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Abstract Diseases of marine organisms, including spon-
ges on coral reefs, are being reported with increasing fre-
quency worldwide. Aplysina Red Band Syndrome (ARBS)
occurs across the Caribbean basin, predominantly affecting
Aplysina cauliformis, one of the most common reef spon-
ges in this region. Existing ARBS lesions and their effects
on the sponge holobiont have been documented, yet little is
known about the biochemical and microbial changes
associated with the onset of infection. Due to the trans-
missible nature of ARBS, infection can be induced and
monitored through sponge-to-sponge direct contact. Nine-
day contact experiments with healthy-diseased and heal-
thy-healthy sponge pairings were conducted in the Baha-
mas in January and July to compare individual sponges
sampled initially and at one of three successive time points.
Temporal changes in bacterial assemblages and photo-
symbiont abundance (via concentrations of chlorophyll a),
and concentrations of total protein, heat shock protein 70,
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and major secondary metabolites that may correspond with
disease onset were characterized. All healthy sponges in
contact with diseased sponges developed ARBS by day 9
in January and by day 6 in July, suggesting that observed
changes in the holobiont corresponded with the develop-
ment of ARBS. The concentrations of several major sec-
ondary metabolites, as well as heat shock protein 70 and
chlorophyll a, changed significantly in samples of visibly
healthy tissue from initially healthy sponges that became
diseased. In contrast, the composition of the associated
bacterial community changed in all attached sponges over
time. These results suggest that infection with ARBS elicits
rapid responses by the sponge holobiont, providing a model
system in which to investigate immune responses in an
early metazoan.

Keywords Sponge disease - Transmission - Aplysina
cauliformis - ARBS - Sponge-associated bacteria

Introduction

Diseases of marine organisms have been reported with
increasing frequency in recent decades, contributing to a
dramatic decline in marine ecosystem services worldwide
(e.g., Ward and Lafferty 2004; Mydlarz et al. 2006;
Webster 2007; Hewson et al. 2014; Lafferty and Hofmann
2016; Precht et al. 2016; Walton et al. 2018). To date,
studies of diseases affecting sessile marine invertebrates
have primarily been descriptive, and predominantly
focused on scleractinian corals due to their roles as
“ecosystem engineers” (Jones et al. 1997). However, in
many cases, the physiological and ecological impacts of
marine diseases are poorly understood. For example,
research on coral diseases has concentrated largely on
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describing their physical manifestations, outbreak charac-
teristics, relationships with other environmental stressors,
and identifying putative etiologic agents. As a result,
modes of transmission and physiological impacts on indi-
viduals in the early stages of pathogenesis for most marine
diseases remain unknown, in part due to the difficulties of
identifying transmission pathways in the ocean, particu-
larly when pathogens have not been identified or are
unculturable. As might be expected in the marine envi-
ronment, modes of disease transmission typically include
water-borne, vector-borne and/or direct contact (reviewed
in Shore and Caldwell 2019).

Sponges represent an immense source of biodiversity
and biomass on coral reefs (van Soest et al. 2012), and
provide numerous ecosystem services, ranging from habitat
and food for other organisms to hosting diverse microbial
assemblages that serve a plethora of functional roles in
terms of nutrient cycling (Diaz and Riitzler 2001; Wulff
2012; de Goeij et al. 2013), and producing a rich source of
secondary metabolites with both ecological and potential
pharmaceutical applications (Mehbub et al. 2014; Paul
et al. 2019). Whereas sponge diseases have not been as
well described as coral diseases, they are also being
reported worldwide with increasing frequency (reviewed
by Webster 2007; Luter and Webster 2017). However, little
is known about how sponge diseases are transmitted
between individuals or how the holobiont responds to
disease. Because sponges do not leave a skeletal record
when they die, in the absence of an observed epizootic
event, sponge mortality due to disease tends to be patchy
and easily overlooked. Nonetheless, sublethal effects of
sponge diseases can affect their ecological interactions, as
well as the ecosystem services they provide.

Aplysina Red Band Syndrome (ARBS) is a disease
affecting Caribbean sponges within the genus Aplysina,
particularly Aplysina cauliformis, the purple rope sponge
(Olson et al. 2006). ARBS is characterized by the presence
of an initial rust to red-colored circular lesion that spreads
outward along the sponge branch, leaving behind spongin
fibers devoid of live tissue that become colonized by
epibiotic algae and microorganisms (Olson et al. 2006;
Gochfeld et al. 2019). The characteristic red coloration of
the lesion is due to the presence of the filamentous
cyanobacterium Leprolyngbya sp. (Olson et al. 2006, 2014;
Gochfeld et al. 2019) although transmission studies with a
sponge-derived isolate failed to establish disease (Olson
et al. 2014). Of the sponge diseases described to date
(Webster 2007; Luter and Webster 2017), only ARBS has
been shown to be readily transmissible via direct contact
in situ (Easson et al. 2013) and experimentally, with signs
of disease in healthy sponges placed in contact with dis-
eased sponges visible within 7 days (Olson et al. 2006).
Water-borne transmission of ARBS has also been
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documented, although it occurs less frequently (Olson et al.
2006; Easson et al. 2013). The rapid and reliable contact-
driven transmission of ARBS to healthy sponges provides
an unprecedented opportunity to characterize responses of
the sponge holobiont during the course of pathogenesis.

ARBS has diverse sublethal effects on the sponge
holobiont, including changes to the composition of the
associated bacterial community, reductions in the number
of cyanobacterial photosymbionts, changes in host cell
densities and cellular composition, reduced protein content,
changes in secondary metabolite profiles, reduced growth
rates, and an increased probability of breakage during
storm events (Gochfeld et al. 2012a, b, 2019; Easson et al.
2013; Olson et al. 2014). However, these effects have been
described in sponges with established ARBS lesions and do
not provide information regarding impacts of the initiation
of ARBS infection on the sponge holobiont. To better
understand the process of disease onset (i.e., before and
once early signs of disease are apparent), we performed
contact transmission experiments to characterize the com-
position of sponge-associated bacterial communities, and
to measure the concentrations of chlorophyll a (as a proxy
for the sponges’ cyanobacterial symbionts), soluble pro-
tein, heat shock protein 70 (as a marker for sponge stress:
Lopez-Legentil et al. 2008; Fan et al. 2013), and major
secondary metabolites in A. cauliformis exposed to ARBS
for different periods of time, relative to ARBS-affected and
healthy in situ sponges. Seasonal differences in rates of
disease transmission and its impacts were also evaluated.
These results demonstrate how rapidly changes occur
within the sponge holobiont as disease becomes established
and create a baseline for additional investigations into
marine invertebrate responses to pathogenesis.

Materials and methods
Experimental design and sample collection

To test for seasonal differences in rate of disease trans-
mission and impacts on the sponge holobiont, transmission
experiments were conducted in July 2010 and January
2011. Temperature loggers (HOBO, Onset Computer
Corp.) were deployed at the experimental site and data
were collected every 10 min for the duration of each
experiment. Based on initial results and available resour-
ces, some of the time points and measured variables were
revised between experiments.

On day O, scissors were used to cut approximately
25 cm long branches from visibly healthy (i.e., no signs of
discoloration or damage) A. cauliformis individuals at a
depth of 5 m on North Norman’s reef (23° 47.388' N, 76°
08.273'W), Exuma Cays, Bahamas. Approximately half of
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each healthy sponge was placed into an individually
labeled 1 gal re-sealable plastic bag for transport to the wet
laboratory at the Perry Institute for Marine Science (PIMS)
on Lee Stocking Island for collection of initial (Day 0)
samples. The other half of each healthy sponge branch was
cable-tied to either a tagged ‘in situ Healthy’ A. cauliformis
or in contact with the red band on a tagged ‘in situ ARBS’
affected A. cauliformis (Fig. 1a, b). All diseased sponges
were photographed with a Canon PowerShot D20 under-
water digital camera prior to attaching the healthy sponge,
and all sponge pairs were photographed following
attachment.

In the laboratory, the collected half of each sponge that
was attached to an in situ healthy or in situ ARBS-affected

Attached to Health

Fig. 1 Portions of initially healthy sponges were attached to a in situ
healthy or b in situ ARBS-affected sponges using cable ties. Portions
of the attached sponges were sampled initially, and final samples of
each pair of attached and in situ sponges were collected at a later date
(days 3, 6, or 9 in July; days 1, 3 or 9 in January). When sponge pairs
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sponge (referred to as Attached Healthy-Initial or Attached
ARBS-Initial, respectively) was photographed in water,
and several pie-shaped wedges from small cross-sections
(~ 1 mm thick) cut from each branch were preserved in
cryovials containing 1.8 ml RNAlater™ for analysis of
bacterial communities. During the January experiment,
subsamples for analysis of heat shock protein 70 (Hsp70)
concentrations were collected and placed into microcen-
trifuge tubes containing Hsp sample buffer (see below). In
both experiments, the remainder of each sponge branch
was cut into three pieces, and each piece was wrapped in
aluminum foil, placed into a labeled plastic bag, and frozen
at — 40 °C until concentrations of chlorophyll a, soluble
protein, and secondary metabolites, respectively, were
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were separated in the laboratory following 1-9 days of contact, the
point of contact ¢ for pairs of healthy sponges displayed raised edges
where the sponges began to grow together, whereas d initially healthy
sponges attached to ARBS-affected sponges began to develop a red
band around the margin of contact and displayed necrotic tissue
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determined. Samples were transported to the University of
Alabama (bacterial communities) or University of Missis-
sippi (chlorophyll @, protein, Hsp70, and secondary
metabolites) for analysis.

In July 2010, 7 pairs from each sample condition group
(Attached Healthy-Final-in situ Healthy and Attached
ARBS-Final-in situ ARBS) were randomly selected for
collection after 3, 6, and 9 days of contact (total of 42
sponges: 21 attached and 21 in situ). However, in the
Bahamas, there are two recognized morphologies of A.
cauliformis (Zea et al. 2014), one characterized as a thin
purple (“lilac creeping”) form that does not release an
exudate when handled, and a thicker (“brown erect”)
morph that releases a blue exudate upon handling (Goch-
feld, pers. obs.). Because differences in chemistry have
been found between the two morphs (Puyana et al. 2015;
Stockton 2016), all sponges of the brown erect morph were
removed from subsequent analyses for the July experiment,
resulting in different numbers of sponges sampled at each
time point and reducing the statistical power for this
experiment (n = 4-7 sponges per sample group; Supple-
mental Table 1). In January 2011, 8 pairs from each sample
condition group were randomly selected for collection after
1, 3, and 9 days of contact (total of 48 sponges). Only the
lilac creeping morph was used in the January experiment
(n = 7-8 sponges per sample group with minor losses due
to wave action; Supplemental Table 1).

After obtaining in situ photographs, each cable-tied pair
of sponges was removed from the reef and placed into a
labeled re-sealable plastic bag for transport to PIMS. In the
laboratory, each sponge pair was photographed in a shal-
low water bath while still in contact and following careful
separation. From visibly healthy tissue near (~ 1 cm dis-
tance) the point of contact, samples were collected from the
attached sponges (referred to as Attached Healthy-Final or
Attached ARBS-Final) and preserved as described previ-
ously. This experimental design generated two samples
from the same individual sponges, one taken just prior to
attachment to an in situ sponge (Attached Healthy-Initial or
Attached ARBS-Initial) and one after 1-9 days of attach-
ment (Attached Healthy-Final or Attached ARBS-Final).
At the same time that the final sample was taken from the
attached sponges, samples of visibly healthy tissue from
the in situ Healthy and in situ ARBS-affected sponges were
also collected ~ 1 cm from the point of contact, and
preserved as described above. All samples included por-
tions of the outer pinacoderm and interior mesohyl.

DNA extraction and PCR for bacterial community
analyses

Using the FastDNA Spin Kit for Soil (MP Biomedicals),
total genomic DNA was extracted from RNAlater™
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preserved sponge samples following the manufacturer’s
protocol, with the lysis step extended to an overnight
incubation at 37 °C with shaking. To amplify the 16S
rRNA gene by polymerase chain reaction (PCR), universal
bacterial primers 8F (5-AGAGTTTGATCMTGGCT-
CAG-3’; Edwards et al. 1989) with a fluorescent S-hex-
achlorofluorescein  (HEX) 1label and 1392R (5’-
ACGGGCGGTGTGTACA-3’; Lane 1991) were used to
amplify an approximately 1385 bp region of the gene. Each
reaction was run in triplicate and consisted of 2 U Per-
fectTaq (5-Prime), 1X PerfectTaq buffer,
1.25 mM Mg(OAc),, 0.06 mM deoxynucleoside triphos-
phates, 0.8 pg bovine serum albumin (BSA), 25 pmol of
each primer, and sterile deionized water to a final volume
of 100 pl. PCR reaction conditions were 85 °C for 5 min,
35 cycles of 94 °C for 45 s, 62 °C for 90 s, and 72 °C for
90 s, followed by a final extension step at 72 °C for
10 min. Negative reagent controls without added template
DNA were run with all reactions. PCR products were
checked for quality and appropriate size by gel elec-
trophoresis on 1.0% agarose gels containing GelRed™
(Biotium). PCR products were individually cleaned with
the E.Z.N.A. Cycle Pure Kit (Omega Bio-Tek) following
the manufacturer’s protocol before triplicate products were
pooled for downstream analyses.

Terminal restriction fragment length polymorphism
analysis

A Nano-drop 2000c spectrophotometer (Thermo Scientific)
was used to determine the concentration of DNA in the
pooled PCR products. Digestion reactions were carried out
using 100 ng of cleaned PCR product, 2 U of the restriction
endonuclease Haelll (New England BioLabs), 1X enzyme
buffer, and sterile deionized water to a total volume of
50 pl. Following an 8-h incubation at 37 °C, enzymes were
inactivated by incubation at 80 °C for 30 min. Digestion
products were precipitated overnight in 100% ethanol at -
20 °C prior to being centrifuged at 16,000 x g for 15 min.
The resulting pellets were rinsed in 500 pl of ice-cold 70%
ethanol, centrifuged for another 15 min, and dried in a
Jouan RC1022 centrivac (Thermo Scientific). Pellets were
resuspended in 10 pl of deionized formamide and 0.5 pl of
6-carboxytetramethylrhodamine size standard (Applied
Biosystems) prior to being analyzed on an ABI 310
Genetic Analyzer with a 50 cm capillary array (Applied
Biosystems).

Using the Peak Scanner v1.0 analysis software (Applied
Biosystems), terminal restriction fragment (T-RF) lengths
were determined by the Local Southern size-calling algo-
rithm. Peaks below 50 fluorescence units were removed as
background noise, and peaks smaller than 100 bp and lar-
ger than 500 bp were also removed to avoid uncertainties
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Table 1 The composition of the associated bacterial communities
was evaluated using pairwise PERMANOVA. P values for the effects
of sample condition (attached healthy, attached ARBS, in situ healthy,

in situ ARBS) and time (I = initial, F = final) on sponge-associated
bacterial communities in the two transmission experiments are shown
by day. False discovery rate was used to adjust P values

In situ ARBS

Attached ARBS-F

Attached healthy-F

In situ healthy

Attached ARBS-I

July day 3
Attached ARBS-F
Attached healthy-F
In situ healthy
Attached ARBS-I
Attached healthy-I
July day 6
Attached ARBS-F
Attached healthy-F
In situ healthy
Attached ARBS-I
Attached healthy-I
July day 9
Attached ARBS-F
Attached healthy-F
In situ healthy
Attached ARBS-I
Attached healthy-I
January day 1
Attached ARBS-F
Attached healthy-F
In situ healthy
Attached ARBS-I
Attached healthy-I
January day 3
Attached ARBS-F
Attached healthy-F
In situ healthy
Attached ARBS-I
Attached healthy-I
January day 9
Attached ARBS-F
Attached healthy-F
In situ healthy
Attached ARBS-I
Attached healthy-I

0.845
0.575
0.519
0.340
0.519

0.28
0.31
0.34
0.10
0.10

0.934
0.515
0.200
0.010
0.010
In situ ARBS
0.568
0.568
0.568
0.010
0.058

0.912
0.471
0.125
0.004
0.125

0.581
0.794
0.717
0.022*
0.011

0.718
0.527
0.575
0.575

0.31
0.36
0.28
0.34

0.388
0.210
0.027
0.010
Attached ARBS-F
0.070
0.090
0.008
0.008

0.297
0.032
0.004
0.020

0.022
0.022
0.011*
0.011

0.519
0.340
0.575

0.28
0.13
0.10

0.427
0.167
0.028
Attached healthy-F

0.396
0.048
0.568

0.186
0.004
0.125

0.767
0.048*
0.012

0.412
0.045

0.10
0.27

0.015
0.015
In situ healthy

0.011
0.069

0.006
0.297

0.015*
0.011

0.197
Attached ARBS-I

0.013*

P values < 0.05 are in bold font. * = homogeneity of variances was significant at P < 0.05

associated with fragment size determination (reviewed in
Schiitte et al. 2008). Using T-REX analysis software
(Culman et al. 2009), the resulting profiles were binned at a

0.5 clustering threshold prior to statistical analyses.

Chlorophyll a analysis

To assess photosynthetic potential of the sponges’
cyanobacterial photosymbionts, chlorophyll a was mea-
sured in frozen foil-wrapped samples from both experi-
ments using methods described in Erwin and Thacker
(2007), except that sponges were lyophilized prior to
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extraction (Gochfeld et al. 2012a). Briefly, 0.25 g wet
weight of sponge tissue was extracted in 10 ml of 90%
acetone for 18 h at 4C in the dark. Extracts were then
transferred to quartz cuvettes, and the absorbance of each
extract was quantified at 750, 664, 647 and 630 nm on an
Agilent 8453 UV spectrophotometer. Chlorophyll a con-
centrations were calculated using formulas from Parsons
et al. (1984) and standardized to the dry mass of the
extracted sponge to obtain pg chlorophyll @ mg™" sponge
tissue.

Protein analysis

Soluble protein concentration in frozen samples was mea-
sured as an indicator of sponge holobiont condition for
both experiments. The Bradford (1976) assay was used, in
which 10 g of lyophilized sponge tissue was extracted in
5 ml of 1 M NaOH for 18 h, after which 100 pl of each
sample was added to a test tube with 5 ml of Quick Start™
Bradford Dye Reagent (Bio-Rad). The absorbance of each
sample was measured at 595 nm using a BioPhotometer
6131 (Eppendorf) and plotted against a standard curve
using BSA. Protein concentrations were standardized to the
dry weight of each sponge sample to obtain pg protein
mg ' sponge tissue.

Heat shock protein analysis

Changes in the concentration of Hsp70 were compared
among sample groups in the January 2011 experiment, as
outlined in Sarkis et al. (2005). A small (~ 1 g) piece of
each sponge was removed using a sterile razor blade and
immediately homogenized in 2 ml of Hsp sample buffer
(125 mM Tris pH 6.8, 10% glycerol, 2% sodium dodecyl
sulfate (SDS)) in a microcentrifuge tube. Samples were
boiled for 3 min and then spun in a microcentrifuge at
500 rpm for 10 min. The supernatant was transferred to a
clean tube and spun a second time. The final supernatant
was diluted to a 1:2 ratio of sample to fresh Hsp buffer and
frozen for transport. Total protein concentration was
measured using the DC Protein Assay (Bio-Rad) with BSA
standards, and sample protein content was standardized for
use in the assay. Samples were boiled for 3 min and then
separated by SDS—polyacrylamide gel electrophoresis and
stained with SYPRO Tangerine protein gel stain (Molec-
ular Probes). Separated proteins were transferred to nitro-
cellulose and incubated with monoclonal anti-Hsp70 clone
BRM-22 antibodies (Sigma-Aldrich). Bands were visual-
ized by chemiluminescence (LumiGLO®, Cell Signaling
Technology) using a Chemidoc MP Imaging System (Bio-
Rad), and mean gray pixel intensity of the bands, which
represents relative Hsp70 concentration, was compared
using the ImageJ program (Schneider et al. 2012).
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Secondary metabolite profiles

Frozen A. cauliformis samples from both experiments were
lyophilized and ground, and 30 mg of powdered sponge
tissue was extracted three times in 15 mL methanol. The
extracts were combined, filtered, dried and weighed.
Extracts were re-dissolved to a concentration of
5 mg mL™" in methanol and filtered through a 0.45-pm
polytetrafluoroethylene (PTFE) filter. Chemical profiles of
each extract were generated by injecting 10 pl of filtered
extract onto an analytical high-performance liquid chro-
matography (HPLC) system (Waters Alliance 2695) cou-
pled to a photodiode array detector (Waters 2998).
Analysis was performed on a Phenomenex 5 pm Luna C18
250 x 4.6 mm column, using a gradient system of 0.05%
trifluoroacetic acid (TFA) in acetonitrile and 0.05% TFA in
water, following methods in Gochfeld et al. (2012b).
Chromatograms were extracted at 254 nm, and the areas
under the curve for 5 well-resolved peaks were integrated.
Peak retention times and identities (from Gochfeld et al.
2012b) are 12.7 min (aplysamine-1), 14.3 min, 15.5 min,
19.7 min, and 34.8 min (fistularin-3) for peaks 1-5,
respectively.

Data analysis

Using the vegan and RVAideMemoire packages (Hervé
2019; Oksanen et al. 2018; R Core Team 2019) in R ver-
sion 3.5.2, relative abundance transformations of the nor-
malized T-RFLP peak area data from T-REX were created
for bacterial communities. Bray—Curtis dissimilarity
matrices of the transformed data were generated in R
(vegdist) and examined for homogeneity of variance (per-
mdisp), followed by ANOVA to compare differences by
sample condition (attached healthy, attached ARBS, in situ
Healthy, in situ ARBS), time (initial, final), and time by
sample interactions for each collection day. Subsequently,
permutational analyses of variance (PERMANOVA; ado-
nis) and pairwise comparisons of PERMANOVA
(pw.permanova) results were performed for each collection
day. Adjusted p-values were determined for pairwise
comparisons using false discovery rates. The function
metaM DS, with a Wisconsin transformation of the Bray—
Curtis dissimilarity matrix, was used to generate non-
metric multidimensional scaling (nMDS) plots to visualize
the bacterial communities associated with the samples in
two-dimensional space.

For the July 2010 and January 2011 experiments,
chlorophyll a and protein concentration were compared
among attached sponge samples using repeated measures
ANOVAs (RMANOVA), after testing for normality using
Shapiro—Wilk tests, on the initial and final samples for each
sample condition group (attached to an in situ Healthy or
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an in situ ARBS-affected sponge). Individual sponges were
sampled initially (Day 0) and at one final time point (Days
3, 6, or 9 in July 2010; Days 1, 3, or 9 in January 2011).
Due to this paired sample design, a separate RMANOVA
was performed for sponges sampled on each collection day.
To maximize the ecological context of our results (e.g.,
Smith 2020), we provided effect sizes of the responses. For
the in situ healthy and ARBS-affected sponges, concen-
trations were compared using a one-way analysis of
covariance (ANCOVA) with sample condition (healthy or
diseased) as the main factor and collection day (.e.,
number of days of attachment) as the covariate. Hsp70
band intensity in the January 2011 experiment was ana-
lyzed similarly.

To assess secondary metabolite composition in both
experiments, the areas under the curve for the 5 peaks
integrated from the chemical profiles of attached and in situ
sponges were analyzed as described for the bacterial
community analysis (see above). Additionally, a similarity
percentage analysis (simper in the vegan package) was run
for all sponges to determine the contribution of each of the
five peaks to the dissimilarity between the groups. For the
in situ sponges only, a one-way ANCOVA was used to
compare areas under the curve for each of the 5 peaks, with
sample condition (healthy or diseased) as the factor and
collection day as the covariate.

Results
Disease transmission

In the July experiment, 3 of the 7 initially healthy sponges
(42.9%) attached to a diseased sponge showed visible signs
of disease transmission (e.g., red discoloration and tissue
necrosis; Fig. 1d) after 3 days of contact, while 100%
exhibited disease signs by day 6. Considering that all of the
sponges in contact with ARBS showed signs of the disease
by day 6 in July, and to better characterize disease initia-
tion and progression with varying water temperature (av-
erage ambient water temperatures were 28 °C in July and
24 °C in January), 8 pairs were collected after 1 day of
contact in January. None of these sponges showed signs of
ARBS, although even in January, 50% of the sponges
attached to diseased sponges had developed ARBS after
3 days of contact, and 100% were diseased after 9 days of
contact. No evidence of ARBS was observed in either
member of the healthy-healthy pairs at any time point in
either experiment, although even healthy sponges exhibited
a reaction to contact with conspecifics (Fig. 1c).

Bacterial community analyses

Contact between a healthy sponge and another sponge,
whether healthy or ARBS-affected, resulted in changes to
the composition of the bacterial community, with signifi-
cant differences among sample condition for days 3 and 9
in July and at all time points in January (PERMANOVA;
Supplemental Table 2, P < 0.05). Pairwise PERMANOVA
comparisons showed that the communities in the attached
sponges rapidly changed to reflect those in the in situ
sponges to which they were attached, with the Attached
Healthy-Final-in situ Healthy and the Attached ARBS-
Final-in situ ARBS comparisons not significantly different
from each other at all time points (Table 1). Similarly, the
Attached ARBS-Initial-in situ ARBS comparisons were
significantly different on day 9 in July and at all time points
in January and the Attached Healthy-Initial-in situ Healthy
comparisons were significantly different on days 3 and 9 in
July and day 9 in January (Table 1). However, in contrast
to the differences between bacterial communities in indi-
vidual ARBS-affected and healthy sponges that were
reported in Olson et al. (2014), none of the in situ Healthy—
in situ ARBS comparisons were significantly different.
Shifts in the composition of the sponge-associated bacterial
communities over time can be seen in the nMDS plots, but
no clear pattern was evident (Supplemental Fig. 1). A
number of the permdisp analyses showed heterogeneity of
variance within the bacterial communities among sample
groups (Table 1; Supplemental Table 2), reflecting the
intraspecific variability previously reported by Olson et al.
(2014) using similar T-RFLP approaches.

Chlorophyll a content

Chlorophyll a concentrations in visually healthy tissue
differed significantly between in situ Healthy and in situ
ARBS-affected sponges in both experiments, with lower
concentrations in diseased sponges (ANCOVA; July: df =
1, F=6.36, P=0.017; January: df =1, F=6.33,
P = 0.016; Supplemental Fig. 2a, b). In both experiments,
for the sponges attached to either an in situ healthy or
diseased sponge for 9 days, there was a significant time
(initial, final) by sample condition interaction (RMA-
NOVA; July: df =1, F=13.405, P =0.008; January:
df =1, F=16.2, P =0.002; Supplemental Table 3).
Sponges attached to in situ healthy sponges for 9 days
exhibited a mean increase in chlorophyll a of 26.7% in July
and 13.8% in January, while those attached to in situ dis-
eased sponges exhibited a mean decrease in chlorophyll
a concentration of 11.1% in July and 12.5% in January
(Fig. 2a, b).
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ARBS-affected sponges in contact experiments performed in July and
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Soluble protein concentrations

Protein concentrations in in situ Healthy and in situ ARBS-
affected sponges did not vary uniformly across the two
experiments. In July, there were no significant differences
between in situ healthy and diseased sponges (ANCOVA;
df =1, F=0.023, P = 0.88), but there were in January
(ANCOVA; df = 1, F = 15.384, P = 0.0003; Supplemental
Fig. 2c,d), although day was a significant covariate in
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January (P =0.03). Protein concentration in attached
sponges also did not vary uniformly with sample condition.
A significant increase in protein was observed in attached
sponges collected on days 6 and 9 in July (RMANOVA;
day 6: df =1, F=12.085, P =0.007; day 9: df =1,
F = 6.375, P = 0.036; Fig. 2c), but after 9 days of contact
in January, all attached sponges showed decreases in pro-
tein concentration (RMANOVA; df=1, F = 7482,
P =0.019; Fig. 2d, Supplemental Table 4). In July,
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sponges attached to in situ healthy sponges for 6 days
exhibited a mean increase in protein concentration of
10.8% while those attached for 9 days increased by 13.8%
and protein concentration in sponges attached to in situ
diseased sponges increased by 9.5% on day 6 and 3.6% by
day 9 (Fig. 2¢). In contrast, sponges attached to in situ
healthy sponges for 9 days in January exhibited a mean
decrease in protein concentration of 11.4% while those
attached to in situ diseased sponges exhibited a 19.7%
decrease in protein concentration (Fig. 2d).

Heat shock protein 70 concentration

In the January experiment, relative concentration of Hsp70
differed significantly between in situ healthy and diseased
sponges (ANCOVA; df =1, F=19.799, P = < 0.001;
Supplemental Fig. 2e). There was also a significant inter-
action between sample condition and the covariate of day
in the in situ sponges, in which Hsp70 concentration in the
in situ healthy sponges increased with the duration of
attachment to another sponge (ANCOVA; df=1,
F =5.740, P = 0.02). RMANOVA for the attached spon-
ges also showed a significant time by sample condition
interaction for Hsp70 concentrations at 9 days (P = 0.05;
Fig. 2e; Supplemental Table 5). Relative Hsp70 concen-
trations in attached sponges were comparable to those of
in situ diseased sponges after 1 and 3 days of attachment
but there was a dramatic increase by day 9, with a much
greater increase in those sponges attached to diseased
(11.5-fold) relative to healthy (3.1-fold) sponges (Fig. 2e).
This resulted in a 3.7 times greater increase in Hsp70 in
sponges attached to diseased individuals compared to those
attached to healthy individuals. On day 9, Hsp70 concen-
trations were 2.6-fold higher in the attached sponges than
in the in situ healthy sponges to which they were attached,
and 7.4-fold higher in attached sponges than in the in situ
ARBS-affected sponges to which they were attached.

Chemical metabolite profiles

Significant differences in secondary metabolite concentra-
tions were found between the in situ Healthy and in situ
ARBS-affected sponges for each of the 5 metabolites, with
peaks 1 (aplysamine-1), 4, and 5 (fistularin-3) occurring in
higher concentrations in healthy sponges and peaks 2 and 3
higher in diseased individuals (SIMPER Results: Supple-
mental File 1; Fig. 3; Supplemental Fig. 3). Within in situ
sponges, different metabolites exhibited different responses
to being in contact with a conspecific for up to 9 days
(Fig. 3; Supplemental Fig. 3). For the attached sponges in
July, PERMANOVA showed significant time x sample
interactions on secondary metabolite profiles after 6 and
9 days (Supplemental Table 6). In January, secondary

metabolite profiles of attached sponges varied between
initial and final time points on all collection days, and with
sample condition on days 3 and 9 (Supplemental Table 6).
By day 9 in both experiments, pairwiss PERMANOVA
indicated significant changes in the Attached ARBS-Final
samples compared to Attached ARBS-Initial samples and
in situ healthy sponges (Table 2). Concentrations of
metabolites 2 and 3 were again higher in sponges attached
to diseased individuals, while metabolites 4 and fistularin-3
(peak 5) were higher in those attached to healthy sponges
(Fig. 3; Supplemental Fig. 4).

Discussion

ARBS is a highly infectious disease readily transmissible
by contact (Olson et al. 2006; Easson et al. 2013), pro-
viding a unique model system to investigate responses of
marine invertebrates to pathogenesis. Numerous impacts of
this disease on the A. cauliformis holobiont have been
identified and include changes ranging from the molecular
to organismal levels (Gochfeld et al. 2012a, b; Easson et al.
2013; Olson et al. 2014; Gochfeld et al. 2019), but like
most marine diseases, studies have focused on individuals
with established lesions, whereas little is known about
changes that occur in the holobiont during the early stages
of pathogenesis. To date, ARBS is the only sponge disease
for which a mode of transmission has been confirmed, and
contact with an affected sponge results in transmission
within just a few days (Olson et al. 2006) and can also
occur through incidental in situ contact due to wave and
current action (Easson et al. 2013). Following 9 days of
contact in both July and January, all previously healthy
sponges placed in contact with in situ ARBS-affected
sponges developed ARBS lesions. Because disease trans-
mission occurred so rapidly in the July experiment (i.e.,
43% infected by day 3), the timing for the January
experiment was altered in an attempt to identify changes in
the holobiont that might occur during earlier stages of
pathogenesis, even though water temperatures are lower in
January. Many microorganisms grow more rapidly at
warmer temperatures, suggesting the potential for slower
transmission in January. However, although no new ARBS
infections were visible after 1 day of contact, even in
January, transmission occurred in 50% of sponges attached
to in situ ARBS-affected sponges after 3 days of contact,
and in 100% after 9 days of contact.

Initially healthy sponge holobionts responded rapidly to
disease onset, with significant changes detected in the
secondary metabolite profiles, a significant decrease in the
concentration of chlorophyll a, and a significant increase in
relative Hsp70 concentration within 1-9 days of contact
with an ARBS-affected sponge. Although individuals of A.
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Fig. 3 Nonmetric multidimensional scaling plots of secondary
metabolite profiles from Aplysina cauliforms samples collected after
9 days in contact transmission experiments performed in July (a) and
January (b). Length and directionality of the vectors indicate the

cauliformis appear to respond to simply being in contact
with a conspecific, regardless of whether it is healthy or
diseased, some changes appear to be disease-related. All
samples were collected from visibly healthy tissue of the
attached and in situ sponges, indicating that infection with
ARBS broadly impacted the organism, which is in contrast
with results for diseases of Aplysina aerophoba (Webster
et al. 2008) and Agelas tubulata (Deignan et al. 2018),
where responses to disease were localized to the disease
lesion.

Sponge associated bacteria have been shown to con-
tribute to the functioning of their host, including by aiding
in digestion or serving as a source of food (Godefroy et al.
2019), synthesizing bioactive molecules for chemical
defense (e.g., Unson et al. 1994; Schmidt et al. 2000; Flatt
et al. 2005; Wilson et al. 2014), and participating in
nutrient acquisition (e.g., Wilkinson 1983; Freeman and
Thacker, 2011; Freeman et al., 2013; Rix et al. 2020) and
cycling (e.g., Taylor et al. 2007; Bayer et al. 2008; Free-
man and Thacker 2011; Hentschel et al. 2012; de Goeij
et al. 2013), as well as in detoxification of metals (Santos-
Gandelman et al. 2014; Keren et al. 2015, 2017). As a
result of these myriad functions, substantial changes to the
composition of associated bacterial communities likely
have cascading effects on the functions of the sponge
holobiont. Although the bacterial communities associated
with A. cauliformis are known to be extremely diverse
(Easson and Thacker 2014; Olson et al. 2014), only the
translocation of photosynthate from the cyanobacterium
Synechococcus spongiarum has been demonstrated in this
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species (Freeman et al. 2013), leaving the functions of the
remaining members of its microbial community largely
unknown. Using high-throughput sequencing approaches,
intraspecific dissimilarity in the composition of bacterial
communities in healthy A. cauliformis was reported to be
relatively low (Easson and Thacker 2014; Thomas et al.
2016; Freeman et al. 2020), suggesting that changes to
community composition could be important from a func-
tional perspective.

Olson et al. (2014) showed that the bacterial commu-
nities in visibly healthy tissue associated with 10 healthy
and 10 ARBS-affected A. cauliformis were significantly
different using T-RFLP methods. Although comparable
differences in the composition of bacterial communities
within visibly healthy tissues from the in situ healthy and
ARBS-affected sponges were not detected in the trans-
mission experiments described here, likely due to a gen-
eralized stress response from being in contact with a
conspecific, the present study demonstrated the speed with
which the bacterial community in attached sponges alters,
with significant changes beginning after only 1 day of
contact with a diseased sponge (Table 1). Shifts in the
composition of the microbial community prior to or during
disease progression have been recognized for a number of
sponge diseases, including those that are not transmissible
via contact (Webster et al. 2008; Luter et al. 2010;
Angermeier et al. 2011, 2012; Stabili et al. 2012; Sweet
et al. 2015; Deignan et al. 2018), suggesting that microbial
dysbioses may be a hallmark for diseases of marine
sponges. However, in the present study, significant changes
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Table 2 Secondary metabolite profiles were evaluated using pairwise
PERMANOVA. P values for the effects of sample condition (attached
healthy, attached ARBS, in situ healthy, in situ ARBS) and time

(I = initial, F = final) on five secondary metabolites in the two
transmission experiments are shown by day. False discovery rate was
used to adjust P values

In situ ARBS Attached ARBS-F

Attached healthy-F In situ healthy Attached ARBS-I

July day 3
Attached ARBS-F 0.92 -
Attached healthy-F 0.86 0.86
In situ Healthy 0.86 0.86
Attached ARBS-I 0.86 0.86
Attached healthy-I 0.86 0.86
July Day 6
Attached ARBS-F 0.75 -
Attached healthy-F 0.38 0.38
In situ healthy 0.76 0.46
Attached ARBS-I 0.29 0.36
Attached healthy-I 0.29 0.29
July Day 9
Attached ARBS-F 0.584 -
Attached healthy-F 0.024 0.022
In situ healthy 0.090 0.022
Attached ARBS-I 0.015 0.022
Attached healthy-I 0.015 0.015
January day 1 In situ ARBS Attached ARBS-F
Attached ARBS-F 0911 -
Attached healthy-F 0.608 0.811
In situ healthy 0.608 0.735
Attached ARBS-I 0.022 0.071
Attached healthy-I 0.011 0.018
January day 3
Attached ARBS-F 0.869 -
Attached healthy-F 0.026 0.027
In situ healthy 0.037 0.037
Attached ARBS-I 0.090 0.185
Attached healthy-I 0.048 0.094
January day 9
Attached ARBS-F 0.213 -
Attached healthy-F 0.011 0.013
In situ healthy 0.041 0.012
Attached ARBS-I 0.011 0.013
Attached healthy-I 0.011 0.011

0.92 - -
0.86 0.86 -
0.86 0.92 0.86
0.59 - -
0.82 0.46 -
0.54 0.77 0.38
0.090 - -
0.090 0.206 -
0.313 0.254 0.584

Attached healthy-F In situ healthy Attached ARBS-I

0.860 - -
0.054 0.011 -
0.011 0.011 0.307
0.840 - -
0.020 0.020 -
0.020 0.037 0.301
0.088 - -
0.163 0.089 -
0.163 0.077 0.461

P values < 0.05 are in bold font

in the bacterial community composition were found in all
attached sponges, regardless of the condition of the sponge
to which they were attached, which confirms that dysbiosis
can occur with multiple types of stressors and does not
necessarily reflect disease onset. Similarly, alterations in
the composition of associated microbial communities were
found for some sponge species exposed to other environ-
mental stressors, such as varying seawater pH (Ribes et al.

2016; Kandler et al. 2018), temperature (Fan et al. 2013;
Ramsby et al. 2018; Vargas et al. 2020), and a combination
of pH and temperature (Lesser et al. 2016). More work is
needed to understand these complex environmental inter-
actions, as shifts in microbiome composition with envi-
ronmental stress appear variable across species (e.g., Erwin
et al. 2012; Pita et al. 2013).
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Some sponges obtain a large portion of their energy and
carbon budgets from their photosymbionts (Wilkinson
1983; Cheshire and Wilkinson 1991), including A. cauli-
formis (70-77% of carbon; Freeman and Thacker 2011).
Chlorophyll a concentrations were found to be significantly
correlated with the density of cyanobacterial symbionts in
A. cauliformis (Freeman and Thacker 2011; Easson et al.
2014). In the current study, significant decreases in
chlorophyll a concentration with the initiation of disease
indicate either a loss of cyanobacterial symbionts or a
decline in the concentration of chlorophyll a per
cyanobacterial cell (as shown by Freeman and Thacker
2011 for shaded A. cauliformis). Thylakoid membranes of
S. spongiarum in ARBS-affected sponges exhibit disinte-
gration (Gochfeld et al. 2019), which would reduce
chlorophyll a concentration, as previously reported for
ARBS-affected sponges with established lesions (Gochfeld
et al. 2012a). Because some species of Aplysina did not
switch feeding strategies to heterotrophy even when energy
acquisition from their photosymbionts was compromised
(as observed in the congeneric Aplysina fulva; Freeman and
Thacker 2011), this loss of photopigments would ulti-
mately negatively affect energy acquisition by the sponge,
likely resulting in the observed decreased growth rates in
diseased sponges (Gochfeld et al. 2012a). The newly
infected sponges in the present study exhibited significant
decreases in chlorophyll a concentrations in visibly healthy
tissue after only 9 days of contact in both summer and
winter, further indicating that impacts of disease on the
sponge-associated microbial communities occur rapidly
and are functionally important.

ARBS-affected A. cauliformis have been previously
reported to have reduced concentrations of soluble protein
compared to healthy conspecifics (Gochfeld et al. 2012a).
Significant declines in soluble protein concentration were
found in all attached sponges after 9 days in the January
experiment, regardless of whether they were attached to a
healthy or ARBS-affected sponge, suggesting that the
stress of being attached to another sponge may be sufficient
to reduce protein production, at least in winter. In contrast,
by days 6 and 9 in the July experiment, protein concen-
tration increased significantly in all attached sponges.
Seasonal differences were also evident in overall protein
concentrations, which were approximately twice as high in
July as in January, regardless of sample condition, and may
be driving the variable responses in protein concentration.
Easson et al. (2014) reported that cyanobacterial density
was significantly positively correlated with soluble protein
concentrations in A. cauliformis, suggesting that if a
decline in the number of cyanobacterial cells with disease
onset was the mechanism responsible for the observed
decrease in chlorophyll a concentration, other responses of
the holobiont may temporarily be able to offset these losses
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of cyanobacterially derived protein. This may indicate that
different proteins in the various components of the holo-
biont respond differently to disease onset or contact with a
conspecific, with increases in the concentrations of some
proteins, decreases in others, and some remaining stable,
confounding measurements of total soluble protein con-
centrations. The different protein concentrations and con-
trasting responses to disease onset detected across seasons
suggest that total protein concentration may not be a useful
metric to evaluate holobiont response to disease.

To examine the concentration of a single protein, heat
shock protein 70 (Hsp70), a highly conserved stress protein
involved in the folding and unfolding of proteins and in
minimizing intracellular aggregations of proteins was used
as a measure of generalized stress response. Hsp70 exhibits
a higher level of expression under stressful conditions (e.g.,
increases in temperature, UV radiation, or presence of
heavy metals) in many organisms (reviewed in Aguilar-
Camacho and McCormack 2017). Recently, Pita et al.
(2018) demonstrated that Hsp70 expression increased in
two sponges that were exposed to a cocktail of microbe-
derived molecules, suggesting that it also has a role in
innate immunity. Significantly higher relative concentra-
tions of Hsp70 were observed by day 9 in sponges attached
to both healthy and ARBS-affected sponges, indicative of a
generalized stress response. However, relative Hsp70
concentration in sponges attached to ARBS-affected
sponges was approximately 3.7 times higher than in those
attached to healthy sponges, suggesting that while being
attached to another sponge may be stressful, the initiation
of ARBS magnified that response dramatically, potentially
inducing innate immune responses. Similar increases in
Hsp70 gene expression were reported in Rhopaloeides
odorabile sponges after exposure to thermal stress (Fan
et al. 2013) and in Xestospongia muta affected by sponge
orange band disease and elevated water temperature
(Lopez-Legentil et al. 2008), indicating that this protein is
a useful marker to examine generalized stress responses in
sponges. Average water temperature in January, when our
Hsp70 measurements were made, was 24° C, substantially
lower than the temperatures reported to increase Hsp70
gene expression in sponges (> 30° C; Lopez-Legentil et al.
2008; Fan et al. 2013), suggesting that this response was
due to stress caused by disease initiation and/or contact
with conspecific sponges, rather than temperature.

Sponges in the genus Aplysina produce a diversity of
brominated secondary metabolites, many of which provide
antipredator (Pawlik et al. 1995; Gochfeld et al. 2012b),
allelopathic (Pawlik et al. 2007), and antimicrobial (Kelly
et al. 2005; Gochfeld et al. 2012b) protection for the host
sponge. It has been suggested that some of these com-
pounds may be rapidly transformed by enzymes in
response to tissue damage, resulting in the formation of
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more bioactive products (Teeyapant and Proksch 1993;
Thoms et al. 2006), although this does not appear to be the
case for Caribbean Aplysina species (Puyana et al. 2003).
Some secondary metabolites of Aplysina spp. may repre-
sent inducible defenses, which require up-regulation of
proteins in the sponge or its associated microbes and take
longer to respond to a specific stressor (Gochfeld et al.
2012b). The secondary metabolites in Aplysina spp. are
hypothesized to be produced by the sponge, although there
may be some collaboration from microbial associates
(Sacristan-Soriano et al. 2011). Shifts in both the secondary
metabolite profiles and composition of the associated
bacterial communities following contact with a diseased
sponge support the potential for a connection, but do not
address this question directly.

Differences in chemical profiles between healthy and
diseased individuals of A. aerophoba and A. cauliformis
have been previously demonstrated (Webster et al. 2008;
Gochfeld et al. 2012b), as have feeding deterrent and
antibacterial activities of extracts and isolated metabolites
from A. cauliformis (Gochfeld et al. 2012b). Gochfeld et al.
(2012b) reported that secondary metabolite profiles did not
vary significantly in tissue samples collected over a range
of distances (1-8 cm) from the ARBS lesion, indicative of
a systemic, rather than localized, response to this disease.
In concordance with the results of Gochfeld et al. (2012b),
the concentration of certain metabolites (e.g., peak
1 = aplysamine-1, peak 5 = fistularin-3) were higher in
in situ healthy sponges than in in situ diseased conspecifics,
while others (peaks 2, 3) showed the opposite trend (Fig. 3;
Supplemental Fig. 3,4). Whereas specific metabolites
occurred in different concentrations in the in situ healthy
and diseased sponges in the present study, the overall
secondary metabolite profiles of the in situ sponges did not
differ statistically at any time point in July, although they
did differ on days 3 and 9 in January. In addition to con-
tact-dependent effects, another possible explanation for the
absence of consistent differences in the chemical profiles of
the in situ sponges in this study is the smaller sample size
(n = 4-8 for each condition at each time point) in this
study, and the lower number of peaks quantified (n = 5) in
comparison to the 10 sponges per condition and 15 peaks
quantified in Gochfeld et al. (2012b). Nonetheless, by day 9
in both January and July, the secondary metabolite profiles
of the Attached ARBS-Final sponges and the in situ ARBS-
affected sponges were not significantly different (Fig. 3;
Supplemental Table 6), whereas the Attached ARBS-Initial
profiles grouped with the other sponges that remained
healthy (Fig. 3). These patterns were largely driven by
peaks 2 and 3 in the in situ ARBS and newly ARBS-
infected sponges, whereas aplysamine-1 and fistularin-3
(peaks 1 and 5, respectively), and to a lesser extent peak 4,
were associated with healthy sponges. Both qualitative and

quantitative differences in secondary metabolite profiles
were observed when comparing healthy A. cauliformis and
healthy tissue adjacent to advanced lesions in diseased
individuals (Gochfeld et al. 2012b), whereas in this study
of early lesion development, only quantitative differences
were observed. Secondary metabolite profiles within
apparently healthy tissue from diseased X. muta individuals
revealed changes relative to healthy sponges, although the
number of metabolites declined in discolored tissue adja-
cent to the lesion and were absent within the lesion itself
(Angermeier et al. 2011).

A holistic view of the sampled metrics in the current
study, which include changes within the symbionts (bac-
terial community, chlorophyll a) and the host sponge
(Hsp70), as well as physiological measurements that likely
encompass both compartments of the holobiont (soluble
protein, secondary metabolites), suggests that ARBS has a
systemic effect on the A. cauliformis holobiont. Although
the combination of these metrics provides strong evidence
for an ARBS-related stress response on the sponge holo-
biont, further research could investigate specific aspects of
the impact of ARBS in more detail. For example, the
T-RFLP approach used in this study is a cost-effective
mechanism to investigate changes in bacterial communities
and was previously shown to be a useful tool for investi-
gating ARBS impact (Olson et al. 2014). However, this
method does not provide fine taxonomic data on what
microbial members are specifically impacted by ARBS, nor
does it provide sufficient resolution to identify a potential
etiologic agent(s) of this transmissible disease. Future
research should employ next-generation sequencing
approaches to capture the full community with a taxon-
level view of potential changes related to ARBS infection.

In concordance with results from studies of diseases
affecting other sessile marine invertebrates (e.g., corals and
soft corals: Pantos et al. 2003; Gil-Agudelo et al. 2006;
Pantos and Bythell 2006; Sunagawa et al. 2009; Meyer
et al. 2019) but in contrast to other studies of sponge dis-
eases (Webster et al. 2008; Angermeier et al. 2011, 2012;
Deignan et al. 2018), A. cauliformis appears to mount a
systemic response to ARBS infection. Although ARBS
results in increased breakage (Easson et al. 2013), this is
often a chronic disease that is not always fatal, and in many
cases, the lesion stops growing and the active red band
appears to senesce (Gochfeld et al. 2012a; Easson et al.
2013), suggesting that either the holobiont can mount an
effective immune response or an environmental factor
limits the duration and extent of infection. ARBS-affected
sponges have increased densities and activity of archaeo-
cytes, which contain many engulfed bacteria and
cyanobacteria in various stages of digestion (Gochfeld
et al. 2019), and along with the production of bioactive
secondary metabolites (Gochfeld et al. 2012b) represent an
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active innate immune response. The present study
demonstrated that ARBS transmits rapidly via contact, in
some cases as quickly as 1-3 days, and significantly affects
concentrations of chlorophyll a, Hsp70 and secondary
metabolites in visibly healthy tissue. Similar impacts have
been described from established lesions, and it remains to
be seen what happens within the sponge when lesions
senesce. In addition, reallocation of resources that occurs
upon disease initiation and subsequent tissue damage may
increase susceptibility of the sponge to other stressors,
creating the potential for additional loss of sponge biomass
on impacted reefs.
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