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One sentence summary: A combination of transmission studies where healthy and diseased sponges were separated by filters of varying pore size
followed by sequencing of partial 16S rRNA genes suggested that ARBS is a prokaryotic yet polymicrobial disease.
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ABSTRACT

Aplysina cauliformis, the Caribbean purple rope sponge, is commonly affected by Aplysina Red Band Syndrome (ARBS). This
transmissible disease manifests as circular lesions with red margins and results in bare spongin fibers. Leptolyngbya spp.
appear to be responsible for the characteristic red coloration but transmission studies with a sponge-derived isolate failed
to establish disease, leaving the etiology of ARBS unknown. To investigate the cause of ARBS, contact transmission
experiments were performed between healthy and diseased sponges separated by filters with varying pore sizes.
Transmission occurred when sponges were separated by filters with pore sizes > 2.5 um, suggesting a prokaryotic
pathogen(s) but not completely eliminating eukaryotic pathogen(s). Using 16S rRNA gene sequencing methods, 38
prokaryotic taxa were significantly enriched in diseased sponges, including Leptolyngbya, whereas seven taxa were only

found in some, but not all, of the ARBS-affected sponges. These results do not implicate a single taxon, but rather a suite of

taxa that changed in relative abundance with disease, suggesting a polymicrobial etiology as well as dysbiosis. As a better
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understanding of dysbiosis is gained, changes in the composition of associated prokaryotic communities may have
increasing importance for evaluating and maintaining the health of individuals and imperiled coral reef ecosystems.

Keywords: sponge-associated bacteria; sponge disease; ARBS; dysbiosis; transmission; Leptolyngbya

INTRODUCTION

Due to a combination of global climate change and human
activities, coral reefs have experienced dramatic losses in abun-
dance and biodiversity worldwide (Pandolfi et al. 2003; Hughes
et al. 2017; Bellwood et al. 2019; Williams et al. 2019). Infec-
tious diseases of marine organisms appear to be one of the
major causes for population declines (e.g. Harvell et al. 2004;
Weil 2004; Richardson 2005; Weil and Rogers 2011; Peters 2015).
Although diseases affecting scleractinian corals have dominated
the recent scientific literature, diseases that affect a wide range
of other marine taxa including fish, sponges, shellfish, crus-
tose coralline algae, sea stars and seagrasses have also been
reported (e.g. Harvell et al. 1999, 2002, 2009; Lafferty, Porter and
Ford 2004; Bally and Garrabou 2007; Haapkyla et al. 2007; Miner
etal. 2018). Diseases impacting sponges have been reported from
across the globe (reviewed by Webster 2007; Luter and Webster
2017), including observations in freshwater sponge populations
(Denikina et al. 2016). Sponge diseases can severely affect the fit-
ness and survival of sponges (e.g. Easson et al. 2013), and have
the potential to directly or indirectly modify the composition of
the entire benthic community (Brandt et al. 2019), and thus war-
rant additional investigation.

Sponges are a fundamental structural component of coral
reef ecosystems, and perform numerous important ecologi-
cal processes, such as transferring pelagic nutrients (e.g. car-
bon, nitrogen and sulfur) into benthic food webs via water
filtration, consolidating reef substrata and serving as habitat
and food for other reef taxa (Wulff 1995; Diaz and Riitzler
2001; Lesser 2006; Riitzler 2012; de Goeij et al. 2013; Bell et al.
2018). Many of these processes are aided by the presence of
an associated microbial community within the sponge meso-
hyl (e.g. Hentschel et al. 2012; Radax et al. 2012; de Voogd
et al. 2015; Lurgi et al. 2019), although there is much varia-
tion in the abundance and diversity of microbial populations
between species of sponges. Despite the ecological and commer-
cial importance of sponges, our understanding of sponge dis-
eases remains limited, as information on the etiologic agents,
vectors, reservoirs, pathologies and transmission mechanisms
of these syndromes is sparse (reviewed by Webster 2007 and
Luter and Webster 2017; Gochfeld et al. 2019; Olson, Easson and
Gochfeld 2021).

Aplysina Red Band Syndrome (ARBS) affects rope sponges in
the genus Aplysina (Verongida and Demospongiae), and most
commonly, Aplysina cauliformis, which is widely distributed in
the Caribbean basin (Gochfeld, Schloder and Thacker 2007;
Thacker et al. 2010; Loh and Pawlik 2014). Reported for the first
time in 2004 in the Bahamas, ARBS has since been documented
on reefs throughout the broader Caribbean basin, including
the Florida Keys, Belize, Cayman Islands, Panama, Curacao,
Dominica, St. Kitts and the US Virgin Islands (Olson, Gochfeld
and Slattery 2006; Gochfeld, Schloder and Thacker 2007; Olson,
Thacker and Gochfeld 2014; pers. obs.). Macroscopically, ARBS
is easily recognized in A. cauliformis due to the presence of
red-rimmed lesions that advance toward healthy sponge tissue,
leaving behind necrotic tissue that becomes colonized by
epibionts (Olson, Gochfeld and Slattery 2006). Similar to Black
Band Disease (BBD) in scleractinian corals, ARBS seems to be

associated with the presence of a consortium of microorgan-
isms, although the filamentous cyanobacteria Leptolyngbya spp.
appear to be responsible for the distinctive red pigmentation. To
date, the specific role of Leptolyngbya spp. in the etiology of ARBS
remains unclear, and although it has been isolated from lesions
of infected sponges, experiments placing healthy individuals
in contact with actively growing cyanobacterial isolates failed
to recreate the disease (Olson, Thacker and Gochfeld 2014).
In spite of this, both field and laboratory experiments have
demonstrated that the primary mode of ARBS transmission is
through direct contact between sponge branches, while water-
borne transmission is also possible but occurs less frequently
(Olson, Gochfeld and Slattery 2006; Easson et al. 2013). Infection
of A. cauliformis with ARBS leads to changes in physiology, bio-
chemistry and immune function, reduced growth and biomass,
alterations in the production of secondary metabolites, as well
as general physical weakening of the sponge skeleton and
enhanced probability of sponge breakage, particularly when
exposed to increased mechanical stress, such as during storm
events (Gochfeld et al. 2019, 2012a; Easson et al. 2013; Olson,
Easson and Gochfeld 2021).

Aplysina cauliformis hosts an extremely diverse microbial
community whose cell density is several orders of magnitude
higher than that of the surrounding seawater (Easson and
Thacker 2014; Thomas et al. 2016). The cyanobacterial photo-
symbiont Synechococcus spongiarum provides the sponge with
inorganic carbon and nitrogen, accounting for approximately
75% of its nutritional requirements and energy budget (Freeman
and Thacker 2011; Freeman et al. 2015). In sponges affected by
ARBS, there is a notable reduction in the abundance of S. spon-
giarum in visibly healthy tissue and an increase in the pres-
ence of Leptolyngbya spp. in discolored tissue associated with
the lesions (Gochfeld et al. 2012b; Olson, Thacker and Gochfeld
2014; Olson, Easson and Gochfeld 2021). Nevertheless, the etiol-
ogy of this disease remains elusive and further work is needed to
address this knowledge gap. The current study aimed to (1) use
field-based, size-exclusion transmission experiments to deter-
mine whether ARBS infection via direct contact was facilitated
by viral, prokaryotic or eukaryotic organisms, and (2) leverage
next-generation sequencing techniques to more fully character-
ize the component(s) of the microbial community implicated in
aim (1), specifically, the prokaryotic community, which included
both Bacteria and Archaea.

MATERIALS AND METHODS
Study location and transmission experiment

This research was conducted on shallow reefs near Lee Stocking
Island, Exuma Cays, Bahamas (Fig. 1), in August 2013 and July
2014. The Exuma Cays are relatively pristine by most Caribbean
standards, with the study sites located over 40 km from the near-
est major town. Samples of ARBS-affected A. cauliformis (~15 cm)
were collected from North Norman’s reef (23° 47.388" N, 76°
08.273” W) at a depth of 5 m, where ARBS is relatively common,
and placed into resealable plastic bags. These were placed into
a cooler and transported by boat 0.3 km to Big Point (23° 47.301"
N, 76° 08.118” W) where the reef is at the same depth.
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Figure 1. Map of the study area and sampling locations.

To test whether ARBS pathogenesis was likely driven by viral,
prokaryotic or eukaryotic agents, healthy and diseased A. cauli-
formis were used in direct contact transmission experiments,
as described previously by Olson et al. (2006, 2021). Briefly, the
red bands of ARBS lesions on collected ARBS-affected sponges
were placed in contact with in situ healthy conspecifics and
cable tied together. Treatments consisted of 47-mm cellulose
acetate filter membranes (Millipore, Burlington, Massachusetts,
USA) with varying pore sizes placed between the healthy and
ARBS-affected sponges prior to attaching the cable tie. These fil-
ter membranes (detailed below) selectively exclude potential eti-
ologic agents based on cell size. At the end of each experiment,
sponges were visually evaluated for the presence of the charac-
teristic ARBS lesion. Previous studies (Olson, Gochfeld and Slat-
tery 2006; Olson, Easson and Gochfeld 2021) have found these
observations to be reliable in assessing ARBS infection.

In 2013, 30 visibly healthy A. cauliformis were labeled with
flagging tape. The first treatment (n = 10) consisted of placing a
0.2 um filter (excludes the vast majority of prokaryotes) between
the healthy and ARBS-affected sponges prior to cable tying the
sponges together (Fig. 2). The second treatment (n = 10) used
0.45 um filters (excludes most prokaryotes and all eukaryotes),
while the third treatment served as a control for transmission of
ARBS, in which the lesion on the diseased sponge was attached
directly to a healthy sponge (n = 10). After 10 days of con-
tact, a period adequate to cause disease transmission in previ-
ous experiments (Olson, Gochfeld and Slattery 2006; Olson, Eas-
son and Gochfeld 2021), all sponge pairs were collected, placed
into individual resealable plastic bags for transfer to the labora-
tory and examined for evidence of disease transmission to the
healthy sponge.

A follow-up study was conducted in 2014 on the same reefs
using the methodology detailed above to test additional filter
pore sizes. A total of 40 healthy sponges were marked with flag-
ging tape and four treatments (n = 8 of each) consisted of wrap-
ping filters with pore sizes of 1.2, 2.5, 6 and 15 um around the
healthy sponge prior to attaching a diseased sponge with a cable
tie. A no-filter treatment served as the transmission control.
After 10 days of contact, the sponges were removed from the
reef and examined for evidence of disease transmission.

Sample collection and preparation for DNA sequencing

To evaluate the composition of the associated prokaryotic com-
munities and identity putative etiologic agent(s) based on the
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transmission experiment results, visibly healthy (n = 5) and
ARBS-affected (n = 5) A. cauliformis (thin lilac branching morph)
were selected haphazardly from Rainbow Gardens in 2014 (23°
47.798" N, 76° 08.786” W) at a depth of 5 m. Approximately
10 cm portions of a branch were removed from healthy indi-
viduals using scissors and placed into re-sealable plastic bags.
For diseased sponges, affected branches were cut approximately
5 cm below the lesion. Samples were kept in individual bags in
seawater until processing (within 3 h). Small wedges (~1 mm
thick) that included both the outer pinacoderm and interior
mesohyl were aseptically cut from each healthy branch or from
the healthy tissue adjacent to the margin of the ARBS lesion
using a razor blade and placed into sterile cryovials with 1.8 mL
RNAlater® (Life Technologies, Carlsbad, California, USA) for
molecular analysis.

DNA was extracted from the small pieces of A. cauliformis
(five healthy and five ARBS-affected) using the Qiagen DNeasy
Blood (Germantown, Maryland, USA) and Tissue kit. The manu-
facturer’s protocol was followed, except that samples were incu-
bated at 55°C overnight in the lysis buffer and proteinase K solu-
tion prior to completing the protocol. The quality and quantity
of DNA were evaluated by electrophoresis on 1% agarose gels
and spectrophotometrically using a Nanodrop ND2000 (Thermo
Fisher, Waltham, Massachusetts, USA), respectively. DNA was
shipped to HudsonAlpha Genomics Services Lab (now Hudson-
Alpha Discovery) for 250 bp paired-end reads on an Illumina (San
Diego, California, USA) MiSeq following amplification of the V3-
4 region of the prokaryotic 16S rRNA gene using the primer pair
341F/785R (Klindworth et al. 2013; Table S1, Supporting Informa-
tion). Sequence data have been deposited at the NCBI Sequence
Read Archive under Bioproject accession number PRINA741542.

Bioinformatics and statistical analyses

The raw sequences were processed and analysed using the
microbiome analysis package QIIME 2-2019.10 (Bolyen et al. 2019)
run remotely on the Dense Memory Cluster of the Alabama
Supercomputer Authority (Huntsville, AL). The forward and
reverse end demultiplexed sequence reads were imported into
QIIME 2 and primers trimmed using the Cutadapt program (Mar-
tin 2011). DADA2 microbiome pipelines were then implemented
to describe the prokaryotic communities of the sampled sponges
using amplicon sequence variants (ASVs) rather than cluster-
ing sequences into operational taxonomic units (OTUs; Calla-
han et al. 2016; Callahan, McMurdie and Holmes 2017). ASV
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Filter

Figure 2. (A) Aplysina cauliformis affected by ARBS; (B) and (C) Direct contact transmission experiments where ARBS lesions on collected sponges were cable-tied to in
situ healthy conspecifics with filters of varying pore sizes in between the diseased and healthy sponges.

methods have demonstrated sensitivity and specificity that is
as good, or better than, OTU methods (Eren et al. 2015; Calla-
han, McMurdie and Holmes 2017; Needham, Sachdeva and
Fuhrman 2017), and were therefore employed in this study.
Briefly, DADA2 pipelines were used to quality filter, merge paired
ends, dereplicate and remove chimeras. Taxonomy was assigned
to ASVs at 99% sequence identity cutoff by applying the QIIME 2
feature-classifier classify-sklearn against the Naive Bayes classi-
fier trained on the SILVA-132-99 full-length sequences database
(Quast et al. 2013). Reads identified as belonging to mitochondria
and/or chloroplasts were removed.

Diversity analyses in QIIME 2 were conducted using the ‘q2-
diversity’ plugin, which computes alpha and beta diversity met-
rics after generating an alpha rarefaction curve to normalize
the read counts between samples. Data were checked for nor-
mality using a Shapiro-Wilk test with a significance level of
0.05. To evaluate richness, Shannon diversity, evenness, Chao I
and Faith’s phylogenetic diversity within the ASVs detected in
healthy and ARBS-affected sponges, Wilcoxon-Mann-Whitney
tests were performed in R (v. 3.4.3; R Core Team 2013) with a sig-
nificance level of 0.05.

Beta diversity distance matrices calculated in QIIME 2 were
imported into R for further analyses using the R package ‘giimer’
(Bittinger 2015). After verifying that there were not significant
differences in homogeneity of variances using the function
‘betadisper’ (Anderson 2006; Anderson, Ellingsen and McArdle
2006) in the R package ‘vegan’ (Oksanen 2013), the Weighted
UniFrac distance matrix was used for analysis of similarity
(ANOSIM) to test for differences in the prokaryotic communi-
ties between healthy and diseased sponges and visualized using
Principal Coordinates Analysis (PCoA).

At the genus level, relative abundances for each microor-
ganism were retrieved from QIIME 2 and the resulting relative
abundance matrix was analyzed using linear discriminant anal-
ysis (LDA) effect size (LEfSe; Segata et al. 2011) to compare the
prokaryotic communities associated with healthy and diseased
sponges using the website https://huttenhower.sph.harvard.ed

u/galaxy/. LDA was performed to estimate the effect size of
each differentially abundant prokaryotic taxon between sponge
health conditions. Sample communities were considered signif-
icantly different at P < 0.05 and a LDA score (logl0) > 3, one
order of magnitude greater than the default value of the LEfSe
methodology (Segata et al. 2011).

RESULTS
Filter transmission experiment

In 2013, none of the healthy sponges separated from an ARBS-
affected sponge by an intact filter developed ARBS lesions after
10 days of contact. One of the 0.45 um pore size filters was
excluded because it had a tear in the filter in the area of con-
tact and the healthy individual developed a lesion. Lesions were
observed in 9 of the 10 sponges (90%) in direct contact after 10
days.

In 2014, none of the eight healthy sponges separated from an
ARBS-affected sponge by an intact 1.2 um pore size filter showed
evidence of ARBS transmission after 10 days. One filter had a rip
in the area of contact and was excluded. For the 2.5 yum pore size
filters, no ARBS transmission was observed in six of the eight
healthy sponges, with the remaining two (25%) showing small
ARBS lesions. In total, two ARBS lesions (25%) were also observed
on the healthy sponges separated by 6 um pore size filters while
seven lesions (87.5%) resulted from the eight sponge pairs sep-
arated by filters with a pore size of 15 pm. ARBS lesions were
observed in all eight (100%) of the healthy sponges in direct con-
tact with an ARBS-affected sponge.

Prokaryotic community analysis

Given the results of the transmission experiment, which indi-
cated that the etiologic agent(s) is most likely > 2.5 pum (i.e.
prokaryotic), next-generation amplicon sequencing was used
to compare the prokaryotic communities of healthy and ARBS-
affected A. cauliformis. After removing 79 ASVs (6135 reads)
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identified as mitochondria and/or chloroplasts, a total of 4446
prokaryotic ASVs were obtained from the 10 sponge samples. As
the ASV accumulation curve reached a plateau for all individuals
analyzed, the rarefaction applied to avoid artifacts of sequence
depth did not resultin any loss of samples (Figure S1, Supporting
Information).

The five healthy A. cauliformis individuals hosted 744-835
prokaryotic ASVs, compared to the 731-1497 ASVs detected
within the five ARBS-affected A. cauliformis sponges. No signif-
icant difference in ASV number (Wilcoxon test, W = 20, n =
10 and P = 0.151) was observed between healthy and ARBS-
affected sponges (Table 1). Chao 1 richness estimates indicated
that sequencing efforts captured most of the diversity within the
sampled prokaryotic communities (Table 1). The Shannon diver-
sity index reported a significantly higher prokaryotic diversity
within the ARBS-affected sponges than in healthy individuals
(Wilcoxon test, W = 20, n = 10 and P = 0.016; Table 1). Diseased
sponges also supported a slightly higher average evenness than
healthy individuals, although the difference was not significant
(Wilcoxon test, W =20, n =10 and P = 0.38; Table 1). These results
were reinforced by the Faith’s Phylogenetic Diversity index val-
ues, which were on average higher in ARBS-affected A. cauli-
formis than in healthy sponges (Table 1). The prokaryotic com-
munities within healthy and diseased A. cauliformis sponges
were significantly different (ANOSIM, P = 0.019 and R = 0.488).
Similarly, weighted Unifrac PCoA showed that sponge individu-
als separated into two distinct clusters based on health condi-
tion (Fig. 3).

The reads generated from the 10 samples represented 36
recognized phyla (33 within domain Bacteria and three within
domain Archaea), with seven phyla exclusively found in one or
more of the ARBS-affected A. cauliformis individuals and 21 phyla
with a relative abundance of less than 1% in either healthy or
diseased sponges (Fig. 4 and Table S2, Supporting Information).
None of the seven phyla found only in diseased sponges had a
relative abundance greater than 0.10% and each was detected
in some, but not all, of the ARBS-affected sponges. The phy-
lum Chloroflexi dominated the prokaryotic communities of all
10individuals, followed by the Proteobacteria, Acidobacteria and
Actinobacteria (Fig. 4). The LEfSE analysis identified five bacterial
taxa that were significantly enriched in healthy sponges (Fig. 5).
Among these, Chloroflexi (LDA score = 4.44 and P = 0.047) and
Acidobacteria (LDA score = 4.18 and P = 0.047) differed in rel-
ative abundance from 45.25+1.25% and 13.27+1.17% in healthy
sponges to 40.33+1.66% and 9.82+0.83% (mean=+SE) in diseased
individuals, respectively. Conversely, LEfSE analysis identified 38
taxa that were significantly enriched in ARBS-affected sponges,
with the clade SAR202 (Chloroflexi) having the highest LDA score
(LDA score = 4.17 and P = 0.016) and increasing in relative abun-
dance from 15.14+1.10% to 19.41+1.98%. A total of six other taxa
also surpassed LDA scores of four within this group and con-
sist of members of the Gammaproteobacteria and Actinobac-
teria, including three within the order Microtrichales (Fig. 5).
Within the phylum Cyanobacteria, the genus Leptolyngbya was
significantly enriched in ARBS-affected sponges (LDA score =
3.71 and P = 0.008), while the average abundance of S. spon-
giarum, although reduced in diseased individuals compared to
healthy sponges, did not differ significantly (Table 2 and Fig. 5).
The Gammaproteobacteria had the highest number of taxa sig-
nificantly enriched in diseased samples, including members of
the KIB9A clade (LDA score = 3.59 and P = 0.028), the JTB23 clade
(LDA score = 3.37 and P = 0.028), the order Oceanospirillales (LDA
score = 3.40 and P = 0.028), the UBA10353 marine group (LDA
score = 3.20 and P = 0.047), the family Endozoicomonadaceae
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(LDA score = 3.11 and P = 0.028, ) and the genus Pseudohongiella
(LDA score = 3.10 and P = 0.028).

DISCUSSION

Reports of diseases affecting marine sponges have been increas-
ing over the past two decades (reviewed by Webster 2007
and Luter and Webster 2017; Deignan, Pawlik and Erwin
2018; Greco et al. 2019) yet our understanding of the causes
of these diseases remains limited. Only a handful of eti-
ologic agents for diseases of sponges have been identified
and include the cyanobacterial endosymbiont Aphanocapsa feld-
manni, which caused disease in Geodia papyracea sponges in
Belize (Riitzler 1988), the spongin-boring alphaproteobacterium
Pseudoalteromonas agarivorans strain NW4327 responsible for
necrosis of the Great Barrier Reef sponge Rhopaloeides odorabile
(Webster et al. 2002), and the fungus Aspergillus tubingensis which
results in a fatal infection in the Mediterranean sponge Chon-
drosia reniformis (Greco et al. 2019). Additionally, Sweet et al. (2015)
identified a polymicrobial consortium consisting of a fungus and
a bacterium that caused necrosis in Callyspongia (Euplacella) aff
biru in the Indian Ocean, fulfilling Koch’s postulates. Whereas
evidence to date suggests a role for the cyanobacteria Leptolyn-
gbya spp. in the etiology of ARBS (Olson, Gochfeld and Slattery
2006; Gochfeld et al. 2019), contact experiments with Leptolyng-
bya isolates from ARBS lesions failed to recreate ARBS in healthy
A. cauliformis (Olson, Thacker and Gochfeld 2014). To address the
question of where to focus our efforts towards identifying an eti-
ologic agent(s), transmission experiments utilizing filters with
varying pore sizes were conducted, followed by high-throughput
sequencing approaches targeting the prokaryotic 16S rRNA gene,
with the results suggesting a polymicrobial but largely prokary-
otic etiology.

Although recent metagenomic analyses of purified viral frac-
tions demonstrated that reef sponges harbor a diverse com-
munity of viruses (Laffy et al. 2016, 2018; Pascelli et al. 2018),
no studies to date have directly implicated viruses in sponge
diseases (Claverie et al. 2009; Luter, Whalan and Webster 2010;
Webster and Taylor 2012; Butina et al. 2019). Only one viral
infection, affecting a single sponge individual, was suggested
to cause localized tissue lesions (Vacelet and Gallissian 1978).
The absence of ARBS lesion formation with filters that excluded
most small particles (0.2 and 0.45 um pore sizes) suggests that
this disease is not caused by a virus alone. Ultramicrobacteria,
which were potentially able to pass through filters with small
pore sizes (e.g. 0.2 and 0.45 um), are also not likely to be the
etiologic agent(s) of ARBS due to the lack of observed disease
transmission and absence of these organisms in TEM images of
healthy and diseased tissues (Gochfeld et al. 2019).

Similarly, although eukaryotic organisms have been associ-
ated with a variety of coral diseases (e.g. Créquer, Bastidas and
Lipscomb 2006; Raghukumar and Ravindran 2012; Sweet and
Séré 2016), their role in sponge disease is less well known (Sweet
et al. 2015; Greco et al. 2019). In addition to A. tubingensis being
reported as the etiologic agent of a sponge disease (Greco et al.
2019), another Aspergillus sp., A. sydowii, the causative agent of
Aspergillosis in gorgonian corals (Geiser et al. 1998; Alker, Smith
and Kim 2001), has been found within healthy individuals of
Spongia obscura (Ein-Gil et al. 2009), suggesting that sponges may
serve as environmental reservoirs for coral pathogens without
suffering negative effects themselves (Negandhi et al. 2010). Fil-
amentous fungi can be isolated from visibly healthy sponge tis-
sues (e.g. Holler et al. 2000; Li and Wang 2009; Passarini et al.
2013; Henriquez et al. 2014), yet have also been implicated in
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Table 1. Alpha diversity indexes for each A. cauliformis sponge. # ASVs = total number of ASVs; Shannon = Shannon diversity index; Faith’s PD
= Faith’s phylogenetic diversity; H = healthy individuals and D = ARBS-affected individuals. P values less than 0.05 are in bold for comparisons

between healthy and diseased sponges.

ID Health # ASVs Chaol Shannon Evenness Faith’s PD
1 H 787 787.05 7.12 0.74 100.50
2 H 792 792.05 6.84 0.71 88.20
3 H 769 770.04 6.92 0.72 92.43
4 H 744 745.00 6.78 0.71 104.34
5 H 835 836.04 7.30 0.75 112.34
6 D 1497 1500.04 7.58 0.72 135.85
7 D 1128 1135.03 7.59 0.75 104.71
8 D 1115 1115.23 7.46 0.74 109.10
9 D 1016 1017.10 7.43 0.74 100.87
10 D 731 731.10 7.24 0.76 75.98
P-value (H-D) 0.151 0.150 0.016 0.380 0.548
© - -
S ?3 PCoA Weighted Unifrac
e ANOSIM p-value= 0.019 R=0.428
< ® Healthy
S - Diseased
,;Q o
g o
a g 7
a © 4
<
S |
£ 8 4
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Figure 3. PCoA based on the Weighted UniFrac distance matrix of the A. cauliformis-associated prokaryotic community showing that the sponges separated into two
distinct clusters based on health condition. Small circles reflect communities within individual sponges while large circles represent the centroids of the groups.

disease development in sponges (Smith 1941; Galstoff 1942).
In a histological examination of healthy and ARBS-affected A.
cauliformis tissue, Gochfeld et al. (2019) reported the presence
of unidentified, round eukaryotic cells of ~2 um diameter that
were only found in ARBS lesions. In the current study, transmis-
sion of ARBS was observed in two of the eight (25%) sponges
separated by filters with a pore size of 2.5 pm, suggesting,
but not completely eliminating, the possibility that the etio-
logic agent(s) of ARBS is not eukaryotic. In total, two ARBS
lesions (25%) were also observed on the healthy sponges sep-
arated by 6 um pore size filters while seven lesions (87.5%)
resulted from the eight sponge pairs separated by filters with
the largest pore size (15 um). Some fouling was present on the
filters after the transmission experiments, but it was present
on all of the filters. Although biofilm constituents were not
characterized, if these biofilms were important for ARBS cau-
sation, lesion formation would have been expected to occur
under filters regardless of pore size. As this was not the case,
it suggests that the biofilms were not associated with disease
onset.

The filter transmission experiments indicate that ARBS likely
results from a prokaryotic agent(s), due to absence of ARBS infec-
tions when these organisms were excluded with the use of filters
< 1.2 um pore size and the appearance of ARBS when filters of >
2.5 um pore size were employed. Several other studies have also
implicated bacterial pathogens for sponge diseases (e.g. Web-
ster et al. 2002; Stabili et al. 2012). Olson et al. (2014), using ter-
minal restriction fragment length polymorphism (T-RFLP) anal-
yses of A. cauliformis prokaryotic communities, suggested that
ARBS was caused by a prokaryotic polymicrobial infection. Sim-
ilarly, our current characterization of the prokaryotic commu-
nities using high-throughput sequencing approaches also does
not implicate a single taxon, but rather a suite of taxa that
both increase and decrease in relative abundance in associ-
ation with ARBS infection. This dysbiosis, or perturbation to
the composition of resident commensal microbial communi-
ties relative to the community found within healthy individu-
als (Petersen and Round 2014), is not surprising, as diseases in
nature often involve a complex network of causative agents and
host responses, creating difficulties for the identification of etio-
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Figure 4. Relative abundances of the 16S rRNA gene reads generated from the 10 A. cauliformis samples. The large graph and table show means of the prokaryotic phyla
associated with the healthy (n = 5) and ARBS-affected (n = 5) sponges while the small graph indicates the relative abundance of the phyla within each individual.

logical agents and polymicrobial infections have been suggested
to be responsible for some coral diseases (e.g. Miller and Richard-
son 2011, Sato et al. 2016).

The prokaryotic community profiles of healthy A. cauliformis
reported here are consistent with previous descriptions of these
communities and are characterized by a complex assemblage
dominated by Chloroflexi, Proteobacteria, Acidobacteria, Acti-
nobacteria, Gemmatimonadetes and Cyanobacteria (Easson and
Thacker 2014; Thomas et al. 2016; Freeman et al. 2020). Based
on relative read abundances, these phyla accounted for more
than 80% of the sponge prokaryotic associates, confirming that
healthy A. cauliformis host a relatively stable ‘core’ community
consisting of a few bacterial taxa with a diversity of transient
microorganisms at much lower abundances. However, some
variation exists among the current and previous studies, likely
due to a combination of factors, including different molecu-
lar techniques (e.g. clone-library approaches, T-RFLP profiling,
high throughput sequencing with the amplification of differ-
ent hypervariable regions of the 16S rRNA gene using diverse
primers) and potential temporal and geographic variation in
sampling.

Recently, research on diseases of marine invertebrates
has pivoted towards understanding the importance of micro-
bial community shifts rather than the identification of sin-
gle pathogens (Luter, Whalan and Webster 2010; Angermeier
et al. 2011; Zaneveld, McMinds and Thurber 2017; MacKnight
et al. 2021). In accordance with previous work by Olson et al.
(2014), the current study detected a significant change in the A.
cauliformis-associated prokaryotic community between healthy
and ARBS-affected individuals, reflecting dysbiosis. Although

some researchers have suggested that dysbiosis may be a hall-
mark of disease in both corals (e.g. Shore and Caldwell 2019;
MacKnight et al. 2021) and sponges (Olson, Thacker and Gochfeld
2014; Olson, Easson and Gochfeld 2021; Taylor et al. 2021), dys-
biosis in sponges has also been reported with exposure to var-
ious environmental stressors that did not necessarily result in
disease or mortality (e.g. temperature, pH and contact with con-
specifics; e.g. Lesser et al. 2016; Kandler et al. 2018; Ramsby et al.
2018; Vargas, Leiva and Worheide 2021). During dysbiosis, the
critical functions provided by the sponge-associated microbial
communities may be negatively impacted, but it remains to be
seen whether or how these communities stabilize or recover.
As seen in other studies of diseased sponges (Webster et al.
2008; Blanquer et al. 2016; Deignan, Pawlik and Erwin 2018),
ARBS-affected sponges also supported a significantly higher
diversity of prokaryotes than healthy conspecifics, which may
facilitate the establishment and proliferation of opportunistic
microorganisms, disrupting the commensal community assem-
blage found in healthy sponges (Simister et al. 2012) and result-
ing in unstable microbial community states. The wider varia-
tion in prokaryotic community composition in ARBS-affected
sponges than in healthy sponges can be readily visualized in
Fig. 3. Samples from the ARBS-affected sponges analysed in
this study were taken from visibly healthy tissue immediately
adjacent to the disease lesions in order to capture changes
within the sponge-associated prokaryotic community yet avoid
including opportunistic and/or epibiotic microorganisms resid-
ingin necrotic tissue. While these tissues from diseased sponges
appeared healthy, bacterial richness was found to be almost 2-
fold higher than in samples from healthy sponges. These results
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Chloroflexi (p-value = 0.047)

Acidobacteria (p-value = 0.047)

Acidobacteria, subgroup-6 (p-value = 0.009)

Acidobacteria, subgroup-6, uncultured bacterium (p-value = 0.009)

Alphaproteobacteria, Sneathiellales, Sneathiellaceae, uncultured bacterium (p-value = 0.028)

Alphaproteobacteria, Rhodobacterales, Rhodobacteraceae, Ruegeria (p-value = 0.005)
Gammaproteobacteria, Oceanospirillales, Pseudohongiellaceae, Pseudohongiella (p-value = 0.028)
Gammaproteobacteria, Oceanospirillales, Endozoicomonadaceae (p-value = 0.028)

Bacteroidetes, Bacteroidia, Flavobacteriales, Flavobacteriaceae (p-value = 0.009)
Gammaproteobateria, UBA 10353 marine group, uncultured bacterium (p-value = 0.047)
Bacteroidetes, Bacteroidia, Flavobacteriales (p-value = 0.009)

Alphaproteobacteria, Rhodobacterales, Rhodobacteraceae (p-value = 0.009)

Patescibacteria, Saccharimonadia, Saccharimonadales, uncultured bacterium (p-value = 0.047)
Gammaproteobacteria, KI89Aclade, uncultured bacterium (p-value = 0.047)
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Gammaproteobacteria, JTB23, uncultured bacterium (p-value = 0.047)
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Gammaproteobacteria, Oceanospirillales (p-value = 0.028)

Bacteroidetes, Bacteroidia, Chitinophagales, Saprospiraceae (p-value = 0.005)

Bacteroidetes, Bacteroidia, Chitinophagales (p-value = 0.007)

Deltaproteobacteria, Myxococcales, bacteriap25 (p-value = 0.009)

Planctomycetes, OM 190, uncultured bacterium (p-value = 0.007)

Gammaproteobacteria, JTB23 (p-value = 0.028)
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Planctomycetes (p-value = 0.009)
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Actinobacteria, Acidimicrobiia, Microtrichales, Microtrichaceae, Sva0996 marine group (p-value = 0.009)
Actinobacteria, Acidimicrobiia, Microtrichales, Microtrichaceae (p-value = 0.009)

Actinobacteria, Acidimicrobiia, Microtrichales (p-value = 0.009)

Actinobacteria, Acidimicrobiia (p-value = 0.009)
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Figure 5. LEfSe analysis comparing the prokaryotic communities associated with healthy and ARBS-affected sponges. Sample communities were considered signifi-

cantly different at P < 0.05 and a LDA score (log10) > 3.

appear to be in contrast with other studies, which observed
a disruption to the host microbial community that was con-
fined exclusively to the disease lesions, such as in the sponges
Aplysina aerophoba (Webster et al. 2008) and Agelas tubulata
(Deignan, Pawlik and Erwin 2018).

Other changes in healthy tissue from ARBS-affected sponges,
including concentrations of heat shock protein 70, soluble pro-
tein and secondary metabolites, also provide evidence that ARBS
elicits a systemic, rather than localized, response in A. cauli-
formis holobionts (Gochfeld et al. 2012a, b; Olson et al. 2021). Inter-
estingly, Maldonado et al. (2010) found that sponges within the
genus Ircinia have the ability to isolate damaged tissue from
healthy biomass by building barriers of collagen and concen-
trating phagocytic cells (e.g. archaeocytes) at these margins,

limiting disease advancement. Although transmission electron
microscopy (TEM) of Amphimedon compressa with sponge white
patch disease did not display these barriers, a distinct demar-
cation was observed between healthy and diseased tissues
(Angermeier et al. 2012). In diseased Xestospongia muta and A.
cauliformis, TEM images showed abundant cyanobacteria within
sponge archaeocytes, but no collagen barriers (Angermeier et al.
2011; Gochfeld et al. 2019). All of these changes suggest that
sponges use a variety of innate immune responses to counter
or limit damage resulting from disease, but that there is not a
uniform response within all Porifera.

This study reported a shift in the composition of the
prokaryotic communities between healthy and ARBS-affected
A. cauliformis individuals and identified the taxa that changed
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Table 2. Mean reads from the 16S rRNA gene of cyanobacterial taxa found in healthy and diseased A. cauliformis individuals. H = Healthy

sponges (n = 5) and D = ARBS affected sponges (n = 5).

Mean reads count (+SE)

Cyanobacteria H D
Melainabacteria, Caenarcaniphilales, uncultured 0.00 (+0.00) 3.60 (+£2.91)
bacterium

Melainabacteria, Caenarcaniphilales, uncultured 0.00 (+0.00) 3.80 (+3.80)
bacterium

Cyanobacteria, Melainabacteria, Caenarcaniphilales 0.00 (+0.00) 25.60 (+26.60)
Melainabacteria, Vampirovibrionales, uncultured 0.00 (+0.00) 9.40 (+8.44)
bacterium

Oxyphotobacteria, Limnotrichales, Limnotrichaceae, 0.00 (+0.00) 22.00 (+16.12)
Limnothrix

Oxyphotobacteria, Nostocales, Cyanobacteriaceae, 0.00 (+0.00) 10.80 (+10.80)
Cyanobacterium CLgl

Oxyphotobacteria, Nostocales, Cyanobacteriaceae, 0.00 (+0.00) 1.60 (+1.60)
uncultured bacterium

Oxyphotobacteria, Nostocales, Oscillatoriaceae, 0.00 (+0.00) 360.60 (+122.34)
Planktothricoides SRO01

Oxyphotobacteria, Nostocales, Paraspirulinaceae, Spirulina 0.00 (+0.00) 53.40 (+51.67)
DRTO-55.2

Oxyphotobacteria, Nostocales, Xenococcaceae, Xenococcus 0.00 (+0.00) 4.40 (+3.49)
PCC-7305

Oxyphotobacteria, Nostocales, Xenococcaceae 1.60 (+£1.60) 3.40 (+2.36)
Oxyphotobacteria, Nostocales 0.00 (+0.00) 3.20 (+3.20)
Oxyphotobacteria, Phormidesmiales, Phormidesmiaceae, 0.00 (+0.00) 16.00 (+8.50)
Acrophormium PCC-7375

Oxyphotobacteria, Phormidesmiales, Phormidesmiaceae, 0.00 (+0.00) 5.60 (+4.46)
Phormidium MBIC10003

Oxyphotobacteria, Phormidesmiales, Phormidesmiaceae, 1.00 (+£0.63) 8487.80 (+5601.10)
uncultured Leptolyngbya

Oxyphotobacteria, Synechococcales, Cyanobiaceae, 2.60 (+2.60) 0.00 (+0.00)
Cyanobium PCC-6307

Oxyphotobacteria, Synechococcales, Cyanobiaceae, 49.40 (+£20.10) 4.40 (+£2.98)

Synechococcus CC9902

Oxyphotobacteria, Synechococcales, Cyanobiaceae,
Synechococcus spongiarum group

Oxyphotobacteria, Synechococcales, Cyanobiaceae
Oxyphotobacteria

Sericytochromatia

20890.60 (+6412.42) 13993.40 (+2113.40)

0.00 (0.00) 2.40 (+2.40)
0.00 (:0.00) 62.80 (+35.01)
0.00 (:0.00) 2.60 (2.60)

in relative abundance with health condition (Figs 4 and 5).
Within the cyanobacterial assemblage, S. spongiarum, the pho-
tosymbiont that dominates healthy individuals, was replaced
in diseased sponges with a more heterogeneous cyanobacterial
assemblage dominated by members of the genus Leptolyngbya
(Table 2). This result is consistent with that observed in previ-
ous studies on ARBS (Olson, Gochfeld and Slattery 2006; Olson,
Thacker and Gochfeld 2014) and for X. muta tissue affected by
sponge orange band disease (Angermeier et al. 2011). Although
cultivated Leptolyngbya isolates failed to recreate disease in
ARBS transmission studies (Olson, Thacker and Gochfeld 2014),
our data suggest that Leptolyngbya spp. are likely involved in
ARBS pathogenesis but are not the sole etiological agent of this
disease.

Supporting results reported by Blanquer et al. (2016) in dis-
eased Ircinia fasciculata, but contrary to results from diseased A.
aerophoba (Webster et al. 2008), the class Gammaproteobacteria
was significantly enriched in ARBS-affected individuals. Within
this class, Endozoicomonadaceae are commonly found in asso-
ciation with marine invertebrates (e.g. Kurahashi and Yokota
2007; Nishijima et al. 2013; Bourne, Morrow and Webster 2016;

Neave et al. 2017; Robbins et al. 2019; Jensen et al. 2021), with puta-
tive roles in nutrient acquisition and cycling, regulation of host
health and microbiome structuring (Morrow et al. 2012; Rua et al.
2014; Neave et al. 2016; Jensen et al. 2021). Although disease can
reduce the abundance of Endozoicomonas spp. in corals (Vezzulli
et al. 2013; Meyer et al. 2014), our limited understanding of the
functional roles of these bacteria in sponges restricts our ability
to exclude members of the Endozoicomonadaceae as potential
etiologic agents of ARBS.

Some of the significantly enriched bacterial taxa in ARBS-
affected sponges included the phyla Bacteroidetes, Acti-
nobacteria and Dadabacteria and the orders Microtrichales,
Rhodobacterales and Flavobacteriales, all known to increase in
abundance in stressed and/or diseased marine invertebrates
(Webster et al. 2008; Webster, Cobb and Negri 2008; Reis et al.
2009; Sunagawa et al. 2009; Mouchka, Hewson and Harvell 2010;
Bourne, Morrow and Webster 2016; Luter et al. 2017, 2020; Kan-
dler et al. 2018; Rosales et al. 2020; MacKnight et al. 2021). Several
of these taxa were recently described as habitat generalists,
capable of becoming dominant in disturbed ecosystems, which
was hypothesized to be due to their metabolic flexibility (Chen,
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Boyaci and Campbell 2021) and which would support their
increased abundance in diseased sponges where tissue damage
could affect nutrients required for growth. Within the order
Rhodobacterales, the genus Ruegeria was significantly enriched
in the ARBS-affected sponges. Rubio-Portillo et al. (2021) also
detected an increase in Ruegeria sp. in necrotic tissues of the
Mediterranean corals Oculina patagonica and Leptogorgia sarmen-
tosa and identified members of this genus as putative microbial
indicators of marine invertebrate diseases, but not necessarily
as pathogens. Although intriguing, the polyphyly of the genus
Ruegeria suggests that its potential as an indicator genus needs
to be interpreted with caution (Liang et al. 2021). However,
members of the Flavobacteriales warrant further investigation
as potential etiologic agent(s) of ARBS as this order has been
associated with various coral diseases and found in stressed
scleractinian corals (Frias-Lopez et al. 2002; Sekar, Kaczmarky
and Richardson 2008; Thurber et al. 2009; Gignoux-Wolfsohn
and Vollmer 2015). Members of the Planctomycetes, which
also occurred in greater relative abundance in ARBS-affected
sponges, should undergo further investigation as they have
recently been reported to be potential opportunistic human
pathogens (Kaboré et al. 2020) and have been widely reported
within sponge-associated communities (Pimentel-Elardo et al.
2003; Kallscheuer et al. 2020; Kohn et al. 2020; Wiegand et al. 2020).

Of the seven taxa detected solely in ARBS-affected individu-
als, all were found at very low relative abundance and were only
present in some, but not all, of the ARBS-affected sponges. As a
result, these taxa are not likely to represent the etiologic agent of
ARBS. Within the seven taxa, members of the Saprospiraceae are
generally associated with the degradation of complex organic
materials (Flint and Duncan 2014; Mcllroy and Nielsen 2014)
and, as such, are not unexpected as ARBS causes necrosis
of the affected tissue. Similarly, although archaeal sequences
were detected, no pathogenic archaea have been reported, with
members instead being important in nutrient cycling (reviewed
by Turon and Uriz 2020). Taken collectively, the changes in
relative abundance of prokaryotic taxa detected in the cur-
rent study are similar to patterns of community alterations
detected in various stressed and/or diseased marine inverte-
brates and rather than providing insight into putative etiologic
agent(s), they confirm that dysbiosis occurs in ARBS-affected
sponges.

Although much is known about microbial communities asso-
ciated with healthy and ARBS-affected A. cauliformis, there is
still no definitive etiologic agent(s) of this highly transmissi-
ble disease. With additional information on the functions of
the sponge-associated microorganisms, it may be possible to
tease apart their putative roles. Thus, future research should uti-
lize a metagenomic and/or transcriptomic approach to assess
the functional changes in microbial community composition
within ARBS-affected sponges over space and time in order to
determine which microbial constituents contribute to home-
ostasis and defense of the sponge holobiont and which may be
pathogenic or opportunistic. With the increase in emerging dis-
eases reported from sponges worldwide, improving our under-
standing of the functionality and stability of sponge-associated
microbial communities is essential for recognizing environmen-
tal conditions and organisms that result in tissue damage or
mortality.
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