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Abstract 

This study investigates the influence of mesograzer prior exposure to toxic metabolites on palatability of 
the marine cyanobacterium, Lyngbya majuscula. We examined the palatability of L. majuscula crude 
extract obtained from a bloom in Moreton Bay, South East Queensland, Australia, containing lyn- 
gbyatoxin-a (LTA) and debromoaplysiatoxin (DAT), to two groups: (1) mesograzers of L. majuscula 
from Guam where LTA and DAT production is rare; and (2) macro- and mesograzers found feeding on 
L. majuscula blooms in Moreton Bay where LTA and DAT are often prevalent secondary metabolites. 
Pair-wise feeding assays using artificial diets consisting of Viva clathrata suspended in agar (control) or 
coated with Moreton Bay L. majuscula crude extracts (treatment) were used to determine palatability to 
a variety of consumers. In Guam, the amphipods, Parhyale hawaiensis and Cymadusa imbroglio; the 
majid crab Menaethius monoceros; and the urchin Echinometra mathaei were significantly deterred by the 
Moreton Bay crude extract. The sea hares, Stylocheilus striatus, from Guam were stimulated to feed by 
treatment food whereas S. striatus collected from Moreton Bay showed no discrimination between food 
types. In Moreton Bay, the cephalaspidean Diniatys dentifer and wild caught rabbitfish Siganus 
fuscescens were significantly deterred by the crude extract. However, captive-bred 5. fuscescens with no 
known experience with L. majuscula did not clearly discriminate between food choices. Lyngbya 
majuscula crude extract deters feeding by most mesograzers regardless of prior contact or association 
with blooms. 

Introduction 

Lyngbya majuscula is a widely distributed benthic 
cyanobacterium known to form prominent mats 
and blooms in coral reefs and seagrass beds 
(Dennison et al., 1999; Thacker & Paul, 2001; 
Thacker et al., 2001). It is a prolific producer of 
biologically active and structurally unique second- 
ary metabolites (Nagle & Paul, 1999; Burja et al., 
2001; Gerwick et al., 2001; Osborne et al., 2001) 

some of which have shown feeding deterrent prop- 
erties against generalist herbivores including fish 
(Paul & Pennings, 1991; Pennings et al., 1996; 
Thacker et al., 1997; Nagle & Paul, 1998, 1999), sea 
urchins (Pennings et al., 1996; Nagle & Paul, 1998; 
Cruz-Rivera & Paul, 2002) and crabs (Pennings 
et al., 1996). However, this cyanobacterium also 
serves as host to a diverse array of small invertebrate 
consumers (i.e., mesograzers) (Cruz-Rivera & Paul, 
2002) whose feeding behaviour is undocumented. 
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Temporal and spatial variation in the produc- 
tion of L. majuscula compounds is not uncommon 
(Nagle & Paul, 1999; Gerwick et al., 2001). 
Chemical variation poses the question of whether 
local grazers are tolerant to L. majuscula com- 
pounds. All other variables being equal, if different 
Lyngbya strains contain compounds that vary in 
their degree of deterrence against grazers, only the 
most deterrent strains would persist in areas of 
high herbivory. In areas with reduced herbivory or 
less tolerant consumers, Lyngbya strains with dif- 
ferent compounds might be able to persist. While 
some Lyngbya compounds are known to be 
deterrent or toxic (Pennings et al., 1996; Nagle & 
Paul, 1999), the relative deterrence and ecological 
function of most secondary metabolites isolated 
from L. majuscula in different populations around 
the world remain unknown. 

Some grazers readily feed on this cyanobacte- 
rium, e.g., cephalaspideans ('bubble snails') (per- 
sonal observations), and the specialist sea hare, 
Stylocheilus striatus (S. longicauda - Rudman, 
1999) which is known to sequester Lyngbya sec- 
ondary metabolites (Paul & Pennings, 1991; Avila, 
1995; Pennings et al., 1996; Capper et al., 2005), 
some of which can act as feeding stimulants 
(Pennings & Paul, 1993a; Nagle et al., 1998; Nagle 
& Paul, 1999; Cruz-Rivera & Paul, 2002). At high 
natural concentrations these secondary metabo- 
lites deter feeding and reduce growth in S. striatus 
(Pennings & Paul, 1993a; Nagle et al., 1998) which 
may in turn reduce fecundity (Pennings & Care- 
foot, 1995). Other mesograzers such as small crabs 
and amphipods have been observed consuming 
L. majuscula with varying preference (personal 
observations). Rabbitfishes (Siganidae) have also 
been observed feeding upon L. majuscula blooms 
(Hashimoto et al., 1969), with Lyngbya spp. often 
forming a common component of the adult diet 
(von Westerhagen, 1973; Bryan, 1975; Lundberg 
& Lipkin, 1979). Juvenile siganids find L. majus- 
cula unpalatable (Paul et al., 1990; Nagle et al., 
1996; Thacker et al., 1997; Nagle & Paul, 1998), 
so grazing by adult siganids may either indicate a 
tolerance for some secondary metabolites or 
selective feeding on L. majuscula without deter- 
rent secondary metabolites (personal observa- 
tions). The persistence of chemically distinct 
L. majuscula populations in different areas might 
reflect  the  relative   abundance  of diverse  con- 

sumers or their relative tolerance for particular 
compounds. 

To examine the feeding behaviour of a variety 
of consumers, we tested Moreton Bay L. majuscula 
crude extracts (containing the secondary metabo- 
lites lyngbyatoxin-a (LTA) and debromoaplysia- 
toxin (DAT)) with consumers from Australia and 
Guam. Our aims are to determine if the persistence 
of L. majuscula blooms in Moreton Bay is related 
to chemical deterrents in the cyanobacterium and, 
if so, to test whether these compounds are broadly 
deterrent or only locally deterrent. To accomplish 
this, we tested crude extracts from the same 
L. majuscula population against: (1) wild sympat- 
ric fish and invertebrates from Australia, (2) 
captive-bred sympatric fish that were artificially 
raised, and (3) allopatric L. majuscula grazers from 
Guam. Because L. majuscula also forms large 
blooms in Guam (Nagle & Paul, 1998; Thacker & 
Paul, 2001; Thacker et al., 2001), the grazers we 
tested are familiar with L. majuscula, but not with 
the secondary metabolites occurring in the 
Australian L. majuscula. 

Materials and methods 

Study organisms - Australia 

Lyngbya majuscula was collected from a bloom at 
Adams Beach on North Stradbroke Island in 
Moreton Bay, South East Queensland, Australia 
(27° 51' S, 153° 41' E) and freeze-dried for chem- 
ical extraction. Associated sea hares (Stylocheilus 
striatus, n=\2) and cephalaspideans (Diniatys 
dentifer, n= 14) were collected from these blooms 
and maintained in 50 1 tanks, prior to our feeding 
assays, in a closed circuit aquarium system Mor- 
eton Bay Research Station (MBRS), North 
Stradbroke Island. Salinities were kept between 
34-36 ppt and temperature consistent with ambi- 
ent (24 °C), with 12 h light and dark cycles. 

All vertebrate collection and experimentation 
met with guidelines provided by The Australian 
Code of Practice for the Care and Use of Animals 
for Scientific Purposes. Wild Siganus fuscescens 
were captured from Moreton Bay, South East 
Queensland using both seine and trawl nets. Wild 
fish were maintained in a 1000 1 recirculatory 
seawater  tank  system  at  MBRS.   Captive-bred 
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5. fuscescens (bred from aquarium stock in indoor 
ponds with no known experience with native 
macroalgae or seagrass species resident in the Bay) 
were obtained from Bribie Island Aquaculture 
Research Centre (BIARC) and maintained in a 
5000 1 recirculatory seawater tank system. Sepa- 
rately housed groups of fish were fed a diet of 
Ridleys Aqua-feed Native Starter 2 mm food pel- 
lets prior to testing. Individual fish were trans- 
ferred to 50 1 aquaria, with a recirculatory flow 
through, 96 h prior to testing to allow acclimation. 
Aquaria were covered to eliminate between tank 
interactions. 

Study organisms - Guam 

Animals were collected from shallow reef flats at 
Pago Bay and Piti Bombholes in Guam, Mariana 
Islands (13° 30' N, 144° 45' E). Algae and 
cyanobacteria were brought to the lab where they 
were examined for associated fauna. The most 
abundant mesograzers from these collections were 
maintained on a mixed diet of local algae and 
Lyngbya in aerated unfiltered seawater from Pago 
Bay. Four invertebrate species of mesograzers and 
one macrograzer were used: the small sea hare 
Stylocheilus striatus; («=11), the majid crab 
Menaethius monoceros (n = 15), the gammaridean 
amphipods Cymadusa imbroglio («=14) and 
Parhyale hawaiensis («=12), and the sea urchin 
Echinometra mathaei (»= 14). Stylocheilus striatus 
and C. imbroglio were obtained from Piti 
Bombholes whereas the other three consumers 
were obtained from Pago Bay. 

Except for amphipods, replicates consisted of 
individual animals placed in round plastic dishes 
(160 mm diameter, 60 mm height) filled with 
seawater. Because amphipods were smaller, we 
placed three C. imbroglio and two to three P. haw- 
aiensis in each dish. This allowed a measurable 
feeding response within 48 h. For all mesograzers, 
water was changed and faeces were removed daily 
for the test duration. Sea urchins were placed in 
flow-through 15 1 tanks. 

Pair-wise choice assays 

We tested the palatability of Australian L. majus- 
cula crude extract to a range of resident consumers 

that readily encounter L. majuscula in Guam. In 
Australia, palatability was examined in two resi- 
dent mesograzers known to consume L. majuscula 
and the macrograzer, S. fuscescens. 

Artificial diets containing or lacking L. 
majuscula crude extract were created using 
methods outlined in Hay et al. (1998). Treatment 
foods were made using L. majuscula crude 
extract (extracted in 1:1 ethyl acetate:methanol, 
see methods below) diluted in ethyl acetate and 
coated at 4.84% dry mass ('natural' concentra- 
tion based on quantity of crude extract obtained 
from 0.53 kg freeze-dried L. majuscula from 
Moreton Bay, Australia) onto freeze-dried, 
powdered Ulva clathrata (formerly Enteromorpha, 
Hayden et al., 2003). This method has been 
successfully used to test compounds from other 
L. majuscula populations (Nagle et al., 1998; 
Cruz-Rivera & Paul, 2002). Ulva clathrata was 
chosen because it is a broadly palatable alga that 
contains no known secondary metabolites 
(Pennings & Paul, 1993b). A rotary evaporator 
was used to remove all organic solvent allowing 
the hydrophobic components of the crude extract 
to adhere to the surface of U. clathrata. Control 
foods were made by treating the freeze-dried 
U. clathrata with ethyl acetate and evaporating 
the solvent as described above. Control and 
treatment foods were then incorporated into 
agar-based artificial diets (Hay et al., 1998) and 
poured onto plastic screen mesh to make food 
strips (Hay et al., 1998). Consumption was 
quantified as the number of mesh squares cleared 
of food over time. 

Control and treatment food strips were offered 
simultaneously to consumers in a pair-wise choice 
design. A fixed-consumption stopping rule was 
applied (Lockwood, 1998) where tests were 
terminated once > 50% of one of the foods had 
been consumed. Replicates in which no food was 
consumed were not used in data analysis because 
they provided no information on consumer feeding 
preference. Data were analysed using paired-sam- 
ple /-tests with Statistica® software. Cochran and 
Levene's homogeneity of variance were used to 
ascertain normality of data. Prior to analyses, data 
that deviated from normal distribution were 
transformed using either square root or logarith- 
mic transformations as required. 
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Chemical extraction and detection of secondary 
metabolites 

Freeze-dried L. majuscula (0.53 kg) from Moreton 
Bay was extracted at the University of Guam 
Marine Laboratory using a 1:1 ethyl acetate:meth- 
anol mixture. After extracting four times and fil- 
tering under vacuum, solvents from the extract were 
removed under vacuum. This crude extract was 
used for all feeding assays in Guam and Australia. 
Thin layer chromatography (TLC) was used in 
Guam to check for the presence of LTA and DAT 
in the crude extract against known standards. In 
Australia, the extract was subjected to HPLC-MS/ 
MS to quantify concentrations of LTA and DAT in 
L. majuscula. This was conducted approximately 
three months after the Guam assays. Three repli- 
cate samples of crude extract were dissolved in ethyl 
acetate and dried by rotary evaporation. Concen- 
trations of secondary metabolites (fig g_1) were 
determined by HPLC-MS/MS using a PE/Sciex 
API 300 mass spectrometer equipped with a high 
flow electrospray interface (Turbolonspray) cou- 
pled to a Perkin Elmer series 200 HPLC system. 
Separation was achieved using a 150x4.6 mm 
Altima Qg column (Alltech) run at 35°C, with a 
mobile phase consisting of 80/20 acetonitrile/hi- 
pure water containing 0.1% formic acid and 2 mM 
ammonium formate at a flow rate of 0.8 ml min-1. 
The flow was split post column such that the flow to 
the mass spectrometer interface was 250 jA min- . 
Under these conditions, the retention times were 
11.72 min for LTA and 9.3 min for DAT. The mass 
spectrometer was operated in the positive ion, 
multiple ion monitoring mode. Ions monitored with 
dwell times of over 300 ms were 438.3 (M + H) + , 
410.3 for LTA and 543.3 for DAT. Quantification 
was achieved by comparison to standards of DAT 
(kindly provided by Dr. R.E. Moore, Department 
of Chemistry, University of Hawaii at Manoa) and 
LTA (Calbiochem) run under the same conditions. 
Using a 20 /il injection the detection limit for both 
toxins was typically 0.01 mg l"1 in the extracted 
solution. 

Results 

Crude extracts of L. majuscula from Moreton Bay, 
Australia,   significantly  deterred   feeding  by  all 

consumers tested in Guam (Fig. 1) except for 
S. striatus, which was strongly stimulated to feed by 
the crude extract (p = 0.003, paired-sample /-test, 
Fig. la). Whereas, Australian S. striatus showed 
no preference for foods containing or lacking 
L. majuscula crude extract (p = 0.568, paired-sample 
/-test, Fig. 2a). Cephalaspideans from Australia 
(D. dentifer) ate significantly less of the crude 
extract (p<0.001, paired-sample /-test, Fig. 2b). 

Results from wild-caught versus captive bred 
S.fuscecens showed considerable differences. Wild 
S. fuscescens ate significantly less of the extract 
(p = 0.020, paired-sample /-test, Fig. 2c), but cap- 
tive-bred S. fuscescens had no feeding preference 
between control and treatment foods (p = 0.569, 
paired-sample /-test, Fig. 2d). 

Differences were observed in the secondary 
metabolites in the crude extract over time. TLC 
confirmed the presence of LTA and DAT in crude 
extract utilized in the Guam trials. However, 
quantification of the same crude extract used in the 
Australian trials three months later using HPLC- 
MS/MS revealed the presence of LTA only 
(11.99 mg g"1 crude extract ± 1.36 SE), suggesting 
DAT had degraded. 

Discussion 

Lyngbya majuscula crude extract from Moreton 
Bay, Australia was deterrent to most consumers 
regardless of geographic origin. Extracts deterred 
feeding by sea urchins (Echinometra mathaei), 
majid crabs (Menaethius monoceros), and two 
amphipod species (Cymadusa imbroglio, Parhyale 
hawaiensis) from Guam, as well as cephalaspide- 
ans (Diniatys dentifer) and wild-caught siganids 
(Siganus fuscescens) from Australia. In contrast, 
L. majuscula crude extract stimulated feeding by 
sea hares (Stylocheilus striatus) in Guam, but did 
not affect feeding in Australian sea hares or 
captive-bred siganids. 

All consumers used in this study commonly 
encounter L. majuscula albeit from different popu- 
lations. In previous studies, both amphipod and 
crab species from Guam were observed consuming 
local L. majuscula and mixed algal diets with 
varying preferences (personal observations), 
whereas S. striatus consumed cyanobacteria exclu- 
sively, with a strong preference for L. majuscula 
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(Paul & Pennings, 1991). Therefore, the strong 
deterrence towards L. majuscula extracts shown by 
some of these mesograzers cannot be explained by 
simple aversion to L. majuscula or cyanobacteria in 
general. 

We expected that Australian mesograzers 
directly associated with L. majuscula blooms 
would tolerate the L. majuscula secondary 
metabolites better than their Guamanian coun- 
terparts. This was not true since S. striatus and 
D. dentifer from the same bloom that yielded the 
crude extract tested were voracious consumers of 
L. majuscula in the laboratory prior to feeding 
assays (personal observations). Yet neither species 
was stimulated to feed by the presence of crude 
extract in artificial diets (as we had observed in 
S. striatus from Guam), and in fact D. dentifer was 
deterred by extracts. Although these results appear 
contradictory, changes in the chemistry of stored 
L. majuscula extracts might account for these 
patterns. Three months elapsed between trials in 
Guam and Australia, which led to measured 
changes in compound composition of the crude 
extract. Debromoaplysiatoxin (DAT) observed in 
the crude extract used in the Guam trials was not 
detected by HPLC-MS/MS in Australia in the 
same extract three months later. The degradation 
of DAT probably altered the way that consumers 
perceived the extract. In the case of D. dentifer the 
absence of DAT may have left the extract with 
only negative feeding cues. Alternatively, changes 
in the composition of other compounds not mea- 
sured in those experiments may also have altered 
the palatability of crude extract to consumers. 

While these limitations constrain the interpre- 
tation of our results from Australia, they do con- 
firm a previous report (Nagle et al., 1998) that 
S. striatus is not deterred by LTA. Negative post- 
ingestive consequences of this metabolite are 
known to include: severe oral and gastro-inflam- 
mation in humans; intestinal haemorrhaging in 
mice (Sims & Zandee van Rilland, 1981; Ito et al., 
2002); and suggestions of lethality in humans 
(Yasumoto, 1998). However, S. striatus as a spe- 
cialist grazer of cyanobacteria, can sequester and 
detoxify LTA and DAT into less harmful acetates 
(Kato & Scheuer, 1975; Pennings & Paul, 1993b, 
Pennings et al., 1996; Gallimore et al., 2000). 

The fate of these compounds in siganids has 
not yet been documented. Previous studies suggest 

that siganids consume L. majuscula in their diet 
(von Westerhagen, 1973; Bryan, 1975; Lundberg& 
Lipkin, 1979) however, the chemical composition 
of these blooms is unknown. Previous laboratory 
experiments show that wild S. fuscescens consume 
only small quantities of L. majuscula containing 
LTA, whilst they fed readily upon L. majuscula 
that had no detectable LTA or DAT (A. Capper, 
unpublished data). While wild-caught Australian 
S. fuscescens were deterred by L. majuscula 
extracts, captive-bred S. fuscescens were not. This 
difference may suggest that avoiding cyanobacte- 
rial metabolites like LTA might be a learned 
behavioral response. Some siganids may reject 
cyanobacterial compounds more strongly 
depending upon previous experience and hunger 
levels (Thacker et al., 1997). Initial encounters 
with unfamiliar compounds, such as LTA and 
DAT, may promote 'cautious' feeding behavior to 
reduce potential negative post-ingestive effects that 
may compromise the health of the organism 
(Freeland & Janzen, 1974; Pennings & Carefoot, 
1995). This could account for the high variance in 
feeding of the captive-bred siganids and lack of 
preference between treatment and control foods. 
Repeated exposure to the same crude extract may 
increase feeding if no deleterious effects ensue 
(Lindquist & Hay, 1995; Thacker et al., 1997). 

Our study shows that L. majuscula is deterrent 
to a diverse range of consumers from different 
locations. Only S. striatus from Guam and captive- 
bred siganids increased feeding on crude extracts. 
A thorough understanding of the chemistry of this 
cyanobacterium and how this affects consumer 
grazing patterns is required to help understand the 
potential of these nuisance blooms to persist. 
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