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ABSTRACT: Examination of coral fragments infected with black band disease (BBD) at the fine- and
ultrastructural levels using scanning (SEM) and transmission electron microscopy (TEM) revealed
novel features of the disease. SEM images of the skeleton from the host coral investigated (Montas-
traea annularis species complex) revealed extensive boring underneath the BBD mat, with cyanobac-
terial filaments present within some of the bore holes. Cyanobacteria were observed to penetrate into
the overlying coral tissue from within the skeleton and were present throughout the mesoglea
between tissue layers (coral epidermis and gastrodermis). A population of novel, as yet unidentified,
small filamentous bacteria was found at the leading edge of the migrating band. This population
increased in number within the band and was present within degrading coral epithelium, suggesting
a role in disease etiology. In coral tissue in front of the leading edge of the band, cyanobacterial
filaments were observed to be emerging from bundles of sloughed-off epidermal tissue. Degraded
gastrodermis that contained actively dividing zooxanthellae was observed using both TEM and SEM.
The BBD mat contained cyanobacterial filaments that were twisted, characteristic of negative-tactic
responses. Some evidence of boring was found in apparently healthy control coral fragments;
however, unlike in BBD-infected fragments, there were no associated cyanobacteria. These results
suggest the coral skeleton as a possible source of pathogenic BBD cyanobacteria. Additionally, SEM
revealed the presence of a potentially important group of small, filamentous BBD-associated bacteria
yet to be identified.
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INTRODUCTION

Research into coral diseases over the last 5 decades
has revealed a high degree of complexity of those in-
vestigated. Many coral diseases exhibit similar signs,
such as various disease states referred to collectively as
‘white syndrome’ (Bythell et al. 2004). Corals may have
developed resistance to other coral pathogens, as is the
case for the bacterial bleaching pathogen Vibrio shiloii
(Rosenberg et al. 2009) and the white plague type II
pathogen Aurantimonas coralicida (Richardson &
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Aronson 2002). Molecular studies have shown that
specific bacterial sequences are present both in
apparently healthy corals and in corals with different
diseases, with unknown roles in each case (Rypien et
al. 2010).

Black band disease (BBD) in particular exemplifies
coral disease complexity and has been the subject of
microbiological and microscopic investigation since
the 1970s (Ducklow & Mitchell 1979, Riitzler et al.
1983, Carlton & Richardson 1995, Cooney et al. 2002,
Frias-Lopez et al. 2002, Barneah et al. 2007, Sekar et al.
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2008, Richardson et al. 2009, Sato et al. 2009). It has
been known for decades that BBD is characterized by
a complex, polymicrobial mat community in which
gliding, filamentous cyanobacteria are volumetrically
dominant (Rutzler & Santavy 1983). The mat migrates
as a well-defined band across apparently healthy coral
tissue, leaving behind freshly denuded skeleton, at an
average rate of 3 mm d! (Riitzler et al. 1983). The BBD
cyanobacteria provide a structural framework within
which a diverse microbial community is present (Rit-
zler & Santavy 1983). While the mechanisms that gov-
ern the initiation of BBD, as well as its mode of migra-
tion and tissue destruction, are still incompletely
understood, it has recently been shown that sulfide
(produced by BBD-associated sulfate-reducing bacte-
ria) is required for initial infection (Richardson et al.
2009).

Multiple cyanobacterial species have been identified
from colonies exhibiting macroscopic signs consistent
with BBD infection (Cooney et al. 2002, Frias-Lopez et
al. 2003, Sussman et al. 2006, Myers et al. 2007), along
with other putative pathogens (Arotsker et al. 2009),
which have been reported to be present on non-BBD-
diseased corals as well (Jones et al. 2004). The natural
reservoirs of BBD pathogens have not been elucidated,
although different sources have been proposed.
Cyanobacteria associated with BBD were detected
(based on microscopic observation of characteristic
morphology) in sediment-filled depressions on appar-
ently healthy corals (Richardson 1997). However, none
of these corals was observed to develop BBD. Molecu-
lar studies and disease surveys have also suggested an
association with sewage contamination, fish or human
pathogens, or terrestrial run-off (Frias-Lopez et al.
2002, Kaczmarsky et al. 2005, Sekar et al. 2008). While
BBD has previously been demonstrated to be transmit-
ted by fish (Aeby & Santavy 2006). Sequences associ-
ated with human and fish pathogens were present in
fewer than 4 % of the sequences from 84 clone libraries
constructed from BBD samples (Miller & Richardson
2011). Field surveys comparing sewage-impacted and
non-impacted sites revealed a higher incidence of
BBD-infected colonies around impacted sites (Kacz-
marsky et al. 2005). Molecular analysis of BBD samples
from these same sites has shown that BBD composition
differed significantly between impacted and non-
impacted sites (Sekar et al. 2008). These results sug-
gest that sewage may provide opportunistic pathogens
that could contribute to the disease, and that other fac-
tors such as nutrient loading may contribute to the
increase in BBD prevalence.

A previous scanning electron microscopy (SEM)
study of BBD showed that the BBD consortium con-
sisted of a mixture of filamentous cyanobacteria and
sulfide-oxidizing bacteria (Beggiatoa), with spiral bac-

teria commonly embedded within the consortium
(Ducklow & Mitchell 1979). These authors proposed
that BBD pathogens consumed the coral tissue and
released zooxanthellae into the disease matrix. It was
suggested that cyanobacteria may be necessary to ini-
tiate and maintain the disease, but that Beggiatoa pre-
sent within the mat may be more intimately involved
with the disease process due to the finding of cyano-
bacteria only in natural infections, and of Beggiatoa in
both natural and artificial infections. In another BBD
study, Rutzler et al. (1983) found that in freshly in-
fected coral tissue, bundles of cyanobacterial filaments
were often separate from the main population and
penetrated into the coral epidermis. These filaments
then tunneled in all directions underneath the epider-
mis. It was suggested that this physical penetration is
preceded by chemical degradation, with the mat
migrating over the top of the degraded tissue, further
degrading it, and resulting in a mat that contained
decaying coral tissue (Rutzler et al. 1983).

The purpose of the current study was to build upon
these previous studies and, using electron microscopy,
to examine the relationships between the BBD micro-
bial mat microorganisms and the coral host, including
infected and apparently healthy tissue and skeleton
immediately in front of, underneath, and behind the
migrating band. We also describe the condition of
the host coral tissue and skeleton and characterize the
fine structure of the BBD cyanobacterial matrix (mat
fabric).

MATERIALS AND METHODS

Sample collection. Seven BBD-infected fragments
and 2 apparently healthy control fragments from 8 co-
lonies of the Montastraea annularis species complex
were used for this study. Both naturally and artificially
infected fragments were utilized. Fragments were
infected by placing a small amount of freshly collected
BBD mat directly onto the surface of corals (described
below). This method results in a migrating BBD infec-
tion that lyses coral tissue the same way as BBD in the
reef environment (Voss & Richardson 2006, Richardson
et al. 2009).

Of the BBD-infected fragments, 2 were collected by
chiseling fragments from a BBD-infected colony on
Algae Reef offshore of Key Largo, Florida (USA). Five
other BBD-infected fragments were artificially infected
in the laboratory, including 4 collected from Horseshoe
Reef, Lee Stocking Island (LSI), Bahamas, and 1 from
Algae Reef, Key Largo. The bands on the LSI frag-
ments were allowed to migrate for 2 d prior to fixation,
while the band from the Florida Keys migrated for 3 d.
To artificially infect fragments, they were held out of
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the water, gently abraded with the tip of a needleless
syringe containing a BBD sample, and a small amount
of the BBD mat was expelled onto the surface of the
colony. After ~30 s, the mat was observed to adhere to
the coral fragment surface, at which time the fragment
was placed back into the aquarium. Two uninfected
fragments from apparently healthy colonies, both col-
lected at LSI, were used as controls. These fragments
were abraded in the same manner, but were not inoc-
ulated with the BBD consortium.

Electron microscopy. Artificially infected coral frag-
ments were prepared for SEM analysis by immersing
them into 2% glutaraldehyde in 0.05 M sodium ca-
codylate-buffered filtered seawater immediately after
removal from experimental aquaria. BBD-infected
fragments collected in situ on the reef were placed in
50 ml Falcon tubes (underwater), and immersed in fix-
ative immediately upon return to the boat. In the labo-
ratory, the glutaraldehyde fixative was refreshed, and
fragments were transferred to 0.05 M sodium cacody-
late filtered seawater buffer (3x for 10 min each), and
post fixed in 1 % osmium tetroxide in buffer for 30 min.
After an additional 3 buffer washes, the fragments
were dehydrated in a graded series of ethanol, with a
final concentration of 100 %. Small subfragments were
then chiseled from both naturally and artificially in-
fected fragments at the interface of the BBD mat and
apparently healthy tissue for transmission electron mi-
croscopy (TEM). The remaining coral fragments were
used for SEM, and were dried in hexamethyldisilazane
(HMDS) at room temperature to outgas overnight.
They were then mounted on carbon adhesive-covered
aluminum stubs and coated with palladium. Samples
were imaged in an FEI XL-30 ESEM/SEM fitted with
an Oxford EDS system. For TEM analysis, the calcified
subfragments in 100% ethanol were embedded in
Spurr® embedding resin. A Sorval MT-2 ultramicro-
tome fitted with a diamond knife was used to cut sec-
tions of the coral and skeleton embedded in the blocks.
Sections were placed on copper grids and stained with
lead citrate (Reynolds 1963). Since calcified material
was sectioned, uranyl acetate stain was not used be-
cause it is an acidic stain, and would dissolve the sec-
tioned calcium carbonate skeleton, which was a sub-
ject of this study. Sections were imaged in a JEOL 1400
TEM equipped with a Gatan digital camera.

Analysis. BBD-infected coral tissue and skeleton
fragments were examined extensively using SEM.
Areas observed included the black band consortium
(surface and interior of the mat), the coral/band inter-
face (leading and trailing edges), exposed coral skele-
ton (the result of band migration), and apparently
healthy areas of coral tissue in front of the band. The
leading and trailing edges of the band were deter-
mined based on the presence of apparently healthy

coral tissue on one side (leading edge), and exposed
coral skeleton on the other side (trailing edge) of sam-
ples when imaged.

RESULTS

Effects of BBD on the integrity of the coral tissue
and skeleton were distinct. The imaging techniques
employed allowed documentation of relatively intact
tissue in the apparently healthy areas of the coral, infil-
tration of apparently healthy tissue by BBD-associated
microorganisms at the band/tissue interface at the
leading edge of the band, markedly/completely degra-
ded tissue and skeleton at the interface behind the
band, and heavily bored exposed coral skeleton left
after band migration.

Leading edge of the BBD mat

At the base of the leading edge of the BBD mat,
cyanobacteria were observed actively boring through
the coral skeleton into the overlying coral tissue
(Fig. 1A). Examination of tissue which had been peeled
back from the underlying skeleton (likely an artifact of
the sampling/fixation process) revealed the relation-
ship between the cyanobacteria and the coral tissue
and skeleton. In Fig. 1A, numerous cyanobacteria can
be seen emerging from within the skeleton and pene-
trating the overlying tissue. The direction of migration
of the cyanobacteria into the overlying tissue is also
apparent. Some of the borings observed in the skeleton
contained intact cyanobacteria (living at the time of
fixation), with some of the filament tips observed to be
emerging from the bore holes and broken off in the
tissue. Cyanobacteria were also observed migrating
between the septae of the coral polyps (Fig. 1B), and
appeared to be moving toward the center of the coral
polyp. Examination of cross-sections of the cyanobac-
teria using TEM revealed a radial thylakoid arrange-
ment (Fig. 1C). Filaments were observed to have
tapered ends (Fig. 1D), which is characteristic of a
cyanobacterium that is the most prevalent cyanobac-
terium in BBD (Rutzler & Santavy 1983).

Ahead of the migrating band, in an area of apparently
healthy, intact coral tissue, small (typically ~0.5 pm in
width) groups of filamentous bacteria were observed to
penetrate the coral tissue through the calicoblastic ep-
ithelium, the gastrodermis, and the mesoglea (Fig. 2A).
Closer to the band, degraded coral tissue, distinguished
by vacuolated columnar cells of the epidermis and ex-
posed zooxanthellae on the surface of the gastrodermis,
were observed. In these locations, cyanobacterial fila-
ments (4 pm in width) were observed in the mesoglea
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Fig. 1. (A,B) Scanning electron microscopy (SEM) and (C,D) transmission electron microscopy (TEM) images of black band dis-
ease (BBD)-infected fragments at the leading edge of the BBD mat. (A) Cyanobacteria (indicated by the arrows) emerging from
within the coral skeleton. Circle (bottom right) of the micrograph indicates the tip of a cyanobacterium emerging from the skele-
ton. Circle (top left) indicates a partial (broken) filament inside the coral tissue. (B) Cyanobacteria migrating in between the sep-
tae of the coral polyp. Arrows indicate the direction of movement. (C) Cross-section of cyanobacteria in the BBD mat showing the
thyllakoid arrangement within the filaments. (D) Longitudinal section of cyanobacterial filaments in the BBD mat showing the
characteristic tapered end. Ti: coral tissue; Cy: cyanobacteria; Sk: coral skeleton; Po: coral polyp; Bb: black band; Th: thylakoids

(Fig. 2B). Within BBD-infected tissue, cyanobacteria
were observed in the gastrodermis, mesoglea, and epi-
dermis (Fig. 2C). The migration of the relatively large
cyanobacteria through the mesoglea appeared to assist
in the degradation and separation of the coral tissue.
Greater numbers of cyanobacteria were observed
underneath the coral tissues just ahead of the well-
defined mat (Fig. 2D). In this image, the BBD mat, con-
sisting primarily of cyanobacteria, can be seen behind
the coral tissue. Cyanobacteria were commonly seen
underneath apparently healthy tissue up to several
millimeters ahead of the advancing band.

Fine-structure of the BBD mat and infected
coral tissue

Relatively large populations of cyanobacteria were
observed in coral tissue layers associated with the

advancing front of the band (Fig. 3A). In this figure,
significant degradation of the coral tissue is visible,
apparent from extracellular zooxanthellae in the back-
ground, and the lack of intact coral tissue. The thin fil-
amentous microbes observed to be infiltrating intact
tissue in the apparently healthy area in front of the
band (Fig. 2A) were intermixed with the cyanobacter-
ial filaments in the leading edge of the band. In some
cases, these thin filamentous microbes were associated
with the breakdown of the coral epidermis (Fig. 3B).
The gastrodermis also exhibited some degradation,
and extracellular zooxanthellae were exposed.

In some areas, the epidermis was separated from the
gastrodermis and appeared to be sloughed off, forming
rolled bundles ahead of the migrating band. The for-
mation of bundles ahead of the well-defined mat is
likely due to the fact that the healthy epidermis in front
of the advancing band is anchored to the rest of the
coral tissue (Fig. 3C). In some cases, abundant rolled
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Fig. 2. (A,B,D) SEM and (C) TEM images of black band disease (BBD)-infected coral fragments at the leading edge of the BBD

mat. (A) Filamentous bacteria in the epithelium, mesoglea, and gastrodermis preceding the main band. Arrows indicate fila-

ments. Ellipse encloses filaments in the mesoglea. (B) Cyanobacterium present in the mesoglea and epithelium. (C) Cyanobacte-

ria in the gastrodermis, mesoglea, and epithelium. (D) Cyanobacteria migrating underneath coral tissue (arrows) ahead of the

main band (ellipse in background). Ep: epidermis; Tf: thin, filamentous microbes; Gd: gastrodermis; Ce: calicoblastic epithelium;
Ms: mesoglea; Zo: zooxanthellae; Cy: cyanobacteria

up epidermal bundles were present, found <1 to
2.5 mm ahead of the advancing band. These tissue
bundles could be identified as epidermal tissue based
on the characteristic intact columnar cells typical of
this tissue type (Fig. 3D).

Because of the migration of the cyanobacteria
through the mesoglea into the epidermal tissue, the
sloughed-off epidermal bundles were infiltrated with
cyanobacterial filaments, which were observed to
emerge from the bundles (Fig. 4A). The emergence of
the cyanobacteria from the epidermal bundles resulted
in large numbers of cyanobacteria millimeters ahead of
the advancing band.

Small pellet-like structures appeared to form from
further degradation of the bundles of epidermis. These
structures, which ranged from 15 to 25 pm wide and
50 to 90 pm long, were commonly present within the
BBD mat (Fig. 4B) and were pervasive in all of the
infected fragments. Also apparent throughout the mat
was a distinct exopolysaccharide (EPS) layer associ-
ated with the cyanobacterial filaments (Fig. 4C). Exam-
ination of intracellular zooxanthellae within BBD-
infected tissues using TEM revealed organelle ultra-

structure typical of normal cells. These cells were often
observed as doublets, indicative of active cell division
(Fig. 4D). Apparently healthy extracellular zooxanthel-
lae were also present (Fig. 5B).

Microbiological aspects of the disease process

While the overall BBD consortium was clearly domi-
nated by filamentous cyanobacteria, numerous other,
smaller, associated bacteria were observed (Fig. 5A) to
dominate in some microenvironments of the band.
These populations of smaller bacteria included fila-
mentous, rod- and coccoid-shaped morphotypes
(Figs. 4B & 5A). The latter image exhibits an area in
which the BBD mat overlay exposed coral skeleton and
no coral tissue remained. This area contained fewer
cyanobacteria, and the smaller bacteria were present
as a biofilm at the base of the band. Since the overall
biomass of these microbes was minimal compared to
the cyanobacteria, they were a much less conspicuous
component of the mat overall. However, they appeared
to be important in the final breakdown of the coral
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Fig. 3. SEM images of the interface of the black band disease (BBD) mat and apparently healthy tissue. (A) Cyanobacteria and

thin filamentous bacteria migrating underneath the coral epidermis at the leading edge of the band (arrow). Extracellular zoox-

anthellae circled in the background. (B) Degrading coral epidermis with thin filamentous microbes. (C) Sloughed-off bundles of

epithelium ahead of the migrating band. (D) Close-up of a break in one of the epidermal bundles. Zo: zooxanthellae; Tf: thin, fil-

amentous microbes; Cy: cyanobacteria; Ti: coral tissue; Ep: coral epidermis; Po: coral polyp; Bu: epidermal bundle; Bb: black
band; Cc: columnar cell

tissue. This is supported by observations that although
rod- and coccoid-shaped bacteria were present
throughout all areas of the infected fragments, the area
left behind after mat migration contained a much
greater number of these microbes (Fig. 5A). Degraded
tissue was evident in other areas of the trailing end of
the mat where zooxanthellae were observed to be pre-
sent among different filamentous BBD microorganisms
(Fig. 5B). In this image, the gastrodermis was com-
pletely degraded and the well-defined band overlay
exposed coral skeleton.

Filaments among the BBD consortium were often
observed to be intertwined, twisted, and had formed
loops (Fig. 5C), particularly at the edges of the BBD
mat. In some cases, distinct holes were formed within
the BBD mat due to the intertwining of several cyano-
bacterial filaments (Fig. 5D).

Boring activity by the cyanobacteria (Fig. 1A) led to
the severe degradation of the coral skeleton, such that
numerous bore holes and tracks were present in the
exposed skeleton left behind by the migrating band
(Fig. 6A). These areas were generally observed in
large clusters present on the surface of the exposed

skeleton. In addition to the euendolithic cyanobacteria
occupying the bored holes (Fig. 1C), numerous chas-
moendolithic bacteria were observed (Fig. 6B).

The tissue of the apparently healthy coral (control)
fragments was intact (Fig. 6C) and overlay skeleton
that exhibited no visible degradation or microbial infil-
tration comparable to that seen in the BBD-infected
coral fragments. While the skeleton of the healthy coral
fragment did exhibit borings and tracks that were mor-
phologically similar to those of the infected fragments
(Fig. 6D), they were far fewer in number. No cyanobac-
terial filaments were observed on the coral surface or
in the borings of healthy fragments, in contrast to the
skeleton of BBD-infected fragments.

DISCUSSION
Evidence of cyanobacterial boring in BBD
Our results show that cyanobacteria within the BBD

infections examined here are significant borers into
and within the coral skeleton, and that these cyano-
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Fig. 4. (A-C) SEM and (D) TEM images of the black band disease (BBD) mat at the coral tissue interface near (A) the front and

(B—D) the middle of the band. (A) Cyanobacteria emerging from within a sloughed-off epidermal bundle. (B) The black band mat

containing cyanobacteria, thin filamentous bacteria, and small pellets of debris. (C) Cyanobacteria moving in parallel through a

distinct exopolysaccharide (EPS) layer. Filaments can be seen migrating on top of and through the EPS layer. (D) TEM section

near the interface of the well-defined band and the coral skeleton. Actively dividing zooxanthellae within the BBD-infected

tissues are indicated by the high number of dividing cells (doublets). Cy: cyanobacteria; Bu: epidermal bundle; Pe: pellet; Tf: thin,
filamentous microbes; Eps: EPS layer; Db: zooxanthellae doublet; Zo: zooxanthellae

bacteria penetrate into coral tissue from the under-
lying coral skeleton (Fig. 1A). While the penetration
of BBD cyanobacteria into coral tissue has been
reported previously (Ritzler et al. 1983, Barneah et
al. 2007, Sato et al. 2009), this is the first observation
of BBD cyanobacteria boring into host coral skeleton.
This boring behavior is similar to skeletal eroding
band, coral disease in the Indo-Pacific that macro-
scopically appears very similar to BBD, and in which
a sessile folliculinid ciliate (Halofolliculina corallasia)
directly invades the coral skeleton and in some cases
leads to progressive tissue loss (Page & Willés 2008).

It is well known that boring cyanobacteria make up a
significant component of the coral endolithic community,
although prior to the current study none have been asso-
ciated with disease (Le Campion-Alsumard et al. 1995,
Radtke et al. 1997, Perry 1998, Vogel et al. 2000, Tribol-
let & Payri 2001, Tribollet 2008). In our study, cyano-
bacterial borings were generally found in large clusters
unevenly distributed throughout the exposed coral
skeleton of coral fragments infected with BBD (Fig. 6A).

Significant boring was observed both in the artificially
infected fragments, which were infected for a period of 2
to 3 d, and naturally occurring diseased colonies with an
unknown infection period. There was evidence of boring
in the apparently healthy (uninfected) control samples,
but it was minimal. This suggests that cyanobacteria pre-
sent within the band exhibit boring behavior throughout
the disease process, and not just as they emerge from
within the skeleton. The typical rate of boring is likely
slower than the advancement of the disease. However, it
is difficult to assess boring rates, and to our knowledge
previous studies have only estimated rates of bioerosion
from boring (g CaCO3 removed), not boring rates.

The SEM imagery revealed that most of the boring
was oriented perpendicular to the coral surface. This
observation is consistent with boring of carbonates by
other cyanobacteria, which is typically perpendicular
rather than parallel to the substrate (Garcia-Pichel
2006). Vertical boring is conducive to a model in which
cyanobacteria leave a bore hole as the mat passes
overhead and the cyanobacteria are recruited to the
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Fig. 5. SEM images (A,C) at the interface between the black band disease (BBD) mat and the exposed coral skeleton and (B,D)

near the back of the band. (A) Numerous non-filamentous bacteria associated with cyanobacterial filaments in the BBD mat. (B)

Zooxanthellae among the BBD mat cyanobacteria in the degraded gastrodermis. Black arrows indicate potential filamentous

sulfide-oxidizing bacteria and white arrows indicate cyanobacteria. (C) Twisting of cyanobacterial filaments creating loops at

the periphery of the mat. (D) A distinct hole of intertwined cyanobacterial filaments within the BBD mat. Cy: cyanobacteria;
Zo: zooxanthellae; Sk: coral skeleton

mat, or conversely bore into the skeleton from the mat.
While horizontal boring would likely require addi-
tional boring through the substrate, and the majority of
the boring observed in this study was perpendicular to
the substrate, tracks were also observed in coral skele-
ton that were a result of parallel boring (Fig. 6A).

Detection of a novel population of BBD
microorganisms

SEM revealed consistent populations of small, fila-
mentous microorganisms present within the BBD com-
munity. Identification of the taxonomic affiliation of
these microorganisms was outside of the scope of this
study, but should be targeted in the future. Observa-
tion of their presence in association with BBD provides
some insight into the disease process. The thin, fila-
mentous microbes were present in the apparently
healthy area of the coral tissue immediately in front of
the band (Fig. 2A), as well as within the cyanobacterial
BBD matrix (Figs. 3A & 4B), and in degrading epider-

mal tissue (Fig. 3B). Based on these observations, these
bacteria may be important in the initial breakdown of
coral tissue, and may also facilitate the penetration of
apparently healthy coral tissue by the much larger
cyanobacteria.

Insights into the BBD process

SEM was useful in characterizing the role of BBD
cyanobacteria in the disease process in terms of both
infection of apparently healthy coral tissue and break-
down of tissue. In some cases, migration of cyanobac-
teria across the infected coral caused the epidermis to
be completely removed, and in others, the penetration
of cyanobacteria through the mesoglea and epidermis
appeared to cause the epidermis to slough off in bun-
dles which were packed with cyanobacterial filaments.
Within the mat cyanobacteria could be seen as closely
associated with extracellular polysaccharide. Such EPS
is characteristic of a large number of mat-forming bac-
teria, including cyanobacteria (Wingender et al. 1999,
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Fig. 6. SEM images comparing the exposed coral skeletons of (A,B) a black band disease (BBD)-infected fragment behind the mat

and (C,D) an apparently healthy coral. (A) Bore holes in the exposed coral skeleton. (B) Bore hole occupied by a chasmoendolithic

filamentous bacterium. (C) Apparently healthy coral fragment exhibiting intact coral tissue overlying the coral skeleton. (D)

Bore holes and tracks present on the surface of apparently healthy coral skeleton. Sk: coral skeleton; Ce: chasmoendolith;
Ht: healthy tissue

Wolfaardt et al. 1999), and serves as a protective bar-
rier to the external environment (De Philippis & Vin-
cenzini 1998).

It has been proposed that the physical penetration of
coral tissue by BBD cyanobacteria is likely to be pre-
ceded and greatly aided by chemical lysis (Riitzler et
al. 1983). It is now known that the chemical microenvi-
ronment of the BBD mat is supersaturated with oxygen
during the day near the surface, due to photosynthetic
activity of the cyanobacteria, and anoxic deeper in the
band where sulfide is present (Carlton & Richardson
1995). At night, when photosynthesis ceases, the oxy-
gen/sulfide interface migrates vertically outward into
the overlying water column, rendering the entire mat
anoxic and sulfide rich. It has also been determined
experimentally that exposure of corals to sulfide at a
concentration present in the mat results in lysis of coral
tissue within 17 h (Richardson et al. 1997). Microcystin,
a cyanotoxin, has been detected in BBD and is pro-
duced by BBD-associated cyanobacteria in culture in
the laboratory (Richardson et al. 2007, Gantar et al.
2009). It has recently been shown that exposure of

healthy coral fragments to purified microcystin causes
severe degradation of the epidermis and gastrodermis
of corals over a similar timeframe, an effect which is
exacerbated in combination with exposure to sulfide
(Richardson et al. 2009). The degradation of the epi-
dermis and gastrodermis in BBD-infected fragments in
the current study appears to be very similar to that of
tissue degraded by exposure to microcystin and sulfide
(Richardson et al. 2009), which supports the hypothesis
of chemical degradation put forth by Ritzler et al.
(1983). However, it has been shown that not all BBD
infections produce microcystin (Glas et al. 2010),
adding to the complexity of this disease.

The observation of intact, dividing zooxanthellae
within the BBD cyanobacterial matrix suggests that they
too may be affected by the sulfidic and potentially toxic
BBD environment. Active zooxanthellae division and ex-
pulsion have previously been documented in corals ex-
posed to cyanide (Cervino et al. 2003), suggesting that
the zooxanthellae observed in the present study may be
undergoing similar stress levels related to exposure to
the chemical microenvironment within the disease band.
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Epidermal tissue bundles observed during disease
progression were always present ahead of the well-
defined band. This was likely due to the fact that the
invaded tissue was contiguous with the apparently
healthy tissue in front of the band (Fig. 3C). Cyanobac-
teria could be seen emerging from these bundles,
ahead of the forward edge of the mat. Large pellets
(Fig. 4B), pervasive throughout all of the BBD samples,
were likely the remnants of the epidermal bundles, a
result of progressive degradation as the BBD mat
passed over them.

The motility patterns exhibited by the BBD cyano-
bacteria are typical of other cyanobacterial and fila-
mentous bacterial mats. For example, the twisting of
filaments and formation of loops found in the band is
indicative of negative taxis in gliding, filamentous
microorganisms (Mpgller et al. 1985). In the current
study, the twisting of filaments occurred at the edges of
the cyanobacteria-dominated mat, suggesting that a
chemical or light gradient determined the mat-forming
behavior of the BBD cyanobacteria. In addition, the
parallel migration of cyanobacterial filaments in the
BBD mat suggests a migration toward or away from an
environmental cue.

Filamentous, mat-forming cyanobacteria generally
do not tolerate high light levels, and self-shade or
migrate to light levels more attuned to their light-satu-
rated photosynthetic rate (P,,y) (Castenholz 1982, Cas-
tenholz et al. 1991, Garcia-Pichel et al. 1994). It has
been demonstrated that the cyanobacterial population,
which exhibits a dark red-black color and is normally
on the surface of BBD (and the reason for the name of
the disease), moves down into the mat during high
light levels and is replaced on the surface by a popula-
tion of white, gliding, sulfide-oxidizing BBD microor-
ganisms (Beggiatoa sp.) (Richardson 1996, Viehman &
Richardson 2002). This is the opposite of cyanobacter-
ial/Beggiatoa vertical migrations in other sulfide-rich,
illuminated microbial mats (Jergensen et al. 1979, Jor-
gensen 1982). It may be that BBD cyanobacteria at the
front of the band migrate into the tissue to attain opti-
mal (relatively lower) light levels. This is consistent
with this and a previous study that found cyanobacte-
ria tunneling in a parallel configuration beneath the
epidermis ahead of the mat (Rutzler et al. 1983). In
another study, it was found that 2 cyanobacterial iso-
lates from BBD, Geitlerinema sp. and Leptolyngbya
sp., attained Py, at relatively low light levels of 81 and
108 pE m™2, respectively (Myers et al. 2007). It has also
been shown in situ that cyanobacterial migration down
into the mat occurs when light levels reach 238 pE m2
s™! (Viehman & Richardson 2002). This discussion does
not rule out the possibility that chemotaxis may play a
role in migration, an aspect of BBD etiology that is
completely unknown.

It is not clear from the current analysis whether the
well-defined migrating band follows the pioneering
groups of cyanobacteria, or whether the advancement of
the band is the result of a high turnover rate of the con-
sortium based on rapid growth of the advancing fila-
ments. It is also not known whether a large number of
cyanobacteria from the main band die or retreat into the
coral skeleton by boring activity. The observed behavior
of migration toward the gastrovascular cavity through
the polyp suggests that retreat into the skeleton during
the disease process occurs to some extent. The boring
behavior of the cyanobacteria may provide a significant
advantage in that the coral skeleton may serve as a
reservoir of pathogenic cyanobacteria that persist in low
numbers even as disease signs disappear in cooler sea-
sons. When more favorable (warmer) conditions resume,
the cyanobacterial numbers may again increase and re-
infect the coral. Such reoccurrence of BBD on the same
corals in subsequent disease seasons has been observed
previously (Kuta & Richardson 1997, Sato et al. 2009). It
is likely that both the advancement of the intact band fol-
lowing the pioneering cyanobacteria and the retreat or
die-off of some filaments occur to some extent.

Coral skeleton as a reservoir for BBD cyanobacteria

The hypothesis that the coral skeleton harbors a
reservoir of cyanobacteria associated with BBD could
be tested by comparing the endolithic cyanobacterial
community of BBD-infected corals to the cyanobacter-
ial community in the BBD infection, and to that of the
endolithic community of apparently healthy coral colo-
nies using both molecular and culturing techniques.
This would require sampling the same corals in both
disease and non-disease seasons. If the coral skeleton
harbored the cyanobacteria associated with BBD, it is
expected that the endolithic community should have
similar cyanobacteria to the BBD community.

Sato et al. (2009) found that non-BBD cyanobacterial
patches that were present on some coral colonies occa-
sionally (19 % of the time) shifted from a Blenothrix sp.-
dominated mat to a mat dominated by the most preva-
lent cyanobacterium found globally in BBD, most
closely related to Oscillatoria. It is possible that the
transition from cyanobacterial patches to BBD was
based on movement of BBD cyanobacteria from host
skeletal reservoirs, resulting in replacement of Bleno-
thrix sp. as the dominant cyanobacterium.

SUMMARY

BBD is one of the first coral diseases reported and is
considered among the most ecologically important
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diseases affecting coral reefs. We now know that it
consists of a highly variable, complex consortium of
microbes. While the mechanisms behind the infection
process and pathobiology of BBD are still not com-
pletely understood, the results of the current analysis
introduce several new insights into this disease. First,
the filamentous, gliding cyanobacteria that are associ-
ated with the disease actively bore through both the
host coral skeleton and tissue, indicating a potential
natural reservoir of the disease. Second, coral tissue
lysis and degradation appear to be aided by the physi-
cal movement of cyanobacteria through the tissue lay-
ers in front of the migrating band. Finally, a novel pop-
ulation of small, as yet unidentified, filamentous
bacteria was observed throughout (before, within, and
behind) BBD. The presence of these bacteria through-
out the disease, including in actively degrading epi-
dermis, suggests that this population may be important
in the complete lysis and removal of coral tissue char-
acteristic of this coral disease.
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