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ABSTRACT: The tropical sponge Dysidea granulosa contains a number of symbiotic heterotrophic
bacteria and large quantities of the photosynthetic cyanobacterium Oscillatoria spongeliae, which are
reported to be responsible for the production of ecologically active polybrominated diphenyl ethers
(BDEs) in Dysidea spp. In order to better understand the relationship between these symbionts and the
production of BDEs, we looked at the variation in secondary chemistry in 3 populations of D. granulosa
and the relationship between cyanobacteria and secondary chemistry in the sponge, and experimentally assessed the role that depth and light play in this relationship by transplanting sponges in the
field. At a population scale, the concentration of BDEs is positively correlated with the concentration of
chlorophyll a (chl a), both varying significantly between populations. Yet, in sponges experimentally
transplanted to a deeper site, the concentration of chl a decreased significantly while BDE concentration remained stable. We specifically tested the importance of light in determining levels of symbionts
and BDEs by placing sponges under transparent, UV-opaque, and black Plexiglas plates. After 5 wk,
levels of BDEs and chl a had decreased significantly, although these trends differed between light
treatment, suggesting a lack of direct correlation between BDEs and cyanobacterial populations. This
was also supported by a within-sponge analysis of chl a and BDEs, since high levels of compounds
were found in the choanosome of the sponge, whereas chl a and cyanobacterial contents were minimal. Our data suggest that the relationship between the levels of BDEs in D. granulosa and its photosynthetic symbionts is more complex than expected. Variation in the levels of secondary metabolites
and symbionts seems to be related at a population scale, but unrelated at an individual scale.
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Numerous organisms across broad phylogenetic
groups produce secondary metabolites (Faulkner 2001
and previous references in this series). These compounds play a role in important biological processes
including reproduction, competition and protection
against predators (Coll et al. 1990, Paul 1992, Hay
1996, McClintock & Baker 2001, Paul & Puglisi 2004).
Rather than constant levels of secondary metabolites,
producers have highly variable levels of compounds in

their tissues and there is evidence that chemical variation has an effect on predators, competitors, community structure and dynamics, and on evolution (Coley &
Barone 1996, Cimino & Ghiselin 2001, Paul et al. 2001).
Understanding the causes of this variation provides
valuable information not only about the factors affecting the production of secondary metabolites but also
about the circumstances under which producers invest
more in chemical defenses (Karban & Baldwin 1997).
Light quality and intensity, mineral deficiencies,
water availability, temperature, physiological stage,
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genetics, stress, predators, pathogens and competitors
are some of the factors that regulate the production of
secondary metabolites in terrestrial systems (Rice
1984, Karban & Baldwin 1997, Wink 1999). In marine
systems, most studies have investigated the role of biological factors in the production of secondary metabolites and point to predation as one of the main factors
affecting chemical variation (Hay 1996). However,
many organisms have a background level of secondary
metabolites that is modified by predation. This background level may be determined by genetic as well as
physical, biological and environmental factors that
have remained largely uninvestigated.
There is some evidence that physical and environmental factors influence the production of secondary
metabolites by marine organisms. Desiccation of the
brown alga Dictyota ciliolata reduces levels of secondary metabolites and causes the plant to become
more susceptible to grazing (Cronin & Hay 1996a).
Nutrient availability determines phenolic levels in
Fucus vesiculosus (Yates & Peckol 1993). Light may
also be a factor regulating levels of secondary chemistry in marine organisms. Some compounds are suggested to provide protection against UV radiation in
several phyla (Stochaj et al. 1994, Dunlap & Schick
1998, Karentz 2001), and their levels could be modified
according to the amount of UV radiation encountered
in the environment (Gleason 1993, Karentz 2001).
Moreover, there is evidence that secondary metabolites may be produced by symbionts or associated
microorganisms, whose populations could be determined by light and nutrient levels in the environment.
Photosynthetic cyanobacteria are responsible for the
production of several compounds in Dysidea herbacea
(Unson & Faulkner 1993, Unson et al. 1994). Okadaic
acid, found in the sponge Haliclona okadai (Tachibana
et al. 1981), is produced by a dinoflagellate (Yasumoto
et al. 1987). Antimicrobial compounds from the sponge
Hyatella sp. are actually produced by an associated
Vibrio sp. (Oclarit et al. 1994), and 2 different classes of
compounds from the sponge Theonella swinhoei are
produced by 2 different bacterial symbionts present in
the sponge (Bewley et al. 1996).
Sponges are widespread organisms that produce a
great variety of secondary metabolites (Faulkner 2001)
and host large numbers of associated microorganisms
in their bodies (Wilkinson 1978, Rützler 1990). These
characteristics make sponges excellent organisms in
which to study variation in the production of secondary
metabolites and the relationship between environmental factors and symbionts. Sponges of the genus
Dysidea produce a high diversity of secondary metabolites including terpenes, sterols, chlorinated amino
acids, alkaloids and polybrominated diphenyl ethers
(Dunlop et al. 1982, Carmeli et al. 1988, Fu & Schmitz

1996, Bandaranayake et al. 1997, Cameron et al. 2000,
Stapleton et al. 2001; see Venkateswarlu et al. 1998 for
a review of the extensive literature on secondary
metabolites isolated from Dysidea spp.). The secondary chemistry of the tropical species D. herbacea
has been extensively investigated. In this species, terpene metabolites are localized in sponge cells (Flowers
et al. 1998), while polychlorinated alkaloids and brominated diphenyl ethers (BDEs) are associated with
the symbiotic cyanobacterium Oscillatoria spongeliae
(Unson & Faulkner 1993, Unson et al. 1994), which
implicitly suggests cyanobacteria to be the producers
of these compounds. Yet, a marine bacterium isolated
from the tropical species Dysidea sp. and cultured on
medium broth can biosynthesize BDEs (Elyakov et al.
1991, Voinov et al. 1991).
On the reefs of Guam, the 3 closely related Dysidea
species Dysidea n. sp. aff. herbacea (ridged form),
Dysidea n. sp. aff. herbacea (smooth form), and
Dysidea n. sp. aff. granulosa share habitat and contain
photosynthetic cyanobacteria similar to Oscillatoria
spongeliae (Kelly et al. 2003, Thacker & Starnes 2003).
Dysidea n. sp. aff. granulosa is morphologically the
most dissimilar of the 3 species because, rather than
the thinly encrusting sheet-like growth form of the
Dysidea n. sp. aff. herbacea species, it has a more massive finger-like appearance and is up to several centimeters in height. There are also internal differences
between these species. Dysidea n. sp. aff. granulosa
has a large bacterial population distributed throughout
its tissue, and a population of genetically distinct
cyanobacteria (Thacker & Starnes 2003) that are exclusively restricted to the outermost 1 to 2 mm of the
sponge surface. In contrast, Dysidea n. sp. aff. herbacea contain a small population of heterotrophic bacteria and abundant cyanobacteria distributed throughout their tissues (Unson et al. 1994). In this study, we
selected Dysidea n. sp. aff. granulosa because only this
species contains exclusively large amounts of BDEs
and abundant bacteria and cyanobacteria as associated microorganisms. Our working hypothesis was
that depth and light are factors that directly control
levels of polybrominated diphenyl ethers in Dysidea
n. sp. aff. granulosa by regulating its cyanobacterial
populations, which have been reported to be responsible for the production of these compounds (Unson et al.
1994). We assessed chemical variation and chl a levels
in sponges from different locations. Then we tested the
importance of depth and light in the production of
polybrominated diphenyl ethers and in the levels of chl
a in the sponge. We also performed a within-sponge
analysis of secondary metabolites and microorganisms
associated with the sponge that provides a key to
understanding the unexpected results obtained in this
study.

Becerro & Paul: Depth, light, and sponge secondary chemistry

MATERIALS AND METHODS
Species and study sites. Off the shores of Guam
(13° 25’ N, 144° 55’ E), Dysidea n. sp. aff. granulosa (family Dysideidae, order Dictyoceratida) (Kelly et al. 2003,
Dysidea sp. 4, hereafter Dysidea granulosa) is a common
shallow-water sponge found mostly on reef flats, where
it can be locally abundant. Morphologically, it has several finger-like lobes spreading out on the substrate in
several directions and can attain an area of up to 400 cm2
and a thickness of about 2 cm (height) at our study sites.
The sponge surface is gray while the sponge inner part is
off-white. A voucher of the sponge is deposited in the
British Museum of Natural History (BMNH 1995.6.22.7,

Ectosome

Fig. 1. Dysidea granulosa. Histological sections of ectosome
and choanosome under light
(LM) and electron (TEM)
microscopy. LM pictures are
all at same magnification and
show general aspect of both
ectosome and choanosome
with sponge cells (diamond
arrows), bacteria (normal
arrows), cyanobacteria (cb),
fibers (fb) and choanocyte
chambers (cc). TEM pictures
(insets) show presence of
various bacterial types in
ectosome and choanosome

Choanosome
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photo voucher at www.flmnh.ufl.edu/reefs/guam/
guamimg/porifera/Pages/Image36.html). At Guam, this
sponge supports large populations of an endosymbiotic
filamentous cyanobacterium identified as Oscillatoria
spongeliae (Thacker & Starnes 2003, M. Borowitzka
pers. comm.) as well as heterotrophic bacteria. The individual cyanobacterial cells measure about 6 to 10 µm
wide and about 10 µm long, and they form filaments of
varying lengths, often exceeding 10 individual cells in
our samples. The sponge also contains a number of
heterotrophic bacteria varying in shape, size, content
and membrane characteristics. Both cyanobacteria and
heterotrophic bacteria occur extracellularly in the
sponge mesohyl (matrix) (Fig. 1).
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Dysidea granulosa was collected at 3 locations on
Guam’s fringing reefs. Piti Bombholes reef (hereafter
‘Piti’) is a large reef flat area protected by a reef edge
from surge and wave action. It has a maximum depth
of about 2 m at high tide and a number of ‘bombholes‘
scattered all over the reef flat. These are submerged
sinkholes, over 10 m wide, with a maximum depth
about 8 m at high tide. Piti generally lacks wave action
and strong surge but tidal currents are common and
can be moderately strong. D. granulosa is present on
the reef flat but absent from the slopes and bottom of
the bombholes. Gun Beach reef (hereafter Gun) is a
reef slope habitat with a series of 1 to 5 m wide channels whose vertical walls are perpendicular to the
shoreline. Depth is about 1 to 2 m deep at the top of the
channels and drops to 5 to 6 m at the bottom of the
channels. Channels are interconnected by small
crevices and holes. In contrast to Piti, the reef at Gun is
open to wave action and surge, which can be very
strong. D. granulosa is found on the channel walls up
to a depth of 5 to 6 m. Anae Island (hereafter Anae) is
located about half a mile off Guam’s coast. The reef
surrounding Anae shares characteristics with the reefs
at Piti and Gun. It has a number of holes that are
smaller in diameter than those at Piti and can be as
deep as ~11 m. As at Gun, wave action and surge can
be strong. D. granulosa inhabits the reef flat areas at
Anae up to a depth of about 5 to 6 m.
Secondary metabolites: extraction, isolation and
quantification procedures. Several sponges were collected from the 3 locations for general secondary metabolic identification and compound isolation. Sponges
were frozen (–20°C), freeze-dried, ground and extracted with dichloromethane (DCM) (100 ml g–1 dry
mass). After 3 h, the extract was filtered out and the
sponge material re-extracted with the same amount of
DCM. After 3 h, the new extract was filtered out and
more DCM was added for an overnight third extraction
of the sponge material. This protocol of consecutive
extractions allowed a thorough extraction of the secondary metabolites in the samples, as revealed by thinlayer chromatography (TLC) of the sequential extracts.
The 3 extracts were pooled, filtered, dried in a rotary
evaporator and weighed. This crude extract was then
redissolved in DCM and filtered through a small silica
column (ethyl acetate:hexanes 20:80) to remove most
polar materials. TLC of both crude and filtered extracts
showed the presence of 3 major metabolites in the
extracts. We used high-performance liquid chromatography (HPLC column: Alltech Econosil 10, 250 ×
10 mm, eluant: 20:80 ethyl acetate:hexanes, refractive
index detection) to further partition the filtered extract
and isolate the 3 major compounds detected by
TLC. The structures of the purified Compounds 1
(1, 5-dibromo-3-[2', 4'-dibromo-phenoxy]-2-methoxy-

benzene), 2 (3, 5-dibromo-2-[2', 4'-dibromo-phenoxy]phenol; Carte & Faulkner 1981) and 3 (2, 4 dibromo-6[2', 4'-dibromo-phenoxy]-phenol; Sharma et al. 1969,
Carte & Faulkner 1981) (Fig. 2) were determined by
1
H- and 13C-nuclear magnetic resonance spectroscopy
(NMR) and mass spectrometry (MS). The purified secondary metabolites were then used to set up a method
for their quantification in a gas chromatograph/mass
spectrometry system (GC-MS: see below).
All the specimens of Dysidea granulosa studied were
individually collected by snorkeling or SCUBA diving,
and were taken to the laboratory for quantification of
secondary metabolites. Once in the laboratory, all the
samples were frozen (–20°C) after removing any foreign debris (algae, coral rubble, small invertebrates)
from the sponge tissues. The frozen samples were then
freeze-dried and ground to obtain a homogeneous dry
powder per sample. About 500 mg of sponge dry mass
per sample (i.e. 500 mg of the dry powder) was
extracted with DCM for about 3 h (1 ml DCM 50 mg–1
sponge dry mass). This procedure was repeated twice
more to ensure exhaustive extraction. The 3 extracts
were pooled, filtered, dried in a rotary evaporator and
weighed. The percent yield of crude extract was calculated as mass of extract divided by mass of dry sponge.
For the quantification of Compounds 1, 2 and 3 by
GC-MS, crude extracts were dissolved (2 ml mg–1) in
DCM containing naphthalene (50 µg ml–1) as internal
standard (IS).
Quantification was done by a Hewlett Packard 5890
Series II GC fitted with an HP-5 capillary column (5%
phenyl methyl cross-linked silicon siloxane, 30 m long,
0.25 mm inner diameter, 0.25 µm film thickness) and
coupled to a Hewlett Packard 5972 mass spectrometer.
Gas chromatography was performed in the scan mode
using 8.8 psi of helium at 36.6 cm s–1 linear velocity.
The oven was temperature-programmed for 1.50 min
at 100°C and then ramped at 70°C min–1 to 290°C for
5 min. Injection was made in the splitless mode with an
injector-port temperature of 250°C. MS range was 50
to 600 m/z (specific mass/charge). Under these conditions retention times (Rt, in min) for the IS and the

Fig. 2. Dysidea granulosa. Structure of 3 major polybrominated diphenyl ethers present in sponge. Compound 1:
1, 5-dibromo-3-(2', 4'-dibromo-phenoxy)-2-methoxy-benzene;
Compound 2: 3, 5-dibromo-2-(2', 4'-dibromo-phenoxy)-phenol;
Compound 3: 2, 4 dibromo-6-(2', 4'-dibromo-phenoxy)-phenol
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W cm2 x 10–5

µE cm–2

A small piece of each specimen was collected at the
3 polybrominated secondary metabolites are: IS, Rt =
beginning of the experiment (time = 0), after 3 wk
3.30; Compound 1, Rt = 7.56; Compound 2, Rt = 7.75;
(time = 3), and after 6 wk (time = 6). Thus, the 10 conCompound 3, Rt = 7.98. Samples were analyzed by
trols, the 10 back transplants, and the 10 bombhole
injecting 1 µl of extract solution at a concentration of
transplants were repeatedly collected over time and
0.5 mg ml–1. We quantified the percent yield of comextracted as detailed previously. We quantified levels
pounds in the extracts by comparing the ratio ‘area of
of Compounds 1, 2 and 3 and chl a (see next subsection
compound divided by area of IS‘ in the samples to a
for chl a quantification procedure). We analyzed the
calibration curve calculated with known concentradata with a 2-way repeated measures analysis of varitions of pure compounds (Compound 1, R2 = 0.993;
ance (ANOVAR) with Time as the within-subject factor
Compound 2, R2 = 0.989; Compound 3, R2 = 0.992). To
and Treatment (control, transplant control and depth
calculate the percent yield of compounds per sponge
treatment) as the between-subject factor.
dry mass we multiplied the proportion yield of comTo test the importance of light on the levels of secpound in the extract by the proportion yield of crude
ondary compounds in Dysidea granulosa, we collected
extract in the sponge × 100.
50 specimens from Piti. Of these 50 specimens, 10 were
Sampling and experimental design. In this study, we
haphazardly selected, labeled and left on the reef as an
investigated variation in the secondary metabolites of
overall control (Piti control). The 40 remaining speciDysidea granulosa and its symbionts at the population
mens were placed in coolers with seawater and immeand individual level. We used both observational and exdiately transported 20 km south to Cocos Lagoon
perimental approaches to investigate the relationship
(about 30 min from Piti) where we set up the following
between secondary metabolites and symbionts and the
experiment (see Fig. 3). We labeled and left 10 specirole that depth and light have in this relationship.
ments on the reef as a transplant control (Cocos transFirst, we quantified the levels of secondary metaboplant control). Another 10 specimens were labeled and
lites and chl a in sponges from Anae, Gun and Piti reefs.
placed underneath transparent plates (plate transplant
We separately analyzed tissues from the ectosome and
control; PlexiglasII UVT, which allowed passage of
choanosome of the sponge to investigate within-sponge
all ultraviolet radiation transmitted above 275 nm and
variation. Ectosome refers to the outer, colored layer
the visible light spectrum), 10 specimens were placed
of sponge while choanosome refers to the white inner
under UV-opaque plates (UV treatment transplant;
matrix. Ectosome was easily separated from the
PlexiglasUF-3 that blocked out light and short-wavechoanosome by scratching the surface of freeze-dried
length light transmitted below 450 nm, but allowed
specimens with a razor-blade until the whitish chopassage of the visible light spectrum), and the remainanosome was visible. We also investigated withincolony variation by examining branch-tobranch variation in secondary metabolites. A
branch refers to each of the finger-like lobes
characteristic of Dysidea granulosa. We colPiti
Cocos transplant Plate transplant
UV treatment Black treatment
control
control
control
transplant
transplant
lected 3 branches from each of 8 sponges from
Piti. The data were analyzed by a nested
0.150
PAR
a
a
a
Analysis of Variance with factor branch
0.096
p < 0.001
nested within each level of the factor sponge.
0.054
Second, we used an experimental approach
0.024
to test the importance of depth and light as
0.006
factors affecting the levels of secondary
b
0.000
metabolites in the sponge. To test the impora
tance of depth, we worked with 30 specimens
1.00
UVR
on the reef flat at Piti, transplanted some of
0.64
p < 0.001
these, and quantified the levels of secondary
b
0.36
metabolites over a 6 wk period. We labeled 10
specimens, and left them on the reef flat with0.16
out any handling as an overall control. The
0.04
c
c
remaining 20 specimens were transported to
0.00
the bottom of the bombholes where 10 speciFig. 3. Mean (±1 SE, N = 5) photosynthetically active radiation (PAR)
mens were labeled and left at 6 m as a depth
and ultraviolet radiation (UVR) received by different treatments in
treatment, while the remaining 10 specimens
experiment testing effect of light on production of secondary metabowere labeled and transported back to the reef
lites in Dysidea granulosa. Probabilities calculated by 1-way ANOVA.
Bars sharing same letters do not differ at α = 0.05
flat as a transplant control (back-transplant).
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Fig. 4. Dysidea granulosa. Mean (±1 SE) percent of compounds (as % dry mass) of the 3 polybrominated diphenyl
ethers in sponges from the 3 localities investigated. Note
different scales of graphs. Further details as for Fig. 3

ing 10 specimens were placed under black plates
(black treatment transplant; non-translucent regular
Plexiglass plates painted black that blocked out both
UV radiation and the visible light spectrum). All the
plates used in this experiment were 3 mm thick, 30 ×
30 cm Plexiglass squares, with a hole drilled at each
corner. Cable ties passed through these holes secured
every plate to 4 rebar stakes that were driven into
the substrate to form a square. At opposite corners,
2 stakes were then linked by another stake crossing at
substrate level, which was used to secure the sponges
underneath the center of the plates. The plates were
5 to 10 cm above the sponge. Light (photosynthetically
active radiation, PAR) and ultraviolet radiation (UVR)
were measured over 1 d in all the treatments at Cocos
(Fig. 3) with an IL 1700 research radiometer (International Light) with a SUD 033 probe for PAR and a SUD
240 for UVR. We sampled a small (1 cm) piece of
sponge from each replicate at the beginning of the
experiment, after 3 wk, and at the end of the experiment (5 wk). We used a 2-way ANOVAR with Time as
the within-subject factor and Treatment (Piti control,

Cocos transplant control, plate transplant control, UV
treatment transplant, and black treatment transplant)
as the between-subject factor.
Symbiont quantification. We quantified levels of
chl a in tissues from Dysidea granulosa as an estimation of the amount of photosynthetic cyanobacteria in
the sponge. Chlorophyll quantification is one of the
most useful chemical methods for determining the total
quantity of photosynthetic organisms (Parsons et al.
1984). According to our histological observations, the
cyanobacterium Oscillatoria spongeliae is the only
source of chl a in the sponge, and therefore, levels of
chl a must be related to the amount of cyanobacteria in
the sponge (and their physiological condition). Overnight, we extracted 100 mg of sponge dry mass with
5 ml of 90% acetone. We kept all samples in the dark
during chlorophyll extraction. Chlorophyll quantification was done immediately after extraction and we
quantified our samples following a random order. We
transferred 2 ml of the resulting extracted solution to a
fluorometry cell. Quantification of chl a in the solutions
was done by a Shimadzu 2100 UV-visible recording
spectrophotometer measuring absorbance extinctions
at wavelengths of 630, 645, 665 and 750 nm and then
following the spectrophotometric equations of Jeffrey
& Humphrey (1975). The amount obtained (µg ml–1)
was then multiplied by 5 and divided by the amount
(in mg) of sponge extracted, to obtain the final
concentration of chlorophyll per mass of sponge.
We also used standard techniques for ultrastructural
observation and quantification of the symbionts (Reynolds 1963). Briefly, we fixed about 20 small (1 to
2 mm3) fragments from the ectosome and choanosome
of several sponges in 2.5% glutaraldehyde in cacodylate buffer (pH 7.2) for 6 h at 4°C. The sponge pieces
were then postfixed with OsO4 (1% in the same buffer)
for 2 h at 4°C, dehydrated in an acetone series, and
embedded in Spurr epoxy resin at room temperature.
Ultra-thin sections obtained with a Reichert ultracut
microtome were stained with uranyl acetate and lead

Chlorophyll a (mg g–1 of dry mass)
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0.5

a
b

0.4

p = 0.048
ab

0.3
0.2
0.1
0.0

Anae

Gun

Piti

Fig. 5. Dysidea granulosa. Mean (±1 SE) chl a content (mg g–1
sponge dry mass) in sponges from the 3 localities investigated. Further details as for Fig. 3
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citrate for ultrastructural observations in an
Hitachi H800 MT microscope. We have
made qualitative observations on various
fragments from the ectosome and choanosome of multiple specimens, but a thorough
quantification of symbionts across sponges
and populations using ultrastructural techniques was beyond the scope of our study.
To quantify symbionts in the ectosome and
choanosome, we haphazardly took 5 pictures of the ectosome and choanosome of
several sponge fragments. A 384-point grid
over the pictures allowed calculation of
percent bacteria and cyanobacteria in the
sponge tissues as number of points over
symbionts divided by total number of points.

Secondary metabolites (% of dry mass)
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AnaeIsland
Compound 2
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6

0

ab

0.6

0.02

0

p = 0.013 b
a

a

8

p = 0.652

0.00

0.6

from Anae had significantly higher concentrations of
the 3 secondary metabolites than sponges from Gun.
Sponges from Piti had levels of Compounds 2 and 3
intermediate to those from Anae and Gun, while Compound 1 was absent or found at concentrations below
our GC detection threshold (Fig. 4).
Levels of chl a had the same pattern as those of the
secondary metabolites (ANOVA; F = 3.487, p = 0.048;
Fig. 5). In fact, we found a significant positive rela-

0.02

0.04

0.4

Fig. 6. Dysidea granulosa. Relationship between chl a content (mg g–1 sponge
dry mass) and Compounds 2 and 3 (percent yield of sponge dry mass)
in sponges from the 3 localities investigated. Note different scales of graphs

p = 0.144

Secondary metabolites (% of dry mass)

0.6

Chlorophyll a (mg

Significant differences in the concentration of secondary metabolites were found in sponges from all
3 localities investigated (ANOVA; Compound 1: F =
7.331, p = 0.014; Compound 2: F = 4.516 p = 0.015;
Compound 3: F = 5.230, p = 0.008; Fig. 4). Sponges

Fig. 7. Dysidea granulosa. Effect of
depth on mean (±1 SE) percent yield
of the 3 polybrominated diphenyl
ethers. Sponges sampled at the beginning of experiment (time = 0),
after 3 wk (time = 3) and at end of
experiment (time = 6). Probabilities
calculated by 1-way ANOVAR. Bars
sharing same letters do not differ at
α = 0.05. Note different scales of
graphs

r = 0.687, p < 0.001
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0.5

Control

p = 0.932

0.4
0.3

decreased over time in sponges from the depth treatment (F = 5.421, p = 0.010; Fig. 8) while it remained
stable in sponges from the control (F = 0.070, p = 0.932)
and transplant control (F = 0.770, p = 0.925).

Chlorophyll a content (mg g–1 of dry mass)

0.2
0.1

Light, symbionts and secondary metabolites

0.0
0.5

Transplant control
p = 0.925

0.4
0.3
0.2
0.1
0.0
0.5
0.4

Depth treatment
p = 0.010
a
a
b

0.3
0.2
0.1
0.0

0

3
6
Time (wk)

Fig. 8. Dysidea granulosa. Effect of depth on mean (±1 SE)
chl a content (mg g–1 sponge dry mass. Further details as for
Fig. 7

tionship between levels of chl a and concentrations of
Compounds 2 and 3 (r = 0.458, p = 0.018 and r =
0.687, p < 0.001 respectively; Fig. 6).

Depth, symbionts and secondary metabolites
ANOVAR showed that levels of Compound 2, Compound 3 and chl a changed over time, depending on
the treatment investigated (interaction terms: F =
3.693, p = 0.010; F = 3.031, p = 0.026; and F = 3.352, p =
0.017 respectively). We were unable to perform this
analysis with Compound 1 because of its absence from
many sponges. A further analysis of the effect of time
within each treatment level showed that levels of Compounds 2 and 3 increased over time in the control
sponges (F = 11.721, p < 0.001 and F = 5.605, p = 0.013,
respectively; Fig. 7), but remained stable in sponges
from the transplant control (Compound 2: F = 1.665, p
= 0.172; Compound 3: F = 1.470, p = 0.263) and depth
treatment (Compound 2: F = 0.028, p = 0.972; Compound 3: F = 0.119, p = 0.887). No differences over time
were detected for Compound 1 (Fig. 7). Chl a content

ANOVAR showed that levels of Compound 2 (F =
6.916, p = 0.002), Compound 3 (F = 6.476, p = 0.003),
and chl a (F = 4.631, p = 0.014) significantly decrease
over time in the different light treatments (Figs. 9 &
10). Also, treatment seemed to play a role in the levels
of the major metabolite Compound 2 (F = 2.682, p =
0.059). We were unable to perform this analysis with
Compound 1 because of its absence from many
sponges. A further analysis of the effect of time within
each treatment level showed that levels of Compound
2 significantly decreased in sponges under the transparent plate (plate transplant control, F = 24.358, p =
0.001) but not in the other treatments (Fig. 9). On the
other hand, levels of chl a decreased in the control
sponges (Cocos transplant control, F = 5.362, p = 0.046)
and in the black plate treatment (black treatment
transplant, F = 11.343, p = 0.009) but not in the other
treatments (Fig. 10).

Variation at sponge level
We found significant variation in the levels of Compound 2 among sponges in the same habitat (F = 5.318,
p < 0.001). We found no significant differences for
Compound 3 (F = 2.124, p = 0.079) and there were
insufficient data to analyze Compound 1. Levels of
both Compounds 2 and 3 were similar among the different finger-like lobes or branches in individual
sponges (F = 1.111, p = 0.397 and F = 0.867, p = 0.608
respectively).
In regard to differences between the outer and inner
part of the sponge (ectosome and choanosome), all
compounds investigated were more concentrated in
the inner part of the sponge (Compound 1: t = –2.483,
p = 0.042; Compound 2: t = –2.180, p = 0.039, Compound 3: t = –3.195, p = 0.004, Fig. 11). Chl a levels had
an opposite pattern, with higher values in the ectosome than in the choanosome (t = 20.924, p < 0.001,
Fig. 12). Considering data from the ectosome and
choanosome separately, there was a significant positive relationship between the concentrations of chl a
and Compound 3 in both the ectosome and choanosome (r = 0.516, p = 0.007 and r = 0.566, p = 0.003
respectively Fig. 13), while Compound 2 was only
related to chl a in the ectosome (r = 0.478, p = 0.013),
and not in the choanosome (p = 0.248).
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However, cyanobacteria and heterotrophic bacteria
had opposite distributions in the sponge. The cyanobacterial population was basically restricted to the
ectosome of the sponge (t = 25.468, p < 0.001, Figs. 1 &
14). Heterotrophic bacteria, on the other hand, are
significantly more abundant in the choanosome (t =
–3.432, p = 0.009, Figs. 1 & 14).

Symbiont quantification by ultrastructural
observation
Symbionts (pooled cyanobacteria and heterotrophic
bacteria) were equally abundant in the outer and inner
parts of the sponge (about 18% of the surface in our
pictures were symbionts, t = 0.159, p = 0.878; Fig. 14).
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Fig. 9. Dysidea granulosa. Effect of light on mean (±1 SE) percent yield of the
3 polybrominated diphenyl ethers. Sponges sampled at beginning of experiment (Time = 0), after 3 wk (Time = 3) and at end of experiment (Time = 5).
Note different scales of graphs. Further details as for Fig. 7

Irrespective of the scale investigated, the
production of secondary metabolites is
highly variable in marine organisms (Uriz
et al. 1991, Steinberg 1992, Harvell et al.
1993, Becerro et al. 1995, 1998, de Nys et
al. 1996). The causes and consequences of
this variation are receiving much attention
from marine researchers due to the important biological, ecological and evolutionary
implications (Chanas et al. 1996, Cronin &
Hay 1996a,b, Hay 1996, Becerro et al. 1998,
Sarà et al. 1998, Paul & Puglisi 2004). Some
marine organisms modify their levels of
secondary metabolites according to the
predation level (Paul & Van Alstyne 1992,
Teeyapant & Proksch 1993, Cronin & Hay
1996b); however, other factors that may
influence this plasticity need investigation.
Physical or environmental factors play a
major role in determining levels of secondary chemical compounds in marine
algae (Yates & Peckol 1993, Cronin &
Hay 1996a), and may be equally important
for invertebrates (Thompson et al. 1985,
1987, Becerro et al. 1995). Specimens of the
sponge Aplysina fistularis collected from
5 to 15 m have high concentrations of
aerothionin and homoaerothionin, while
specimens collected above 5 m lack
these compounds (Thompson et al. 1985).
Photophilic specimens of the sponge
Crambe crambe are less toxic than their
sciaphilous counterparts (Becerro et al.
1995). In addition, many invertebrates host
large quantities of symbionts in their
bodies. Whether photosynthetic or heterotrophic, symbionts can be responsible for
the production of secondary metabolites
ascribed to the host (Unson & Faulkner
1993, Oclarit et al. 1994, Unson et al. 1994,
Bewley et al. 1996), and the symbiont
population may be modulated by environmental factors such as the amount of light
encountered by the host.
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of D. herbacea can be subdivided into 2 chemotypes,
some specimens produce sesquiterpenes and polychlorinated compounds and others produce only polybrominated diphenyl ethers (BDEs) (Faulkner et al.
1994). The species D. granulosa investigated in this
study contained exclusively large quantities of BDEs as
secondary metabolites, and the cyanobacterium Oscillatoria spongeliae and heterotrophic bacteria as symbionts. Although D. herbacea and D. granulosa are
chemically and taxonomically closely related, they
clearly differ externally and internally. D. herbacea is
a thin sheet-like encrusting sponge with abundant
cyanobacteria distributed throughout its tissues, while
the thicker finger-like lobes of D. granulosa allow a
clear differentiation between the cyanobacteriapacked ectosome and the bacteria-filled choanosome.
In contrast to D. herbacea, both bacterial groups are
abundant in D. granulosa.
There is contrasting information as to whether bacteria or cyanobacteria are the producers of BDEs. A bacterium of the genus Vibrio isolated from the Samoan
sponge Dysidea sp. is capable of producing BDEs
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Fig. 10. Dysidea granulosa. Effect of light on mean (±1 SE)
chl a content (mg g–1 sponge dry mass). Sponges sampled at
beginning of experiment, after 3 wk and at end of experiment.
Probabilities calculated by 1-way ANOVAR. Further details
as for Fig. 7

Dysidea spp. are widespread in shallow tropical
waters and produce a great variety of compounds
including many terpenes, sterols, alkaloids, amino
acids and halogenated secondary metabolites (reviewed by Venkateswarlu et al. 1998). In their tissues
many Dysidea spp. also have photosynthetic cyanobacteria and heterotrophic bacteria that seem capable
of producing secondary compounds ascribed to the
host. In the sponge D. herbacea, specific secondary
metabolites are associated with different producers.
Sponge cells produce sesquiterpenes (Unson &
Faulkner 1993, Flowers et al. 1998) while cyanobacteria produce polychlorinated compounds (Unson
& Faulkner 1993, Flowers et al. 1998). Also, specimens
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Fig. 11. Dysidea granulosa. Mean (±1 SE) percent yield of the
3 polybrominated diphenyl ethers in outer (ectosome) and
inner (choanosome) part of sponge. Probabilities calculated
by paired t-tests, 2-tailed p-values reported. Note different
scales of graphs
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and associated probabilities. Note different scales of graphs
association between the isolated Vibrio strain
that produced polybrominated compounds and
Dysidea species; and second, no evidence of
Elyakov et al. (1991) and Voinov et al. (1991) and the
the relative abundance of this bacterium in the sponge
D. granulosa investigated in our study are the same
(Unson et al. 1994). Polybrominated compounds are
species is not known.
typically present in Dysidea spp. at high concentraAlternatively, the rate of production and release of
tions, which would also require high concentrations of
polybrominated compounds to the mesohyl may be
the symbiont responsible for their production (Unson &
more important than the actual number of producers.
Faulkner 1993, Faulkner et al. 2000). According to
BDEs are reportedly stored in the sponge mesohyl,
Unson et al. (1994), the high number of cyanobacteria
with only a relatively small amount found in the procould account for the high concentration of compounds
ducers (Unson et al. 1994). If this is so, then fewer numfound in D. herbacea; while according to Faulkner et
bers of producers with a high rate of production might
al. (2000), the few eubacteria found in the sponge
be compatible with high concentrations of BDEs in
could not account for such high concentrations. In conthe sponge. The strongest proof of a metabolite being
trast, large numbers of bacteria were associated with
assigned to a specific producer could be obtained by
the D. granulosa investigated in our study. Cyanoisolating and culturing the organism and then demonbacteria are also abundant in D. granulosa, but are
strate its metabolite production in culture (Faulkner et
restricted to the outermost layer of the sponge. In view
al. 2000). Pure cultures of the bacterium Vibrio sp. can
of the large number of bacteria in the tissues of D.
granulosa, bacteria may account for the high concentration of secondary metabolites in this species.
Whether the Dysidea sp. from Samoa investigated by
20
15
10
5
0

0.2
0.0
Ectosome

Choanosome

Fig. 12. Dysidea granulosa. Mean (±1 SE) chl a content (mg g–1
sponge dry mass) in outer (ectosome) and inner (choanosome)
part of sponge. Probabilities calculated by paired t-tests.
2-tailed p-values shown
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bacteria p = 0.009
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Fig. 14. Dysidea granulosa. Mean (±1 SE) percent of symbionts (all photosynthetic cyanobacteria and heterotrophic
bacteria), cyanobacteria and bacteria (calculated by TEM
images) present in outer (ectosome) and inner (choanosome)
part of sponge. Probabilities calculated by paired t-tests.
2-tailed p-values shown
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biosynthesize the polybrominated compound present
in the sponge (Elyakov et al. 1991, Voinov et al. 1991);
this has yet to be demonstrated for the cyanobacteria.
In our study, we found a positive relationship between secondary metabolites and chl a content in
Dysidea granulosa, which seemed to indicate a positive relationship between cyanobacteria and production of BDEs (i.e. it may support the hypothesis that
cyanobacteria are responsible for the production of
polybrominated compounds in the sponge). However,
within-colony analysis also showed that high levels of
secondary metabolites are present in the choanosome,
where chl a content is at its minimum, cyanobacteria
are almost absent, and large numbers of bacteria share
the mesohyl with the sponge cells. Our data may then
indicate some sort of relationship between bacteria
and secondary metabolites, supporting the hypothesis
that bacteria and not cyanobacteria are responsible for
the production of BDEs (Elyakov et al. 1991, Voinov et
al. 1991). Our experimental evidence also demonstrated a lack of relationship between cyanobacteria
and secondary metabolites. For example, when we
tested the effect of depth, control sponges significantly
increased their levels of Compounds 2 and 3 with
increasing depth, while chl a content remained constant. Accordingly, we found no effects of depth and
light on the production of secondary metabolites, suggesting that their production is not directly related to
changes in the cyanobacterial population. Other factors may influence the concentration of secondary
compounds. Although not to a statistically significant
degree, the levels of secondary metabolites in sponges
under any type of screen-plates tended to decrease
over time (see Fig. 9). Plates could interfere with water
flow and thus with nutrition, release of waste products,
or the general health of the sponge, affecting not only
the production of secondary metabolites but also many
other traits of the sponge.
Our data suggest a negative relationship between
cyanobacteria and bacteria at a within-colony level.
Whether this relationship exists at the population level
is not clear, but the absence of cyanobacterial polychlorinated compounds in the species with polybrominated compounds (Dunlop et al. 1982) might suggest
some kind of negative interaction between symbionts.
The BDEs in Dysidea spp. have antimicrobial properties (Faulkner et al. 1994) and might also have an effect
on certain cyanobacterial strains. Dysidea spp. have
genetically distinct cyanobacterial strains (Thacker &
Starnes 2003), so the possibility that cyanobacterial
strains in Dysidea spp. differ in their capacity to produce or in their resistance to polybrominated and polychlorinated compounds cannot be ruled out. Flowers et
al. (1998) found polychlorinated diketopiperazines in
one preparation of Oscillatoria spongeliae but not in

another from the same sponge. They suggested that
the capability to synthesize secondary metabolites may
depend on the physiological state of the symbiont or
that there may be 2 closely related cyanobacterial
strains within the sponge tissue. At the species level,
there is little genetic variation in the cyanobacteria
within D. herbacea (Thacker & Starnes 2003), which
would seem to indicate that the physiological state of
the cyanobacteria was responsible for the contradictory results of Flowers et al. (1998). Alternatively, a
cyanobacterial strain may fail to produce polychlorinated compounds under the influence of certain species of bacteria or sponge cells may play a role in regulating metabolite production in the symbionts.
Cyanobacterial polychlorinated compounds are found
in sponge specimens, whereby the sponge’s own cells
produce terpenes (Flowers et al. 1998). Whether or not
terpenes play a role in regulating metabolite production in the symbionts is unknown. Genetically distinct
cyanobacterial populations do occur in D. herbacea
and D. granulosa (Thacker & Starnes 2003), and this
could partially explain the results of our study.
Symbiotic microbial populations have only recently
received attention from marine chemical ecologists.
Our data suggest that a world of interactions between
symbionts and hosts remains largely uninvestigated.
Taking microbial symbionts into account in studies of
chemical ecology will not only expand our knowledge
of the chemically mediated interactions that may
regulate symbiotic populations, but also the role that
symbionts and their secondary metabolites play in the
biology, ecology and evolution of their hosts.
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