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Abstract
The brown tube sponge Agelas tubulata (cf. Agelas conifera) is an abundant and long-lived sponge on Caribbean reefs. Recently,
a disease-like condition, Agelas wasting syndrome (AWS), was described from A. tubulata in the Florida Keys, where prevalence
of the syndrome increased from 7 to 35% of the sponge population between 2010 and 2015. In this study, we characterized the
prokaryotic symbiont community of A. tubulata for the first time from individuals collected within the same monitoring plots
where AWS was described. We also sampled tissue from A. tubulata exhibiting symptoms of AWS to determine its effect on the
diversity and structure of prokaryotic symbiont communities. Bacteria from the phyla Chloroflexi and Proteobacteria, particularly the class Gammaproteobacteria, dominated the sponge microbiome in tissue samples of both healthy sponges and those
exhibiting AWS. Prokaryotic community structure differed significantly between the diseased and healthy sponge samples, with
greater variability among communities in diseased samples compared to healthy samples. These differences in prokaryotic
community structure included a shift in relative abundance of the dominant, ammonia-oxidizing (Thaumarchaeota) symbionts
present in diseased and healthy sponge samples. Further research is required to determine the functional consequences of this
shift in microbial community structure and the causal relationship of dysbiosis and sponge disease in A. tubulata.
Keywords Microbiome . Porifora . Disease . Thaumarchaeota . Dysbiosis

Introduction
Sponges (Phylum Porifera) host diverse and abundant microbial communities [1–4], which may constitute up to 8 × 109
microbial cells/ml of sponge tissue [5]. Prokaryotic symbionts
participate in a number of functions within the sponge, including nutrient cycling, the production of secondary metabolites,
disease prevention, and antimicrobial and antifouling activity
[1–3, 6]. However, the role of the microbiome within the
sponge holobiont is not fully understood. Advancements in
high throughput sequencing technology have made it easier to
examine not just the structure of abundant microbial symbionts present in a sponge but also rare microbial species (e.g.,
deep amplicon sequencing) and functional characteristics
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(e.g., metatranscriptomics), thereby enhancing our ability to
explore sponge microbiomes.
As marine sponges are becoming the focus of more research, reports of diseases affecting sponges are also increasing [7–14]. Despite the prevalence of sponge diseases, only
two studies have successfully identified the etiological agents
responsible for a sponge disease [13, 15]. In the Great Barrier
Reef sponge Rhopaloeides odorabile, skeletal infections of
spongin boring necrosis were caused by a novel strain of the
alphaproteobacterium, Pseudoalteromonas agarivorans [15,
16]. Sweet et al. [13] found the cause of a disease affecting
the sponge Callyspongia (euplacella) aff. biru in the Maldives
to be the result of a consortium of a bacterium and a fungus.
More frequently, studies have demonstrated shifts in the microbial communities of sponges as a result of, or initiating, the
onset of disease infection [17–19]. Given the vast number of
microbes associated not only with marine sponges but also
present in the seawater, identifying the causative agent of a
disease is often not possible. More recently, the view of pathogenesis has expanded away from a model of one microbe
causing a disease to a Bpathobiome^ model, where the
resulting disease-state is the product of shifting microbial
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symbiont communities in the face of biotic and abiotic
stressors [20, 21].
The brown tube sponge Agelas tubulata (cf. Agelas
conifera) is a common sponge on Caribbean coral reefs [14,
22]. Demographic analyses from the Florida Keys revealed
the brown tube sponge to be abundant (mean density 0.30 ±
0.15 m−2) with relatively stable populations [14]. A. tubulata
is a slow-growing species that produces brominated pyrrole
alkaloids as a chemical defense against predatory fishes
[23–25]. Members of the genus Agelas have been categorized
as high microbial abundance (HMA) sponges [25, 26]; however, until now, no comprehensive examination of the prokaryotic symbiont community of A. tubulata has been conducted [27].
Annual monitoring of populations of the brown tube
sponge in survey plots on reefs in the Florida Keys led to
the discovery of a condition known as Agelas wasting syndrome (AWS), which increased in prevalence from 7 to 35%
of the population between 2010 and 2015 [14]. AWS is characterized by localized lesions that form from tissue necrosis,
leading to shedding of the sponge skeleton. Sponges typically
exhibited symptoms of AWS for multiple years, and while
lesions could heal over time, tissue regrowth was slow for this
slow-growing species [14]. The cause of AWS is currently
unknown.
In this study, we characterized the prokaryotic symbiont
community of A. tubulata from individuals collected within
the same long-term monitoring plots in the Florida Keys
where AWS was described [14]. We collected tissue samples
from apparently healthy individuals and sponges exhibiting
symptoms of AWS and compared the prokaryotic communities between the healthy and diseased sponges to investigate
the pathobiome model of AWS infection in A. tubulata.

Materials and Methods
Sponge samples were collected at approximately 20-m depth
from Conch Reef (24° 56′ 59″ N; 80° 27′ 13″ W) off Key
Largo, Florida, USA, in June 2015. All sponges were part of
a long-term monitoring program that included annual photography of each sponge from 2010 to 2015. Using the photographs, the severity of the disease was classified for each
sponge annually. The percentage of sponge tissue affected
by AWS was characterized using the following scale: 0 represented ≤ 1% affected tissue, 1 represented > 1–5% affected
tissue, 2 represented 6–25% affected tissue, 3 represented
26–50% affected tissue, and 4 represented 51–100% affected
tissue. Five sponges showing signs of AWS were sampled
from within the diseased area (diseased), from the apparently
healthy tissue (healthy), and from transitional tissue in contact
with, but not part of, the diseased areas (transitional). AWS
lesions are characterized by a lighter tissue color, and lesion
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growth occurs by the shedding of the sponge tissue leaving behind spongin fibers which slough away in time
[14]. The diseased tissue samples collected were composed primarily of the lighter-colored sponge tissue, to
focus the sampling on the sponge microbiome and avoid
as much as possible opportunistic colonizers to the spongin fibers. All diseased samples were collected from
sponges exhibiting symptoms of AWS for at least 3 years
prior to sampling (Table 1). Additionally, tissue samples
were taken from five sponges with no symptoms of AWS
(control), and four ambient seawater samples (1 L each)
were collected and concentrated on 0.2-μm filters.
Samples were fixed in absolute ethanol and stored at
−20 °C. DNA extraction was conducted using the
DNeasy Tissue and Blood extraction kit (QIAGEN), following the protocol provided by the manufacturer. The
bacterial/archaeal primers 515F and 806R [28] were used
to amplify and sequence the V4 region of the 16S rRNA
gene on an Illumina MiSeq platform at Molecular
Research LP (Shallowater, TX).
A modified version of the Illumina MiSeq SOP pipeline
[https://www.mothur.org/wiki/MiSeq_SOP] was used to process the raw sequence reads using mothur v 1.35.1 [29].
Briefly, low quality sequence reads were removed, and the
remaining sequences were aligned and trimmed to the
SILVA reference database (V4 region). Sequences that
matched within two base pairs were pre-clustered [30] and
putative chimeras were removed, as well as any non-targeted
(chloroplast, mitochondria, eukarya) sequence reads.
Operational taxonomic unit (OTUs) (97%) were formed using
the average neighbor clustering algorithm and assigned consensus taxonomic names. Singletons (i.e., OTUs occurring
once across the global dataset) were removed to avoid biasing
diversity measures. Finally, the dataset was subsampled to the
lowest number of sequence reads per sample (n = 30,692) to
account for variation in sampling depths. Raw sequence data
were deposited in the NCBI Sequence Read Archive under the
accession numbers SAMN07125147-SAMN07125170.
Measures of alpha diversity were assessed for each sample
group by calculating observed richness (number of unique
OTUs), estimated richness (Chao estimator), evenness
(Shannon), and diversity (inverse Simpson index) in mothur
v 1.35.1. Analyses of variance (ANOVA) were conducted to
test for differences in means among sample groups, and when
significant, followed by post hoc Tukey’s honest significant
difference (HSD) tests to identify significantly different
groups. ANOVA and Tukey’s HSD were calculated in R v
3.3.1.
Prokaryotic community structure among groups (beta diversity) was examined using Bray-Curtis similarity matrices
of square root transformed data and visualized in non-metric
multidimensional scaling (nMDS) plots using PRIMER v
6.1.11. Seawater samples were excluded from the nMDS plot
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Table 1 Annual disease classification of each sponge individual (threeletter code) sampled in this study, based on analysis of monitoring
photographs
Category

Sponge

Diseased

Control

2010

2011

2013

2014

2015

YZG

0

YGM

0

1

2

4

4

1

4

4

4

YHN
YWL

NA
0

0
0

3
1

4
4

3
3

YSB
YYI

0
0

0
0

1
0

2
0

3
0

YXZ

0

0

2

0

0

YSI

0

0

0

0

0

YSQ

0

0

0

0

0

YGZ

NA

0

0

0

0

The percentage of sponge tissue affected by AWS is shown over a 5-year
period using the following scale: 0 represented ≤ 1% affected tissue, 1
represented > 1–5% affected tissue, 2 represented 6–25% affected tissue,
3 represented 26–50% affected tissue, and 4 represented 51–100% affected tissue
NA not available

for better resolution of differences among sponge groups.
Permutational multivariate ANOVA (PERMANOVA) were
conducted to determine significant differences in community
structure among groups using the PERMANOVA+ add-on in
PRIMER. Finally, permutational multivariate analysis of dispersion (PERMDISP) were conducted to test for unequal dispersion of variability (i.e., distances from centroids in the
nMDS plot) and interpret the differences detected by the
PERMANOVA. For both the PERMANOVA and the
PERMDISP analysis, multiple pairwise comparisons were
corrected based on the Benjamini and Yekutieli (B-Y) false
discovered rate control [31].
Two methods were used to examine the contribution of
individual OTUs to community-level differences detected
among sponge groups. Only sponge groups that showed significant differentiation based on the PERMANOVA analysis
were included in OTU level analyses. The first analysis was
Metastats [32], as implemented in mothur, which detects differentially abundant OTUs between groups based on their
corrected relative abundance. Secondly, a similarity percentage (SIMPER) analysis was run in PRIMER, which quantifies
the contribution of individual OTUs to overall dissimilarity
between groups. To reduce the probability of false positive
results from high numbers of pairwise comparisons, only
abundant OTUs (> 1% relative abundance) were considered
for Metastats analysis and only OTUs contributing > 0.5% to
the dissimilarity between groups were considered in the
SIMPER analysis. Representative sequences of OTUs that
were found to contribute to differences between sample
groups were analyzed using nucleotide-nucleotide BLAST
search [33] to find the most closely related sequence.
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Results
A total of 4767 unique OTUs were identified from all sample
groups. The diseased group had the highest number of unique
OTUs (n = 2519) and included representatives of 28 bacterial
phyla and 61 bacterial classes. The control group (1678
unique OTUs) and transitional group (1726 unique OTUs)
each hosted 23 bacterial phyla and 45 classes, and the healthy
group had 1814 unique OTUs represented by 26 phyla and 53
classes. The seawater group had the lowest overall number of
unique OTUs (n = 1441) and included representatives of 27
phyla and 51 classes. Symbiont OTUs affiliated with the phyla
Chloroflexi and Proteobacteria, particularly class
Gammaproteobacteria, dominated the sponge microbiomes,
while class Alphaproteobacteria was the dominant bacterial
taxon in seawater samples (Fig. 1).
Significant differences (ANOVA, p < 0.05) in the alpha diversity of prokaryotic communities in sponges and seawater
were detected for the metrics richness, Chao richness,
Shannon evenness, and inverse Simpson index. Tukey’s HSD
tests revealed that the differentiation was driven by the
Seawater group, which exhibited significantly lower values
for evenness and diversity compared to all sponge groups,
and significantly lower richness (Chao) values compared to
diseased and transitional sponge groups (Table 2). The mean
observed richness of prokaryotic communities in the diseased
group was significantly higher than other sponge groups, while
the estimated (Chao) richness of the diseased group was between those calculated for the transitional and healthy groups.
For both richness metrics, the standard deviation for the diseased samples was higher than that of the other groups, indicating greater variance in the number of OTUs per sample. All
sponge groups had similarly even prokaryotic communities.
The overall mean inverse Simpson index of the diseased samples was slightly higher than other sample groups; however, no
significant differences occurred among sponge groups for this
diversity measure.
In the nMDS plot based on prokaryotic community similarity, the healthy, control, and transitional sponge samples
grouped together more closely than the diseased samples
(Fig. 2). PERMANOVA analysis revealed significant differentiation in prokaryotic community structure between the seawater and all sponge groups and significant differentiation
between the diseased and the control groups (Table 3).
PERMDISP analysis confirmed higher dispersion
(variability) among diseased sponge microbiomes compared
to other sponge groups and similar dispersion among sponge
microbiomes in transitional, healthy, and control groups.
SIMPER analyses comparing the prokaryotic communities
from diseased and control sponges revealed that 13 OTUs individually contributed to ≥ 0.5% of the observed community level
differences between microbiomes (Table 4). The single OTU
with the greatest contribution to the dissimilarity between the
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Fig. 1 Taxonomic composition of
prokaryotic communities in
A. tubulata and ambient seawater,
showing mean abundance at the
phylum level. Asterisks indicate
class level within the phylum
Proteobacteria

diseased and control sponges matched closely (99% sequence
identity) to the archaeon Cenarchaeum symbiosum (OTU 6).
This OTU exhibited significantly (Metastats) higher relative
abundance in control compared to diseased sponges (Table 4).
Interestingly, the most abundant OTU in diseased sponges identified by Metastats analysis also matched closely (99% sequence
identity) to C. symbiosum (OTU 2). While both OTUs matched
to the same archaeal species, they exhibited opposite relative
abundance patterns, with OTU 2 exhibiting higher relative abundance in diseased compared to control sponges. Other important
OTUs contributing to the differentiation of the diseased and control samples included members of the phyla Proteobacteria,
Acidobacteria, and Chloroflexi (Table 4).

Discussion
Similar to previous studies of diseased sponges, we documented a shift in the prokaryotic community structure of sponges in
Table 2 Alpha diversity metrics
for prokaryotic communities in
A. tubulata and ambient seawater,
showing observed OTU richness
(Obs.), expected OTU richness
(Chao), Shannon evenness, and
inverse Simpson diversity values
(± standard deviation) for each
sample group

response to disease [17–19, 34, 35]. Diseased individuals of
A. tubulata had prokaryotic communities that were distinct
from the control, healthy, and transitional samples.
Additionally, the transitional samples were not distinct from
the healthy and control samples, indicating that disruption of
the sponge microbiome is confined to the AWS lesions and
does not precede infection. AWS is not characterized by a
visible transition zone separating healthy tissue from the disease lesions; our transitional samples were composed of
sponge tissue that was in contact with disease lesions. In contrast, for the Mediterranean sponge Ircinia fasciculata, in
which transitional tissue samples had significantly higher diversity as a result of more low-abundance OTUs than the
healthy tissue, the transitional zone was characterized by noticeably lighter tissue coloration and decreased cyanobacterial
abundance [19]. Overall, AWS resulted in general disruption
of the resident microbiome in A. tubulata, with diseased samples exhibiting greater dissimilarity in symbiont structure
compared to control, healthy, and transitional groups.

Group

Richness (Obs.)

Richness (Chao)

Evenness (Shannon)

Diversity (inv. Simpson)

Diseased
Transitional
Healthy
Control
Seawater

852 ± 169.48^
585 ± 27.11*
619.8 ± 52.67*
575.2 ± 53.05*
736.5 ± 22.87^*

1650.58 ± 242.51^
1694.91 ± 117.49 ^
1586.17 ± 87.59^*
1507.08 ± 187.65^*
1286.95 ± 60.81*

0.61 ± 0.02^
0.60 ± 0.03^
0.61 ± 0.01^
0.61 ± 0.02^
0.54 ± 0.01*

30.85 ± 7.47^
25.71 ± 6.48^
29.56 ± 2.62^
27.70 ± 4.42^
10.89 ± 0.83*

Different symbols represent significant pairwise comparisons (P < 0.05)
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Fig. 2 nMDS plot of prokaryotic
community structure in diseased
(dark blue triangles), healthy
(light blue squares), and
transitional (red diamonds) tissue
of AWS-affected individuals, and
healthy control (pink circles)
individuals of A. tubulata based
on Bray-Curtis similarity. Labels
denote sponge individuals

Interestingly, the two diseased sponge individuals that exhibited the greatest dissimilarity in microbiome structure compared to healthy individuals (sponges YZG and YGM) were
also the two sponges with the greatest proportions of tissue
affected by AWS (> 50%), and both displayed increasing disease lesions leading up to sampling (Table 1). In contrast, the
remaining three diseased sponges exhibited microbiomes
more similar to healthy individuals than the diseased individuals YZG and YGM, had lower proportions of affected tissue
(< 50%), and, in some cases, had lesions that had been decreasing in size leading up to the time of sampling. This suggests that progressive degeneration of the microbiome occurs
as the disease spreads, with some capacity for resilience until a
dysbiosis threshold in sponge lesions is reached from which

Table 3 Pairwise statistical comparisons of prokaryotic community
structure (PERMANOVA) and dispersion (PERMDISP) in A. tubulata
and ambient seawater. Italic P values indicate significant comparisons
following Benjamini and Yekutieli (B-Y) corrections
PERMANOVA

PERMDISP

Pairwise comparison

t

P

t

P

Seawater, diseased
Seawater, healthy
Seawater, transitional
Seawater, control
Diseased, healthy
Diseased, transitional
Diseased, control
Healthy, transitional
Healthy, control
Transitional, control

4.4998
5.5304
5.3624
5.2418
1.2021
1.1583
1.3366
0.9283
0.9182
1.0723

0.015
0.008
0.008
0.011
0.025
0.083
0.005
0.816
0.947
0.157

11.468
12.353
14.010
8.9623
4.7166
3.8668
3.4162
1.2971
0.8829
0.0938

0.012
0.017
0.009
0.021
0.008
0.011
0.006
0.179
0.408
0.880

the sponges are unable to recover, consistent with the
pathobiome model of disease onset [20, 21].
One significant difference between the diseased and control
sponges was a shift in dominant symbiont taxa affiliated with
Thaumarchaeota. In both the diseased and control sponges,
two dominant Thaumarchaeota OTUs were present that exhibited high similarity (99% sequence identity) to previously
described symbionts from A. tubulata [27]. OTU 2, which was
significantly more abundant in diseased sponges, matched to
three different archaeal sequences (ACEA3, ACAA13,
ACEA1) detected in both adult sponges and embryos of
A. tubulata, indicating vertical transmission [27]. OTU 6,
which had a significantly lower abundance in diseased
sponges, matched to an archaeal sequence (ACAA6) detected
in adult A. tubulata [27]. Previous studies have also documented a shift in dominant Thaumarchaeota taxa between
healthy and unhealthy sponges; López-Legentil et al. [34]
f o u n d a s h i f t i n t h e T h a u m a rc h a e o t a ( f o r m a l l y
Crenarchaeota) community in healthy and bleached specimens of the Caribbean giant barrel sponge, Xestospongia
muta. Healthy X. muta were dominated by Thaumarchaeota
that had previously been identified as sponge symbionts,
while bleached X. muta were dominated by
Thaumarchaeota associated with sediment. Thaumarchaeota
are ammonia-oxidizing Archaea [36, 37], and in X. muta, the
shift in the dominant Thaumarchaeota was accompanied by
an increase in the expression of ammonia monooxygenase
genes (amoA) in bleached sponges [34]. Both of the dominant
Thaumarchaeota OTUs detected in A. tubulata herein
matched to sponge symbionts, rather than taxa associated with
environmental sources, as reported for X. muta. However, the
observed shift in dominant Thaumarchaeota may contribute
to a functional shift in the ammonia oxidation capacity of the
sponge holobiont [34, 38, 39], with the disease lesions
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Table 4 Microbial OTUs in
A. tubulata that contributed at
least 0.5% of the community
dissimilarity (SIMPER analysis)
between the diseased and control
groups

Deignan L. K. et al.

Relative Abundance
(%)

Contribution to
dissimilarity (%)

OTU

Phylum

Lowest taxonomic
classification

Diseased

Control

6*

Thaumarchaeota

Cenarchaeum symbiosum

1.7

6.0

1.12

21*
1

Proteobacteria
Proteobacteria

1.8
7.2

0.5
8.9

0.79
0.72

2*

Thaumarchaeota

Order Rhodobacterales
Family
Ectothiorhodospiraceae
Cenarchaeum symbiosum

8.2

4.7

0.69

13

Proteobacteria

Order Sphingomonadales

3.9

1.9

0.65

12
11*

Chloroflexi
Acidobacteria

Class SAR202
Family PAUC26f

2.5
1.9

3.6
3.7

0.64
0.64

49

Proteobacteria

1.1

0.1

0.57

4
34

Nitrospirae
Proteobacteria

6.6
1.0

4.1
0.8

0.56
0.54

5

Chloroflexi

Family
Ectothiorhodospiraceae
Family Nitrospiraceae
Class
Gammaproteobacteria
Order TK18

4.0

5.6

0.54

38
7
18*
15*

Proteobacteria
Actinobacteria
SBR1093
Acidobacteria

Class Alphaproteobacteria
Phylum Actinobacteria
Class EC214
Order iii1–15

0.7
4.0
1.4
1.4

1.0
3.9
2.1
2.5

0.52
0.5
< 0.5
< 0.5

Phylum affiliation, lowest taxonomic classification, and average relative abundance in each sponge group are
shown. Asterisks indicate OTUs exhibiting significantly different relative abundances between the diseased and
control groups, according to metastats analysis

creating an improved environment for OTU 2 proliferation,
perhaps due to an increase in the ammonia released by the
necrotic sponge tissue.
In addition to the differential abundance of shared prokaryotic taxa, we also identified several bacterial OTUs that were
present in the diseased sponges and absent in the healthy and
control sponges: two Proteobacteria from the family
Rhodobacteraceae (OTU 483 and OTU 279; relative abundances 0.01 and 0.03%, respectively), and a cyanobacterium
from the order Chroococcales (OTU 457; relative abundance
0.01%). OTU 483 matched (100%) in BLAST to two environmental bacteria collected from biofilms examined in the
Mediterranean Sea (JF948616) and on the Great Barrier
Reef (HQ601712), indicating that the source of this bacterium
is likely from the environment and may be a useful target for
future studies on the spread of AWS. OTU 279 matched
(99%) to four uncultured bacteria in BLAST, including two
Alphaproteobacteria (accession numbers EF629653 and
EF629647) from Ircinia strobilina collected from reefs off
Key Largo, Florida. OTU 457 had a 98% sequence match to
a bacterium from healthy tissue of the coral Montastraea
faveolata (FJ203604), which underwent a similar pattern of
increased microbial diversity in response to White Plague
Disease [40]. However, OTU 457 also matched (98%) to a
bacterium (HQ601736) from the same biofilm community on
the Great Barrier Reef as OTU 483 [41]. The presence of

particular bacteria in diseased individuals (and their absence
in healthy individuals) is not sufficient to conclude that these
bacteria contributed to disease infection, but provides specific
targets for future examination of AWS amidst the vast diversity of sponge microbiomes. Indeed, the presence of these taxa
in diseased sponges may result from opportunistic colonization of necrotic sponge tissue. For example, several previous
studies identified specific bacteria or cyanobacteria that were
only associated with diseased sponges, yet tissue transplantation experiments failed to induce infection [9, 12, 17].
In this study, we characterized the prokaryotic community
of A. tubulata and the resulting microbiome shift in response
to AWS infection. Healthy individuals were dominated by
symbionts affiliated with Chloroflexi, Proteobacteria, and
Thaumarchaeota, consistent with the categorization of
A. tubulata as an HMA sponge and past studies on its
microbiome [27, 42]. We further showed that AWS causes
the prokaryotic community to differentiate from that of apparently healthy sponge tissue, and that changes to the sponge
microbiome are confined to the disease lesions. Within the
diseased samples, sponges with the most severe lesions had
the highest prokaryotic diversity and showed the greatest differentiation from the remaining sponge samples, suggesting
that the pathobiome may influence disease virulence. When
focusing on specific OTUs that drove community-level differences between the control and diseased samples, we report a
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structural shift in the dominant Thaumarchaeota taxa that may
reflect a functional change in the ammonia-oxidizing capacity
of the sponge holobiont. Future studies examining gene expression in control and diseased sponges are needed to elucidate the functional changes occurring in A. tubulata as a response to AWS. The impacts of AWS on sponge growth and
reproduction have yet to be quantified, although it seems likely that the consequences are negative for both, resulting in
reduced population growth for this species. Continued monitoring efforts are warranted to examine how shifts (or stability)
in microbiome structure may allow some individuals to recover from AWS, while other sponges experience increased
spread of AWS lesions, thereby providing key insights into
the relationships between dysbiosis, disease progression, and
host health.
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