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Marine Group I, Thaumarchaeota. Two groups of abundant Thau-
marchaeota phylotypes belonging to the Marine Group I were
present in Stylissa sp. 445, Rhopaloeides odorabile, and Cymbas-
tela concentrica, including a dominant Cenarchaeum-like opera-
tional taxonomic unit (OTU) in Stylissa sp. 445 (Fig. 2). Marine
Group I Thaumarchaeota [previously classified to phylum
Crenarchaeota (1)] are often found in sponges (2) and can be
subdivided into three clades, namely, Group C1a-α, Group C1a-
Porifera A, and Group C1a-Porifera C (3). We constructed
a phylogenetic tree for the four thaumarchaeal 16S rRNA gene
sequences in these three sponges, including one from Stylissa sp.
445 (thaumarchaeal symbiont Subtype II) not in OTUs (Fig.
S2B). The dominant thaumarchaeon Subtype I in Stylissa sp. 445
belonged to the sponge-specific Group C1a-Porifera C, which
associates specifically with AXI2 sponges, including Stylissa sp.
445 (Fig. 1) (3). Association of a filamentous thaumarchaeon
from this group within the collagen surrounding the siliceous
spicules of three Mediterranean AXI2 sponges has been re-
ported previously (4). The other three sequences all fell into
Group C1a-α, which contains two sequenced taxa, Nitro-
sopumilus maritimus SCM1 (5) and Candidatus Nitrosoarchaeum
limnia (6). This group contains clones from a diverse range of
habitats, including hydrothermal vents, deep-sea sediments,
sponges, and planktonic clones (3). No obvious host-clade
specificity was found in this group (3). The thaumarchaeon in
R. odorabile was found to be most abundant in the pinacoderm
region (7) and can be transmitted vertically by sponge larvae (8).
Nonetheless, the polyphyletic nature of Group C1a-α implies
that at least some of its sponge-associated members may be
facultative symbionts and can be free living or have a conditional
association with sponge hosts. The conditional association of the
thaumarchaea has been observed in C. concentrica (9, 10) and in
sponges from Brazilian waters (11).

Community Profile Based on Single-Copy Genes. Because many
bacterial and archaeal genomes contain more than one copy of
the 16S rRNA gene, the real relative abundance of detected
phylotypes is potentially biased (12, 13). To further quantify
the community composition of our samples, the phylum-level
profiles using both 16S rRNA gene sequences (assembled and
unassembled; SI Materials and Methods) and single-copy gene
(SCG)-based analyses were compared (Fig. S1 A–C). The anal-
ysis of the SCGs showed a consistent community composition
between replicate samples; classification of unassembled 16S
rRNA gene sequences showed greater variation, probably re-
flecting differences in copy number among species or strains.
However, because of the limited reference database of SCGs,
sequences belonging to the same ribotype can be assigned mis-
takenly to phylogenetically distant groups or even different phyla
[e.g., the Thaumarchaeota population was assigned to both the
Crenarchaeota/Thaumarchaeota and other archaeal phyla by
MLTreeMap (Fig. S1 A–C)]. The assembly-based construction
of 16S rRNA gene sequences gave more accurate classification
for highly abundant taxa in the community, compared with direct
classification of unassembled reads, which generally were too
short for confident assignment. Nevertheless, all three methods
confirmed that microbial populations were highly consistent
within each sponge species and within seawater samples but were
distinct between sample types.

Organisms Putatively Involved in Denitrification and Other Aspects of
the Nitrogen Cycle in Sponge Symbionts. Several candidate organ-
isms could perform the denitrification process in the sponge
samples. C. concentrica contained a phylotype belonging to the
family Phyllobacteriacea (Fig. 2). Members of the Meso-
rhizobium and Nitratireductor in this family are capable of fixing
nitrogen and reducing nitrate to nitrite, respectively (14–16).
Some of the NarG genes and an assembled NarGHIY gene
cluster in this sponge could be assigned to the Phyllobacteriacea
phylotype after genomic sequence binning (10). In Scopalina sp.
and Tedania anhelans, two closely related, uncultured phylotypes
of the family Nitrosomonadaceae (Betaproteobacteria) domi-
nated the microbial communities (Fig. 2). These phylotypes also
were related to Nitrosomonas spp. and Nitrosospira spp., both of
which are ammonia-oxidizing bacteria (Fig. S2A). Species in
these two genera also may contain NirK and cNorB, which are
subjected to horizontal gene transfer (17, 18) and putatively are
responsible for nitrous oxide production (19). Because ammonia
monooxygenase was very rare in these two sponge metagenomes,
but denitrification enzymes (i.e., NapA, NirK, and cNorB) were
abundant (Fig. 5), these Nitrosomonadaceae phylotypes most
likely are involved primarily in denitrification.
Oxidation of nitrite to nitrate might not be prevalent in the

sponges investigated, because known nitrite-oxidizing bacteria,
such as Nitrospira, were detected in only two C. concentrica sam-
ples and in very low abundance in R. odorabile (Fig. 2). However,
the sequence of nitrite oxidoreductase subunit α is highly similar
to NarG (20), so some of the sequences detected here still might
be involved in the oxidation of nitrite. Anammox activity might be
a rare feature in these six sponges, because homologs to the hy-
droxylamine-oxidizing enzyme (21) and sequences belonging to
known anammox bacteria within the Planctomycete group were
absent. Also, no gene for respiratory nitrite ammonification en-
zymes (e.g., NrfA, EC 1.7.2.2) was detected.
Glutamate dehydrogenase (GDH, PF05088) was over-

represented in R. odorabile, Cymbastela coralliophila, and
C. concentrica (Fig. S3C). GDH has a potentially important role
in nitrogen assimilation in pathogenic bacteria, such as Myco-
bacterium smegmatis (22). Ammonium assimilation through
GDH requires much lower activation energy than the ubiquitous
glutamine synthetase/glutamate synthase pathway and thus is
used under conditions of nitrogen excess and energy preserva-
tion (22, 23). The distribution of GDH in sponge bacteria sug-
gests ammonium excess is experienced by those host-associated
taxa. However, GDH also can function in glutamate catabolism
and therefore may act to release ammonia from natural gluta-
mate sources, such as proteinaceous exudates from the host.

Photosynthesis and Photoprotection. Although sponges generally
filter-feed to remove microbes or particulate organic matter from
the surrounding seawater (24), phototrophy by microbial sym-
bionts can make a substantial contribution to the host’s growth,
especially in low-nutrient and highly illuminated tropical waters
(25, 26). To determine phototrophic populations in our sponge
symbionts, the presence of ribulose-1,5-bisphosphate carboxylase
oxygenase (RuBisCO) was investigated, and a phylogenetic
analysis was performed using MLTreeMap (27). A high abun-
dance of Form 1 and 4b RuBisCO was observed in the seawater
samples (Fig. S9A), as is consistent with the potential for high
rates of carbon fixation in marine surface waters (28). Among
the six sponges, only the tropical species C. coralliophila and
Stylissa sp. 445 possessed the highly abundant Form 1 RuBisCO,
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mostly because of their cyanobacterial populations (Fig. 2 and
Fig. S9A). However, the tropical sponge R. odorabile possessed
only the RuBisCO-like proteins in the Form 4 clade, which
catalyze the 2,3-diketo-5-methylthiopentyl-1-phosphate enolase
reaction in the methionine-salvage pathway (29). The lack of
phototrophy in R. odorabile has been reported previously; pho-
torespirometry trials, photopigment analysis, and an absence of
cyanobacteria in sponges from both inshore and offshore reefs
clearly demonstrating that R. odorabile is not a photosynthetic
species (30). These observations are consistent with the mor-
phological properties of these three sponges. C. coralliophila and
Stylissa sp. 445 are plate- and fan-shaped, respectively, and hence
are structurally optimized to harvest light energy and couple it to
carbon fixation. In contrast, R. odorabile is a massive 3D sponge
with a dense canal system for filter-feeding (31). The bowl-sha-
ped temperate sponge C. concentrica (32) may be morphologi-
cally optimized for phototropic growth but did not have
a significant abundance of prokaryotic RuBisCO. However, it
contains dense populations of symbiotic diatoms (33), which
were mostly removed during prokaryotic cell enrichment in the
present study (SI Materials and Methods). The data show that
sponges with body shapes optimized for light harvesting con-
ducted photosynthesis by phylogenetically diverse symbiotic
populations (e.g., cyanobacterial populations vs. diatoms) that
were distinct from the free-living populations (e.g., cyanobac-
teria and proteobacteria) (Fig. S9A).
High levels of illumination can result in photodamage, and,

consistent with this condition, a high abundance of photolyases
(PF03441, COG3046, COG0415, Subsystem: DNA Repair Bac-
terial Photolyase) and phytoene dehydrogenase, the key enzyme
in carotenoid biosynthesis (COG1233, here comprising mostly
CrtI-type phytoene dehydrogenase) were detected in planktonic
samples (Fig. 4 and Fig. S3 C and D). Many phylogenetic di-
vergent planktonic taxa had this photolyase protection mecha-
nism (Fig. S9B). In contrast, photolyases were rare in the sponge
communities, likely because of photoprotection provided by the
sponge tissue and pigments (34). Nevertheless, some photostress
still might occur, especially in the community of the tropical
sponge Stylissa sp. 445, where a number of diverse photolyase
sequences were found (Fig. S9B).

Regulation of Cellular Response. Functions in signal transduction
and regulation are overrepresented in sponge samples (Fig. 4 and
Fig. S3 C and D).
HAMP (for “present in histidine kinases, adenyl cyclases,

methyl-accepting proteins and phosphatases”)-containing pro-
teins (PF00672) act as transmembrane modules of two-compo-
nent signaling pathways for response to changing environmental
conditions (35). The HAMP domains are chemoreceptors that
couple the motions of transmembrane helices to the activity of
a downstream cytoplasmic output domain (36). Their specific
role in sponge symbionts is currently unclear.
Protein tyrosine kinase (PTK) (PF07714), which functions as an

on/off switch in many cellular functions by modifying gene ex-
pression, was abundant in the sponge metagenomes (Fig. 6G and
H) (37). This canonical PTK family is found mostly in eukar-
yotes, whereas bacteria have developed several other types of
enzymes that catalyze protein phosphorylation on tyrosine (38).
Two eukaryotic-like PTKs have been found to function in signal
transduction (39, 40). Why this eukaryotic-like PTK is present in
sponge symbionts is not clear.
Protein homologs to the eukaryotic male sterility protein

(PF07993) also were abundant in the sponge samples (41, 42).
This protein is capable of lipid biosynthesis in prokaryotes (43).
Synthetic lipids can be signals through which surface-associated
microorganisms regulate motility for predatory feeding (43).
Many sponge microorganisms live in the mesohyl between

sponge cells (44), and thus surface motility might be important
for their association with the sponge host.
Other regulatory functions might be provided by abundant

ATPases (COG1373, COG4637, COG0464, and COG2865),
including some specifically acting in gene regulation (COG0464
and COG2865) (Fig. 4).
Proteins belonging to the ribosome-binding GTPase super-

family (COG1217) were abundant in the seawater samples. This
protein acts as a translational GTPase and as a global stress and
virulence regulator. It has been found to be involved in diverse
stress-resistant functions in different bacteria (45–50).

Enzymes Involved in DNA Recombination. The potential activities in
genetic exchange and rearrangement in sponge microbial com-
munities were further supported further by an overrepresentation
of DNA recombination and repair enzymes, including RecD
(COG0507), which is involved in dsDNA break repair, and DinG
(COG1199), SSL2 (COG1061), and HepA (COG0553), which
are crucial for DNA recombination repair and excision repair,
and of protein families involved in general DNA-modifying ac-
tivities, such as HNH endonuclease (PF01844) and the SNF2
family N-terminal domain (PF00176). These results are consis-
tent with the genome of the sponge symbiont Cenarchaeum
symbiosum (51), suggesting that these enzymes are essential for
the stable insertion of mobile DNA into the chromosomes and
repair of flanking regions in sponge symbionts.

Cyanophages in Stylissa sp. 445. Despite the general abundance of
bacteriophages in the marine environment, no information is
available on phage diversity in sponge systems. Here we noted 211
sequences encoding for a T4-like phage capsid-assembly protein
G20: 107 from Stylissa sp. 445, 23 from R. odorabile, and 72 from
and seawater samples. Phylogenetic analysis revealed that all 211
G20 sequences belonged to the cyanophage group (Fig. S7C).
When normalized, the abundance of the G20 protein in Stylissa
sp. 445 averaged seven copies per bacterial/archaeal genome
(Fig. S7B). This abundance was correlated with the large pop-
ulation of cyanobacteria (mostly Synechococcus) in Stylissa sp.
445 (Fig. 2). T4 phages are capable of undergoing only a lytic
and not the lysogenic lifecycle (52). Thus, it is predicted that the
size of the cyanobacterial population in Stylissa sp. 445 is influ-
enced strongly by lysis or that cyanobacterial metabolism is
controlled by viral photosystem genes, as recently demonstrated
in other systems (53).
The phylogenetic analysis also demonstrated that many G20

sequences formed distinct clusters and had no closely related
homologs in the current National Center for Biotechnology In-
formation (NCBI) nonredundant (NR) database (Fig. S7C).
These cyanophage sequences showed no host specificity or ap-
parent biogeography in the samples, as is consistent with the
“everything is everywhere” notion of global phage distribution
(54, 55).

Further Information on Selfish Genetic Elements. It is possible that
mobile genetic elements (MGEs), such as plasmids or phages,
acquire chromosomal restriction-modification (R-M) systems
and hence become a stable part of the microbial cell. Such selfish
and self-protecting features are recognized as an important
mechanism for maintaining extrachromosomal elements (56, 57).
Toxin–antitoxin (T–A) systems play a similar role in stabilizing
selfish genetic elements. These systems generally are arranged
with one toxin and one antidote and lead to postsegregational
killing (58) or addiction (56) of the host cell. In all sponge
metagenomes, we found a larger number of Type I (COG0286,
COG0610, COG4096, PF02384, PF12161, and PF01420), Type
II (COG0270, COG1743, COG0863, COG0338, COG4889, and
PF00145), and Type III (COG2189 and PF04851) R-M systems
and proteins from Doc/Phd family (COG3177 and PF02661),
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VapI (HigA) of the HigAB system (COG3093), and other T–A
systems [Subsystem: Toxin–antitoxin systems (other than RelBE
and MazEF)], which would help to stabilize an array of MGEs.
However, chromosomes also can unburden themselves from
extrachromosomal “hitchhikers” by acquiring the same T–A or
R-M systems as the MGEs. In turn, MGEs could acquire new T–
A and R-M systems that would ensure their continuing propa-
gation. This process would lead to an arms race between the
chromosomes and the MGEs, and it has been hypothesized that
it results in a higher number of T–A systems in bacterial species
that have high rate of horizontal gene transfer (HGT) (59). The
observation of abundant T–A and R-M systems therefore is
consistent with the large number and diversity of MGEs ob-
served as well as with the high frequency of HGT we postulate
for sponge symbionts.

Potential Targets of Clustered, Regularly Interspaced, Short,
Palindromic Repeats. To explore further the dynamics of the lo-
cal phage populations, spacers were searched against the NCBI
nucleotide (NT) and virus databases, but no hits were found;
this result suggests host specificity in the local environment (60)
and highlights the largely unknown viral diversity (61). Although
the sample fractionation used in this study did not target viral
particles specifically, it still was possible to identify 85 putative
viral/phage sequences that matched 43 clustered, regularly in-
terspaced, short, palindromic repeats (CRISPR) spacers from
four sponge species, with a notable number of hits found in
C. concentrica (SI Materials and Methods and Fig. S6D). All
spacer–phage pairs were found exclusively within the same
sponge species, again indicating a high degree of host specificity.
Generally, spacers were in much lower abundance than their
targets (Fig. S6D). Although the protocols in the present study
enriched specifically for bacterial and archaeal cells, likely re-
sulting in a considerable underestimation of viruses, the results
showed that a large number of phage sequences were present
in the sponge and were subject to potential defense by the
CRISPR system.

SI Materials and Methods
Sample Collection. Sampling of R. odorabile, Stylissa sp. 445, and
C. coralliophila occurred at Davies Reef on the Great Barrier
Reef (18° 49′S, 147° 38′E), and sampling of C. concentrica,
T. anhelans, and Scopalina sp. was done at Bare Island in Botany
Bay, New South Wales (33° 59′S, 151° 14′E). All sponges were
collected by SCUBA diving at depth of 7–10 m on the sampling
days (Table 1) and were placed in ice-cold, filter-sterilized sea-
water. Further processing of the samples occurred in the labo-
ratory within 15 min of collection.

Sponge Identification. Sponges were morphologically identified by
Patricia Sutcliffe and Merrick Ekins at the Queensland Museum,
Brisbane, Australia, and their phylogenetic relationships were
investigated further using metagenomic-derived 18S rRNA gene
sequences (see below).

Microbial Cell Enrichment, DNA Extraction, and Sequencing. Micro-
organisms were enriched from the sponges according to the
methods described by Thomas et al. (9), except that the final filter
cutoff used to remove eukaryotic cells was selected individually
for each sponge species to meet the following criteria: (i) no
preferential removal of microorganisms (checked by microscopy
and denaturing gradient gel electrophoresis), and (ii) removal of
as many eukaryotic cells and organelles as possible (checked by
microscopy and 16S/18S rRNA gene comparative PCR). DNA
extraction of the seawater samples from the 0.1-μm and 0.8-μm
filters and from the cell pellets of sponge bacteria were per-
formed as described by Thomas et al. (9). Shotgun libraries were
constructed and sequenced on the Roche 454 Titanium platform

at the J. Craig Venter Institute. The shotgun sequencing is
available through the Community Cyberinfrastructure for Ad-
vanced Microbial Ecology Research and Analysis website (http://
camera.calit2.net/) under project accession CAM_PROJ_Bota-
nyBay. Dereplication of the raw reads was conducted by cd-hit-
454 (62) with the similarity cutoff of 96% and the short-replicate
read being covered by at least 95% of the longer replicate.

Small Subunit of rRNA Gene Reconstruction from Metagenomic
Shotgun Data and Phylogenetic Analysis. Small subunit (SSU)
(i.e., 16S and 18S) rRNA gene-containing reads were identified
from the dereplicated sequence dataset using Metaxa (version
1.0.2) (63). Reads (>300 nt) from the three replicates of each
sponge species or seawater samples were pooled and assembled
separately with the GS De Novo Assembler 2.3 (454 Life Sci-
ences) using the “cDNA” option. Parameters were set as 99%
overlap identity, 43-nt overlap length, “Reads limited to one
contig,” and “Extending low depth overlaps.” Contigs with cov-
erage of more than 10 reads and length greater than 700 nt were
selected and aligned to the SILVA SSURef 1.08 database (64)
using the SINA aligner (v1.2.9) and were inserted into the
SILVA SSURef tree using the specific pos_var_Archaea/Bacte-
ria/Eukarya filters of the ARB package (65). The pair-wise
phylogenetic distances of the sequences were calculated with an
R script (66) and clustered by Mothur (average linkage and
distance cutoff of 0.03). Representatives of these clusters then
were defined as OTUs, and their abundance (number of reads
contained) in each sample was calculated.
To establish the validity of this reconstruction procedure and to

estimate the potential production of chimeric sequences, pyro-
sequencing reads (1,000,000 reads with read length of 350 nt) for
artificial communities with low, medium, and high complexity (67)
were simulated using GemSim (68). No chimeric OTUs for
a phylogenetic distance cutoff of 0.03 were detected. Further
details on this assembly-based SSU rRNA reconstruction and its
evaluation will be presented elsewhere (69).
Community diversity of each sample was assessed by plotting

richness curves based on OTU numbers and total phylogenetic
distance, respectively, using QIIME (70). Taxonomic assignment
of the OTUs was conducted manually based on their locations in
the SILVA SSURef tree. A maximum-likelihood tree of the
OTUs was constructed using RAxML (71) after alignment by
SINA and removal of ambiguous positions by Gblocks (-t = d,
-b4 = 5, -b5 = h) (72). The 16S rRNA gene profiles of the
samples were clustered using the weighted Unifrac algorithm
implemented in QIIME (73).

Assembly, Removal of Eukaryotic DNA, and Gene Prediction. Der-
eplicated reads of each sample were assembled separately using
the GS De Novo Assembler “genomic” with the default settings.
Contigs, singletons, and outliers were pooled, and sequences
smaller than 100 nt were removed. During the microbial cell
fractionation, eukaryotic cells, mitochondria, or plastids might
not be removed sufficiently, and therefore the metagenomic data
might be contaminated with eukaryotic sequences. To remove
those contaminants, assembled sequences were searched against
the NCBI NT database (accessed September 15, 2010), and the
resulting files were parsed through the last common ancestor
algorithm implemented in MEGAN (v3.9) (74). All sequences
assigned to eukaryotic origin were removed according the pro-
cedure described by Thomas et al. (9). MLTreeMap was used to
ensure few eukaryotic marker genes could be detected after the
above procedures (version 2.05, “minimal sequence length after
Gblocks” set to 35) (27). ORFs of coding genes were predicted
from the filtered sequences with the MetaGeneAnnotator (75).
The coverage of each gene was calculated from the average
coverage of the contig to which the ORF belongs.
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For the analysis of the genes encoding RuBisCO, photolyase,
eukaryotic-like proteins (ELPs), and CRISPRs, an additional
filtering process was added, involving taxonomic classification
with PhymmBL V3.2 (76) using a custom-designed reference
database. This database was based on the default PhymmBL
reference dataset that includes all sequenced prokaryotic ge-
nomes in the NCBI RefSeq database (as of March 23, 2010) and
was supplemented with the genomes of the sponge Amphimedon
queenslandica, the round worms Brugia malayi and Caeno-
rhabditis briggsae, the diatoms Blastocystis hominis, Thalassiosira
pseudonana, and Phaeodactylum tricornutum, the hydrozoan
Hydra magnipapillata, and all sequenced sponge mitochondria.
Contigs and their corresponding protein sequences assigned as
eukaryotic after PhymmBL analysis with default parameters
were removed.

Functional Annotation. For functional annotation of the samples,
predicted ORFs were translated to proteins and searched against
the Clusters of Orthologous Group (COG) database (77) using
rpsBlast, and against the Protein Family A (Pfam-A) database
(v24.0) (78) using Hmmer 3 (79), both with an E-value cutoff of
10−10. Proteins with multiple domains were counted separately;
repeats of the same domain in a protein were counted once.
Genes also were annotated to the SEED/Subsystems (80) using
the online pipeline MG-RAST (v2) (81) with an E-value cutoff
of 10−10. Sample matrices for COG, Pfam, and Subsystem an-
notation were generated. The abundance of each function (e.g.,
a COG entry) in a sample was weighted by the coverage of the
ORFs assigned to this function.

Normalization by SCGs. The average genome sizes potentially can be
quite different for metagenomic samples and thus can bias the
functional profile comparison (82). Several strategies have been
proposed to predict average genome size (or genome copy) in
metagenomic datasets (83–85). These approaches usually calculate
the average coverage of conserved SCGs for normalization. A
similar approach was used here by selecting 18 COGs (namely
COG0048,COG0049,COG0087,COG0088,COG0091,COG0093,
COG0094,COG0096,COG0097,COG0099,COG0100,COG0102,
COG0184, COG0186, COG0256, and COG0522) from the 40 uni-
versal SCGs (86). These 18 COGentries were consistently abundant
across all metagenomic samples, and thus functional matrices of
COG, Pfam, and Subsystem annotation counts were normalized by
the average abundance of the 18 COG entries in each sample.

Identification of Differential Abundance. Statistical pairwise com-
parisons of functional gene profiles of the sponge group and the
seawater group were conducted using an R script modified from
MetaStats (87). The MetaStats script handles two matrices, the
original input counts table (Ctab) and the generated percentage
table (Ptab). MetaStats uses the Ptab to run a t test and uses the
Ctab to handle spare counts. In the modified script, the sample
matrix without normalization was used as the Ctab, and the
normalized matrix (see above) as the Ptab. Functional gene
differences were defined if all of the following criteria were met:
(i) the P value was less than 0.05; (ii) function counts were more
than three times higher in one group than in the other group;
(iii) for the group with higher abundance, the normalized count
of the specific function was greater than one copy per genome.
Differential gene functions annotated by COG, Pfam, and Sub-
system, respectively, were used for sample clustering by
PRIMER 6 (PRIMER-E Ltd). Heatmaps were generated using
Cluster 3.0 (88) and Java TreeView (89).

ELP Analysis. Proteins were searched against the Pfam full profiles
of the seven candidate ELPs (Fig. 6) using Hmmer 3 with a bit
score cutoff of 25. Proteins from contigs of potential eukaryotic
origin were removed as predicted by PhymmBL (see above).

The abundance of a specific ELP in each sample was weighted by
ORF coverage and normalized by genome copy (see above). The
number of repeating ELP motifs in a protein was calculated from
Hmmer search results. Secretion signals were predicted with the
EFFECTIVE T3 software (90) for T3 and Sec secretory path-
ways. Only proteins with a complete ORF or an intact N ter-
minus were included. If a given sequence was predicted to have
both T3 and Sec signals, the prediction with the higher score was
counted. To compare the diversity of the ELPs among samples in
a sequence-similarity context, ELPs were clustered with a cutoff
of 75% identity using BlastClust (91). Representative sequences
were picked for each cluster, and a pairwise alignment was
generated using ClustalW 2.0 (92). Proteins with homologous
domains to ELPs were retrieved for amoebae [Entamoeba his-
tolytica for ankyrin repeats (ANK), leucine-rich repeats (LRR),
NHL, and PTK; Entamoeba dispar SAW760 for LRR and NHL;
Hartmannella vermiformis for NHL; and Polysphondylium pal-
lidum for fibronectin domain III (Fn3)], sponges [A. queens-
landica for ANK and tetratricopeptide repeats (TPR); Suberites
domuncula for ANK and PTK; Geodia cydonium and Ephydatia
fluviatilis for Fn3], a tunicate (Oikopleura dioica for all seven
protein classes), nematodes (Caenorhabditis elegans for LRR,
TPR, and NHL and B. malayi for cadherin), a fruit fly (Dro-
sophila melanogaster for all seven protein classes), and human
(Homo sapiens for all seven proteins). Unweighted Unifrac
clusters of samples were generated with QIIME.

Cyanophage Population Analysis Based on G20 Proteins. Represen-
tative sequences of the cyanophage capsid assembly protein G20
were obtained from the NCBI database along with some from
noncyanophage T4-like phages as outgroup sequences (93).
Redundancy of these reference proteins was removed by CD-Hit
with a 99% identity cutoff (94). Nonredundant sequences with
a length greater than 140 amino acids were searched against all
predicted proteins in the 21 samples using PSI-Blast (blastpgp -b
0 -j 3 -h 0.002 -e 0.0001). Hits were searched against the NCBI
NR database (as of September 15, 2010) using BlastP (E-value
cutoff of 0.0001). The five best hits for each protein were ob-
tained, and redundancy was removed by CD-Hit (identity cutoff
99%). All the sequences obtained from the above two Blast
searches along with the cyanophage G20 reference sequences
were clustered by Clans (95) with a P value cutoff of 10−30 (Fig.
S7A). Three groups were formed, and portal vertex proteins
(green and blue dots in Fig. S7A) were removed as false pos-
itives. Proteins indicated by red and black dots in Fig. S7A and
outgroup proteins were aligned by Muscle (96), and ambiguous
positions were removed using Gblocks (t = p, -b4 = 5, -b5 = h).
A phylogenetic approximate maximum-likelihood tree was con-
structed using FastTree 2.1 (97).

CRISPR Analysis. CRISPR arrays were predicted from the contigs
and singletons after assembly by the online prediction tool
CRISPRFinder (98) followed by a series of quality-filtering steps.
Specifically, candidate CRISPR arrays were predicted from the
contigs and singletons by CRISPRFinder (98) using the default
setting, except that “Allowed mismatch between DRs” was set to
5% and “Allowed mismatch for the degenerated DR” to 20%.
Because of the complexity of the samples (short reads and DNA
potentially originating from bacteria/archaea, phages, and eu-
karyotic sequence contaminants), the simple rule of “short in-
terspacing repeat” to identify CRISPRs can generate many false
positives, including hits to microsatellites and repeat proteins. To
exclude those non-CRISPR repeat sequences, stringent filtering
criteria were used during the CRISPR prediction. False positives
generated from microsatellite regions were removed using the
tandem repeat predictor Phobos (http://www.rub.de/spezzoo/cm/
cm_phobos.htm) followed by a manual check. For CRISPRs
containing more than two spacers, those whose longest and
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shortest spacers had a difference in length of three nt or more
were removed. CRISPRs containing two spacers with a difference
in length exceeding one nucleotide were also removed. The re-
maining CRISPRs with more than one spacer were considered as
positive multispacer CRISPRs. Because of the fragmented nature
of the metagenomic sequences, many candidate CRISPRs pre-
dicted by CRISPRFinder contain only one spacer (monospacer
CRISPRs). Only monospacer CRISPRs containing exactly the
same repeat sequences found in positive, multispacer CRISPRs
were accepted. This stringent filtering yielded 203 CRISPRs.
Repeats and spacers were extracted from the CRISPRs and

clustered based on pairwise identity by BlastClust with an identity
cutoff of 50% and the alignment region covering 80% of the
shorter sequence. Samples were clustered according to the
presence or absence of repeat/spacer clusters by Bray–Curtis
similarity and group-average linkage implemented in PRIMER-6.
The NCBI NT database (as of September 15, 2010) and

comprehensive viral databases downloaded from CAMERA
(CAM_BroadPhage, BroadPhageGenomes, CBVIRIO, HFVirus,
LakeLimnopolarVirome, MarineVirome, SalternMetagenome,
TampaBayPhage, ViralSpring, and ViralStromatolite) (99) were
used to examine the potential targets of the spacers in public
databases by BlastN (-e 0.1, -W 7, -q 3, -r 1, -G 5, -E 2, -F F) with
criteria allowing one gap and one mismatch in the query se-
quence. To identify the potential targets of these CRISPRs in the
present metagenomic samples, all spacers and repeats were
searched using BlastN (-e 0.1, -W 7, -q 3, -r 1, -G 5, -E 2, -F F)
against the contigs/singletons containing no CRISPR loci. Only
contigs/singletons with matched spacers but not repeats were
taken as potential targets of the CRISPRs. Plotting of spacers and
their potential targets was conducted in Cytoscape 2.8.1 (100).

CRISPR-Associated Protein Analysis. All ORFs were searched
against the TigrfamHMMprofiles for CRISPR-associated (CAS)
proteins (101) using Hmmer 3 (79) with a cutoff score of 25.
Raw counts were normalized by genome copy (see above) for
each sample.
Because the Csn1 profile (TIGR01865) may pick up non-Csn1

proteins containing HNH domains, protein clustering based on
pairwise identity was used to remove false positives (Fig. S8A).
Specifically, the Tigrfam model (TIGR01865) for the multido-
main protein Csn1 from the Nmeni subtype potentially could
pick up other proteins with the HNH domains (e.g., proteins
belonging to the R-M system). Therefore, TIGR01865 profile
hits with canonical Csn1 proteins were clustered further and
visualized based on pairwise sequence identity using Clans (95)
with the P value cutoff of 10−20 (-blastpath ‘blastall -p blastn -W
7, -q 3, -r 1, -G 5, -E 2, -F F’) (Fig. S8A). Most proteins from
TIGR01865 (black dots in Fig. 7A) formed a single group. Some
of the proteins from samples in the present study formed two
adjacent groups (blue and green dots in Fig. 8A), whereas the
other proteins (red dots in Fig. S8A) generally showed high se-
quence variance from each other. None of the sequences in
green or blue had close homology to Csn1 in the NCBI database
(all hits belonged to other HNH endonuclease domains and
proteins from R-M systems) and therefore were removed. Many
of the sequences represented as red dots in Fig. S8A have Csn1
as their best homology (by BlastP search against the NCBI NR
database) and are considered candidate Csn1 proteins. Their
positions in Fig. S8A indicate their variation from each other and
from the canonical Csn1 proteins (black dots).
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Fig. S1. Community composition at phylum level and community diversity. Species richness is based on 16S rRNA gene OTUs reconstructed from metagenomic
data. Rarefaction curves are generated with means of 1,000 rounds of Jackknife subsampling. (A) Classification based on SCGs. (B) Classification by 16S rRNA
gene sequences without assembly (80% confidence). (C) Classification by 16S rRNA gene OTUs constructed in the present study together with unassembled 16S
rRNA gene sequences (80% confidence). (D) Species richness calculation based on observed OTU number. (E) Species richness calculation based on phylo-
genetic distance.
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Fig. S2. The 16S rRNA gene maximum-likelihood tree of Nitrosomonadaceae and Marine Group 1 Thaumarchaeota. Percentage bootstrapping values (1,000
replications) greater than 50% are shown. Sponge-derived sequences are shown in bold. Pentagram-marked sequences are from the present study. (A) Tree of
Nitrosomonadaceae. The tree is rooted to Petrobacter succinatimandens (AY219713). (B) Tree of Marine Group 1 Thaumarchaeota. The tree is rooted
to Thermofilum pendens (X14835). Groups were named according to Holmes and Blanch (3). Species/strains marked by a solid circle have complete/draft
genomes available.
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Fig. S3. Multidimensional scaling (MDS) plots of samples by Bray–Curtis similarity and sponge/seawater sample specific functions according to Pfam and
Subsystem functional annotation. (A) Sample MDS plots by Pfam annotation. (B) Sample MDS plots by Subsystem annotation. (C) Abundance of sponge- or
seawater-specific functions by Pfam annotation. (D) Abundance of sponge- or seawater-specific functions by Subsystem annotation. The brightness (red) in the
heatmap reflects abundance (copies per genome) of a particular function in a sample. Samples are clustered by Bray–Curtis similarity and average general
algorithm. *Mostly nitrate reductase for respiration. †R-M system component Yee. ‡CAS protein Cas1. §Mostly RecD-like DNA helicase YrrC. {Mostly F420-
dependent n(5)n(10) methylenetetrahydromethanopterin reductase (EC 1.5.99.11). kUnknown function. **Unknown function.

Fig. S4. T3SS and Sec pathway secretion prediction of ELPs. SDs are shown. (A) ANK. (B) LRR. (C) TPR. (D) Fn3. (E) Cadherin. (F) NHL. (G) PTK.
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Fig. S5. Sample clustering based on ELP sequence similarity. Samples are clustered using a weighted Unifrac algorithm. Supporting values (in percentage)
greater than 50% of 1,000 replications of Jackknife subsampling are marked. (A) ANK. (B) LRR. (C) TPR. (D) Fn3. (E) Cadherin. (F) NHL. (G) PTK.

Fig. S6. CRISPR abundance and local specificity. (A) Abundance of CRISPR loci and spacers. SDs are shown. (B) Sample clustering by CRISPR repeats. Clustering is
based on Bray–Curtis similarity (presence/absence) by average general algorithm. (C) Sample clustering by CRISPR spacers. (D) Local specificity and abundance
of CRISPR and their potential targets. Edges indicate the connection between the spacers and their potential targets. The object on the left side of an edge
represents the spacer and the one on the right side represents the target matched by this spacer. The size of objects indicates their abundance in samples (from
0.0087 to 0.443 copy per genome). Circles represent replicate A, triangles represent replicate B, and rectangles represent replicate C. C. concentrica samples are
shown in olive, Scopalina sp. samples in red, R. odorabile samples in black, and C. coralliophila samples in lime.
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Fig. S7. Cyanophage abundance based on G20 protein analysis. (A) Clustering of proteins found by searching cyanophage G20 proteins. Black dots represent
canonical cyanophage G20 reference sequences; red dots represent candidate cyanophage G20 proteins in the present study; green dots and blue dots represent
false positives (portal vertex proteins). (B) Abundance of cyanophage based on G20 protein number. SDs are shown. (C) T4-like phage populations. The ap-
proximately maximum-likelihood tree of T4 phage G20 proteins was constructed and supported by 1,000 rounds of FastTree local support values (values >0.5 are
marked). The tree is rooted to the outgroup consisting of noncyanophage T4-like phages. Each grouped clade in gray contains at least one protein detected
across samples. The number of proteins detected in each sample type is shown. Clades are named according to Wang et al. (92).

Fig. S8. Csn1 analysis. (A) Clustering of Csn1 and related proteins (TIGR01865). Black dots represent canonical Csn1 reference sequences; red dots represent
candidate Csn1 proteins found in sponge samples; green dots and blue dots represent false positives (HNH endonuclease domain-containing proteins and
proteins from R-M systems). (B) A Csn1 arrangement in a CRISPR cassette. Contig layout was generated using Geneious 4.86 (http://www.geneious.com). Gray
arrows indicate the CRISPR array.
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Fig. S9. (Continued)
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Fig. S9. (Continued)
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Fig. S9. Abundance and diversity of Rubisco/Rubisco-like proteins (A) and proteins in the photolyase/cryptochrome family (B) with taxonomic annotation. Size
of the circles reflects abundance in gene copy per genome.
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