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ABSTRACT: Living corals are frequently colonized by bacteria that may be pathogenic. One way they
are able to combat microbial attack is by chemical defense. This is especially critical for the early devel-
opmental stages of the coral. Extracts from various reproductive and developmental stages of the Red
Sea soft coral Parerythropodium fulvum fulvum exhibited antimicrobial activity against several co-
occurring and potentially pathogenic marine bacteria. High activity was found particularly against
Vibrio sp. {strain P-1}, isolated from a necrotic coral tissue. However, no antimicrobial activity was
observed against the coral-associated bacterial strains isolated from the coral tissue and its mucoid sur-
face. The minimum inhibitory concentration of the coral crude extract against this Vibrio sp. was
1.25 mg ml™! Bioassay-guided fractionation of the coral extract indicated that the antimicrobial activity
was due to the presence of a range of secondary compounds of different polarities, which were also
present in the tissue in trace amounts. The antimicrobial activity was present in all reproductive and
developmental stages of the coral against the sensitive bacteria. This study provides the first compre-
hensive evidence for antimicrobial activity in coral larvae against co-occurring marine bacteria. It is
concluded that antimicrobial activity detected in the extracts of P. f. fulvum is specific rather than broad
spectrum. This specificity may be important in order to enable certain bacteria to live in close associa-
tion with their coral host.
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INTRODUCTION

Soft corals (Octocorallia, Alcyonacea) are a highly
diverse group of marine organisms which are known to
contain a rich variety of secondary metabolites. It has
been found that these compounds serve several bio-
logical and ecological roles (see reviews by Sammarco
& Coll 1988, 1992, Coll 1992, Paul 1992). They may act
as defense against predators, as demonstrated by Van
Alstyne et al. (1994) for extracts of 3 Sinularia species,
as well as being involved in interspecific competition
for space (e.g. Sammarco et al. 1983, La Barre et al.
1986) and in prevention of fouling on the coral tissue
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(Coll et al. 1987). In addition, a range of secondary
metabolites play an important role in reproduction of
alcyonaceans. Certain diterpenes, such as thunbergol
and epi-thunbergol, are present exclusively in the
eggs of Lobophytum compactum and L. crassum, but
do not appear to be effective antifeedants against reef
fish, nor do they possess effective antibacterial proper-
ties (Bowden et al. 1985, Sammarco & Coll 1992). More
recent evidence suggests that (-)-epi-thunbergol acts
as a sperm chemo-attractant in the eggs of L. crassum
(Coll et al. 1995).

Antimicrobial activity of secondary metabolites has
been reported extensively for various groups of marine
organisms, such as sponges (Burkholder & Ruetzler
1969, Bergquist & Bedford 1978, Amade et al. 1982,
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McCaffrey & Endean 1985, Amade et al. 1987, Becerro
et al. 1994), bryozoans (Walls et al. 1993), ascidians
(Wahl et al. 1994), scleractinian corals (Koh 1997}, gor-
gonian octocorals (Burkholder & Burkholder 1958, Kim
1994, Jensen et al. 1996) and alcyonacean soft corals,
as found in the Antarctic species Alcyonium paessleri
and Gersemia antarctica (Slattery et al. 1995). Most of
the above-mentioned studies examined the activity of
secondary metabolites against biomedically relevant
microbes, such as human pathogens or marine bacte-
ria, that have no ecological relevance to the studied
organism. A few of the recent reports have looked at
the activity of secondary metabolites against ecologi-
cally relevant bacteria in order to elucidate their func-
tion in the mediation of marine sessile invertebrate
interactions with bacteria (Becerro et al. 1994, Wahl et
al. 1994, Slattery et al. 1995, Jensen et al. 1996). In
these studies, the antimicrebial activity assays were
conducted on bacteria isolated from the natural envi-
ronment of the organism being studied.

Bacteria are known to be abundant and active
around corals and in their surface microlayer (Mitchell
& Chet 1975, Ducklow & Mitchell 1979a, Ritchie &
Smith 1995). However, little information exists on the
structure, composition and maintenance of such bacte-
rial communities. The surface of living corals is cov-
ered by a muco-polysaccharide material (Ducklow &
Mitchell 1979a). This provides a matrix for bacterial
colonization, allowing the establishment of a ‘normal
bacterial community’, which may be characteristic of a
particular coral species (Mitchell & Chet 1975, Duck-
low & Mitchell 1979a, Rublee et al. 1980, Segel &
Ducklow 1982, Ritchie et al. 1994}. Some of these bac-
teria can be pathogenic to corals, and may initiate dis-
eases such as black band disease (Antonius 1985,
Edmunds 1991) or tissue necrosis (Hodgson 1990). In
addition, it has been recently demonstrated that
bleaching of the Mediterranean scleractinian coral
Oculina patagonica is caused by bacterial infection,
and that this infection is temperature dependent
(Kushmaro et al. 1996, 1997). Since microorganisms
are ubiquitous in the marine environment, corals need
to resist microbial colonization and invasion of poten-
tial pathogens, in order to prevent possible harmful
effects.

Parerythropodium fulvum fulvum (Forskal 1775) is
an encrusting soft coral commonly found between 3
and 40 m depth at the coral reefs of the Gulf of Eilat,
Red Sea (Benayahu & Loya 1977). This species is gono-
choric and reproduces annually during the summer
(end of June to the beginning of August) by a unique
mode of reproduction, which involves the surface
brooding of embryos in a layer of mucus (Benayahu &
Loya 1983). The development of these embryos to a
mature planula stage lasts 6 d, at which time they

detach from the colony surface and sink to the reef bot-
tom. It has been suggested that surface brooding pro-
vides protection for the embryos during their develop-
ment. As in many soft corals, P. f. fulvum contains a
rich assemblage of secondary metabolites (Green et al.
1992). These metabolites are comprised mainly of
sesquiterpenes, such as the volatile dye fulfulvene
which gives the living colony its yellow color. The
functions of these metabolites are still unknown.

In the current study we tested the activity of extracts
from different reproductive and developmental stages
of Parerythropodium fulvum fulvum, in order to deter-
mine whether they provide protection against ecologi-
cally relevant and co-occurring bacteria.

MATERIALS AND METHODS

Collection. Samples from different reproductive and
developmental stages of Parerythropodium fulvum ful-
vum were collected using SCUBA from the reef across
from the Marine Biological Laboratory of Eilat (north-
ern Red Sea) at depths of 5 to 20 m. Samples were col-
lected during the breeding season of July to August
1995. One male and one female colony (1 and 3 g dry
wt respectively) were collected for extraction since
many of the colonies at our study site are being moni-
tored in a long-term ecological study. The sex of the
colonies was determined underwater by tearing a
piece of coral tissue, and thus exposing the eggs or
sperm sacs. Brooded embryos with mucus were col-
lected daily from the surface of 3 to 5 different female
colonies on consecutive dates throughout their 6 d
developmental period, using a 50 ml syringe. In the
laboratory, some of the embryos obtained from a single
colony were washed from mucus material twice with
filtered seawater. After the breeding season, an addi-
tional colony with no gonads (~6 g dry wt) was col-
lected in October 1996. All the above samples were
used for the antimicrobial testing, and another colony
with no gonads (17 g dry weight) was collected in May
1997 to be used for the bioassay-guided fractionation.
All samples were frozen at —20°C and transported to
Tel Aviv for further analysis.

Samples for bacterial isolation were collected during
April 1997 from the same location. Tissue samples (1 x
1 ¢m in area, n = 3) of Parerythropodium fulvum ful-
vum were selected from colonies with no epiphytic
algae and transferred to 50 ml tubes with sterile sea-
water. Seawater samples (n = 3) were collected in situ
by filling 50 ml sterile tubes near the coral colony. Reef
substrate samples (n = 3) were scraped adjacent to £. f.
fulvum colonies, and placed in similar tubes. Mucus
samples were collected in the laboratory from 3
colonies, by placing them onto funnels and accumulat-
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ing the dripped mucus in 50 ml sterile tubes kept on
ice. Samples of necrotic tissue (2 x 1 cm in area, n = 4)
were also collected from degraded colonies found on
the reef, and placed in tubes with sterile seawater. All
samples were kept at 4°C and transferred to Tel Aviv
for bacterial isolation.

Bacterial isolation and characterization. The tissue
and reef substrate samples were ground and sus-
pended in sterile seawater. 10 pl of each of the bacter-
ial isolation samples were diluted in sterile seawater,
streaked onto Marine Agar [18 g Difco Marine Broth
(MB), 9 g NaCl and 18 g Difco Bacto Agar, per liter of
deionized water], and incubated at 25°C, correspond-
ing to the ambient seawater temperature, for 3 d. The
dominant colony types were restreaked on Marine
Agar to obtain pure cultures.

The bacterial strains were routinely cultivated on
Marine Agar or MB at 25°C. Gram reaction and cell
morphology were determined microscopically. Bio-
chemical tests (indole production, nitrate from nitrite,
acidification of glucose, arginine dihydrolyase, oxi-
dase, esculine hydrolysis, gelatinase and -galactosi-
dase utilization, and utilization of glucose, arabinose,
mannose, mannitol, maltose, gluconate, caprate, adi-
pate, malate, citrate, phenyl-acetate, galactose, N-
acetyl-glucosamine) were performed by api-20NE
(micromethod tests for the identification of Gram-neg-
ative bacteria; bioMérieux sa, Marcy-1'Etoile, France).
The standard api-20NE method was used, with the
media being adjusted to 3% NaCl.

Sensitivity to antibiotics (10 pg ampicillin, 15 ug ery-
thromycin, 10 ug penicillin-G, 30 ug tetracycline, 30 ng
kanamycin and 10 ug streptomycin, each applied to a
paper disc) was determined after incubation for 24 h at
25°C on Marine Agar.

Extraction. The samples from different reproductive
and developmental stages of Parerythropodium ful-
vum fulvum (see above: 'Collection’) were extracted in
20 % methanol in dichloromethane. They were first
sonicated for 5 min, and then extracted for 24 h at room
temperature. The organic extracts were separated
from the water phase using a 20 ml separation funnel,
filtered, and then the solvent was removed by rotary
evaporator under vacuum at 10 to 15°C bath tempera-
ture. This procedure was employed in order to avoid
evaporation of volatile compounds known for P. f. ful-
vum (see Green et al. 1992). The dried extracts were
weighed and kept at —20°C prior to the antimicrobial
assays. The natural extract concentration of colonies of
P. f. fulvum was determined prior to the antimicrobial
assays as described by Kelman (1998}, using a stan-
dard volumetric method. By this method, 3 frozen
colonies were placed into a cylinder with 50 ml of the
extract solution (see above), and the volume displaced
was recorded. These colonies were extracted as indi-

cated and the crude extracts were weighed. This
resulted in a mean natural concentration of 0.84 + 0.09
mg per 30 pl {n = 3) that was used in the antimicrobial
assays.

In order to test the possible antimicrobial activity of
extracts of the coral bacterial isolates, 10 ml of
overnight cultures (approximately 5 x 108 cells ml™!
estimated by viable counts) were concentrated by cen-
trifugation [9000 rpm (9680 x g) for 20 min}. The pellets
were then extracted as described above.

Antimicrobial assay. The standard agar disc-diffu-
sion method (Barry 1980) was performed to test for
antibactenal activity of the coral reproductive and
developmental stages and bacterial extracts. Inocula of
overnight culture (approximately 107 cells) of each
bacterial strain were streaked onto the surface of a
Marine Agar plate. The inocula were spread with a
sterile glass rod to provide a uniform film of the test
strain. Dictated by the availability of the extracts,
3 subsamples for most extracts were tested by pipet-
ting 30 pl of natural extract concentration, containing
0.84 mg dissolved in ethanol, onto 6 mm circular sterile
paper discs (Whatman), allowing the solvent to evapo-
rate, and placing the discs onto the surface of the inoc-
ulated agar. The test and solvent control discs were
then incubated for 24 h at 25°C.

Areas of inhibited bacterial growth were observed as
clear halos (zones) around the discs. Antibacterial
activity was measured as the diameter of the zone of
inhibition, minus the paper disc diameter. Antimicro-
bial activities were calculated for each extract as the
mean zone of inhibition of repeated activity tests.

Minimum inhibitory concentration (MIC) was mea-
sured by determining the smallest amount of extract
needed to inhibit the growth of the test bacterium
(strain P-1). A series of tubes containing 1 ml of MB
medium was prepared, and different extract concen-
trations (ranging from 0.15 to 60 mg ml™!) were added
to each tube. After overnight incubation at 25°C, the
tubes in which growth did not occur were noted. The
type of action of the antimicrobial agents was deter-
mined by adding 28 mg ml' (mean natural extract
concentration) to a logarithmic culture of bacterial
strain P-1. Viable counts were then performed on
Marine Agar over time, and turbidity was measured
using a Klett Summerson photometer

Bioassay-guided fractionation. Bioassay-guided
fractionation was performed on a colony of Parcrythro-
podium fulvum fulvum with no gonads that was
extracted as outlined above in order to partially isolate
and characterize the antimicrobial agent/s of the coral.
Initial fractionation of the crude organic extract was
accomplished by solvent partitioning using petrol
ether (PE), dichloromethane, and n-butanol as solvent
systems against aq. methanol (10 to 20% H,0). The
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fractions were evaporated to dryness under reduced
pressure using a rotary evaporator, and assayed for
antimicrobial activity against bacterial strain P-1. For
further purification we used the fraction that exhibited
appreciable activity and contained the largest amount
of material. This fraction was loaded on a LH-20
Sephadex column wusing a 2:1:1 PE:chloroform:
methanol solvent system. The fractions were assayed
for antimicrobial activity and the most active fraction
used for further purification. This fraction was parti-
tioned by silica vacuum liquid chromatography (VLC),
eluting with solvents of increasing polarity (from 100 %
PE to 100% ethyl-acetate). A similar VLC column was
then applied to one of the active fractions that con-
tained of enough material. The resulting fractions were
then assayed for antimicrobial activity. The bioassay-
guided fractionation was stopped before any active
pure compounds were obtained due to the lack of suf-
ficient material for further fractionation. The composi-
tion of any fraction was analyzed using thin-layer chro-
matography (TLC) and 'H-NMR (*H-nuclear magnetic

ross
resonance) spectroscopy.

Statistical analysis. The statistical analyses of the
data were performed in 2 stages. First, we conducted a
G-test for analyses of frequencies (Sokal and Rohlf
1995), comparing the proportion of extracts from differ-
ent samples and their subsamples that did or did not ex-
hibit antimicrobial activity, defined as zone of inhibition
around the discs greater than zero. These tests were
followed by a 2 x Z test of independence, comparing the
pooled activity frequencies of the coral-associated bac-
teria with the other strains tested. Second, a series of
single-classification ANOVA tests were performed on
each bacterial strain against the extracts from the dif-
ferent reproductive and developmental stages, and on
each extract type against the different bacterial strains
tested. These tests were followed by post hoc compar-

Table 1. Description of isolated bacteria used in the antimicrobial assays. Bacte-
rial species were identified by api-2Z0NE method

isons in order to determine which bacterial strain or ex-
tract type contributed to the overall significance. Be-
cause the antimicrobial activity data contained a large
number of zeros (see below) and were not normally dis-
tributed, we included only those bacterial strains which
exhibited appreciable antimicrobial activity in the sec-
ond part of the analysis. These partial data sets met the
requirements for parametric analyses.

RESULTS
Bacterial isolation and characterization

Twelve strains of bacteria were isolated from sam-
ples of Parerythropodium fulvum fulvum with no
gonads, from coral mucus, degraded coral, reef sub-
strate and from seawater adjacent to the colonies.
Their characteristics and partial identification are sum-
marized in Table 1. All of them were Gram-negative
bacteria, except for strain SW-3 which was Gram-posi-
tive. These strains exhibited variable sensitivity to dif-
ferent commercial antibiotics {Table 2), demonstrating
that they were different bacterial strains. The bacteria
that were isolated from the coral and mucus samples
(strains D-1, M-1, M-2, and M-3) generally exhibited
more resistance to commercial antibiotics, especially
the B-lactam antibiotics penicillin and ampicillin, than
the other test bacteria.

Antimicrobial assays

Six types of organic extracts derived from a colony
with no gonads, male and female colonies with gonads,
1 to 2 d old embryos with mucus, 3 to 6 d old embryos
with mucus and 3 to 6 d old embryos without mucus,
representing different reproductive
and developmental stages of Parery-
thropodium fulvum fulvum, were
tested for antimicrobial activity

against the 12 strains of marine bacte-
ria at concentrations found in the liv-
ing coral. While no significant antimi-
crobial activity was exhibited against

Bacterial Source Gram Bacterial =~ Species

strain reaction shape

D-1 Non-gravid coral - Rod Pseudomonas sp.
M-1 Mucus - Rod Pseudomonas sp.
M-2 Mucus - Rod Vibrio sp.

M-3 Mucus - Rod Pseudomonas vesicularis
S-1 Reef substrate - Rod Pseudomonas sp.
S-2 Reef substrate - Coccobacilli Unidentified

S-3 Reef substrate - Rod Unidentified

P-1 Degradated coral - Rod Vibrio sp.

p-2 Degradated coral - Rod Unidentified
SW-1 Sea water - Rod Pseudomonas sp.
SW-2 Sea water - Coccobacilli Chryseomonas sp.
SW-3 Sea water + Cocci Unidentified

the coral-associated bacterial strains
D-1, M-1, M-2 and M-3 (Table 3), an
appreciable but variable antimicrobial
activity was exhibited against 5 of the
remaining strains. Among the 248
tests analyzed, 122 (49 %] resulted in
antimicrobial activity, 98 % of which
was exhibited against 4 bacterial
strains (S-1, P-1, SW-1, SW-2). Strain
SW-3 was not included in any of the
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Table 2. Sensitivity of the isolated test bacteria to commercial antibiotics. The applied concentrations are noted in parentheses.
Sensitivity is expressed as inhibition zones (diameter in mm) around each antibiotic disc, R: resistance to antibiotics. nd: no data

’E&cten’al Kanamycin Penicillin-G Ampicillin Streptomycin Erythromycin Tetracycline
strain (30 ng} (10 ng) (10 pg) {10 ng) (15 ng) (30 ng)
D-1 R R R 4 16 10
M-1 9 R 19 8 18 3
M-2 13 R R 9 10 3
M-3 10 R 10 8 14 4
S-1 3 20 25 R 20 14
S-2 8 R R 4 nd 4
S-3 8 7 13 5 6 6
P-1 9 10 14 4 10 10
P-2 25 20 25 20 10 6
SW-1 25 25 25 25 25 25
SW-2 6 28 nd 11 34 20
SW-3 14 25 25 19 25 16

Table 3. Parerythropodium fulvum fulvum. Antimicrobial activity of extracts from various reproductive and developmental stages
described as inhibition zone (mean diameter in mm + SD) against the isolated bacterial test strains

Bacterial Non-gravid Gonad-bearing Gonad-bearing 1-2d old 3-6d old 3-6d old
strain coral female male embryos embryos embryos
+ mucus + mucus

D-1 0 0 0 0 0 0
M-1 0.5 = 0.41 0.3 +0.47 G 0 0 0
M-2 0 0 0 0 0 0
M-3 0 0 0 0 0 0

S-1 59+045 6.6 + 0.45 57+1.25 39+124 27 +1.21 3.8+040
S-2 0 0 0 0 0 0

S-3 0 0 0 0 0 0

P-1 5.2+1.95 6.1+1.24 42+ 271 3.5+0.76 0.8 +0.80 4.7 £ 0.47
P-2 0 0 0 0 0 0
SW-1 3.8£0.62 27+0.7%5 2.5+ 0.50 2.2+090 0.8+0.62 2x0
SW-2 2.9+ 0.61 27=x1.11 3.3+1.30 1.5+ 0.87 0.5+05 1+0
SW-3 2+0 1+1.41 1.3+1.25 1+£1.41 0 0

data analysis, even though the results for this strain are Vibrio sp. strain P-1 exhibited high sensitivity

presented in Table 3, since it grew very poorly. Com-
parison of pooled activity frequencies of coral-associ-
ated bacterial strains (D-1, M-1, M-2, and M-3} with
the pooled activity frequencies of non-associated coral
bacterial strains showed a significant difference (G-test
of independence, p < 0.001).

The highly variable yet considerable activity of
exftracts from different reproductive and developmen-
tal stages against 4 of the 12 bacterial strain tested
(S-1, P-1, SW-1, SW-2) was analyzed using a series of
single-classification ANOVAs. These tests were per-
formed on each of the 4 bacterial strains against the
different extracts, and on each extract type against the
different sensitive bacteria. All tests resulted in high
significance (p < 0.001). Post hoc comparisons revealed
that the activities were variable among the different
sensitive bacteria and among the extract types.

against the coral extracts (Table 3). Because it was iso-
lated from necrotic tissue and thus was a potentially
pathogenic marine bacterium, we used it for further
antimicrobial analyses. The results revealed that the
MIC of the crude extract of coral with no gonads
against Vibrio sp. strain P-1 was 1.25 mg ml™! of growth
medium. Moreover, the overall mechanism of action of
antimicrobial agent/s of the coral crude extract was
bacteriocidal. This was determined by the fact that
viable counts decreased over time, while the turbidity
of the test culture remained constant.

In order to test the possible contribution of the coral-
associated bacteria to the overall antimicrobial activity,
the bacterial strains D-1, M-1, M-2 and M-3 were
extracted and assayed against Vibrio sp. strain P-1.
These assays resulted in no growth inhibition of the
test bacterium.
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Fig. 1. Parerythropodium fulvum fulvum. Bioassay-guided fractionation of antimicrobial activity of P. f. fulvum extract described
as inhibition zone (mean diameter + SD) against Vibrio sp. strain P-1. Arrows indicate the fraction used for the following fraction-
ation. (a} Results of solvent partitioning fractionation (n = 3 in each bar}; (b) results of LH-20 Sephadex column fractionation (n in-
dicated above each bar); (c) results of the first silica VLC (vacuum liquid chromatography) fractionation (n = 1 in each bar); and
(d) results of the second silica VLC fractionation (n = 1 in each bar). PE: petrol ether; DCM: dichloromethane; BuOH: n-butanol

Bioassay-guided fractionation

Initial fractionation of the crude extract of the colony
with no gonads by solvent partitioning yielded 3 frac-
tions, which were active against Vibrio sp. strain P-1
(Fig. la). The highest activity was present in the n-
butanol and PE soluble fractions, with mean inhibition
zones of 8.3 £ 1.15 (n = 3) and 6.67 + 1.53 (n = 3) mm
respectively. Since most of the material was present in
the PE soluble fraction, it was used for further purifica-
tion, and its fractionation with LH-20 Sephadex col-
umn yielded 4 fractions. The highest activity was pre-
sent mainly in fractions 2 and 4 with mean zone of
inhibition of 9.3 £+ 0.57 (n = 3) and 8 (n = 1) mm respec-
tively (Fig. 1b). Fraction 2, which was the most active,
was loaded on a silica VLC column and yielded 5 frac-
tions. Antimicrobial activity was present mainly in
fractions 1, 4 and 5 (Fig. 1c). Since fraction 4 demon-

strated appreciable activity and contained enough
material, it was loaded on another silica VLC column,
and ylelded another 4 fractions, of which only fractions
2 and 3 demonstrated high antimicrobial activity
(Fig. 1d). '"H-NMR analyses indicated that the major
compound(s) in one of the active fractions (Fig. lc,
fraction 1) seemed to be an isoprenoid. This com-
pound(s) contained a variety of functional groups, such
as double bonds, conjugated double bonds, hydroxyl
groups and most likely also an epoxide(s). The small
amount of impurities which could not be removed
might have been responsible for the antimicrobial
activity. TLC and 'H-NMR analysis on fractions 2 and 3
of the second VLC fractionation (Fig. 1d) revealed that
they were even more complex and that they were com-
posed of several compounds. No additional bioassay-
guided fractionation was conducted due to lack of suf-
ficient material and instability.
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DISCUSSION

Extracts from different reproductive and develop-
mental stages of Parerythropodium fulvum fulvum
exhibited appreciable but variable antimicrobial
activity against several co-occurring and potentially
pathogenic marine bacteria isolated from the vicinity
of the coral. However, no antimicrobial activity was
observed against the coral-associated bacterial strains
D-1, M-1, M-2 and M-3, isolated from the coral tissue
and mucoid surface. Care was taken in this study to
use bacteria that were either isolated from the coral
or in its vicinity. The approach of using ecologically
relevant bacteria as test strains, as opposed to terres-
trial or marine bacteria which lack ecological rele-
vance, has been discussed in several recent publica-
tions (Becerro et al. 1994, Slattery et al. 1995, Jensen
et al. 1996). Furthermore, the antimicrobial assays in
the present study were carried out at equivalent
extract concentrations to those found in the living
coral. The importance of using ecologically realistic
extract concentrations was demonstrated by Jensen
et al. (1996), who used a volumetric method on every
coral sample in order to measure the natural extract
concentration. Since in the current study we were
interested in detecting activity differences among
samples at different reproductive and developmental
stages, a constant extract concentration was used.
This was determined prior to the assay by calculating
the mean natural concentration found in the coral.
Thus, the obtained differences were due to changes
in composition of the extract, rather than in the total
concentration. These composition differences could
be due to different concentrations of antimicrobial
agents or different kinds of antimicrobial compounds
present in the extract.

Several studies have demonstrated that a natural
bacterial community is established in coral mucoid
surfaces (Mitchell & Chet 1975, Ducklow & Mitchell
1979a, Rublee et al. 1980, Segel & Ducklow 1982,
Ritchie et al. 1994). These bacterial populations gen-
erally appear as 'good microbes’, being a source of
nutrition for the coral host (Sorokin 1978, Ducklow
1990). However, such bacteria may under certain
conditions become pathogenic (Mitchell & Chet 1975,
Ducklow & Mitchell 1979b, Kushmaro et al. 1997%).
Although broad spectrum antimicrobial activity was
not detected in Parerythropodium fulvum fulvum, as
shown in other corals (Jensen et al. 1996, Koh 1997),
we distinguish the ecological difference between
coral associated bacteria and other bacteria isolated
from the environment of the coral. The data show
that no activity was present against strains D-1, M-1,
M-2 and M-3 (selected coral-associated bacterial
strains), whereas appreciable activity was present

against other isolated bacteria. Therefore, we con-
clude that the antimicrobial agents of P. f. fulvum are
species specific rather than of a broad spectrum.
Such specificity is probably important in maintaining
the natural bacterial community of the coral host. In
order for certain bacteria to live in close association
with P. f. fulvum, they require the ability to resist
specific antimicrobial agents produced by the coral.
However, in view of the fact that <1% of living
marine bacteria is culturable (Bianchi & Giuliano
1996), caution should be taken in drawing such a
conclusion.

Certain symbiotic marine bacteria have been shown
to be responsible for the production of secondary
metabolites that were previously thought to be derived
from their host (Elyakov et al. 1991, Mikki et al. 1996).
These compounds in some cases were found to have
anti-fungal properties, and thus protect their host from
fungal attack (Gil-Turnes et al. 1989, Gil-Turnes &
Fenical 1992). We have shown that the coral associated
bactenal strains did not contribute to the overall coral
antimicrobial activity. Nevertheless, it is still possible
that the antimicrobial agents could have derived from
other microbes that have not been isolated yet, or that
they were not induced or extracted using the methods
employed here.

The MIC of the coral crude extract against the Vibrio
sp. strain P-1 was 1.25 mg ml™}, while the mean natural
extract concentration of Parerythropodium fulvum ful-
vum was 28 mg ml™'. This result explains the high
antimicrobial activity observed in the disc-diffusion
method (Table 3). The simulation of natural concentra-
tion on a volumetric basis assumes, as described by
Kim (1994), that the extracts are equally distributed
throughout the volume of the coral. However, it may be
possible that a higher concentration of extract, or even
a higher concentration of antimicrobial compounds,
accumulates at the surface of the coral, thus prevent-
ing bacterial or other harmful attacks. If this is the case,
higher activity would possibly be detected if the nat-
ural concentration of an extract from the surface tissue
was applied. Additional studies are needed in order to
determine if a differential antimicrobial activity does
indeed exist throughout the volume of corals, or of
other sessile marine organisms.

Bioassay-guided fractionation of the extract of Par-
erythropodium fulvum fulvum with no gonads indi-
cated that its antimicrobial activity was due to the pres-
ence of a variety of secondary compounds of different
polarities. Furthermore, these assays indicated that the
antimicrobial agents were highly potent at low concen-
trations, and their presence in the extract was in trace
amounts, which made it difficult to purify the active
compounds. The fact that the coral-associated bacteria
exhibited resistance, especially to B-lactam antibiotics
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(e.g. penicillin and ampicillin), raises the possibility
that at least one of the antimicrobial compounds mim-
lcs the antibiotic activity of this class. Further work is
still required in order to determine the nature of such
compounds, and to show whether individual metabo-
lites act in an additive or synergistic fashion towards
potentially harmful bacteria.

Several investigators have discussed the relationship
between antimicrobial activity and the ability of an
extract to deter potential predators (Kim 1994, Jensen
et al. 1996). Given the rich assemblage of ichthyode-
terrent compounds reported in many octocorals (e.g.
Sammarco et al. 1987, Harvell et al. 1988, Sammarco &
Coll 1988, 1992, Fenical & Pawlik 1991, Coll 1992), it
still remains unclear whether a relationship exists
between the palatability of a given species to predators
and its antimicrobial activity. However, the feeding
deterrent compound in Sinularia polydactyla, puka-
lide, also acts as an antimicrobial agent against co-
occurring bacteria in their eggs and larvae (M. Slattery
pers. comm.). Furthermore, Parerythropodium fulvum
fulvum extracts have demonstrated strong unpalatabil-
ity to reef fish (Kelman 1998). In turn, these findings
suggest that natural products of this coral play an im-
portant role in the overall protection against micro-
organisms or other harmful agents.

Fusetani et al. (1996) demonstrated antimicrobial
activity in eggs of the stony coral Montipora digitata
against terrestrial microbes. Our study provides the
first comprehensive evidence for antimicrobial activity
in coral embryos against co-occurring marine bacteria.
Palatability experiments performed with the embryo
extracts against reef fish have revealed an appreciable
feeding deterrence (Kelman 1998). Hence, our results
demonstrate that natural products present in develop-
mental stages of Parerythropodium fulvum fulvum
play an important role in the broad-spectrum protec-
tion against microorganisms and predators. Further
studies are warranted in order to better understand the
ecological role of marine natural products, especially
those derived from various developmental stages, in
the mediation of coral-microbe interactions.
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