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Lifestyle Evolution in Cyanobacterial Symbionts of Sponges

Ilia Burgsdorf,a Beate M. Slaby,b Kim M. Handley,c* Markus Haber,a Jochen Blom,d Christopher W. Marshall,e Jack A. Gilbert,c,e,f,g,h

Ute Hentschel,b Laura Steindlera

Department of Marine Biology, Leon H. Charney School of Marine Sciences, University of Haifa, Haifa, Israela; Department of Botany II, Julius-von-Sachs Institute for
Biosciences, University of Würzburg, Würzburg, Germanyb; Department of Ecology and Evolution, The University of Chicago, Chicago, Illinois, USAc; Bioinformatics and
System Biology Justus-Liebig-University, Giessen, Giessen, Germanyd; Argonne National Laboratory, Institute for Genomic and Systems Biology, Argonne, Illinois, USAe;
Department of Surgery, The University of Chicago, Chicago, Illinois, USAf; Marine Biological Laboratory, Woods Hole, Massachusetts, USAg; College of Environmental and
Resource Sciences, Zhejiang University, Hangzhou, Chinah

* Present address: Kim M. Handley, School of Biological Sciences, The University of Auckland, Auckland, New Zealand.

I.B. and B.M.S. contributed equally to this work.

ABSTRACT The “Candidatus Synechococcus spongiarum” group includes different clades of cyanobacteria with high 16S rRNA
sequence identity (~99%) and is the most abundant and widespread cyanobacterial symbiont of marine sponges. The first draft
genome of a “Ca. Synechococcus spongiarum” group member was recently published, providing evidence of genome reduction
by loss of genes involved in several nonessential functions. However, “Ca. Synechococcus spongiarum” includes a variety of
clades that may differ widely in genomic repertoire and consequently in physiology and symbiotic function. Here, we present
three additional draft genomes of “Ca. Synechococcus spongiarum,” each from a different clade. By comparing all four symbiont
genomes to those of free-living cyanobacteria, we revealed general adaptations to life inside sponges and specific adaptations of
each phylotype. Symbiont genomes shared about half of their total number of coding genes. Common traits of “Ca. Synechococ-
cus spongiarum” members were a high abundance of DNA modification and recombination genes and a reduction in genes in-
volved in inorganic ion transport and metabolism, cell wall biogenesis, and signal transduction mechanisms. Moreover, these
symbionts were characterized by a reduced number of antioxidant enzymes and low-weight peptides of photosystem II com-
pared to their free-living relatives. Variability within the “Ca. Synechococcus spongiarum” group was mostly related to immune
system features, potential for siderophore-mediated iron transport, and dependency on methionine from external sources. The
common absence of genes involved in synthesis of residues, typical of the O antigen of free-living Synechococcus species, suggests
a novel mechanism utilized by these symbionts to avoid sponge predation and phage attack.

IMPORTANCE While the Synechococcus/Prochlorococcus-type cyanobacteria are widely distributed in the world’s oceans, a sub-
group has established its niche within marine sponge tissues. Recently, the first genome of sponge-associated cyanobacteria,
“Candidatus Synechococcus spongiarum,” was described. The sequencing of three representatives of different clades within this
cyanobacterial group has enabled us to investigate intraspecies diversity, as well as to give a more comprehensive understanding
of the common symbiotic features that adapt “Ca. Synechococcus spongiarum” to its life within the sponge host.
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Cyanobacteria have existed as oxygenic photosynthetic bacteria
on earth for at least 2.7 billion years. Over this time, they

developed diverse morphologies (filamentous, unicellular, and
multicellular), a plethora of physiological capacities, and a wide
variety of lifestyle strategies, including symbiosis with various
hosts (1–3). Cyanobacterial symbionts are polyphyletic (4) and
have been reported from over one hundred different sponge spe-
cies from both tropical and temperate regions (5). The major
sponge-associated group of cyanobacterial symbionts is affiliated
with clade VI cyanobacteria (6) and includes the nonubiquitous
symbiont “Candidatus Synechococcus feldmanni,” found mainly
in the Mediterranean and eastern Atlantic sponge Petrosia ficifor-
mis (7, 8), and the widespread symbiont “Candidatus Synechoc-

occus spongiarum,” which comprises at least 12 different sub-
clades (9). The latter resides extracellularly and can be transmitted
vertically to the next host generation (10–13). “Ca. Synechococcus
spongiarum” represents an independent cyanobacterial lineage
that probably became associated with sponges in the distant past
and appears to be approximately equidistant from the Synechoc-
occus/Prochlorococcus subclade, consisting of marine and freshwa-
ter Synechococcus, Prochlorococcus, and Cyanobium strains (4, 14).

Despite widespread efforts to cultivate sponge-associated ma-
rine microbes, “Ca. Synechococcus spongiarum” is among the
vast majority of symbionts which are recalcitrant to cultivation.
Next-generation sequencing and advances in bioinformatics have
facilitated the recovery of genomes of uncultured sponge symbi-
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onts. The first available sponge symbiont genome was that of Ce-
narchaeum symbiosum, obtained by fosmid library sequencing
(15). More recently, genomes from the candidate phylum Porib-
acteria were obtained through single-cell sorting and multiple dis-
placement amplification (16), while metagenome sequencing and
contig binning resulted in the draft genomes of a sponge-
associated sulfur oxidizing bacterium (17) and the first genome of
“Ca. Synechococcus spongiarum” SH4 (14). The latter revealed a
reduced genome size, an enrichment of eukaryotic-type domains,
a lack of methionine precursor biosynthesis genes, and a loss of
genes involved in cell wall formation and encoded low-molecular-
weight peptides of photosystem II (psb) and antioxidant enzymes
(14). How typical these traits are of all clades of “Ca. Synechococ-
cus spongiarum,” inhabiting diverse sponge species and geo-
graphic locations, was previously undetermined. Earlier physio-
logical studies reported differences in productivity and ability to
assimilate and transfer carbon to the host across different sponges
hosting diverse “Ca. Synechococcus spongiarum” clades, raising
the possibility that “Ca. Synechococcus spongiarum”-host associ-
ations may be on different evolutionary trajectories, whereby
some are obligatory and others are facultative (18, 19).

The purpose of this study was to investigate the genomic diver-
sity among different representatives of the “Ca. Synechococcus
spongiarum” group and to delineate the common features that are
characteristic of their symbiotic existence within sponges. Three
novel draft genomes, one from the Red Sea sponge Theonella swin-
hoei Gray 1868 and one each from the Mediterranean species Ir-

cinia variabilis Schmidt 1862 and Aplysina aerophoba Nardo 1833,
are described here. General adaptations of this symbiont species to
its sponge hosts have been revealed by comparison to free-living
cyanobacteria, and intraspecies variability has been addressed
through comparisons with the previously published genome of
“Ca. Synechococcus spongiarum” SH4 (14).

RESULTS
Intraspecies phylogeny. Based on BLAST homology and phylo-
genetic affiliation of the 16S-23S internal transcribed spacer (ITS)
region (and partly the 16S rRNA gene), the three cyanobacterial
genomes reported here belong to different clades of the “Ca. Syn-
echococcus spongiarum” group. The maximum-likelihood phy-
logeny indicated that phylotype 142 belongs to clade M, support-
ing previous classification of this I. variabilis symbiont from the
northwestern Mediterranean Sea (9). Phylotype 15L grouped into
clade F together with other symbionts of A. aerophoba from pre-
vious studies (9). Phylotypes SH4 and SP3, both from the Red Sea,
could not be assigned to any previously described clades with cer-
tainty and may represent novel clades (Fig. 1).

Genome recovery. Draft genomes of “Ca. Synechococcus
spongiarum” were obtained for the Red Sea sponge Theonella
swinhoei (SP3), and the Mediterranean sponges Ircinia variabilis
(142) and Aplysina aerophoba (15L). The SP3 draft genome com-
prises 117 contigs that were cobinned based on GC content, cov-
erage, BLAST homologies, and DNA fragment clustering within
an emergent self-organizing map created with tetranucleotide fre-

FIG 1 Phylogeny of the 16S-23S ITS region (and partial 16S rRNA gene) of the sponge-associated symbiont “Ca. Synechococcus spongiarum.” Names on the
tree are those of the host sponge species. Black circles mark sequences of genomes analyzed in this study. Maximum-likelihood criteria and distance estimates
were calculated with the Kimura 2-parameter substitution model (�G�I). Bootstrap values at branch nodes derive from 1,000 replications.
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quencies. For the draft genome of 142, 327 contigs were similarly
cobinned, and as only the cortex of the sponge was used for cell
separation and DNA extraction, the contig coverage was clearly
distinct from (far higher than) the coverages of the remaining
I. variabilis microbial community. Similarly, only the cortex tissue
of A. aerophoba was used to enrich for its cyanobacterial symbiont,
and Synechococcus cells were further enriched by fluorescence-
activated cell sorting (FACS) utilizing phycoerythrin and chloro-
phyll a autofluorescence as the sorting principle. This resulted in
the draft genome of 15L, which consisted of 229 contigs.

The draft genomes of 142, 15L, and SP3 were found to be 91%,
95%, and 96% complete, respectively, while the previously pub-
lished SH4 from the Red Sea sponge Carteriospongia foliascens
(14) was 89% complete. This suggests that the methodological
approach utilized (microbial cell enrichment by filtration and
centrifugation with or without fluorescence activated cell sorting
and use of the cortex with or without endosome) appeared not to
be a significant determinant affecting draft genomes complete-
ness. Predicted genome sizes ranged from 1,863,718 bp (SH4) to
2,502,041 bp (142), and GC content varied between 58.7% (142)
and 63.1% (SH4) (Table 1).

Alignment and reordering. With the aim of detecting lost pro-
teins and the structural genome architecture of the four “Ca. Syn-
echococcus spongiarum” draft genomes, we reordered their con-
tigs using Cyanobium gracile PCC6307 as a reference. This resulted
in a slight increase in detected open reading frames (ORFs) and
SEED subsystems (an efficient clustering of next generation se-
quences). However, it should be noted the reordering is not nec-
essarily representative of true ordering. Alignments of the four
“Ca. Synechococcus spongiarum” genomes based on BLASTn and
BLASTp analysis are shown in Fig. S1 in the supplemental mate-
rial. Thereafter, the reordered genomes of SH4, 15L, and 142 were
plotted against SP3, showing a high degree of within-contig gene
synteny (see Fig. S2 in the supplemental material).

Strains phylogenetically similar to “Ca. Synechococcus
spongiarum.” Phylogenetic analyses based either on a set of con-
served marker genes (20) or on the core genome (2, 21) may pro-
vide a deeper understanding of genome evolution. For our com-

parative genome analyses, we chose six representatives of closely
related free-living Synechococcus/Cyanobium species (shown in
green in Fig. 2) and used RAST (22) to compare them to the four
“Ca. Synechococcus spongiarum” genomes. Results from this
analysis (not shown) and from a phylogenomic tree based on the
core genome of the symbiotic and free-living cyanobacterial ge-
nomes (Fig. 2) support previous reports that “Ca. Synechococcus
spongiarum” is phylogenetically equidistant from a group of ma-
rine and freshwater Synechococcus, Prochlorococcus and Cyano-
bium, termed Synechococcus/Prochlorococcus subclade (14).

These reference strains were further compared to the four “Ca.
Synechococcus spongiarum” genomes based on the mean percent
amino acid identity shared between orthologous genes. The mean
amino acid identities within the four “Ca. Synechococcus spon-
giarum” phylotypes ranged from 91.0% to 92.1% and from 63.6%
to 72.5% when “Ca. Synechococcus spongiarum” genomes were
compared to the genomes of free-living cyanobacteria. The two
highest average amino acid identities were with the marine cyano-
bacterium Cyanobium PCC7001 (72.4%) and its congeneric
freshwater relative Cyanobium gracile PCC6307 (72.2%) (see Ta-
ble S1 in the supplemental material).

COG functional analysis. The genes of four “Ca. Synechococ-
cus spongiarum” and six free-living cyanobacterial genomes were
assigned to 1,759 clusters of orthologous groups (COGs). UP-
GMA (unweighted pair group method with arithmetic average)
clustering based on COG class abundances grouped the four “Ca.
Synechococcus spongiarum” genomes together and apart from
the six free-living cyanobacteria analyzed here, with the two phy-
lotypes from Red Sea sponges (SH4 and SP3) clustering together
(Fig. 3A). The “Ca. Synechococcus spongiarum” genomes were
characterized by significantly higher proportions of COGs in-
volved in coenzyme transport and metabolism (H), amino acid
transport and metabolism (E), and replication, recombination,
and repair (L) than were the free-living strains. Conversely, COGs
involved in inorganic ion transport and metabolism (P), cell wall/
membrane/envelope biogenesis (M), and signal transduction
mechanisms (T) were more common in the free-living cyanobac-
teria (Fig. 3B).

TABLE 1 General genomic information for the four “Ca. Synechococcus spongiarum” phylotypes 15L, SP3, 142, and SH4, and six free-living
Synechococcus and Cyanobium species

Taxona 1 2 3 4 5 6 7 8 9 10

Lifestyle (83) Sponge Sponge Sponge Sponge NA Euryhaline Coastal/ Euryhaline NA Coastal/
symbiont symbiont symbiont symbiont opportunist opportunist

Salinity NA NA NA NA Freshwater Halotolerant Marine Marine Marine Marine
Predicted size

(Mb)
2.3 2.2 2.5 1.9 3.3 3.1 2.2 2.6 2.8 2.4

Avg GC content
(%)

59.2 60.9 58.7 63.1 68.7 66.0 60.8 64.5 68.7 60.2

No. of:
ORFs 2260 2375 2268 1792 3220 2989 2535 2679 2756 2573
Hypothetical

proteins
923 1006 994 630 1182 1125 1011 1017 992 1036

SEED
functions

1337 1369 1274 1162 2038 1864 1524 1662 1764 1537

SEED
subsystems

264 286 237 228 326 329 313 321 331 292

COGs 1338 1332 1230 1121 2142 1931 1542 1710 1830 1578
a Taxa: 1, “Ca. Synechococcus spongiarum” 15L (JYFQ00000000); 2, “Ca. Synechococcus spongiarum” SP3 (JXQG00000000); 3, “Ca. Synechococcus spongiarum” 142
(JXUO00000000); 4, “Ca. Synechococcus spongiarum” SH4; 5, Cyanobium gracile PCC6307; 6, Synechococcus sp. strain WH5701; 7, Synechococcus sp. strain RCC307; 8,
Synechococcus sp. strain RS9917; 9, Cyanobium sp. strain PCC7001; 10, Synechococcus sp. strain WH7803.
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Of the 1,759 identified COGs, 634 formed an essential func-
tional core, present in all 10 genomes analyzed. Five hundred
eighty-one COGs were unique to free-living cyanobacteria, 105 of
these being present in all six genomes. One hundred twelve COGs
were unique to the “Ca. Synechococcus spongiarum” phylotypes,
14 of these being present in all four genomes (see Table S2 in the

supplemental material). Out of these 14 COGs that were unique to
the “Ca. Synechococcus spongiarum” core genome, four
(COG2189, COG1743, COG0863, and COG0270) encoded meth-
ylases belonging to the replication, recombination, and repair
class (L). Two additional COGs exclusively found in the “Ca. Syn-
echococcus spongiarum” genomes were those encoding an

FIG 2 Concatenated phylogenetic core genome tree calculated by iterative pairwise comparison of genomes of the cyanobacteria analyzed here. Bootstrap values
at branch nodes derive from 100 replications (Kimura distance matrix, neighbor joining algorithm). Names in orange and blue are “Ca. Synechococcus
spongiarum” associated with Red Sea and Mediterranean sponges, respectively; those in green are free-living strains used for genomic comparisons.

FIG 3 (A) Heat map representing relative abundances of genes from COGs of different functional classes A to V. Two Mediterranean “Ca. Synechococcus
spongiarum” genomes (blue), two Red Sea “Ca. Synechococcus spongiarum” genomes (orange), and six genomes of free-living cyanobacteria (green) were
compared in this analysis. UPGMA clustering is presented to the left of the map. (B) COG classes with statistically significant differences between four “Ca.
Synechococcus spongiarum” genomes (grey) and six genomes of free-living cyanobacteria (green). Error bars indicate within-group standard deviations.
Presented categories passed a corrected P value of �0.05 in Welch’s t test.
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ankyrin repeat protein (COG0666; 4 genes annotated with this
COG in each genome) and a leucine-rich repeat (LRR) protein
(COG4886). COG0666 has been reported as a sponge microbe-
specific signature in previous metagenomic studies (23, 24).

The “Ca. Synechococcus spongiarum” genomes (except that of
15L) contained leucine-rich-repeat (LRR) proteins (COG4886) in
different amounts. Genome 142 harbored 13 LRR proteins (rang-
ing between 1,577 and 4,784 bp in length), which were annotated
based on the KEGG database as carboxypeptidase N regulatory
subunit (K13023), surface adhesion proteins (K12549), and the
extracellular matrix receptor interaction proteins (K06260). Only
one LRR protein (COG4886) was found in SH4, annotated as an
extracellular matrix receptor interaction protein (K06260), and
this 4,463-bp-long gene consisted of seven LRR_8 (pfam13855)
and two Calx_beta (pfam03160) domains. SP3 harbored genes for
three LRR proteins (COG4886), ranging between 947 and
1,688 bp in length, which were all annotated as carboxypeptidase
N regulatory subunit (K13023).

All four “Ca. Synechococcus spongiarum” phylotypes con-
tained COG1629, an outer membrane receptor protein, likely
used for iron transport. Meanwhile, the outer membrane receptor
for ferrienterochelin and colicins (COG4771) was found only in
phylotype 142. Both COG1629 and COG4771 were adjacent in
genome 142 and are related to TonB-dependent receptors (SEED
annotation; KEGG iron sensing pathway K02014). In addition,
COG1629-like genes in SH4 and 142 showed similarity to a TonB-
dependent siderophore receptor (RefSeq DELTA-BLAST
e-values, 7.37e-27 and 1.79e-10, respectively). The iron-sensing
pathway (K02014) was found to be absent in all six free-living
cyanobacteria analyzed and is potentially absent in the Synechoc-
occus/Prochlorococcus subclade. Beyond potential iron-sensing ca-
pacity, SP3 and 15L contained the largest protein conglomeration
related to the K02014 pathway. Apart from the above-identified
outer membrane iron receptor (COG1629), this comprised an
ABC-type hemin transport system with a periplasmic component
(COG4558), an ABC-type Fe3� siderophore transport system
with a permease component (COG0609), and an ABC-type
cobalamin/Fe3�-siderophore transport system with ATPase com-
ponents (COG1120). The presence of COG1629 (K02014),
COG0609 (K02015), and COG1120 (K02013) was confirmed by
parallel RPSBLAST against KEGG.

Of the 105 COGs unique to the six free-living cyanobacteria, 40
belonged to the COG classes “general function prediction only”
(R) and “unknown function” (S), 9 belonged to “replication, re-
combination and repair” (L), and 8 belonged to “cell wall/mem-
brane/envelope biogenesis” (M). The classes “translation, ribo-
somal structure and biogenesis” (J) and “inorganic ion transport
and metabolism” (P) consisted of 5 and 6 COGs, respectively.
None of the other COG classes had more than 4 COGs unique to
the free-living cyanobacteria (data not shown).

STRING, a protein-protein interaction network that predicts
protein associations, was used to obtain potential linkages be-
tween different COGs present only in the free-living cyanobacte-
rial genomes (25). One network revealed by this analysis included
six COGs, five of them belonging to the class “cell wall/membrane/
envelope biogenesis” (M) and one to “carbohydrate transport and
metabolism” (G). These six COGs were annotated as encoding
dTDP-4-dehydrorhamnose reductase (COG1091), dTDP-glucose
pyrophosphorylase (COG1209), dTDP-4-dehydrorhamnose 3,5-
epimerase (COG1898), dTDP-D-glucose 4,6-dehydratase

(COG1088), GDP-D-mannose dehydratase (COG1089), and
mannose-6-phosphate isomerase (COG0662). Among the above-
mentioned COGs, COG1089 is important for the production of
GDP-D-rhamnose, while COG1091, COG1209, COG1898, and
COG1088 are part of a pathway that processes D-glucose 1-phosphate
to dTDP-4-dehydro-beta-L-rhamnose. The lack of these genes was
also confirmed by RAST analysis (EC 4.2.1.47, EC 2.7.7.24, EC
5.1.3.13, and EC 1.1.1.133). L-Rhamnose is one of the important res-
idues of the O antigen of lipopolysaccharides (LPS) in Gram-negative
bacteria, has been previously detected in the LPS of free-living marine
Synechococcus (26), and may be involved in host-microbe recognition
and/or phage resistance.

Symbiotic minimalism. COG-based analysis also revealed
that the four “Ca. Synechococcus spongiarum” genomes har-
bored fewer genes related to several essential functions than their
free-living counterparts. Examples of reduced genes included
signal transduction (COG0642), transcriptional regulation
(COG0745 and COG0664), ABC-type phosphate transport
(COG0226), carotenoid biosynthesis (COG3239 and COG1233),
translation and posttranslational modification related proteins
(COG0459, COG0229, and COG0695), carbohydrate transport
and metabolism (COG1175, COG0363, and COG0366), and sub-
units of cytochrome c (COG1845, COG1622, and COG0843) (see
Table S3 in the supplemental material). It is noteworthy that the
organelle of Paulinella chromatophora, representing an auxiliary
endosymbiotic acquisition (27), also showed partial reduction of a
number of genes related to these essential functions (see Table S3
in the supplemental material).

BLAST-based gene comparisons of symbionts versus free-
living organisms. The pangenome of the four “Ca. Synechococ-
cus spongiarum” consisted of 3,726 genes; the core genome con-
sisted of only 972 genes (Fig. 4). BLAST-based analysis with
EDGAR (21) revealed 173 genes that were present in all four phy-
lotypes of “Ca. Synechococcus spongiarum” but absent from all
six free-living cyanobacteria, suggesting that they may contain
potentially unique symbiotic features. Only three of these had
COG annotations that were unique to “Ca. Synechococcus spon-
giarum” (COG5395, COG1651, and COG2932) (see Table S4 in
the supplemental material). COG5395 (a predicted membrane
protein of unknown function, belonging to superfamily
DUF2306) was not reported in any Synechococcus, Prochlorococ-
cus, Synechocystis, or Cyanobium strains. COG1651 (encoding a
disulfide interchange protein) was found only in freshwater Syn-
echocystis sp. strain PCC6803. COG2932 (encoding a predicted
transcriptional regulator) was also found only in Synechococcus
strain JA33, a nonmarine strain. This gene was annotated as
COG2932 in 15L, SP3, and SH4, while in 142 it was annotated as
COG0681 (signal peptidase I).

The 173 genes were filtered by omitting the genes whose COG
annotation was not unique to “Ca. Synechococcus spongiarum”
(i.e., COGs present in some or all of the six genomes from free-
living cyanobacteria analyzed). Out of the resulting 78 genes, 75
had no COG classification (see Table S4 in the supplemental
material). Of these, 49 were hypothetical genes according to
SEED and did not get KEGG annotations either. The remaining
22 genes included a tetratricopeptide repeat (TPR) (K07280),
phycoerythrin-associated proteins (K05380 and K05379), phyco-
cyanobilin:ferredoxin oxidoreductase (K05371), allophycocyanin
subunit (K02092), and nickel-dependent superoxide dismutase
(EC 1.15.1.1).

Genomic adaptations of “Ca. Synechococcus spongiarum”
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CRISPR-Cas systems. Previous studies reported an almost
complete lack of clustered regularly interspaced short palin-
dromic repeats (CRISPR)-Cas systems within the Synechococcus/
Prochlorococcus subclade (the only exception being Synechococ-
cus sp. strain WH8016) (28). In contrast, we found CRISPR-
associated proteins in all four “Ca. Synechococcus spongiarum”
genomes and CRISPR regions in three of them (142, 15L, and
SH4). Eight unambiguous CRISPR regions were detected in phy-
lotype 142, including two large CRISPR modules (see Table S5 in
the supplemental material), one with a single spacer region of 66
spacers (module 1) and another with 3 spacer regions with 70
spacers (module 2) (Fig. 5). The modules were separated by a gap
of more than 7.5 kb, and each included Cas1 and Cas2 proteins
upstream of the CRISPR region. The CRISPR region of module 1
(4,973 bp) had a 420-bp gap of noncoding DNA (suspected leader
sequence) between it and the Cas1-Cas2 operon. An operon of
genes encoding CRISPR-associated proteins belonging to the Cmr
group (RAMP superfamily) was found more than 3 kb down-
stream of this module. We attributed this operon to module 1. All

RAMP family proteins belonged to subtype III-B according to the
classification by Makarova and colleagues (29). TM1812, another
CRISPR-associated protein, was found 170 bp downstream of the
CRISPR region. We attributed it also to module 1 and to subtype
III-U. No gap was present between the Cas1-Cas2 operon and the
associated CRISPR regions in module 2. Three CRISPR regions
with 38, 6, and 26 spacers formed the CRISPR part of module 2
and had common lengths of 4,458 bp. All three CRISPR regions
had a similar spacer sequence. The gaps between those three re-
gions were 144 and 145 bp. Module 2 included an operon of
CRISPR-associated proteins belonging to subtype I-E. A helicase
(COG1200) was found upstream of the CRISPR-associated pro-
tein conglomeration in the 142 genome. A phage-related regula-
tory protein cII gene (COG1192) was adjacent to helicase
COG1200. Furthermore, an additional cas2 gene was found dis-
sociated from both modules.

SH4 contained only two CRISPR regions, each including six
spacers. The CRISPR-associated proteins Cse 4, 2, 1 and Cas1
formed a conglomeration. However, CRISPR regions and

FIG 4 Venn diagram comparing the gene inventories of four “Ca. Synechococcus spongiarum” genomes computed by EDGAR (21) based on reciprocal best
BLAST hits of the coding sequences predicted by RAST (22). SH4 and SP3 are symbionts of Red Sea sponges, and 15L and 142 are symbionts of Mediterranean
sponges.

FIG 5 Schematic representation of the genomic architectures of two CRISPR-Cas of “Ca. Synechococcus spongiarum” 142. The number of spacers of the
CRISPR regions and the closest CRISPR-Cas subtype according to Makarova and colleagues (29) are shown. The names of genes are described as they were
annotated in the analysis (see Materials and Methods). The names in parentheses were added when the annotated gene names differed from the nomenclature
proposed by Makarova and colleagues (29). (A) Module 1, consisting of proteins resembling subtype III-B and subtype III-U. (B) Module 2, showing proteins
resembling subtype I-E.
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CRISPR-associated proteins did not form a module and were
found on different contigs and likely in different parts of the ge-
nome. Like in the genome of 142, additional helicases (COG1247)
and phage-related regulatory protein cII (COG1192) were found
upstream of the CRISPR-associated proteins conglomeration. In
15L, one CRISPR region was detected containing 49 spacers and
also a conglomeration of Cas1, Cas4, Cas2, and two Cas3 proteins.
The genome of SP3 appeared devoid of CRISPR regions, but a
conglomeration of Cas1, Cas4, and two Cas3 proteins was de-
tected. All six free-living cyanobacteria lacked CRISPR regions
and CRISPR-associated proteins, as expected from a previous
study (28).

Functional features at the genomic level. RAST-based analy-
sis revealed the near completeness of key functional pathways in
the four “Ca. Synechococcus spongiarum” genomes. These in-
cluded glycolysis, the tricarboxylic acid (TCA) cycle, nitrogen me-
tabolism, the pentose phosphate pathway, fatty acid biosynthesis,
fructose and mannose metabolism, amino sugar metabolism, py-
ruvate metabolism, amino acid metabolism, sulfur metabolism,
sucrose metabolism, and photosynthesis. The lack of two enzymes
related to L-homocysteine synthesis (a methionine precursor)
was reported before for SH4 (14). The missing enzymes are ad-
enosylhomocysteinase (EC 3.3.1.1; transforming S-adenosyl-L-
homocysteine to the methionine precursor L-homocysteine) and
O-acetyl-L-homoserine acetate-lyase (EC 2.5.1.49; involved in
synthesis of L-homocysteine from L-homoserine) (14). Reanalysis
of the SH4 genome using SEED and RPSBLAST against KEGG
confirmed this result and determined a lack of EC 2.5.1.49 also in
SP3 and 142. Conversely, the enzyme for de novo biosynthesis of
homocysteine from S-adenosyl-L-homocysteine was detected in
the three “Ca. Synechococcus spongiarum” draft genomes from
A. aerophoba, I. variabilis, and T. swinhoei. The methionine sal-
vage pathway was only partially present in “Ca. Synechococcus
spongiarum,” with five enzymes missing in 15L, SP3, and 142 and
seven enzymes missing in SH4 (see Table S6 in the supplemental
material). All the missing enzymes were present in the genomes of
free-living cyanobacteria analyzed.

Loss of low-molecular-mass peptides in photosystem II. In
general, the previously reported loss of small peptides (psb genes)
in SH4 (14), in contrast to free-living cyanobacteria, was con-
firmed here for all four “Ca. Synechococcus spongiarum” ge-
nomes analyzed (see Table S7 in the supplemental material). Our
analysis confirmed the previously reported absence of psbY, psbP,
and psbK genes in SH4. While psbY was also absent in 142 and 15L,
we found a hypothetical copy (supported only by KEGG annota-
tion) in SP3. The gene psbM, not annotated by SEED and KEGG,
was detected by BLAST analysis. Though psbI was reported as
missing in SH4 (14), we found the gene coding for this peptide
with SEED annotation, with the exception of 15L. On the other
hand, psbD and psbP, both reported as present in SH4 (14), were
missing in all four “Ca. Synechococcus spongiarum” genomes ac-
cording to our analysis. In contrast, two copies of psbD and one
copy of psbP were present in all six free-living cyanobacteria. SH4
lacked the genes psbH, psbN, and psb28, whereas one copy of each
of these genes was present in SP3, 15L, and 142.

Oxidative stress. Between 13 and 15 different genes related to
resistance to oxidative stress were found in “Ca. Synechococcus
spongiarum,” while 23 to 29 such genes were present in the six
analyzed free-living cyanobacteria. Glutathione peroxidase (EC
1.11.1.9) was the only gene of this category missing in all four “Ca.

Synechococcus spongiarum” genomes, while it was present in all
six free-living cyanobacteria (see Table S8 in the supplemental
material).

DISCUSSION

“Ca. Synechococcus spongiarum” is likely the most widespread
cyanobacterial symbiont found in marine sponges. Its association
with a wide variety of host species from distant geographic loca-
tions raises the question of how conserved its genome is. Recent
studies suggested that genetically distinct clades of “Ca. Synechoc-
occus spongiarum” photosymbionts differ in their productivity
and ability to assimilate carbon and transfer it to the host sponge
(19). Such different physiology may point to a diverse genome
composition among clades. Here, we analyzed four genomes that
represent four different clades of “Ca. Synechococcus spongia-
rum” and are associated with four different host sponges from two
geographic locations. The four genomes, while sharing more than
98.6% identity at the 16S rRNA gene level, shared only 972
protein-coding genes, which account for approximately half of the
total number of coding genes per genome, suggesting high vari-
ability between clades and specific adaptations for each symbiont
type. Conversely, a coastal and an off-shore strain of diazotrophic
cyanobacterial symbionts (UCYN-A) of prymnesiophyte algae,
with 98.7% identity at the 16S rRNA level, share a higher propor-
tion of their genome (96.6% common genes), suggesting that they
can be grouped at the same functional level (30). However, within
core genomes, the average amino acid sequence identity between
orthologous genes is lower between the two UCYN-A strains
(86%) than among the 4 “Ca. Synechococcus spongiarum” clades
(�91%). Unfortunately, the high number of genes of unknown
function in “Ca. Synechococcus spongiarum” limits our ability to
understand the significance of much of the genomic divergence.

The first sequenced genome of “Ca. Synechococcus spongia-
rum,” SH4 from the Red Sea sponge C. foliascens, was reported to
lack biosynthetic genes for the methionine precursor, to have a
reduced number of genes involved in the formation of the Gram-
negative cell wall, and to have lost several genes encoding low-
molecular-weight peptides of photosystem II (psb) and genes cod-
ing for antioxidant enzymes (14). Our study provided evidence
that most of these traits are common to multiple clades of “Ca.
Synechococcus spongiarum,” while it also revealed novel features
that appear to be clade specific.

Sponge-specific functional genomic signatures in the “Ca.
Synechococcus spongiarum” group. Previous global metag-
enomic analyses of sponge microbiomes provided evidence for
functional genomic signatures that clearly separate them from
bacterial communities in the surrounding seawater (23, 24) and
were able to link some genomic traits to specific members of the
heterotrophic bacterial sponge community, through binning of
metagenomic contigs into five draft genomes (23, 31). Here, we
determined which of the previously reported typical sponge sym-
biont genomic signatures are also present in the ubiquitous cya-
nobacterial sponge symbiont “Ca. Synechococcus spongiarum.”
One example is the significantly higher proportion of “recombi-
nation and repair” (L) COGs identified in “Ca. Synechococcus
spongiarum” genomes. This characteristic is considered impor-
tant for the stable insertion of mobile DNA into the chromosomes
with repair of flanking regions in sponge-associated microbial
communities (23, 24). A high presence of transposable insertion
elements has also been reported for bacterial symbionts of very
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different host types, such as the intracellular symbiont Wolbachia
pipientis wMel of Drosophila melanogaster (32), and may be a driv-
ing force for the evolutionary adaptation of microbial populations
to specific niches (33, 34). Three of the four “Ca. Synechococcus
spongiarum” genomes possess the transposase COG3293, previ-
ously found to be enriched in sponge microbiome metagenomes
compared to planktonic bacterial metagenomes (24). Moreover,
COG3293 and the site-specific DNA methylase COG0270 repre-
sent highly conserved sequences that suggest the importance of
these horizontal gene transfer features.

Sponge microbial metagenomes were shown to be rich in pro-
teins containing eukaryotic-type domains, such as ankyrin and
tetratricopeptide repeats (TPR), involved in protein-protein in-
teractions in eukaryotes, and leucine-rich-repeat (LRR) domains
(23, 24). LRR proteins were previously found to be essential for
virulence in the pathogen Yersinia pestis (35) and can activate host
cell invasion by the pathogen Listeria monocytogenes (36). Gao and
colleagues reported the presence of LRRs and ankyrin repeats in
SH4, while a higher frequency of TPR domains was not detected
(14). When expressed in Escherichia coli, sponge symbiont-
derived ankyrin repeat proteins can modulate phagocytosis of
amoebas. This has been used as model system, as it resembles
sponge amoebocytes (37). All four “Ca. Synechococcus spongia-
rum” genomes contained four representatives of the ankyrin re-
peat protein gene COG0666, while the six free-living cyanobacte-
ria contained none. The genome of a sponge symbiont sulfur-
oxidizing bacterium from the sponge Haliclona cymaeformis
likewise contains a large number of ankyrin domains (17).
Ankyrin repeat domains probably represent an obligatory feature
for diverse sponge bacterial symbionts, yet they do not appear to
be unique to sponge symbionts, as they are also found to be abun-
dant in other symbiotic systems, such as in the genome of the
above-mentioned intracellular symbiont W. pipientis of D. mela-
nogaster (32).

Another abundant feature previously identified in sponge mi-
crobial metagenomes is CRISPRs (24). CRISPRs and their associ-
ated proteins form adaptive immunity systems that are present
in most archaea and many bacteria and act against invading
genetic elements, such as viruses and plasmids (29). Evidence
for the presence of the CRISPR-Cas system has been found in
the majority of sequenced cyanobacterial genomes, with the
exception of the Synechococcus/Prochlorococcus subclade (28).
The absence of CRISPR-Cas systems in this subclade has been
attributed to either the high genetic load of this phage resistance
system—possibly too high for the small-genome Synechococcus/
Prochlorococcus subclade— or the possibility that high viral diver-
sity may outrun the CRISPR-Cas immune system, as suggested by
a mathematical model (38), although the model currently lacks
empirical proof. Conversely, in this study, the presence of
CRISPR-Cas systems in the small-genome-sized and highly
phage-exposed cyanobacterial sponge symbiont 142 suggests that
the absence of CRISPR systems in the phylogenetically related
free-living Synechococcus/Prochlorococcus subclade has an alterna-
tive explanation. The CRISPR-based immune system may have
been lost from the Prochlorococcus/Synechococcus ancestor after
the divergence from “Ca. Synechococcus spongiarum” (and thus
the presence in “Ca. Synechococcus spongiarum” resembles the
ancestral state) or acquired by “Ca. Synechococcus spongiarum”
by horizontal gene transfer, possibly from other sponge-
associated bacteria. Prevalent CRISPR-Cas systems in sponge

symbionts may indicate a high selective pressure for acquiring
phage resistance inside sponges. Sponge-associated bacteria, given
the high water pumping rates, are likely exposed to many more
viral particles than their free-living counterparts, with estimated
exposure rates of approximately 1,000 viral particles per bacterial
cell per day (23), which could sustain retention of the CRISPR-Cas
systems in these symbionts.

Common genomic features within the “Ca. Synechococcus
spongiarum” group. Streamlining of genomes in symbionts (39,
40) may eventually lead to complete dependence on the host and
to the evolution of organelles, as in the case of mitochondria and
chloroplasts. The pattern of gene reduction involved in essential
functions in “Ca. Synechococcus spongiarum” resembles the one
recently described for the plastid of the amoeba P. chromatophora.
For example, cytochrome c oxidase, carotenoid biosynthesis, and
regulators involved in signal transduction were reduced both in
the four “Ca. Synechococcus spongiarum” genomes and in the
plastid P. chromatophora (27) (see Table S3 in the supplemental
material). Although it is difficult to conclude that genes are miss-
ing in unclosed genomes, the similar trend among the four differ-
ent “Ca. Synechococcus spongiarum” clades supports this notion.

The loss of several psb genes in SH4 has been interpreted as
indicating a less stable PSII complex than in free-living strains,
possibly representing a low-light-adapted photosynthetic system
(14). We expanded this finding to three additional “Ca. Synechoc-
occus spongiarum” clades and found that psbD and psbP were
absent in all four “Ca. Synechococcus spongiarum” genomes (see
Table S7 in the supplemental material). The psbP gene may opti-
mize the water-splitting reaction; its deletion in “Ca. Synechococ-
cus spongiarum” could lead to a less efficient photosynthetic sys-
tem and a decreased competitive potential (41). I. variabilis was
reported to harbor more than one species of cyanobacterial sym-
bionts, and thus, competition between different cyanobacterial
species may exist within a single sponge; however, the different
cyanobacterial species were shown to be spatially separated, with
“Ca. Synechococcus spongiarum” found only in the cortex and
the other two cyanobacterial symbionts (“Ca. Synechococcus
feldmanni” and “Ca. Aphanocapsa raspaigellae”) detected only in
the sponge matrix (42). psbY, missing in three different members
of “Ca. Synechococcus spongiarum,” is nonessential for oxygenic
photosynthesis in Synechocystis sp. PCC6803 (43). The lack of
nonessential photosynthetic genes may be explained by a tradeoff
where decreased competitive potential is balanced by a reduced
cost of genome replication owing to genome size reduction in
symbiotic cyanobacteria (2, 40).

Reactive oxygen species (ROS) are a lateral product of aerobic
metabolism and can cause oxidative damage to photosynthetic
organisms, such as cyanobacteria, whose antioxidant enzymes fa-
cilitate oxidative stress resistance (44). SH4 was characterized by a
loss of several antioxidant enzymes (14), a finding that also was
confirmed in our three additional “Ca. Synechococcus spongia-
rum” genomes. It is possible that the reduced light radiation
reaching photosymbionts inside the sponge tissue decreases the
amount of ROS. Furthermore, the heterotrophic microbial com-
munity within the sponge, which is present in close spatial prox-
imity to the photosynthetic symbionts, may respire part of the
oxygen concomitantly while it is produced by photosynthesis,
thus reducing the accumulation of ROS in the tissue.

In addition to the previously reported loss of genes involved in
cell wall formation in SH4 (14), our analysis revealed a remarkable
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novel aspect: the common loss of genes involved in the production
of dTDP-L-rhamnose. The latter is a residue of the O antigen of
LPS that has previously been detected in free-living marine Syn-
echococcus (26). Different O antigens contribute to the variation of
the Gram-negative bacterial cell wall. The correct structures of
LPS and its O antigen are known to be essential for the establish-
ment of disease (pathogens) or beneficial outcomes (symbi-
onts) in host-microbe interactions (reviewed in reference 45).
With planktonic cyanobacteria being part of the typical sponge
diet (46), we hypothesize that O antigens, including dTDP-L-
rhamnose and GDP-D-rhamnose, may be utilized as “food recep-
tors” by the sponge. Early studies of the 1970s had already hypoth-
esized potential mechanisms by which sponges could differentiate
between symbiont and food bacteria. It was suggested that either
symbionts may be specifically recognized as such (the recently
discovered ankyrin proteins being a possible mechanism) (37) or
they may not be recognized at all by the phagocytic sponge cells,
thanks to some kind of masking coatings (47). In situ feeding
experiments with bacterial isolates from sponges (potential sym-
bionts) versus isolates from seawater (free-living bacteria) cou-
pled with electron radioautography supported the masking hy-
pothesis. It was speculated that symbiont bacteria were not
recognized as consumable bacteria thanks to a masking mecha-
nism where chemical compounds surrounding the bacteria would
act as protective capsules (48). Later studies provided further ev-
idence for discrimination between food and symbiont bacteria in
the sponge A. aerophoba (49). The absence of dTDP-L-rhamnose
and GDP-D-rhamnose O antigens on the LPS of “Ca. Synechoc-
occus spongiarum” (implied by the absence of the biosynthetic
genes) may provide this symbiont with resistance to host phago-
cytosis by a lack of recognition of these symbionts as consumable
bacteria. However, rather than the “masking” being achieved by a
capsule covering the element that is recognized by the phagocytic
sponge cells, as previously suggested (48), it would be achieved by
the lack of the element itself. Interestingly, mutants of the fresh-
water S. elongatus PCC7942 deficient in the synthesis of the O
antigen were found to resist amoebal grazing (50). Further exper-
imental work is necessary to test this hypothesis. Mutations in the
genes involved in the production and transport of dTDP-L-
rhamnose were found to also be responsible for phage resistance
in the marine organism Synechococcus sp. strain WH7803 (51),
suggesting that the lack of this O antigen in “Ca. Synechococcus
spongiarum” may also provide protection from cyanophages,
which could be particularly enriched by the sponge pumping ac-
tivity. The lack of O antigen in free-living cyanobacteria does not
decrease cell yield but rather promotes autoflocculation (51). This
is a characteristic that may not concern the life of a symbiont that
is embedded in the sponge mesohyl matrix but is selected against
in free-living Synechococcus, as it may cause sinking to nonphotic
zones.

Divergent genomic features of the “Ca. Synechococcus spon-
giarum” species group. The methionine salvage pathway (MSP),
which recycles methionine from 5-methylthioadenosine (52), was
only partially present in all four “Ca. Synechococcus spongiarum”
genomes. Possibly, methionine is obtained from external sources,
such as the host or sponge heterotrophic microbial consortium.
The greater lack of MSP genes in SH4 may be due to the lower
draft genome completeness compared with the other three ge-
nomes. Alternatively, SH4 may undergo genome reduction at a
higher rate. Moreover, the predicted sizes of the four genomes

varied between different clades between 16 and 25% with SH4
being the smallest. Different clades of “Ca. Synechococcus spon-
giarum” may follow different symbiotic trajectories and thus have
different degrees of genomic streamlining and dependencies on
their hosts.

Siderophores are low-molecular-weight compounds that have
high affinity to Fe(III) and are secreted to the environment, where
they bind iron and then get transported back into the cell. The
transport of siderophores into the cell is an energy-dependent
mechanism and can include TonB receptors. The transport com-
ponent of ABC-type siderophore systems consists of an extracel-
lular substrate binding protein, an integral membrane protein,
and ATPase (ATP hydrolases) (53). Only one marine cyanobacte-
rium, Cyanobium sp. strain PCC7002, has so far been reported to
harbor the genes for siderophore synthesis and transport (54).
This iron uptake system is more distributed among cyanobacteria
that are phylogenetically distant from “Ca. Synechococcus spon-
giarum,” such as the freshwater cyanobacteria Synechococcus sp.
strain JA23 and Synechocystis sp. strain PCC6803, while the free-
living Synechococcus/Prochlorococcus subclade phylogenetically
closest to “Ca. Synechococcus spongiarum” lacks the ability for
siderophore transport (54). All four “Ca. Synechococcus spongia-
rum” genomes harbored a gene coding for a membrane iron re-
ceptor likely related to siderophores (COG1629). However, only
SP3 and 15L had all components of an active ABC-type iron trans-
port system related to siderophores. Either SH4 and 142 could use
a nonactive transport for the siderophores, or their COG1629 may
sense a different type of available iron.

Eukaryotic-type domains are a common feature in microbial
sponge symbionts (23, 24) and while ankyrin domain proteins are
a typical genomic signature of sponge symbionts, the number of
proteins with other eukaryotic-type domains (e.g., TPR and LRR)
varied between the “Ca. Synechococcus spongiarum” phylotypes,
with SP3 showing notably higher numbers of proteins with TPR
domains than 142 and 15L, whereas 142 had more LRR-
containing proteins (COG4886). It is tempting to speculate that
the varying number of proteins containing LRR and TPR domains
is a type of host-specific fingerprint and that each symbiont will
harbor a certain combination of proteins with eukaryotic-type
domains according to its specific host. Further research on the role
of these domains is required, and more genomes of sponge-
associated bacteria from the same sponge species need to be se-
quenced in order to provide support for this hypothesis.

As mentioned above, the presence of CRISPRs in cyanobacte-
ria phylogenetically affiliated with the Synechococcus/Prochloro-
coccus clade was surprising. While the genome of strain 142 has
two large CRISPR-Cas modules, the genomes of SH4, 15L, and
SP3 harbored CRISPR-associated proteins dissociated from
CRISPR regions (SH4 and 15L) or only CRISPR-associated pro-
teins (SP3). Alternative antiviral defense mechanisms may also
exist in “Ca. Synechococcus spongiarum.” For example, SH4 has
two unique endonucleases (COG2810 and COG3587). Bacterio-
phage resistance mechanisms such as restriction-modification
systems or genes preventing phage attachment to the cell surface
could also be alternative immune system features (55). The latter
mechanism may relate to the earlier-mentioned lack of a typical
Synechococcus O antigen on the “Ca. Synechococcus spongiarum”
LPS. The high level of intraspecies differences among antiviral
mechanisms could also be related to the differences among the
four host sponges. Parameters like water pumping behavior and
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different exposure of the symbionts to the permanent incoming
water of the hosts can reduce or increase the exposure to foreign
DNA and phages. Different members of “Ca. Synechococcus
spongiarum” may also be exposed to diverse persistent virus types,
owing to biogeographic location. A pattern of maintaining “old”
CRISPR sequences against persistent or reemerging viruses has
been described (38). Thus, “Ca. Synechococcus spongiarum” in-
traspecies genomic divergence could potentially be affected by
localized virus-host coevolution.

Summary. We have shown that besides almost identical 16S
rRNA gene sequences, the “Ca. Synechococcus spongiarum”
group possesses a number of intraspecies genomic differences,
including those in genome size, gene content, immune system
features, methionine de novo synthesis patterns, and eukaryotic-
type proteins (LRR and TPR). However, ankyrin repeats seem to
be conserved and common among different microbial phyla
found in different sponge species and geographic locations, sug-
gesting that ankyrin domain proteins are likely involved in the
general recognition of sponge bacterial symbionts.

Table 2 summarizes the enriched and depleted functions in the
genomes of “Ca. Synechococcus spongiarum” compared to the
phylogenetically closest free-living cyanobacteria. The signifi-
cantly higher proportion of the “replication, recombination and
repair” (L) COG class matches well with findings from earlier
metagenomic studies and likely also relates to horizontal gene
transfer. The lower proportion of the COG class “signal transduc-
tion mechanisms” (T) may reflect a more stable environment in-
side the host than in the surrounding seawater.

The lack of biosynthesis genes for dTDP-L-rhamnose in “Ca.
Synechococcus spongiarum” will affect the type of O antigen of its
LPS. This may represent a novel mechanism for the discrimina-
tion of cyanobacterial symbionts from food cyanobacteria in
sponges and for the resistance to phage attack in a niche likely
characterized by high phage pressure. Further investigation to
provide experimental evidence for these hypotheses is under way.

MATERIALS AND METHODS
Sampling and cell separation. Sponge samples were collected by scuba
diving: Theonella swinhoei from the Gulf of Aqaba, Red Sea, Israel, on

31 July 2012, Ircinia variabilis from Achziv nature marine reserve, Medi-
terranean Sea, Israel, on 5 May 2013, and Aplysina aerophoba from Piran,
Mediterranean Sea, Slovenia, on 7 May 2013. Sponge samples were col-
lected in compliance with permits 2012/38390 and 2013/38920 from the
Israel Nature and National Parks Protection Authority. T. swinhoei and
I. variabilis were transported on ice to the laboratory (IUI-Eilat and Uni-
versity of Haifa, respectively) for further processing (T. swinhoei within
20 min, I. variabilis within 2 h). A. aerophoba was transported to the
laboratory (University of Würzburg, Germany) in natural seawater at
ambient temperature; sponges were kept in a seawater aquarium and sam-
pled within 1 week. Only cortex tissue was utilized for microbial cell en-
richment from I. variabilis and A. aerophoba, while both cortex and endo-
some were used for T. swinhoei. Microbial cell enrichment was attained by
a series of filtration and centrifugation steps (23) followed by DNA extrac-
tion for T. swinhoei and I. variabilis. For A. aerophoba, differential centrif-
ugation (56) was utilized in combination with a cell sorting approach;
fluorescence-activated cell sorting (FACS) was used targeting phycoeryth-
rin and chlorophyll a autofluorescence of “Ca. Synechococcus spongia-
rum,” excited with a 488-nm laser. An enrichment of ca. 106 target cells
was created. Two microliters of the enrichment was used as the template
for multiple displacement amplification (MDA) using the REPLI-g single-
cell kit (Qiagen) and following the manufacturer’s protocol using half the
amount of any given reagent (25-�l final reaction volume).

Shotgun sequencing, assembly, and taxonomic binning. The MDA
product of the A. aerophoba symbiont was sequenced on an Illumina
HiSeq2000 platform (150-bp paired-end reads). Sequences were quality
filtered, and 3 Gbp were used for de novo assembly with SPAdes (57). The
binning software CONCOCT (58) was used at default settings for decon-
tamination. The phylogeny of the bins was determined with PhyloSift
(59). rRNA genes were identified with rRNAprediction (60) in the whole
data set and added to the bin.

Metagenomic shotgun sequencing libraries of T. swinhoei and I. varia-
bilis microbiomes were sequenced on the Illumina HiSeq2000 platform
(100-bp paired-end reads). This generated ~13 and 7 Gb of sequence
(from I. variabilis and T. swinhoei, respectively) with an average insert size
of ~170 bp. FASTQ files were generated using CASAVA 1.8. Sequence
quality was assessed, and low-quality reads (q � 3) were trimmed using
the FASTX toolkit 0.0.13.2 (http://hannonlab.cshl.edu/fastx_toolkit/).
The sequence data set was assembled de novo using IDBA_ud version 1.1.0
(61) with a kmer range of 50 to 70 and a step size of 5, following empirical
tests. To genomically bin contigs, genes on contigs �2 kb long were pre-
dicted using Prodigal with the metagenome option (62). For each contig,

TABLE 2 Functions enriched and depleted in “Ca. Synechococcus spongiarum” compared to members of the closely related free-living marine
Synechococcus/Prochlorococcus subclade

Function Context or interpretation (reference[s])

Enriched
Recombination and repair Insertion of mobile DNA into chromosomes (23, 24)
Transposable insertion elements Horizontal gene transfer (32)
Eukaryotic-type domains Ankyrin repeat domains possibly obligatory feature for sponge symbionts (37)
CRISPR-Cas system Selective pressure to acquire phage resistance (higher exposure to viruses) (23, 24, 28)
ABC-type iron transport system Retained ancestral function (lost in free-living subclade) (53, 54)

Depleted
Cell wall biogenesis Symbiotic minimalism (2)
Signal transduction mechanism Symbiotic minimalism (39, 40)
Transcriptional regulation and (post)translational

modification
Symbiotic minimalism (27)

ABC-type phosphate transport Symbiotic minimalism (27)
Carbohydrate transport and metabolism and subunits

of cytochrome c
Symbiotic minimalism (27)

Biosynthesis of LPS O antigen Defense against phagocytosis by the sponge and anti-phage defense (45, 51)
Antioxidant enzymes Reduced light radiation in sponge tissue (44)
Peptides of photosystem II and carotenoid biosynthesis More stable light environment in the sponge tissue (2, 41, 43)
Methionine salvage pathway Methionine obtained from external sources (52)
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we determined the GC content, coverage, and the phylogenetic affiliation
based on the best hit for each predicted protein in the Uniref90 database
(September 2013) (63) following UBLAST searches (usearch64) (64).
Contigs were assigned to genomes using these data, as well as emergent
self-organizing map (ESOM)-based analysis of fragment tetranucleotide
frequencies (65), as detailed by Handley et al. (66). To improve recovery
of the highly abundant “Ca. Synechococcus spongiarum” in the I. varia-
bilis sample, the genome was reassembled from the metagenome using
Velvet with a kmer size of 59, expected genome kmer coverage of 707, and
minimum and maximum cutoffs of 550 and 860, respectively. The assem-
bled contigs were then rebinned as described above to verify correct
genomic assignment.

Whole-genome alignments and reordering of contigs. Mauve ver-
sion 20120303 (build 645) was used to align and rearrange the contigs of
four “Ca. Synechococcus spongiarum” draft genomes, three derived from
this study (SP3 from T. swinhoei, 142 from I. variabilis, and 15L from
A. aerophoba) and one previously published (14). Cyanobium gracile
PCC6377 was chosen as an alignment template for the initial reordering
based on its high mean identity percentage in the amino acid matrix (see
Table S1 in the supplemental material) and its close phylogenetic related-
ness (Fig. 2). Percentage of aligned bases, locally collinear block numbers,
and other parameters were obtained using Mauve Assembly Metrics (67).
SP3 was chosen as the best candidate for the initial reordering because of
its lowest number of contigs and highest completeness, and it was reor-
dered using the Mauve reordering tool (67) against C. gracile PCC6307. In
the final alignment, after 52 iterations, 1,082,448 bp of SP3 were aligned
against 1,023,432 bp of C. gracile PCC6307. Thereafter, the contigs of SH4,
15L, and 142 were each rearranged against the reordered SP3 genome. To
obtain regions of similarity and to inspect the structure of the reordered
genomes, the reordered draft genome SP3 was BLAST searched against
the reordered draft genomes 142, 15L, and SH4 using the BLASTn (Mega
BLAST) and Artemis (http://www.sanger.ac.uk/Software/ACT/) genome
alignment tools.

ORF prediction, completeness estimation, and functional annota-
tion. Open reading frames (ORFs) in the four reordered “Ca. Synechoc-
occus spongiarum” draft genomes and six closely related free-living cya-
nobacteria were identified and annotated with the classic RAST algorithm
(22, 68). Clusters of orthologous groups (COGs) (69) and KEGGs (70)
were annotated using RPSBLAST using the WebMGA annotation tool
(71) with an e-value cutoff of 0.001.

Genome completeness was determined on the basis of 100 essential
single-copy genes from a previously reported list of 111 genes (see essential-
.hmm in mmgenome pipeline on https://github.com/MadsAlbertsen/) (72),
and 11 genes were omitted from the analysis based on their absence or
multiple copy presence in the complete genomes of the free-living cyano-
bacteria analyzed here. Hmmsearch was conducted using hmmer v3.1b1
(http://hmmer.janelia.org/) to compare the amino acid sequences of all
ORFs of each genome to the database of the 100 essential genes.

Genes found exclusively in all four genomes from “Ca. Synechococcus
spongiarum” and absent from all six genomes from free-living cyanobac-
teria were obtained using the “calculate gene set feature” of the EDGAR
platform, which is a reciprocal best-BLAST-hit approach (21). For this
analysis, the four genomes from “Ca. Synechococcus spongiarum” were
chosen as “included group” and the six genomes from free-living cyano-
bacteria as “excluded group.” Genes resulting from this analysis were
BLAST searched against the COG database using WebMGA (71). The
resulting COG annotations were compared to those obtained from ORFs
derived from the six free-living cyanobacteria. For a gene to be considered
unique to “Ca. Synechococcus spongiarum,” its COG annotation had to
be absent from all six analyzed free-living cyanobacteria. Genes for which
no COG annotation was available were annotated using the KEGG data-
base as described above. STRING (25) (Search Tool for the Retrieval of
Interacting Genes/Proteins) was used to predict interactions (coexpres-
sion, coexistence, cooccurrence, gene fusion, and neighborhood) between
different COGs. eggNOG v. 3.0 (73) was used to obtain member lists of COGs

of interest. Protein domains were obtained using DELTA-BLAST against the
refseq_protein database on the NCBI website (http://blast.be-md.ncbi.nlm
.nih.gov/Blast.cgi).

All psb genes were annotated using SEED with the exception of psbN
and psbY in the genome of SP3, which were found using RPSBLAST
against the KEGG database. psbM was obtained using BLASTn. Of 204
SEED annotated genes, 194 were identically annotated using RPSBLAST
to search against the KEGG database.

Statistical analyses of COG classes. The relative abundance of each
COG class and the comparison between COG classes in symbiotic versus
free-living cyanobacteria was calculated using STAMP v2.0.9 (74). A heat
map of the COG class abundance was created, and the average neighbor
clustering (UPGMA) method was used to construct a dendrogram.
Welch’s t test was used to determine significant differences in average
relative abundances of COG classes between sponge-associated and free-
living cyanobacteria. P values were corrected for multiple testing using the
Bonferroni correction, and categories with corrected P values of �0.05
were considered significantly different.

Comparative genomic analyses and phylogenomic tree. Compara-
tive genome analysis was performed using EDGAR, which uses an auto-
matically calculated BLAST score ratio value cutoff for identifying con-
served and unique gene sets among genome pairs based on bidirectional
BLAST hit analyses (21). The pangenome of “Ca. Synechococcus spon-
giarum” was defined as the sum of all genes found in the four symbiotic
genomes, while the core genome of “Ca. Synechococcus spongiarum”
included only genes present in all four genomes. The amino acid identity
matrix of the four symbiotic genomes was based on the mean percent
identity values of genes from the core genome. The phylogenomic tree was
constructed using EDGAR based on the core genome of the four “Ca.
Synechococcus spongiarum” and 15 free-living cyanobacterial genomes,
including two strains of Synechococcus elongatus as the outgroup. The
phylogenomic analysis was performed in four steps: (i) amino acid se-
quences of core genes were identified by best reciprocal BLAST hits using
Cyanobium gracile PCC6307 as the reference genome; (ii) they were
aligned with their homologues using MUSCLE (75); (iii) the alignments
of all genes were concatenated into a single alignment; and (iv) this align-
ment was used to reconstruct the phylogenomic tree using PHYLIP (21,
76). Bootstrap values were calculated from 100 replications using a
Kimura distance matrix and neighbor-joining algorithm.

CRISPR detection and analysis. CRISPR arrays were predicted from
the reordered contigs of the genomes with the online prediction tool
CRISPRFinder (77) using the default setting, which identified confirmed
and candidate CRISPRs. Only confirmed CRISPRs were used for further
analysis. CRISPR-associated proteins were obtained using SEED and
COG annotations. Whole-genome alignments using MAUVE (67) and
Artemis (http://www.sanger.ac.uk/Software/ACT/) were used to obtain
CRISPR-Cas modules. CRISPR-associated proteins were classified as de-
scribed by Makarova and colleagues (29).

16S rRNA genes and ITS and phylogenetic analyses. For SP3 and 142,
near-full-length 16S rRNA gene sequences were reconstructed from
trimmed whole-genome shotgun reads using the EMIRGE (expectation
maximization iterative reconstruction of genes from the environment)
method (78). Genes were reconstructed over 100 iterations, following
read mapping to a dereplicated version of the SILVA 108 small-subunit
(SSU) rRNA database. EMIRGE-reconstructed sequences were verified by
amplification of the 16S rRNA fragment and the 16S-23S internal tran-
scribed spacer (ITS) region from DNA extracted from the specimens used
for metagenome sequencing. The universal cyanobacterial forward
primer 359F (79) and reverse primer 23S1R (80) were used for amplifica-
tion, amplicons were cloned, and five clones each for SP3 and 142 were
sequenced from both sides at Macrogen Europe (Amsterdam, Nether-
lands). For 15L, the 16S-23S ITS region was sequenced from MDA prod-
ucts (10 �l of a 1:2,500 dilution of MDA product was used as the template)
using primers 1247f and 241r (81). The sequence was aligned and ex-
tended with the matching region in the whole-genome assembly of 15L.
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The 16S-23S ITS region of SH4 was found in the assembled draft genome
as a part of contig 126 (JENA01000091.1). The sequence alignment used
to construct the phylogenetic tree included additional sequences that were
downloaded from the NCBI nucleotide collection nonredundant data-
base (http://www.ncbi.nlm.nih.gov/). Sequences were aligned using
MUSCLE (75) with MEGA 6.0 (82). A maximum-likelihood tree based on
distance estimates calculated by the Kimura 2-parameter substitution
model with gamma-distributed rate variation (�G) and a proportion of
invariant sites (�I) was constructed with MEGA 6.0. Phylogenetic robust-
ness was inferred from 1,000 bootstrap replications.

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quences of “Ca. Synechococcus spongiarum” 15L, SP3, and 142 were de-
posited in the NCBI GenBank database under accession numbers
KP763586 (15L), KP792315 to KP792319 (142), and KP792320 to
KP792324 (SP3). The draft genomes of the “Ca. Synechococcus spongia-
rum” SP3, 142, and 15L have been deposited at GenBank under accession
numbers JXQG00000000, JXUO00000000, and JYFQ00000000, respec-
tively.
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