APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Dec. 2008, p. 7694-7708

0099-2240/08/$08.00+0  doi:10.1128/AEM.00878-08

Vol. 74, No. 24

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Molecular Microbial Diversity Survey of Sponge Reproductive Stages
and Mechanistic Insights into Vertical Transmission of
Microbial Symbionts”

Susanne Schmitt,"* Hilde Angermeier,' Roswitha Schiller,! Niels Lindquist,” and Ute Hentschel'

University of Wuerzburg, Research Center for Infectious Diseases, Roentgenring 11, D-97070 Wuerzburg, Germany," and University of
North Carolina at Chapel Hill, Institute of Marine Sciences, 3431 Arendell Street, Morehead City, North Carolina 28557°

Received 17 April 2008/Accepted 22 September 2008

Many marine sponges, hereafter termed high-microbial-abundance (HMA) sponges, harbor large and
complex microbial consortia, including bacteria and archaea, within their mesohyl matrices. To investigate
vertical microbial transmission as a strategy to maintain these complex associations, an extensive phylogenetic
analysis was carried out with the 16S rRNA gene sequences of reproductive (n = 136) and adult (n = 88)
material from five different Caribbean species, as well as all published 16S rRNA gene sequences from sponge
offspring (n = 116). The overall microbial diversity, including members of at least 13 bacterial phyla and one
archaeal phylum, in sponge reproductive stages is high. In total, 28 vertical-transmission clusters, defined as
clusters of phylotypes that are found both in adult sponges and their offspring, were identified. They are
distributed among at least 10 bacterial phyla and one archaeal phylum, demonstrating that the complex adult
microbial community is collectively transmitted through reproductive stages. Indications of host-species
specificity and cospeciation were not observed. Mechanistic insights were provided using a combined electron
microscopy and fluorescence in situ hybridization analysis, and an indirect mechanism of vertical transmission
via nurse cells is proposed for the oviparous sponge Ectyoplasia ferox. Based on these phylogenetic and
mechanistic results, we suggest the following symbiont transmission model: entire microbial consortia are
vertically transmitted in sponges. While vertical transmission is clearly present, additional environmental
transfer between adult individuals of the same and even different species might obscure possible signals of
cospeciation. We propose that associations of HMA sponges with highly sponge-specific microbial communities

are maintained by this combination of vertical and horizontal symbiont transmission.

Sponges (phylum Porifera) are evolutionarily ancient Meta-
zoa whose origin dates back about 600 million years to the
Precambrian (26). With 7,000 formally described species and
an estimated 15,000 extant species, sponges are among the
most diverse marine invertebrate groups and are important
components of all aquatic habitats, including freshwater en-
vironments, tropical reefs, and even the deep sea (19). De-
spite an enormous range of shapes, colors, and sizes, all
sponges possess a relatively simple body plan which is
adapted to a filter-feeding lifestyle (4). Large volumes of
seawater are pumped through canals embedded in an extra-
cellular matrix (55), termed the mesohyl, and microorgan-
isms and small unicellular eukaryotes are taken up from the
seawater with high efficiency, leaving the expelled water
essentially sterile (37, 54).

Numerous sponges live in permanent and close associations
with microorganisms, and many of them host phylogenetically
diverse populations of microbes (15, 17, 49). These microor-
ganisms are located mainly extracellularly in the sponge me-
sohyl in high concentrations, contributing up to 40% of the
sponge’s biomass and exceeding microbial seawater concentra-
tions by 2 to 4 orders of magnitude (13, 53). Such host species

* Corresponding author. Present address: University of Auckland,
School of Biological Sciences, Private Bag 92019, Auckland 1142, New
Zealand. Phone: 64-9-3737599, ext. 87785. Fax: 64-9-3737416. E-mail:
s.schmitt@auckland.ac.nz.

¥ Published ahead of print on 26 September 2008.

7694

are therefore termed bacteriosponges or high-microbial-abun-
dance (HMA) sponges, in contrast to low-microbial-abun-
dance (LMA) sponges that lack large and complex microbial
consortia within their mesohyl (15, 38). The total phylogenetic
microbial diversity of HMA sponges is extremely high and
includes representatives of up to 16 bacterial phyla and both
major archaeal lineages (49). Despite this microbial complex-
ity, there exists a high degree of uniformity among the mi-
crobial communities from taxonomically and geographically
disparate HMA sponges. Many microbial phylotypes were re-
peatedly detected in different sponges but not in seawater. The
respective microbes were therefore defined as sponge specific
(16). Collectively, these microbes possess diverse metabolic
pathways (e.g., for photosynthesis, sulfate reduction, and nitri-
fication) and their involvement in sponge metabolism suggests
a beneficial interaction (3, 18, 56). Additionally, those associ-
ations were shown to be permanent and stable, with low tem-
poral and spatial variability in the microbial communities (17).

To maintain stable and specific symbioses, the presence of
symbionts in each generation must be assured. In the symbio-
ses of many insects, including carpenter ants, tsetse flies, and
aphids, as well as of certain marine clams, the microbial sym-
bionts are strictly vertically transmitted through reproductive
stages, resulting in cospeciation (20, 31, 36). Similarly, hori-
zontal symbiont transmission between single adult individuals
or environmental acquisition can also be highly specific and
maintain obligate symbioses, sometimes also resulting in par-
allel evolution. Examples are hydrothermal vent tubeworms,
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TABLE 1. Compilation of all available 16S rRNA gene sequences from sponge reproductive stages until December 2007

No. of
Host sponge (order)” Collection site(s) (latitude/longitude) reg/rlggsc(t)ifon Sequence source(s)” offspring Reference
sequences
HMA sponges
Agelas conifera Key Largo, FL (25°02'N/80°24'W) Oviparous 16S rRNA library? 5 This
(Agelasida) study
Agelas wiedenmayeri Key Largo, FL (25°02'N/80°24'W) Oviparous DGGE 7 This
(Agelasida) study
Corticium sp. Palau islands (07°23'N/134°38'E) Viviparous 16S rRNA library 18 46
(Homosclerophorida)
Ectyoplasia ferox Key Largo, FL (25°02'N/80°24'W) Oviparous DGGE 28 This
(Poecilosclerida) Bahamas islands (24°32'N/75°55'W) study
Ircinia felix Key Largo, FL (25°02'N/80°24'W) Viviparous DGGE 71 45
(Dictyoceratida) 16S rRNA library? 1 This
Smenospongia aurea Key Largo, FL (25°02'N/80°24'W) Viviparous DGGE 19 Thitudy
(Verongida®) study
Xestospongia muta Key Largo, FL (25°02'N/80°24'W) Oviparous 16S rRNA library 76 This
(Haplosclerida) study
LMA sponges
Mycale laxissima Key Largo, FL (25°02'N/80°24'W) Viviparous Isolates, 16S rRNA 27 8

(Poecilosclerida)

library

“ All sponges belong to the class Demospongiae (classification after Systema Porifera by Hooper and van Soest [19]).

b Reclassified after the paper by Schmitt et al. (43).

¢ Sequences were obtained using universal 16S rRNA primers either by the construction of 16S rRNA libraries or by the excision of DGGE bands.

4 The 16S rRNA library was constructed using group-specific primers.

which rely on their chemoautotrophic symbionts (34), and the
sepiolid squid-vibrio symbiosis (33).

The first evidence for vertical transmission in sponges came
from electron microscopy studies (references 6 and 9 and ref-
erences cited therein; 25, 44, 52). To date, microbes have been
detected in oocytes, embryos, and larvae of more than 20
oviparous sponges (which release gametes) and viviparous
sponges (which release fully developed larvae) (9, 42). Re-
cently, a culture-based study successfully isolated the same
alphaproteobacterial strain from adult and embryo samples of
the Caribbean sponge Mycale laxissima, and vertical transmis-
sion of this bacterium was suggested by the authors (8). Addi-
tional evidence for vertical transmission comes from molecular
studies that allow the phylogenetic identification of microbes
within sponge reproductive stages and comparison with the
microbial community of the adult. Using Cyanobacteria-spe-
cific primers, Oren et al. (35) found a Synechococcus-related
sequence type in Diacarnus erythraenus adult sponges and their
embryos. However, so far only three molecular studies inves-
tigated the total microbial diversity in sponge offspring. Com-
plex bacterial consortia were described for each of the species
M. laxissima, Ircinia felix, and Corticium sp. (8, 45, 46, respec-
tively). Sharp et al. (46) also described archaea within Corti-
cium sp. embryos and verified the presence of microbes by
fluorescence in situ hybridization (FISH). Additionally, a com-
plex microbial community was described for the first time in L.
felix juvenile sponges which were obtained after larval settlement
experiments (45).

To provide insights into the phylogenetic diversity of bacte-
ria and archaea in sponge reproductive stages, a comprehen-
sive 16S rRNA gene survey was performed with >250 se-
quences obtained from eight sponges representing six orders,
two geographic regions, and both oviparous and viviparous
modes of reproduction. Furthermore, the mechanistic aspects

of vertical transmission were investigated in the oviparous Ca-
ribbean sponge Ectyoplasia ferox using a combination of elec-
tron and fluorescence microscopy. E. ferox was chosen because
its early reproductive stages are obtainable, allowing mecha-
nistic investigations from an early developmental stage on-
ward. Based on the phylogenetic and mechanistic results, we
propose a symbiont transmission model for HMA sponge sym-
bioses, including a combination of vertical and horizontal
symbiont transmission to maintain the association with sponge-
specific, though not species-specific, microbial consortia.

MATERIALS AND METHODS

Sponge collection. The sponges Agelas conifera, Agelas wiedenmayeri, Ectyo-
plasia ferox, Smenospongia aurea, and Xestospongia muta were collected by scuba
diving off the coast of Key Largo, Florida, in June 2002, June and August 2004,
and May 2005 (Table 1). Additional material from E. ferox was collected by scuba
diving offshore of French Wells, Bahamas, in July 2003. The samples were taken
at depths of 5 to 30 m, transferred in ziplock bags containing seawater to the
surface, and kept on ice in a cooler until further processing (within 4 to 5 h).
Offspring samples (oocytes, embryos, and larvae) were collected in larval traps
using the methodology of Lindquist et al. (27). Additionally, tissue samples of the
corresponding adult individuals were taken. After the adult samples were cut
into small pieces, the adult and offspring materials were washed in sterile filtered
seawater, fixed either in 96% ethanol or in 2.5% glutaraldehyde—double-distilled
water (ddH,0), and stored at either —20 or 4°C. The field settlement experi-
ments were performed with a portion of the captured S. aurea larvae as described
by Schmitt et al. (45). Briefly, larvae were enclosed in plastic containers (~75 ml
in volume), which were placed at a 9-m-deep reef site. These containers consisted
of a plastic frame supporting a covering of 200-um nylon mesh to allow water
exchange. Juveniles were recovered 1 to 3 days postsettlement and preserved as
described above.

Extraction of DNA and 16S rRNA gene library construction. Adult samples
that had been fixed in 96% ethanol were air dried, ground with a mortar and
pestle in liquid nitrogen, and DNA extracted using the Fast DNA Spin kit for soil
(Q-Biogene, Heidelberg, Germany) in accordance with the manufacturer’s in-
structions. Reproductive material containing oocytes and embryos was also air
dried and transferred into 150 pl ddH,O, and DNA was extracted by heating the
samples in a water bath for 10 min at 100°C. This same methodology was used to



Rhodothermus marinus (AF217494)
{ : Salinibacter ruber (AF323501)
| —— Xestospongia muta embryo clone XmE189
100/100 Aplysina aerophoba clone TK44 (AJ347046) .
Xestospongia muta adult clone XmA240 VT-Bacteroidetes
------- Ircinia felix larva clone A14-1 (DQ661758)

------- Ircinia felix larva clone A16-1 (DQ661762)
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—e | North Sea marine clone NorSea58 (AM279203)
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- Ectyoplasia ferox embryo clone EFE19
- Ectyoplasia ferox embryo clone EFE22
- Ectyoplasia ferox embryo clone EFE20
-+ Ectyoplasia ferox embryo clone EFE21
ﬂ Muricauda aquimarina (AY445076)
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100/100]| !- Smenospongia aurea adult clone SAA8-2
Aplysina aerophoba clone TK66 (AJ347047)
Xestospongia muta adult clone XmA324
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North Sea sediment clone Belgica2005/10-ZG-24 (DQ351815)
~~~~~~~~~~~ Xestospongia muta embryo clone XmE194
| East Pacific rise basalt clone INBGBact_59 (DQ070804)
! Xestospongia muta embryo clone XmE111
Mid-Atlantic Ridge hydrothermal sediment clone AT-s3-59 (AY225642)
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deep sea octocoral associated clone ctg_NISA264 (DQ396140)

~~~~~~~ Ectyoplasia ferox adult clone EFA1

-« Ectyoplasia ferox embryo clone EFE2

- Ircinia felix larva clone F10-3 (DQ661807)

------- Ircinia felix adult clone G8-3 (DQ661827)

Ircinia felix larva clone A14-2 (DQ661759) A

77 rcinia felx larva clone F24-2 (DQB61815) VT-Acido-IV
.. Smenospongia aurea adult clone SAA23-1

-+ [rcinia felix larva clone B13-1 (DQ661780)
-« Ircinia felix larva clone F9-1 (DQ661805)
-~ Agelas wiedenmayeri larva clone M3

- Smenospongia aurea adult clone SAA38-3
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obtain DNA from collections of larvae and juveniles (three, five, or seven indi-
viduals pooled immediately after collection). The DNA solutions were then used
directly as templates (0.01 to 1.0 ng) in the following PCR.

The universal primers 27f and 1492r (23) were used for the PCR amplification
of bacterial 16S rRNA genes. The primer pairs POR389f/POR1130r (12), 11f/
Ntspa865r (47), and Arch21f/Arch958r (7) were used for the specific PCR am-
plification of the candidate phylum “Poribacteria,” Nitrospira, and Archaea 16S
rRNA genes, respectively. Negative controls (PCRs without DNA templates)
were included for each 16S rRNA gene amplification. Cycling conditions on a
Mastercycler gradient (Eppendorf, Hamburg, Germany) were as follows: an initial
denaturing step at 96°C for 5 min; 30 cycles of denaturing at 96°C for 1 min; primer
annealing at 54, 64, 60, and 56°C for 1 min; and elongation at 72°C for 90, 50, 90, and
50 s for universal, Poribacteria, Nitrospira, and Archaea PCRs, respectively. The PCR
program ended with a final extension step at 72°C for 5 min.

DGGE. DNA was extracted as described above. The universal 16S rRNA gene
primers 341f with GC-clamp and 907r (32) were used for the PCR amplification
of bacterial 16S rRNA genes. The cycling conditions were as follows: initial
denaturing step at 95°C for 5 min, 30 cycles of denaturing at 95°C for 1 min,
primer annealing at 54°C for 1 min and elongation at 72°C for 45 s, followed by
a final extension step at 72°C for 10 min. Denaturing gradient gel electrophoresis
(DGGE) was performed with a Bio-Rad DCode universal mutation detection
system (Bio-Rad, Miinchen, Germany) on a 10% (wt/vol) polyacrylamide gel in
1X Tris-acetate-EDTA using a 0 to 90% denaturing gradient; 100% denaturant
corresponded to 7 M urea and 40% (vol/vol) formamide. Electrophoresis was
performed for 6 h at 150 V and 60°C. The gels were stained for 30 min in Sybr
gold (Molecular Probes) and scanned on a Typhoon 8600 scanner (Amersham
Biosciences). Selected bands were excised with an ethanol-sterilized scalpel and
incubated in 25 pl ddH,O overnight at 4°C. A total of 4 .l of eluted DNA was
subsequently used for reamplification with primers 341f and 907r using the PCR
conditions described above.

Cloning, sequencing, and phylogenetic analysis. The PCR products from the
excised DGGE bands and for 16S rRNA gene libraries were ligated into the
pGEM-T Easy vector (Promega) and transformed by electroporation into com-
petent Escherichia coli XL 1-Blue cells. Plasmid DNA was isolated by standard
miniprep procedures (40), and the correct insert size was verified using agarose
gel electrophoresis following restriction digestion. The clones from the 16S
rRNA gene libraries were characterized by single digestions with the restriction
endonucleases Haelll and Sau3AlI (restriction fragment length polymorphism
analysis). The clones with identical restriction patterns were grouped together,
and one random clone from each group was chosen for sequence analysis.
Sequencing was performed on an ABI 377XL automated sequencer (Applied
Biosystems), and the sequences were edited with the ContigExpress tool in the
Vector NTI suite 6.0 (InforMax, Inc.). The sequences were checked for chimeras
with the program Pintail (2) and for other amplification and sequencing artifacts.
Following the removal of chimeras from the data set, the percentage similarities
(p-distances) between the sequences from the same sponge developmental stage
(adult, oocyte, embryo, larva, and juvenile) within each species were determined
with the editor Align, and those with identities above 99% were grouped to-
gether into operational taxonomic units. Only one randomly chosen sequence
per operational taxonomic unit was used for further analysis. The sequences
obtained in this study, all the available sequences from sponge reproductive
material in GenBank (http://www.ncbi.nlm.nih.gov), and the appropriate refer-
ence sequences (all nearest BLAST matches including sequences from adult
sponges and, moreover, representatives of the respective phylum) were aligned
automatically with ClustalX (51), and the alignment was subsequently corrected
manually in Align. Phylogenetic trees were constructed with the ARB software
package (28). Initially, neighbor-joining (Jukes-Cantor correction) and maxi-
mum parsimony trees were calculated with nearly full-length sequences (>1,250
bp) and 100 pseudoreplicates. Subsequently, partial sequences were added to the
trees without changing the topology by the use of the parsimony-interactive
method in ARB.

TEM. Adult samples that had been fixed in 2.5% glutaraldehyde-ddH,O were
cut into small cubes of about 1 mm?. All samples (adults, material containing
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oocytes and embryos, larvae, and juveniles) were then washed five times in
cacodylate buffer (50 mM, pH 7.2), fixed in 2% osmium tetroxide for 90 min,
washed again five times in ddH,O, and incubated overnight in 0.5% uranyl
acetate. After being dehydrated in an ethanol series (30, 50, 70, 90, 96, and 3
times at 100% for 30 min each), the samples were incubated three times for 30
min in 1X propylene oxide, maintained overnight in 1:1 (vol/vol) propylene
oxide-Epon 812 (Serva), incubated twice for 2 h in Epon 812, and finally em-
bedded in Epon 812 for 48 h at 60°C. The samples were then sectioned with an
ultramicrotome (OM U3; C. Reichert, Austria) and examined by transmission
electron microscopy (TEM) (Zeiss EM 10; Zeiss, Germany).

FISH. Small pieces (ca. 5 mm?) of the ethanol-preserved E. ferox offspring
material (oocytes/embryos embedded in a mucous sheath) were incubated in 50
and 30% ethanol for 3 min each, transferred into 1X phosphate-buffered saline
for 3 min, and frozen in Tissue-Tek cryo-embedding medium (Miles Laborato-
ries, Inc., Naperville, IL) at —80°C for at least 2 days. Frozen E. ferox offspring
material was directly placed in cryo-embedding medium and kept at —80°C. For
hybridization, pieces were sectioned with a cryomicrotome (Mikrom, Walldorf,
Germany), placed on microscope slides, and air dried. After fixation in 4%
paraformaldehyde (final concentration) overnight at 4°C in a humid chamber,
the samples were washed twice in 1X phosphate-buffered saline for 5 min each,
heat fixed at 42°C, dehydrated in an ethanol series (50, 75, and 100% for 5 min
each), and air dried. FISH was performed in an isotonically equilibrated humid
chamber at 46°C in hybridization buffer (0.9 M NaCl, 20 mM Tris-HCI [pH 8.0],
0.01% sodium dodecyl sulfate) and probe-dependent amounts of formamide (25
to 50%) for 4 h. The Cy3-labeled probe mix EUB I-III (5) was used at concen-
trations of 2 to 7.5 ng/ul, whereas the fluorescein isothiocyanate-labeled
EUKS516 probes (1) were used at concentrations of 15 to 50 ng/pl. Additionally,
5 ul of a DAPI stock solution (100 pg/ml) was added to each reaction 30 min
prior to stopping the hybridization. The hybridization buffer was gently rinsed off,
and the slides were incubated at 48°C in washing buffer (0.7 M NaCl, 20 mM
Tris-HCI [pH 8.0], 50 mM EDTA, 0.01% sodium dodecyl sulfate) for 30 min.
The washing buffer was rinsed off with ice-cold dH,O, and the slides were air
dried in the dark and mounted in Citifluor (Citifluor Ltd., London, United
Kingdom). Visualization was achieved with a confocal laser scanning microscope
(LSM 510; Zeiss MicroImaging).

Nucleotide seq e accession s. The 16S rRNA gene sequences were
deposited in EMBL/GenBank/DDBJ under accession numbers EF159732 to
EF159941 and EU273899 to EU273914.

h

RESULTS

Phylogenetic sequence analysis. In total, 218 bacterial 16S
rRNA gene sequences were obtained in this study: 6 from A.
conifera (3 adult, 3 offspring), 8 from A. wiedenmayeri (1 adult,
7 offspring), 33 from E. ferox (7 adult, 26 offspring), 2 from L.
felix (1 adult, 1 offspring), 61 from S. aurea (42 adult, 19
offspring), and 108 from X. muta (32 adult, 76 offspring). Ad-
ditionally, six archaeal 16S rRNA gene sequences were recovered
from the sponges A. conifera (2 adult, 2 embryo) and E. ferox (2
embryo). These sequences, together with 18 sequences from Cor-
ticium sp. offspring (46), 71 from I felix offspring (45), 27 from M.
laxissima offspring (8), and 2 from Luffariella variabilis offspring
(48), were used for phylogenetic tree construction.

The overall microbial diversity in sponge offspring is high
(Fig. 1 to 7). 16S rRNA gene phylotypes are affiliated with the
bacterial phyla Acidobacteria (n = 22), Actinobacteria (n = 26),
Bacteroidetes (n = 17), Chloroflexi (n = 19), Cyanobacteria (n =
14), Firmicutes (n = 8), Gemmatimonadetes (n = 6), Nitrospira

FIG. 1. Evolutionary distance tree calculated with 16S rRNA gene sequences affiliated with the bacterial phyla Bacteroidetes and Acidobacteria.
Filled and open circles represent neighbor-joining bootstrap values above 95% and 80%, respectively. Neighbor-joining and maximum parsimony
bootstrap values are given for each VT cluster. Sequences obtained in this study are given in bold. Short sequences that were added to the tree
using the parsimony interactive tool in ARB are indicated by dashed lines. Arrow, to outgroup (Pyrobaculum calidiformis AB078332 and Sulfolobus
metallicus D85519). Gray boxes depict VT clusters that contain sequences obtained from adults and offspring of the same species. Scale bar

indicates 10% sequence divergence.



Nitrospira cf. moscoviensis (AF155153)

Nitrospira marina (X82559)
Cymbastela concentrica clone Cc033 (AY942757)
Aplysina aerophoba clone TK24 (AJ347039)
----===- Ectyoplasia ferox adult clone EFAN21
-+ Ectyoplasia ferox embryo clone EFEN26 . .
Xestospongla muta adult clone XmA280 VT-Nitrospira
* Ircinia felix adult clone IFAN11
- Smenospongia aurea adult clone SAA15-1
-~ Corticium sp. embryo clone CCO5 (DQ247944)
Cortlcmm sp embryo clone CC06 (DQ247951)

75174

Nitrospira

| Theonella swmhoe| clone FK[]ESTST (AFT 53415 —_

------- Ircinia felix adult clone B1-1 (DQ661773) ¥ - )
------- Ircinia felix larva clone F43-1 (DQ661824) VT-Gemmatimonadetes-|

Gemmatimonas aurantiaca (AB072735)
deep-sea marine sediment clone MBAE42 (AJ567595)
forest soil clone DUNssu145 (AY913352)
~~~~~~~ Ircinia felix adult clone E8-1 (DQ661791)

Xestospongia muta adult clone XmA116 B
Xestospongia muta embryo clone XmE131 VT-Gemmatimonadetes-I

'—1 - Ircinia felix adult clone G9-2 (DQ661828)

- Smenospongia aurea adult clone SAB25-1

deep-sea marine sediment clone BD2-11 (AB015540
microbial mat clone #2-2 (AB250557)
deep-sea marine sediment clone MBMPE12 (AJ567538)
Agelas dilatata clone AD004 (EF076125)
~~~~~~~ Ectyoplasia ferox embryo clone EFE5
Aplysina aerophoba clone TK19 (AJ347028)
Ircinia felix adult clone B3-1 (DQ661774)
|- Corticium sp. embryo clone CC18 (DQ247938)

- Corticium sp. embryo clone CC08 (DQ247940)
-+ Corticium sp. embryo clone CC19 (DQ247939) e
Ruania albidiflava (DQ343153)
~~~~~~~~~ Mycale laxissima embryo clone MLLC06 (DQ098834)
Promicromonospora sp. (DQ448724)
Microbacterium sp. (AY741722)
Xestospongia muta embryo clone XmE227
Saccharopolyspora cebuensis (EF030715)
------- Ircinia felix larva clone F12-2 (DQ661808)
marine sediment clone WBB15 (EU184867)
soil clone AKAU3506 (DQ125538)
------ Ectyoplasia ferox adult clone EFA3
-+ Ectyoplasia ferox embryo clone EFE3 VT-Actino-l
Xestospongia muta embryo clone XmE039
Xestospongia muta embryo clone XmE172

Gemmatimonadetes

L ] deep sea marine sediment clone E19 (AJ966592)

""""" Xestospongia muta embryo clone XmE141
Xestospongia muta embryo clone XmE259
Q deep sea marine sediment clone: BD2-10 (AB015539)
hydrocarbon seep clone BPC063 (AF154093)

Agelas dilatata clone AD028 (EF076188)
Xestospongia testudinaria clone XA2G07 (AY954062)
"""" Agelas wiedenmayeri larva clone M4

Xestospongia muta embryo clone XmE184
— Acidimicrobium ferrooxidans (U75647)

: Candidatus Microthrix calida (DQ147281)
Candidatus Microthrix parvicella (X89561)
1 ridge flank crustal fluid clone FS266-92B-03 (DQ513090)
_E Aplysina aerophoba clone TK06 (AJ347026)
Xestospongia muta adult clone XmA301
100/100 Xestospongia muta embryo clone XmE057
| Rhopaloeides odorabile clone R130 (AF333527)
Xestospongia muta embryo clone XmE026
Xestospongia muta adult clone XmA085 R
~~~~~~ Ircinia felix larva clone F41-4 (DQ661823) VT-Actino-Il
- Ircinia felix juvenile clone G44-2 (DQ661843)
~~~~~~ Smenospongia aurea juvenile clone SAB18-2
e |- Smenospongia aurea larva clone SAC6-1
[ ~~~~~~ Smenospongia aurea adult clone SAA35-1
Smenospongia aurea adult clone SAB37-1
- Smenospongia aurea adult clone SAB34-1
} ~~~~~~ Smenospongia aurea larva clone SAB29-1
- Smenospongia aurea juvenile clone SAC8-2
deep-sea marine sediment clone MB-A2-100 (AY093455)
marine sediment clone (AJ241005)
Xestospongia muta embryo clone XmE147
Xestospongia muta embryo clone XmE065
"""" Ircinia felix juvenile clone A23-3 (DQ661772)
""" Smenospongia aurea adult clone SAC13-3
deep-sea octocoral associated clone ctg_ CGOAA79 (DQ395467)
Xestospongia muta embryo clone XmE446
Halichondria panicea clone13 (AY948361)
Arctic Sea ice clone ARKCH2Br2-66 (AF468240)
Xestospongia muta embryo clone XmE336
upland stream clone S-Btb7_38 (DQ017947)
--eeeee Xestospongia muta embryo clone XmE411
seafloor basalt clone 9NBGBact_68 (DQ070807)
aquatic cave clone wb1_P06 (AF317769)
* Corticium sp. embryo clone CC07 (DQ247957)
______ Rhopaloeides odorabile clone R106 (AF333524)
0.1 ** Smenospongia aurea adult clone SAA9-2

Actinobacteria

Xestospongia muta embryo clone XmE298

FIG. 2. Evolutionary distance tree calculated with 16S rRNA gene sequences affiliated with the bacterial phyla Nitrospira, Gemmatimonadetes,
and Actinobacteria. Details are the same as those provided for Fig. 1.
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Tofieldia calyculata chloroplast (DQ629454)

------- Mycale laxissima embryo clone MLLC19 (DQ098847)

-------- Mycale laxissima embryo clone MLLC20 (DQ098848)

[ Chlorella saccharophila chloroplast (D11349)

Xestospongia muta embryo clone XmE202
Codium fragile chloroplast (U08345)
Bryopsis hypnoides chloroplast (AY221722)
-------- Xestospongia muta embryo clone XmE160

Microcoleus sp. (X70770)

Oscillatoria rosea (AB003164)

"""" Ircinia felix juvenile clone G20-1 (DQ661832)

Cyanobacterium stanieri (AF132782)

Prochloron sp. (X63141)

uncultured Synechocystis sp. (AY845229)

""" Ectyoplasia ferox adult clone EFA5

Xenococcus sp. (AF132783)

"""" Xestospongia muta embryo clone XmE136

-+ Ircinia felix juvenile clone G40-3 (DQ661842)

+ Xestospongia muta embryo clone XmE106

Prochlorococcus marinus (AE017126)

Synechococcus sp. WH 8103 (AF311293)

Xestospongia muta embryo clone XmE091

....... l Mycale laxissima embryo clone MLLC16 (DQ098844)
‘ ~~~~~~~ Mycale laxissima embryo clone MLLC17 (DQ098845)

Cyanobacteria

------- [ Ectyoplasia ferox embryo clone EFE17

..... Xestospongia muta embryo clone XmE138

& --- Mycale laxissima embryo clone MLLCO02 (DQ098830)

- Mycale laxissima embryo clone MLLCO5 (DQ098833

<« | e Xestospongia muta adult clone XmA106

Aplysina aerophoba clone TK09 (AJ347056)

Xestospongia muta embryo clone XmE035

Diacarnus erythraenus clone D3-3 (AY882559)

Xestospongia muta adult clone XmA239 ¥

Xestospongia muta adult clone XmA012 \u Cyano

Xestospongia muta adult clone XmA016

Xestospongia muta adult clone XmA124

Xestospongia muta embryo clone XmE243

Xestospongia muta adult clone XmA151

Xestospongia muta adult clone XmA109
Xestospongia muta embryo clone XmE050

Plakortis sp. clone PK030 (EF076076) —

Aplysina aerophoba clone TK18 (AJ347037)

------ Agelas wiedenmayeri larva clone M1

------ Agelas wiedenmayeri larva clone M2

Sargasso Sea marine clone SAR256 (AY534095)

Agelas dilatata clone AD077 (EF076170)

Theonella swinhoei clone PAWS52f (AF186417)

------ Ircinia felix larva clone A17-2 (DQ661763)

--- Ircinia felix larva clone F16-2 (DQ661810)

--- Ircinia felix larva clone F36-3 (DQ661822)

------ Smenospongia aurea adult clone SAC11-3

Sargasso Sea marine clone SAR269 (AY534090)
------- Ircinia felix larva clone F22-2 (DQ661813)
Sargasso Sea marine clone D92_22 (AY534099)

Aplysina aerophoba clone 263 (AY485298)
Plakortis sp. clone PK053 (EF076110)
Xestospongia muta embryo clone XmE089

| hydrothermal vent clone Sc-NB06 (AB193920)
L Xestospongia muta embryo clone XmE197
ridge flank crustal fluid clone CTD005-79B-02 (AY704386)

Agelas dilatata clone AD084 (EF076173)
] | Plakortis sp. clone PK010 (EF076074)
Xestospongia muta embryo clone XmE258

------ Agelas wiedenmayeri larva clone M6
Xestospongia muta embryo clone XmE095

100/100

Chloroflexi

Caldilinea aerophila (AB067647)
mangrove soil clone MSB-4D11 (DQ811875)

e Ircinia felix adult clone IF16-2 (DQ661856)
! Aplysina aerophoba clone TK23 (AJ347038)
Xestospongia muta embryo clone XmE051
Xestospongia muta adult clone XmA159 5 5
1001100 || "~ icium sp. embryo clone CC10 (DQ247942) VT-Chloroflexi-I
—e e Theonella swinhoei clone PAWS67 (AF186452)
activated sludge clone A4b (AF234686)
activated sludge clone S9 (AF234718)

Xestospongia muta embryo clone XmE179
f Corticium sp. embryo clone CC11 (DQ247941)
Xestospongia muta adult clone XmA306

Aplysina aerophoba clone TK32 (AJ347042)

------ Smenospongia aurea adult clone SAB31-3

..... | -+ Ircinia felix adult clone IF7-2 (DQ661848) VT-Chloroflexi-Il
--- Smenospongia aurea larva clone SAA31-1

-+ Corticium sp. embryo clone CC12 (DQ247952)

Xestospongia muta adult clone XmA309

Aplysina aerophoba clone TK16 (AJ347035)

-+ Ircinia felix larva clone F25-3 (DQ661816)

0.1 -« Ircinia felix larva clone F26-2 (DQ661817)

-+ Ircinia felix adult clone G29-1 (DQ661837)

100/100

FIG. 3. Evolutionary distance tree calculated with 16S rRNA gene sequences affiliated with the bacterial phyla Cyanobacteria and Chloroflexi.
Details are the same as those provided for Fig. 1.



7700 SCHMITT ET AL. AppPL. ENVIRON. MICROBIOL.

uncultured Parvibaculum sp. (IAB189345

Aplysina aerophoba clone TKO03 (AJ347025
""" Ircinia felix larva clone A15- 1 DQGG 7 0)
""" Smenospongia aurea larva clone B14-2
Arctlc seawater clone Arctic95B-2 %A 55036_/)

ter clone HF10_A9 éDQ 00579)

seafloor basalt clone 9NBGBact_92 (DQ07
"""" Smenospongm aurea larva clone SAB12-2
eep sea octocoral associated clone ct 7NISA128 (DQ396275)

""" elas wiedenmayeri embryo clone
«l PN aerc%pl i c0||'1e | 18-3 (DQ 61783)
rcinia felix juvenile clone ; g - o
|n|a felfx larva clone E20-1 ED Q66179 g VT AIpha I
- Ircinia felix adult clone IF3-2 (DQ661 457)

ospongia aure: ult clone
Azosplrl um brasilense
""" Smenospongia aurea larva clone SAA33-1

'Aplysma aerophoba clone TK51 (AJ3 7032%
——————— uranium contaminated soil clone AKAU3770 (DQ125686)
[ Xestospongia muta embryo clone XmE282
Nisaea denitrificans (DQ66583!

marine seawater clone S25_ ?349 (EF575005)
- Xestospongia muta embryo clone XmE
I - Mycale laxissima embryo clone MLLCO4 Q098832)
""" Mycale laxissima embryo clone MLLC22 (DQ098850)
marine sediment clone MD2 -BY (EU048669
plysina aerophoba clone
Xestospongia muta embryo clone XmE088
Xestospongia muta adult clone XmA197
""" Ircmla felix juvenile clone B17-1 (DQ661781)
[ - Ircinia felix adlt clone AB-3 (DQG61753), VT-Alpha-ll
2 Smenospongla aurea juvenile clone SAC20-3
- Ircinia felix juvenile cloné B18-4 BDQ661784)
........ Ircinia felix larva clone F20 2 Q661811)
* Ircinia felix larva clone F7-3 61803
"""" Ircinia felix larva clone F 3 (DQ661806)
Sphingomonas sp. (AB0407.

—————————— mangrove sediment clone SZB47 (AM1768:‘1§)

Xestospongia muta embryo clone X

Inanl rilus leukodermatus (ohgochaetecg endosgmblont clone lleuAB2-10 (AJ890097)
- Corticium sp. emb 0 clone Cco1 24794
Slnorhlzoblum fredii (. 49)

Phyllobacterium myrsmacearum {AY785332)
u coral mucus clone 71 (AY65 g
Ir ma strobilina clone JLOO1 (AY5 4527

Flysma aerophoba clone MBIC3368 AF218241)
Mycale laxissima embryo clone JE062 &D 097238)
Mycale laxissima adult clone JE025 (DQO97.
100/100 Rhopaloeides odorabile ( sponge) clone NW001 (AF295099)
Pseudovibrio denitrificans (AY48 E

Mycale laxissima embryo clone J O64[SD0097240)
Mycale laxissima embryo clone JEO61 009723
— Mycale laxissima embr)é o clone JEO63 (DQ )

Mycale laxissima embryo clone JE065 (DQO97241)

menospongia aurea adult clo -
Smenospongia aurea adult clone SAA6-2

Smenospongia aurea larva clone SAA19-2
nia felix juvenile clone B19-2 (D0661785

Ircinia felix juvenile clone G23-1 33

CO seep se iment clone JTB359 (ABO15247%

""" Ircinia felix juvenile clone B18-1 (DQ661782)
— mangrove soil clone MSB-3E4 %3081 1853

.- rcmla elix juvenile clone G24-1 6

* Ircinia felleuvemIe clone A22- 1 DQ66177 )
Rhodovulum euryhalinum (D16
odovulum imhoffii (AM180953
hodovulum robiginosum (Y1501 )
Xestospongia muta adult clone
l """ Ircinia fellx larva clone A3 1 D0661748

100/100

VT-Alpha-lll

Alphaproteobacteria

]
jU;u

Smenospongia aurea larva clone SAB1
Ircinia ellx arva clone A2- 1}\2 661747)

i 22 Ircur;le; fel|x1uv|en|lle clozgz 21( -2 T

rcinia felix juvenile clone

Xestospongia ute embryo clone XmEQ97 VT-Alpha-lvV

Corticium sp. embryo clone CC17 (DQ247946)

Xestospong|a muta adult clone XmA096

5 Xestospongla muta adult clone XmA137

- Xestospongia muta adult clone XmA190

marine sediment clone Belglca2005/10 130 28éDQ351770)
dmoflagellate associated clone DG9 (
"""" Xestospongia muta embr o c one
I: coral associated clone CD204 (DQ200432%
""" menosr)ongla aurea larva clone SAA
hypersaline microbial mat clone GL3 (AF344287)
"""" Ircinia felix adult clone IF12-2 (DQ661852)
Salipiger mucescens (AY527274)
Ircinia felix larva clone F30-2 (DQ661820)
Roseobacter sp. (DQ120726)
""" Ectyoplasia ferox embr o clone EFE8
Roseobacter gallaeciensis (Y1
Oceanicola batsensis (AY4 4898)
seawater surface biofilm clone 06-03-31 (DQ1531 31)
""" Ectyoplasia ferox embryo clone EFE
halassobius aestuaril (DQ535898)
""" Ectyoplasia ferox embryo clone EFE11
Xestospongia muta embryo clone XmE216
Pseudoruegeria aquimaris (DQ675021
Hawaiian lake water clone K2-53B (AY345413)
""" Ectyoplasia ferox embryo clone EFE13
"""" Xestospongia muta embryo clone XmE409
Roseobacter ?{) (AY 3494
dis! opaloeldes odorabile clone NW4327 (AF384141)
Ectyoplasm ferox embryo clone EFE15
Ectyoplasia ferox embryo clone EFE10
Ecty oi)lasm ferox embryo clone EFE7
Silicibacter sp. (AF20
diseased coral clone BBD 216_40 (DQ446109)
""" Ectyoplasia ferox embr o clone EFE14
coral mucus clone 103 (AY654746
coral mucus clone 107 (AY654762)
Xestospongia muta embryo clone XmE064
Silicibacter lacuscaerulensis (U77644
""" Ectyoplasia ferox embryo clone EFE12
Xestospongia muta embryo clone XmE226

100/100

0.1

FIG. 4. Evolutionary distance tree calculated with 16S rRNA gene sequences affiliated with the bacterial class Alphaproteobacteria. Details are
the same as those provided for Fig. 1. The cluster containing the isolate from M. laxissima adults and embryos is indicated by an unshaded box.
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1
o
octocoral associated clone EC67 (DQ889915) — _9
Tethya aurantium clone TAA-5-58 (AM259836) O @©
Xestospongia muta adult clone XmA231 = =
Aquaspirillum putridiconchylium (AB0O76000) Q. O
Azoarcus buckelii (AJ315676 O -+
Pseudomonas lanceolata (AB021390) "q") O
mine drainage water clone LOP-41 (DQ241392) m 8
i . Xestospongia muta embryo clone XmE347
<— Halothiobacillus kellyi (AF170419)
_: Stenotrophomonas maltophilia EAJ293474
Xestospongia muta embryo clone XmE102
Cymbastela concentrica clone Cc006 (AY942753)
ctocoral associated clone EC11 (DQ889935)
e S L e A
~~~~~ rcinia felix adult clone 4 i
- Ircinia felix larva clone G37-2 (DQG61841) | VT-Gamma-|
] marine sediment clone Belgica2005/10-140-1 (DQ351774)
""" Ectyoplasia ferox embryo clone EFE25
Minnesota farm soil clone AKYH885 (AY922165)
---- Smenospongia aurea adult clone SAA5-2
Smenospongia aurea adult clone SAA4-2
""" Smenospongia aun;]ee:jactlrt]xlt clolne SA33(|5-1 CM12 (DQ832633
———— hydrothermal mound clone
' mangrove sediment clone SZB: é AM176879
Xestospongia muta embryo clone XmE145
100/100 Xestospongia muta adult clone XmA175 VT-Gamma-l|
-~ Ectyoplasia ferox adult clone EFA7
Thiobacillus prosperus (AY03413
Mycale laxissima embryo clone MLLCO8 g)QOQSSSG)
—LAI alispirillum sp. (DQ217918)
Xestospongia muta embryo clone XmE053
— permeable shelf sediment clone SC1-14 (DQ289918)
1 Y Ircinia felix juvenile clone G19-2 (DQ661831)
Australian aquatic cave clone wb1_P19 (AF317768)
— hydrothermal sediment clone AT-s80 (AY225635)
ridge flank crustal fluid clone FS142-36B-02 (DQ513032)
---- Trcinia Telix larva clone E
Aplysina aerophoba clone TK38 (AJ347044)
Xestospongia muta adult clone XmA074
50/. -+ |rcinia felix adult clone IF1-5 (DQ661844)
- Smenospongia aurea adult clone -
2 S i dult cl. SAB33.
- Smenospongia aurea larva clone SAA18-2
S Smenospongia auree(ljaldullt cloréiigﬁgl-?a
menospongia aurea adult clone -
Comiaum sp BBy lone CCOS (DQ247943) VT-Gamma-lll
- Smenospongia aurea adult clone SAA12-1
---- Smenospongia aurea adult clone SAA3-1
Ll - Smenospongia aurea adult clone SAB4-1
-+ [rcinia felix larva clone E18-3 (DQ661794)
** Smenospongia aurea adult clone SAA13-1
* Ectyoplasia ferox embryo clone EFE26
""" Smenospongia aurea adult clone SAA36-1
Marichromatium bheemlicum (AM180952 (1M
mangrove sediment clone SZB53 (AM176838) =
Rhabdochromatium marinum (X84316) (0]
aquatic clone DSSD75 (AY328773 "C)’
- Q396316) ©
Plakortis sp. clone PK002 (EF076070 o
""" Ircinia felix larva clone A18-1 (DQ661764 [e}
..I"" Smenospongia aurea juvenile clone SAB15-2 o)
S Ircinia felix larva clone F35—i3> (DIQESMSBAZQIB 5 ..6
* Smenospongia aurea juvenile clone - - -
Lo e fonk Tarve lone. E26-2 (DQB61800) VT-Gamma-IV =
Xestostpon ia muta adult clone XmA255
Ircinia felix larva clone F3-3 (DQ661802) @
| [ Smenospongia aurea adult clone SAC21-1 E
“““ Ircinia felix larva clone E28-2 (DQ661801) =
* Ircinia felix larva clone F14-1 (DQ661809)
....[ " Ircinia felix adult clone E4-3 (DQ661789) @
""" Ircinia felix larva clone G35-3 (DQ661840 (D
[ Legionella pneumophila )
"""" Xestospongia muta embryo clone XmE221
mangrove soil clone MSB-5C2 (DQ811847)
~~~~~ Ircinia felix adult clone G6-1 ﬂDQ 61826)
Anodontia phillipiana (bivalve&gill s&mbiont (L25711)
-+ Corticium sp. embryo clone CC04 (DQ247949)
. Lucina nassula (blvalve? gill Eymblont (X95229
1 octocoral associated clone EC32 (DQ889927
Arctic marine sediment clone SS1_B_01_83 (EU050809)
Chondrilla nucula clone CN33 (AM259913)
""" Ectyoplasia ferox adult clone EFA6
""" Ircinia felix larva clone E15-1 (DQ661792)
Xestospongia muta adult clone XmA327
marine clone HTCC2089 (AY386332)
- Smenospongia aurea larva clone SAA32-1
""" Smenospongia aurea adult clone SAA37-1
----- Ircinia felix larva clone A18-4 (DQ661765 VT-Gamma-V
«+----» Xestospongia muta adult clone XmA292
""" Ircinia felix larva clone A19-3 (DQ661767)
- - Smenospongia aurea juvenile clone SAB16-1
—— Escherichia coli
Xestospongia muta embryo clone XmE295
Halomonas meridiana (AF212217£
** Smenospongia aurea larva clone SAA20-3
Li Marinobacter aquaeolei (AY669163
Marinobacter salsuginis (EF028328)
'+ Mycale laxissima embrgo clone MLLCO9 (DQ098837
| e ycale laxissima embryo clone MLLC21 (DQ098849)
+++» Mycale laxissima embryo clone MLLC10 (DQ098838)
""" - coral associated clone C 204COQéDQ200430)
- Mycale laxissima embryo clone MLLCO7 (DQ098835)
— Alcanivorax sp. (ABOSS‘IZL%
~~~~~ Ircinia felix juvenile clone B23-1 (DQ661787)
— Neptunomonas naphthovorans (AF053734
g marine sediment clone Belgica2005/10-120-19 (DQ351750)
---- Smenospongia aurea adult clone SAC11-,
"+ Corticium sp. embryo clone CC02 (DQ247956§
Rhopaloeides odorabile clone R180 (AF33352
ridge flank crustal fluid clone FS142-64B-02 (DQ513020)
0.1 marine sediment clone Belgica2005/10-130-14 (DQ351759)
-+ Ectyoplasia ferox embryo clone EFE24
l Ircinia felix juvenile clone B20-1 (DQ661786)
Xestospongia muta embryo clone XmE382

FIG. 5. Evolutionary distance tree calculated with 16S rRNA gene sequences affiliated with the bacterial classes Beta- and Gammaproteobac-
teria. Details are the same as those provided for Fig. 1.
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| ridge flank crustal fluid clone FS266-28B-03 (DQ513078) —

-- Xestospongia muta embryo clone XmE171

marine
- Mycale laxissmia embryo clone MLLC13 (DQ098841)
Planctomyces maris (AJ231184)
Pirellula sp. (X81942)
Rhodopirellula baltica (EF012750
mangrove sediment clone SZB21 (AM176894)
-------- Xestospongia muta embryo clone XmE109
permeable shelf sediment clone SC1-36 (DQ289921)
Xestospongia muta embryo clone XmE204
mangrove soil clone MSB-5A1 (DQ811898)
- Xestospongia muta embryo clone XmE099

mangrove soil clone MSB-4A3 (DQ811901)
‘ ! Xestospongia muta embryo clone XmE220
i ter clone S25_571 (EF574227)

Planctomycetes

Xestospongia muta adult clone XmA288 _ ]
Xestospongia muta embryo clone XmE331 VT-TM7
activated sludge clone

activated sludge clone SBR2013 (AF269000)
microbial biofilm clone CV63 (DQ499306)
Verrucomicrobium spinosum (X90515
|Arct|c sediment clone SS1_B_02_56 (EU050932)

---------- Xestospongia muta embryo clone XmE081
Fucophilus fucoidanolyticus (ABO73978)

Coraliomargarita akajimensis (AB266750)
------- Xestospongia muta embryo clone XmE143
Mediterranean seawater clone SW7 (DQ302106)
Aplysina fistularis clone A fistularis15 (DQ302113) e
Ascidia associated clone C4 (DQ884171) ]

activated sludge clone 1959 (AF097803)
:" Corticium sp. embryo clone CC15 (DQ247950)
deep sea octocoral associated clone ctg CGOCA20 (DQ395515)

7
"""" Smenospongla aurea adult clone SAC2-2
- Ircinia felix larva clone E17-3 (DQ661793)
_________ Smenospongia aurea adult clone SAA11-2
I ------ Aplysina cavernicola clone DGGE-5 (AY180080)

T™7

Verruco- Can-

microbia didatus

I Smenospongia aurea adult clone SAB20-3
Theonella swinhoei clone JAWS10 (AF434968) R
- Rhopaloeides odorabile clone R33 (AF333535) VT-Uncertain
""" Ircinia felix larva clone A19-2 (DQ661766)
Rhopaloeides odorabile clone R25 (AF333536)
,,,,, [ Ircinia felix juvenile clone A20-4 (DQ661768)
"""" Agelas wiedenmayeri embryo clone M9
- Ircinia felix adult clone E3-1 (DQ661788)
inia felix larva clone F27-2 (DQ661818)
cinia felix larva clone F28-1 (DQ661819)
Ircinia felix larva clone G34-2 (DQ661839 —
Nitrospina gracms (L35504)
deep sea octocoral associated clone ctg_ CGOF248 (DQ395912)
1. Xestospongia muta embryo clone XmE153

Amazon forest soil clone 2-1 (AY326516)
: Smenospongia aurea adult clone SAB8-3
Aplysina aerophoba clone TK67 (AJ347048)

rhizosphere clone RB212 (AB240321)

Hawaiian lava cave microbial mat clone HAVOmat120 (EF032748)
Aplysina aerophoba clone TK13 (AJ347034)

Xestospong|a muta adult clone XmA254

100/100 [L—— - Ircinia felix larva clone A15-3 (DQ661761)

Cortlmum sp. embryo clone CC16 (DQ247954)

------ Ircinia felix adult clone B6-1 (DQ661775)
- Ircinia felix larva clone F8-3 (DQ661804

—————— deep sea sediment clone A101 (AY373394)

Xestospongia muta embryo clone XmE432

uncertain affiliation

VT-Delta

Stigmatella erecta (DQ768128)

Pelobacter propionicus (X70954)
| marine sediment clone Hyd89-63 (AJ535248)
«eeee-ee Xestospongia muta embryo clone XmE209
Desulfomicrobium hypogeium (AF132738)

Deltaproteobacteria

J Bdellovibrio sp. (AF084855)
! Xestospongia muta embryo clone XmE419

forest soil clone CWT STO1_F02 (DQ129144)
alga surface associated clone UA24 (DQ269039)
| Xestospongia muta embryo clone XmE208
[ ------ Agelas wiedenmayeri adult clone M11

a aurea adult clone SAC1 2_
Aplysma aerophoba clone 131 (AY485285)
Aplysma aerophoba clone 174 (AY485286

Aplysina aerophoba clone 3 (AY485280)
100/100 Aplysma aerophoba clone 214 (AY485288)
Cort|<:|um sp. embryo clone CC14 (DQ247948) . .
- Agelas conifera adult clone ACAP18 VT-Poribacteria
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FIG. 6. Evolutionary distance tree calculated with 16S rRNA gene sequences affiliated with the bacterial phyla Planctomycetes, Verrucomicrobia,
and Firmicutes; with the class Deltaproteobacteria; and with the candidate phyla TM7 and Poribacteria. One group of sequences could not be
unambiguously affiliated within the Bacteria and is marked as “uncertain affiliation.” Details are the same as those provided for Fig. 1.
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FIG. 7. Evolutionary distance tree calculated with 16S rRNA gene sequences affiliated with the Archaea. Details are the same as those provided
for Fig. 1, except the outgroup here consists of Haloferax mediterranei (D11107) and Methanogenium marinum (DQ177344). *, sequences kindly

provided by M. Taylor (University of Auckland, New Zealand) prior

(n = 4), Planctomycetes (n = 6), Proteobacteria (Alpha- [n
55), Beta- [n = 1], Gamma- [n = 40], and Deltaproteobacteria
[n = 8]), and Verrucomicrobia (n = 2), as well as with the
bacterial candidate phyla Poribacteria (n = 4) and TM7 (n
1). An additional cluster of bacterial sequences (n = 8) could
not be unambiguously affiliated within the Bacteria (Fig. 6).
Archaeal sequences obtained from sponge offspring all fell
within marine group I of the Crenarchaeota (n = 6) (Fig. 7).

VT clusters. Sequences from an adult sponge and its off-
spring that cluster together in the phylogenetic analysis are

to publication (48).

referred to as vertically transmitted sequence pairs. Together
with other sponge-specific sequences, they build clusters which
are referred to as vertical-transmission (VT) clusters. Twenty-
five VT clusters were found, distributed among 10 different
bacterial phyla (including two candidate phyla) (Fig. 1 to 6).
One additional VT cluster could not be assigned to any known
bacterial phylum and was therefore termed VT-Uncertain
(Fig. 6). Within the Archaea, two VT clusters were obtained
(Fig. 7). Six clusters are double VT clusters (VT-Acido-1V,
VT-Actino-II, VT-Alpha-1I, VT-Gamma-III, VT-Gamma-IV,
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FIG. 8. TEM of the E. ferox oocyte (A), a layer of nurse cells surrounding the oocyte (B), the surface area (C), and the peripheral part (D) of
an embryo. Arrows indicate clusters of microorganisms. Abbreviations: In, invaginations of oocyte; L, lamella of collagen fibrils; N, nucleus; NC,
nurse cells; Oo, oocyte; YG, yolk granules. Scale bars, 5 wm (A and C) and 3 um (B and D).

and VT-Nitrospira), and one is a triple VT cluster (VT-Chlo-
roflexi-1I), as they contain vertically transmitted sequence pairs
of two or three sponge species, respectively. Twenty-nine per-
cent of A. wiedenmayeri, 53% of Corticium sp., 23% of E. ferox,
75% of I. felix, 0% of M. laxissima, 68% of S. aurea, and 23%
of X. muta offspring sequences belong to VT clusters.

TEM. E. ferox released orange-colored oocytes which were
embedded in a mucous sheath. Electron micrographs of the
oocytes revealed the presence of many inclusions equally scat-
tered within the cytoplasm (Fig. 8A) These inclusions vary in
electron density and in size and represent, e.g., lipid droplets (1
to 1.5 wm in diameter) and yolk granules (2 to 3 pm in diam-
eter). Microorganisms could not be detected in the oocyte
cytoplasm. The oocyte is surrounded by a layer of amoeboid-
shaped nurse cells which are 5 to 8 wm in size (Fig. 8A and B).
Each nurse cell contains one 1- to 2-pm large nucleus, several
smaller vacuoles, and usually one large vesicle with 15 to 20
(sometimes more) microorganisms of different sizes of up to
2.5 pm and various shapes including rod-like and coccus-like
cells (Fig. 8B). At this stage of development, there is a clear
space between nurse cells and the oocyte. However, the oocyte
already shows signs of invagination (Fig. 8B). After 2 days, the
oocytes developed into early-stage embryos, which were still

embedded in the gelatinous sheath. The embryo consists of
many small, densely packed amoeboid-shaped cells that con-
tain one 2- to 3-pm large nucleus each and again diverse
inclusions, including yolk granules (Fig. 8C and D). A thin
lamella of collagen fibrils surrounds the embryo (Fig. 8C), and
nurse cells are no longer present at this stage of development.
Clusters of morphologically diverse microorganisms can be
found extracellularly within the embryo, mostly located in the
periphery.

FISH. A cohybridization with the bacterial probe mix EUB
I-IIT and the eukaryotic probe EUKS16, in addition to the
DNA dye DAPI, was performed on cross-sections of E. ferox
oocytes (Fig. 9). The 150- by 100-pwm-large oocyte showed no
background autofluorescence (Fig. 9A). The interior appeared
heterogeneous (Fig. 9B). Eukaryotic ribosomes are present in
large numbers as indicated by many green signals. The 4- to
5-pm-large nucleolus is especially prominent in the center of
the oocyte within the nucleus, which has a size of 20 pum.
Additionally, dark blue, circular signals (about 3 pm in diam-
eter), as well as red signals of various sizes, are present. The
oocyte is surrounded by nurse cells which can be identified by
their nuclei due to blue DAPI signals and contain clusters of
microorganisms represented by red signals (Fig. 9C).
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FIG. 9. FISH of E. ferox oocytes. (A) Negative control; (B) whole oocyte; (C) nurse cell layer. Cohybridization with the Cy3-labeled universal
bacterial probe mix EUB I-III (red signals) and the fluorescein isothiocyanate-labeled eukaryotic probe EUK516 (green signals). Additionally, the
fluorescent dye DAPI (blue signals) was applied. Arrows indicate clusters of microorganisms. Abbreviations: N, nucleus; Nu, nucleolus; YG, yolk

granules. Scale bars, 50 um (A and B) and 10 pm (C).

DISCUSSION

Molecular microbial diversity survey of sponge reproductive
stages. The first evidence for the vertical transmission of mi-
croorganisms in sponges came from electron microscopy stud-
ies that documented the presence of microbes in reproductive
stages (references 6 and 9 and references cited therein; 25, 44,
52). The application of molecular tools allowed the phyloge-
netic identification of microorganisms in sponges and their
reproductive stages. Prior to this study, the total microbial
diversity in sponge offspring was analyzed for only three spe-
cies in separate studies (8, 45, 46). Here we provide new 16S
rRNA gene sequences from five additional sponges and report
the first comprehensive phylogenetic analysis including more
than 250 16S rRNA gene sequences from sponge reproductive
stages.

The observed total phylogenetic diversity of microbes in
sponge reproductive stages is high and comprises phylotypes
within one archaeal phylum and 13 bacterial phyla (two of
them are candidate phyla) including the four classes Alpha-,
Beta-, Gamma-, and Deltaproteobacteria (Fig. 1 to 7). These
high numbers almost match the known microbial diversity of
adult sponges, which comprises two archaeal and 16 bacterial
phyla and is predicted to be close to the total microbial diver-
sity in sponges at the phylum level as assessed by the current
approaches used (49). Most sponge offspring 16S rRNA gene
sequences were derived from X. muta and I felix, representing
11 and 8 phyla, respectively. However, just 7 sequences from A.
wiedenmayeri embryos are affiliated with 4 phyla and 19 se-
quences from Corticium sp. already fall into 8 phyla. These
numbers suggest that the presented data largely reflect the
overall microbial diversity in sponge offspring, at least at the
phylum level, and they show that equally complex microbial
consortia are present in adult sponges and reproductive stages.

Microbes which are vertically transmitted were determined
by VT clusters which are defined as phylotypes that are present
in adult and offspring samples of the same species. More than
two-thirds of the offspring sequences from 1. felix and S. aurea
and more than half from Corticium sp. fall into VT clusters
implying that a large part of the adult microbial community is
vertically transmitted in these three species. In A. wiedenmay-
eri, E. ferox, and X. muta, about one-third of the offspring-
derived sequences are within VT clusters. Phylotypes that do
not fall within VT clusters may represent environmental con-

tamination, e.g., seawater microbes. However, it is noteworthy
that many of the offspring sequences outside of the VT clusters
still cluster with sequences obtained from other sponge species.
For example, within the Gemmatimonadetes phylum (Fig. 2),
three embryo sequences from Corticium sp. (clones CCOS, -18,
and -19) and one from E. ferox (clone EFES) cluster with
clones from the adult sponges I felix (clone B3-1), Aplysina
aerophoba (clone TK19), and Agelas dilatata (clone AD004).
This cluster was not defined as a VT cluster because sequences
from adult Corticium sp. and E. ferox are missing. Additionally,
all VT clusters except clusters VI-TM7 (Fig. 6) and VT-Ar-
chaea-II (Fig. 7) contain additional sequences derived from
other sponge species. The general overlap between offspring
and adult microbial communities is striking. It is well recog-
nized that HMA sponges share a uniform, sponge-specific mi-
crobial community (references 16 and 49 and references cited
therein), and the presented data now demonstrate that this
uniform microbial community is collectively transmitted
through the reproductive stages.

In contrast to the results for the HMA sponges discussed
above, sequences from M. laxissima embryos tend to cluster
much less with other sponge-derived sequences, and none fall
within a VT cluster. A recent analysis of the adult microbial
community of M. laxissima also showed little overlap with the
microbial diversity of HMA sponges but revealed a specific
community in M. laxissima that is different from seawater bac-
terioplankton (30). Interestingly, M. laxissima was recently
classified as an LMA sponge based on microscopic observa-
tions (44). The phylogenetic microbial signature of both the
adult sponge and embryos that differ from the signature of
HMA sponges supports this classification. M. laxissima might
contain its own specific microbial community that is vertically
transmitted. Notable is a bacterial isolate that was cultivated
from the adults and embryos of M. laxissima. The respective
sequence was also recovered from a 16S rRNA gene library of
M. laxissima embryos and clusters with the marine alphapro-
teobacterium Pseudovibrio denitrificans (Fig. 4). The same phy-
lotype was previously detected by cultivation-dependent and
-independent approaches in many other sponges but also in
corals and marine environments (41, 49). It cannot be dis-
counted that the Pseudovibrio-like bacterium was actually
taken up by sponges from the seawater. However, because it is
widespread among sponges and appears to be vertically trans-
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FIG. 10. Proposed symbiont transmission model in HMA sponges. Adult mesohyl microbial consortia are vertically transmitted through
nonfeeding reproductive stages, resulting in symbiont separation (solid line). During the feeding life stage of sponges, occasional horizontal
symbiont transfer occurs, leading to symbiont dispersal among sponge individuals and even species (dashed line). Uniformly shared, sponge-
specific microbial consortia are maintained by this combination of vertical and horizontal transmission.

mitted in M. laxissima, it probably represents a true sponge
symbiont.

Mechanism of vertical transmission in E. ferox. The phylo-
genetic results demonstrated vertical transmission in eight spe-
cies representing six different orders and two modes of repro-
duction (ovipary and vivipary) (Table 1). The passage of
symbionts through reproductive stages appears to be common
and widespread among sponges. However, differences in the
mechanism of symbiont transmission, e.g., between oviparous
and viviparous species, are almost unknown (but see refer-
ences 9 and 29). In this study, we conducted a combined elec-
tron and fluorescence microscopic examination of microbes
within oocytes and embryos of the Caribbean sponge E. ferox.
This oviparous species was chosen because oocytes can be
collected, allowing the examination of vertical transmission
from the early reproductive stages onward.

The oocyte is large and represents a late stage of gamete
development. As fertilization was not observed, this unicellular
stage could possibly also be a zygote. Typically, the oocyte
contains many inclusions, including yolk and lipids, which
mostly serve as nutrient reserves during the gamete and em-
bryo growth periods (Fig. 8). The oocyte is metabolically highly
active, as demonstrated by the large number of eukaryotic
ribosomes throughout the cytoplasm (Fig. 9B). The nucleus is
located in the center of the oocyte and contains several nucle-
oli (data not shown) of which one is visible in Fig. 9B as a
bright green signal due to the synthesis of new rRNA. The
oocyte is encircled by a layer of nurse cells (Fig. 8A and B).
Nurse cells play a major role in the nutrition, and consequently
the growth, of oocytes. The transfer of substances from nurse

cells to oocytes via cytoplasmic bridges and/or direct phagocy-
tosis of the whole nurse cell by oocytes has been described for
several viviparous species (e.g., see references 11 and 22) as
well as oviparous species (e.g., see references 14 and 24). In
this developmental stage of E. ferox, the nurse cells have not
yet made contact with the oocyte, but the phagocytotic activity
of the gamete is already visible (Fig. 8B). The presence of
microorganisms within nurse cells was shown in electron mi-
crographs (Fig. 8A and B) and further confirmed by clusters of
bacterial-specific red signals encircling the oocyte in fluores-
cence micrographs (Fig. 9B and C). Single red signals were also
observed within the oocyte in FISH analyses but were absent in
the negative control (Fig. 9A). These signals might correspond
to microbes. However, as microbes within the oocyte were
never detected in the electron micrographs, the identity of
these red signals remains unclear.

The embryonic stage of development that is represented by
Fig. 8C and D is characterized by many densely packed sponge
cells that include lipids, yolk reserves, and other inclusions.
The embryo is surrounded by a lamella of collagen fibrils. Such
filamentous structures were previously described, e.g., the en-
veloping embryos of Spongia sp. and Hippospongia lachne (22)
as well as Latrunculia magnifica (21). Ilan (21) suggested that
the fibrils are secreted by a layer of sponge cells. However, the
origin as well as the function of this lamella in E. ferox remains
unknown. Clusters of microorganisms are present extracellu-
larly within the embryo (Fig. 8D).

E. ferox, like all other sponges, lacks reproductive organs,
and gamete production occurs within the mesohyl of adult
sponges. Based on the microscopic observations, the following
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mechanism of microbial transmission in E. ferox is proposed:
during the establishment of oocytes, nurse cells take up adult
microorganisms from the mesohyl via phagocytosis. Presum-
ably, this uptake occurs mainly at random. However, nurse cell
phagocytosis of cyanobacteria in the cortex region and subse-
quent transport to the developing eggs deeper within the
sponge were observed in Chondrilla australiensis (52), suggest-
ing a possible control of symbiont uptake by these cells. After-
wards, the reproductive propagules, along with associated
nurse cells that now form a cell layer around the oocytes,
become embedded in a mucous sheath that is produced and
then released by the sponge. The same mode of reproduction
was observed to occur in other sponges, including X. muta, A.
conifera, and A. wiedenmayeri (N. Lindquist, personal observa-
tion). Microorganisms are then either transferred from nurse
cells to oocytes or, at a later stage, to the developing embryo.
In the majority of oviparous species as well as in at least one
viviparous sponge, the transfer of microbes appears to occur
directly as the microbes are taken up by the oocyte itself from
the adult mesohyl (reference 9 and references cited therein).
In E. ferox and some other sponges, such as Chondrosia reni-
formis (24), the transfer takes place indirectly because the
microbes are translocated through nurse cells to the progeny.

Transmission model for symbioses of HMA sponges and
complex microbial consortia. Cospeciation between sponges
and microbes is often difficult to prove due to the complexity of
the microbial consortia and/or the generally conservative char-
acter of some phylogenetic markers such as the 16S rDNA
gene. Based on largely congruent phylogenies, cospeciation
was demonstrated for the filamentous cyanobacterium Oscil-
latoria spongeliae and dictyoceratid sponges (39, 50) and for an
alphaproteobacterial symbiont and halichondrid sponges (10).
However, in both cases, at least one host-switching event oc-
curred. Our data demonstrate the transmission of a highly
sponge-specific microbial community via reproductive stages.
However, the phylogenetic trees show no indication of host-
species specificity or cospeciation.

Based on our phylogenetic results and the mechanistic de-
tails described for E. ferox, we therefore propose the following
symbiont transmission model for associations of HMA sponges
and their microbial consortia (Fig. 10): during sponge repro-
duction, gametes or later reproductive stages take up microbes
from the adult mesohyl microbial community. Thereby, at least
in some species, including E. ferox, nurse cells are involved in
microbial incorporation and might actually represent the im-
portant factor fostering selection of this association. Sponge
larvae are unable to feed and might therefore be regarded as a
closed system with no exchange with the environment. Vertical
transmission therefore causes the separation of symbionts in
different sponges which might eventually result in genetic dif-
ferentiation and would ultimately lead to cospeciation. After
the settlement of sponge larvae and their subsequent meta-
morphosis into juveniles, the filter-feeding life phase begins,
allowing the uptake of seawater microbes. In this phase, the
horizontal transfer of symbionts between host individuals or
environmental acquisition from seawater appears to be possi-
ble, at least to some degree, and evidence from sponges was
recently discussed in detail by Taylor and colleagues (49).
Symbionts might be released by sponges due to tissue damage
by predators and environmental factors (currents and storms)
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or during spawning periods. The uptake of symbionts could
possibly occur during filter-feeding periods of the host. It might
also be conceivable that sponge larvae acquire microbial sym-
bionts that colonize the outer surface of the larvae, after the
release of larvae from the adult sponge. Such symbiont uptake
and release mechanisms would result in symbiont dispersal
among host individuals and even species, thus obscuring the
pattern of cospeciation in phylogenetic trees (Fig. 10).

The importance of vertical transmission lies in the efficient
passage of symbionts to the next generation. In HMA sponges,
vertical transmission represents a bottleneck in the sense that
only members of the specific adult microbial community, but
apparently no seawater microorganisms, are transferred through
reproductive stages. Horizontal transmission acts against symbi-
ont separation and specialization. Instead of leading to cospecia-
tion, this mechanism might maintain a uniformly shared microbial
community in HMA sponges. We propose that a combination of
vertical and horizontal symbiont transmission maintains the asso-
ciations of HMA sponges with highly sponge-specific, complex
microbial communities.
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