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Abstract In recent decades, coral reefs worldwide have
undergone significant changes in response to various
environmental and anthropogenic impacts. Among the
numerous causes of reef degradation, coral disease is one
factor that is to a large extent still poorly understood. Here,
we characterize the physiology of white patch syndrome
(WPS), a disease affecting poritid corals on the Great
Barrier Reef. WPS manifests as small, generally discrete
patches of tissue discolouration. Physiological analysis
revealed that chlorophyll a content was significantly lower
in lesions than in healthy tissues, while host protein content
remained constant, suggesting that host tissue is not
affected by WPS. This was confirmed by transmission
electron microscope (TEM) examination, which showed
intact host tissue within lesions. TEM also revealed that
Symbiodinium cells are lost from the host gastrodermis
with no apparent harm caused to the surrounding host tis-
sue. Also present in the electron micrographs were
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numerous virus-like particles (VLPs), in both coral and
Symbiodinium cells. Small (<50 nm diameter) icosahedral
VLPs were significantly more abundant in coral tissue
taken from diseased colonies, and there was an apparent,
but not statistically significant, increase in abundance of
filamentous VLPs in Symbiodinium cells from diseased
colonies. There was no apparent increase in prokaryotic or
eukaryotic microbial abundance in diseased colonies.
Taken together, these results suggest that viruses infecting
the coral and/or its resident Symbiodinium cells may be the
causative agents of WPS.

Keywords Porites lobata - Porites lutea - Porites
australiensis - Coral disease - Virus

Introduction

Coral reefs worldwide are increasingly under threat from
climate change-induced bleaching events (Hoegh-Guldberg
1999; Baker et al. 2008), ocean acidification (Hoegh-
Guldberg et al. 2007), predator outbreaks (Kayal et al.
2012), and disease (Harvell et al. 1999, 2007). While we
are beginning to better understand the mechanisms
involved in bleaching (Douglas 2003; Weis 2008), the
causative agents of many coral diseases remain unknown.
Given that coral disease prevalence may be correlated with
periods of stress, such as temperature anomalies (Bruno
et al. 2007; Ferreira et al. 2013), it is likely that disease
prevalence will increase in the future in response to climate
change and other anthropogenic impacts (Harvell et al.
1999, 2007). Already, disease following bleaching has
resulted in drastic declines in coral cover in the Caribbean
(Miller et al. 2009). Clearly, a better understanding of the
numerous identified coral diseases is critical if we are to
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mitigate at least some of the degradation of reefs that is
predicted to occur.

Corals of the genus Porites are important members of
many reefs in the Indo-Pacific and are commonly affected
by disease (Raymundo et al. 2005). Documented diseases
of poritid corals in this region include growth anomalies
(tumours; Domart-Coulon et al. 2006; Kaczmarsky and
Richardson 2007; Aeby et al. 2011), Porites ulcerative
white spot disease (PUWS; Raymundo et al. 2003), Porites
bleaching with tissue loss (Sudek et al. 2012), and trema-
todiasis (Aeby 2006). The disease under study here, white
patch syndrome (WPS), was first described in 2008 (Roff
et al. 2008). These authors found that WPS manifested as
patches of discolouration (with no associated tissue loss) on
colonies of Porites lobata on the Great Barrier Reef
(GBR). Patches were 20—100 mm in diameter, circular to
oblong in shape and had distinct edges. Measurements of
photosynthetic health suggested that Symbiodinium cells
within the patches were either damaged or expelled. WPS
appears to persist over long time periods on affected col-
onies: a monitoring programme carried out on eight colo-
nies of Porites spp. displaying WPS symptoms at three reef
sites on the GBR from July 2004 to January 2006 revealed
temporal changes in lesion size and coverage, but lesions
were present at all sampling time points on initially dis-
eased colonies (J. Davy pers. obs.). The causative agent of
WPS is currently unknown. Roff et al. (2008) noted that the
macroscopically similar disease PUWS may be caused by
Vibrio sp., however, the relationship between these two
diseases is unknown.

In the current study, we set out to further characterize
WPS through physiological examination and microscopic
analysis. Furthermore, we attempted to identify the caus-
ative agent of this disease. A particular focus of this study
was to determine whether viruses play a role in WPS.
Virus-like particles (VLPs) have previously been found in
tissues of thermally stressed corals (Wilson et al. 2005;
Davy et al. 2006) and stressed Symbiodinium (Lohr et al.
2007), and have been shown to cause lysis of Symbiodi-
nium cells (Wilson et al. 2001). We also have evidence of
latent viral infections in numerous strains of Symbiodinium
that can be induced through stress (unpublished data).
Further evidence for a potential viral basis of coral diseases
comes from the work of Vega Thurber et al. (2008), who
found, through the use of metagenomics, that stress induces
herpes-like viruses in Porites compressa. More recently,
Soffer et al. (2014) showed that small circular single-
stranded DNA viruses are associated with white plague
disease of the coral Montastraea annularis in the Carib-
bean. With these findings in mind, we used electron
microscopy to identify and enumerate viruses associated
with healthy and WPS-affected poritid corals on the Great
Barrier Reef.
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Methods
2004-2006 Study
Physiology of white patch syndrome

Symbiont density Two samples each of visibly healthy
and lesion tissue were collected from each of two colonies
of Porites lutea showing symptoms of WPS (WPS lesion:
n = 4; healthy: n = 4) on SCUBA from depths of 7-12 m
at Twin Peaks, Heron Reef, GBR (23°28.346'S,
151°57.571'E), in October 2005. A corer (4.9 cm?)
attached to a power drill was used to collect the samples,
which were transported back to the laboratory in plastic
bags containing sea water. Coral cores were placed in a
flow-through aquarium system and processed within 3 h.
White patch syndrome lesion and healthy areas of each
sample were separated using a Dremel™ rotary cutting
tool fitted with a diamond cutting disc (Bosch, Australia).
Samples were placed in a small plastic bag and tissue
removed using an airgun attached to a SCUBA cylinder
high pressure outlet. The tissue slurry was agitated in 0.45-
pum filtered sea water (FSW) and centrifuged at
4,100x g for 5 min at 4 °C in a sterile 50-ml centrifuge
tube to pellet the algal symbionts. A 1.5 ml aliquot of the
resultant supernatant was taken for determination of the
host protein content (see next section). The algal pellet was
resuspended in a known volume of FSW to give approxi-
mately 10° cells ml~'. Symbiont density was determined
using a haemocytometer by counting eight replicate grids
for each sample. Results for analysis of symbiont density,
chlorophyll a content, and protein content were normalized
to surface area, using the aluminium foil method of Marsh
(1970).

Coral tissue protein content Host protein content was
determined using the supernatant of the tissue slurry
described in the previous section. An aliquot of each
sample was diluted as necessary with 0.2-um FSW and the
absorbance read on a UV-2450 UV—Visible spectropho-
tometer (Shimadzu Scientific Instruments, Columbia,
USA). Protein content was calculated using absorbance at
Ajzs and Asgg, with the following formula (Whitaker and
Granum 1980):

P = (Ays —Azgo) X 2.51 x DF x V

where P = protein content (ng), DF = dilution factor,
V = volume airbrushed, A,3;5 = absorbance at 235 nm,
and A,go = absorbance at 280 nm.

Spectrophotometric determination of chlorophyll a con-
centration Samples of P. lutea (WPS lesion: n = 3, vis-
ibly healthy: n = 4) for chlorophyll a analysis were
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collected from Libby’s Lair, Heron Reef (23°26.075'S,
151°56.018'E), at a depth of ~12 m, in May 2006 for
chlorophyll a analysis. Chlorophyll a concentration was
measured by extracting pigment from coral cores by first
placing coral fragments in foil-wrapped tubes containing
10 ml methanol and then placing them on ice in a soni-
cating water bath (Unisonics, Manly Vale, Australia) for
10 min. Tubes were then placed at —20 °C overnight and
the following day spun at 5,000 x g for 10 min at 4 °C. The
optical densities of the supernatant were measured on a
Cintra UV—Visible spectrometer (GBC, Dandenong, Aus-
tralia) at 750, 666, and 653 nm, with blanks between each
sample. The equation given in Wellburn (1994) was used to
calculate chlorophyll @ concentration after a correction for
turbidity was made:

Chla = 15~65A666_7~34A653

where Chla = chlorophyll a concentration (pg ml™"),
Aggs = absorbance at 666 nm, and Ags; = absorbance at
653 nm.

Photophysiology of symbiodinium associated with WPS
Nine cores were taken from colonies of Porites spp. corals
growing at approximately 6—-10 m depth at North Wistari
Reef (23°27.173'S, 151°53.137'E; Porites sp., n = 2 and
P.  australiensis, n =4) and Harry’s Bommie
(23°27.631'151°S, 55.798'E; P. lutea, n = 3) in October
2005. Coral cores were maintained in flow-through sea
water aquaria (801) at ambient temperature
(25.8 °C £ 0.15; mean +SE) under shade (<200 pmol
photons m~2s™") for 2 days prior to measurement of
chlorophyll fluorescence. Due to the extreme difficulty of
identifying poritid corals in the field, samples were not
taken from colonies of a single species. However, statisti-
cal analysis showed that there was no colony effect on the
fluorescence parameters measured during this analysis
(data not shown), and previous researchers have considered
the species P. australiensis, P. lobata, and P. lutea as the
single unit ‘massive Porites’ due to the lack of perceived
differences in biological characteristics between them
(Done and Potts 1992). Photosynthetic efficiency of Pho-
tosystem II (PSII) was measured after 30 min of dark
adaptation at dusk to ensure all reaction centres were open
(Krause and Weis 1984; Jones et al. 1998). Measurements
were taken across a gradient from lesion, border area, and
apparently healthy areas of coral using an Imaging-PAM
fluorometer (IPAM, Walz GmbH, Effeltrich, Germany)
with a maxi-measuring head attachment (70 x 100 mm) to
generate dark-light induction curves. While this method
necessitated the harvesting of coral cores, it was otherwise
ideal as it provides high resolution and the ability to assess
spatial heterogeneity of variable fluorescence across the
coral surface (Hill et al. 2004; Ralph et al. 2005). The

minimal (F,) and maximal (F,,) fluorescence yields were
obtained through the application of a series of saturation
pulses (>10,000 pmol photons m~2 s ') at constant LED-
emitted actinic irradiance (186 pmol photons m2sh.
Saturation pulses were applied at 20 s intervals to measure
steady state effective quantum yield, AF/F,, .

Statistical analysis

The nonparametric Mann—Whitney U test was used when
sample sizes were too small to allow for use of the inde-
pendent samples ¢ test or one-way ANOVA. One-way
ANOVA was used to test for significant differences
between variables measured with the IPAM. All statistical
analysis was carried out using software package Statistica
version 7 (Statsoft Inc., Oklahoma, USA). Due to logistical
constraints, samples used for symbiont density and protein
analyses were collected at different times and locations
than those used for chlorophyll @ and photophysiology
analyses. As such, changes in these parameters could not
be assessed relative to each other.

Transmission electron microscopy

Twenty-eight tissue samples were collected from colonies
of Porites spp. at five sites around Heron Island. Samples
were collected between July 2004 and January 2006, using
a hammer and chisel, and consisted of diseased and visibly
healthy tissue from diseased colonies, and healthy tissue
from unaffected colonies. Samples were fixed in 3 % glu-
taraldehyde in 0.1 M sodium cacodylate buffer within
30 min of collection and post-fixed in 1 % aqueous
osmium tetroxide. Fixative was removed, and samples
were decalcified in 20 % EDTA in PBS at 4 °C. The
EDTA solution was changed daily for up to 2 weeks.
Following decalcification, samples were dehydrated
through an ethanol series (50-100 %) and embedded in
Epon™ resin in a PELCO BioWave microwave (PELCO
International, Redding, USA) according to the manufac-
turer’s instructions. Ultrathin sections were cut on an Ul-
tracut T ultramicrotome (Leica Microsystems, Vienna,
Austria). Sections were mounted on 200-um mesh copper
grids (ProSciTech, Townsville, Australia) and stained with
5 % (w/v) uranyl acetate in 50 % ethanol (2 min) and
1.5 % lead citrate (1 min). Grids were viewed on a JEM-
1010 TEM (JEOL, Tokyo, Japan) at an acceleration volt-
age of 80 kV, and images were captured using the Mega-
view III Soft Imaging system (Olympus, Japan).

2010 Study

The 2004-2006 study provided evidence of virus-like
particles (VLPs) associated with Porites spp. displaying
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Fig. 1 Macroscopic signs of white patch syndrome. a Discrete,
irregular white patches of varying sizes on a colony of Porites lutea,
b diffuse lesions on a colony of Porites sp., ¢ fragment of Porites

WPS. A follow-up study was therefore carried out in 2010,
in order to enumerate and identify VLPs associated with
the disease.

Sample collection

Tissue fragments of P. australiensis were collected with
hammer and chisel from colonies at Harry’s Bommie,
Wistari, and Twin Peaks reefs, at ~6-m depth, in July
2010, at Heron Island, GBR. Samples were taken directly
from WPS lesions (n = 10), from visibly healthy tissue
~1 cm away from the lesion (n = 10), and from non-
diseased colonies (n = 10). The tissue samples were fixed
in 2.5 % glutaraldehyde within 1 h of collection and
refrigerated at 4 °C until processing.

Transmission electron microscopy

Glutaraldehyde-fixed tissue samples were decalcified in
0.5 M EDTA and post-fixed in 2 % osmium tetroxide.
Samples were then dehydrated through an ethanol series
(50-100 %) and propylene oxide, and embedded in Pro-
cure 812 resin (Proscitech, Queensland, Australia). Ultra-
thin sections were cut on an Ultracut T ultramicrotome
(Leica Microsystems, Vienna, Austria) and were stained
using 2 % aqueous uranyl acetate and Reynold’s lead cit-
rate. Sections were viewed on a Philips CM-100 trans-
mission electron microscope operated at 80 kV. Five
samples of each sample type (healthy, diseased, and 1 cm
from lesion) were analysed. In each case, 30 fields of view
at 24,500 x magnification were examined for the presence
of VLPs in Symbiodinium cells and gastrodermal and epi-
dermal tissues. Observed VLPs were sorted into two
morphological groups (icosahedral and filamentous) and
four size classes (0-50, 51-100, 101-150, >150 nm).
Nonparametric analyses of variance were carried out using
PASW Statistics 18 (SPSS Inc., Chicago, USA) to deter-
mine any difference in virus abundance between samples.
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australiensis showing distinct demarcation between healthy (leff) and
diseased tissue (right). Scale bars represent a 30 cm, b 5 cm, and
c3cm

Results
Macroscopic characteristics of WPS

During the 2004-2006 study, macroscopic characteristics
of WPS were analysed prior to sampling. WPS manifested
as discrete to diffuse multi-focal white lesions that ranged
in size from <1 cm? to approximately 25 cm?® (Fig. 1).
Lesions were more commonly irregular in shape but
occasionally ovoid. Edges of lesions were generally dis-
tinct and smooth, the coral surface texture smooth, and the
whole polyp showed colour loss. Lesions were not limited
to the upper, sunlit surfaces of corals but distributed across
the colony and the host range of WPS appeared to be
limited to the massive poritid species P. australiensis, P.
lobata, and P. lutea. The lack of skeletal destruction and
the prolonged persistence of some lesions suggested that
they were not predation scars or fish bites. A qualitative
estimate of maximum lesion coverage on any colony
affected by WPS during the course of this study was 30 %
of total colony surface area, seen on a colony at Harry’s
Bommie (23°27.631'151°S, 55.798'E) at a depth of 12 m.

Physiology of WPS

Symbiont density, chlorophyll a concentration, and host
protein content

The population density of Symbiodinium in tissue affected by
WPS was significantly lower than in the healthy tissue
immediately adjacent to lesions (Mann—Whitney U,
p = 0.021), with 40 % less symbionts. WPS lesion tissue
contained 0.96 + 0.22 x 10° Symbiodinium cells cm™>
(mean = SE), while visibly healthy tissue contained
2.66 + 0.46 x 10° Symbiodinium cells cm ™2 There was also
a significant difference in chlorophyll a content (Mann—
Whitney U, p = 0.049), with lesion tissue having a lower
amount of chlorophyll ¢ (0.65 & 0.06 pig cm™*;mean + SE)
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than surrounding healthy tissue (2.03 % 0.13 pg cm™2). The
host tissue biomass (expressed as protein per unit surface area)
was higher in lesions, with 7.81 & 0.86 ng cm™>
(mean + SE) compared to the healthy tissue content of
5.24 4+ 0.82 ng cm ™2, but this difference was not significant
(Mann—Whitney U, p = 0.157).

Photophysiology of corals

Data for all three sampled colonies were pooled as analysis
showed that there was no difference in the dark-adapted
maximum quantum yield (F\/F,; one-way ANOVA,
Fr54 = 1.758, p = 0.19) or non-photochemical quenching
(NPQ; one-way ANOVA, F;,,=0.320, p=0.74)
between the colonies.

Minimum fluorescence, F, indicated a lower level of
chlorophyll a content within the lesion, which is in
agreement with the spectrometry readings of this parame-
ter. Maximum fluorescence was also lower, resulting in an
F /F,, value of 0.584 + 0.007, which was lower than was
seen in the border (0.6 & 0.005) and healthy tissue
(0.596 £ 0.005), but not significantly so (one-way
ANOVA, F,,4 = 1.76, p = 0.1938). There was also no
significant difference between the level of NPQ for the
light level chosen for the PAM measurements (186 pmol
photons m~? s_l) (one-way ANOVA, F,;5=0.32,
p = 0.729). The effective quantum yield (AF/F,,) during
the course of the dark-light induction curve was lower in
the lesions than in the border and healthy regions
(0.3295 £ 0.012 vs. 0.3889 +£ 0.021 and 0.3767 £ 0.019;
respectively; mean £+ SE), but analysis showed that this
was not a significant difference (one-way ANOVA,
F,5 = 3.16, p = 0.071). The difference in photosynthetic
efficiency between WPS, border region and healthy tissue
is also illustrated in Fig. 2. In sample 3011a (black line),
there was a mild elevation in effective quantum yield at the
border of the healthy and lesion tissue, followed by a rapid
decline that corresponded to the region of lesion tissue.
This borderline elevation was not apparent in the trace of
the second sample (blue line), but the value of effective
quantum yield was lower in the lesion tissue.

Transmission electron microscopy

In both the 2004-2006 and 2010 studies, host tissue was
found to remain relatively intact within the disease lesion.
Although not quantified, necrosis (characterized by chro-
matin condensation, cell/organelle swelling, and vacuoli-
zation of the cytoplasm) and apoptosis (characterized by
cell shrinkage, chromatin condensation, and formation of
apoptotic bodies) of coral and Symbiodinium cells appeared
to be occurring at similar rates in all samples (see Fig. 3a, b
for examples). Little cell debris was observed among
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Fig. 2 Photosynthetic efficiency of Porites spp. corals with white
patch syndrome. Plots show changes in effective quantum yield (AF,/
F,) following 10 s of light exposure at >10,000 pmol m~2 s~
along a transect through visibly healthy tissue and lesions (left to
right) of two representative cores (Al2b = P. australiensis;
3011a = P. lutea). Inset pictures show the false colour [IPAM images
of the effective quantum yield (a single transect is plotted—
represented by white line)

surrounding cells or in the gastric cavity of the host, sug-
gesting that necrosis was not occurring extensively in
healthy or diseased tissues. One notable difference among
sample types was the presence of ‘holes’ in the gastro-
dermal preparations of diseased colonies, presumably
caused by loss of Symbiodinium cells (Fig. 3d). Although
not quantified, these tissue holes were relatively rare in
healthy tissue samples. Numerous bacterial aggregates
were seen in both healthy and diseased samples, with no
apparent correlation with disease state (Fig. 3e).
Numerous virus-like particles (VLPs) were observed in
all samples and cell types (epidermis, gastrodermis, and
Symbiodinium cells). In the samples collected between
2004 and 2006, VLPs consisted of a single icosahedral
morphotype, 90-120 nm in diameter (Fig. 4a). VLPs
showed no evidence of an envelope, tail, or other
appendages. These particles were only found within dis-
eased coral tissue and visibly healthy coral tissue from
diseased colonies (i.e. they were never seen in tissue from
healthy colonies or inside Symbiodinium cells). VLPs often
formed large aggregates within the cytoplasm of coral
gastrodermis and epidermis cells (Fig. 4a), as well as being
found as individual particles scattered throughout these
tissues. In the 2010 study, icosahedral VLPs ranging in size
from ~20-200 nm were seen in coral tissues, while
Symbiodinium VLPs consisted mostly of filamentous VLPs
up to 100 nm in length, with icosahedral VLPS also present
in some samples (Fig. 5). All VLPs appeared to be non-
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Fig. 3 Transmission electron micrographs of Porites spp. coral and
Symbiodinium cells. a Symbiodinium cells in early stage of apoptosis
from tissue 1 cm away from WPS lesion in P. australiensis; note cell
shrinkage (arrows), b necrotic Symbiodinium cell from lesion tissue
in P. lutea; arrows indicate swollen chloroplasts, ¢ Symbiodinium
cells being released into gastrodermis within WPS lesion in P. lutea,

enveloped, without tails or other appendages (Fig. 4a, b). It
should be noted though that, while the TEM used in this
study is capable of resolving viral envelopes and append-
ages, the possibility remains that envelopes or appendages
were destroyed during sample decalcification or dehydra-
tion. Nonparametric analysis of variance revealed no sig-
nificant difference in overall VLP abundance among
sample types (Kruskal-Wallis, p = 0.101). Likewise, at
the level of tissue/cell type (epidermis, gastrodermis, and
Symbiodinium), there was no significant difference in
overall VLP abundance (Kruskal-Wallis, p = 0.06) or
abundance of individual VLP size/morphology classes
among sample types (p > 0.05 for all comparisons). There
was, however, a significant difference in overall abundance
of small (<50 nm diameter) icosahedral VLPs among

@ Springer

d tissue holes (arrows) resulting from Symbiodinium loss in tissue
1 cm away from lesion in P. australiensis, e bacterial aggregates
(arrows) in a healthy colony of P. australiensis. Scale bars are 2 pm.
BA: bacterial aggregate, CN cnidocyte, CP chloroplast, EP epidermis,
GA gastrodermis, NU nucleus, PY pyrenoid

sample types (Kruskal-Wallis, p = 0.021), with ~3 times
as many seen in tissue collected 1 cm away from disease
lesions than in healthy or diseased tissues. Also, even
though not statistically significant (Kruskal-Wallis,
p = 0.218), there was an apparent increase in filamentous
VLPs > 50 nm in length in Symbiodinium cells from dis-
eased colonies (lesion: ~400 %, 1 cm: ~600 % increase).
Abundances of VLP morphotypes observed in the different
sample and tissue types are presented in Fig. 5.

Discussion

In this study, we examined the physiology of Porites spp.
corals with white patch syndrome and characterized viruses
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Fig. 4 Transmission electron micrographs of virus-like particles
(VLPs) from diseased Porites spp. colonies. a VLPs in diseased
tissues of Porites spp. (arrows), b VLPs in epidermis of Porites
australiensis WPS lesion, ¢ filamentous VLPs in Symbiodinium from
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associated with the disease. Physiological analysis showed
a significant decrease in Symbiodinium cell density in WPS
lesions, while host tissue biomass (protein per unit bio-
mass) was apparently unaffected. This was consistent with
measurements of photosynthetic health, which showed that
tissue within the WPS lesions was less photosynthetically
efficient than surrounding tissue. These results indicate that
Symbiodinium cells are lost from diseased tissues, but that
host tissue remains intact. TEM analysis confirmed this;
host tissues from diseased samples were not visibly dif-
ferent from tissue samples from healthy colonies, but there
was evidence of Symbiodinium cell loss. This is in line with
the findings of Roff et al. (2008), who also found decreased
photosynthetic health in WPS lesions. The loss of

Symbiodinium cells seen here is also consistent with Sym-
biodinium cell loss observed in Montastraea spp. corals
with yellow blotch/band disease (Cervino et al. 2004).
Additionally, there was no correlation between disease
state and sea water temperature or season (ESM, Electronic
Supplementary Material, Fig. S1, S2, S3), providing further
evidence that WPS is a true disease, rather than conven-
tional thermally induced coral bleaching. Despite the
apparent lack of environmental stressors seen here, further
study is required to determine whether the causative agent
of WPS requires a compromised host for successful
infection.

Bacterial abundance in the corals studied here was
patchy and did not appear to differ with disease state,
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whereas abundance of small VLPs was significantly higher
in tissue samples collected 1 cm away from WPS lesions.
The increased VLP abundance adjacent to lesions relative
to within the lesions themselves may be a result of VLP
release occurring as the host cells are compromised or lost
from the tissue. Although not significantly different, there
was also an apparent increase in abundance of filamentous
VLPs in Symbiodinium cells from diseased colonies,
compared to samples from healthy colonies. While the
icosahedral VLPs seen in coral tissues are difficult to
identify based solely on morphology, they resemble VLPs
previously found in a range of coral species (Wilson et al.
2005; Davy et al. 2006; Bettarel et al. 2013). Davy et al.
(2006) provided evidence that such VLPs are capable of
infecting and lysing healthy Symbiodinium cells isolated
from corals.

In the current study, small (<50 nm diameter) VLPs
showed increased abundance in both the Symbiodinium and
coral cells of diseased samples, suggesting that they could
be causing Symbiodinium cell lysis directly and/or com-
promising the coral cells and causing a breakdown in the
coral —Symbiodinium symbiosis. Virus-like particles in this
size range have been observed previously in dinoflagellates
(Franca 1976; Soyer 1978), but only one dinoflagellate-
infecting virus of this size has so far been characterized.
Heterocapsa circularisquama RNA virus (HcCRNAV) is a
positive-stranded RNA virus which is capable of rapidly
lysing its dinoflagellate hosts (Tomaru et al. 2004) and is
considered an important factor in H. circularisquama
bloom termination (Nagasaki et al. 2004; Tomaru and
Nagasaki 2004). Similarly, studies of viruses within coral
cells have until recently been restricted to electron
microscopy examination, making accurate identification
difficult. Furthermore, as shown in two recent studies using
metagenomics and metatranscriptomics approaches (Vega
Thurber et al. 2008; Correa et al. 2012), a vast range of
viruses associate with coral colonies, making it difficult to
speculate on the potential identities or modes of action of
the putative viruses seen here. With that said, the recent
work of Soffer et al. (2014) revealed small circular single-
stranded DNA viruses (SCSDVs) associated with white
plague disease in Montastraea annularis. This virus group
includes the families Circoviridae, Geminiviridae, and
Nanoviridae, all of which are small, icosahedral viruses,
and could potentially be phylogenetically similar to the
VLPs seen here.

The filamentous VLPs seen here in Symbiodinium cells
resemble those seen in stressed cultured Symbiodinium
cells by Lohr et al. (2007) and by the authors of this paper
in several cultured strains of Symbiodinium sp. following
stress (unpublished data). Lohr et al. (2007) hypothesized
that these filamentous VLPs were members of the Closte-
roviridae, but these VLPs also resemble other virus groups
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such as the Inoviridae and Flexiviridae. Without higher
resolution molecular analysis, it is not possible to confirm
to which family they belong. If these filamentous VLPs are
proven to indeed be viruses, it is possible that they are
causing loss of Symbiodinium cells in WPS-infected corals
either through Symbiodinium cell lysis or by impairing
Symbiodinium cell function and causing a breakdown in the
coral—algal symbiosis.

We have shown here that WPS is a disease affecting
Symbiodinium in several species of poritid corals on the
Great Barrier Reef. Symbiodinium cells are lost without any
noticeable damage to the surrounding coral tissue, resulting
in the bleached appearance of the disease lesion. There is
evidence that viruses might play a role in the loss of Sym-
biodinium, although the trigger for viral induction has not yet
been identified. Future work should focus on confirming the
viral basis of the disease and determining whether it is a
latent or opportunistic infection. If WPS is indeed confirmed
as a viral disease, the next step will be to identify the envi-
ronmental factors causing stress to these corals and subse-
quently inducing viral lysis or allowing infection. The role of
viral vectors could also be explored, as the patchy nature of
WPS suggests that a vector such as a corallivorous animal
may be transferring the putative pathogens to the coral.
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