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INTRODUCTION

Marine pathogenic bacteria can have substantial im-

pacts on algae (Littler & Littler 1995, Correa & Sanchez

1996, Kushmaro et al. 1997, Potin et al. 2002). Further-

more, epiphytic bacteria can indirectly lead to adverse

effects, such as drag or reduced photosynthesis, by en-

hancing the settlement of macrofoulers (Wahl 1989).

Yet despite the constant threat of bacterial epibiosis,

many algae remain largely free of disease and heavy

fouling (Correa & Sanchez 1996, Potin et al. 2002). Such

observations have encouraged widespread screening

of algae for novel antimicrobial compounds (McConnell

& Fenical 1979). However, algae-derived antimicro-

bials have generally been tested by applying whole

plants, crude extracts, or pure compounds to plated

microorganisms, most of which have limited ecological

relevance (Hornsey & Hide 1974, Al-Ogily & Knight-

Jones 1977, Hellio et al. 2001). While these antimicro-

bial assays provide insight into potential functions for

algal metabolites, their roles in mediating interactions

with epiphytic bacteria are often unknown.
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The role of algal metabolites as inhibitors of surface

colonisation (antifoulants) by macro- and microorgan-

isms in a more ecological context has received

renewed attention (reviewed by Steinberg & de Nys

2002). In part, this increased focus is due to inves-

tigations of the localisation and delivery mechanisms

of biologically-active secondary metabolites (Schmitt

et al. 1995, de Nys et al. 1998, Dworjanyn et al. 1999).

This is a crucial issue for surface active inhibitors,

and the presentation of metabolites for chemical

defence will ultimately depend on the nature of the

structures in which these metabolites are produced

and stored. However, few studies have examined the

ecological roles of algal secondary metabolites in

microbial antifouling at relevant surface concentra-

tions (Kubanek et al. 2003). 

In general, the production of biologically-active

metabolites is inherently linked to an ability to parti-

tion compounds into specialised storage structures in

order to avoid autotoxicity (McKey 1979). Storage

structures of marine algae have long been proposed to

contain materials that have ecological function (Kylin

1927). These specialised structures can be single cells,

or components thereof, and have varied ultrastructure.

They include gland cells (or vesicle cells), in which

the vesicle occupies practically the entire cellular

space (Young & West 1979, Dworjanyn et al. 1999), and

cells with refractile inclusions, such as corp en cerise

(Young et al. 1980) and physodes (Schoenwaelder

2002). Most specialised storage cells are located at, or

close to, the surface cell layer; however, not all algae

have the means to deliver natural products to the

surface (Young & West 1979). Delivery is an essential

criterion for surface-mediated interactions such as the

inhibition of fouling by bacteria. The release of a

metabolite to the algal surface and its demonstrated

efficacy against sympatric bacteria represent the 2

major issues in distinguishing a natural antifoulant

from other potentially bioactive metabolites.

We investigated the localisation of secondary meta-

bolites in the red alga Asparagopsis armata and their

role as natural inhibitors of the growth of marine bac-

teria. A. armata is a member of the Bonnemaisoni-

aceae, a family with well characterised chemistry

(Fenical 1975). Over 100 halogenated compounds are

found in the genus Asparagopsis alone, including

haloforms, haloacids and haloketones (McConnell &

Fenical 1977, Woolard et al. 1979). The natural prod-

ucts of A. armata have been proposed to act in bac-

terial antifouling (Hornsey & Hide 1974, McConnell &

Fenical 1979), although ecological tests against rele-

vant bacteria have not been performed. While it is

generally accepted that these halogenated metabolites

are localised in specialised gland cells, or ‘vesicle’

cells, (Wolk 1968, Fenical 1975, McConnell & Fenical

1977), the delivery and release of metabolites to the

surface has not been determined. This needs to be

demonstrated in order to confirm an ecological role

as natural antifoulants.

We investigated how the natural products chemistry

and morphology of Asparagopsis armata related to its

antibacterial properties. More specifically we asked:

(1) Do extracts of this alga inhibit bacterial growth?

(2) What are the major metabolites in the 2 life-history

stages of A. armata? (3) Where are these metabolites

stored and are they released from the alga? (4) Do the

metabolites of A. armata inhibit epiphytic bacteria? We

also describe a novel test of the ecological roles for

algal secondary metabolites by manipulating the pro-

duction of these compounds in A. armata.

MATERIALS AND METHODS

Study organism. Asparagopsis armata Harvey has

a heteromorphic life-history, alternating between a

filamentous tetrasporophyte (diploid) and an erect,

plumose gametophyte (haploid). The tetrasporophyte is

often referred to in the literature as the Falkenbergia-

stage of A. armata, having once been described as a sep-

arate species. Both tetrasporophytes, and gametophytes,

of A. armata were collected from the shallow subtidal

at Bare Island (33° 59’ 38’ S, 151° 14’ 00’ E), Sydney,

Australia. At this site, the tetrasporophyte is found

throughout the year, while the gametophyte is found

only in late winter to summer.

Screening of algal extracts against known micro-

organisms. Tetrasporophytes and gametophytes of As-

paragopsis armata were collected and transported back

to the laboratory. Freeze-dried material was either

extracted exhaustively in methanol (MeOH) or in

dichloromethane (DCM). These extracts were made up

at 100 µg µl–1 in diethyl-ether (DEE). MeOH and DCM

extracts of A. armata were tested against 6 strains of bac-

teria; 2 marine (Vibrio harveyii, V. alginolyticus) and 4

biomedical strains (Pseudomonas aeruginosa, Staphylo-

coccus aureus, S. epidermis and Escherichia coli). V. har-

veyii and V. alginolyticus were cultured in 37.4 g l–1

Marine Broth (DIFCOTM), while E. coli, S. aureus, S. epi-

dermis and P. aeruginosa were cultured in 13 g l–1 Nutri-

ent Broth (OXOID). Broths were inoculated with plated

strains of microorganisms and shake-incubated for 20 h

at 30°C. Broth aliquots of 150 µl were spread over 3 repli-

cate agar plates (1.5% agar-agar in the respective

growth media) for each bacterial strain. Assays were

performed by stab-inoculating 100 µg of MeOH or DCM

extract dissolved in DEE into the agar surface.

Whole pieces of tetrasporophyte were also tested

against Chromobacterium violaceum (CV026). C. vio-

laceum produces the pigment violacein, and mutants
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such as this can be used in assays of the regulation of

bacterial signalling (Manefield et al. 1999). Growth

plates were prepared with a synthetic acylated homo-

serine lactone (oxo-hexanoyl-homoserine lactone at

0.5 ng ml–1 of media), which regulates the production

of violacein. While the signalling component was not

assessed in this study, the C. violaceum assay was used

as the absence of pigment is a clear means of deter-

mining inhibition of growth. Algae (~50 mg fresh

weight [FW] per piece) were placed on top of LB-10

(10 g l–1 NaCl, 5 g l–1 yeast extract, 10 g l–1 tryptone)

agar plates. LB-10 agar (0.6% agar) inoculated with

C. violaceum was then poured until slightly covering

the algal tissue. 

In all antibacterial assays, the size (cm2) of the activ-

ity zone surrounding the inoculation point of each

treatment was measured. For the DCM extracts, each

replicate bacterial strain (n = 3) had a single inoculate

from both tetrasporophyte and gametophyte in a split-

plot design. A comparison of the size of the activity

zone against the 6 bacterial strains was made using a

partially nested ANOVA, with Strain and Life Stage

as fixed factors, and Plate nested in Strain. A direct

comparison was not made between the MeOH and

DCM extracts.

Chemical analysis of Asparagopsis armata. Quantita-

tive analysis of the major halogenated metabolites of

Asparagopsis armata was performed by gas chromato-

graphy-mass spectrometry (GC-MS). Ion fragments

characteristic of the major compounds were: dibro-

mochloromethane (CHBr2Cl) (molecular ion m/e 208 and

M+ – 129); bromoform (CHBr3) (molecular ion cluster

at m/e 250, 252, 254, 256 [1:2:2:1] and M+ – 173); bro-

mochloroacetic acid (methyl ester) (molecular ion m/e

188 and M+ – 129); dibromoacetic acid (DBA) (methyl

ester) (molecular ion cluster m/e 230, 232, 234 [1:2:1] and

M+ – 173); 3,3 dibromoacrylic acid (methyl ester) (mole-

cular ion cluster m/e 242, 244, 246 [1:2:1] and M+ – 213).

Initial comparisons of extraction techniques (including

drying method and solvent type) demonstrated that

methanol extraction of freeze-dried material consistently

yielded the highest amounts of the major halogenated

metabolites. No qualitative differences in the above

compounds were found when extracting from freeze-

dried versus wet material. The presence of methyl esters

of the compounds was an artefact of extraction in MeOH,

as EtOH extraction yielded ethyl esters of the same acids.

This was determined by fragmentation patterns of the

mass spectra and increases in retention times. Con-

sequently, all haloacids were quantified using methyl

esters as standards. There was no evidence of non-

esterified haloacids in the samples.

To quantify the major metabolites, algae were

freeze-dried, weighed and extracted in MeOH with

10 µg ml–1 naphthalene as an internal standard. The

extraction volume was approximately 30 µl MeOH

mg(dry weight [DW])–1. MeOH was added to the tissue

in the GC-MS inserts, sealed and then sonicated for

approximately 15 min. Samples were left at –30°C for

at least 72 h to ensure esterification before transfer by

glass syringe into a clean GC-MS vial. MeOH extracts

were directly quantified using GC-MS. Gas chroma-

tography was performed using a Hewlett Packard (HP)

5890 series II gas chromatograph and a polyethylene-

glycol-coated phase on a polyimide-coated fused silica

capillary column (Sol-gel wax, 30 m, 0.25 mm i.d.). All

injections (2 µl) were performed in the splitless mode

(1.5 min) with an inlet pressure of 8 psi. The inlet liner

(4 mm i.d., 78.5 × 6.3 mm o.d., single taper-SGE part

no. 092018) was replaced after 50 samples. The injec-

tion port was held at 250°C and the GC-MS interface at

300°C. The GC was held at 40°C for 1 min, ramped at

16°C min–1 to 250°C, then held at this temperature for

2 min. Helium was used as the carrier gas. Mass spec-

trometry was performed on a HP 5972 Mass Selective

Detector (MSD). Ions characteristic of the internal stan-

dard (naphthalene) and target compounds were moni-

tored in the selected ion monitoring (SIM) mode. Tar-

get compound standards were run at the start of each

sample set and at regular intervals within sample sets.

Target compound concentration in each sample was

calculated from the peak areas ratio of target com-

pound over the internal standard. This ratio was then

converted to concentration by reference to standard

curves. Masses of target compounds (bromoform,

dibromoacetic acid, dibromochloromethane and bro-

mochloroacetic acid) are expressed as mass compound

per unit algal dry weight. Commercial standards used

were bromoform and dibromochloromethane (Sigma-

Aldrich), dibromoacetic acid (methyl ester) and bromo-

chloroacetic acid (methyl ester) (Chem Service). 

This quantification method was used to determine

the levels of the major metabolites in both the tetra-

sporophyte and gametophyte of Asparagopsis armata.

Comparisons were also made between field-sampled

and laboratory-cultured tetrasporophytes. Laboratory-

culture conditions were at 19°C under 20 µmol photons

m–2 s–1 with 36 W daylight fluorescent lighting with a

16:8 h light:dark cycle. For field samples, approxi-

mately 6 individual tetrasporophytes and 6 partial

samples of the morphologically-larger gametophyte

were collected at 4 times when the 2 life-history stages

co-exist in the same habitat. Levels of bromoform in

field samples were analysed using a 2-factor mixed

model ANOVA with Life Stage (n = 2) as a fixed factor,

and Sample Time (n = 4) as a random factor. Levels of

DBA in field samples were analysed using a 2-factor

mixed model ANOVA with Life Stage (n = 2) as a fixed

factor, and Sample Time (n = 3) as a random factor.

Comparisons between the tetrasporophyte and game-
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tophyte were made for each metabolite using 2-factor

mixed model ANOVAs, with Life Stage as a fixed

factor and Sample Time as a random factor. Levels of

the bromoform and DBA from laboratory-cultured

tetrasporophytes and field-sampled tetrasporophytes

were analysed individually with 1-factor ANOVA. 

Quantification of metabolite release. To determine

whether metabolites were released from Asparagopsis

armata, the concentration of bromoform and DBA was

quantified in culture medium using the method of

Cancho et al. (1999). Individuals of tetrasporophytes of

A. armata (n = 9, ~4 mg[DW] ind.–1 ) were cultured in

25 ml of sterile seawater in 70 ml sealed dishes at 19°C

under 14 µmol photons m–2 s–1 with a 16:8 h light:dark

cycle for 7 d, after which 20 ml of culture media was

transferred to 40 ml screw-cap vials. Three ml of con-

centrated H2SO4, 12 g of anhydrous Na2SO4, 3 g of

Cu(II)SO4 and 2 ml of methyl-tertiary-butyl ether

(MTBE) (with naphthalene 50 µg ml–1 as internal stan-

dard) were added to the vials, which were then shaken

for 2 min and left to stand for 5 min to allow for liquid-

liquid partitioning. A 1 ml sample of the MTBE layer was

transferred into 2 ml of MeOH/H2SO4 (10%) and placed

in a water bath at 50°C for 1 h. This mixture was cooled

to 4°C for 10 min, 5 ml of Cu(II)SO4 (10%)/Na2SO4 (5%)

added and subsequently shaken for 2 min. The MTBE

layer was removed and 2 µl injected into the gas chro-

matograph. Whole thalli from each replicate container

were frozen, freeze-dried and extracted in MeOH.

GC-MS analysis on the extracted medium and algae

were run in SIM mode as previously described. Stan-

dards for bromoform and DBA were made in MTBE

(with naphthalene at 50 µg ml–1 as internal standard).

Screening of metabolites against known microor-

ganisms. Bromoform and DBA were tested against the

same 6 strains of bacteria used in the assay of Aspara-

gopsis armata extracts: Vibrio harveyii, V. alginolyti-

cus, Pseudomonas aeruginosa, Staphylococcus aureus,

S. epidermis and Escherichia coli. Bacteria were cul-

tured as described previously, and both treatments

added to each replicate plate as a split-plot design. Of

each compound, 5 µmol were stab-inoculated onto the

agar plate. As bromoform is liquid at room tempera-

ture, it was applied directly to the agar plate. DBA was

made up in DEE at 1 µmol µl–1, and 5 µl applied. DEE

controls (5 µl) were applied adjacent to the DBA. An

analysis of the size of activity zones for each bacterial

strain was made using a partially-nested ANOVA

(with each Plate nested within Strain) and Compound

(bromoform or DBA) as fixed factor. 

Penicillin-G was tested as a positive control against

Escherichia coli. Penicillin-G (5 µmol) was applied

directly to the bacterial lawn, as above. The size of the

inhibition zone was compared to 5 µmol inoculates of

bromoform and DBA.

Effect of bromine on Asparagopsis armata cell

structure and chemistry. We investigated the impor-

tance of bromine in the formation of vesicles in Aspara-

gopsis armata gland cells through the manipulation of

bromine in the culture medium. This method uses half

strength PES-enriched artificial culture medium (Pro-

vasoli 1968) with the addition of 60 µg l–1 NaIO3. This

enabled us to make culture media with and without

bromide ions, bromide (+) and bromide (–), respec-

tively, which has been successful in culturing Delisea

pulchra (Dworjanyn et al. 1999). For bromide (+)

medium, NaBr was added to give bromide ions at a

concentration of 64 mg g–1. An equimolar amount of

NaCl was added to bromide (–) medium to maintain

salinity. Apical cuttings of the tetrasporophyte of

A. armata were taken from field specimens and cul-

tured in these media for 4 wk at 19°C under 20 µmol

photons m–2 s–1 with a 16:8 h light:dark cycle.

The effects of the removal of bromine from the cul-

ture medium on algae were measured using light

microscopy and GC-MS. As the major vesicle of the

gland cell is highly refractive, light microscopy was

used to examine the development of vesicles in algae

cultured in bromide (+) and bromide (–) media. Tetra-

sporophytes and gametophytes grown in the 2 different

media were viewed and photographed using a Leica

DM LB microscope fitted with a Leica DC100 digital

camera. Small clippings or whole pieces of algae were

mounted (unstained) in seawater and viewed with

bright field optics (40× and 100× lenses) to examine the

position of the gland cells and identify potential struc-

tures involved in surface release of metabolites. The

effects of bromine on the natural product chemistry of

the algae (both halogenated and non-halogenated)

were examined using GC-MS (as described above).

Bacterial densities on Asparagopsis armata cul-

tured in bromide (+) and bromide (–) media. Bromide

(–) plants do not produce halogenated metabolites (see

‘Results’). This outcome was used to test the antibacte-

rial activity of Asparagopsis armata by counting bacte-

rial numbers on the surface of bromide (+) and bro-

mide (–) algae. If the brominated metabolites are active

against epiphytic bacteria, then densities should be

higher on the surface of those plants grown in bromide

(–) media. A. armata collected for culturing was not

cleansed of bacteria, as this alga grows poorly under

axenic conditions (N. Paul unpubl. data). Conse-

quently, epiphytic bacteria from the field were present

in all cultures. Surface bacteria on tetrasporophytes

(from clippings) and gametophytes (settled from

spores) of A. armata grown in bromide (+) and bromide

(–) media for 4 wk were stained with the green fluores-

cent nucleic acid stain Syto 9® (Molecular Probes) for

3 min. Bacteria were viewed under a 100× lens with

a Leica DM LB microscope fitted with a 100 W Hg
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fluorescence lamp and a GFP (green fluorescent pro-

tein)-specific filter. Total bacterial densities were

determined for 600 µm2 areas at apical and mature

regions of tetrasporophytes and gametophytes, 100

and 700 µm from the apical tip, respectively. The latter

was chosen as the ‘mature’ region as this was close to

the maximum size of the algal cells. For the gameto-

phyte, lateral branches (determinate branches 700 µm

from the tip) were also measured. 

In both experiments, separate individuals were used

for each region, and replicate measurements (n = 3 for

gametophytes and n = 6 for tetrasporophytes) were

made on different branches within an individual. Bac-

terial density was analysed by 3-factor mixed model

ANOVA with Media (bromide [+] versus bromide [–],

including a ‘seawater control’ as an additional treat-

ment for the tetrasporophyte) and Region (apex versus

mature, including ‘lateral branch’ as an additional

treatment for the gametophyte) as fixed factors, and

the random factor Individual (n = 3) nested in each

Media by Region combination.

In order to control for the possible unknown effects

on the epiphytic bacterial community caused by the

removal of bromine, surface bacterial densities on the

filamentous red alga Bostrychia moritziana (Sonder ex

Kuetzing) J. Agardh, an alga with no known halo-

genated metabolites (as determined by GC-MS analy-

sis of the MeOH extract), were measured for individu-

als grown with and without bromine. Bacterial

densities were analysed by 3-factor mixed model

ANOVA with Media (bromide [+] and bromide [–]) and

Region (apex and mature) as fixed factors, and Individ-

ual (n = 3) nested in Media by Region. Six replicate

measurements (i.e. branches) were taken for each indi-

vidual in Media by Region. 

Antibacterial assays using bromide (+) and bromide

(–) algae. If metabolites from Asparagopsis armata are

active against bacteria, then bacteria that are common

on metabolite-free algae may be more susceptible to

these metabolites than bacteria common on metabo-

lite-producing algae. To test this, bacteria were sam-

pled from bromide (+) and bromide (–) algae and

assayed against bromoform and DBA. Epiphytic strains

were grown with Marine broth/agar. Bacterial colonies

were obtained either by streaking algae over agar or

from a dilution series (after algae were vortexed in

sterile seawater for 5 min). Six bacterial isolates unique

to bromide (+) and 6 from bromide (–) algal cultures

were selected based on differences in colony colour

and morphology (Bromide [+] 1–6, and, Bromide [–]

1–6). These bacteria were not characterised beyond

their origin (either bromide [+] or bromide [–] algae).

Isolates were added to 5 ml of Marine Broth and

shaken at 33°C for 24 h. Aliquots (150 µl) of culture

were spread evenly over Marine Agar. Both com-

pounds (5 µmol) were stab-inoculated into bacterial

growth plates. Three replicate plates of each bacterial

isolate were inoculated with both bromoform and DBA

in a split-plot design. Bromoform is liquid at room tem-

perature and was stabbed into the surface of the agar

plate. DBA was dissolved in DEE and 5 µl of solution

and then stabbed into the plate. A DEE control (5 µl)

was inoculated adjacent to DBA treatment. Plates were

incubated at 30°C for 24 h at which time activity zones

surrounding the inoculation stab point were calcu-

lated. Activity zones are reported as the surface area

(cm2) of growth limitation, as indicated by a front in the

resulting bacterial lawn. The size of the activity zones

was analysed as a split-plot, partially-nested ANOVA

(with each Plate nested within Media, and Compound

as fixed factor). 

Culture-based assays were also used to determine the

effects of Asparagopsis armata cultured in bromide (+)

and bromide (–) media on a laboratory bacterial strain

Chromobacterium violaceum. C. violaceum was grown

with LB-10 agar. For C. violaceum assays, bromide (+)

and bromide (–) tetrasporophytes were immersed in agar

inoculated with C. violaceum and incubated for 24 h at

30°C. Zones of activity were determined by the absence

of pigment from the growth medium.

Statistical analysis. The analyses of the experimental

designs outlined in each of the above sub-sections

were performed using Systat 10 (SPSS). Where appro-

priate, transformations of the data (detailed in ‘Results’)

were made to satisfy the ANOVA assumptions of nor-

mality and heterogeneity of variance (Quinn & Keough

2002). Post-hoc comparisons were made using Tukey’s

test for multiple comparisons where required.

RESULTS

Antibiotic tests of Asparagopsis armata extracts

Both MeOH and DCM extracts (Fig. 1A) were active

against all 6 strains of bacteria. The solvent control

(DEE) had low levels of activity against all bacterial

strains, and the size of this zone of activity was sub-

tracted from the total activity zone of the extract treat-

ments for each replicate plate. For the DCM extracts,

there was no difference in efficacy between the

tetrasporophyte and gametophyte (Table 1, ANOVA:

F1,13 = 1.68, p = 0.217). Differences in susceptibility

between the different strains was also found (Fig. 1A,

ANOVA: F5,13 = 3.71, p = 0.026); Escherichia coli and

Pseudomonas aeruginosa were the most susceptible to

the DCM extract, while Vibrio spp. were the least sus-

ceptible (Fig. 1A). Whole pieces of the tetrasporophyte

of Asparagopsis armata inhibited growth of Chromo-

bacterium violaceum (Fig. 1B).
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Natural product chemistry of Asparagopsis armata

Mass spectral fragmentation patterns of the major

peaks from the methanol extracts of Asparagopsis

armata were used in the structural assignment of bro-

moform, DBA (methyl ester), dibromochloromethane,

bromochloroacetic acid (methyl ester) and dibromo-

acrylic acid (methyl ester). These structures were con-

firmed using commercial standards, except for dibro-

moacrylic acid (methyl ester). The mass spectrum of

dibromoacrylic acid (methyl ester) matched the spec-

trum previously described for methyl 3,3 dibromoacry-

late (Woolard et al. 1979).

Bromoform was the dominant metabolite in Aspara-

gopsis armata, with mean levels across sampling times

of 1.45% DW (±0.12 SE) for the tetrasporophyte (rang-

ing from 0.58 to 3.11% DW) and 1.67% DW (±0.16 SE)

for the gametophyte (ranging from 0.66 to 4.35% DW).

The amount of bromoform varied depending on both

the life stage and sampling time (Table 2, ANOVA:

F3,50 = 7.15, p < 0.001). Dibromochloromethane was

present in the tetrasporophyte (mean of 0.02% DW

[±0.002 SE]) and the gametophyte (mean of 0.03% DW

[±0.003 SE]).

The amount of the methyl esters of the haloacetic

acids (DBA and bromochloroacetic acid) were con-

verted to weights (molar equivalent) of the corre-
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Fig. 1. (A) Areas of antibacterial activity (mean + SE, n = 3) of the dichloromethane extracts of tetrasporophytes and gameto-

phytes (combined) against known bacteria. Bacteria sharing the same letter do not differ at α = 0.05 (Tukey’s multiple compari-

son). (B) Chromobacterium violaceum (arrow head) is growth-inhibited (arrow) around the filamentous tetrasporophyte of 

Asparagopsis armata. Scale bar = 5 mm

Source df MS F p

DCM extracts

Strain 5 0.019 3.71 0.026

Plate (Strain) 13 0.005 3.74 0.012

Life Stage 1 0.002 1.68 0.217

Strain × Life Stage 5 0.001 0.79 0.576

Error 13 0.001

Pure compounds

Strain 5 0.201 7.58 0.002

Plate (Strain) 13 0.026 0.80 0.656

Compound 1 8.220 247.28 <0.001

Strain × Compound 5 0.220 6.62 0.003

Error 13 0.059

Table 1. Asparagopsis armata. Results of 3-factor partially-nested

ANOVAs testing the antibacterial effect of the DCM extracts

(Life Stage: tetrasporophyte vs. gametophyte) and pure com-

pounds (Compound: bromoform vs. dibromoacetic acid) on 6

known bacterial strains. Significant values at p < 0.05 are in bold

Source df MS F p

Bromoform

Life Stage 1 0.002 0.01 0.926

Sample Time 3 0.578 17.04 <0.001

Life Stage × Sample Time 3 0.243 7.15 <0.001

Error 50 0.034

DBA

Life Stage 1 0.836 67.46 0.015

Sample Time 2 0.059 0.73 0.489

Life Stage × Sample Time 2 0.012 0.15 0.858

Error 34 0.081

Table 2. Asparagopsis armata. Results of 2-factor mixed-model

ANOVAs testing the effect of Life Stage (tetrasporophyte vs.

gametophyte) and Sample Time on the internal levels of bromo-

form and dibromoacetic acid (DBA). All data were log (x +1)-

transformed. Significant values at p < 0.05 are in bold
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sponding acids. Levels of DBA were higher in the

tetrasporophyte than in the gametophyte (Fig. 2, and

Table 2, ANOVA: F1,34 = 67.46, p = 0.015), and overall

levels varied between 0.12 to 2.6% DW (mean 0.74%

DW [±0.16 SE]) for the tetrasporophyte, and 0.02 to

1.1% DW for the gametophyte (mean 0.25% DW

[±0.06 SE]). Bromochloroacetic acid was found in the

tetrasporophyte (mean of 0.14% DW [±0.02 SE]) and

the gametophyte (mean of 0.08% DW [±0.01 SE])

(Fig. 2). Dibromoacrylic acid (methyl ester) was not

quantified due to the absence of a standard. Amounts

and ratios of the major halogenated metabolites were

the same for field-collected and laboratory-cultured

tetrasporophytes (Bromoform: F3,22 = 2.79, p = 0.065;

DBA: F3,22 = 0.43, p = 0.716). 

Release of major metabolites

The detection of bromoform and the methyl ester of

DBA in culture medium using the MTBE extraction

demonstrate that these same compounds are also re-

leased from the tetrasporophyte. The levels of these

compounds in the medium indicated a release rate of

1110 ng g(DW)–1 h–1 (±393 SE) for bromoform, and

539 ng g(DW)–1 h–1 (±166 SE) for DBA. Background

levels of bromoform (but not DBA) were detected

in seawater controls and the mean value of this sub-

tracted from each bromoform measurement. The aver-

age internal levels in the test algae were 1.57% DW

(±0.19 SE) for bromoform, and 0.79% DW (±0.05 SE)

for DBA. The total amounts of each compound released

over a 1 wk period are small relative to the amounts

retained in the tissue (released: internal, bromoform =

1:77, and DBA = 1:83; assuming no new growth of the

alga in this time). The 3 other major halogenated meta-

bolites in Asparagopsis armata (dibromochlorometha-

ne, bromochloroacetic acid and dibromoacrylic acid)

were also detected in some of the culture media repli-

cates, but were not quantitatively analysed. 

The data for the release rates of bromoform and DBA

were highly variable. There were no significant corre-

lations between the internal concentration of either

metabolite and the amount released; bromoform (Pear-

son coefficient = 0.234, p = 0.545) and DBA (Pearson

coefficient = 0.314, p = 0.412). There was also no

correlation between the amounts of bromoform and

DBA released (Pearson coefficient = 0.370, p = 0.328),

despite a strong positive relationship between the

internal levels of these compounds (Pearson coefficient

= 0.955, p < 0.001). While the individual release rates

were variable, the ratio of the average level of release

of the metabolites (bromoform: DBA = 1.93) is close to

that of the ratio of the averages of the internal level in

the algae (bromoform: DBA = 1.88).

Antibiotic testing of major metabolites

Both bromoform and dibromoacetic acid (5 µmol of

each) showed activity against the 6 bacterial strains

assayed. Different strains were more susceptible to one

compound than the other, as shown by a significant

interaction between strain and compound (Table 1,

ANOVA: F1,13 = 6.62, p = 0.003). The size of activity

zones surrounding the inoculation point was much

larger for DBA than for bromoform against all bacteria

(Fig. 3, and Table 1, ANOVA: F1,13 = 247.28, p < 0.001),

although the potential differences in solubility of each

compound in agar limits direct comparison. 

The mean size of the Escherichia coli inhibition

zone surrounding Penicillin-G was 6.17 cm2 (±0.25 SE),

which was a larger effect than either bromoform

(0.019 cm2) or DBA (1.05 cm2), though direct compar-

isons are constrained by differences in solubility.

Effect of bromine on cell structure and chemistry

Gland cells of Asparagopsis armata occupy space

within other cells of the alga (Fig. 4A (arrow heads) &

Fig. 5A–E). The removal of bromine from the culture

medium resulted in the loss of refractile vesicles in

both the tetrasporophyte (Fig. 4B) and gametophyte

(data not shown). The loss of vesicles corresponded to
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Fig. 2. Asparagopsis armata. Internal level of the major halo-

genated metabolites (mean + SE, n = 10 to 20 for field, n = 6

for culture) in field-sampled tetrasporophytes and gameto-

phytes, and laboratory-cultured tetrasporophytes of A. armata

(CHBr3: bromoform; DBA: dibromoacetic acid; BCA: bromo-

chloroacetic acid; CHBr2Cl: dibromochloromethane)



Mar Ecol Prog Ser 306: 87–101, 2006

the absence of halogenated metabolites (Fig. 4D).

Algae cultured with bromine continued to produce

the major metabolites at comparable levels to sea-

water cultures (bromide [+]; e.g. bromoform: 0.44 DW

[±0.14 SE]; DBA: 0.08% [±0.06 SE]), although these

values were in the lower range of production com-

pared to both seawater cultures and environmental

samples. Removal of bromide from the medium did not

interfere with the production of non-halogenated com-

pounds (Compounds 1–5, Fig. 4B). Growth of algae in

artificial seawater without bromine appears to have

minimal effect on cells other than the loss of the vesicle

from gland cells.

Gland cells and related structures

The gland cell is located inside the parent cell

(Fig. 5). Thus, an additional mechanism is required to

transfer material from the gland cell to the surface for

metabolites to be released. Such a link is maintained

via a structure which connects the gland cell to the

opposite (outer) wall of the parent (pericentral) cell in

tetrasporophytes (Fig. 5A) and the parent (epidermal)

cell of the gametophyte (Fig. 5B). These structures are

extremely distinct in the lateral branches of the game-

tophyte, and material may be associated with them
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Fig. 3. Asparagopsis armata. Areas of antibacterial activity

(mean + SE, n = 3) of pure compounds (bromoform and di-

bromoacetic acid) from A. armata against different bacterial

strains. There was a significant interaction between bacteria 

and compound (see Table 1 for ANOVA results)

Fig. 4. Asparagopsis armata. Effects of bromine manipulation on the (A,B) morphology and (C,D) chemistry of the tetrasporophyte

of A. armata. (A) Vesicles (arrow heads) are prominent in the gland cells of bromide (+) algae, which are located inside the peri-

central cell (pc) as shown in this section of filament. (B) These vesicles are no longer formed in algae grown without bromide

(scale bars = 20 µm). (C) Gas chromatograph of the MeOH extract of the tetrasporophyte of A. armata showing major halogenated

peaks (A: dibromochloromethane; B: bromoform; C: bromochloroacetic acid [methyl ester]; D: dibromoacetic acid [methyl ester];

E: 3,3 dibromoacrylic acid [methyl ester]; IS: internal standard [naphthalene]). (D) Gas chromatograph showing that brominated

metabolites (A–E) are no longer present in bromide (–) algae. Peaks 1–5 represent non-halogenated compounds and these are

found in both bromide (+) and bromide (–) algae (C,D) 
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Fig. 5. Asparagopsis armata. Light micrographs of (A) the tetrasporophyte and (B–E) gametophyte of A. armata. (A) Gland cells

(arrow) within pericentral (parent) cells (pc) of the tetrasporophyte and connective structure (arrow head). (B) Lateral branch of

the gametophyte with a gland cell within the parent cell (pc) showing a structure connecting the gland cell to the outer cell wall.

Material may be seen on this structure (B, arrow). (C–E) Images of these structures (arrows) originating at 2 gland cells (C, arrow

heads) in the parent (epidermal) cells (pc) of the gametophyte as seen moving up through 2 focal planes towards the algal 

surface. The structure appears tubular in nature (D, arrows). Scale bars: (A,B) = 10 µm; (C–E) = 20 µm
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(Fig. 5B, arrow). In the sequence of images rising

through focal planes from 2 gland cells (arrow heads)

in the gametophyte (Fig. 5C–E), the structure appears

to be tube-like in nature.

Epiphytic bacterial densities on bromide (+) and

bromide (–) algae

Densities of bacteria were significantly higher on

both tetrasporophytes and gametophytes of Aspara-

gopsis armata which lacked brominated secondary

metabolites (bromide [–]) than on algae that produced

metabolites (bromide [+]) (Fig. 6A,B & Table 3,

tetrasporophyte: F2,12 = 39.14, p < 0.001; gametophyte:

F1,12 = 33.19, p < 0.001). For the tetrasporophyte, bro-

mide (–) algae had significantly higher densities than

both other treatments (Fig. 6A, Tukey’s test: (α = 0.05)

bromide (–) > bromide (+) = seawater). This represents

a 14-fold (apex) to 20-fold (mature) difference in mean

bacterial densities (Br [–]:Br [+]). For the gametophyte

of A. armata, the mean difference ranged from 3:2 to

3:1 between the 3 regions (apical cells, mature cells

and lateral branch cells). There was no difference

in bacterial density on the control alga Bostrychia

moritziana in bromide (+) and bromide (–) media

(Fig. 6C & Table 4, F1,8 = 0.51, p = 0.496).

For both the tetrasporophyte of Asparagopsis armata

and control alga Bostrychia moritziana, bacterial den-

sities were higher (F1,12 = 11.59, p = 0.005; F1,8 = 30.28,

p < 0.001, respectively) on older (mature) parts of the

algal filament than on younger (apex) parts (Fig. 6,

Tables 4 & 5). There was no difference in bacterial

densities between the regions of the gametophyte of

A. armata (Table 3). For both tetrasporophytes and

gametophytes of A. armata, there was no effect of

‘Individual’ (Table 3), indicating variance within each

Media by Region group was minimal. 

Antibacterial assays with bromide (+) and 

bromide (–) algae

Bacterial isolates from the surface of algae that no

longer produced halogenated metabolites (bromide

[–]) were more susceptible to bromoform and DBA

than bacteria isolated from metabolite-producing

algae (Fig. 7A,B & Table 5, F1,34 = 12.48, p = 0.001).

DBA was active against all 12 strains assayed. Bromo-

form was active against 7 of the 12 strains. Of the 5

strains that were not affected by bromoform, 4 were

isolates from bromide (+)-cultured algae. There was a

highly significant effect of compound (F1,34 = 374.67,

p < 0.001); however, direct comparisons are con-

strained by the potential difference in solubility in the
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Fig. 6. Asparagopsis armata. Mean surface density of bacteria

(+SE) on (A) the tetrasporophyte and (B) gametophyte of

A. armata, and (C) the control alga Bostrychia moritziana,

grown in bromide (+) and bromide (–) media (tetrasporophyte

of A. armata has Seawater as a third media treatment). (A)

Bars sharing the same letter in each region are not signifi-

cantly different (Tukey’s multiple comparison). (B,C) Signifi-

cant (#) or non-significant (NS) differences between bromide

(+) and bromide (–) bacterial densities are displayed for each

region. Standard errors (SE) were calculated from the aver-

ages of individuals within each subgroup (tetrasporophyte A.

armata: n = 6; gametophyte of A. armata, B. moritziana: n = 3)
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agar. DEE controls had a negligible effect on bacterial

growth. There appeared to be some variation in the

susceptibility of individual isolates to the different

compounds (Fig. 7A,B); however, this was not formally

analysed.

Direct tests of algae with and without halogenated

secondary metabolites (bromide [+] and bromide [–],

respectively) were consistent with an antibacterial

function for the halogenated metabolites of Aspara-

gopsis armata. When bromide (+) and bromide (–)

algae were infused in cultures of Chromobacterium

violaceum, bromide (+) algae produced highly visible

areas of antibacterial activity (Fig. 7C,D). 

DISCUSSION

Asparagopsis armata produces compounds that in-

hibit a range of bacteria in standard antibacterial plate

assays. These compounds are stored in and released

from specialised gland cells. The gland cell is internal

to the parent cell, but maintains a physical connection

with the outer cell wall. This connection appears to be

a means for the release of metabolites to the algal

surface. Support for this assertion is the observation

that the major halogenated metabolites quantified in

A. armata were also detected in the surrounding

culture medium. An ecological role for the natural

products of A. armata as surface-active antimicrobial

agents was demonstrated by manipulating metabolite

production in the alga by omitting bromide from the

medium. Epiphytic bacterial densities were signifi-

cantly lower on algae that produced halogenated sec-

ondary metabolites, and bacteria isolated from the sur-

face of these algae were more tolerant to the major

compounds than bacteria from metabolite-free algae.

Combined with traditional assays of natural products

against bacteria, including those isolated from the

algal surface, our results demonstrate that the metabo-

lites from A. armata could be important in limiting

growth of bacteria on the surface of this alga.

Traditionally, marine secondary metabolites have

primarily been seen as defensive compounds against

consumers (Hay et al. 1987, Hay & Fenical 1988). How-

ever, recent reviews have highlighted important roles

for secondary metabolites as inhibitors of surface

colonisation (Potin et al. 2002, Steinberg & de Nys

2002). More specifically, algal natural products can

mediate interactions with surface microbes (Maximi-

lien et al. 1998), which may include specific pathogens

(Weinberger & Friedlander 2000, Bouarab et al. 2001,

Kubanek et al. 2003). Prior to these recent tests, antimi-

crobial activity of marine algae had generally been

determined using terrestrial microbes, principally those

bacteria of interest to humans (Sieburth & Conover

1965, Hornsey & Hide 1974, Al-Ogily & Knight-Jones

1977, McConnell & Fenical 1979). We have demon-

strated that extracts of Asparagopsis armata are active

in laboratory tests against Escherichia coli, Staphylo-

coccus spp., Pseudomonas aeruginosa and 2 marine

Vibrio spp. Previous investigations of A. armata using
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Source df MS F p

Tetrasporophyte

Media 2 10.09 39.14 <0.001

Region 1 2.98 11.59 0.005

Media × Region 2 0.87 3.38 0.069
Individual 12 0.26 0.26 0.259
(Media × Region)
Error 90 0.21

Gametophyte

Media 1 15.90 33.19 <0.001

Region 2 1.05 2.18 0.155
Media × Region 2 0.30 0.62 0.552
Individual 12 0.48 1.54 0.153
(Media × Region)
Error 36 0.31

Table 3. Asparagopsis armata. Results of 3-factor mixed-model

ANOVA testing the effect of Media (Br[+] vs. Br[–]) and Region

(Apex vs. Mature) on bacterial densities on the surface of the

tetrasporophyte and gametophyte of A. armata. All data were

log (x + 1)-transformed. Significant values at p < 0.05 are in

bold. Tukey’s multiple comparisons were used for post-hoc 

analyses. Tetrasporophyte (Media), Sea = Br(+) < Br(–)

Source df MS F p

Media 1 0.98 0.51 0.496

Region 1 46.37 25.95 0.001

Media × Region 1 0.01 0.006 0.941

Individual (Media × Region) 8 1.79 4.05 0.001

Error 61 0.44

Table 4. Bostrychia moritziana. Results of 3-factor mixed

model ANOVA testing the effect of Media (Br[+] vs. Br[–]) and

Region (Apex vs. Mature) on the bacterial densities on the

surface of B. moritziana. Data were log (x + 1)-transformed. 

Significant values at p < 0.05 are in bold

Source df MS F p

Media 1 0.256 12.48 0.001
Dish (Media) 34 0.021 0.64 0.904
Compound 1 12.086 374.67 <0.001
Media × Compound 1 0.044 1.35 0.253
Error 34 0.032

Table 5. Asparagopsis armata. Results for 3-factor partially-

nested ANOVA testing the antibacterial effect of Compound

(bromoform vs. dibromoacetic acid) against bacteria isolated

from A. armata grown in different Media (Br[+] vs. Br[–]).

Data were log (x + 1)-transformed. Significant values at 

p < 0.05 are in bold
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whole pieces (Hornsey & Hide 1974) and isolated com-

pounds (McConnell & Fenical 1979) also found that the

natural products from this alga can inhibit bacterial

growth.

In the present study, the major natural products in

Asparagopsis armata were small halocarbons (e.g.

bromoform) and short-chained haloacids (e.g. DBA).

No iodinated acids were detected, despite being the

major acid products of Asparagopsis taxiformis (Woo-

lard et al. 1979). Haloacetones and halobutanones,

previously described for A. armata (McConnell &

Fenical 1977), were not found. The total levels of the 4

major halogenated metabolites ranged between 2 and

6% of algal DW. To date, the major metabolites had not

been quantified in the genus Asparagopsis, and this

range represents a high level of compounds compared

to another member of the Bonnemaisoniaceae (Delisea

pulchra has 0.2 to 2% DW; de Nys et al. 1996). Levels

of the major metabolite (bromoform) varied with sam-

ple time and life-history stage of A. armata (filamentous

tetrasporophyte or plumose gametophyte). The levels

of DBA, the second most abundant metabolite, were

consistently higher in the tetrasporophyte than in the

gametophyte, with little temporal variation. Impor-

tantly, the levels of the major metabolites in the tetra-

sporophyte of A. armata in seawater culture were

consistent with field-sampled tetrasporophytes. This

supports the use of laboratory manipulations of A. ar-

mata to demonstrate the release of metabolites from

the alga into the surrounding media and to test their

ecological roles.

A key aspect to studies of the function of algal

metabolites is the localisation of active metabolites in

the alga (de Nys et al. 1998, Dworjanyn et al. 1999).

Such active metabolites can be autotoxic, and the pro-

ducing organism will generally require some morpho-

logical specialisation for their storage (McKey 1979).

The specialised gland cells of Asparagopsis armata are

completely enveloped by their parent cells. While the

gland cell is not part of the epidermal layer, cells pre-

sumably release their contents through mechanical

contact with the outer region of the parent cell (Fig. 5).

The structure linking the gland cell and its parent cell

has not previously been characterised. Transmission

electron microscopy of the gland cells and associated

structures in A. armata has provided further insight

into the ultrastructure of the major storage vesicle

and the nature of the gland cell (Paul et al. in press).

In other algae, specialised cells are predominantly

found in the epidermal cell layer (Young & West 1979,

Dworjanyn et al. 1999). If an alga is to release bioactive

metabolites to the exterior, these specialised cells

should be proximal to the algal surface. This is the case

for A. armata, as a single cell wall separates the gland

cell from the exterior.
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Fig. 7. (A,B) Areas of antibacterial activity (mean + SE, n = 3) of

(A) bromoform and (B) dibromoacetic acid against bacterial

isolates from the surface of algae with (Br[+]) and without (Br[-])

halogenated metabolites. (C,D) Chromobacterium violaceum

assays with bacterial inhibition zone (arrow) around bromide (+)

algae (C), and the corresponding assay with bromide (–) algae (D).

Scale bars = 5 mm
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A gland cell, as the name implies, is generally secre-

tory, although this is not always the case (Young 1979).

Other types of storage structures are exclusively sub-

cellular, e.g. the refractile inclusions (corp en cerise) of

the genus Laurencia (Young et al. 1980). These inter-

nally packaged compounds cannot function in surface-

mediated roles (de Nys et al. 1998), but can play a role

in feeding deterrence (Hay et al. 1987). It appears that

some types of inclusions can function in multiple roles.

For example, brown algal physodes—structures con-

taining phenolics typically regarded as key defensive

metabolites—also have important roles in cell wall for-

mation (Schoenwaelder 2002). These are all examples

of how structure can determine function. Clearly, suffi-

cient ultrastructural evidence (Young 1978) or the har-

vest, and if possible, quantification, of metabolites from

the plant surface (Schmitt et al. 1995, de Nys et al.

1998), is crucial to attributing surface-mediated roles

to extracted natural products.

The release of bromoform and DBA from Asparagop-

sis armata represents a mechanism for the interaction

of these compounds with surface microbes. Many

algae are known to release small halogenated com-

pounds (Nightingale et al. 1995, Marshall et al. 1999),

although it is not usually known how the compounds

are released or if they are active against microbes.

Similar to Marshall et al. (1999), we demonstrated

release of bromoform from the tetrasporophyte of

A. armata. Our measured rate of release for bromoform

(1110 ng g[DW]–1 h–1 ) is comparable to previous re-

ports using purge-and-trap techniques (32 to 1650 ng

g[DW]–1 h–1; Marshall et al. 1999 ). This is a higher rate

of release than most other algae (Nightingale et al.

1995). Analysis of the culture medium through liquid-

liquid partition, rather than through purging, esterified

the haloacids, and demonstrated that the other major

product (DBA) is also released (539 ng g[DW]–1 h–1).

Release of haloacids from an alga has not previously

been reported. The release rates of both bromoform

and DBA were not correlated with the metabolite levels

inside the algae. There was also no correlation be-

tween the rates of release of the 2 compounds, despite

a strong positive correlation in the internal levels of

these compounds. While there was no significant rela-

tionship between the external and internal amounts of

the metabolites, the data were highly variable.

Brominated metabolites are common in red algae

(Fenical 1975). However, bromide is not recognised as

an essential ion for either algal growth (Fries 1966) or

reproduction (McLachlan 1977). Wolk (1968) demon-

strated that Asparagopsis armata grown in the absence

of bromide ions no longer formed the major vesicle in

gland cells, and that morphological effects aside from

this were negligible. In this study, GC-MS analysis also

indicated qualitative similarities of non-halogenated

metabolites in bromide (+)- and bromide (–)-cultured

algae. The ability to manipulate the presence of halo-

genated metabolites in Bonnemaisoniaceae provides a

unique experimental system for testing the ecological

roles of algal metabolites. 

Correlations between bacterial densities on living

surfaces and levels of metabolites (Sieburth & Conover

1965, Wahl et al. 1994, Maximilien et al. 1998) are

potentially constrained by differences in structure, age

and chemistry of the study organisms. By testing

Asparagopsis armata grown with and without halo-

genated metabolites, we demonstrated that these com-

pounds were active in maintaining lower densities of

bacteria on the surface of the alga. There was an

antibacterial effect on both young (apical) and older

(mature) regions, although it is possible that apical

effects contributed to the lower bacterial densities

on the older region. The filamentous algae, that is,

the tetrasporophyte of A. armata and Bostrychia morit-

ziana, had lower densities of bacteria on apical regions

than on older regions. However, there was no differ-

ence between the bacterial densities on younger and

older tissue in the gametophytes of A. armata. This

could be related to the slower growth rate of the game-

tophyte, compared to a filamentous alga.

Bacteria isolated from the surface of bromide (–)

algae were less tolerant to halogenated metabolites

than those isolated from bromide (+) algae. This sug-

gests that the microbial community on metabolite-pro-

ducing algae includes bacteria that have colonised the

surface but are inhibited by the compounds. In the

absence of these compounds, the previously inhibited

bacteria may out-compete other resident bacteria. If

important symbioses between bacteria and macro-

algae exist (Fries 1970), then certain bacteria will be

more tolerant to algal natural products than others. As

Asparagopsis armata releases relatively large amounts

of halogenated metabolites, the dominant epiphytic

bacteria should have the capacity to tolerate, or even

breakdown, such compounds. The implied change in

bacterial community structure suggests that the inter-

action between A. armata and its epiphytic bacteria

is regulated by halogenated metabolites that limit

particular bacteria in addition to reducing total surface

density.

There are other mechanisms that may constrain the

interpretation of the antibacterial effect seen in Aspa-

ragopsis armata. A high growth rate may minimise

fouling on young tissue, although the halogenated

metabolites were still effective at these actively-grow-

ing regions. Alternatively, chemical defence against

microbes is not limited to the production of secondary

metabolites. Oxidative bursts can provide an effective

defence against pathogens that breach the cell walls of

some algae (Weinberger & Friedlander 2000, Bouarab
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et al. 2001). While the 2 major halogenated metabolites

of A. armata (bromoform and DBA) were antibacterial,

it is possible that other compounds contributed to the

observed antibacterial effect of bromide (+) algae.

However, the relatively high levels of production and

release of bromoform and DBA in particular, strongly

imply that these are the principal antibacterial agents

of A. armata. 

Considering the constant interaction of algae with

potential bacterial epibionts, regulating the attach-

ment or growth of bacteria (bacterial fouling) through

the production of secondary metabolites may give an

alga an ecological advantage (Wahl 1989, Steinberg &

de Nys 2002). For Asparagopsis armata, the deter-

mined release of halogenated metabolites, their anti-

bacterial activity against relevant bacteria, and the

increased densities of bacteria on the surface of meta-

bolite-free algae, indicated a probable role for these

metabolites in defence against epiphytic bacteria. The

different effect of the halogenated metabolites on bac-

teria isolated from metabolite-producing algae com-

pared to bacteria from metabolite-free algae implied

an impact beyond a general antibiotic effect. While a

large proportion of epiphytic bacteria can be isolated

from some seaweeds (Jensen et al. 1996), the non-cul-

turable bacteria on A. armata represent a crucial issue

for the culture-based component, and the ecological

importance of the isolated bacteria remains unknown.

Molecular tools that examine community-scale micro-

bial interactions (such as denaturing gradient gel

electrophoresis; Dahllöf 2002), will be integral to mea-

suring metabolite-induced changes to the bacterial

community, and promise to identify epiphytic bacteria

that are ecologically-important and practical for use

in manipulative assays.
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