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INTRODUCTION

Coral diseases have fundamentally altered Carib-
bean coral reef ecosystems and pose a growing threat
to Indo-Pacific reefs (Aronson & Precht 2001, Willis et
al. 2004, Bruno & Selig 2007). In the past decade, a
virulent group of coral diseases known as white
 syndromes (WS) have impacted reefs throughout the
Indian, Pacific and Atlantic Oceans (Willis et al. 2004,
Aeby 2005, Sussman et al. 2008, Long & Holmes 2009,
Hobbs & Frisch 2010). In the Caribbean, WS-like tis-
sue loss diseases (e.g. white plague and white band
diseases) have contributed to dramatic reductions in
cover of the once-dominant coral genus Acropora and

subsequent phase-shifts on many reefs (Aronson &
Precht 2001, Weil et al. 2006, Vollmer & Kline 2008).
While identification of cau sative agents is critical for
effective disease management (Pollock et al. 2011),
no single etiological agent has yet been identified for
WS. Proposed causative agents include bacteria, cili-
ates and helminths (Sussman et al. 2008, Work et al.
2011, 2012, Sweet & Bythell 2012).

Viruses infect a wide range of bacteria, algae,
fungi, plants, and invertebrate and vertebrate ani-
mals (Munn 2006), yet their role in coral disease cau-
sation in general, and WS in particular, remains
unresolved. While the field of coral virology is still in
its infancy, there is mounting evidence that corals
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ABSTRACT: Disease outbreaks are implicated in coral reef degradation worldwide, but little is
known about the role of viruses in coral health. In this study, transmission electron microscopy
(TEM) was employed in parallel with flow cytometry to compare viral communities associated
with visually healthy and white syndrome (WS)-infected tissues of the coral Acropora hyacinthus
at Lizard Island on Australia’s northern Great Barrier Reef. Viral community shifts were observed
on WS-infected corals that were characterized by higher abundance, smaller size and distinct
morphology of virus-like particles (VLPs) on disease lesions relative to healthy tissues. Coral tis-
sues displaying WS contained 65% more VLPs, with 87% of these falling in the sub-100 nm size
range, compared to only 7% from healthy tissues. While the observed viral community shifts are not
necessarily indicative of disease causation, they may provide diagnostic criteria to discriminate
between distinct, but macroscopically similar, WS and WS-like coral diseases. Furthermore, these
results highlight the need to incorporate virology in investigations of coral health and disease.
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harbor diverse viral assemblages targeting the myr-
iad constituents of the coral holobiont (Wilson et al.
2005, Davy & Patten 2007, Patten et al. 2008, Thurber
& Correa 2011). Coral-associated viral communities
are highly dynamic, with virus-like particle (VLP)
assemblage shifts observed in response to thermal
stress and coral disease (Wilson et al. 2005, Davy et
al. 2006, Patten et al. 2008, Soffer et al. 2014). How-
ever, previous investigations examining viruses asso-
ciated with WS and WS-like diseases have yielded
largely contradictory results (Patten et al. 2008, Sof-
fer et al. 2014).

In order to determine the role of viruses in WS coral
disease, we must first understand if and how viral
communities differ between healthy and diseased
coral tissues and determine how consistent these dif-
ferences are among macroscopically similar disease
signs over temporal and spatial scales. The current
study examines viral communities associated with
both visually healthy and WS-infected tissues of the
coral Acropora hyacinthus, using transmission elec-
tron microscopy (TEM) and flow cytometry.

MATERIALS AND METHODS

Coral samples for this study were collected from
Lizard Island (14° 40’ S, 145° 27’ E), in the northern
sector of the Great Barrier Reef (GBR), in January
2013. Samples were taken from 3 visually healthy
and 3 WS-infected colonies (i.e. displaying diffuse,
acute-to-sub-acute areas of tissue loss revealing
white, intact skeleton) of A. hyacinthus (1 to 5 m
depth) at Mermaid Cove, Lizard Island. One frag-
ment, ~50 cm2 in area, was collected from each
healthy colony and 2 fragments (each ~50 cm2) were
collected from each WS-infected colony (i.e. one from
the disease lesion interface and one from apparently
healthy tissue approximately 10 cm away from the
lesion). Coral fragments were placed in individual
sterile bags underwater and subsequently stored on
ice. Within 1 h, 25 ml of sterile phosphate-buffered
saline solution was added to each bag and the frag-
ments were shaken vigorously by hand for 3 minutes
to dislodge coral mucus and sloughing tissue. Eight
replicate 1 ml aliquots were collected from each bag,
with 4 aliquots fixed in EM grade 0.5% glutaralde-
hyde and stored at 4°C for TEM and 4 aliquots fixed
in 0.5% glutaraldehyde at 4°C for 30 min, snap
frozen in liquid nitrogen and stored at -80°C for flow
cytometry analyses.

Samples for TEM observation were negatively
stained by suspending 10 µl of fixed sample on a

Form var carbon-coated 200 µm mesh copper grid for
1 h. Excess liquid was wicked off with filter paper
and each preparation was stained with uranyl
acetate (2% [wt/vol] in water) for 60s. Prepared grids
were examined with a JEOL 2100 TEM (120 kV)
and digitally acquired images were analyzed using
ImageJ software.

Samples for flow cytometry were thawed, diluted
with TE buffer, stained with 1× SYBR Green I (In -
vitrogen) at 80°C for 10 minutes in the dark and ana-
lyzed in a Becton Dickinson (BD) FACSVerse flow
cytometer equipped with a 488 nm argon-ion laser
and using the BD FACSuite software (see Brussaard
2004 for detailed methods). The FACSVerse cyto -
meter overcomes the potential influence of laser drift
through extensive calibration to BD’s quality con-
trolled, multi-colored bead standard that ensures
consistent laser intensity and alignment between
sample runs.

RESULTS

TEM analysis revealed a distinct population of
virus-like particles (VLPs) associated with tissue
and mucus at the WS diseased lesion front, relative
to healthy samples. VLPs observed in diseased
samples had electron-dense cores, capsids with
icosahedral symmetry and diameters of ~60–70 nm
and occasionally 100 nm (Fig. 1A–F, n = 30 VLPs
observed per health state from 3 biological repli-
cates). VLPs from healthy samples were appreciably
larger (diameters of ~150 nm) with discernible
short tail structures (Fig. 1G–I). Quantitative analy-
sis of the TEM results shows that ~87% of the VLPs
in diseased samples had diameters <100 nm
 compared to only 7% of VLPs in healthy tissue
samples.

Flow cytometry results corroborated the TEM
analysis, showing increased numbers of relatively
small VLPs from WS lesion fronts compared to
healthy tissues. In the unique VLP gate, WS tissues
(3.6 ± 0.6% of events, normalized to total number of
events to account for any potential differences in tis-
sue biomass between samples) had 65% more events
than regions of healthy tissues collected from dis-
eased colonies (2.2 ± 0.3) (Fig. 2) and 37% more
events than healthy tissues on apparently healthy
corals (2.6 ± 0.5) (data not shown). Furthermore, a
unique population of small VLPs dominated the WS
viral communities (Fig. 2, Emiliania huxleyi virus,
EhV, capsid diameter ≈ 170 nm, genome size ≈
400 kbp, is shown for reference in Fig. 2A).
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DISCUSSION

Both TEM and flow cytometry analyses demon-
strated smaller (sub-100 nm) and more abundant
VLPs in WS-affected tissues of A. hyacinthus,
compa red to apparently healthy samples. Previous
investigations examining viruses associated with WS
and WS-like diseases have been contradictory. Pat-
ten et al. (2008) noted no difference in VLP abun-
dance or size between healthy and WS-affected tis-
sues of A. muricata from the Great Barrier Reef using
a TEM approach. However, Soffer et al. (2014), utiliz-
ing TEM and amplicon pyrosequencing, reported
elevated numbers of small (~20 nm) viral particles
with sequence similarities to small, circular, single-

stranded DNA viruses (SCSDVs) in white plague dis-
eased tissues of Montastrea annularis in the Carib-
bean. Our investigations into viruses associated with
WS-affected corals also show an increase in VLPs
under disease conditions and identified a distinct
viral population that differed between healthy and
diseased tissues of WS-affected corals. However,
these shifts do not necessarily indicate a direct role in
disease causation. Tissue loss associated with WS
coincides with a suite of coral-associated assemblage
shifts at both the microscopic and macroscopic levels
(Sunagawa et al. 2009, Sweet & Bythell 2012, Pollock
et al. 2013). To fully understand this globally impor-
tant group of diseases, it will be critical to unravel
which of these changes arise as a cause of the
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Fig. 1. Transmission electron microscopy images of virus-like particles seen in negatively stained tissue samples of the coral
Acropora hyacinthus comparing: (A–F) diseased tissue collected from white syndrome-infected corals, (G,H) healthy tissue, 

and (I) tissue sampled 10 cm from a disease zone. Arrows indicate putative tail structures
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observed disease and which arise as a consequence
(Lesser et al. 2007, Ainsworth et al. 2008).

As colonial animals with simple body plans, corals
display a limited number of macroscopic signs in di -
cative of stress and disease (Bourne et al. 2009, Pol-
lock et al. 2011), and coral diseases are often mani-
fested as a WS-like sloughing of the coral tissue. This
has resulted in misidentification of diseases (Richard-
son 1998), multiple name changes for the same dis-
ease and misidentification of predation scars as dis-
ease (Bruckner & Bruckner 2002). In order to better
define disease etiologies and differentiate among
diseases with similar macroscopic signs, detailed
examination and description of bacterial and viral
community dynamics are critical. While microbial
community shifts may represent a secondary re -
sponse to altered coral physiology and/or holobiont
structure, they can provide important clues to dis-
ease etiology and may serve as diagnostic criteria to
discriminate between distinct, but macroscopically
similar diseases.

Future studies are needed to isolate and character-
ize WS-associated VLPs and identify their host(s)
within the coral holobiont. To achieve this, carefully
controlled infection challenges with putative viral
(and/or other) pathogens are required (Work et al.
2008, Bourne et al. 2009). Even if these WS-associ-
ated viruses do not directly cause WS, more detailed
knowledge of their identity, hosts and function will
provide important clues to the etiology of this poorly
understood group of diseases. Furthermore, by incor-
porating virology into future investigations, re sear -
chers could gain deeper insights into the numerous
coral diseases and disease-like syndromes of cur-
rently unknown or disputed etiology.
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