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Crenarchaeota are ubiquitous and abundant microbial constituents
of soils, sediments, lakes, and ocean waters. To further describe the
cosmopolitan nonthermophilic Crenarchaeota, we analyzed the
genome sequence of one representative, the uncultivated sponge
symbiont Cenarchaeum symbiosum. C. symbiosum genotypes coin-
habiting the same host partitioned into two dominant populations,
corresponding to previously described a- and b-type ribosomal
RNA variants. Although they were syntenic, overlapping a- and
b-type ribotype genomes harbored significant variability. A single
tiling path comprising the dominant a-type genotype was assem-
bled and used to explore the genomic properties of C. symbiosum
and its planktonic relatives. Of 2,066 ORFs, 55.6% matched genes
with predicted function from previously sequenced genomes. The
remaining genes partitioned between functional RNAs (2.4%) and
hypotheticals (42%) with limited homology to known functional
genes. The latter category included some genes likely involved in
the archaeal-sponge symbiotic association. Conversely, 525 C.
symbiosum ORFs were most highly similar to sequences from
marine environmental genomic surveys, and they apparently rep-
resent orthologous genes from free-living planktonic Crenarcha-
eota. In total, the C. symbiosum genome was remarkably distinct
from those of other known Archaea and shared many core meta-
bolic features in common with its free-living planktonic relatives.

Archaea | Crenarchaea | environmental genomics | marine microbiology |
population genomics

lanktonic Crenarchaeota of the domain Archaea (1, 2) now are
recognized to comprise a significant component of marine
microbial biomass, ~10?® cells in today’s oceans (3-5). Although
marine Crenarchaeota span the depth continuum (6), their numbers
are greatest in waters just below the photic zone (3, 7). Isotopic
analyses of lipids suggest that marine Crenarchaeota have the
capacity for autotrophic carbon assimilation (8-12). The recent
isolation of Nitrosopumilus maritimus, the first cultivated nonther-
mophilic crenarchaeon, demonstrated conclusively that bicarbon-
ate and ammonia can serve as sole carbon and energy sources for
at least some members of this lineage (13). The presence and
distribution of gene fragments in environmental samples, bearing
weak homology to one of the subunits of ammonia monooxygenase
(amoA), also has been recently reported (14-18). Comparative
environmental genomic studies have also identified the presence of
a multiple genes in metabolic pathways potentially associated with
crenarchaeotal ammonia oxidization and CO; fixation (19).
Cenarchaeum symbiosum, the sole archaeal symbiont of the
marine sponge Axinella mexicana (20), falls well within the
lineage of ubiquitous and abundant planktonic marine Cren-
archaeota (18, 20, 21). Although yet uncultivated, C. symbio-
sum can be harvested in significant quantities from host
tissues, where it comprises up to 65% of the total microbial
biomass (20, 21). These enriched uniarchaeal preparations of
C. symbiosum have facilitated DNA analyses (20, 22, 23), as
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well as the identification and structural elucidation of non-
thermophilic crenarchaeotal core lipids (8, 24, 25).

Fosmid libraries enriched in C. symbiosum genomic DNA pre-
viously were constructed and screened for phylogenetic and func-
tionally informative gene sequences (19, 22). In a directed effort to
genetically characterize C. symbiosum, we systematically selected
overlapping fosmid clones to assemble the full genome comple-
ment. The composite full genome sequence of one ribotype of C.
symbiosum, along with overlapping regions from related, sympatric
genetic variants, provides new perspective on the biological prop-
erties of nonthermophilic Crenarchaeota, their predicted metabolic
pathways, population biology, and gene representation in environ-
mental samples.

Results

Genome Assembly and Population Structure. The C. symbiosum
genome was assembled from a set of 155 completed fosmid
sequences selected from an environmental library enriched for C.
symbiosum genomic DNA (see Supporting Text, Tables 2 and 3, and
Fig. 4, which are published as supporting information on the PNAS
web site) (19, 22). The fosmids AF083071 and AF083072 corre-
sponding to previously described a- and b-type ribosomal variants
(22) served as nucleation points for the separation of sequence
variants into discrete genomic bins (Tables 2 and 3). Because only
a relatively small number of clones comprise this library, each
fosmid insert is expected to originate from an independent donor
genome. Therefore, any assembly derived from this sample must
represent a composite of related, but potentially nonidentical,
genotypes; for the purposes of this study, a population genome
equivalent. Remarkably, a single tiling path containing the com-
plete genomic complement of C. symbiosum could be assembled
from this complex data set, which corresponded to the a-type
population of sequence variants (Table 4, which is published as
supporting information on the PNAS web site).

C. symbiosum population structure was evaluated by analyzing
fosmid sequence variation over the length of the assembled tiling
path (Fig. 1). Overlapping fosmid sequences ranged between ~80%
and 100% nucleotide identity, with the a- and b-type variants
dominating at the extremes. Overlapping a- and b-type fosmids,
although virtually indistinguishable at the level of gene content and
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Fig. 1. C. symbiosum fosmid population structure.
(Upper) Fosmids partition into two distinct popula-
tion bins corresponding to a-type and b-type ribo-
somal variants. Average nucleotide identity of each
fully sequenced fosmid is plotted against the posi-
tion of each fosmid in the assembled a-type scaffold.
Blue lines represent the set of fosmids falling within
the a-type population, and red lines indicate the set
of fosmids falling within the b-type population. (In-
sets) Histograms represent the overall sequence di-
vergence among overlapping fosmids. The distribu-
tion of observed sequence similarity (percentage
identity) in high-scoring segment pairs for align-
ments between fosmid clones assigned to population
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and between fosmid clones assigned to population
b (Right). (Lower) Number of nucleotide polymor-
phisms per 1 kb of orthologous sequence shared
between overlapping fosmids within the a-type pop-
ulation exhibiting >95% nucleotide identity to the
genomic scaffold. Gaps in the distribution represent
genomic intervals covered by a single fosmid clone
(see Supporting Text). /\, Dashed line represents
identity cut-off (=92% average nucleotide identity)
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organization, differed in average nucleotide identity by ~15% (Fig.
1). Average nucleotide identity within each set of overlapping a- or
b-type fosmids was ~98%, although the range of variation within
the b-type population was considerably higher (Fig. 1). To facilitate
analyses, fosmid sequences were partitioned by using a 93% identity
cut-off, roughly corresponding to a standard demarcation of bac-
terial species based on whole-genome analysis (26, 27). To estimate
the representation of a- and b-type donors in the fosmid library, a-
and b-type sequences were queried against the set of fosmid end
sequence reads =200 bp in length (see Materials and Methods). This
approach identified on average 11 matches per a-type fosmid, and
8 matches per b-type fosmid, consistent with 60% representation of
the a-type donor genomes in the DNA library (see supporting
information for further information).

To explore the coherence and diversity of donor genotypes
within the a-type population, overlapping fosmid inserts with >95%
nucleotide identity were evaluated for nucleotide polymorphisms
(see Supporting Text). On average, these overlapping sequences
exhibited 25-30 nucleotide polymorphisms per 1 kbp. The majority
of these cases involved variation within intergenic regions or
synonymous changes within ORFs (77% synonymous compared
with 23% nonsynonymous changes). However, “hot-spots” of nu-
cleotide variation were detected in some orthologous genes
(>50-80 polymorphisms per kbp). These changes often were
associated with the presence of a variant allele within one or more
of the expanded gene families (see below), typically originating
from a donor genotype not covered by sequenced fosmids. To gain
insight into processes shaping allelic diversity between populations,
the ratio of nonsynonymous to synonymous substitutions for 836
orthologous C. symbiosum genes common to a- and b-type popu-
lations was determined (Fig. 5, which is published as supporting
information on the PNAS web site).

Genome Features. The assembled C. symbiosum genome sequence
is represented by a 2,045,086-bp single circular chromosome, with
a 57.74% average G + C content (Table 1). No clear origin of
replication could be identified using standard criteria (28, 29). A
total of 2,017 protein-encoding genes were predicted in the genome
sequence, as well as a single copy of a linked small subunit-large
subunit ribosomal RNA (rRNA) operon, 1 copy of a 5S rRNA, 45
predicted transfer RNAs (tRNA) (Table 5, which is published as
supporting information on the PNAS web site). Approximately
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Genomic scaffold position (Kbp)

for type-a fosmids used in tiling path construction *, Sequence divergence within type-a fosmids based on comparison of fosmids sharing >95% average
nucleotide identity.

56% of all predicted protein-encoding genes could be assigned to
functional or conserved roles based on homology searches (see
Materials and Methods). The distribution of tRNAs was uneven,
with the clear majority mapping to two distinct regions of the
genome (Fig. 2).

Expanded Gene Families. The C. symbiosum genome contained an
estimated 79 expanded gene families accounting for over 25% of its
coding potential (see Materials and Methods and Table 6, which is
published as supporting information on the PNAS web site). The
majority of families were predicted to encode hypothetical proteins
with no more than three representatives. However, 15 families
contained at least four representatives (Table 6). Many families,
including the two largest (containing 34 and 15 members, respec-
tively), were predicted to encode hypothetical proteins with limited
homology to surface-layer or extracellular matrix proteins. Repre-
sentatives of these families often contained high levels of nucleotide

Table 1. C. symbiosum genome features

Specifications*

Size, bp 2,045,086
Average G + C content, % 57.74
Predicted ORFs 2,066
ORF density, gene/kb 0.986
Average ORF length (bp) 924
Coding percentage, % 91.2
ORF content
Predicted functional 1,067
Predicted functional in COGs 1,024
Conserved hypothetical 88
Hypothetical 863
RNA genes
16S-23S rRNA operon 1
55 rRNA 1
tRNAs 45
Expanded gene families’
Number of families 79
Number of genes in families 263
Coding percentage, % 26.78

*See Materials and Methods for fosmid assembly parameters.
TBased on following cutoffs: expection = 1e~2°, bitscore = 100, identity =
40%, and overlap = 100 aa.
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Fig. 2. The C. symbiosum genome. Nested circles from outermost to inner-
most represent the following information. (/) Gene content predicted on the
forward strand. (i/) Gene content predicted on the reverse strand. The color of
predicted ORFs is based on COG functional categories (see key for color
designations). (iii) Conservation of predicted C. symbiosum genes in the
unassembled set of WGS data from the SAR. (iv) Conservation of predicted C.
symbiosum genes in the set of published and completed microbial genomes
(see Supporting Text). The height of the barsin circles 3and 4 indicates the BSR
for the set of predicted C. symbiosum proteins, queried against the public
genomes and SAR, respectively, spanning a range of BSR values between
~30% and 100% amino acid identity. (v) The extent of polymorphisms within
the type-a population shown in Fig. 1 mapped on the genome (see Fig. 1 for
details). (vi) Expanded gene families (discussed in the text; see key for color
designations and Table 6 for additional information); note that high numbers
of polymorphisms (circle 5) frequently coincide with the expanded protein
families. (vii) tRNA and rRNA gene positions. (viii) G + C content deviation
from the mean (57.5%) in 1,000-bp windows.

polymorphism, corresponding to hot-spots of allelic diversity (Fig.
4, which is published as supporting information on the PNAS web
site).

The largest family contained genes ranging between 2 and 35 kbp
in size, predicted to encode numerous big archaeal proteins (bap)
of unknown function. The bap genes represent ~15% of the entire
genome and 56% of all expanded gene families. Sequence analysis
identified putative signal peptide cleavage sequences in just over
70% (24/34) of all predicted bap family members. Membrane-
spanning domains in bap family members were not identified. All
but three family members contained one or more WD40 or
propeller domain repeats, suggesting potentially shared protein-
binding domains or interactions (30).

Central Metabolism. Multiple components of a putative CO, assim-

ilation pathway based on a modified 3-hydroxypropionate cycle,
and enzymes involved in the oxidative tricarboxylic acid (TCA)

18298 | www.pnas.org/cgi/doi/10.1073/pnas.0608549103

cycle, were present, as predicted (19), in the fully assembled C.
symbiosum genome. A single operon encoding oxoacid:ferredoxin
oxidoreductase subunits suggested that C. symbiosum utilizes at a
minimum an incomplete branched TCA cycle for production of
intermediates in cofactor and amino acid biosynthesis. Because
succinate dehydrogenase and fumarase also are involved in the
3-hydroxypropionate cycle, it is possible they may serve dual roles
as both hydroxypropionate and TCA cycle components in these
Crenarchaeota. With the exception of glucokinase (EC 2.7.1.2) and
pyruvate kinase (EC 2.7.1.40), C. symbiosum appears to contain an
intact form of the Embden-Meyerhof-Parnas (EMP) pathway for
the metabolism of hexose sugars. The lack of glucokinase and
pyruvate kinase may indicate that the EMP functions in the
gluconeogenic direction rather than the glycolytic pathway, as has
been proposed for other Archaea (31). Several alternatives to
glucokinase, however, including two genes predicted to encode
carbohydrate kinases of unknown specificity and one gene pre-
dicted to encode a ROK-family ribokinase, were identified. Simi-
larly, a gene predicted to encode phosphoenolpyruvate synthase
also was present. The absence of glucose 1-dehydrogenase (EC
1.1.1.47), gluconolactonase (EC 3.1.1.17), and 2-keto-3-deoxy glu-
conate aldolase (EC 4.1.2.—) homologues suggested that C. sym-
biosum does not use the Entner-Duodoroff (ED) pathway in the
catabolism of hexose sugars. In addition to the EMP pathway, an
intact nonoxidative pentose phosphate pathway was identified,
providing a mechanism for production of NADPH and ribose
sugars for nucleotide biosynthesis.

Energy Metabolism. Homologues of genes potentially associated
with chemolithotrophic ammonia oxidation, including ammonia
monooxygenase, ammonia permease, urease, a urea transport
system, putative nitrite reductase, and nitric oxide reductase ac-
cessory protein (19) were represented in the C. symbiosum genome
(Table 6). Several loci, including the ammonia permease and
ammonia monooxygenase subunit C, were expanded gene-family
members (Table 6). Homologues for (bacterial) hydroxylamine
oxidoreductase (EC 1.7.3.4) and cytochromes ¢ss4 and ¢ss» were not
identified. If C. symbiosum does indeed derive energy directly from
ammonia oxidation, it appears to employ different mechanisms
than typical nitrifying bacteria for oxidizing hydroxylamine. Con-
sistent with this hypothesis, 14 genes predicted to encode domains
related of the plastocyanin/azurin family of blue type (I) copper
proteins were identified with potential to substitute for cytochromes
as mobile electron carriers (32, 33).

Other Genomic and Metabolic Features. The complement of core
genes expected for Archaea in general were mostly present in the
genome of C. symbiosum. (More detailed discussion of specific
metabolic features of can be found in Supporting Text). Genes
required to synthesize all 20 aa, with the exception of proline, were
present in the C. symbiosum genome. Nearly complete sets of genes
required for the de novo synthesis of biotin, vitamin B12, riboflavin,
thiamine, and pyridoxine all were identified. In the case of folic acid
biosynthesis, genes encoding all steps for the conversion of the C1
carrier tetrahydrofolate (THF) to methyl-THF were identified. The
C. symbiosum genome contains the full repertoire of genes neces-
sary for chromosomal replication fork assembly and function,
including components of the origin recognition complex (cdc6), two
topoisomerases, single- and double-stranded helicases, three copies
of a predicted bacterial/archaeal-type DNA primase, a two-subunit
eukaryal/archacal DNA primase system, RNase H, sliding clamp,
and DNA ligase (cdc9). Genes encoding two distinct DNA poly-
merases were identified, including a single B family DNA polymer-
ase I elongation subunit related to those of thermophilic Crenar-
chaeota (23) and a second euryarchaeotal-like DNA polymerase 11
including both large and small subunits. As predicted (34), a
eukaryal-like, single copy histone H3-H4, the first to be found in
any crenarchaeote, was present in the assembled C. symbiosum

Hallam et al.
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genome. Ten of the 45 predicted tRNAs in C. symbiosum contain
putative introns (Table 5) (35). Most of the exon-intron boundaries
form the conserved bulge-helix-bulge motif (BHB), although
several appear to adopt structurally divergent forms (36). Such
divergent features previously have been correlated with the pres-
ence of two distinct copies of the splicing endonuclease (endA)
(37-40). Consistent with these observations, the C. symbiosum
genome encodes two copies of endA.

Phylogeny and Comparative Environmental Genomics. We phyloge-
netically compared the newly available C. symbiosum ORFs (in-
cluding ribosomal proteins, elongation factors, SecY, and DNA
repair proteins), to orthologues from other lineages (unpublished
data; Fig. 6, which is published as supporting information on the
PNAS web site). The lack of close relatives, and paucity of cren-
archaeotal genomes in current databases, complicated these anal-
yses because of unbalanced taxon representation. In aggregate,
phylogenetic analyses of the r-protein alignments and of conserved
nonribosomal proteins did not resolve the phylogenetic placement
of C. symbiosum beyond previous results of rRNA analyses.

To explore the shared coding potential between C. symbiosum
and its planktonic relatives, marine metagenomic data (15) were
aligned to the assembled C. symbiosum genome (Fig. 2; see
Materials and Methods). The distribution of planktonic crenarcha-
eotal homologues over the length of the C. symbiosum genome
varied considerably between different marine samples. Coverage
was greatest in the Sargasso Sea sample 3 (SAR3) with over 4,000
unique reads averaging 65% amino acid identity and 78% amino
acid similarity over the length of the aligning read. This finding
represents ~1.25% of the total sequence population in the SAR3
sample. The depth of sequence coverage was uneven, varying
between 1- and >20-fold between homologous intervals. More than
20% of the aligning sequences were derived from mate pairs
mapping within the average range of insert sizes (3—6 kb), suggest-
ing gene order is conserved between C. symbiosum and its plank-
tonic relatives over short syntenic intervals. Numerous gaps in
sequence coverage also were identified, indicating a significant
proportion of C. symbiosum genes are absent or not well conserved
within planktonic Crenarchaeota (Fig. 3).

All protein-encoding sequences predicted in the C. symbiosum
genome were queried against the SAR whole-genome shotgun
(WGS) data as well as the set of public genomes (see Materials and
Methods). The resulting alignments were compared by using
BLAST score ratios (BSR) to identify highly conserved genes
shared between C. symbiosum, SAR, and public genomes (Fig. 2).
A total of 65 genes with a BSR = 30 were more highly conserved
between C. symbiosum and the public genomes (Table 7, which is
published as supporting information on the PNAS web site). Of
these, 43 fell into defined clusters of orthologous group (COG)
categories, including 10 genes associated with DNA replication,
recombination, and repair (L), 9 genes associated with amino acid
transport and metabolism (E), and 6 genes associated with post-
translational modification, protein turnover, and chaperones (O).
The distribution of genes within these three categories was far from
random. For instance, within the first category, seven genes were
most similar to bacterial associated DNA modification methyltrans-
ferases, and within the third category, five genes were homologous
to serine protease inhibitors (serpins). A total of 525 genes with a
BSR = 30 were more highly conserved between C. symbiosum and
the SAR data set, corresponding to ~26% of all predicted protein-
encoding genes in the C. symbiosum genome (Table 8, which is
published as supporting information on the PNAS web site). This
set of shared genes spanned the complete spectrum of COG
categories, with highest representation in energy production and
conversion (C), amino acid transport and metabolism (E), trans-
lation, ribosomal structure, and biogenesis (J), transcription (K),
and DNA replication, recombination, and repair (L). The remain-
ing gene predictions either were shared equally between the SAR
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Fig.3. Comparative analysis of C. symbiosum and SAR sample bins. Coverage
plots for individual SAR sample bins aligned to the C. symbiosum genomic
scaffold (see Materials and Methods). Each vertical bar represents an individ-
ual WGS read. The y axis on each plot corresponds to the percentage amino
acid sequence similarity for each aligning read. The average percentage
amino acid identity (top) and similarity (bottom) for SAR WGS reads aligning
to the C. symbiosum genome is shown to the far right of each coverage plot.
For simplified visualization of gaps in the alignment, all matches are replotted
nearthe base of the xaxis to form anormalized 1D plotspanning the reference
sequence. To illustrate the gene content of gaps within the distribution of
aligning WGS reads, several regions corresponding to expanded gene families
1-3 (Table 4) unique to the C. symbiosum genome are highlighted. (For
coverage plots for SAR sample 3 aligned to five archaeal reference genomes,
see Fig. 7, which is published as supporting information on the PNAS web site.)

and public genomes or were not well conserved at all (Fig. 2 and
data not shown). The latter case, represented by gaps in both the
circular genome map (Fig. 2) and coverage plots (Fig. 3), encom-
passed >800 genes with a BSR < 30, corresponding to ~39% of all
predicted protein-encoding genes in the C. symbiosum genome.

Discussion

Population Structure and Genomic Coherence. The C. symbiosum
genome represents a composite sequence assembled from individ-
ual, closely related sympatric donor genotypes. As such, the genetic
plasticity and population structure of host-associated C. symbiosum
cells is in part reflected in genome sequence variants. Rearrange-
ments or transpositions between overlapping syntenic regions were
seldom detected, and in only two instances were recent intragenic
recombination events unambiguously detected. Although we sam-
pled only a small fraction of C. symbiosum donor genomes within
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the host, the rarity of recombination events suggests that recom-
bination and hybridization are less important than are clonal
diversification and genetic drift in C. symbiosum populations. This
dynamic is qualitatively different from recently described acid-mine
drainage archaeal populations, where widespread recombination is
proposed to generate multiple mosaic genotypes (41).

The separation of syntenic a- and b-type sequences during
assembly potentially reflects periodic selection within the sponge
host tissues, partitioning population variants into distinct sequence
clusters (42, 43). Given that gene content, order, and orientation
among overlapping a- and b-type genotypes are identical, selective
forces are likely acting on individual genes or their expression. The
frequency of highly variable alleles (indicated by large peaks in Fig.
1) indicates that selective pressures act with variable intensity on
different regions of the C. symbiosum genome. Fine scale deter-
mination of a- and b-type genotype spatial distribution in host
tissues, as well as deeper sampling of allelic variation in C. symbio-
sum populations, are necessary to further explore the nature,
expression, and consequences of this intrapopulation genetic
variability.

Functional and Metabolic Relationships. The results presented here,
in combination with previous studies (13, 16, 19), support the notion
that C. symbiosum and its planktonic marine relatives may derive
cellular energy directly from the oxidation of ammonia. C. symbio-
sum harbors a number of genes known to be relevant to ammonia
metabolism. Whether ammonia is the sole source of energy for
either C. symbiosum or planktonic Crenarchaeota is unclear, but this
appears to be so for its recently cultivated crenarchaeotal relatives
(13). Although carbon fixation remains to be formally demon-
strated for C. symbiosum, the hydroxypropionate pathway appears
present in this archaeal symbiont (Table 6) (19). Closely related
homologues of virtually all genes associated with ammonia oxida-
tion and carbon fixation in C. symbiosum also were present in
environmental samples having known high crenarchaeotal repre-
sentation (Fig. 3 and Table 8) (19). Combined with well docu-
mented high crenarchaeotal biomass in marine plankton (3, 6, 11,
44), these data are consistent with a major role for crenarchaeotal
nitrification in carbon and nitrogen cycling in the sea.

Comparisons with the SAR WGS data set indicated that the
majority of other core metabolic subsystems identified in C. sym-
biosum also were well conserved in planktonic Crenarchaeota. In
addition to information processing systems, homologies of C.
symbiosum biosynthetic and housekeeping subsystems (including
glycolysis, gluconeogenesis, pentose phosphate conversion, TCA
cycle, cofactor and vitamin metabolism, amino acid biosynthesis,
oxidative phosphorylation, and ATP synthesis) were most fre-
quently found in environmental samples known to contain high
levels of free-living planktonic Crenarchaeota. These results suggest
that the majority of core metabolic functions found in C. symbiosum
also are present in its planktonic relatives. Conversely, a consider-
able number of C. symbiosum-unique genes also were found, which
potentially are involved in the archaeal-sponge symbiotic associa-
tion (see below).

Evolutionary Relationships. The domain Archaea remains well
defined by two major subkingdoms, the Crenarchaeota and
Euryarchaeota (2). Cultivation-independent phylogenetic sur-
veys (45) have revealed many new environmentally significant
clades within the domain Archaea. These environmental
clades now outnumber archaeal lineages having cultivated
representatives (1, 18, 46, 47). Ribosomal rRNA-based phy-
logenetic analyses of predominant cultivated and uncultivated
archaeal groups suggest that Crenarchaeota and Euryarchaeota
are best represented by polytomies, “star radiations,” with
poor intragroup resolution relative to their common ancestral
node (1). As a consequence, groups previously thought to be
more deeply branching, for example, the Korarchaeota (46),
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appear now to fall well within the Crenarchaeota based on
trees with well supported nodes having broad taxon represen-
tation (1).

In aggregate, analyses of individual or concatenated protein
alignments and phylogenetic analyses did not resolve the phyloge-
netic placement of C. symbiosum beyond previous rRNA analyses
(1, 47). This finding is mostly attributable to the currently poor
representation of Crenarchaeota in existing genomic databases.
Despite the relatively low number of crenarchaeotal genomes
available for comparison, our results generally supported previous
rRNA phylogenetic analyses, placing C. symbiosum peripheral to
the crenarchaeotal lineage of cultivated hyperthermophiles.

Symbiosis. Little is known about specific functional relationships
between C. symbiosum and its sponge host, Axinella mexicana. Close
relatives of C. symbiosum, however, seem commonly associated
with other Axinella or other sponge hosts (48, 49), so similar
associations may be common in the marine environment. With
respect to potential symbiotic metabolic interactions, carbon and
nitrogen exchanges are common in many microbial-eukaryal sym-
bioses, and sponge-associated nitrification also has been reported
previously (50). One possible interaction, consistent with the C.
symbiosum genome complement and the nitrifying phenotype of N.
maritimus, is removal of nitrogenous host-waste products (e.g.,
ammonia, urea). This could simultaneously fuel the symbiont’s
respiratory energy metabolism and might even provide new carbon
to the host, via archaeal chemolithotrophic CO, fixation, and
subsequent symbiont—host carbon exchange.

Viable and dividing populations of C. symbiosum have been
observed to persist in a single sponge host individual for up to
5years (21). As an apparently nonmotile extracellular symbiont,
C. symbiosum likely has developed mechanisms to inhibit or
evade host consumption and defend against viral predation. A
significant number of predicted genes encode domains homol-
ogous to cell surface, regulatory, or defense mechanisms, in-
cluding numerous restriction modification systems to protect
against foreign DNA, autotransporter adhesins potentially in-
volved in mediating cell-cell contact, proteases that possibly
modify or degrade extracellular matrix proteins, glycosyltrans-
ferases involved in cell wall biogenesis, and secreted seine
protease inhibitors with the potential to mediate evasion of
innate host defense systems. Many of these genomic features are
not found in the planktonic relatives of C. symbiosum, and
therefore may be specifically associated with the symbiotic
lifestyle of C. symbiosum. Given the few known archaeal-
metazoan symbioses, the C. symbiosum genome sequence pro-
vides a unique opportunity to further explore the genetic
features mediating archaeal-eukaryal host contact, communi-
cation, and trophic exchange. It also provides a reference point
for interpreting the genomic inventory, metabolic features, and
evolution of its free-living relatives, which are abundant com-
ponents of microbial plankton and may exert significant influ-
ence on energy and matter cycling in the sea.

Materials and Methods

Library Construction, Specifications, and Sequencing. C. symbiosum
cell enrichment, DNA extraction from sponge tissue, and fosmid
library construction and sequencing protocols have been previously
described (19, 51). Complete genome annotation files are available
through the Joint Genome Institute’s Integrated Microbial Ge-
nomes system (http://img.jgi.doe.gov/cgi-bin/pub/main.cgi) and
through the National Center for Biotechnology Information’s web
portal (www.ncbi.nlm.nih.gov). Individual fosmid sequences can be
obtained from GenBank under the accession nos. DQ397540-
DQ397640 and DQ397827-DQ397878, corresponding to a- and
b-type population bins, respectively. The complete a-type genome
sequence can be obtained from GenBank under accession no.
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DP000238. Additional information can be found in the Supporting
Text.

Nucleotide Polymorphism Determination. To identify orthologous
regions (defined here as the reciprocal best matches with the
BLASTn algorithm (52) and a minimum cut-off of 50% identity
over a minimal 700-bp interval), the complete genomic scaffold was
divided into 1,000-bp-long (1-kbp-long) consecutive fragments and
searched against the set of fosmids. The same analysis was per-
formed at the gene level as well, by using the set of genes annotated
on the genomic scaffold as reference sequences. When the total
length of orthologous sequences (gene-level comparisons) between
afosmid and the genomic scaffold was longer than 5 kbp, the fosmid
was considered to derive from C. symbiosum, and the average
nucleotide identity between the fosmid and the genome was
calculated directly from the resulting BLASTn output. Orthologous
regions between C. symbiosum fosmids (1-kbp window compari-
sons) subsequently were aligned by using clustalw (53). The number
of invariable and variable bases in the 1-kbp fragments, which are
shown in Fig. 1, was calculated directly from the clustalw alignments
for the fosmids that showed >95% average nucleotide identity to
the genomic scaffold.

Comparative Analysis Between C. symbiosum, Public Genomes, and
the SAR Data Set. The SAR database contained the complete set of
unassembled, vector-trimmed, WGS sequences (15), whereas the
public genomes database included all whole-genome sequences
accessible through National Center for Biotechnology Informa-
tion’s ftp site as of December 2006 (260 genomes in total). Because
the SAR average read-length is only ~818 bases, C. symbiosum
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proteins longer than 300 aa were split into 300-aa-long consecutive
fragments, which then were queried against the SAR database.
Evaluation of gene conservation was based on analysis of BSR
among C. symbiosum, SAR, and public genomes (54) by using
tBLASTn.

Coverage plots relating the set of WGS reads from individual
SAR sample bins, SAR1-7 (www.venterinstitute.org/sargasso)
(15), to the C. symbiosum genomic scaffold were generated by using
the Promer program implemented in MUMmer 3.18 (55). See
Supporting Text for further details.

Phylogenetic Analysis. Phylogenetic analyses were performed by
using maximum-likelihood methods implemented in PHYML
(http://atgc.lirmm.fr/phyml) (56). See Supporting Text for further
details.
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