presented in this study
was done on the tetrasporangial phase (i.e. the Trail-
liella phase) of B. hamifera. This phase is very abun-
dant along the Swedish west coast at depths of around
2 to 16 m, where it grows as small turfs usually on other
algae (Johansson et al. 1998, G. M. Nylund pers. obs.).
For chemical extraction, specimens of B. hamifera
were collected by SCUBA diving from several locali-
ties in the archipelago west of Tjarné Marine Biologi-
cal Laboratory. Several dives were necessary in order
to obtain sufficient material for the extractions. After
each collection, specimens of B. hamifera where re-
moved from their substrate and combined. The algae
were drained of excess water, weighed and stored in a
freezer at —-20°C until used in chemical extractions
(4 wk after collection).

Bioassay-guided fractionation — general approach.
We used bacterial growth-inhibition assays to guide
our chromatographic fractionation of Bonnemaisonia
hamifera extracts along polarity gradients (Fig. 2). Ini-

Fig. 1. Bonnemaisonia hamifera. (A) Tetrasporophytic phase, growing as small
turfs, which consist of numerous sparsely branched filaments (B). Filaments are
1 cell-layer thick and have numerous gland cells located on the surface of the
thallus between the vegetative cells (C, arrow). Scale bars: A =1 cm, B =700 pm,
C=60pm
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phase extraction columns (SPE columns, 20 g, Isolute,
part no. 460-2000-F) using 1 column for each fraction.
The first column, containing the more polar fraction,
was eluted with hexane, 1:20, 1:10 and 1:5 ethyl
acetate:thexane, and ethyl acetate (40 ml each). The
second column was eluted with hexane, 1:10 ethyl
acetate:hexane, and ethyl acetate (120 ml each). A
total of 27 fractions were collected (based on distinct
colours of the eluting extracts or a volume of 15 ml)
from the first column, and 3 from the second. Similar
fractions were pooled for subsequent bioassays, and
the differentially deterrent fraction was then further
separated using normal phase HPLC (Phenomenex
Luna 5 pm Silica (2) 100 A, 250 x 4.6 mm, isocratic
elution with 100% hexane, 1 ml min~!, 15 min). The
molecular structure of the deterrent compound was
determined by comparison of 'H, 3C NMR and elec-
tron impact (EI) mass spectra (McConnell & Fenical
1980).

Bacterial assays: During the bioassay-guided frac-
tionation of the crude extract from Bonnemaisonia
hamifera, we used standard agar disc-diffusion assays
to test fractions and compounds for growth inhibition
of the 3 marine bacteria Hyphomonas neptunicum,
Planococcus sp. and Photobacterium angustum S14,
formerly known as Vibrio sp. S14 (Srinivasan et al.
1998). These strains were also used in a previous study
on bacterial growth-inhibiting effects of surface-
associated metabolites from B. hamifera (Nylund et al.
2005). Growing bacteria were maintained on nutritive
agar plates (bacto marine medium 2216, Difco) and
transferred to nutrient broth 24 to 48 h before use in
assays. Extracts were re-dissolved in water, methanol,
ethyl acetate, dichloromethane or hexane, depending
on the polarity of extracts, and pipetted onto circular
paper discs (BD, disc volume 15 pl). The discs were
dried in open air at room temperature and placed on
nutritive agar plates, with 1 disc per plate. Control
discs with only solvents added were also prepared. All
extracts and compounds were tested with replication
(n = 2) at natural concentrations by volume (i.e. the
amount of extract yielded from 15 pl algal tissue).
Assays were run at room temperature until control
bacteria developed a confluent film (24 to 48 h). The
observed diameters of the growth-inhibition zones
were measured to the nearest 1 mm with a ruler.

Natural surface concentrations of 1,1,3,3-tetra-
bromo-2-heptanone. The bioassay-guided fractiona-
tion of the crude extract from Bonnemaisonia hamifera
showed that a single metabolite, 1,1, 3, 3-tetrabromo-2-
heptanone, possessed most of the antibacterial activity
of the extract. To determine whether and at what con-
centrations this metabolite is released onto the surface
of B. hamifera, the plant surface was extracted as pre-
viously described by Nylund et al. (2005, 2007). This

extraction causes no visually detected damage on the
gland cells (G. M. Nylund unpubl. data) where the
halogenated metabolites of B. hamifera are presum-
ably stored. Specimens of B. hamifera were collected
by SCUBA diving from 2 localities (Krugglo and Yttre
Vattenholmen) west of Tjarné Marine Biological Labo-
ratory. In the laboratory, algae were immediately re-
moved from their substrate and stored in an aquarium
with continuous seawater flow until used for extrac-
tions. Pieces of algal thalli (n = 10), carefully dried with
precision wipes, were weighed and added to individ-
ual 10 ml glass vials containing 2 ml hexane and 2 ml
salt water (30 g sodium chloride in 1 1 Milli-Q water).
The algal samples were vortexed for 20 s, after which
the algal material was removed from the solution.
Within 3 h after collection, all algal samples had been
extracted. The resulting extracts were put in a —-20°C
freezer to freeze the water, and the hexane was subse-
quently removed from the vials and transferred to new
vials. The glass vials containing the salt water were
vortexed with 2 ml hexane another 2 times, resulting in
a total of 3 hexane phases for each sample. The hexane
phases were pooled, evaporated under a stream of
nitrogen, and the resulting surface extracts were re-
dissolved in 1 ml hexane containing 1 pg naphthalene.
The surface extracts were analysed using gas chroma-
tography-mass spectrometry (GC-MS) with naphtha-
lene (1 pg ml!) as internal standard. Gas chromato-
graphy was performed using an Agilent 6890N gas
chromatograph and a dimethylpolysiloxane coated
capillary column (DB-1MS, 15 m, 0.25 mm i.d.). Helium
was used as the carrier gas. All injections (5 nl) were
performed in pulsed splitless mode (30 s at 80 psi) with
an inlet pressure of 1 psi and a constant flow of 1 ml
min~!. A direct, deactivated inlet liner was used (2 mm
i.d., 78.5 X 6.3 mm o.d., part no. 5183-4703). The injec-
tion port was set at 200°C and the GC-MS interface at
280°C. The GC was set at 50°C for 2 min, ramped at
20°C min™?! to 250°C and 30°C min~! to 300°C, and then
held at this temperature for 4 min. Mass spectrometry
was performed on an Agilent 5973 inert Mass Selec-
tive Detector (MSD) using EI as the ion source. Ions
characteristic of 1,1,3,3-tetrabromo-2-heptanone and
the internal standard (naphthalene) were monitored in
scanning (SCAN) mode. Known concentrations of
1,1,3,3-tetrabromo-2-heptanone were used as stan-
dards and run at the start and end of the GC-MS ana-
lyses. Concentrations of 1,1,3,3-tetrabromo-2-hepta-
none in the samples were determined by calculating
the ratio between peak areas of target compound and
internal standard and comparing to a standard curve.
Masses of 1,1, 3,3-tetrabromo-2-heptanone were con-
verted to mass per square centimetre algal surface,
based on the surface area:wet weight ratio for B. ham-
ifera.
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Growth inhibition by natural surface concentra-
tions of 1,1,3,3-tetrabromo-2-heptanone against bac-
teria associated with seaweed surfaces. Isolation of
bacteria: To obtain ecologically relevant bacteria for
bioassays, 5 individuals each of the red algae Cera-
mium virgatum, Polysiphonia fucoides and Rhodomela
confervoides were swabbed with sterile cotton buds
for the collection of epibiotic bacteria. These algal spe-
cies co-exist with Bonnemaisonia hamifera and should
therefore be exposed to the same colonising bacteria.
Each individual was swabbed twice, and swabs from
the same species were combined and vortexed for 60 s
in autoclaved, 0.22 pm-filtered seawater (FSW). Resul-
ting bacterial suspensions were serially diluted (1 to
0.0001) in autoclaved FSW and 100 pnl of each dilution
was streaked onto nutrient agar and incubated at room
temperature under ambient light conditions. Each
bacterial dilution was inoculated onto 2 low-nutrient
(LN1-2) and 3 high-nutrient (HN1-3) agar media. Low-
nutrient media were used in addition to more tradi-
tional high-nutrient media to ensure better culturabil-
ity (Jensen et al. 1996). LN1 and LN2 were composed
of 17 g agar in 11 of glass-wool-filtered seawater. In
addition, LN2 contained 50 ml red algal aqueous ex-
tract, which was obtained by mixing 50 g freeze-dried
and pulverised C. virgatum with 150 ml seawater. The
mixture was filtered and centrifuged, and the resulting
supernatant used for the media. HN1 consisted of 15 g
agar, 5 g peptone and 0.5 g yeast extractin 11 of glass-
wool-filtered seawater. HN2 and HN3 were similar to
HN1, except that no yeast extract was used. In addi-
tion, both HN2 and HN3 lacked yeast extract. HN3
contained 50 ml red algal extract. After 1 to 3 wk, dis-
tinguishable colonies were isolated, purified and sub-
sequently stored at —70°C in 24 % glycerol.

For phylogenetic description of the isolated strains,
the 16S rRNA gene was amplified and sequenced. To
prepare DNA templates for PCR, 1 colony of every iso-
lated strain was suspended and washed once in 100 pl
sterile Milli-Q water, whereafter the sample was boiled
for 10 min and put on ice for 2 min. PCR was carried
out in 50 pl volume using the HotStarTaq plus kit (Qia-
gen) according to the manufacturer's recommenda-
tions with 0.2 pM of primers 27F and 1492R (Lane
1991) and 2 pl DNA template. The PCR amplification
protocol consisted of an initial 5 min at 95°C to activate
the DNA polymerase, denaturation at 94°C for 45 s,
annealing at 60°C for 45 s and elongation at 72°C for
1 min 45 s for 30 cycles, and a final elongation at 72°C
for 7 min, using a Thermo Hybaid Px2 thermal cycler
(Thermo Fisher Scientific). The amplified product was
purified using the QIAquick spin columns (Qiagen).
Amplified product fragment size and concentration
were assessed by electrophoresis (1% agarose, 1x
TBE) using a low DNA mass ladder (Invitrogen).

Sequencing was performed with the 27F primer by
MWG Biotech AG, using the dideoxy chain termina-
tion/cycle sequencing technique and fluorescently
labelled dideoxyoligonucleotides. A total of 63 bacter-
ial isolates were sequenced and phylogenetic trees
constructed to show the affiliation of the obtained
sequences (data not shown). From these trees, 18 rep-
resentative isolates encompassing all major phylo-
genetic clusters of the 63 isolated bacterial sequences
were chosen for the growth inhibitory tests. The
18 selected sequences were compared to GenBank
sequences using nucleotide BLAST (www.ncbi.nlm.
nih.gov). Sequence identity was assessed using previ-
ously described criteria (Goldenberger et al. 1997). In
situations where the closest match was not phyloge-
netically determined, the closest phylogenetically
described match was chosen for identification. Simi-
larly, in situations of several closest matches with the
same degree of homology, the most phylogenetically
detailed match was chosen for identification. The 18
selected sequences are available from GenBank under
accession numbers EU278327 to EU278344.

Growth inhibition tests: A membrane bioassay was
developed to test for growth-inhibiting effects of
1,1,3, 3-tetrabromo-2-heptanone at concentrations cor-
responding to natural concentrations on the surface of
Bonnemaisonia hamifera. To obtain enough material
for bioassays, 10 g of 1,1, 3, 3-tetrabromo-2-heptanone
was synthesised following McConnell and Fenical
(1980), and the structure was confirmed by GC-MS, 'H
and 3C NMR spectroscopy. The retention of 1,1,3,3-
tetrabromo-2-heptanone on the membranes was as-
sessed by dissolving synthesised 1,1, 3, 3-tetrabromo-
2-heptanone in hexane (125 pug ml™') and applying
aliquots of 100 pl to 0.2 pm polycarbonate membranes
(25 mm diameter, polyvinylpyrrolidone-free [PVPF],
GE Osmonics), mounted in sterile glass filter holders.
After evaporation of the hexane (30 min), the coated
membranes (n = 3) were placed on HN1 agar plates for
10 min and 4, 16, 42 and 73 h, whereafter they were
extracted. Controls were membranes extracted imme-
diately after coating with the metabolite and mem-
branes extracted after 74 h to determine if storage
affected the extraction yield of the metabolite. The
latter were sealed in glass vials and kept in darkness at
room temperature until used for extraction. All mem-
branes were extracted 3 times in 1 ml hexane for
10 min and the resulting extracts were combined for
analysis.

Membranes for bioassays were coated with 1,1, 3, 3-
tetrabromo-2-heptanone according to the above pro-
cedure to give final concentrations of 0 (hexane only),
1.5, 4.5 and 13.5 ug cm™2, provided that all material
stayed on the membranes. One of the treatments had a
higher concentration than naturally found on the sur-
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face of Bonnemaisonia hamifera, since a significant
part of the compound was lost from the membranes
(see 'Results’). After evaporation of the hexane
(30 min), the membranes were transferred to HN1 agar
plates using sterile forceps. The selected 18 bacterial
strains were grown in HN1 broth until a stable station-
ary growth phase was attained. Droplets of 5 jl of each
strain were added to the membranes in serial dilutions.
The assay was performed in triplicate for every bacter-
ial strain. The agar plates with bacterial strains on
membranes were incubated at 20°C and visually mon-
itored for colony growth for 5 d. An earlier preliminary
test showed no effect on bacterial growth of hexane
evaporated on the membranes (data not shown). Con-
sequently, blank membranes without hexane were not
included in the assays.

Field assay with natural surface concentrations
of 1,1,3,3-tetrabromo-2-heptanone. The effects of
1,1,3,3-tetrabromo-2-heptanone on the colonisation of
bacteria on artificial surfaces were measured in the
field close to Tjarn6 Marine Biological Laboratory. Pre-
liminary studies had shown that untreated polystyrene
Petri dishes retained the metabolite well in comparison
with other materials (data not shown). To quantify the
retention of the metabolite on the Petri dishes under
realistic flow conditions, dishes were placed in the
field for different time periods. Seven sets of 5 dishes
were prepared by applying 0.5 ml of synthesised
1,1,3,3-tetrabromo-2-heptanone dissolved in hexane
(final concentration 4.4 pg cm™2) to the underside of
untreated 48 mm polystyrene Petri dishes (diameter-
Nunc). The underside of the dishes had a slightly
raised edge, which allowed complete coverage of the
surface with hexane without loss. After evaporation of
the hexane (1 h), 5 of the 7 sets were attached to a 2 m
long strip with lines (2 cm between dishes) and hung
from a dock for 1, 2, 4, 6 and 9 d, whereafter they were
recovered for chemical extraction. The 2 remaining
sets served as controls. The first control was extracted
immediately after coating with the metabolite and the
second was stored at 5°C, sealed with Parafilm for 9 d
and subsequently extracted to determine whether stor-
age affected the extraction yield of the metabolite. All
dishes were extracted 5 times in 2 ml hexane for 30 s
and the resulting extracts of each were combined
for analysis of 1,1,3,3-tetrabromo-2-heptanone using
GC-MS as described above.

Petri dishes used to determine surface colonisation
of bacteria were coated with synthesised 1,1,3,3-
tetrabromo-2-heptanone according to the above pro-
cedure to give final concentrations of 0 (controls), 2.8,
4.4 and 8.8 pg cm™2 The coated dishes were attached
to a separate strip with lines, similar to above. A total
of 60 dishes was attached to the strip (n = 15 per
treatment). The array of dishes was attached to a

dock and suspended at a depth of 1.5 m. After 4 (n =
8) and 7 d (n = 7), the dishes were returned directly
to the laboratory in seawater for washing, staining
and counting of bacterial cells. Dishes were washed 3
times with 3 ml sterile seawater using a pipette to
remove unattached bacteria, and stained for 8 min
with 2 pg ml™! 4,6-diamidino-2-phenylindole (DAPI)
in phosphate buffer saline. Bacterial cells were then
quantified via direct counts of blue fluorescent cells
at a magnification of 1000x in 10 randomly chosen
unit fields (0.002 mm?) using an epifluorescence
microscope (Olympus BX 51, fluorescence mirror unit
U-MNU2).

Attachment of bacteria to surfaces can be mediated
by surface wettability (Wiencek & Fletcher 1997, Ellen
et al. 1998, Otto et al. 1999). Thus, it is possible that an
observed effect of a chemical compound is not due to
chemistry per se, but a consequence of a change in the
physical characteristics of the experimental surface by
the compound, or a combination of both. Therefore, we
measured the surface wettability of Petri dishes with
and without 1,1, 3, 3-tetrabromo-2-heptanone, accord-
ing to the method described by Dahlgren & Sunqvist
(1981). The basis of this method is that a liquid drop
put on a flat surface will have the shape of a truncated
sphere. Using the formula for calculating the volume of
a truncated sphere, the contact angle can be deter-
mined, as long as the diameter and the volume of the
drop are known (Dahlgren & Sunqvist 1981). We mea-
sured the diameter of 10 nl water drops on polystyrene
Petri dishes coated with 4.4 ng cm™2 1,1,3,3-tetra-
bromo-2-heptanone as described above. Untreated
dishes and dishes evaporated with 0.5 ml hexane
served as controls. The treatments were replicated
5 times, and the mean diameter of 5 drops of Milli-Q
water on each Petri dish was determined using a dis-
secting microscope.

Statistical analyses. The results from the agar disc-
diffusion assays used in the bioassay-guided fraction-
ation were analysed by calculating the 95% confi-
dence intervals (CI) for the observed inhibition zones
and subsequent examination of overlapping ClIs
between treatments and controls. The results from the
membrane bioassays were also analysed by calculat-
ing the CI of the number of colonies found on coated
and control membranes. For this, a Bonferroni-
adjusted o-value was used (Quinn & Keough 2002).
The results from the field experiment with treated
panels and the contact angle measurements were
analysed by analysis of variance (1-factor ANOVA).
Post-hoc comparisons were made using the Student-
Newman-Keuls test (SNK-test) where required
(Underwood 1997). Prior to ANOVA, homogeneity of
variances was tested with Cochran's test (Underwood
1997).
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RESULTS

Bioassay-guided fractionation of
Bonnemaisonia hamifera extracts

Solvent partitioning of the crude extract of Bonne-
maisonia hamifera produced 2 non-polar fractions
(hexane and chloroform) that strongly inhibited bacte-
rial growth and 3 more polar fractions (ethyl acetate,
n-butanol and water) that had a weak or no effect on
the growth of the 3 tested bacteria (Fig. 2A). When the
hexane and chloroform fractions were combined and
further separated using silica gel flash chromatogra-
phy, 2 fractions were highly inhibitory while the rest
had no effect on bacterial growth (Fig. 2B). Separation
of these fractions using normal phase SPE columns
produced 1 fraction that contained the majority of the
antibacterial activity (Fig. 2C). Further partitioning of
the active fraction using normal phase HPLC yielded a
single peak that strongly inhibited bacterial growth
(left side of Fig. 2D). When all other portions of this
fraction were combined, this mixture had no effect on
bacterial growth (right side of Fig. 2D). NMR and GC-
MS analyses showed that the single peak consisted
solely of 1,1, 3, 3-tetrabromo-2-heptanone (Fig. 2D).

Natural surface concentrations of
1,1,3,3-tetrabromo-2-heptanone

GC-MS analyses of the surface extracts showed that
Bonnemaisonia hamifera from natural populations had
1,1,3,3-tetrabromo-2-heptanone on the surface. The
surface concentrations of this metabolite on algal
specimens collected from Krugglo and Yttre Vatten-
holmen were on average 4.4 (+0.49) and 2.8 (+0.65 SD)
g cm™2, respectively.

Growth inhibition by natural surface concentrations
of 1,1,3,3-tetrabromo-2-heptanone against bacteria
associated with seaweed surfaces

Surface-applied 1,1, 3, 3-tetrabromo-2-heptanone dif-
fused slightly from coated polycarbonate membranes
placed on agar plates, with a mean of 59.8 % material re-
maining after 73 h compared to the amount at the begin-
ning of the incubation (Fig. 3). Most of the diffusion oc-
curred within the first 10 min, with a mean of 69.3%
material remaining compared to the amount at the be-
ginning of the incubation. However, only 25.6 % of the
applied 1,1, 3, 3-tetrabromo-2-heptanone could be recov-
ered from membranes immediately after the coating
(Fig. 3). That this metabolite is volatile (Kladi et al. 2004)
and readily evaporates at room temperature (authors’

100
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% Retention

0 - - : : : T
Control 0 0.17 4 16 42 73
Hours
Fig. 3. Percentage retention of 1,1,3,3-tetrabromo-2-hepta-
none on polycarbonate membranes placed on agar plates at
room temperature over 73 h. Control membranes were kept

sealed in glass vials at room temperature for 74 h. Data are
means + SD,n=3

pers. obs.) explains why it is most likely that a significant
part of the material evaporated during the preparation of
the membranes, as opposed to being bound and not ex-
tractable. Based on this reasoning and the result showing
a diffusion of 1,1,3,3-tetrabromo-2-heptanone from
membranes placed on agar plates, we estimated the ef-
fective concentrations in the membrane assays to be
around 0.4, 1.2 and 3.5 pg cm™2.

The results of comparative sequence analysis of 16S
TRNA gene partial sequences of the 18 selected bacte-
ria isolated from the surfaces of Ceramium virgatum,
Polysiphonia fucoides and Rhodomela confervoides
are presented in Table 1. In total, synthesised 1,1, 3, 3-
tetrabromo-2-heptanone significantly inhibited the
growth of 10 of the 18 tested isolated strains (Table 2).
Bacteria belonging to different phylogenetic groups
varied in their sensitivity to the metabolite. The
5 gram-positive bacteria tested, all within the orders
Bacillales (low GC) and Actinomycetales (high GC),
were inhibited at 0.4 or 1.2 ng cm™2, while the outcome
of the other tested bacteria varied. All 3 bacterial
strains within Flavobacteriales were inhibited at 3.5 ng
cm~2, Within Rhodobacterales (B-proteobacteria), 1 of the
3 tested strains was inhibited at 3.5 pg cm™2, within
Vibrionales (B-proteobacteria), 1 of the 2 strains was in-
hibited at 1.2 ng cm™2, while none of the 5 strains within
Alteromonadales (B-proteobacteria) were affected by
the metabolite.

Field assay with natural surface concentrations of
1,1,3,3-tetrabromo-2-heptanone

Surface-applied 1,1, 3, 3-tetrabromo-2-heptanone dif-
fused gradually from coated polystyrene Petri dishes,
with a mean of 39.8 % of the initial material remaining
after 9 d in the field (Fig. 4). The colonisation of bacte-
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Table 1. Identification of isolated bacteria from 3 red algae co-existing with Bonnemaisonia hamifera based on 16S rRNA gene
partial sequences. CV: Ceramium virgatum,; Pf: Polysiphonia fucoides; Rc: Rhodomela confervoides

Proposed identity Isolate Closest match % homology No. bases
Phylum Order Family or genus accession no. called
Proteobacteria Alteromonadales Alteromonas sp. Cvl AB049730 99 915
Alteromonas sp. Rcl DQO070782 99 916
AJ244756 99 916
Shewanella sp. Cv8a AY515438 99 926
Pseudoalteromonas sp. Rc27 AB049728% 100 917
DQ642830 100 917
AY 028200 100 917
AF235119 100 917
Pseudoalteromonas sp. Rc13 AB049728° 99 845
DQ642830 99 845
AY 028200 99 845
AF235119 99 845
Vibrionales Vibrio sp. Rclla AMA422804 99 942
Vibrio sp. Rc28 AY627367 99 903
Rhodobacteriales Rhodobacteraceae Pf19 AY 082668 100 978
AJ810843 100 978
AJ810839 100 978
Sulfitobacter sp. Rcl2c EF673288 99 832
AY159887 99 832
Sulfitobacter sp. Rc19b EU016167 99 936
AY922234 99 936
Bacteroidetes Flavobacteriales Algibacter sp. Cv4 AY 187690 98 929
Formosa sp. Pf4 AY771766 98 931
Flavobacterium sp. Rc6 AY 536567 99 908
Firmicutes Bacillales Bacillus sp. P10 AM?293003 99 937
AJ627211 99 937
Staphylococcus sp. Pf12 AY345395 99 885
D83374 99 885
Actinobacteria Actinomycetales Micrococcus sp. Rc10a EF491955 100 867
AY159885 100 867
Micrococcus sp. Pf15 EF451717 100 787
Dietzia sp. Rcl12a AMG697568 99 910
AMG697544 99 911
AMG697543 99 911
AY643401° 99 910
“Sequence chosen for identification of isolated bacterial strain.

ria was significantly inhibited on dishes coated with
1,1,3,3-tetrabromo-2-heptanone at all tested concen-
trations compared to controls (Fig. 5), after both 4 d
(1-factor ANOVA, F; 553 =48.39, p <0.0001, followed by
SNK-test, oo = 0.05) and 7 d (1-factor ANOVA, F;,, =
6.36, p = 0.0025, followed by SNK-test, o = 0.05) in the
field. No significant differences were observed
between dishes with different metabolite concentra-
tions, although there was a tendency for a dose-depen-
dent inhibitory effect on bacterial colonisation after
7 d. Overall, the number of bacteria on dishes was
higher after 7 than after 4 d in the field (Fig. 5). The
treatment with 4.4 pg cm™2 1,1,3,3-tetrabromo-2-
heptanone on polystyrene Petri dishes had no effect on
surface wettability (based on contact angle) compared
to controls (1-factor ANOVA, F,, = 1.59, p = 0.24;
Fig. 6).

DISCUSSION

Bioassay-guided fractionation of the crude chemical
extract from Bonnemaisonia hamifera produced a
single lipophilic metabolite, 1,1,3,3-tetrabromo-2-
heptanone, which possessed most of the antibacterial
activity of the extract. This is the major halogenated
compound in B. hamifera (McConnell & Fenical 1980)
and was originally described by Siuda et al. (1975). It
has previously been reported that 1,1, 3, 3-tetrabromo-
2-heptanone has antimicrobial effects against fungi
and bacteria (Siuda et al. 1975, McConnell & Fenical
1979), but the possible ecological role of this metabo-
lite has so far not been investigated. In this study, we
were able to quantify the natural concentrations of
1,1,3,3-tetrabromo-2-heptanone on the algal surface.
These concentrations were sufficient to inhibit the
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Table 2. Growth-inhibiting effects of 1,1,3,3-tetrabromo-2-heptanone (com-
pound concentrations: 0.4, 1.2 and 3.5 ug cm™2) on bacteria isolated from 3 red
algae co-existing with Bonnemaisonia hamifera. Data are average number of

ural surface concentrations of 1,1,3,3-
tetrabromo-2-heptanone imply that this
metabolite can inhibit bacterial coloni-

colonies + 98.3% CI, n = 3. Bold data show significant differences from controls

sation of the algal thallus. Thus, this

. . o study shows that 1,1, 3, 3-tetrabromo-2-
— Test bacteria — Compound concentration (ng cm™*) ——— h h logicall 1
Order Strain  Control 0.4 1.2 35 eptanone has an ecologically relevant
role as a natural antifoulant.
Alteromonadales Only a few studies have measured
Cvl 10740 120x50 100£50  87x44 surface concentrations of secondary
Rcl 23.0£9.7 283 +£7.6 26.3+14.1 140+11.8 metabolites on algal surfaces. de Nvs et
Cv8a  7.0+£37  67+76 100+60  8.0x24 g : y
Rc27 220+113 210176 180+97  43:104 al. (1998) showed that the mean total
Rc13 24.0+11.8 233+122 147x155 12.0+19.2 surface concentration of natural prod-
Vibrionales ucts (palisadin A and aplysistatin) on
Rc28 203+ 7.9 21.3+24.3 0.0 £ 0.0 0.0 £ 0.0 the red alga Laurencia obtusa was less
Rclla 17.7+14.0 21.7+16.0 22.7+20.0 20.7+24.6 B .
Rhodobacteriales than 1 ng cm™. Studies on the red alga
Pf19 19521 13576 17.0x12 17.0£0.8 Delisea pulchra have shown that halo-
Rcl2c 193 x2.1 17.3+16  287+10.6 13.7+49 genated furanones are presented on
Rel9p  80x41 3028  37x21  0.7+16 the algal surface at concentrations
Flavobacteriales ranging from 100 to 500 ng cm~2, which
Cvd 127+21 12768 13.7+40  50x3.7 ging I , g ' :
P4 20342 180+123 167+44 0708 are sufficiently high to deter ecologi-
Rc6 38.7+3.2 347+29 33.0x97 21.7x94 cally relevant bacteria (de Nys et al.
Bacillales 1998, Maximilien et al. 1998, Dwor-
Pf10 10.0 £ 7.3 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 janyn et al. 1999). In contrast to these
Pf12 9.7+09 9.5+2.0 0.0 £ 0.0 0.0 £ 0.0 . findi £ iated
Actinomycetales previous findings, .sur ace-associa g
Rcl2a  13.7+3.5 0.0 = 0.0 0000  0.0=0.0 secondary metabolites are found in
Pf15 243+29 23.5x0.7 0.0 = 0.0 0.0 = 0.0 much higher concentrations on Bonne-
Rcl0a 223 +£56  20.0+1.4 0.0 0.0 0.0 £ 0.0 maisonia hamifera. The surface con-
centrations of 1,1,3,3-tetrabromo-2-
100 - heptanone on B. hamifera specimens collected from 2
904 I = localities were on average 2.8 and 4.4 pg cm 2. This
80+ large difference in surface concentrations among spe-
S 704 3 cies may be explained by differences in the cellular
£ 60 3 localisation of secondary metabolites among the sea-
2 50 * ds. S 1i in L ; ;
o 3 weeds. Secondary metabolites in Laurencia species
@ 404 are localised in intracellular vesicles known as ‘corp en
¥ 30-
20+
10+ 60-
0 — N
Contol O 1 2 3 4 5 6 7 8 9 10 IE 50 c
Days G M Day 4
[lo)
Fig. 4. Percentage retention of 1,1,3, 3-tetrabromo-2-hepta- 9 40+ d |:|Day7
none on polystyrene Petri dishes over 9 d in the field. Control b d
dishes were kept sealed in parafilm at 5°C for 9 d. Data are .8 304 d
means + SD,n=5 Q9 a
8 20
o]
growth of ecologically relevant bacteria in laboratory S 10 b b b
assays. Furthermore, natural concentrations of this z
metabolite applied on panels deployed in the field sig- . . . .
bp P poy J Control 2.8 4.4 8.8

nificantly inhibited the colonisation of bacteria. The
inhibition on the field panels was an effect of chemistry
per se, because the possibility that coating with the
metabolite would have affected the surface wettability
of the test substratum was excluded (cf. Steinberg et al.
1998). The observed inhibition of bacterial growth and
colonisation in the laboratory and in the field by nat-

Surface concentration (ug cm)

Fig. 5. Bacterial abundances on polystyrene Petri dishes
coated with different concentrations of 1,1, 3, 3-tetrabromo-2-
heptanone after 4 and 7 d in the field. Data are means + SE, n =
8 and 7 for dishes hung out for 4 and 7 d, respectively. Data
with significant differences are indicated by different letters
above the bars (Student-Newman-Keuls-tests, o = 0.05)
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Fig. 6. Surface wettabilities (as contact angles) for untreated

polystyrene Petri dishes and dishes treated with hexane and

1,1,3,3-tetrabromo-2-heptanone (Brdhep; 4.4 pg cm™2). Data
aremeans + SE,n=5

cerise’ (Young et al. 1980). The vesicles occur only
within the outer cortex of the plant and there is no
information about possible mechanisms that can
release the metabolites contained within the vesicles to
the surface of the plant (Hay et al. 1987). Halogenated
furanones in D. pulchra are stored in specialised vesic-
ular cells known as gland cells (Dworjanyn et al. 1999).
These cells occur both within the thallus and at the
algal surface, from where they release furanones onto
the surface (de Nys et al. 1998, Dworjanyn et al. 1999).
B. hamifera, which belongs to the same family as D.
pulchra (Bonnemaisoniaceae), also has gland cells
located at the surface of the alga between the vegeta-
tive cells (Fritsch 1945; Fig. 1C). It has been suggested
that 1,1,3,3-tetrabromo-2-heptanone and the other
halogenated compounds from B. hamifera are stored in
these gland cells (Wolk 1968, McConnell & Fenical
1980). This suggestion is supported by pilot studies in
which we (1) detected 1,1,3,3-tetrabromo-2-hep-
tanone in the gland cells using Raman spectroscopy
and (2) observed a large decrease in the total plant
content of 1,1, 3, 3-tetrabromo-2-heptanone coinciding
with a significant reduction in gland cell size for speci-
mens grown in the absence of bromide in the culture
medium (G. M. Nylund et al. unpubl. data). The high
concentration of surface-associated metabolites on
B. hamifera may be explained by the fact that the
gland cells are very numerous and always in contact
with the surface of the thallus (Fig. 1C).

The phylogenetic identification of the bacteria iso-
lated from the 3 red algae corresponds well with other
identified bacterial isolates obtained from marine sur-
faces and red algae (Beleneva & Zhukova 2006, Lee et
al. 2007). Results from the membrane bioassays, in
which concentrations found naturally on the surface of
Bonnemaisonia hamifera were tested against these
ecologically relevant bacteria, point towards selective
effects of 1,1, 3, 3-tetrabromo-2-heptanone on bacterial
growth. In these assays, only gram-positive bacteria

(within Bacillales and Actinomycetales) and flavobacte-
ria were generally inhibited, and few bacterial strains
within the other tested taxa were affected. These re-
sults seem to contradict those of a previous study by
Nylund et al. (2005), in which volumetric concentra-
tions of B. hamifera crude extracts had broad-spectrum
effects on bacterial growth. In that study, the growth of
9 out of 11 bacterial strains, from similar bacterial phy-
logenetic groups as in the present study, was inhibited.
A probable explanation for this discrepancy is, how-
ever, that the study by Nylund et al. (2005) most likely
tested much higher concentrations of 1,1,3,3-tetra-
bromo-2-heptanone than the present study by using
whole cell extracts in the bioassays. It is also possible
that the whole cell extract used in the Nylund et al.
(2005) study could have contained other metabolites
with growth-inhibiting effects on bacteria, as sug-
gested by McConnell & Fenical (1979). The selective ef-
fects of 1,1,3,3-tetrabromo-2-heptanone shown in the
present study imply that this metabolite may affect not
only the numbers of epiphytic bacteria, but also the
community composition on B. hamifera. The finding
that some bacteria were insensitive to 1,1,3,3-tetra-
bromo-2-heptanone in the membrane bioassays is in
accordance with the observations that some bacteria
colonised the metabolite-coated field panels, although
to a significantly lower degree than the uncoated ones,
and that B. hamifera from natural populations is not
free of surface-associated bacteria (Nylund et al. 2005).
However, to assess the effect of 1,1, 3, 3-tetrabromo-2-
heptanone on bacterial community composition, phylo-
genetic analysis of the epiphytic community on natural
populations of B. hamifera using molecular methods is
necessary.

The bioassay-guided fractionation of the crude ex-
tracts from Bonnemaisonia hamifera resulted in a few
other antibacterial fractions besides those containing
1,1,3,3-tetrabromo-2-heptanone. This may indicate
that metabolites other than 1,1,3,3-tetrabromo-2-
heptanone also have chemical defence functions
against bacteria. At least 18 halogenated secondary
metabolites have been described from B. hamifera,
some with documented in vitro antimicrobial activities
(Jacobsen & Madsen 1978, McConnell & Fenical 1979).
However, only 1,1,3,3-tetrabromo-2-heptanone was
detected in the surface extracts of B. hamifera col-
lected from the field. This finding implies that other
lipophilic halogenated secondary metabolites are
either not present on the surface of the algal thallus, or
are only found in very low concentrations. Thus, it
is very likely that 1,1,3,3-tetrabromo-2-heptanone,
which is by far the major halogenated compound in
B. hamifera (McConnell & Fenical 1980), is the most
important defence metabolite against bacterial coloni-
sation.
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From a chemical ecology point of view, Bonnemaiso-
niaceae is an intriguing seaweed family. Its members
are very rich in secondary metabolites (McConnell &
Fenical 1979, Kladi et al. 2004), several of which have
been shown to have ecological roles as defence
metabolites (Steinberg et al. 2001, Williamson et al.
2004, Wright et al. 2004, Paul et al. 2006a,b). It can be
noted that most studies documenting the ecological
roles of seaweed metabolites as antifoulants against
microbial colonisation have involved members of the
Bonnemaisoniaceae (i.e. Maximilien et al. 1998,
Nylund et al. 2005, Paul et al. 20064, this study). Inter-
estingly, members of this family all have gland cells
that are either in direct contact with the algal surface
(Dixon & Irvine 1977, Dworjanyn et al. 1999, Fig. 1C),
or are connected to the surface by other means (Paul et
al. 2006a). This feature enables delivery and release of
metabolites to the surface, and its presence in the
members of the Bonnemaisoniaceae may indicate that
chemical defence against bacteria is a common feature
of this algal family.

In conclusion, this study has shown that the antibac-
terial activity of Bonnemaisonia hamifera extracts is
mainly caused by the production of 1,1,3,3-tetra-
bromo-2-heptanone. This metabolite is released to the
surface of the alga at concentrations that inhibit coloni-
sation by naturally occurring bacteria. Thus, this study
demonstrates an ecological function of 1,1,3, 3-tetra-
bromo-2-heptanone as a natural antifoulant against
bacteria.
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