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INTRODUCTION

Within a few years of its description, the causative
agent of aspergillosis in gorgonians (Fig. 1) was
identified as Aspergillus sydowii, a common terres-
trial fungus (Smith et al. 1996, Geiser et al. 1998).
A. sydowii is commonly found associated with the
Caribbean sea fan Gorgonia ventalina (Cnidaria,
Gorgonacea). However, the mechanism by which
this fungus enters and spreads in the marine envi-
ronment is not fully understood. A. sydowii cannot
re produce in seawater (Smith et al. 1996); yet
despite this, it has spread throughout the known
range of this common sea fan (Smith 1998, Porter et
al. 2001, Weil et al. 2002, Kim & Harvell 2004, Smith
& Weil 2004, Weil & Rogers 2011). It has been
hypothesized that the marine environment is expe-
riencing a constant input of the fungus through river
discharge, associated sedimentation, and windborne

dust (Shinn et al. 2000, Jolles et al. 2002, Garrison et
al. 2006).

An analysis of spatial distribution of this disease in
a sea fan population in the Florida Keys (USA) has
suggested that the disease may be spread through
secondary transmission and infection, i.e. from sea
fan to another sea fan (Jolles et al. 2002). It is not yet
known whether the hyphae are shed into the water.
Infected fans experience tissue necrosis, and infected
tissue contains high concentrations of hyphae (Smith
et al. 1996). These hyphae, if shed into the water,
could contribute to the spread of the disease, but
hyphal export has not been documented. In addition,
A. sydowii apparently does not produce reproductive
spores in seawater (Smith et al. 1996). If spores were
released, they could likewise potentially contact
neighboring sea fans and cause infection. Laboratory
experiments have demonstrated that contact
between injured sea fans and hyphae-infused gauze,
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as well as direct tissue contact, leads to the develop-
ment of aspergillosis (Smith & Weil 2004). This suc-
cessful infection did not require the presence of
reproductive spores (Smith et al. 1996).

Here we attempted to determine experimentally
whether infected fans shed (1) live hyphae and/or (2)
spores into  seawater.

MATERIALS AND METHODS

Colonies of Gorgonia ventalina were collected, of
which some were healthy and others showed obvious
signs of aspergillosis (‘purpling’ of tissue, galling,
development of lesions; Fig. 1). These were obtained
from the Florida Keys Reef Tract with the assistance
of the Tropical Research Center of Mote Marine Lab-
oratory, Summerland Key, Florida. Upon arrival at
Tulane University, infected and healthy sea fans
were kept individually isolated from each other and
placed into several 113 l tanks in an aquarium room.

The original design of this experiment was a 1-way
replicated ANOVA design, using 8 to 9 sea fans.

Three tanks were used. One held a diseased sea fan
with obvious signs of aspergillosis. In addition, 1 tank
held a healthy fan receiving seawater from the dis-
eased fan. The last tank was a control, holding a fan
immersed in re-circulating seawater, with no intro-
duction of water from diseased fans. In the labora-
tory, sea fan holdfasts were fastened to terracotta
bricks with twine to anchor them to the bottom of the
tanks. The experiment was to be replicated in time in
3 trials.

The aquarium setup used for this experiment fol-
lowed that of Dunn et al. (2012). In the aquaria,
G. ventalina were provided with medium to strong
water flow. Water flow was created using a combina-
tion of power filters (Marine Emperor 280 BIO-Wheel
powerfilter) and powerheads (Marineland Maxi-Jet
400 Pro Powerhead) attached by suction cups. Pow-
erheads ran continuously, creating constant flow and
a water cycling rate of 25 times h−1 aquarium−1. A
combination of heaters (Eheim 150 W) and fans was
used to reduce excessive heat from the lights and
maintain water temperature. Since these sea fans
are autotrophic and require photosynthetically active
radiation, actinic lighting was provided, using 2
broad-spectrum (broad wavelength) high-intensity
10 000 K bulbs (Ushio®) derived from a 400 W metal
halide ballast (PFO®). Timers were used to create
a 12:12 h light:dark photoperiod. Heaters (Eheim
1050 W) were used to maintain temperatures at 25°C.
Tanks were covered with glass to reduce evaporation
and introduction of airborne contaminants. An ultra-
violet (UV) sterilizer (Green Killing Machine® UV
Sterilizer w. Powerhead) controlled potential conta -
mination from bacteria, algae, and other biotic mate-
rial and was used for 24 h prior to introducing sea
fans into the tanks.

Ammonia, nitrate, nitrite, pH (8.2−8.4), tempe ra -
ture, and salinity (34−35 ppt) were measured and re -
corded regularly throughout the experiment. Ammo -
nia, nitrate, and nitrite levels were measured using
Salifert® test kits. Artificial saltwater (Instant Ocean®)
was prepared in 189 l batches with water from a
reverse-osmosis deionization unit, and salinity was
maintained between 34 and 35 ppt, as measured by a
handheld refractometer.

Tanks were prepared for the introduction of speci-
mens without the aid of live rock or sand in order
to prevent potential fungal contamination. Instead,
frozen food-grade shrimp were added to the tank to
promote the growth of Nitrobacter and Nitroso mo -
nas. Once ammonia, nitrites, and nitrates reached
negligible levels, the tanks were considered safe for
the introduction of corals.
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Fig. 1. Sea fan Gorgonia ventalina infected with aspergillo-
sis. Obvious indications of disease are lesions and purpling
of tissue. Infected fans were used as the source of hyphae 

and spores for the experiment
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For the experiments, we used diseased sea fans
that showed obvious signs of aspergillosis, including
purpling (polyps had necrotized and the purple
 gorgonin could be seen), galling, and development
of lesions (Fig. 1). Once collected, specimens were
shipped overnight from Florida to the laboratory in
Louisiana. Each fan was placed in an individual bub-
ble-wrap bag filled with oxygenated sea water, and
was then sealed in a Ziplock® bag to prevent cross-
contamination during the shipping process (E. Bar-
tels pers. comm.).

The first experimental tank contained a sea fan dis-
playing obvious signs of aspergillosis (i.e. purpling of
tissues, galls, and tissue necrosis). The tank was fit-
ted with a 2 mm Millepore® filter (Fig. 2). Water
pumped from the bottom of the diseased sea fan tank
was passed through the filter and re-circulated back
into the source tank. Initially, this filter was replaced
every 3 d. During the second trial, however, the fre-
quency of filter change was increased, and the filter
was replaced daily. After removal, the filter was
stained with hematoxylin and subsequently acridine
orange, using the fluorescent method described by
Pickett et al. (1960). The stained filter was then
checked for the appearance of hyphae, under an epi-
fluorescent microscope at 100× or 200× magnifica-
tion. This staining method causes fungi to fluoresce
brightly against a dark background. Fungi may be
identified to genus using this technique. Aspergillus
fluoresces green when stained with acridine orange.
The green is recognizable against a black back-
ground, since the sister stain, hematoxylin, stains all

other living tissue in the sample black (Pickett et al.
1960). For comparative purposes, a piece of the
healthy portion of the diseased source colony was
stained. No hyphae were found on the healthy por-
tions of the sea fan colonies.

The second experimental tank was constructed to
determine whether healthy fans would develop signs
of aspergillosis when in contact with water containing
hyphae. A healthy fan was placed in a tank that had
50% of its volume replaced each day with water from
a tank containing a diseased fan. Daily visual obser-
vations of the fan’s condition were made, and photo-
graphic records were kept. A qualitative scale was
used to describe the course of disease over 2 wk: 1 =
healthy; 2 = initial signs of infection occurring; 3 =
clear signs of infection; and 4 = mortality. In the case
of lesions developing, areas of the lesions were
recorded over time. MATLAB was used to  analyze
the photographic records to determine the amount of
fan that succumbed to disease through time.

Corals were fed once a day if their polyps were
extended, at which time filters were turned off for
30 min. Polyps were recorded daily as either ‘not
extended,’ ‘moderately extended,’ or ‘fully ex ten -
ded.’ In general, sea fans feed constantly, and con-
comitantly have their polyps extended. Polyp retrac-
tion was used as measure of stress, as this species has
the ability to fully retract its polyps (see Sammarco et
al. 1987).

Trials lasted for a maximum of 2 wk. Tanks were
cleaned before introducing new fans by emptying,
scouring, and heavily rinsing them in fresh water and
removing algae and other fouling organisms. Clean-
ing chemicals were not used. Heaters, pumps, and
terracotta bricks were cleaned in a similar manner.
The biowheel and power filter cartridges were rinsed
repeatedly in clean salt water to preserve their bene-
ficial Nitrobacter and Nitrosomonas bacterial colo -
nies. Tanks were refilled with freshly made, clean
salt water. The experimental tanks were sterilized for
12 to 24 h with UV light prior to the introduction of
new sea fans.

Due to challenging technical problems, the final
experimental design was different from the original.
Some of the sea fans experienced stress during ship-
ping and died soon after arriving at the laboratory.
Signs of stress appeared within 24 h of their arrival.
This reduced experimental replication; only 2 repli-
cations could be completed. For this reason, this
study should not be considered quantitative in
nature. It is only descriptive of general observations
made during the investigation and should be consid-
ered a preliminary study. Nonetheless, the qualita-
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Fig. 2. Schematic of experimental aquarium holding infected
sea fans Gorgonia ventalina: (A) biofilter containing nitrify-
ing bacterial populations; (B) powerhead pumping water
across the surface of the sea fan; (C) sea fan infected by as-
pergillosis; (D) modified powerhead for pumping water
above tank; (E) funnel containing a 2 µm pore size Milli-
pore® filter receiving pumped water, filtering it, and allow-

ing it to return to the tank
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tive information produced by the experiment was
informative.

RESULTS

For all replicate samples of the first trial, Asper -
gillus hyphae (denoted by green fluorescence) were
found on the filters (Fig. 3A). This occurred on all
other sample dates. During the second trial, when
sampling frequency increased, the same occurred.
Hyphae were observed in all cases; all samples fluo-
resced a vivid green. Since the stains were vital ones,
all hyphae were confirmed alive when sampled. In 1
case, a small item fluoresced red. According to Pick-
ett et al. (1960), this could have been either Coccid-
iodes or Rhinosporidum (Fig. 3B). In 4 out of 9 cases,
material that appeared to be fungal spores and coni-
dia were also observed in the filter samples (Fig. 4).

DISCUSSION

This study suggests that waterborne transport of
fungal material from infected sea fans may be possi-

ble. Heretofore, this has not been documented (Smith
et al. 1996). It should be noted that there are potential
limitations to interpretation of these results. For
example, in nature, bacteria and fungi are found on,
and likely contribute to, normal healthy physiological
processes in corals (Gil-Agudelo et al. 2006). Gor-
gonia ventalina also possesses a variety of species of
Aspergillus, which may be found on both diseased
and healthy colonies (Toledo-Hernandez et al. 2008).
In addition, not all strains of A. sydowii are patho-
genic to sea fans (Smith & Weil 2004). Moreover, the
staining method used here to detect fungi will only
identify such to genus (Pickett et al. 1960). Despite
these potential limitations, however, it may be
assumed that A. sy dowii was at least among those
species whose hyphae were collected. This was due
to the obvious expression of aspergillosis in the
experimental specimens. In fact, Toledo-Hernandez
et al. (2008) showed that A. sydowii can be present
on the surface of sea fans exhibiting no signs of
aspergillosis.

The confirmation of the presence of hyphae and
spores in seawater derived from diseased fans opens
the door to the possibility of secondary infection
occurring in healthy sea fans, derived from infected
colonies (see Smith & Weil 2004). It is likely that
either the hyphae or spores could initiate aspergillo-
sis in a sea fan susceptible to infection in nature. It is
possible that spores could be produced asexually in
Aspergillus, but this needs to be confirmed. In addi-
tion, what is equally important is that these repro-
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Fig. 3. Epifluorescent micrographs of material filtered from
experimental water. (A,B) Examples of material isolated via
filtration during the first trial after (A) 3 d and (B) 6 d. The
green glowing materials are fungal hyphae. (C,D) Material
isolated after 1 d of filtration during the second trial. Note
clearer examples of fungal hyphae. Aspergillus is denoted
by green fluorescence. Scale bar in (C) = 10 µm (applies to 

all panels)

Fig. 4. Epifluorescent micrograph showing evidence of spores
and spore-bearing structures derived from sea fans Gor-
gonia ventalina infected with aspergillosis and filtered from
seawater in which they were immersed. Scale bar = 40 µm
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ductive propagules are waterborne. The next ques-
tion to be resolved is whether healthy colonies are
indeed subject to infection by either these hyphae or
spores once released and transmitted from the dis-
eased colonies. Only further research will answer
these questions.
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