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ABSTRACT: Vectors play a critical role in the ecology of infectious disease by facilitating betweenhost transmission, emphasizing the multi-species nature of disease. Corals are suffering an onslaught
of infectious diseases, yet we know little about the role of vector species in the ecology of these epizootics. The infection of octocorals by the fungus Aspergillus sydowii is a widespread Caribbean
coral disease. The snail Cyphoma gibbosum is a likely vector species because it is a specialist predator of octocorals, moves regularly among coral colonies, and aggregates on diseased corals. We used
a novel application of stable isotope techniques and antifungal-resistant strains of A. sydowii to identify the potential for this snail to vector disease. The use of both isotopically labeled and hygromycinresistant fungus was successful in definitively tracing A. sydowii through the guts of C. gibbosum
from ingestion to feces. Further, we demonstrated in laboratory experiments that snails fed antifungal-resistant A. sydowii excrete viable spores and hyphae in their feces. Overall, this study demonstrates the usefulness of isotopic labeling and antifungal-resistant fungi to trace the movement of
pathogen propagules in microbially diverse environments, and suggests that C. gibbosum may be
able to spread aspergillosis between octocoral hosts.
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Infectious disease rarely involves just pathogen and
host. Rather, networks of species interact with the
pathogen either directly through vector-based transmission and multiple host species, or indirectly
through disease-mediated effects on community structure and function (Antonovics et al. 1995, Dobson 2004,
Hatcher et al. 2006, Keesing et al. 2006). Vectors are a
critical component of the network of species interacting with infectious diseases because of their influence
on the epidemiological cycle. Vector-borne diseases
are often highly virulent, due to the increase in transmission efficiency they afford (Ewald 1983), and transmission is generally frequency-dependent (Antonovics
et al. 1995), which alters the impact of species diversity
on disease dynamics (Dobson 2004, Keesing et al.

2006). Vector biology can also interact with environmental changes to influence disease dynamics; for
example, climate change and globalization can alter
the distribution and life cycle duration of vectors
(Harvell et al. 2002, Anderson et al. 2004).
In contrast to well-known vector dynamics on land,
vectors of marine diseases are comparatively rare
(McCallum et al. 2003). However, this could be the
result of insufficient study rather than a genuine pattern. With the recent increase in the number and
severity of marine epidemics (Harvell et al. 2004, Ward
& Lafferty 2004), identifying marine diseases where
vectors play a role is critical to management. This is
especially true for diseases infecting a sessile host,
where the presence of vectors could dramatically
increase the rate of disease spread (McCallum et al.
2003).
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Corals are vulnerable to emergent disease due to the
numerous environmental stressors placed upon the
coral holobiont (Hoegh-Guldberg 1999, Gardner et al.
2003, Hughes et al. 2003, Harvell et al. 2007), as well as
their proximity to coastal pathogen sources (Patterson
et al. 2002). Several coral diseases have vectors that
contribute to, but are not entirely responsible for, disease spread. These vectors are almost exclusively coral
predators that inadvertently ingest pathogens and
spread them during feeding movements. Corallivorous
snails have been identified as vectors of an unknown
disease in Caribbean acroporid corals (Williams &
Miller 2005), and have been associated with coral disease outbreaks in the Red Sea (Antonius & Riegl 1997).
In the Mediterranean, the predatory polychaete Hermodice carunculata is a vector and reservoir of the
coral pathogen Vibrio shiloi (Sussman et al. 2003).
While these vectors are not the sole mechanism of
transmission, positive feedback due to injury from predation and aggregative feeding behavior suggest that
they play a critical role in the ecology of these coral
diseases.
Aspergillosis is a fungal disease of Caribbean octocorals caused by Aspergillus sydowii. This disease was
first observed in the early 1990s (Nagelkerken et al.
1997a,b) and infects at least 8 different species of octocorals (Smith & Weil 2004), the dominant group on
many Caribbean reefs (Opresko 1973). Specialist
predators, such as the snail Cyphoma gibbosum, that
are dependent on octocorals for habitat, food, and
oviposition sites, are a group that will likely suffer the
effects of aspergillosis. C. gibbosum is common on
many Caribbean reefs, and makes regular mate- and
food-searching movements (Nowlis 1993), with snails
moving among corals on average every 3 d (K. Rypien
unpubl.). Although C. gibbosum will eat most octocoral species, it does demonstrate distinct host preferences. The most common preferred genera include
Eunicea, Plexaura, Pseudopterogorgia, and Gorgonia
(Birkeland & Gregory 1975, Harvell & Suchanek 1987,
Lasker & Coffroth 1988, Lasker et al. 1988, Chiappone
et al. 2003, K. Rypien unpubl.).
Observations of increased density of Cyphoma gibbosum on diseased sea fans (Nagelkerken et al. 1997a,
Slattery 1999), and the overlap between preferred
octocoral species and those infected by Aspergillus
sydowii (Smith & Weil 2004), suggest that aspergillosis
may affect non-host species by altering the distribution
of predators. Although the mode of transmission of
aspergillosis is unknown, an analysis of spatial patterns of disease suggests that direct contact is not the
sole mechanism of transmission, and secondary mechanisms such as vectors may facilitate spread at locations with high disease prevalence (Jolles et al. 2002).
Thus, C. gibbosum is a key link in the disease ecology

of aspergillosis, as it is likely influenced by disease
through the removal of its coral prey, and may in turn
influence between-host transmission of aspergillosis
by acting as a vector.
Marine environments are microbially diverse, making the study of a single species or strain of pathogen
challenging. Previous studies tracing the gut passage
of pathogens often relied on direct culturing or molecular identification (Dromph 2001, Colgan & Claridge
2002, Meier et al. 2002, Lilleskov & Bruns 2005), both
of which are ineffective for cosmopolitan species such
as Aspergillus sydowii, which is a common indoor air
contaminant (Klich 2002). Here we investigated 2
methods for tracing pathogen propagules through the
environment: the use of isotopically labeled or
hygromycin-resistant A. sydowii. The ecological likelihood of snails feeding on diseased corals was assessed
using a choice-feeding assay, where snails were
offered artificial food amended with crude organic
extracts from diseased and healthy corals. The results
of these studies demonstrate the utility of these methods to track the passage and viability of ingested fungus, and indicate that Cyphoma gibbosum may be a
vector of aspergillosis.

MATERIALS AND METHODS
Food choice experiment. Sixteen adult (> 2.5 cm)
Cyphoma gibbosum were collected from North Norman’s Reef (23° 47’ 386’’ N, 76° 08’ 273’’ W), Bahamas.
Snails were maintained in individual cages (14 × 14 ×
14 cm) in a flow-through natural seawater system at
the Perry Institute for Marine Science, Caribbean
Marine Research Center. Snails were acclimated and
starved for 4 d prior to experimentation.
Artificial food consisted of 2.5% carrageenan and
12.5% feeding attractant (10 cm fragment of homogenized Eunicea flexuosa [formerly Plexaura flexuosa,
Grajales et al. 2007], a preferred food source; Harvell &
Suchanek 1987, Lasker & Coffroth 1988, Lasker et al.
1988, Chiappone et al. 2003) in 10 ml distilled water,
and organic extracts from either healthy or diseased
Gorgonia ventalina. Organic extracts were prepared
by collecting fragments from G. ventalina colonies
(10 healthy, 10 diseased), extracting twice in dichloromethane, evaporating the dichloromethane, and resuspending in a minimal amount of acetone. The
extracts were added to the artificial food at naturally
volumetric concentrations. The artificial food was
poured into molds and cut into 3 × 1 × 0.2 cm pieces
and weighed. Snails were given a block of food from
each treatment spaced equidistantly in the cage. Once
at least 50% of both blocks of food was consumed
(approximately 20 h), the food was removed, patted
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dry, and re-weighed. The proportion of food eaten was
checked for normality and analyzed using a paired ttest with JMP 6.0.
Gut passage experiment. In June 2007, 22 adult
(> 2.5 cm) Cyphoma gibbosum were collected from
reefs near Key Largo, Florida (USA), and shipped to
Ithaca, New York (USA). There, the snails were acclimated without feeding in an artificial seawater system
(12:12 h light, temperature 26.5°C) for 48 h. Snails
were housed in individual cages (14 × 14 × 14 cm) constructed from plastic containers with mesh panels to
provide water exchange.
Snails were fed artificial food consisting of 3.5% carrageenan (Type I) and 16% feeding attractant (a
homogenized 20 cm fragment of Plexaura homomalla,
a preferred octocoral; Harvell & Suchanek 1987,
Lasker & Coffroth 1988, Lasker et al. 1988, Chiappone
et al. 2003) in 10 ml deionized water, and either 15N
enriched or unenriched Aspergillus sydowii. The use
of isotopically labeled A. sydowii allowed us to definitely track the movement of this pathogen through
the guts of snails, without the problem of contamination by the diverse fungal community found in the
environment.
The fungus was originally cultured from a diseased
sea fan in Saba, Netherlands Antilles (Smith et al.
1996), and was grown on potato dextrose agar (PDA)
amended with either 98%15N-labeled sodium nitrate
(16 mg l–1) or unenriched sodium nitrate. The fungus
was grown at 25°C for 7 d, after which the hyphae and
spores were scraped from the surface, and re-suspended in a solution of phosphate buffered saline (10×)
with 10% glycerol and 0.1% Tween 80. This stock was
stored at –80°C. The fungal mixture contained both
spores and hyphae (approximately 10:1 ratio), and fungus was added to the artificial snail food to reach a
final concentration of 2.0 × 106 spores ml–1. We confirmed that Aspergillus sydowii remained viable
within the artificial food by analyzing the resulting
fungal growth from food incubated at 25°C on PDA.
To make the artificial food, carrageenan was dissolved in distilled water and cooled while stirring. At a
temperature just above solidifying, the feeding attractant and fungus were added, and the food was immediately poured into an acrylic mold (30 × 2 × 0.3 cm)
lined with plastic window screen for support. Once
solid, the food was cut into 2 × 1 × 0.3 cm blocks. To
ensure that no contamination occurred between
enriched and unenriched food, separate equipment
and lab space was used for each treatment.
At the start of the experiment, each snail was given
one block of artificial food. Every 48 h, the food was
removed, fecal pellets collected, and another block of
freshly prepared artificial food was added to the cage.
This was repeated a total of 4 times. Fecal pellets were

3

stored at 4°C until the end of the experiment, when all
the feces from a single snail were pooled and prepared
for isotope analysis.
Stable isotope analysis. Feces were pooled by individual to obtain sufficient mass for isotope analysis,
and were rinsed with deionized water and dried at
60°C for 24 h. Samples of initial snail feces (produced
from feeding on wild food sources), enriched and
unenriched fungus, and enriched and unenriched artificial food were also dried at 60°C. Three snails from
each treatment were sacrificed for tissue isotope analysis to detect signs of digestion and assimilation of fungal-derived nitrogen, and were removed from their
shells and dissected to remove the digestive tract. The
remaining tissue was oven-dried at 60°C for 24 h,
frozen in liquid nitrogen, and homogenized using a
mortar and pestle. All samples were stored in a desiccation chamber prior to analysis.
Samples were weighed (up to 3.0 mg) into 4 × 6 mm
tin capsules. Isotope values were determined by the
Cornell University Stable Isotope Lab (COIL) using a
Finnegan MAT Delta Plus isotope-ratio mass spectrometer coupled to a Carlo-Erba elemental analyzer
via a Conflo II open-split interface (EA-IRMS). 15Nlabeled and natural abundance samples were analyzed in separate runs. Precision of an in-house standard (± SD) for δ15N was ± 0.046 ‰ and ± 0.068 ‰,
respectively.
The 13C content of samples was also analyzed to
determine if the snails were digesting artificial food
equally well in both treatments. Precision of δ13C
for 15N-labeled and natural abundance samples was
± 0.031 and ± 0.041 ‰, respectively.
δ15N and δ13C values of feces and tissue from initial,
enriched fungus-fed, and unenriched treatments were
compared using an analysis of variance (ANOVA). Student’s t-test was used to conduct pair-wise comparisons of means. All statistical tests were performed
using JMP 6.0.
Fungal viability. To assess fungal viability following
gut passage, we used an isolate of Aspergillus sydowii
genetically modified for hygromycin resistance (K. Kim
unpubl.). This allowed us to quickly screen snail feces
for A. sydowii, without the risk of overgrowth by other
rapidly growing fungi present in the seawater or fecal
pellets. Seven snails not used in the stable isotope
experiment were fed artificial food containing either
hygromycin-resistant A. sydowii spores and hyphae, or
no fungus (control). Feces were collected, rinsed, and
plated on PDA with 0.8 mg ml–1 hygromycin. Only
feces from snails that consumed artificial food were
examined. Samples of seawater (1 ml) and other biotic
substrates (filamentous algae) were placed on PDA as
controls. The samples were incubated at 25°C, and
fungi were identified to genus using Domsch et al.
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(1980) and St. Germain & Summerbell (1996). All
Aspergillus spp. were identified to species using Klich
(2002), which examines colony-level morphological
characteristics (color, growth rate) and microscopic
characteristics observed under standard light microscopy (100×; shape and color of conidia, sporulating
structures [vesicles], and hyphae).

RESULTS
Food choice and gut passage experiments
Although not significant, there was a trend in the
amount of artificial food consumed by Cyphoma gibbosum (t = 2.13, p = 0.0527), with snails eating more of the
food amended with diseased gorgonian coral extracts
(Fig. 1).
Preliminary analysis of fungus grown on enriched
media confirmed assimilation of 15NO3– in contrast to
that grown on unenriched media (media δ15N
[labeled vs. non-labeled]: 1144.5 vs. 0.2 ‰; fungus
δ15N: 1671.3 ‰ vs. 0.6 ‰), demonstrating the effectiveness of the isotopic enrichment. However, there was no
apparent difference between enriched and unenriched
fungus with respect to δ13C (media δ13C: –16.5 ‰ vs.
–16.0 ‰; fungus δ13C: –14.7 ‰ vs. –14.8 ‰). The viability of fungus added to artificial food was also confirmed
by the growth of Aspergillus sydowii on all samples of
fungus-containing food, and the absence of A. sydowii
on all samples of fungus-free food.
During the course of the experiment, 3 snails died: 2
in the unenriched treatment and 1 in the enriched
treatment. In addition, not all snails ingested sufficient
quantities of artificial food to provide ample feces for

isotope analysis. Thus, the final numbers of snails that
could be used for analysis were 6 fed unenriched artificial food and 8 fed enriched food.
There was a significant effect of fungus treatment on
fecal pellet δ15N (Fig. 2; F = 55.08, df = 2, p < 0.0001).
Enriched fungus-fed snails produced feces with significantly higher δ15N values than initial and unenriched
treatments (on average 7.9 and 8.0 ‰ higher, respectively). However, δ15N of snail tissue was not different
between treatments (Fig. 2; t = –1.43, df = 4, p = 0.224),
indicating that ingested fungus was not assimilated
and was being passed through the snail gut.
There was a significant effect of treatment on fecal
pellet δ13C (F = 113.75, df = 2, p < 0.0001). However,
this difference was driven by initial (wild) feces, which
were on average 13 ‰ more depleted than δ13C values
from experimental feces. There was no significant difference between feces from enriched fungus-fed snails
and unenriched fungus-fed snails (t = 0.54, df = 12, p =
0.59), confirming that the snails were eating the artificial food equally in both treatments.

Fungal viability
The feces of 2 of 3 snails fed artificial food amended
with hygromycin-resistant fungus grew Aspergillus
sydowii, as confirmed using microscopic morphological features. None of the feces from 4 snails fed control
(fungus-free) food grew A. sydowii. This suggests that
it is possible for viable fungus to survive gut passage;
however, the relative frequency of this occurring in
situ is unknown.
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Fig. 1. Proportion of food containing extracts from healthy and
diseased sea fans Gorgonia ventalina that was eaten by Cyphoma gibbosum (N = 16) in a choice feeding assay (mean ± SE)

Fig. 2. Cyphoma gibbosum. δ15N values (mean ± SE) of C. gibbosum body tissue (black squares) and feces (grey circles)
prior to experimentation (initial), or following feeding on artificial food amended with either unenriched or enriched
spores and hyphae of Aspergillus sydowii. *Significance
within tissue type at α = 0.05
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DISCUSSION
These experiments demonstrate that the use of
either isotopically labeled or hygromycin-resistant Aspergillus sydowii is a successful method to track the
movement of a single species of pathogen through an
environment rich in fungal biota. In addition, we found
that Cyphoma gibbosum can pass viable A. sydowii
spores and hyphae in their fecal pellets. However, due
to the small sample size in this experiment, the magnitude of fungal mortality due to ingestion remains
unknown. These results suggest that snail predators
can act as an important link in the disease ecology of
aspergillosis.
Isotopically labeled fungus allowed us to track the
movement of ingested Aspergillus sydowii into the
feces of snails; snails fed isotopically enriched fungus
had fecal pellets that were significantly enriched relative to feces from snails fed unenriched fungi (Fig. 2).
Measurement of δ13C values also showed a drastic
shift, decreasing by 13 ‰ once snails began feeding on
artificial food, allowing us to confirm consumption of
food in both treatments. Given that we pooled feces
over the course of 8 d, the amount of nitrogen from
enriched fungus was diluted with other sources of
fecal-derived nitrogen, representing a mixed pool of
previously consumed material, artificial food, as well
as fungus. Therefore, this signal is highly conservative
given the potential for background interferences. Similarly, the use of a hygromycin-resistant strain of A.
sydowii also allowed us to track pathogen propagules,
and offered the additional advantage of assessing the
viability of the ingested fungus. For pathogens where
genetic engineering of antimicrobial resistance (or
similar genetic markers) is not feasible, the use of isotopically labeled pathogens is a viable alternative, and
if partial digestion occurs, can provide a quantitative
measure of the amount of undigested fungal tissue
passing through the gut. If sufficient fecal matter had
accumulated during the course of the experiment, the
isotopically enriched fungi could also be used to determine viability. These methods are useful alternatives
to microscopic or molecular techniques to detect the
successful gut passage of specific species or strains of
fungi (Dromph 2001, Colgan & Claridge 2002, Meier et
al. 2002, Malaquias et al. 2004, Prom & Lopez 2004,
Lilleskov & Bruns 2005).
The results of the food choice experiment, although
not statistically significant, suggest that Cyphoma gibbosum prefer diseased sea fans (Fig. 1), corroborating
previous observations of an increased density of C.
gibbosum on diseased octocorals (Nagelkerken et al.
1997a, Slattery 1999). This indicates that the fungal
pathogen Aspergillus sydowii may affect non-host species by altering the feeding preference of predators.
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One possible mechanism for the shift in host preference is a reduction in feeding deterrents in diseased
sea fans, potentially resulting from a trade-off by corals
between antifungal and anti-predator defenses. A
reduction in the anti-predator defense metabolite
julieannafuran in sea fans following infection by
aspergillosis has been demonstrated to increase the
palatability of corals to generalist omnivorous fish
(Slattery 1999).
The shift in feeding behavior as a result of disease is
likely to be compounded by the change in host availability due to infection-related mortality. Aspergillosis
is known to infect up to 8 species of octocorals (Smith &
Weil 2004), including many of the preferred coral hosts
of Cyphoma gibbosum (Eunicea, Gorgonia, Pseudopterogorgia, and Plexaura; Birkeland & Gregory 1975,
Harvell & Suchanek 1987, Lasker & Coffroth 1988,
Lasker et al. 1988, Chiappone et al. 2003, K. Rypien
unpubl.). Hence, the removal of preferred food sources
due to infection will undoubtedly result in altered
feeding and oviposition behavior. Given the large effects of aspergillosis on just one of its host species
(causing the loss of > 50% of Florida sea fan tissue between 1997 and 2002; Kim & Harvell 2004), aspergillosis can dramatically shift the available host community
for specialist predators such as C. gibbosum.
If Cyphoma gibbosum is acting as a vector for
aspergillosis, it is likely not the sole method of transmission, similar to observations in other coral pathosystems (Antonius & Riegl 1997, Sussman et al. 2003,
Williams & Miller 2005). Evidence of multiple methods
of transmission was suggested by an examination of
spatial patterns of aspergillosis (Jolles et al. 2002). In
fact, the patchy distribution of C. gibbosum (Birkeland
& Gregory 1975, Hazlett & Bach 1982, Harvell &
Suchanek 1987, Lasker & Coffroth 1988, Botero 1990,
Chiappone et al. 2003) precludes it from being the sole
mechanism of transmission for this disease. However,
the regular feeding and mate-searching movements of
this snail among a diversity of coral hosts (Gerhart
1986, Lasker et al. 1988, Nowlis 1993) suggests that a
positive feedback loop may occur: once disease is present at a site, snails can spread it among corals, leading
to a rapid increase in prevalence, which results in an
increased likelihood of snails feeding on infected
corals. In addition, the observed passage time of
ingested food (approximately 2 d) is similar to the frequency of individual snail movements among corals
(every 3 d; K. Rypien unpubl.). The role of injury due to
grazing behavior may also facilitate infection by allowing the fungus to penetrate some of the external host
defenses. Fungal hyphae are rarely observed in the tissue of sea fans, and are almost exclusively seen inside
the inert (non-cellular) skeleton (Mullen et al. 2004).
This suggests that host defenses may provide a sub-
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stantial barrier to fungal proliferation in the sea fan tissue, and that injury due to grazing could allow for
more successful fungal infections.
The role of Cyphoma gibbosum in increasing the
rate of disease spread on local scales may be particularly important at sites with low external pathogen
inputs or low host density, as a small number of
pathogen propagules could have a larger effect than if
they were spread by currents or secondary contact
alone. Recent work suggests that the removal of top
predators due to over-fishing may allow the release of
C. gibbosum, leading to a large increase in octocoral
damage due to grazing (Burkepile & Hay 2007). This
suggests that sites with reduced top predator densities
may be particularly susceptible to vectored disease
transmission.
Infectious disease is a component of all natural
ecosystems, and pathogens interact with numerous
species beyond just their host. This study demonstrates
the utility of 2 methods of pathogen labeling (isotopically and antifungal resistance) to track the movement
of propagules through a microbially rich environment.
In addition, this study also provides evidence that the
infection of Caribbean octocorals with Aspergillus
sydowii may affect the behavior of specialist gastropod
predators, such as Cyphoma gibbosum. The potential
vectoring capability of C. gibbosum may help to
explain spatial and temporal patterns of disease prevalence. Given the strong role of environmental drivers
in exacerbating the prevalence and severity of
aspergillosis (Alker et al. 2001, Bruno et al. 2003, Kim
et al. 2006, Baker et al. 2007, Ward et al. 2007) and the
potential for climate change to alter the distribution
and life cycle of terrestrial vectors (Harvell et al. 2002),
a more holistic view of the interactions between
pathogens such as A. sydowii and non-host species in
the community is vital for predicting and mitigating
future disease outbreaks.
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