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Microbial mat compositions and localization patterns explain
the virulence of black band disease in corals
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Black band disease (BBD) in corals is characterized by a distinctive, band-like microbial mat, which spreads across the tissues and
often kills infected colonies. The microbial mat is dominated by cyanobacteria but also commonly contains sulfide-oxidizing
bacteria (SOB), sulfate-reducing bacteria (SRB), and other microbes. The migration rate in BBD varies across different environmental
conditions, including temperature, light, and pH. However, whether variations in the migration rates reflect differences in the
microbial consortium within the BBD mat remains unknown. Here, we show that the micro-scale surface structure, bacterial
composition, and spatial distribution differed across BBD lesions with different migration rates. The migration rate was positively
correlated with the relative abundance of potential SOBs belonging to Arcobacteraceae localized in the middle layer within the mat
and negatively correlated with the relative abundance of other potential SOBs belonging to Rhodobacteraceae. Our study highlights
the microbial composition in BBD as an important determinant of virulence.
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INTRODUCTION

Cyanobacteria are often key organisms that form microbial mats in
natural environments. A striking feature of the cyanobacterial mat
is its stratified structure and specific layers in which different
trophic microorganisms are distributed’. The uppermost layers are
generally dominated by aerobic cyanobacteria, diatoms, and other
oxygenic phototrophs, while the lowest layers are dominated by
various anaerobic bacteria. Cyanobacterial mats occur in terrestrial
and aquatic environments such as tidal sand flats, hypersaline
ponds, hot springs, intertidal zones, and coral reefs'~3. The vertical
distributions of bacteria can fluctuate daily?, and the mats can
expand horizontally in radial directions>.

Coral black band disease (BBD), characterized by a dark,
cyanobacterial-dominated microbial mat, exhibits a unique band
shape that linearly migrates through living coral tissues (Fig. 1).
The characteristic black band migrates over living coral tissues,
resulting in lysis and necrosis of the underlying tissue, and leaving
behind a bare coral skeleton®. The widths of the black band
between apparently normal coral tissue and freshly exposed
skeleton can range from a few millimeters to seven centimeters’?,
The migration rate of BBD, recorded up to 2 cm/day®, vary with
temperature’®!?, light'®'", pH'?, and different geographical
conditions'. As many as five-fold differences in the migration
rate concurrently occurred within a single reef'®,

The biomass of the polymicrobial mats is dominated by the
filamentous cyanobacterial genera Oscillatoria, Roseofilum, and
Pseudoscillatoria that had been identified from the Indo-Pacific,
Caribbean, and Red Sea, respectively’”. Those cyanobacteria
belong to a monophyletic lineage and are consistently found in
BBD lesions, indicating their pivotal role in the BBD etiology’.
Other common microbial constituents of the BBD lesion are SOB

(e.q., Beggiatoa spp'®. and Rhodobacterales'”), SRB (e.g., Desulfovi-
brio'® and Desulfobacteraceae'®), some diverse heterotrophic
bacteria'®, and archaea®®. Cyanobacteria are located in the upper
part of the microbial mat; SOB, SRB and heterotrophic bacteria are
found in the lower part during the daytime; and the aerobic
bacteria, including SOB, move over the cyanobacterial layer at
night'>. A mechanism for this special distribution has been
proposed. The cyanobacteria’s activity during the daytime results
in a dynamic vertical micro-gradient of oxygen®?'. During the
night, an oxygen-minimal environment is formed within the mat,
and then the SRB proliferate and activate in the anoxic conditions
underneath the mat®. The oxygen deprivation and high concen-
trations of sulfide from SRB are fatal to coral tissue, and thus are
considered the most important factors in the etiology of BBD'>%2,
Toxins of cyanobacteria have also been implicated in coral tissue
necrosis at the lesion-front in some studies®>. Meanwhile, SOB
members in BBD are inexplicable so far. Common SOB members
(such as Beggiatoa spp. and/or Rhodobacterales) represent a very
minor component of the BBD microbial consortia that were
obtained from widely different geographic locations'”1920.24-28,
This suggests that the SOB activity itself is not the primary driver
of BBD pathogenesis, but that its scarcity may aid in the
accumulation of sulfide within the BBD lesions'. Nonetheless,
other research from the Red Sea reported that Arcobacter sp. (i.e.,
the other viable SOB members) was highly abundant in BBD
lesions?®, In addition, BBDs have also shown low bacterial diversity
and a similar bacterial composition pattern in the summer when
they are highly active, compared to the non-active BBD in winter
and the waning stage of BBD in autumn?®. A BBD-precursor,
known as the cyanobacterial patch (CP) state, also showed a low
migration rate and high bacterial diversity compared to the
normal BBD state?’. Because of both the complexity and
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Fig. 1 A coral colony Montipora sp. being infected by black band
disease (BBD) in Aka Island, Okinawa, Japan. Representative BBD
on enclosing Montipora sp. colony (a). Close-up of the interface
showing black band, which was composed of cyanobacterial mat
between live coral tissue (healthy region) and exposed coral white
skeleton (bare skeleton) (b).

dynamism of the BBD microbial consortium, the etiology and
underlying mechanisms of pathogenesis and virulence of BBD still
remain unresolved'>, especially when it comes to their connection
to bacterial composition and localization. In addition, fine-scale
microbial localizations within BBD lesions have not been entirely
explicated, and doing so could elucidate the BBD-polymicrobial
dynamics'.

To characterize the microbial consortium involved in the
virulence of BBD, we examined how the composition and locality
of bacterial communities differed with BBD-migration rate (a proxy
for virulence). This study specifically examined how the poly-
microbial consortia within BBD lesions differ across migration rates
by using a scanning electron microscope (SEM), bacterial
community sequencing, and a combined method of fluorescence
in situ hybridization (FISH) and undecalcified coral sectioning. To
account for regional variations, BBD samples were collected
from two geographic locations in Okinawa, Japan (Supplementary
Fig. 1).

RESULTS

Linear-migration rates across encrusting coral Montipora from
two locations

At Sesoko Island and Aka Island, Okinawa (Supplementary Fig. 1),
38 BBD lesions (one lesion per colony; n=9 each in 2014, and
n=10 each in 2015) from different depths showed linear-
migration rates ranging from 0.30 to 6.36 mm/day (Supplementary
Fig. 2a). No correlation was found between the migration rate and
the depth (Spearman’s rank correlation, p =0.21, p value =0.21).
In addition, while water temperature fluctuated among the
locations and years (Supplementary Fig. 2b), there was no
difference in the migration rates profiled for each location and
year (one-way ANOVA, F = 0.95, p value = 0.43). All eighteen BBD
lesions from 2014 and a random selection of twelve of the 20 BBD
lesions from 2015 were used in downstream analysis of both SEM
observation and a combination of 16 S bacterial profiling and FISH,
respectively.

Surface structures of BBD among various migration rates of
BBD

SEM images of the BBD mat surface adjacent to healthy coral
tissue morphologically showed the presence of numerous
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microbes comprising thinner filamentous cyanobacteria (Supple-
mentary Fig. 3a), relatively thicker filamentous cyanobacteria
(Supplementary  Fig. 3b), filamentous  microorganisms
(Supplementary Fig. 3c), other rod-shaped bacteria (Supplemen-
tary Fig. 3d), and two types of ciliates (Supplementary Fig. 3e-f).
Structures of extracellular polymeric substances (EPS) were
observed across the surface of the cyanobacterial aggregation in
the samples from Aka Island, whereas structures of EPS were
generally not observed across each of the individual cyanobacter-
ial filaments from Sesoko Island (Fig. 2). Regardless of the presence
or absence of the EPS matrices, microorganisms found in the BBD
mats from both locations were morphologically similar. In the BBD
area, within T mm of the border of healthy coral tissue, the thinner
filamentous cyanobacteria (Supplementary Fig. 3a) dominated the
mat consistently in all the samples, regardless of location and
migration rate (Fig. 2). The thicker filamentous cyanobacteria
(Supplementary Fig. 3b) were found only in the samples with
migration rates of 2.74 mm/day from Aka Island and 4.18 mm/day
from Sesoko Island. The filamentous microorganisms (Supplemen-
tary Fig. 3c) appeared in the samples from both locations with
migration rates from 1.89 mm/day to 3.99 mm/day. The ciliates
displayed two different shapes: an elongated, tube-shaped body
(Type A, Supplementary Fig. 3e) and a pellet-like body (Type B,
Supplementary Fig. 3f). The type A and B ciliates were observed
widely on the surface across samples with various migration rates
ranging from 0.30 to 5.63mm/day and 1.53 to 5.96 mm/day,
respectively.

Bacterial community in the BBD mat

Twelve separate BBD bands (one band per individual colony) with
different linear-migration rates, ranging from 2.13 to 6.36 mm/day
(Fig. 3a), contained a variety of bacterial communities (Fig. 3b). The
alpha diversity of bacteria (revealed by observed OTUs and Chao1
richness indices) were negatively correlated with migration rates
(Spearman’s rank correlation, p=—-0.80, p value < 0.01, and
p =—0.74, p value < 0.01) (Fig. 3c). As a caveat, one sample of
compositional data (SF_04) showing low BBD-migration
(2.34 mm/day) and high diversity was identified as a potential
outlier (z-score = 3.04). Without the outlier, the result still showed a
significantly negative correlation with the migration rate (Spear-
man’s rank correlation, p =—0.76, p value < 0.01 for observed
OTUs, and p = —0.68, p value < 0.05 for Chao1 richness indices). To
avoid biases due to the compositional data in the correlation with
migration, we applied a centered log-ratio (clr) transformation on
our data for the downstream analyses and visualized it in
transformation-based principal component analysis (tb-PCA;
Fig. 3d). Sampling location and depth had no significant effect
on the differences in the clr-transformed bacterial communities at
the family level (PERMANOVA, location: R? = 0.12, p-value = 0.21;
depth: R°=0.06, p value=0.76; and both location and depth:
R2=0.07, p value =0.75). To assess the correlation between the
distance matrices based on the migration rate and the clr-
transformed abundance of the bacterial community, a Mantel test
was performed and showed no significant correlation (R: 0.06786,
p-value: 0.297). However, the pattern of partial correlation between
representative bacteria at the family level with migration rates was
verified by the cIr transformation matrix. Only two potential SOB
families, the Rhodobacteraceae and Arcobacteraceae, were signifi-
cantly correlated negatively and positively with linear-migration
rates (Spearman’s rank correlation, p=-0.59, p value < 0.05,
p =0.85 and p value < 0.01), respectively (Fig. 4 and Supplemen-
tary Table 3). 44 OTUs (operational taxonomic unit[s]) in all samples
belonged to the family Rhodobacteraceae (Supplementary Table 1),
and only two OTUs (OTU 6 and OTU24), ranging from 0.01 to
13.47% and from 0.01 to 6.96%, respectively, had > 1% of total
relative abundance at total sum scaling (Supplementary Table 2).
OTU 6 was assigned to the genus Ruegeria, and exactly matched
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Fig. 2 SEM images displaying the surface structures of BBD from two locations with different migration rates. The sample from Sesoko
Island (a, upper parts in panel b) displaying cyanobacterial filaments with non-impurities on the surfaces than Aka Island. In Aka Island, the
samples (lower parts in panel b and ¢) showed extracellular polymeric substances (EPS) on the surfaces. Comparison of surface appearances
between two locations across various migration rates (b). Scale bars indicate 200 um (a and ¢) and 20 um (b). The direction of BBD migration is

from right to left (a and c).

the sequence of an uncultured alpha proteobacterium 128-64
(AF473938) that was retrieved from BBD in the Caribbean Sea
(Supplementary Table 2). OTU 24 was identified as the genus
Thalassobius and was 100% similar to both an uncultured
bacterium clone BBD-Aug08-3BB-36 (GU472129) and an uncul-
tured bacterium clone Otu0020 (MH341656) in a BBD mat from the
Red Sea (Supplementary Table 2). As the viable sulfide-oxidizers or
heterotrophic bacteria (see more detail in discussion), Arcobacter-
aceae were found with 14 OTUs in all BBD samples across the
various migration rates, three of which were OTU 8, OTU 9, and
OTU11, which ranged between 0.54 - 10.84% in six samples, 0.03 -
10.81% in nine samples, and 0.01 - 546% in all samples,
respectively, at total sum scaling (Supplementary Table 2). All
three OTUs in the Arcobacteraceae were closely related to bacteria
(with 98.88 to 100% similarity) that were observed in BBD in the
Indo-Pacific Ocean and the Caribbean Sea (Supplementary Table
2). Six of the 14 OTUs (included representative OTU 9) in the
Arcobacteraceae were positively correlated with migration rates
(Supplementary Fig. 4a). In a phylogenetic placement of OTU short
reads, the 14 OTUs were distant from one another across the family
Arcobacteraceae in the reference tree, although some OTUs were
clustered together. For instance, OTU 8 and OTU 1074 grouped in a
cluster (Supplementary Fig. 4b). Three OTUs (OTU 27, OTU 192, and
OTU 952) belonged to the genus Malarcobacter, one OTU (OTU
144) belonged to the genus Halarcobacter, and other OTUs were
classified in an uncultured group (Supplementary Fig. 4b).
Although other families (see more details in Supplementary
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Table 3 and Supplementary Note 1) showed no significant
correlation, such as cyanobacteria belonging to the Desertifilaceae,
they tended to increase positively along with the migration rates
(Supplementary Table 3).

Bacterial localizations with BBD migration

To study bacterial localization in BBD across distinctive migration
rates, we applied FISH to inspect the bacterial distribution in the
same BBD samples that were used in the bacterial community
analysis. Given that sequences affiliated with the family Arcobac-
teraceae showed significant increases with the migration rate
(Fig. 4b), we used the probe Arc943°, along with the broad-range
bacterial probe EUB338mix3!, to target Arcobacteraceae. Before
conducting the FISH, we evaluated the newly designed probe that
could cover the 14 OTUs in Arcobacteraceae using an in-silico
analysis. Ten of the 14 OTUs, include two representatives OTUs
(OTU 8 and OTU 9), were ideally matched to the specific probe
Arc94 based on the phylogenetic placement analysis (Supple-
mentary Fig. 4b).

To visualize intact bacterial distribution and their locality in the
corals, including their tissue and skeleton, we used a recently
established method in which FISH3? was combined with
undecalcified coral sectioning®3. Although a nonspecific binding
signals from the FISH probe was detected in coral skeleton region
(Supplementary Fig. 5), we successfully visualized the bacterial
locality within the coral tissue and intact skeleton structures
(Supplementary Fig. 6).
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Fig. 3 Relative abundance of bacterial communities, alpha-, and beta-diversities in BBD microbial mats showing different migration
rates. Along various migration rates of BBD from two locations (a), bubble plots showing the relative bacterial abundance (depicted by size) of
the top 24 families, unclassified bacteria and others (that average <0.5% of that relative abundance were pooled) at total sum scaling (b).
Significant correlations between migration rates and alpha diversities (OTU richness and Chao1 index) from BBD calculated by Spearman’s
rank correlation at total sum scaling (c). Grey shading shows 95% confidence intervals for the Spearman rank correlation (c). A clr-transformed-
based principal component analysis (tb-PCA) representing the bacterial communities (family level) in BBD (d). Sample IDs indicated as ‘AF’ and

'SF" were collected from Aka Island and Sesoko Island, respectively.

Many EUB338mix probe signals indicated bacterial localization
in the microbial mat from the healthy coral tissue boundary to the
black band. Meanwhile, EUB338mix probe signals were absent or
few within the healthy tissue. The bacterial localization showed a
vertically stratified structure in the cyanobacterium-dominated
mat where cyanobacteria covered the uppermost layer, while
many bacteria spread around necrotic coral tissues and symbiotic
dinoflagellates below the cyanobacterial layer (Fig. 5a). In serial
sections, assemblages and individual cells of Arcobacteraceae were
also observed under the cyanobacterial layer using the specific

npj Biofilms and Microbiomes (2023) 15

probe Arc94 (Fig. 5b). While bacterial assemblages from
EUB338mix signals showed a variety of individual shapes
(Fig. 5c), Arcobacteraceae assemblages showed an almost same
cell morphology (rod-shaped bacteria, Fig. 5d). Moreover, the
distribution pattern of Arcobacteraceae indicated their close
associations with coral necrotic tissues (Fig. 5d).

To examine the relationship between bacterial locality and
migration rate, the areas of the bacterial presence of all bacteria
and Arcobacteraceae were spatially quantified in the upper, middle,
and bottom layers of the microbial mats (each vertical interval

Published in partnership with Nanyang Technological University
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Fig.4 Spearman’s rank correlation with the cir-transformed abundance of families Rhodobacteraceae and Arcobacteraceae to migration
rates. The clr-transformed matrix for each family (a: Rhodobacteraceae and b: Arcobacteraceae) was summed across the OTUs. Significant
correlation marked as * p <0.05 and ** p < 0.01. The shaded grey area represents the 95% confidence interval.

EUB338mix

Fig. 5 Fluorescence in situ hybridization (FISH) using EUB338mix and Arc94 probes labeled with Cy3 showing respective bacterial
localizations of all bacteria (a and c) and Arcobacteraceae (b and d) in serial cross sections of BBD specimens. Confocal merge micrographs
of the microbial mat structure of BBD showing autofluorescence (blue indicates coral tissue and green indicate chlorophyll from symbiotic
dinoflagellates [Sym] and cyanobacteria) and the hybridized bacteria with probe labeling Cy3 (red) (a-d). Cyanobacteria is shown in a yellow
color that merged two channels from autofluorescence of chlorophyll and bacterial signals with Cy3 (a and c). Dotted lines in a and
b delineate magnified, close-up regions (c and d). Hybridized signals of Arcobacteraceae shows their assemblages and dispersed cells (dotted

line and yellow arrowed heads in b). Scale bars represent 30 um.

1 mm, Fig. 6a) and compared against the migration rates. Given the
SEM observations and bacterial community analysis showing that
the dominant cyanobacteria always occurred in the upper layer,
the area of filamentous cyanobacteria was excluded in this
quantitative analysis (hereafter the “area of all bacteria” is defined
as having a distribution of bacteria, excluding cyanobacteria). FISH
was performed using the EUB338mix and Arc94 probes on serial
sections so that the distributions of target bacteria could be
optimally compared (Fig. 6b, c). The detection area of all bacteria,
which was measured with the EUB338mix probe was larger than
the area of Arcobacteraceae, which was measured with a specific
Arc94 probe (Fig. 6d). Both FISH signals were detected in all three
layers across different migration rates (Fig. 6e-j). In the surface
layer, the detection of all bacteria and Arcobacteraceae did not
show any relationship with the migration rate (Fig. 6e, f). Only in
the middle layer did the area of Arcobacteraceae increase with the
migration rate (adj. R-squared 0.04 and p value < 0.05) (Fig. 6g, h).
In contrast, the area of all bacteria showed a significantly positive

Published in partnership with Nanyang Technological University

relationship with the migration rate but only in the bottom layer
(adj. R-squared 0.06 and p value < 0.05) (Fig. 6l, g).

DISCUSSION

In this study, we successfully demonstrated that the migration
(i.e., a proxy for virulence) of cyanobacterial-dominated microbial
mat is linked to both bacterial composition and spatial localization
using a novel combination of 16 S bacterial profiling, undecalcified
sectioning, and FISH. The BBD bacterial community in this study,
which showed a unique migration pattern as a band-like biofilm,
was composed of groups that became less diverse as the
migration rate increased. In the bacterial community analysis,
we also found that the relative abundances of the families
Rhodobacteraceae and Arcobacteraceae had negative and positive
correlations with the BBD migration rates, respectively. Moreover,
as the BBD-migration rate increased, the population of Arcobac-
teraceae significantly increased in the middle layer, while all non-
cyanobacterial populations increased in the bottom layer.

npj Biofilms and Microbiomes (2023) 15
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Fig. 6 Quantitative area analysis of the spatial bacterial localizations of all bacteria (except filamentous cyanobacteria) and
Arcobacteraceae in BBD mats. Schematic illustration showing three layers (surface, middle, and bottom; each vertical interval is 1 mm) in BBD
mats for the spatial analysis (a). Confocal merge micrographs showing spatial bacterial localization (red) of all bacteria (b) and Arcobacteraceae
(€) in two serial sections; hybridized with EUB338mix and Arc94 probes, respectively. Scale bars indicate 50 um (b and c). Dot plots merged
with box plot showing the entire area of both all bacteria (except filamentous cyanobacteria) and Arcobacteraceae detections in the various
migration rates (depicted by color; the sample IDs ‘AF’ and ‘SF’ indicate collection from Aka Island and Sesoko Island, respectively) (d). Box plot
center lines represent the median values, box limits are the 25 and 75% of the sample, and upper and lower quartiles represented in bars are 5
and 95% of the sample (d). Linear regressions showing the associations between migration and areas of bacterial presence (all bacteria
[e, g, and i] and Arcobacteraceae [f, h, and j) in the surface (e and f), middle (g and h), and bottom layers (I and j). Significant correlation is

shown in red, with * p value < 0.05.

The involvement of the Arcobacteraceae in the BBD-virulence

Arcobacteraceae was recently proposed as a new family (in the
order Campylobacterales, the class Campylobacteria, and the
phylum Campylobacterota) from the genus Arcobacter in Phylum
Epsilonproteobacteria®*. Subsequently, six named genera were
proposed and moved out from the original genus Arcobacter in
Arcobacteraceae®®. However, recently a new proposal made by On
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et al. has reclassified the genera in the family Arcobacteraceae into
the single genus Arcobacter again®®. Our results suggest that
Arcobacteraceae (= Arcobacter sensu lato®*3) are profoundly
implicated in the pathogenicity of BBD. The presence of
Arcobacter in BBD has been commonly reported in a wide array
of geographical regions in the Caribbean, the Indo-Pacific, and the
Red Sea?®?°3738  Arcobacteraceae are, in general, aerotolerant,
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psychrotrophic®$, and ubiquitous in environments and animals®°.
Considering the spatially (especially vertically) and temporally
heterogeneous oxic condition within the BBD mat*’, our finding
that Arcobacteraceae populations appeared in all layers of BBD
with low to high migration rates suggests that the Arcobacter-
aceae associated with BBD are aerotolerant.

A member of Arcobacteraceae isolated from marine environ-
ments has been identified as either an autotrophic or chemo-
lithoheterotrophic sulfide oxidizer through in vitro and in silico
analyses*'™3, In previous BBD study, the relative abundance of
Rhodobacteraceae decreased during the BBD-development transi-
tion from the BBD-precursor, called a ‘cyanobacterial patch’ (CP),
which progressed at a slower rate, whereas the relative
abundance of Arcobacter spp. increased as BBD developed with
increased virulence?®. The contribution of Rhodobacterales in BBD
has been confirmed by profiling using a key functional gene (soxB)
for sulfide oxidation in BBD. However, the relative abundance of
soxB genes affiliated with Rhodobacterales increased more in the
BBD mat compared to CP'’. Arcobacter-derived soxB genes were
not detected, presumably because the universal primers for soxB
genes are incapable of identifying sequences from the genus
Arcobacter**. In fact, a shotgun metagenome sequencing study,
free from PCR biases, reported Arcobacter as major members of
SOB in BBD. Taken together, there is a strong possibility that
Arcobacter plays a role in the sulfide oxidization stage of the sulfur
cycle in the BBD consortium. In addition, since sulfur oxidizing
Arcobacter is highly resistant to high hydrogen sulfide and low
oxygen levels and thus effectively competes with other co-
occurring SOBs*?, our results indicate that a functional niche of the
sulfide oxidization in the BBD may have transferred from
Rhodobacteraceae to Arcobacteraceae as BBD-virulence became
higher.

Our results from FISH showed that the population of
Arcobacteraceae, particularly in the middle layer of the BBD mat,
slightly but positively correlated with the migration rates.
Although the vertical chemical distributions of hydrogen sulfide
and oxygen vary dynamically in the BBD mat from daytime (low
hydrogen sulfide and oxygen vertically decreases with mat depth)
to nighttime (hydrogen sulfide vertically increases and the mat
becomes entirely anoxic)*®, Arcobacter could be capable of
mediating within any condition and maintaining their abun-
dance?. Furthermore, one member of Arcobacter (Candidatus A.
sulfidicus) has been reported as a highly motile microaerophile,
which appears to be typical of organisms living at oxic-anoxic
interfaces®®. Considering the chemical condition in BBD at the
daytime®® that we collected samples, the middle layer of BBD mat
could allow the Arcobacteraceae to proliferate and adapt to the
environmental conditions, including hydrogen sulfide and oxygen
levels, and simultaneously provide the sulfate for SRB by the
sulfide oxidization and play a role in promoting or changing the
consortium’s migration that could associate with the BBD-
virulence. Furthermore, given that the genus Arcobacter also has
the complete set of genes responsible for assimilatory sulfate
reduction according to the whole-genome predictions, future
studies are required to confirm the role of Arcobacteraceae in not
only sulfide oxidation but sulfate reduction in the BBD mat.

Arcobacteraceae in BBD could also behave as pathogens that
directly impair coral tissues. Arcobacter has also been abundantly
detected in diseased lesions of many coral diseases other than
BBD, such as White Pox*’, White Syndrome“®, Brown Band
Disease®®, and Stony Coral Tissue Loss Disease*® across the
world’s coral reefs. In vitro human and animal cell culture assays
have shown that Arcobacter has significant virulence when it
comes to colony formation and the establishment of infection in
host tissues®®>', and it is also known that most Arcobacter are
equipped with virulence genes such as ciaB, irgA, and cadF>*>3.
Therefore, the presence of pathogenetic Arcobacter in marine
organisms warrants further focused research.
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Bacterial dynamics in BBD with various migration rates

Biofilms have been involved in many clinical infections, and
accumulated evidence shows that biofilms contribute to pathogen-
esis, especially chronic infection®* and oral plaque®. Of the
pathogenic biofilms, the most well-studied systems include human
oral plaque. After a partial clearance of the polymicrobial biofilm by
physical removal, the colonization cycle repeats itself in the same
general spatiotemporal successional transition until a mature
community of microbes is repopulated®®. During the transition,
early bacterial colonization and composition vary among indivi-
duals, but the most abundant genera are usually conserved. Abrupt
or subtle changes in bacterial composition are often thought to
promote disease-associated phenotypes®’. Specific polymicrobial
associations in human periodontitis may exacerbate disease
severity and progression®’. In BBD, alpha bacterial diversity was
shown to be negatively correlated with migration. Previous studies
have found that non-active BBD and CP (cyanobacterial patch) are
associated with high bacterial diversity and non-migratory and low
migration rates, respectively’®?°. The FISH result showed a slight
increase in bacterial population along with an increasing migration
rate and could suggest that the BBD bacterial consortium could be
elaborate with low diversity proliferating in individual BBD mats.
However, the variation of BBD migration rates could not be linked
to the specific bacterial communities that appeared in BBD with a
high migration rate. Indeed, the bacterial family Vibrionaceae, which
includes some species known to be coral pathogens>®°°, appeared
regardless of the migration gradient (Fig. 2b). Nevertheless, a trend
of decreasing Rhodobacteraceae and increasing Arcobacteraceae
among BBD with a high migration rate was certainly confirmed.

In the FISH experiment, bacteria in the BBD microbial mat
showed spatial distribution patterns with various migration rates.
Besides the population of Arcobacteraceae, all bacterial popula-
tions in the bottom layer showed a weak positive correlation with
the BBD migration rate. Combined with the bacterial community
results, our microbial visualization suggested that the bacterial
community structure linked to high BBD-virulence thrives under
strong selection that excludes other bacteria, especially in the
bottom layer. In the bottom layer of BBD, where low oxygen or
anoxic conditions are anticipated, even in the daytime'>, a niche
could possibly be provided for both SRB and anaerobic
heterotrophs.

This study demonstrates for the first time the correlation
between changes in bacterial composition/spatial localization and
the migration rate of BBD, specifically BBD in Montipora coral. In
short, this study provides new insights into the microbial
dynamics of BBD and indicates that the microbe-mediated
pathogenesis model in BBD is more complicated than previously
thought. However, our results indicate that Arcobacteraceae could
be one of the key foundations in the bacterial community
structure of virulent BBD. Given the positive correlation between
Arcobacteraceae and BBD-virulence, we propose Arcobacteraceae
to be a potential biomarker for BBD-virulence. These findings
should be tested in other diverse coral taxa, as many species are
known to be affected by BBD. In addition, we encourage more
research into other coral diseases using our newly developed
combination of bacterial community and FISH with undecalcified
sectioning techniques for revealing the bacterial composition/
intact spatial localization along with the virulence of coral
diseases.

METHODS

Study location, measurement of BBD-linear-migration rate,
and sample collections

This study was conducted in two reefs near Sesoko Island (26°38’
35.2"N, 127°51'49.5"E) and Aka Island (26°12'00.0”N, 127°16’45.0"
E) in Okinawa, Japan (Supplementary Fig. 1). The sites are located
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approximately 70 km away from each other and have open-ocean
between them. A total of 38 BBD-infected encrusting Montipora
colonies were measured for linear-migration rates in the summer
of 2014 (n =9 in each location) and 2015 (n = 10 in each location).
To determine the linear-migration rate of BBD in each individual
colony, photographs were taken of the front of the BBD-lesion on
a flat region of the colony, both three-days before the sampling
and on the day of the sampling. Average linear-migration rates
(mm/day) of BBD as a variable in the models below were
calculated at five random points on the region of each colony
using Fiji software®®. We also measured depths for each BBD-
infected colony and recorded water temperature (with intervals of
one hour) using an Onset HOBO Pendant logger® during the
observation. To assess the correlation between the migration rate
and the depth, Spearman'’s rank correlation was performed using
the statistics software R v4.0.2%". Comparison of variance of
migration rates across locations and years was also verified by
one-way analysis of variance (one-way ANOVA) using the statistics
software R v4.0.2%",

For downstream analyses, the samples from all 18 colonies in
2014 and 12 out of 20 colonies in 2015 (n =6 from each location)
were obtained for scanning electron microscope (SEM) observa-
tion and the combined analysis of bacterial community and FISH,
respectively. Each sample (one sample per individual colony) of
the BBD region containing healthy tissue and skeleton (approxi-
mately 3-4 ¢cm in length and width and one cm in depth) was cut
using a hammer and a chisel at the area where the linear-
migration rates were measured. For SEM, the samples were
trimmed into an approximately 1 cm square, immediately fixed by
2% glutaraldehyde (GA) in 10 mM phosphate buffered saline
(PBS, pH 7.4) on ice, and sequentially stored at 4 °C. For bacterial
community analysis and FISH combination analysis, the samples
were cut into two pieces each approximately 2 cm squares. One
specimen was punched from the black band by a sterilized leather
punch (4 mm circle diameter), and the band was stored in 300 pl
of 100% ethanol at —80 °C for bacterial community analysis. The
second specimen (approximately a 2 cm square) was immediately
fixed in 4% paraformaldehyde (PFA) in PBS (Wako, Japan) at 4 °C
for 8 h, rinsed with 70% ethanol three times, and stored in 70%
ethanol at 4 °C for FISH below.

Scanning electron microscope (SEM)

The GA-fixed samples (n = 18) were gently rinsed in PBS for 15 min
three times, and dehydrated in an ethanol/water gradient series (20,
40, 60, 70, 90, and 100% once, and abs. ethanol three times) for
20 min each at room temperature. Dehydrated GA-fixed samples
were immersed in abs. ethanol/t-butyl alcohol graded series (7:3
and 1:1 for 15 min each), transferred to t-butyl alcohol at above
25.5°C for 60 min, and placed in a refrigerator after changing out
old t-butyl alcohol with new alcohol. The samples were dried using
a freeze-drying devise (VFD-21S, SHINKKU VD, Japan) for 3 h, and
coated with a platinum/palladium alloy in ion-sputter (E-1010,
HITACHI, Japan). Observation and image acquisition were con-
ducted by a scanning electron microscopy (SEMS-3500N, HITACHI,
Japan). We observed the microorganisms in the surface area within
1 mm from the border with healthy coral tissue to the BBD mats,
and determined the presence or absence of microorganisms by
randomly photographing. A total of 42 images (6 images at 100x
magnification, 18 images at 1000x magnification, and 18 images at
2000x magnification) were taken from each BBD lesion.

Bacterial community analysis

The BBD-punched samples (n=12) in 300 pyl of 100% ethanol,
were directly added 120 pl of nucleotide-free water and 12 pl of
3 M sodium acetate, mixed by vortexing, and stored at —20 °C for
45 min. After a centrifugation at 18,000 x g for 20 min, the pellet
was resuspended in 300 pl of prechilled 70% ethanol, centrifuged
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again by same condition above, removed from the solution, and
dried. Genomic DNA was extracted from the pellet by DNeasy
Blood & Tissue kit (Qiagen), which included the addition of a
lysozyme-based enzymatic lysis step (buffer: 20 mg/ml lysozyme,
20 mM Tris-HCl [pH 8.0], 2mM EDTA [pH 8.0], and 1.2% Triton
X-100) according to the manufacturer’s protocol.

The genomic DNA was used as a template for amplification of
the V4 region of bacterial 16 S rRNA gene using the universal
primer set (515F and 806 R, Supplementary Table 4) and the
following PCR procedure: 35 cycles of 30 sec at 95 °C (denatura-
tion), 30sec at 51°C (annealing), 30sec at 72°C (extension),
followed by an additional extension for 5 min at 72 °C. Then, index
sequences were added by PCR using Nextera XT index kit
(Illumina, US). The amplicons were sent for sequencing with a
paired-end read chemistry by a MiSeq sequencer (lllumina, US).
The sequencing reads are summarized in Supplementary Table 5.

The paired-end reads from each sample were merged in the
software Qiimel using MacQIIME v.1.91%2, The obtained merged
sequences were filtered in the software MOTHUR v.1.39.55 using
the following criteria: (1) read lengths between 249 and 256 bp; (2)
read quality score average 27; and (3) homopolymer read length <
8 bp. We further detected chimeric sequences using the USEARCH
algorithm v.11.0.667%* and subsequently excluded chimeric
sequences. We implemented USEARCH with a 97% similarity
cut-off to cluster OTUs. The OTUs were assigned to known
taxonomic groups by mapping onto the Silva SSU r138.1
database®> using the MOTHUR with a cut-off value of 80. After
removing sequences from Eukaryota, Archaea, unknown and
chloroplast, a total of 1,593 bacterial OTUs were assigned to 255
families (1401 OTUs), unclassified bacteria (151 OTUs), uncultured
bacteria (31 OTUs in 10 orders), uncultured families (four OTUs in
three classes), and unknown families (six OTUs in two orders).

Statistical analyses for the bacterial community data set were
performed using the statistics software R v4.0.2°", incorporating
the R package phyloseq v.1.34.0°¢ and vegan v. 2.5-7%". Alpha
diversity indices (OTU richness and Chao1) were calculated using
the function “estimate_richness” within the phyloseq, and the
correlation along migration rates was using Spearman’s rank
correlation in the statistics software R v4.0.2°". For beta diversity
analysis, the phyloseq data at the family level was transformed
using the Centered Log Ratio (clr) transform function in a R
package microbiome v. 1.12.0%, and a distance matrix was
calculated using Euclidean distance with function “distance” from
the R package phyloseq. Transformation-based principal compo-
nent analysis (tb-PCA) was visualized with the function “ordinate”
from the R package phyloseq. To evaluate the impact of
differences in the location and the sampling depth on composi-
tional data, a Permutational Multivariate Analysis of Variance
(PERMANOVA) test was conducted using the function “adonis2”
from the R package vegan. To assess the correlation between the
difference in the migration rates and the difference in the bacterial
community composition, the migration rate was converted to a
distance matrix with Euclidean distance using the function “dist”
in the statistics software R, and a Mantel test was applied to the
clr-transformed distance matrix of bacterial structure and the
migration distance matrices in the R package vegan (Spearman
rank correlation and 999 permutations). Subsequently, a partial
correlation analysis was determined using the clr transformation
matrix of each representative bacterial family and BBD linear-
migration rate calculated using the Spearman'’s rank correlation
test in the statistics software R.

In addition, the representative OTUs (showing > 1% at total sum
scaling) were subjected to nucleotide-nucleotide BLAST searches
to identify their closest relatives in the GenBank database (https://
blast.ncbi.nlm.nih.gov/Blast.cgi). The closest sequences were
chosen by high similarity and linage position in blastn (nucleotide
collection nr/nt) and the function “Blast Tree View (Tree method:
Fast Minimum Evolution and Max Seq Differences: 0.75)". When
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results hit multiple sequences, we selected those from sources
related to BBD, coral disease, and healthy corals.

Fluorescence in situ hybridization (FISH)

According to the partial correlation analysis, family Arcobacter-
aceae included 14 OTUs that were positively correlated with the
BBD migration. Therefore, we performed FISH on 12 samples using
the specific probes, EUB338mix3'%° for most bacteria, and Arc94>°
for Arcobacteraceae (Supplementary Table 4), with a undecalcified
thin section method, after estimating the probe specificity for the
14 OTUs.

Phylogenetic placement of OTU short reads of Arcobacterease

To estimate the probe specificity for the 14 OTUs from
Arcobacteraceae, 653 reference sequences assigned to family
Arcobacteraceae comprised of the genera Arcobacter, Malaciobac-
ter, Halarcobacter, Pseudarcobacter, Poseidonibacter and uncul-
tured Arcobacteraceae were retrieved from the Silva SSU r138
database®®. The reference sequences were also tested for
matching with the Arc94 probe®° for Arcobacter using TestProbe
3.0 (https://www.arb-silva.de/search/testprobe/), and the probe
estimated a coverage of Arcobacteraceae at 78.0% (509 out of 653
reference sequences). For the construction of the reference tree,
the reference sequences were aligned using the software infernal
v.1.1.37° and a maximum likelihood tree was constructed in
RAXML-NG v.1.0.27" with model GTR+G and 200 bootstrap
replicates. Then, 14 OTU sequences were aligned to the reference
multiple sequence alignment using the program PaPaRa core
v.2.5”2, subsequently placed with the highest estimation score
(like_weight_ratio) on the reference tree by the software EPA-ng
v.0.3.673, and then the tree was visualized using interactive Tree of
Life (iTOL) v.4’* for the evaluation of the probe specificity. The
phylogenetic placements of the OTU sequence were estimated by
EPA-ng on the reference tree and defined with a high score of
“like_weight_ratio”, when the algorithm calculate multiple places
on the reference tree (the score defined in the ranging from 0.15
to 0.99).

FISH on undecalcified coral thin sections

The PFA-fixed samples in 70% ethanol were placed in the PBS
containing 10% sucrose for 1h at 4°C and transferred to 20%
sucrose overnight at 4°C. The PFA-fixed samples were then
embedded in the embedding compound (SCEM, SECTION LAB Co.
Ltd, Japan) and submerged into a mixture of dry ice and hexane
until completely frozen. The undecalcified sectioning attached to
adhesive film3 was performed to obtain three serial sections from
the PFA-fixed samples for coral specimens at 5um in thickness
with a tungsten carbide blade (SL-T30, SECTION LAB Co. Ltd.,
Japan) using a cryostat system (Leica CM1850, Germany). The
undecalcified sections attached to the adhesive film were
immerged in 100% ethanol for 30 sec to remove the compound
and air-dried. FISH was carried out as described in Wada et al.3?
with slight modifications, including a nondewaxing step and a
non-immerging step with HCI solution. In other words, the air-
dried sections were washed in a 20 mM Tris-HCl solution (pH 8.0)
for 10 min at room temperature, mounted in a proteinase K
(50 pg/ml) with the 20 mM Tris-HCl solution for 5 min at 37 °C, and
rinsed in the 20 mM Tris-HCI solution prior to the hybridization.
Each serial section conducted a probe hybridization using three
probes that were labeled with the Cy3 fluorochrome: (1)
EUB338mix3'%%, (2) Non338’° at a hybridization buffer (0.9M
NaCl, 20 mM Tris-HCl, and 0.01% SDS) containing 30% formamide,
and (3) Arc94%° at that 20% formamide (Supplementary Table 4) at
46 °C for 1.5 h. Each hybridized section was washed in washing
buffers (20 mM Tris-HCl, 0.01% SDS, 5 mM EDTA (pH 8.0), and NaCl
(0.112M for EUB338mix and Non338 probe treatments and

Published in partnership with Nanyang Technological University

N. Wada et al.

npj
9

0.225M for Arc94 probe treatment)) at 48°C for 10 min. The
washed sections attached to the adhesive film were washed with
cool water and air-dried, collected on a glass slide (52441,
MATSUNAMI), and then a coverslip was mounted on the slide in
an antifade solution (Fluoromount/Plus, Diagnostic BioSystems).

Image acquisition was conducted with a 40x magnification
objective lens (HC PL APO 40x/1.30 OIL CS2) in a confocal
microscope (TCS SP8, Leica). Cy3 fluorochrome and chlorophyll
(for Symbiodiniaceae and cyanobacteria) were excited at 552 nm
(2.0%) and detected in an emission range of 571-582 nm with
HyD (standard mode and gain 100) and of 650-696 nm with PMT
(gain 700). Coral autofluorescence was also excited at 405 nm
(1.5%) and detected in an emission range of 460-510 nm with
HyD (standard mode and gain 161). In order to quantitatively
analyze the area for the presence of bacteria, six images (each size
1024 x1024 pixels) were acquired from each of the three regions
of the BBD cross section: upper, middle, and bottom layers (each
vertical interval 1 mm, Fig. 6a). Fluorescence signals bounded by
each probe (EUB338mix and Arc94) were identified with whither
specific signals or non-specific probe bindings (using Non338
probe), according to the criteria as detailed by Wada et al.32.

Image processing was performed using the software Fiji®® after
exporting the images of Cy3 fluorochrome and chlorophyll to 8-bit
greyscale TIFF images using the software LAS X (Leica). Each
greyscale image was converted to a binary image by a thresh-
olding function using the algorithm “Max entropy”’®. To analyze
the presence of bacteria other than cyanobacteria in the
Cy3 signal of EUB338mix probe, the region of cyanobacteria in
the chlorophyll signal was subtracted from the binary image of the
EUB338mix signal by the function “subtract” and manual curation.
The binary image was filtered to reduce the noise by the function
“Remove Outliers” (Radius 1.5 and threshold 50). In addition, since
the signals from Cy3 fluorochrome channel also contained non-
specific fluorescence from the skeleton regions (Supplementary
Fig. 5), the fluorescence from skeleton regions was manually
removed from the binary image. Based on the binary images,
areas of total bacteria, except for cyanobacteria, and Arcobacter-
aceae, were calculated in pixels (reflecting their population size in
terms of biomass). The relationship between each area from the
three layers and the BBD linear-migration rate was measured
using a linear regression model (a function “Im”) in the statistics
software R v4.0.2%,

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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