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Abstract Sponges can filter large volumes of seawater and
accumulate highly diverse and abundant microbial commu-
nities within their tissue. Culture-independent techniques
such as fluorescent in situ hybridization (FISH), 16S small
subunit (SSU) rRNA gene analyses, and transmission
electron microscopy (TEM) were applied to characterize
the presence and distribution of microbes within sponges
abundant on south Florida reefs. This study found that coral
disease-associated bacteria (CDAB) are harbored within
Agelas tubulata and Amphimedon compressa. FISH probes
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detected several potential bacterial pathogens such as
Aurantimonas coralicida, Cytophaga sp., Desulfovibrio
spp, Serratia marcescans, and Vibrio mediterranei within
A. compressa and A. tubulata host sponges. Spatial differ-
ences in the distribution of targeted bacteria were seen
within sponge hosts. Transmission electron microscopy of
A. compressa indicated there was a higher concentration of
bacteria in the choanosome compared to the ectosome.
These observed spatial distributions support the presence of
internal sponge niches, which could play a role in the
location of the CDAB within the sponges.

Keywords Sponge - Coral disease - Bacteria - FISH -
Spatial arrangement

1 Introduction

Sponges are ancient organisms, with fossils dating back to
the Late Precambrian (Li et al. 1998; Love et al. 2009).
These included microbial communities likely to have
had a similarly long association with their sponge hosts.
Specific bacterial symbionts are purported to provide
benefits to sponges such as nutrient acquisition (Vacelet et
al. 1995), UV radiation protection (Sara 1971), nitrogen
fixation and nitrification (Wilkinson and Fay 1979), and
secondary metabolites (Schmidt et al. 2000; Unson et al.
1994). Moreover, it has been shown that bacterial symbiont
community composition can differ spatially within a single
individual host (Koren and Rosenberg 2006). Close
examination of inner sponge anatomy reveals potentially
diverse microbial niches within sponge mesohyl (extracel-
lular matrix). For example, Aplysina cavernicola exhibits a
high mesohyl concentration of Delta-Proteobacteria and
Bacteroidetes. Both groups of bacteria are capable of
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anaerobic metabolism but are not abundant in the ambient
seawater. Thus, it is likely that these bacteria have acquired
adaptations allowing them to thrive in diverse microhabitats
such as anaerobic portions of sponge mesohyl (Friedrich et
al. 1999). In addition, the sponge Geodia barretti exhibits
higher levels of oxygen in the ectosome, no oxygen at 4—
6 mm below the surface (cortex) and a peak in oxygen at
17 mm within the sponge. When the sponge stops pumping
water, oxygen disappears almost completely in the cortex
(Hoffman et al. 2005). This spatial difference would then
have an affect on the location of anaerobic and aerobic
bacteria within the sponge.

The majority (>90%) of microbial symbionts are difficult
to isolate and culture (Webster and Hill 2001; Sfanos et al.
2005; Taylor et al. 2007), and it has been estimated that less
than 0.1-1.0% of the microbial sponge community is
culturable (Santavy et al. 1990; Webster and Hill 2001).
Recent advances in molecular genetics technology have
facilitated in-depth taxonomic surveys and have confirmed
the utility of culture-independent techniques to study
microbial communities (Rappe’ and Giovannoni 2003;
Pace 2009). The use of 16S rRNA gene libraries of
associated microbial diversity within sponges has also
become widely used, helping to gain insight into their
taxonomy and ecology (Lopez et al. 1999, 2010; Webster et
al. 2001; Sfanos et al. 2005; Hill et al. 2006; Meyer and
Kuever 2008; Radwan et al. 2010; Mohamed et al. 2010).
For example, Hentschel et al. (2002) describe only 190
sponge-derived 16S rRNA gene sequences in the GenBank
database. By 2007 the number had increased to approxi-
mately 1,500 rRNA sequences (Taylor et al. 2007),
providing a larger database for bacterial identification.

Sponges can filter up to 24,000 L of seawater/kg/day,
leaving the expelled water nearly sterile (Reiswig 1974;
Turon et al. 1997). This filtration of large volumes of water
results in relatively high bacterial concentrations within the
sponge compared to the surrounding seawater. An example
of bacterial accumulation in sponges has been shown in
Escherichia coli populations that are higher in the sponge
Spongia officinalis than the surrounding coastal seawater
(Kefalas et al. 2003; Stabili et al. 2008). Therefore, the
sponges’ high filtration rates may result in them acting as
reservoirs for bacteria that are present at levels below
detection in ambient seawater. This may be a reason that
sponges contain unique bacterial communities not present
in other marine organisms (Hentschel et al. 2002; Schmitt et
al. 2007). Moreover, many symbiotic bacteria found in
sponges appear distinct from those that occur in ambient
seawater (Hill et al. 2006), marine sediment, and in
plankton (Santavy et al. 1990). Fieseler et al. (2006) has
proposed a candidate phylum ‘Poribacteria’ for all the
bacteria that have been found to occur uniquely within
sponges. Several studies have provided support for the
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concept that sponges in different spatial, temporal and
geographic habitats may harbor similar microbial commu-
nities (Olson and McCarthy 2005; Hentschel et al. 2002;
Webster et al. 2004; Hill et al. 2006; Vishnyakov and
Ereskovsky 2009). However, sponges of the same species
located in temperate or tropical waters have been found to
contain different microbial communities (Taylor et al. 2004,
2005).

Many sponge species share benthic habitats with
scleractinian corals, the primary builders of tropical coral
reefs. However, coral populations have suffered due to
exposure to a number of deleterious physical and biochem-
ical changes, which include over-fishing, increased carbon
dioxide inputs due to anthropogenic sources, warming sea
surface temperatures, eutrophication, sedimentation and
pollution (Hughes et al. 2003; Lesser 2004). These factors
can contribute to physiological stress, resulting in increased
opportunities for coral disease associated bacterial (CDAB)
pathogens (Sutherland et al. 2004; Lesser et al. 2007;
Teplitski and Ritchie 2009). However there is limited
knowledge on possible CDAB reservoirs. The algae
Halimeda opuntia bearing the CDAB, A. coralicida, has
been documented to trigger White Plague II in the coral
Montastraea faveolata simply by contact (Nugues et al.
2004). Marine sediments (Richardson 1997) and fire worms
(Sussman et al. 2003) also may serve as possible reservoirs,
since CDAB have been found in these environments.

Studies have failed to find CDAB in the water column
surrounding corals (Cooney et al. 2002; Richardson 1997).
Locating reservoirs of potential coral pathogens may help
in the formulation of strategies to help protect corals and,
ultimately, contribute to a decline in the incidence of coral
disease. Two primary hypotheses were tested in this study:
(1) sponges act as a reservoir for specific bacterial taxa
associated with coral diseases, and specific bacteria
associated with coral diseases should be present in multiple
species of sponges along with multiple individuals of the
same sponge species; (2) the spatial distribution of CDAB
species will be similar in different sponge species, due to
similar ecological functions.

2 Methods

Agelas tubulata (Demospongiae, Agelasida), Amphimedon
compressa (Demospongiae, Haplosclerida) and Aplysina
fistularis (Demospongiae, Verongida) sponge samples were
collected by SCUBA off the coast of Fort Lauderdale,
Florida at three reef sites on July 22, 2008 and October 8§,
2008. Three individuals of 4. tubulata and A. fistularis
were collected at Site 1 (N 26°20844 and W 80°03418) at a
depth of 17 m. Two individuals of 4. compressa were
collected at Site 2 (N 26°08785 and W 80°05780) at a
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depth of 6 m and a third individual from Site 3 (N 26°
011414W 80°059973) at a depth of 9 m. Sponges for FISH
and transmission electron microscopy (TEM) were fixed
immediately in 4% paraformaldehyde or 2% gluteraldehyde
fixative respectively and stored at 4°C. Portions of each
sponge sample were also frozen for DNA extraction.

2.1 Fluorescent in situ hybridization (FISH)

Strain-specific probes for presently known CDAB (Serratia
marcescans, Vibrio mediterranei, Aurantimonas coralicida
and Cytophaga sp.) were designed (Table 1). In addition,
FISH probes for the major group Firmicutes and Desulfovi-
brio spp. were also used since they have been shown to be
abundant in Black Band Disease (BBD) (Frias-Lopez et al.
2002; Cooney et al. 2002; Richardson 1996). Probes for
Actinobacteria and Gammaproteobacteria were designed as
they were found to be abundant microbes via the 16S rRNA
cloning data in this study of 4. compressa and A. tubulata
respectively.

In order to design new strain specific probe sequences,
16S rRNA alignments were made using the CLUSTAL
program within The Biology Workbench 3.2 (Subramaniam
1998). Probes were tested on the NCBI PROBE Database
(www.ncbi.nlm.nih.gov/probe) and Microbial Ribosomal
Databases Probe Match (Cole et al. 2007; http://rdp.cme.
msu.edu/ probematch/search.jsp) and were strain specific
based on these tests. Alignments are available upon request
from the authors. Three probes sequences (Desulfovibrio
spp. EUB338, and Firmicutes) were obtained from PRO-
BEBASE (Loy et al. 2007; www.microbial-ecology.net/
probebase/) (Table 2). All pre-labelled probes were pur-
chased from Invitrogen and labeled with fluoroscein dye.

Fixed sponges were transferred to 70% ETOH at —20°C.
Paraffin-embedded sponge blocks were sectioned to a width
of 7 um to 8 um with Accu-Edge low profile microtome
blades (Sakura Finetek) and placed on Platinum Line
StarFrost slides (Mercedes Medical). Slides were incubated
for at least 12 h at 56°C and then at 58°C for 1.5-2 h. The
slides were dewaxed in xylene (100%) and graded ethanol
treatments (90-50%).

Formamide concentration for the hybridization buffer
was determined by using assays (20-45%) for each new
probe designed, and the corresponding hybridization buffer
(EX: 35% formamide) was made (360 ul 5 M NaCl, 40 ul
1 M Tris-HCI, 700 pul formamide, 900 ul H20, 2 ul 10%
SDS). Hybridization buffer (45 ul) was mixed with 5 ul of
the desired probe and placed on each section. The slides
were then placed inside a humidity chamber (a 50 ml
Falcon tube containing a paper towel saturated with
hybridization buffer) for 2 h at 46°C, put in the
corresponding wash buffer (700 ul 5 M NaCl, I ml 1 M
Tris-HCI, 500 ul 0.5 EDTA, 50 ml H,0 and 50 pul 10%

SDS) for 20 min at 48°C, quickly rinsed with H,O and air
dried (Sharp et al. 2007). The slides were examined in an
epi-flourescent microscope (Olympus FV1000) at magnifi-
cations of 100%, 200, and 400% in order to assess bacterial
distributions. Photos of the sections were taken with an
Olympus digital camera and contrast and brightness
adjusted in Abode Photoshop Elements 5.0.

FISH was performed on three individuals of 4. com-
pressa and A. tubulata, with four sections each (total of 144
sections) (Tables 1, 2). The control experiments included
the universal bacteria probe (EUB338) (Fig. 3f), a reverse
complemented negative nucleotide probe and no probe for
autoflourescence assessment. In addition, FISH was per-
formed targeting an abundant bacterium that was found in
the cloning data for each sponge (Fig. 3e).

Two control runs testing for non-specific binding of the
probes were carried out. One trial involved performing
FISH sequentially on the same section with two of the same
probes (one with a fluorescent dye and one without). Here,
the unlabelled probe blocked the binding site from the
fluorescently labeled probe. The second trial involved
simultaneous use of two probes with different nucleotide
sequences and fluorescent dyes. The first probe was
EUB338 with a fluorescent dye (green) and the second
probe was V. shiloi AK1 with a CY3 dye (red). Since the
EUB338 probe (targeting all bacteria) was green, and the V.
shiloi AK1 probe was red, all of the V. shiloi AK1 bacteria
with both probes binding to it resulted in an orange
fluorescence and no red fluorescence were visible. Hence-
forth V. shiloi will be referred to as Vibrio mediterranei as
per Thompson et al. (2001).

Once all FISH slides were completely scanned, the
relative abundance of CDAB was determined by comparing
the amount of positive probe signals to each other (Fig. 3).
Factors including the presence of some bacteria only on one
section (S. marcescans), and presence in only one area of
the section compared to the whole section were taken into
consideration. An abundance category, with plus (+) signs,
indicative of a higher abundance was assigned accordingly
to each CDAB and a zero (0) was used for when no probe
signals were present (Table 3).

Generalized Estimating Equations in SPSS 17.0 ana-
lyzed data supporting the presence of the bacteria in the
sponges, with a 95% confidence level and a binomial
distribution (SPSS 2008).

2.2 SSU 16S rRNA cloning and sequence analysis

Environmental 16S rRNA microbial libraries were made for
both 4. compressa and A. tubulata specimens. Microbial
genomic DNAs were isolated using the UltraClean Micro-
bial DNA Isolation Kit (MO BIO Laboratories, Inc.).
Approximately 750-800 bp of the 5” half of the 16S small
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Table 1 Newly designed FISH probes

Bacterial species/group Strains Location in Ecoli Probe sequence 5°-3° ™ Formamide (%)
Serratia marcescans AB435613 453 ACGTATTAAGCTCACCACCT 58 25
POXD3L10 451
Vibrio mediterranei AF007115 655 CTACAGTACTCTATTCCGC 60 45
Aurantimonas coralicida AJ786361 764
EF512741 792 ATCCTCCGACGGCTAGCTTC 64 35
EF512716 802
AY 065627 791
Cytophaga sp. AB015260 178 ACCATGCGATAAAACATTGTT 56 45
Actinobacter EF076123 1,311 GTTCGCCACTCGATTTTCC 58 40
Gamma proteobacteria EU315515-37 1,262 GCCGTCAAACTAATCGGAC 58 40
No bacteria (negative) TGAGGATGCCCTCCGTCG 55 35

subunit rRNA gene was amplified by PCR with universal
ECO9 and LOOP27 primers (Lopez et al. 1999; Sfanos et
al. 2005). The 30.25 pl PCR mix consisted of 1 ul template
DNA (13 ng/ul to 14 ng/ul after purification), 3 pl of
deoxyribonucleoside triphosphate, 1 pl of each primer
(30 mol/ul), 1.25 units of 7ag DNA polymerase (ProMega),
3 wl 10x buffer, and 21 pul DH,O. This mixture was
amplified for 35 cycles under the conditions of denaturing
at 95°C for 30 s, annealing at 53°C for 30 s and extension
at 72°C for 1 min. PCR products were purified using
QIAquick PCR Purification Kit (Qiagen, CA) and cloned
using TOPO-TA cloning kit following manufacturer’s
protocol. Cloning products were then sent to SymBio
Corporation (Menlo Park, CA) for sequencing.

DNA sequences were initially analyzed by BLAST
programs (Altschul et al. 1997), followed by the Ribosomal
Database Project (RDP) Classifier function for bacterial
classification (http://rdp.cme.msu.edu/index.jsp; Cole et al.
2007). The FastGroup II website was used for rarefaction
analysis and to calculate the Shannon-Wiener Index (Yu et
al. 2006). After checking the quality of sequences by
chromatograph inspections, sequences >300 bp were
submitted. GenBank accession numbers were GU984049—
GU984226 for all 178 new sequences described herein.

Phylogenetic analyses began with multiple sequence
alignments of all or representative subsets of the sponge
16S rRNA fragments, including typed reference 16S rRNA
sequences from GenBank, using ClustalW (Larkin et al,

Table 2 Probes obtained from ProbeBase

2007). Poorly aligned regions were removed before
phylogenetic reconstruction. A distance algorithm such as
Neighbor-joining was performed with PAUP 4.0b4*
(Swofford 2001). Most appropriate DNA substitution
models for 16S rRNA datasets were determined using
MODELTEST (Posada and Crandall 1998). Reference and
type sequences were also downloaded from GenBank in
order to help identify specific sequence clusters. Typical
reconstructions used random stepwise addition with at least
five replications, tree-bisection-reconnection and branch
swapping, and 100-500 replicates in bootstrap analyses.

2.3 Transmission electron microscopy (TEM)

Sponge samples were placed in a gluteraldehyde fixative
(2% gluteraldehyde in 0.05 M Na cacodylate buffered 0.22
micron filtered seawater) for a minimum of 2 h to 3 h. They
were then rinsed in three changes of 0.0 5 M Na cacodylate
buffer for 10 min each. Samples were then postfixed in 1%
osmium tetroxide in buffer for 45 min and rinsed in buffer
for three changes at 10 min each. Samples were dehydrated
in a graded series of ethanol (20%, 40%, 60%, 70%, 90%
and 100%). Following dehydration, samples were then
embedded in Spurr© embedding resin in flat embedding
molds for 24 h at 60°C. Blocks were sectioned using a
Diatome 35 degree angle diamond knife. Sections were
then stained with lead citrate (Reynolds 1963) and
examined in a JEOL JEM 1200 Transmission Electron

Bacterial group Probe sequence 3°-5’ Accession # ™ Formamide (%) Reference

Desulfovibrio spp. GGTCGCCCCCCGACACCT pB-01332 59 30 Dar S.A. et al. (2007)
Firmicutes CGGAAGATTCCCTACTGC pB-00196 50 35 Meier H. et al. (1999)
EUB338 (all bacteria) GCTGCCTCCCGTAGGAGT pB-00159 55 35 Amann R.L et al. (1990)
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Table 3 Targeted bacteria relative abundance

Aurantimonas coralicida Seratia marcescans Vibrio mediterranei Firmicutes Cytophaga sp. Desulfovibrio spp.

Agelas tubulata

1-Site 1 +2 0 4+ + 4t 0

2-Site 1 0 + ++ + 0

3-Site 1 ++ + ++ + ++ 0
Amphimedon compressa

1-Site 2 ++ + -+ -+ -+ ++

2-Site 2 4+ o+ ++ + ++

3-Site 3 + 0 +H++ +++ +++ 0

#Plus signs (+) are indicative of the relative abundances of the corresponding probe fluorescence. An increase in the amount of (+) represents a higher
abundance. The zeros (0) are indicative of no probe fluorescence.(N,umper of sections= 144)

Microscope (TEM). Micrographs were taken with a Gatan
digital camera mounted on the TEM.

3 Results
3.1 SSU 168 rRNA cloning and sequence analysis

In the 16S rRNA gene library analyses, 98 Agelas tubulata
and 83 Amphimedon compressa sequences were generated.
For Agelas tubulata, applying these sequences to RDP
Classifier (Cole et al. 2007) indicated that unclassified
Gammaproteobacteria represented the largest relative pro-
portion of bacteria (48%). In Amphimedon compressa,
unclassified bacteria appeared as the largest percentage
(49%) of bacteria, followed by unclassified Gamaproteo-
bacteria, unclassified Acidomicrobidae and Acidomicrobi-
dae. Unclassified Oceanospirillales and unclassified
Bacteriodetes were only found in A. ftubulata, while

a

5% 1% 6%

8%

49%

13%

0,
1o, 4% 1%
M Acidomicrobineae
Unclassified Actinobacteria

M Nitrospira
unclassified Acidomicrobidae
M Unclassified Gammaproteobacteria
M unclassified Alphaproteobacteria
Unclassified Bacteria

M Unclassified Rhodobacteria
W Unclassified Proteobacteria

Unclassified Deltaproteobacteria

Nitrospira spp., unclassified Acidomicrobidae, unclassified
Deltaproteobacteria, unclassified Rhodabacteria and Acid-
omicrobidae were only found in A. compressa. It was
interesting that A. tubulata had low numbers of Alphapro-
teobacteria (1%). Major bacterial groups identified for each
sponge led to the design of an Actinobacteria probe for 4.
compressa and a Gammaproteobacteria probe for A.
tubulata based on their clone sequences (see Table 1 and
next section). These 16S rRNA clone libraries were not
expected to be exhaustive or inclusive, which is reflected
by rarefaction curves (not shown) (Fig. 1)

Phylogenetic analyses of representative sets of 16 rRNA
sequences from both sponges were also performed to
confirm some of the above taxonomic categories. Deter-
mining the precise branching topology of respective clades
per se was not a primary goal of this exercise, especially
since many of the pairwise distances between some
sequences were very large (>40%). This observation also
led to the application of the neighbor-joining (NJ) method.

b

38%

M Unclassified Bacteroidetes
M Unclassified Gammaproteobacteria
Hl Unclassified Proteobacteria

Unclassified Actinobacteria
M Unclassified Alphaproteobacteria
M Unclassified Oceanospirillales
Unclassified Bacteria

Fig. 1 Composition of major bacterial taxonomic groups within cloned twol6S rRNA sequence libraries of a Amphimedon compressa and b
Agelas tubulata. Each library was queried with the RDP Classifier for taxonomic identification
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The NJ tree in Fig. 2 confirms the large Gammaproteo-
bacteria group composed mostly of A. tubulata clones in
contrast to the large primarily “unclassified Bacteria” in 4.
compressa. Thus some of the more unique and basal taxa
occur within A. compressa, such as clone E06 which
showed similarity to Nifrospira, suggesting A. compressa
had a slightly more diverse community of microbes
compared to A. tubulata. This finding supports the
Shannon-Weiner Diversity Index for the microbial communi-
ties in A. compressa and A. tubulata, which were H',=3.042
nats and H'g=2.896 nats respectively. The tree also appears
to show a clear partitioning of sequences that correlates with
the source sponge host, as mostly 4. compressa clones
comprise the Gram-positive clade. A smaller Bacteroidetes
clade holds only 4. tubulata sequences

Thermotoga AF355615

3.2 Fluorescent in situ hybridization (FISH)

Three of the five control FISH experiments consisted of the
following—i) no probe, ii) negative probe, and iii)
sequential non-fluorescent probe followed by a fluores-
cently labeled probe. All of these exhibited only autofluor-
escence and no positive FISH signals were detected.
Control FISH experiments performed with two probes at
the same time having different binding sites (EUB338-
green label and Vibrio mediterranei-red label) resulted in
green and orange (combined green and red) fluorescence.
The absence of red fluorescence confirmed the specificity
of the Vibrio mediterranei probe (not shown). The fifth
positive control, EUB338 probe, produced abundant green
fluorescence.

SAR202 U20797
E06 - Ac
e Unicultured Deltaproteobacteria EF076071
A G111 At Bacteroidetes
100 F10-1 At
1 00 Bacteroides EU728706
- Bacteroides stercoris AB510708
—_— Microbacterium AF489290
Kocuria GU322342
C06-2 Ac
Jr— A\ 02-1 AC
82 ————Af1-1Ac
| BO05-1 Ac
58 00—
89 £03-2 At Gram+
C01-2 Ac
HO02-2 Ac
74 [————— Bl12Ac
Uncultured Actinobacterium AY 033296
82 G03-2 Ac
78 G12-1At
100 A10-1Ac
A08 -1 Ac
s B— A
G02 -2 Ac
E02 -2 Ac
DO7-1 Ac
B06-1 Ac
E05 -1 Ac
e G11-1 Ac
E11-2 At
A05-2 At
72 4 Go8-1 At
57 g, — Y
HO6-1 At
— HO022At G
91 B04-2 At
60 F02-2 At
— Cl02At
100 F04-1 At m
10 sub E10-1 At
Subs A08-1 At m
- G02-1 At
F10-2 At
p———————————— HO08-1 At a
Goo-1 At CO1-1At
56 97 B02-2 At
F05-1 At
B03-2 At
DO05-1 At
— L [ —————sen
- A01-2 At
E coli J01695
Vibrio splendidus AY370018
100 G10-2 Ac
A09-1 Ac
e E— A
B12-2 Ac
D03-2 Ac

SAR11 AY033320

Fig. 2 Minimum evolution phylogeny of representative 16S rRNA
sequences derived from host sponges Amphimedon compressa and
Agelas tubulata. The Neighbor-Joining algorithm was applied on 67
sequences from both Amphimedon compressa (Ac) and Agelas
tubulata (“At”), which are indicated by clone ID from each respective
library. Previously typed or reference 16S rRNA sequences retrieved
from GenBank are included with their respective accession numbers
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and assisted in designating the three major clades, including
Gammaproteobacteria (Gamma). A Tamura-Nei model for base
substitution was applied after running the sequence alignment through
MODELTEST. Thermotoga sp. TMO (AF355615) rooted the tree.
The scale bar indicates branch lengths in substitutions (subs).
Numbers below a node indicate bootstrap percentage support after
500 iterations for the indicated clade
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Not all fluorescent signals were uniform in size. For
example if Figs. 3 and 4 are compared, different numbers of
target bacteria are detected depending on the FISH probe
applied. Several FISH target signals in Fig. 3c—f could
represent individual bacteria. However, due to resolution
limits, individual bacteria could not be resolved and the
detection of multiple bacteria in aggregates (>1 um to 2 um
in diameter) could not be precluded. However, large
numbers of aggregates in the species utilized in the TEM
component of this study were not observed. Alternatively,
the larger fluorescent signals observed in Fig. 3c or Fig. 4c
may result from differences in fluorescence exposure.

Although the targeted CDAB taxa were found in both
species of sponges, they were not all present in every
specimen (Fig. 3). For instance, A. compressa individuals
collected from different localities (Table 3), exhibited
differences in bacterial presence and abundance. The
Generalized Estimating Equation is commonly used for
correlated binary data (Hanley et al. 2003), and was used to
determine that there was no statistically significant differ-
ence in the presence or absence of the six identified bacteria
in A. tubulata and A. compressa (Aurantimonas coralicida
p=0.373: Cytophaga sp. p=0.928: Desulfovibrio p=0.299:
Firmicutes p=0.480: Serratia marcescans p=0.841: Vibrio
mediterranei p=0.121). The relative abundance of all
targeted bacteria was consistently lower in A. tubulata
compared to A. compressa, even when the controls are
compared (Table 3).

3.3 Spatial arrangements

Vibrio mediterranei bacteria were found in relatively high
abundance in both sponges (Table 3) and were commonly
localized at distinct areas of the sponge mesohyl (Fig. 4b).
Even though some bacteria were found relatively evenly
distributed throughout the sponge mesohyl (Firmicutes,
Cytophaga sp. and Actinobacteria) (Fig. 4a), Gammapro-
teobacteria, Vibrio mediterranei, S. marcescans and Desul-
fovibrio spp. were found localized in high concentrations.
However, some bacteria, such as S. marcescans, were found
evenly distributed in one histological section and locally
concentrated on another (Fig. 4c). It should also be noted
that due to size of the fluorescence, the detection of
bacterial aggregates seems to be common within the
sponges. Desulfovibrio spp. and S. marcescans were the
only CDAB detected within comparatively large aggregates
by FISH (Fig. 4c and d).

3.4 Transmission electron microscopy (TEM)
The marked autofluorescence of Aplysina fistularis pre-

cluded its intended use in FISH analysis, but this sponge
was useful for comparative TEM study, which partially

corroborated FISH data. Both A. fistularis and A. com-
pressa exhibited similar high concentrations of bacteria in
the choanosomal mesohyl relative to the ectosome (Fig. 5).
Furthermore, A. fistularis mesohyl contained a type of
bacteriocyte, which is a typical sponge cell containing
bacteria isolated from the surrounding cells and mesohyl
and found in many other sponge species (Fig. 5c). These
cells, also known as “pocket cells” (Boury-Esnault and
Riitzler 1997), have a spherical or oval shape with a diameter
of 10—15 pm. The bacteriocyte has a single large cavity and is
surrounded by a thin (0.12 um to 0.4 um) cytoplasmic layer.
The cavity is often open to the intercellular mesohyl and
bacteria inside bacteriocyte appear similar to those on the
outside in the sponge mesohyl. The same cell type is described
in other species of the demosponge genus Aplysina (Ver-
ongida) (Vacelet 1970, 1975) and Petrosia ficiformis
(Haplosclerida) (Vacelet and Donadey 1977; Maldonado
2007). An occasional virus was observed in the sponge
tissue, but viruses were not abundant in the tissue of either
species of sponge examined. Other than large viruses and
non-bacterial microbial populations were not apparent in the
ultrastructural analysis.

4 Discussion
4.1 Sponges and coral disease-associated bacteria

Coral disease associated bacteria (CDAB) are rarely
detected in seawater (Cooney et al. 2002; Frias-Lopez et
al. 2002; Richardson 1997), likely due to their low
concentrations. CDAB also appear to be missing in recent
large-scale metagenomic surveys of bacterioplankton
(Rusch et al. 2007). It is possible that CDAB occur below
the limits of detection of current methods and sampling
strategies (Wintzingerode et al. 1997; Cottrell and Kirchman
2000). In contrast, this study has found CDAB present in
two species of marine sponges utilizing FISH. The filtering
activity of sponges appears to have facilitated accumulation
of live bacteria resulting in an increased detection level, and
suggests a role for sponges as potential bioaccumulators of
CDAB in seawater. Unequivocal evidence that CDAB
populations are actively dividing and growing within these
sponge hosts could not be shown, and proof of CDAB
vertical transmission also requires further research. None-
theless, this study demonstrates that sponges may serve as a
proxy for profiling ambient water column bacterial compo-
sition. Combining FISH with 16S rRNA PCR methods
described in this study is a step in this direction, even when
the 16S rRNA sequencing is not exhaustive. Overall, these
approaches could prove useful especially within sensitive
benthic habitats, or when adjacent to critically endangered
species, such as in the coral genus Acropora that can have
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Fig. 3 FISH depicting bacterial relative abundance categories a +,
Amphimedon compressa with Serratia marcescans probe (only one
aggregate found on a section); b ++, Agelas tubulata with Vibrio
mediterranei probe; ¢ +++, A. compressa with Cytophaga sp. Probe; d

restrictions on invasive sampling (Acropora Coral Conser-
vation and Restoration Workshop, November 2009).

Sewage and terrestrial runoff are contributing factors in
some coral disease outbreaks including black band disease
and white plague type II (Voss and Richardson 2006;
Kaczmarsky et al. 2005; Denner et al. 2003). Therefore,
geographic location may be a factor in the detection of
CDAB within sponges, and potentially explain why CDAB
were not found in every individual of 4. compressa
(Table 3). Although causative agents are often difficult to
determine in coral disease studies, as already discussed
here, there is growing evidence that specific bacteria have
an important role in coral disease. Additional causative
agents, such as viruses and protozoans are under study
(Wilson et al. 2005; Patten et al. 2008; Thurber et al. 2008).
In this study, sponge ultrastructural examination did not
reveal viruses or other non-bacterial microbes sequestered in
the sponges studied to any significant extent. This suggests
that the filtration apparatus within the sponges may not be
able to capture and concentrate the relatively small size
classes (less than 1 um) to which the viruses belong. The
finding of occasional relatively large viruses in the sponges
supports this view (data not shown). The presence of anti-
microbial compounds in specific sponge layers can also not
be discounted (Galeano and Martinez 2009).

@ Springer

++++, A. compressa with Vibrio mediterranei probe; e +++++, A.
compressa with Actinobacteria probe; f ++++++, 4. compressa with
EUB 338 positive control probe. Scale bar=100 um

Increase in coral disease outbreaks is documented during
environmental perturbations, which can provide conditions
where complex microbial interactions are altered. Potential
host shifts may occur, in which existing or previously
“benign” microorganisms infect new hosts and become
opportunistic pathogens (Harvell et al. 1999). For instance,
Vibrio mediterranei is virulent only during periods of
increased water temperature in the summer (Israely et al.
2001). Furthermore, the prevalence of V. mediterranei
within corals diminishes with lower winter temperatures
(16°C), indicating that incidences of coral bleaching may
require a new infection each year (Sussman et al. 2003).
Various Vibrio spp. can provide antibiotic protection to their
coral hosts, which is lost during bleaching (Ritchie 2006).
In support of this has been the observation that an increase
in temperature appears to allow Aurantimonas coralicida to
colonize the otherwise inhospitable low pH coral surface
layer (Remily and Richardson 2006). Having a potential
reservoir for CDAB and other microbes to reside until
favorable environmental conditions occur (e.g. weakened
host immunity) may be crucial to the disease process in
facilitating infection. Bacteria that can cause coral diseases
are present in several marine habitats, such as sediment
(Richardson 1997), fire worms (Sussman et al. 2003), algae
(Nugues et al. 2004), and sponges (this study). Therefore,
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Fig. 4 FISH images illustrating
different bacterial spatial
arrangements found within the
two target sponges. a FISH of
Amphimedon compressa with
Cytophaga sp. probe. Bacteria
appeared dispersed across
sponge mesohyl; b FISH of
Agelas tubulata, with Vibrio
mediterranei probe. This
bacterium was commonly found
concentrated with one area of
the sponge; ¢ and d FISH of 4.
compressa sponge with Serratia
marcescans and Desulfovibrio
spp. probes, respectively. Both
bacteria were found as
aggregates

the possibility of multiple marine organisms should be
evaluated as reservoirs for CDAB.

4.2 Microbial spatial distributions within sponges

TEM results (Fig. 5) show different bacterial spatial
distributions in the choanosome and ectosome. These

Fig. 5 Distinct spatial organization of bacteria in transmission
electron micrographs of Aplysina fistularis and Amphimedon com-
pressa. a mesohyl of an ectosome in A. fistularis illustrating the
presence of very few bacteria (scale bar 2 pum); b mesohyl of a
choanosome in A. compressa with abundant bacterial morphotypes

variations in spatial distribution suggest that FISH quanti-
fication of bacteria utilizing histologically sectioned tissue
may be problematic, but are useful for comparing overall
abundance and in identification of the bacteria. In part this
is due to the ubiquitous siliceous spicules in most
demosponges, which may cause considerable disruption of
tissue during sectioning for light microscopy. In contrast,

(scale bar 1 um); ¢ mesohyl of a choanosome in A. fistularis with two
bacteriocytes indicated by the box (scale bar 2 um). The nucleus (N),
without nucleolus is oval (1.6x3 um) and situated either at the cell
periphery, or inside of the cell in the peripheral cytoplasm internal
protrusion Abbreviation: C—sponge cells of mesohyl
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the use of a low viscosity resin (Spurr™) and a diamond
knife in the TEM methodology retained the siliceous
spicules without disruption of the surrounding tissue.
However, utilizing FISH for microbial distributions in
sponges provides a greater surface area of the tissue to be
imaged and assessed, and most importantly, the bacteria
were identified taxonomically. Therefore the use of TEM
with FISH provided complementary information on bacte-
ria location within specific areas of the sponge.

Since higher concentrations of bacteria were observed in
the interior of the sponge compared to the ectosome, it is
important to question why this particular internal environment
may facilitate bacterial growth. One possible explanation is
that the ectosome layer is more prone to artifacts from
sampling collection. For example, simply squeezing the
sponge may cause loss of bacteria. However, another process
that may influence the internal concentration of bacteria is
sponge filtration, the velocity of which changes with a variety
of parameters such as temperature, turbidity, storms and
diurnal cycles (Reiswig 1974). Therefore, microhabitats
within the sponge may be ephemeral environments, in which
bacterial concentration may fluctuate on relatively short time
scales.

Moreover, an interesting future study of this phenome-
non would entail conducting sampling and fixation of the
ectosome and choanocome along a temporal (seasonal)
gradient, because of the possibility that different spatial
distributions within the sponge may be found during
different reproductive stages, temperature or salinity
regimes.

Desulfovibrio spp. and S. marcescans were the only
CDAB found in large aggregates (Fig. 3c and d). As
bacterial aggregates have been observed in such diverse
environments as in the epidermis of coral tissue and coral
larvae (Renegar et al. 2008) and plant leaves (Monier and
Lindow 2003), the same phenomenon may apply to
sponges. The presence of aggregates may provide a
mechanism to maintain low oxygen conditions during
fluctuating levels of ambient oxygen (Krekeler et al.
1997; Cypionka 2000). Support for this hypothesis is that
peaks of oxygen in anoxic zones occur within the sponge
due to the sponge pumping oxygenated water (Hoffman et
al. 2005). Therefore due to a fluctuating internal sponge
environment, spatial arrangements and abundances of
CDAB within sponges may change accordingly.

Amphimedon compressa is classified as a Low Micro-
bial Abundance (LMA) sponge (Hentschel et al. 2003),
while the data in Table 3 indicates that Agelas tubulata is
also a LMA sponge. LMA sponges are described as having
a microbial concentration similar to that of seawater
(Hentschel et al. 2003). However in this study, the TEM
images indicate localization of bacteria in the choanosome
layer in two sponge species. Therefore, ultrastructural
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examination of inta-sponge spatial relationships in bacte-
rial distribution is important. This study documents spatial
relationships between the sponge and its microbial com-
munity. Other species of sponges, which are described as
having a High Microbial Abundance (HMA), may not
exhibit this localization, and would result in a seemingly
higher bacterial concentration due to the presence of
bacteria throughout the sponge layers. It is likely that
HMA sponges may exhibit different distributions of
bacteria within the sponge and be reservoirs for CDAB
as well. Additionally, Amphimedon compressa tends to
produce more mucus than Agelas tubulata, which could
also be a factor in bacterial distributions and overall
microbial diversity.

In conclusion, FISH showed that coral disease associ-
ated bacteria (4. coralicida, Cytophaga sp., Desulfovibrio
spp., S. marcescans, and Vibrio mediterranei) are found
within sponges. Therefore, the hypothesis that sponges can
act as a reservoir for CDAB appears acceptable. However,
all species of CDAB were not found in each individual
sponge specimen, suggesting that location may play a role
and/or more exhaustive screening and sampling is needed
due to the patchy distribution observed. Sporadic appear-
ance of some bacterial targets and the autofluorescence of
some sponge hosts proved to be problematic for quantifi-
cation of bacteria. Nonetheless, internal bacterial niches
within the mesohyl were observed in the aggregation of
two anaerobic CDAB (Desulfovibrio spp. and S. marces-
cans) with higher concentration of bacteria in Aplysina
fistularis and Amphimedon compressa choanosome relative
to the ectosome. With the increasing impacts of climate
change on habitats, including sensitive coral reefs, a need
within conservation biology circles for reliable and
diagnostic monitoring of baseline and dynamic fluctuations
of normal and pathogenic bacterial communities has been
demonstrated. This study has demonstrated that the marine
sponge lifestyle of filtration and harboring diverse bacterial
communities includes bacteria that can be pathogenic to
corals (CDAB).

Acknowledgements This publication is a result of funding from the
National Oceanic and Atmospheric Administration, Center for
Sponsored Coastal Ocean Science, under awards NAO7NOS4000200
to Nova Southeastern University for the National Coral Reef Institute.
The authors wish to thank Husain Alsayegh from the University of
Miami Center for Advanced Microscopy (UMCAM) for his expertise
in electron microscopy, and Abby Renegar for assistance with
histological sectioning for FISH analyses. Jeffrey Prince was kind
enough to permit use of the TEM in his lab at the Biology Department
at the University of Miami. This work was in part supported from a
President’s Faculty Research and Development Grant (PB and JL)
from Nova Southeastern University. The authors also are grateful to
Dr. Kim Ritchie and Dr. Steve Monday for helpful comments on
earlier versions of the manuscript.



Florida reef sponges harbor coral disease-associated microbes

127

References

Acropora Coral Conservation/Restoration Workshop (2009) National
Zoo, Washington DC, November 11-13

Altschul S, Madden T, Schaffer A, Zhang J, Zhang Z, Miller W,
Lipman D (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids
Res 25:3389-3402

Amann RI, Krumholz L, Stahl DA (1990) Fluorescent-oligonucleotide
probing of whole cells for determinative, phylogenetic, and
environmental studies in microbiology. J Bacteriol 172:762—770

Boury-Esnault N, Riitzler K (1997) Thesaurus of terms for sponge
morphology. Smithson. Contributions to Zool. 596: Smithsonian
Press, Washington, pp 1-55

Cole J, Chai B, Farris R, Wang Q, Kulam-Syed-Mohideen A,
McGarrell D, Bandela A, Cardenas E, Garrity G, Tiedje J
(2007) The ribosomal database project (RDP-II): introducing
myRDP space and quality controlled public data. Nucleic Acids
Res. doi:10.1093/nar/gk1889

Cooney R, Pantos O, Le Tissler M, Barer M, O’Donnell A, Bythell J
(2002) Characterization of the bacterial consortium associated
with black band disease in coral using molecular microbiological
techniques. Environ Microbiol 4:401-413

Cottrell M, Kirchman D (2000) Community composition of marine
bacterioplankton determined by 16s rRNA gene clone libraries
and fluorescence in situ hybridization. Appl Environ Microbiol
66(12):5116-5122

Cypionka H (2000) Oxygen respiration by Desulfovibrio species.
Annu Rev Microbiol 54:837-848

Dar SA, Yao L, van Dongen U, Kuenen JG, Muyzer G (2007)
Analysis of diversity and activity of sulfate-reducing bacterial
communities in sulfidogenic bioreactors using 16S rRNA and
dsrB genes as molecular markers. Appl Environ Microbiol
73:594-604

Denner EBM, Smith GW, Busse HJ, Schumann P, Narzt T, Polson
SW, Lubitz W, Richardson LL (2003) Aurantimonas coralicida
gen. nov., sp. nov., the causative agent of white plague type Il on
Caribbean scleractinian corals. Int J Syst Evol Microbiol
53:1115-1122

Fieseler L, Horn M, Wagner M, Hentschel U (2006) Discovery of the
novel candidate phylum “Poribacteria” in marine sponges. Appl
Environ Microbiol 70:3724-3732

Frias-Lopez J, Zerkle AL, Bonheyo GT, Fouke BW (2002) Partition-
ing of bacterial communities between seawater and healthy, black
band diseased, and dead coral surfaces. Appl Environ Microbiol
68:2214-2228

Friedrich AB, Merkert H, Fendert T, Hacker J et al (1999) Microbial
diversity in the marine sponge Aplysina cavernicola (formerly
Verongia cavernicola) analyzed by fluorescence in situ hybrid-
ization (FISH). Mar Biol 134:461-470

Galeano E, Martinez A (2009) Antimicrobial activity of marine
sponges from Uraba Gulf, Colombian Caribbean region. Eur J
Org Chem 13:2112-2119

Hanley JA, Negassa A, Edwardes MD, Forrester JE (2003) Statistical
analysis of correlated data using generalized estimating equa-
tions: an orientation. Am J Epidemiol 157:364-375

Harvell CD, Kim K, Colwell BJM, RR EPR et al (1999) Emerging
marine diseases-climate links and anthropogenic factors. Sci
285:1505-1510

Hentschel U, Hopke J, Horn M, Friedrich AB, Wagner M, Hacker J,
Moore BS (2002) Molecular evidence for a uniform microbial
community in sponges from different oceans. Appl Environ
Microbiol 68:4431-4440

Hentschel U, Fieseler L, Wehrl M, Gernert C, Steinert M, Hacker J,
Horn M (2003) Microbial diversity of marine sponges. In: Miiller

WEG (ed) Molecular marine biology of sponges. Springer
Verlag, Heidelberg, pp 60-88

Hill M, Hill A, Lopez N, Harriott O (2006) Sponge-specific bacterial
symbionts in the Caribbean sponge, Chondrilla nucula (Demo-
spongiae, Chondrosida). Mar Biol 148:1221-1230

Hoffman T, Larsen O, Thiel V, Rapp HT, Pape T, Michaelis W,
Reitner J (2005) An anaerobic world in sponges. Geomicrobiol J
22:1-10

Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, Folke C,
Grosberg Hoegh-Guldberg RO, Jackson JBC, Kleypas J, Lough JM,
Marshall P, Nystrom M, Pandolfi PSR, JM RB, Roughgarden J
(2003) Climate change, human impacts, and the resilience of coral
reefs. Sci 301:929-933

Isracly T, Banin E, Rosenberg E (2001) Growth, differentiation and
death of Vibrio shiloi. Coral tissue as a function of seawater
temperature. Aquat Microb Ecol 24:1-8

Kaczmarsky LT, Draudi M, Williams EH (2005) Is there a relationship
between proximity of sewage effluent and the prevalence of coral
diseases? Caribb J Sci 41:124-137

Kefalas E, Castritsi-Catharios J, Miliou H (2003) Bacteria associated
with the sponge Spongia officinalis as indicators of contamina-
tion. Ecol Indic 2:339-343

Koren O, Rosenberg E (2006) Bacteria associated with mucus and
tissues of the coral Oculina patagonica in summer and winter.
Appl Environ Microbiol 72:5254-5259

Krekeler D, Teske A, Cypionka H (1997) Strategies of sulfate-
reducing bacteria to escape oxygen stress in a cyanobacterial mat.
FEMS Microbiol Ecol 25:89-96

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, Valentin F, Wallace IM, Wilm A, Lopez R,
Thompson JD, Gibson TJ, Higgins DG (2007) ClustalW and
ClustalX version 2. Bioinformatics 23:2947-2948

Lesser MP (2004) Experimental biology of coral reef ecosystems. J
Exp Mar Biol Ecol 300:217-252

Lesser MP, Bythell JC, Gates RD, Johnstone RW, Hoegh-Guldberg O
(2007) Are infectious diseases really killing corals? Alternative
interpretations of the experimental and ecological data. J Exp
Mar Biol Ecol 346:36-44

Li CW, Chen JY, Hua TA (1998) Precambrian sponges with cellular
structures. Sci 143:739-748

Lopez JV, McCarthy PJ, Janda KE, Willoughby R, Pomponi SA
(1999) Molecular techniques reveal wide phyletic diversity of
heterotrophic microbes associated with the sponge genus Dis-
codermia (Porifera:Demospongiae). Proc Sth International
Sponge Symposium. Mem Queensl Mus 44:329-341

Lopez JV, Ranzer L, Ledger A, Schoch B, Duckworth A, McCarthy
PJ, Kerr RG (2010) Comparison of bacterial diversity within the
coral reef sponge, Axinella corrugata, and the encrusting coral
Erythropodium caribaeorum and adjacent environmental sam-
ples. Proc. 11th ICRS 1355-1359

Love GD, Grosjean E, Stalvies C, Fike DA, Grotzinger JP, Bradley
AS, Kelly AE, Bhatia M, Meredith W, Snape CE, Bowring SA,
Condon DJ, Summons RE (2009) Fossil steroids record the
appearance of Demospongiae during the Cryogenian period.
Nature 457:718-722

Loy A, Maixner F, Wagner M, Horn M (2007) probeBase—an online
resource for rRNA-targeted oligonucleotide probes: new features
2007. Nucleic Acids Res 35(Database issue):D800-D804

Maldonado M (2007) Intergenerational transmission of symbiotic
bacteria in oviparous and viviparous demosponges, with empha-
sis on intracytoplasmically compartmented bacterial types. J Mar
Biol Assoc UK 87:1701-1713

Meier H, Amann R, Ludwig W, Schleifer K-H (1999) Specific
oligonucleotide probes for in situ detection of a major group of
gram-positive bacteria with low DNA G+C content. Syst Appl
Microbiol 22:186—-196

@ Springer


http://dx.doi.org/10.1093/nar/gkl889

128

K. Negandhi et al.

Meyer B, Kuever J (2008) Phylogenetic diversity and spatial
distribution of the microbial community associated with the
Caribbean deep-water sponge Polymastia cf. corticata by 16S
rRNA, aprA, and amoA gene analysis. Microbiol Ecol 56:
306-321

Mohamed NM, Saito K, Tal Y, Hill RT (2010) Diversity of aerobic
and anaerobic ammonia-oxidizing bacteria in marine sponges.
ISME J 4(1):38-48

Monier JM, Lindow SE (2003) Differential survival of solitary and
aggregated bacterial cells promotes aggregate formation on leaf
surfaces. PNAS 100:15977-15982

Nugues MM, Smith GW, Van Hooidonk RJ, Seabra MI, Bak RPM
(2004) Algal contact as a trigger for coral disease. Ecol Lett
7:919-923

Olson JB, McCarthy PJ (2005) Associated bacterial communities of
two deep-water sponges. Aquat Microb Ecol 39:47-55

Pace NR (2009) Mapping the tree of life: progress and prospects
microbiology and molecular biology reviews 73:565-576

Patten NL, Harrison PL, Mitchell JG (2008) Prevalence of virus-like
particles within a staghorn scleractinian coral (Acropora
muricata) from the Great Barrier Reef. Coral Reefs 27:569-580

Posada D, Crandall KA (1998) MODELTEST: testing the model of
DNA substitution. Bioinformatics 14:17-18

Radwan M, Hanora A, Zan J, Mohamed NM, Abo-Elmatty DM,
Abou-El-Ela SH, Hill RT (2010) Bacterial community analyses
of two red sea sponge Mar Biotechnol (NY). 2009 Dec 3. [Epub
ahead of print]

Rappe’ MS, Giovannoni SJ (2003) The uncultured microbial majority.
Ann Rev Microbiol 57:369-394

Reiswig HM (1974) Water transport, respiration and energetics of
three tropical marine sponges. J Exp Mar Biol Ecol 14:231-249

Remily ER, Richardson LL (2006) Ecological physiology of a coral path-
ogen and the coral reef environment. Microb Ecol 51:345-352

Renegar DA, Harrison GF, Blackwelder PL, Thurmond JE, Ritchie
KB, Vargas-Angel B (2008) Occurrence of epidermal bacteria in
the scleractinian coral Montastraea cavernosa, 11th International
Coral Reef Symposium Ft. Lauderdale, Florida, July 7-11, 2008

Reynolds ES (1963) The use of lead citrate at high pH as an electron-
opaque stain in electron microscopy. J Cel Biol 17:208-212

Richardson LL (1996) Horizontal and vertical migration patterns of
Phorrnidium corallyticum and Beggiatoa spp. associated with
black-band disease of corals. Microb Ecol 32:323-335

Richardson LL (1997) Occurrence of the black band disease cyanobacte-
rium on healthy corals of the Florida Keys. Bull Mar Sci 61:485-490

Ritchie KB (2006) Regulation of microbial populations by coral surface
mucus and mucus-associated bacteria. Mar Ecol Prog Ser 322:1-14

Rusch DB, Halpern AL, Sutton G, Heidelberg KB, Williamson S,
Yooseph S, Wu D, Eisen JA, Hoffman JM, Remington K, Beeson K,
Tran B, Smith H, Baden-Tillson H, Stewart C, Thorpe J, Freeman J,
Andrews-Pfannkoch C, Venter JE, Li K, Kravitz S, Heidelberg JF,
Utterback T, Rogers YH, Falcon LI, Souza V, Bonilla-Rosso G,
Eguiarte LE, Karl DM, Sathyendranath S, Platt T, Bermingham E,
Gallardo V, Tamayo-Castillo G, Ferrari MR, Strausberg RL,
Nealson K, Friedman R, Frazier M, Venter JC (2007) The Sorcerer
1I Global Ocean Sampling expedition: northwest Atlantic through
eastern tropical Pacific. PLoS Biol 5:¢7

Sara M (1971) Ultrastructual aspects of the symbiosis between two
species of the genus Aphanocapsa (Cyanophyceae) and Ircinia
variabilis (Demospongiae). Mar Biol 11:214-221

Santavy DL, Willenz P, Colwell RR (1990) Phenotypic study of
bacteria associated with the Caribbean sclerosponge, Ceratopor-
ella nicholsoni. Appl Environ Microbiol 56:1750-1762

Schmidt EW, Obraztsova AY, Davidson SK, Faulkner DJ, Haygood MG
(2000) Identification of the antifungal peptide-containing symbiont of
the marine sponge Theonella swinhoei as a novel d-proteobacterium,
“Candidatus Entotheonella palauensis”. Mar Biol 136:969-977

@ Springer

Schmitt S, Wehrl M, Bayer K, Siegl A, Hentschel U (2007) Marine
sponges as models for commensal microbe—host interactions.
Symbiosis 44:43-50

Stanos KAS, Harmody DK, McCarthy PJ, Dang P, Pomponi SA,
Lopez JV (2005) A molecular systematic survey of cultured
microbial associates of deep water marine invertebrates. Syst
Appl Microbiol 28:242-264

Sharp K, Eam B, Faulkner DJ, Haygood MG (2007) Vertical
transmission of diverse microbes in the tropical sponge Corticium
sp. Appl Environ Microbiol 73(2):622—629

SPSS for Windows, Rel. 17.0 (2008) Chicago: SPSS Inc

Stabili L, Licciano M, Longo C, Corriero G, Mercurio M (2008)
Evaluation of microbiological accumulation capability of the
commercial sponge Spongia officinalis var. adriatica (Schmidt)
(Porifera, Demospongiae). Water Res 42:2499-2506

Subramaniam S (1998) The biology workbench—a seamless database
and analysis environment for the biologist. Proteins 32:1-2

Sussman M, Loya Y, Fine M, Rosenberg E (2003) The marine
fireworm Hermodice carunculata is a winter reservoir and
spring-summer vector for the coral-bleaching pathogen Vibrio
shiloi. Environ Microbiol 5:250-255

Sutherland KP, Porte JW, Torres C (2004) Disease and immunity in
Caribbean and Indo-Pacific zooxanthellate corals. Mar Ecol Prog
Ser 266:273-302

Swofford D (2001) PAUP* Phylogenetic analysis using parsimony
(*and other methods). Version 4. Sinauer, Sunderland

Taylor MW, Schupp PJ, Dahllof I, Kjelleberg S, Steinberg PD (2004) Host
specificity in marine sponge-associated bacteria, and potential impli-
cations for marine microbial diversity. Env Microbiol 6:121-130

Taylor MW, Schupp PJ, Nys RD, Kjelleberg S, Steinberg PD (2005)
Biogeography of bacteria associated with the marine sponge
Cymbastela concentrica. Env Microbiol 7:419-433

Taylor MW, Radax R, Steger D, Wagner M (2007) Sponge-associated
microorganisms: evolution, ecology, and biotechnology potential.
Microbiol Mol Biol Rev 71:295-347

Teplitski M, Ritchie K (2009) How feasible is the biological control of
coral diseases? Trends Ecol Evol 24:378-385

Thompson FL, Hoste B, Thompson CC, Huys G, Swings J (2001) The
coral bleaching Vibrio shiloi Kushmaro et al. 2001 is a later
synonym of Vibrio mediterranei Pujalte and Garay 1986. Syst
Appl Microbiol 24:516-519

Thurber RLV, Barott KL, Hall D, Liu H, Rodrigueq-Mueller B,
Desnues C, Edwards RA, Haynes M, Angley FE, Wegley L,
Rohwer FL (2008) Metagenomic analysis indicates that stressors
induce production of herpes-like viruses in the coral Porites
compressa. PNAS 105(47):18413-18418

Turon X, Galera J, Uriz MJ (1997) Clearance rates and aquiferous
systems in two sponges with contrasting life-history strategies. J
Exp Zool 278:22-36

Unson MD, Holland ND, Faulkner DJ (1994) A brominated
secondary metabolite synthesized by the cyanobacterial sym-
bionts of a marine sponge and accumilation of the crystalline
metabolite in the sponge tissue. Mar Biol 119:1-11

Vacelet J (1970) Description de cellules a bactéries intranucléaires chez
des éponges Verongia. Journal de Microscopie (Paris) 9:333-346

Vacelet J (1975) Etude en microscopie ¢lectronique de I’association
entre bactéries et spongiaires du genre Verongia (Dictyoceratida).
J Microsc Biol Cell 23:271-288

Vacelet J, Donadey C (1977) Electron microscope study of the
association between some sponges and bacteria. J Exper Mar
Biol Ecol 30:301-314

Vacelet J, Boury-Esnault N, Fiala-Medioni A, Fisher CR (1995) A
methanotrophic carnivorous sponge. Nature 377:296

Vishnyakov AE, Ereskovsky AV (2009) Bacterial symbionts as an
additional cytological marker for identification of sponges
without a skeleton. Mar Biol 156:1625-1632



Florida reef sponges harbor coral disease-associated microbes

129

Voss JD, Richardson LL (2006) Nutrient enrichment enhances black
band disease progression in corals. Coral Reefs 25:569-576
Webster NS, Hill RT (2001) The culturable microbial community of
the Great Barrier Reef sponge Rhopaloeides odorabile is
dominated by an alpha-proteobacterium. Mar Biol 138:843-851

Webster NS, Wislon KJ, Blackall LL, Hill RT (2001) Phlogenetic
diversity of bacteria associated with the marine sponge Rhopa-
loeides odorabile. Appl Environ Microbiol 67:434—444

Webster NS, Negri AP, Munro MMHG, Battershill CN (2004) Diverse
microbial communities inhabit Antarctic sponges. Environ
Microbiol 6:288-300

Wilkinson CR, Fay P (1979) Nitrogen fixation in coral reef sponges
with symbiotic cyanobacteria. Nature 279:527-529

Wilson WH, Dale AL, Davy JE, Davy SK (2005) An enemy within?
Observations of virus-like particles in reef corals. Coral Reefs
24:145-148

Wintzingerode FV, Gobel UB, Stackebrandt E (1997) Determination
of microbial diversity in environmental sample: pitfalls of PCR-
based rRNA analysis. FEMS Microbiol Rev 21:213-229

Yu Y, Breitbart M, McNairnie P, Rohwer F (2006) FastGroupll: A
web-based bioinformatics platform for analyses of large 16S
rDNA libraries. BMC Bioinform 7:57

@ Springer



	Florida reef sponges harbor coral disease-associated microbes
	Abstract
	Introduction
	Methods
	Fluorescent in situ hybridization (FISH)
	SSU 16S rRNA cloning and sequence analysis
	Transmission electron microscopy (TEM)

	Results
	SSU 16S rRNA cloning and sequence analysis
	Fluorescent in situ hybridization (FISH)
	Spatial arrangements
	Transmission electron microscopy (TEM)

	Discussion
	Sponges and coral disease-associated bacteria
	Microbial spatial distributions within sponges

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


