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ABSTRACT: The potential role of viruses in coral disease has only recently begun to receive atten-
tion. Here we describe our attempts to determine whether viruses are present in thermally stressed
corals Pavona danai, Acropora formosa and Stylophora pistillata and zoanthids Zoanthus sp., and
their zooxanthellae. Heat-shocked P. danai, A. formosa and Zoanthus sp. all produced numerous
virus-like particles (VLPs) that were evident in the animal tissue, zooxanthellae and the surrounding
seawater; VLPs were also seen around heat-shocked freshly isolated zooxanthellae (FIZ) from P.
danai and S. pistillata. The most commonly seen VLPs were tail-less, hexagonal and about 40 to
50 nm in diameter, though a diverse range of other VLP morphotypes (e.g. rounded, rod-shaped,
droplet-shaped, filamentous) were also present around corals. When VLPs around heat-shocked FIZ
from S. pistillata were added to non-stressed FIZ from this coral, they resulted in cell lysis, suggest-
ing that an infectious agent was present; however, analysis with transmission electron microscopy
provided no clear evidence of viral infection. The release of diverse VLPs was again apparent when
flow cytometry was used to enumerate release by heat-stressed A. formosa nubbins. Our data sup-
port the infection of reef corals by viruses, though we cannot yet determine the precise origin (i.e.
coral, zooxanthellae and/or surface microbes) of the VLPs seen. Furthermore, genome sequence data
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are required to establish the presence of viruses unequivocally.
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INTRODUCTION

There is currently a huge international effort to
determine the causative agents and environmental
triggers of coral disease, prompted by ever more fre-
quent reports of disease episodes and novel disease
types (e.g. Harvell et al. 1999, 2002, Barber et al. 2001,
Porter et al. 2001, Sutherland et al. 2004). To date, coral
disease agents identified include various bacteria
(Kushmaro et al. 2001, Cooney et al. 2002, Cervino et
al. 2004), cyanobacteria (Harvell et al. 2001, Cooney et
al. 2002, Richardson & Kuta 2003), fungi (Geiser et al.
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1998, Alker et al. 2001) and trematodes (Aeby 2003),
but one group of pathogens, the viruses, was first con-
sidered only recently (Wilson et al. 2001) and deserves
greater attention.

In the past 10 to 15 years, the importance of viruses
in marine systems has become increasingly clear.
Virioplankton densities have been estimated to be in
the order of 106 to 108 m1~!, which is about 5 to 25 times
higher than for bacterial densities (Bergh et al. 1989,
Fuhrman 1999), while the diversity of marine viruses is
now thought to be considerable (e.g. Chen et al. 1996).
Furthermore, the ecological importance of viruses in
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the world's oceans appears to be far greater than was
first supposed, as viruses not only have the potential to
infect most marine organisms (Fuhrman 1999), but also
play a pivotal role in the structuring of planktonic com-
munities (Suttle 1994, Hennes et al. 1995, Jacquet et al.
2002, Wilson et al. 20024, b, Schroeder et al. 2003), bio-
geochemical cycling (Fuhrman 1999), biogas produc-
tion (Malin et al. 1998), and the mediation of horizontal
gene transfer (Jiang & Paul 1998). Given this wide-
spread ecological importance, it would not be surpris-
ing if viruses also play a central role in the health of
reef corals and their symbiotic dinoflagellates (zoo-
xanthellae); indeed it would be more of a surprise if
viruses played no role at all. Moreover, key triggers of
viral propagation and infection include elevated tem-
perature (Edgar & Lielausis 1964), UV light (Jacquet &
Bratbak 2003) and the availability of nutrients (Scanlan
& Wilson 1999), all of which have been implicated
either in coral disease outbreaks (Israely et al. 2001,
Bruno et al. 2003, Nowak 2004) or coral bleaching
events (reviewed by Douglas 2003, Hoegh-Guldberg
2004, Lesser 2004).

Given the above, we first used the common Euro-
pean sea anemone Anemonia viridis to test our
hypothesis that latent viruses, present within the host
cnidarian and/or its zooxanthellae, enter a lytic cycle
when environmentally stressed (by heat or UV light)
and so kill their host organism (Wilson et al. 2001). Our
data provided strong evidence for this, as virus-like
particles (VLPs: the term used for particles of viral
appearance whose infectivity and chemical structure
have not yet been established; Leadbeater et al. 1998)
were seen with transmission electron microscope
(TEM) analysis of heat- and UV-stressed isolates of
zooxanthellae. Furthermore, when the medium from
around these stressed and degenerating zooxanthellae
was added to non-stressed zooxanthellae, it induced
cell lysis at a similar rate to that seen during thermal
stress. These encouraging findings, plus the fact that
zooxanthellae in A. viridis are taxonomically similar to
those found in reef corals (Bythell et al. 1997, Savage et
al. 2002), led to our recent work on the Indo-Pacific
scleractinian coral Pavona danai (Wilson et al. 2005).
Here, we again used TEM to determine the presence
of VLPs before and after thermal stress, and observed
a range of VLP types in both coral tissue and the algal
symbionts; we also observed similar VLPs in the coral
Acropora formosa and the zoanthid Zoanthus sp. after
heat shock. Further evidence has recently been pro-
vided by Cervino et al. (2004), who reported VLPs in
zooxanthellae isolated from the Caribbean reef coral
Montastraea sp. when exposed to either elevated tem-
perature or bacterial pathogens.

These TEM observations of VLPs in zooxanthellate
sea anemones, zoanthids and scleractinian corals, as

well as in the non-symbiotic temperate sea anemone
Metridium senile (Wilson & Chapman 2001) lead to
several key questions concerning viral identity, origin,
infection patterns, and whether viruses are seen in the
field (Wilson et al. 2005). Clearly, the most pressing
question is whether or not the VLPs observed to date
are actually viruses at all, or just an artefact of the
methods employed. Only once the involvement of
viruses is proved unequivocally can we begin to assess
their true importance to the health of the world's coral
reefs. In the present study we draw together a number
of preliminary attempts by our research group to char-
acterize the VLPs seen in corals, and highlight the dif-
ficulties of both carrying out such work and of inter-
preting the findings.

MATERIALS AND METHODS

Experimental organisms. Three species of Indo-
Pacific coral, Pavona danai, Acropora formosa and
Stylophora pistillata, and 1 species of Indo-Pacific
zoanthid Zoanthus sp, were employed. P. danai, A. for-
mosa and Zoanthus sp. were obtained from commercial
aquarist Plymouth Tropical Marine (Plympton) and held
in a holding tank at 25 to 28°C in artificial seawater
(ASW) made using Kent Synthetic Seasalt (Kent Marine)
at salinity 33 ppt. Coral nubbins were illuminated from
above by a Colorlite 400 W metal halide lamp on a
7 h:17 h light:dark cycle (though the light regime was
variable as the tank was situated next to a north facing
window) and fed regularly with Liquifry Marine for
Filter Feeders (Interpet). S. pistillata was collected
from the reef flat at Heron Island on the southern Great
Barrier Reef and transported to the Centre for Marine
Studies, University of Queensland. Here, S. pistillata
nubbins were held in a tank at 24°C in ASW made
using BIO-SEA Marinemix (Aqua Craft) at salinity
35 ppt. S. pistillata nubbins were illuminated from
above by 150 W metal halide lamps (MR16 Solux Day-
light Dichroic, Lamp Technology International) at 65 to
74 nmol photons m™2s7! on a 10 h:14 h light:dark cycle.

TEM analysis of released VLPs. One major problem
with characterizing VLPs in corals and other symbiotic
cnidarians is the harvesting of such particles in isola-
tion from their animal or zooxanthella hosts. To deter-
mine whether this is possible, we thermally stressed
both freshly isolated zooxanthellae (FIZ) and whole
coral nubbins or zoanthid polyps, and determined
whether VLPs were released into the surrounding sea-
water using TEM.

Zooxanthellae were isolated from Pavona danai and
Acropora formosa using an electric toothbrush and
ASP8-A ASW medium (Blank 1987), followed by
centrifugation at 3000 rpm (2000 x g) for 4 to 5 min and
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re-suspension; this was repeated at least 3 times. Zoox-
anthellae were isolated from S. pistillata using a water-
pik and ASW. The resulting slurry was then filtered
through a series of plankton nets (mesh sizes 100, 60
and 45 nm, respectively) to remove skeletal fragments,
ciliates and other 'large’ micro-organisms, centrifuged
for 5 min at 2500 rpm (1400 X g) and re-suspended in
F/2-medium (Guillard 1975). Sterile laboratory equip-
ment was used in all cases, while isolation media were
sterile filtered and/or sterilized with antibiotics.

FIZ from Pavona danai, Acropora formosa and Stylo-
phora pistillata were then exposed to elevated temper-
atures. FIZ were incubated in tubes containing either
ASP8-A or F/2 media (as above), at 33 to 34°C to
induce a bleaching response or 25 to 26°C in the case
of controls. Incubations were either under a 12 h:12 h
light:dark cycle or under a natural light regime (in
the case of FIZ from S. pistillata only) and lasted for
between 24 and 96 h. At the end of incubation, FIZ sus-
pensions were either fixed immediately with 1% (v/v)
glutaraldehyde (for zooxanthellae from S. pistillata
only) or centrifuged as before, to pellet the zooxanthel-
lae; this pellet was then fixed in 3% glutaraldehyde
(v/v) and decalcified in 2% formic acid for 72 h to
remove any skeletal debris. All zooxanthellae were
subsequently preserved in osmic acid for up to 1 h,
critically point dried through an acetone series to
100% acetone and embedded in Spurr's resin. Thin
sections (50 to 100 nm) were cut on a Reichert-Jung
ultracut microtome, placed on grids, stained with satu-
rated solutions of uranyl acetate and lead citrate, and
analysed by TEM (JEOL model JEM 1010, 1200EXII or
JEM 200CX at 80 to 100 kV). Samples of the medium
surrounding the zooxanthellae were prepared for TEM
analysis by filtering through a 0.2 pm syringe filter to
remove zooxanthellae, bacteria and debris. Filtered
samples were then either centrifuged onto a TEM grid
for 1 h at 25000 rpm (50 150 x g) (Beckman L8-M ultra-
centrifuge) or a single drop (~20 pl) placed directly
onto a TEM grid, left for up to 2 h and the excess liquid
removed with filter paper. The samples were then
stained and analysed as before.

To determine whether VLPs were released from
whole corals, nubbins of Pavona danai were thermally
stressed by placing each nubbin in about 70 ml sterile,
natural offshore seawater from the English Channel
(60°13.79'N 4°9.59'W) that had been pre-filtered
through a 50 kDa polyethersulfone tangential flow fil-
ter (Sartorius) to remove bacteria and viruses. Nubbins
were heat-shocked by incubating at 32°C in a cooled
illuminated incubator for 48 h on a 12 h:12 h light:dark
cycle; control nubbins were held for the same period
at 25°C, again on a 12 h:12 h light:dark cycle. At the
end of the incubation period, seawater samples from
around the corals were passed through a 0.2 pm filter.

They were then concentrated using a tangential flow
Vivaflow® system (Sartorius), centrifugation through
a 50 kDa paddle filter (Pall Gelman) at 6240 x g
(Megafuge 1.0R, Heraeus Sepatech) and polyethylene
glycol (PEG) precipitation, before being analysed
using TEM as described above. Furthermore, to deter-
mine whether VLPs could be seen in and around coral
tissue, nubbins were fixed overnight in 3 % glutaralde-
hyde (v/v) and decalcified in 2% formic acid (v/v),
before thin sections were prepared as described above
and then analysed by TEM; thin sections of polyps
from the zoanthid Zoanthus sp. were also analysed
after heat shock at 32°C for 24 h (procedure otherwise
as for P. danai).

Infectivity of released VLPs. Zooxanthellae were
isolated from Stylophora pistillata and heat-shocked at
33°C for 24 h under natural light; controls were kept at
25°C. The zooxanthellar suspension was then passed
through a 0.2 pm filter and an aliquot (50 pl) of the
filtrate added to FIZ, also from S. pistillata. The in-
oculated FIZ were held at 25°C (i.e. they were not
heat-shocked) in a cooled illuminated incubator on a
10 h:14 h light:dark cycle for 6 d. The density of zoox-
anthellae (cells ml’l) was estimated at 1, 2,3, 5and 6 d
by counting under a light microscope using a haema-
cytometer. Thin-sectioning and TEM were used as
described above to establish whether the inoculated
FIZ contained VLPs .

Flow cytometry analysis of VLP release. Flow
cytometry (FC) is a high throughput technique that
allows rapid quantification of different types of viruses
based on analysis of scatter plots of side-scatter versus
fluorescence (following the addition of the nucleic acid
stain SYBR Green I) (eg. Brussaard et al. 2000). Here
we employed FC to determine the extent to which
VLPs were released from thermally stressed (and
visibly bleaching) Acropora formosa at a series of time
points. TEM analysis of the surrounding seawater was
also conducted at each time point (see "TEM analysis of
released VLPs' for methods), both to add to our data
from Pavona danai and to relate the physical appear-
ance of any VLPs to the FC data.

More specifically, nubbins of Acropora formosa were
each put in containers with enough ASW to cover
them, and were then incubated at 34°C in a cooled illu-
minated incubator on a 12 h:12 h light:dark cycle; con-
trols were maintained in a similar incubator, but at
26°C. Water samples (1 ml) were collected at the start
of the incubation and thereafter at 24 h intervals; the
water in the containers was replaced after each sample
was taken, to maintain the health of the corals. The
samples were fixed in 0.5% glutaraldehyde (EM
grade, Sigma) and stored overnight at 4°C. They were
then snap frozen in liquid nitrogen and stored at-80°C
until FC analysis.
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All FC analyses were conducted using a Becton
Dickinson FACScan™ flow cytometer equipped with
an air-cooled laser providing 15 MW at 488 nm with a
standard filter setup. For virus and bacteria analysis/
enumeration, fixed frozen samples were defrosted at
room temperature and diluted 10- to 100-fold in TE
buffer (10 mM Tris-HC1 pH 7.5, 1 mM EDTA) (pre-
filtered through a 50 kDa VivaFlow 50 ‘flip-flow’ sys-
tem [Sartorius] then autoclaved). Diluted samples were
heated at 80°C for 10 min in the dark (for viruses) or
room temperature for 15 min in the dark (for bacteria)
in the presence of SYBR Green I (Molecular Probes) at
a final concentration of 10~* of the commercial dilution.
Samples were analysed by FC for 2 min at a delivery
rate of (on average) 14.5 ul min~!. The discriminator
was set to green fluorescence and the detection thresh-
old was adjusted to cut out most of the instrument
noise from the blank (10 kDa-filtered seawater diluted
10-fold with TE buffer containing SYBR Green I). Data
analysis was carried out using CellQuest™ v3.3 soft-
ware (Becton Dickinson), and scatter-plots of side-scat-
ter versus green fluorescence with log amplification on
a 4-decade scale were used to discriminate different
virus and bacteria groups.

RESULTS
TEM analysis of released VLPs
After heat shock, VLPs were seen in and around

Zoanthus sp. (Fig. 1) and Pavona danai (Fig. 2A,B), and
FIZ from P. danai (Fig. 2C); they were also seen around

seawater

FIZ from Stylophora pistillata (Fig. 2D) and around
nubbins of Acropora formosa (Fig. 2E-G), though not
in or around FIZ from this latter coral. The majority of
VLPs seen were hexagonal, often in clumps and 40 to
50 nm in diameter (Figs. 1 & 2A-C,F). Of particular
note, such VLPs were common throughout zooxanthel-
lae and animal tissues, as well as in the surrounding
medium. However, some hexagonal VLPs (e.g. those
seen in the medium around FIZ from S. pistillata, Fig.
2D) were larger (about 80 nm in diameter), while other
VLP forms were also observed around A. formosa that
were not seen elsewhere. These included rounded
VLPs (100 to150 nm in diameter), rod-shaped VLPs
(about 200 nm in length), droplet-shaped VLPs (120 to
150 nm in length; Fig. 2E) seen on just one occasion,
and very long filamentous VLPs (often as long as 3 pm;
Fig. 2G) frequently observed following thermal stress.
VLPs were not quantified by TEM analysis, but casual
observations suggested that they were far more
numerous after nubbins or polyps were heat-shocked
than when they were maintained at control tem-
peratures; VLPs were only rarely observed in FIZ
controls.

Infectivity of released VLPs

The medium around heat-shocked FIZ from Stylo-
phora pistillata had a marked effect on the survivor-
ship of FIZ held at non-stressful temperatures (Fig. 3),
with a density decrease of about 90 % seen over the 6 d
after inoculation. In contrast, control FIZ declined
at about half this rate, which is not surprising for

Fig. 1. Zoanthus sp. Virus-like particles (VLPs; arrows) around tentacle of zoanthid after thermal shock. Scale bar = 500 nm



Davy et al.: Viruses in corals 105

Fig. 2. Pavona danai, Stylophora pistillata and Acro-
pora formosa. Virus-like particles (VLPs; arrows) in
and around corals and their freshly isolated zooxan-
thellae (FIZ) after thermal shock. (A) Zooxanthella
(zx) in P. danai with VLPs around periphery of zx
and in coral tissue. (B) VLP in seawater around
P. danai. (C) VLPs in medium around FIZ from
P. danai. (D) VLPs in medium around FIZ from
S. pistillata. (E) Droplet-shaped VLPs in seawater
around A. formosa. (F) Hexagonal VLPs in seawater
around A. formosa. (G) Long filamentous VLP in
seawater around A. formosa. Scale bars = 500 nm,
except (B) = 100 nm and (G) = 2 pm
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Fig. 3. Stylophora pistillata. Density (mean + SD, n = 3) of

freshly isolated zooxanthellae (FIZ) when incubated with

medium from around heat-shocked FIZ (O). Incubations kept

at 25°C and not thermally stressed. Controls (®) incubated in
filtered seawater only

Heat shock experiment 1

second experiment. Again, this virus group was not
observed around pre-heat shock corals (Fig. 4C) or
around non-heat shock controls (data not shown, but
resemble Fig. 4C). TEM analysis of samples collected
during the second experiment revealed several long
filamentous VLPs (eg. Fig. 2G); however, many other
morphotypes were also observed, and no VLP group
dominated the TEM images.

DISCUSSION

Data presented here are from a disparate set of
experiments carried out periodically over the last 4 yr.
We have found it extremely difficult to draw firm con-
clusions from individual experiments, since data are
difficult to repeat and often contradict previous work.

Heat shock experiment 2

zooxanthellae removed from their host 104 104
cell environment. TEM failed to reveal Oh Oh
any obvious VLPs in the inoculated FIZ. °
o 103 1031
3 instrument
g noise
Flow cytometry analysis of VLP release § 1023 1021
Nubbins of Acropora formosa were §
heat-shocked and bleached, and the size & 10 101-'_, '
and density of particles present in the fristueri, e
surrounding seawater assessed by FC 100+ ; ; . A 100 . . . c
analysis. Two individual experiments 10° 10° 102 10° 10¢ 10° 10° 102 10° 10t
were conducted, several months apart. 107 48 , 1 10
During the first experiment a very distinct bade”a_ +8h bacteria
group was observed in the region where 10%1 10°4
viruses would be expected (Fig. 4B), 48 h %
after the initial heat shock. %
This group was not observed around § 103
pre-heat shock corals (Fig. 4A) or at any =
time around non-heat shock controls 8 1013
(data not shown but resemble Fig. 4A). O
There were approximately 2 x 107 virus

particles ml! in this group, an order of
magnitude higher than the bacteria con-
centration. In the second experiment, a
different batch of A. formosa was used
and the increase in viruses was followed
over time (Fig. 4C-E). Intriguingly, a dif-
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ferent group of viruses was observed
which had higher fluorescence and side-
scatter signals, indicative of the release of
a much larger virus. Although the virus
concentrations were similar to the previ-
ous experiment (3.5 x 107 virus particles
ml!) bacteria concentrations were higher
than viruses 32 h after heat shock in the

Fig. 4. Acropora formosa. Flow cyto-
metry scatter plots of samples col-
lected from water surrounding coral
nubbins during 2 separate heat shock
experiments. Expt 1: (A) Prior to heat
shock at 34°C for 24 h, and (B) 48 h
post heat shock. Expt 2: (C) Prior to
heat shock at 34°C for 24 h, (D) 8 h
post-heat shock, and (E) 32 h post-
heat shock

Green fluorescence
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This is the nature of conducting microbiology or viro-
logy on coral systems that have been brought into the
laboratory where no 2 sets of associated contaminating
microbial communities are likely to be the same. We
have attempted to summarise results from a few differ-
ent experiments where the evidence points to (at the
very least) the presence of a virus pathogen. What is
not clear from our research is what the hosts of these
virus pathogens are.

Our previous work (Wilson et al. 2001, 2005, Wilson
& Chapman 2001) has presented numerous TEM
images of VLPs in corals, sea anemones and zooxan-
thellae. In the present study we have furthered this
work by demonstrating that very similar VLPs are
abundant in a range of tropical coral species, as well as
in a tropical zoanthid, and that these VLPs are released
to the external environment, especially under thermal
stress. Moreover, we previously reported the lytic
effect of the medium around heat-degraded FIZ from
the temperate sea anemone Anemonia viridis on other-
wise unstressed zooxanthellae (Wilson et al. 2001) and
have here shown a similar phenomenon with zooxan-
thellae from the coral Stylophora pistillata. However,
the FC data presented here are perhaps the strongest
evidence thus far that the VLPs present in corals and
their relatives, and in the zooxanthellae associated
with them, are viruses. The infection of symbiotic algae
by viruses would certainly not be surprising, as numer-
ous free-living marine primary producers, including
microalgae (Bratbak et al. 1996, Lawrence et al. 2001,
Schroeder et al. 2002, Brussaard 2004a), a wide range
of cyanobacteria (Proctor & Fuhrman 1990, Wilson et
al. 1993, Fuller et al. 1998, Suttle 2000, Hewson et al.
2001, McDaniel et al. 2002) and macroalgae (Kapp
1998, Maier & Muller 1998) are susceptible to viral
infections. However, we cannot yet state unequivo-
cally that viruses actively propagate within corals or
their symbionts; it will be difficult to state this unless a
good in vitro system can be established and perhaps
used to develop diagnostic markers for detecting virus
infection in natural coral reef systems.

Viral morphology and the application of TEM

The tail-less, hexagonal VLPs of 40 to 80 nm dia-
meter seen in the present study are consistent with the
shape and size range of numerous VLPs (diameter 40
to 50 nm) seen in zooxanthellae from the temperate sea
anemone Anemonia viridis (Wilson et al. 2001), and in
coral tissue and zooxanthellae of Pavona danai (Wilson
et al. 2005). In addition, small tail-less VLPs of only 30
to 40 nm diameter were also seen in zooxanthellae
from P. danai (Wilson et al. 2005). The VLPs in the cur-
rent study are somewhat smaller and less diffuse in

appearance than those seen by Cervino et al. (2004) in
zooxanthellae from the coral Montastraea sp, which
were 100 to 150 nm in diameter (J. Cervino, T. Goreau
& R. Hayes pers. comm.). VLPs seen in other, non-
symbiotic dinoflagellates and algae range in diameter
from 35 to 390 nm and are, again, most commonly
hexagonal and tail-less (Franca 1976, Sicko-Goad &
Walker 1979, Wolf et al. 2000, Tarutani et al. 2001,
Schroeder et al. 2002, Wilson et al. 2002a). The long
filamentous VLPs reported here are similar in appear-
ance to numerous plant viruses (van Regenmortel et
al. 2000).

No other reports of VLPs in stressed symbiotic
Anthozoa or dinoflagellates currently exist. In light of
our research, this is more than likely due to the incon-
spicuous nature of such small particles rather than to
their widespread absence, though we have thus far
failed to find evidence of viruses in the corals Mon-
tipora digitata, Acropora millepora, Pocillopora dami-
cornis and Seriatopora hystrix, or their isolated zoo-
xanthellae, after thermal stress (Davy et al. unpubl.
data). Furthermore, the majority of published electron
micrographs of zooxanthellae and their hosts involve
non-stressed organisms, so it is perhaps not surprising
that VLPs have not been more extensively docu-
mented. Of note, O'Brien et al. (1984) searched for, but
failed to find, evidence of viruses in healthy zooxan-
thellae and zoochlorellae from the temperate sea
anemone Anthopleura xanthogrammica.

While the observation of VLPs in TEM images is
strong evidence for viral infection in corals and other
reef organisms, there is always concern that TEM
images may contain artefacts. For instance, it could be
argued that TEM stains or contamination during sam-
ple processing may have led to the appearance of
unusual particles in thin-sections. This seems unlikely
in our work, given the consistency in shape and size of
the VLPs and the fact that they were far more numer-
ous in heatshocked samples than in controls. Never-
theless, TEM alone cannot be used to claim that the
VLPs in corals are viruses.

Infectivity studies and their role in
viral characterisation

The lysis of non-heat-treated zooxanthellae from
Stylophora pistillata by medium from around thermally
stressed zooxanthellae suggests that released VLPs
may be inducing this lysis. This certainly was the case
when similar experiments were carried out using
Anemonia viridis and its zooxanthellae (Wilson et al.
2001), as degrading FIZ contained pockets of VLPs.
This propagation of the infectious agent without the
aid of thermal shock was used to satisfy Koch's postu-
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lates and conclude that zooxanthellae in A. viridis har-
bour a latent viral infection that is induced by exposure
to elevated temperature. Such a conclusion cannot be
reached here for S. pistillata as TEM did not show
VLPs within the inoculated FIZ. A negative result
should not be taken as conclusive evidence that
viruses were not involved in cell lysis, as comprehen-
sive screening of samples is difficult with TEM, but it
does raise the possibility that another factor may have
contributed to the lysis of zooxanthellae. One such fac-
tor is a toxic agent produced by heat-stressed, degen-
erating zooxanthellae. Nothing is known about the
chemicals released by lysed zooxanthellae, though
homogenized cnidarian tissue (which tends to contam-
inate even the most thoroughly cleaned preparations
of zooxanthellae) can occasionally cause rapid lysis
of zooxanthellae (Sutton & Hoegh-Guldberg 1990).
Moreover, the production of toxins by both free-living
marine dinoflagellates (Turner & Tester 1997, Klopper
et al. 2003) and zooxanthellae (Nakamura et al.
1995a,b) is well known. Therefore, while inoculation
experiments such as the one described in the present
paper are useful tools for looking at viral infection
cycles, interpretation is hampered by our incomplete
biochemical knowledge of the host animal and algal
symbionts concerned.

Flow cytometry and the measurement of
viral infection

The recent development of sensitive nucleic acid
stains and their use in detecting viruses by flow cytom-
etry has revolutionised the way we identify and, in
particular, enumerate viruses in aquatic systems
(Marie et al. 1999, Jacquet et al. 2002, Wilson et al.
2002b, Brussaard 2004b). The main problem is that the
analysis is conducted at the limit of a flow cytometer's
detection threshold and, thus, many very small viruses
(such as small filamentous RNA viruses) are easily
missed.

Our FC data are good evidence that the VLPs
observed are indeed viruses. The virus group observed
in the first heat shock experiment on Acropora for-
mosa is characteristic of large double-stranded DNA
(dsDNA) viruses and has side-scatter and fluorescence
properties similar to those of the algal viruses that
infect the microalga Emiliania huxleyi (Wilson et al.
2002b). Although many different virus morphotypes
were observed in abundance following heat shock of
A. formosa, the hexagonal VLPs of 40 to 50 nm in dia-
meter would be most likely to give this flow cytometry
signature, assuming that they are dsDNA viruses. It is
tempting to conclude that these viruses were released
from a zooxanthella host (i.e. another microalga); how-

ever, without conclusive ancillary data it would be
imprudent to do so. Unfortunately, the repeat experi-
ment yielded a virus group with very different side-
scatter and fluorescence properties. This group per-
haps contained the long filamentous VLPs seen in the
concurrent TEM analysis, though rigorous testing is
required before any conclusions can be drawn and we
are currently impeded by the lack of a good in vitro
coral or zooxanthellae host/virus system that we can
use as a control.

VLPs observed in this study were diverse in mor-
phology, highlighting the key question when interpret-
ing our FC data: To what extent are the particles
appearing on the scatter-plots of coral or zooxanthellar
origin, as opposed to being bacteriophages or cyano-
phages from the diverse microbial community, which
no doubt inhabits the coral's surface? We are unable to
answer this question using flow cytometry. The most
frequently observed VLPs by TEM are small, tail-less
and hexagonal, i.e. similar in size to those we see
regularly inside corals and zooxanthellae, as well as
around thin-sections of zoanthid tentacles. These small
VLPs are at the detection limit of the flow cytometer, so
flow cytometry must be used in conjunction with
techniques that can characterise the morphology and
molecular features of particles, and thereby clearly
establish their identity.

In summary, we have demonstrated VLPs in corals
and other cnidarians as well as in their associated zoo-
xanthellae. VLPs of similar size and shape are also seen
around heat-shocked corals, though a number of other
VLP morphotypes are also seen. While the methods
employed have some limitations, taken together our
data support the idea that these VLPs are viruses. How-
ever, we are still lacking the all-important virus isolate
and subsequent genome sequence data to solve this
problem conclusively. Once viruses have been identi-
fied, work can get under way to establish the precise
origins, diversity, propagation mechanisms and envi-
ronmental triggers of coral viruses. The full molecular
characterisation of viruses associated with reef corals
is therefore a major step on the way to understanding
the role of these pathogens in coral reef health.
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