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Molecular phylogenetic surveys have recently revealed an ecologically widespread crenarchaeal group that
inhabits cold and temperate terrestrial and marine environments. To date these organisms have resisted iso-
lation in pure culture, and so their phenotypic and genotypic characteristics remain largely unknown. To char-
acterize these archaea, and to extend methodological approaches for characterizing uncultivated microorgan-
isms, we initiated genomic analyses of the nonthermophilic crenarchaeote Cenarchaeum symbiosum found living
in association with a marine sponge, Axinella mexicana. Complex DNA libraries derived from the host-symbiont
population yielded several large clones containing the ribosomal operon from C. symbiosum. Unexpectedly, clon-
ing and sequence analysis revealed the presence of two closely related variants that were consistently found in
the majority of host individuals analyzed. Homologous regions from the two variants were sequenced and com-
pared in detail. The variants exhibit >99.2% sequence identity in both small- and large-subunit rRNA genes
and they contain homologous protein-encoding genes in identical order and orientation over a 28-kbp over-
lapping region. Our study not only indicates the potential for characterizing uncultivated prokaryotes by ge-
nome sequencing but also identifies the primary complication inherent in the approach: the widespread geno-

mic microheterogeneity in naturally occurring prokaryotic populations.

Molecular phylogenetic surveys of mixed microbial pop-
ulations have revealed the existence of many new lineages
undetected by classical microbiological approaches (7, 25).
Furthermore, quantitative rRNA hybridization experiments
demonstrate that some of these novel prokaryotic groups
represent major components of natural microbial communi-
ties. These molecular phylogenetic approaches have altered
current views of microbial diversity and ecology and have
demonstrated that traditional cultivation techniques may re-
cover only a small, skewed fraction of naturally occurring mi-
crobes. However, phylogenetic identification using single gene
sequences provides a limited perspective on other biological
properties, particularly for novel lineages only distantly related
to cultivated and characterized organisms. Consequently, ad-
ditional approaches are necessary to better characterize eco-
logically abundant and potentially biotechnologically useful
microorganisms, many of which resist cultivation attempts.

Nonthermophilic members of the kingdom Crenarchaeota
are one of the more abundant, widespread, and frequently
recovered prokaryotic groups revealed by molecular phyloge-
netic approaches. These microorganisms were originally de-
tected in high abundance in temperate ocean waters and polar
seas (6, 8, 10, 22, 23, 28). Representatives have now been re-
ported to exist in terrestrial environments (2, 15, 19, 37) and
freshwater lake sediments (14, 20, 31), indicating a widespread
distribution. The ecological distribution of these organisms was

* Corresponding author. Mailing address: Diversa Corporation, 10665
Sorrento Valley Rd., San Diego, CA 92121. Phone: (619) 623-5156.
Fax: (619) 623-5120. E-mail: rswanson@diversa.com.

T Present address: Institute for Microbiology, Technical University
of Darmstadt, 64287 Darmstadt, Germany.

I Present address: Monterey Bay Aquarium Research Institute,
Moss Landing, CA 95039.

5003

initially surprising, since their closest cultivated relatives are all
thermophilic or hyperthermophilic. No representative of this
new archaeal group has yet been obtained in pure culture, and
so the phenotypic and metabolic properties of these organisms
as well as their impact on the environment and global nutrient
cycling remain unknown. Since growth temperature and habi-
tat characteristics vary so widely between nonthermophilic and
the hyperthermophilic Crenarchaeota, these groups are likely
to differ greatly with respect to specific physiology and metab-
olism.

To gain a better perspective on the genetic and physiological
characteristics of nonthermophilic crenarchaeotes, we began a
genomic study of Cenarchaeum symbiosum. This archaeon lives
in specific association with the marine sponge Axinella mexica-
na off the coast of California (28), allowing access to relatively
large amounts of biomass from this species. Our approach dif-
fers in several respects from now standard genomic character-
ization of cultivated organisms, and also from comparable
studies of uncultivated obligate parasites or symbionts. C. sym-
biosum has not been completely physically separated from the
tissues of its metazoan host. Therefore, its genetic material
needs to be identified within the context of complex genomic
libraries that contain significant amounts of eucaryotic DNA,
as well as DNA derived from members of the domain Bacteria.

In the course of our study, we identified the presence of at
least two major variants or strains of C. symbiosum that coexist
inside the sponge tissues. This complexity of the C. symbiosum
population was not detected in initial studies based solely on
direct sequencing of PCR-amplified small-subunit (SSU) rRNA
genes (28). This natural variation would also have been lost
upon isolation of a pure culture. One component of our geno-
mic analysis involved the sequencing and comparison of large,
overlapping chromosomal regions from the two dominant nat-
urally co-occurring C. symbiosum variants. The variability and



5004 SCHLEPER ET AL.

distribution of the variants within different sponge individuals
were also investigated.

MATERIALS AND METHODS

Enrichment for C. symbiosum cells from sponge tissue, DNA extraction, and
preparation of fosmid libraries. Preparation of archaeal cells for the first fosmid
(16) library has been previously described (28). A small individual of A. mexicana
was incubated in calcium- and magnesium-free artificial seawater (ASW) con-
taining pronase (0.25 mg/ml); the tissue was then homogenized and enriched for
archaeal cells by differential centrifugation. For the second library, prepared
from a different sponge individual, this cell fraction was further incubated for 1 h
at 4°C in 10 mM Tris-HCI (pH 8)-200 mM EDTA. This additional incubation
step was found to increase the lysis of sponge cells, which resulted in an enhanced
separation of archaeal and eucaryotic cells in the Percoll gradient. The cells were
then pelleted and subsequently purified on a 15% Percoll (Sigma) cushion in
ASW. Archaeal cells banded in the light, upper fraction after centrifugation at
2,500 rpm in a Beckman SS34 rotor. This cell fraction was washed in ASW and
resuspended in TE buffer (10 mM Tris-HCI [pH 8], 0.1 mM EDTA). Quantita-
tive hybridization experiments using a domain-specific oligonucleotide (6) indi-
cated that 25 to 30% of the total rRNA from this fraction was derived from
archaea. DNA extraction, preparation of the fosmid libraries, and PCR-based
screening were performed as previously described (28, 36). The first fosmid
library yielded 7 unique C. symbiosum rRNA operon-containing clones out of a
total 10,236 recombinant fosmids (0.07%). The second fosmid library yielded
eight unique C. symbiosum rRNA operon-containing clones out of 2,100 recom-
binants (0.38%).

Fosmid sequencing. Small (1- to 2-kbp)-insert plasmid libraries were prepared
by cloning partial restriction enzyme digests of purified fosmids. Plasmids were
sequenced by using Applied Biosystems Inc. (ABI; Foster City, Calif.) Prism dye
terminator FS reaction mix. Direct sequencing from fosmids was used for gap
filling and resequencing to ensure accuracy. Fosmid sequencing was performed
by using DNA from a single 3-ml overnight culture purified on an Autogen 740
automated plasmid isolation system. Each reaction consisted of one preparation
of DNA directly resuspended by the addition of 16 pl of H,O, 8 pl of oligonu-
cleotide primer (1.4 pmol/pul), and 16 wl of ABI Prism dye terminator FS reaction
mix. Cycle sequencing was performed with a 3-min preincubation at 96°C fol-
lowed by 25 cycles of the sequence 96°C for 20 s-50°C for 20 s-60°C for 4 min and
a 5-min postcycling incubation at 60°C. Sequencing reaction products were an-
alyzed on ABI 377 sequencers.

Direct sequencing of PCR fragments. PCRs with two archaeon-specific 16S
rDNA primers (21F and 958R [6], one biotinylated) were used to amplify a 950-
bp fragment from total nucleic acids of 16 different sponge individuals. Primers
21F and 459R-LSU (CTTTCCCTCACGGTA) were used to amplify the 16S-23S
spacer region from fosmids. The PCR products were purified and sequenced as
described previously (28), with primer 519R for 16S rDNA and primer SP23rev
(CTA TTG CCG TCT TTA CACC) for the spacer region.

rRNA hybridization. Two oligonucleotides specific for each variant type were
designed from the 23S rDNA gene sequences (positions 283 to 303, E. coli num-
bering) of fosmids 101G10 and 60A5. The probes differ by three point mutations:
L-St-C.symA-283-a-A-19 (variant A), ACACTTCAACTATTTCCTG; and L-St-
C.symB-283-a-A-19 (variant B), ACACTTTGACTATTTCGTG. Nucleic acids
from sponges (300 ng) and controls (fosmids 101G10 and 60AS5, 50 ng of each)
were denatured, bound to nylon membranes (Hybond-N; Amersham), hybrid-
ized with the labeled probes (22), and washed at 41.5°C. Hybridization was an-
alyzed by autoradiography.

RFLP analysis of PCR fragments. Primers 21F (6) and 459R-LSU for ampli-
fication of 2.2 kbp of the ribosomal operon, primers GSAT810F (GAATCCGC
CCCCGACTATCTT) and 16S37REV (CATGGCTTAGTATCAATC) for am-
plification of the 16S RNA-glutamate semialdehyde aminotransferase (GSAT)
region (2.2 kbp), and primers Cenpol357F (ACITACAACGGIGACGAYTTT
GA) and Cenpol735R (CACCCCGAARTAGTTYTTYTT) for an internal
DNA polymerase fragment (of 1,134 bp) were used in PCRs with 5 ng of purified
fosmids. The PCR products were cut with Tagl and Hpall (16S-23S RNA),
Haelll and Rsal (GSAT-16S RNA), or Haelll and Avall (polymerase) and
analyzed on 2% agarose gels. If the pattern did not exactly match but closely
resembled the restriction fragment length polymorphism (RFLP) of either type
A or B, it was denoted by a lowercase letter (a or b [Table 1]), meaning that at
least three of four or three of five bands created by restriction digest appear
identical in size to the ones from either type A or B.

Nucleotide sequence accession numbers. The sequences described in this re-
port have been deposited in GenBank under accession no. AF083072 (fosmid
101G10) and AF083071 (fosmid 60AS5).

RESULTS

Isolation and comparison of fosmid clones from two environ-
mental libraries. We constructed two environmental fosmid
libraries from tissue preparations of the A. mexicana-C. symbio-
sum association that were enriched for archaeal cells. These
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TABLE 1. Analysis of polymorphism at four distinct
loci in different fosmids

Pattern”

Fosmid® 165 165235 16S-GSAT® DNA Pol*

RNA®  spacer’  Lionr Real  Haelll  Avall
101G10 A A A A A A
60A5 B B B B B B
15A5 B B — — b b
43H4 A — — — A A
60H6 A A — — a/b B
69H2 A — — — A A
87F4 B — — — b a/b
C1H5 A A A A
C4H1 A A A A
C4H9 A A A A A
C7D4 A A A A A A
C8B8 B B B B B b
C15A3 A A A A
C17D2 B — b B B b
C20B5 A A a a/b

“The first seven fosmids were isolated from a first library; the last eight
fosmids (prefix C) are from a second library.

® A or B, pattern identical to that of either 101G10 (=A) or 60A5 (=B); a or
b, pattern similar to that of either A or B (see Materials and Methods); —, not
determined. Fosmids C1HS, C4H1, C15A3, and C20BS5 did not yield PCR prod-
ucts with polymerase (Pol)-specific primers.

¢ Partial sequence (101G10 through 87F4) or RFLP analysis (CIHS through
C20B5).

9 Partial sequence.

¢ RFLP analysis of PCR products.

libraries yielded 15 unique C. symbiosum rRNA operon-con-
taining fosmids. Partial sequence and RFLP analysis of the
SSU RNA genes of all 15 fosmids revealed the presence of two
variants, termed A and B, that differed by only two point mu-
tations over a 590-bp region. Southern blotting of restriction
digests of entire fosmids also confirmed the presence of two
classes of rRNA operon-containing clones (data not shown). A
total of 10 clones were identified as variant A, and 5 clones rep-
resented variant B (Table 1). The A/B variant recovery ratios
were 4:3 in the first library and 6:2 in the second library.

We determined the complete sequences of two fosmids, both
containing an rRNA operon, which corresponded to the two
variant types. The insert of fosmid 101G10 (designated variant
A) was 32,998 bp and is syntenic over ca. 28 kbp with the
42,432-bp insert of fosmid 60AS (variant B). Analysis of the
common 28-kbp region is shown in Fig. 1. The large-subunit
(LSU) and SSU rRNA genes of the two variants were 99.2 and
99.3% identical, respectively. Protein coding regions were high-
ly similar in both nucleic acid and deduced amino acid se-
quences (Fig. 1; Table 2). The data provide strong evidence
that these genomic clones are derived from two very closely re-
lated but distinct strains, as opposed to representing two rRNA
operon regions originating from the same organism. This con-
clusion is consistent with the observation that all crenarchae-
otes characterized to date contain only one rRNA operon (11).

In protein coding regions, the DNA identity of the two con-
tigs ranged from 80.9% (triosephosphate isomerase) to 91.5%
(hypothetical 03) (Table 2). Within intergenic regions, the
identity dropped to 70 to 86%, and small insertions or dele-
tions were found frequently. The high similarity in coding
regions and upstream sequences aided in the identification of
genes, start codons, and putative transcriptional promoter mo-
tifs (see below).

Although both sequences could be aligned unambiguously
over most of the overlapping region, four large insertions/
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FIG. 1. Gene map of related 28-kbp regions from two fosmids of C. symbiosum. Sequences were aligned over their entire length. The same genes and gene order
were found on both fosmid 101G10 and fosmid 60A5 (for abbreviations of depicted ORFs, see the footnote to Table 2). G+C plots for both fosmids are shown
underneath (calculated within a window size of 400 bp and an increment of 150 bp). A bar depicts different levels of DNA identity between the two aligned sequences
(see text for more details). Insertions/deletions were found predominantly in intergenic regions. The two largest insertions, one found between PPI and HYP3
(hypothetical 03) in fosmid 60A5 and the REP (repeat) element between MenA and ORF 5 in fosmid 101G10, are shown as gaps in the G+C plots. POL, DNA
polymerase; DEAM, deaminase; METH, methylase.

40

deletions ranging in size from 142 to 1,994 bp were identified
between positions 20500 and 25800. The longest insertion con-
tained a repetitive element of 1,784 bp, which was found in
variant A between menA and open read frame (ORF) 05. It
was composed of a threefold direct repeat of 575 bp (REP in
Fig. 1), with repeats exhibiting only minor sequence variation
(95.8 to 98.7% identity). A segment of 56 bp at the start of this
repeat is also found adjacent to the 3’ terminus of the third
direct repeat. No obvious structural or sequence similarities to
known repeats or mobile genetic elements from other organ-
isms were identified within the repeat sequence. Its occurrence
in only one variant and its relatively low G+C content relative
to the rest of the fragment suggest that it may have been ac-
quired by horizontal transfer from a different genetic context.

Analysis of the 28-kbp genomic fragment from C. symbio-
sum. The average G+C contents in the fosmid inserts were
55.6% for variant A and 57.1% for variant B in protein coding
regions but were significantly lower in the gene for the hypo-
thetical protein 01 and in the repetitive element of variant A
(Fig. 1). Genes appear as densely packed in C. symbiosum as
they are in other sequenced archaeal genomes (4, 17, 34). The
rRNA operon is composed of the genes for 16S and 23S RNAs
separated by spacer of 131 bp. This organization is typical of
crenarchaeotes and differs from that of rRNA operons of eu-
ryarchaeotes, which usually contain 5S RNA and tRNA genes
(11). Another stable RNA gene, coding for tRNA™", is found
separate from the rRNA operon. This tRNA contains a 45 bp
intron in the vicinity of the anticodon loop. Of the 17 predicted
protein-encoding genes, 9 show significant matches to genes of
assigned function from the public databases. Three are homol-
ogous to hypothetical proteins from other organisms (Table 1).
In a number of cases, the highest similarity of derived amino
acid sequences is with known archaeal proteins. In particular,
DNA polymerase, TATA box-binding protein (TBP), and tri-
osephosphate isomerase gene sequences could be analyzed in

——r
15,600

Y

o S
20,000 25,000

greater detail because several archaeal homologs are known.
The DNA polymerase shares highest overall similarity with the
crenarchaeal homologs from the extreme thermophiles Sul-
folobus acidocaldarius and Pyrodictium occultum (54 and 53%,
respectively) and exhibits all conserved motifs of B-(a-)type

TABLE 2. Comparison of overlapping coding sequences
from fosmid 101G10 and fosmid 60AS

% Identity

Gene name* Functional category

Nucleotide Amino acid

Hypothetical 01 Unknown 81.4 76.6
23S Translation 99.16

16S Translation 99.3

GSAT Heme biosynthesis 83.2 83.8
Hypothetical 02 Unknown 83.4 81.4
OREF 01 Unknown 83.3 85.7
ORF 02 Unknown 89.9 95.2
ORF 03 Unknown 87.9 86.7
tRNA™Y" Translation 99.2

ORF 04 Unknown 87.8 88.1
TIM Glycolysis 80.9 83.3
TBP Transcription 83.4 86.3
DNA polymerase Replication/repair 89.0 93.9
dCMP deaminase Pyrimidine synthesis 85.7 89.8
RNA helicase (ATP Translation 86.1 92.2

dependent)

PPI Chaperone 88.4 92.5
Hypothetical 03 Unknown 91.5 924
MenA Menaquinone biosynthesis 86 89.4
ORF 05 Unknown 87.5 90.6
Methylase Restriction/modification 86.4 87.5

“ Hypothetical, ORF with similarity to proteins of unknown function from the
databases; ORF, open reading frame identified by similarity between both fos-
mids, including upstream promoter sequence; TIM, triosephosphate isomerase;
PPI, peptidylprolyl cis,trans-isomerase.
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Gene Strain TATA Box Coding Start TATA to Start (bp)

Hypoth 03 A AAGCTAGACT TTTAAT TGGG ATCCGGCGGG GCGGCGCATG ~~~~~m~mmmn memammamoe 25
B AAGCTAAACT TTTAAT TGGG ATCCGGCGAG CCGGCGCRTE ~~~~~mrmmmm ~mm~m~~o

Hypoth 02 A GGAAACTTTG ATTATA CGGG CGTGCTGCCC CGGGGCCCAT G~~~ ~mmmmm e 26
B GGAAACTTTG ATTATA CGGG CGTACATTCC CGGGGCCCAT Gr~~~~~~~~~> ~~mmmmmoo~

ORF 02 A  AAGGCAAGGT AATAAT AGCC TGCCGTCTGT AACGGCCGTA TG~~~~~~~~ ~~~~~~~aa~ 27
B ACGGCAAGGT AATAAT AGCC TGCCGTCCGT ACCTGCCGTA TG~~~~~mm~ mmmmmmmm

ORF 03 A CATGGAACTA GATATT AACC GGTTCCGCGG ATCCCATGCA TG~~~~~~mm ~mmmmmmmm 27
B CATGGAACTA GATAAT AACC GGTCCCGCGG GTACAATGCA TG~~~mmmn ~ommm o e

PPI A ATACCGAGAA GTTATA GCAG GGTATGGAAT GTGCGCGCGC ATG ~— ~~~ 28
B AGCACGACAA GTTATA GCAG GGTACAAAGG AGCAGCGCAC ATG~~~~~~~ ~ommo~mmmnn

GSAT A ATCCGCCCTG ATTAAA TTAT GGGGGGAGCG GCCTGCTGCC GTG ~ ~~ 28
B ATCCGGCCTC ATTAAA TTAC GGGGGGTACA ACCTGCTGCC GTG~~~~~~~ ~~~~~~~a—~

ORF 05 A CCTTCATACA CATAAA TCCC GCTTGGATGT GCGGCTGCGC ATG~~~~~~~ ~~~mm~~~—~~ 28
B ACTTCATACA CATAAA TCCC GCCTGAACGG TCGTCCGCGC ATG~~~~~~~ ~~mmmmama~

deaminase A .GGCATATAC CATAAT ATGC CGGGCGGTGG CACCATGGCC GTTG~~~~~~ ~~m~~~~~mn 29
B CCGCATATAC CATAAT ATGC CGGGCGGGGG CAGGCTGCCC .GTG~~~~~~ ~~mmmmmm—

RNA helic A TGTACGAAAC CATAAA ACAA CAGGCCGCGT CAGGGCCGCG CGTG~~~~~~ ~~m~mmmmmo~ 29
B GGGTAGAAAC CATAAA ACAA CAGGCCGCGG CAGGGCG.CG CGTG~~~~~~ ~~~~~ma~m~

ORF 06 A . .ACACGCAG TATAAA CGGG GGCCCGGGCG GCGCGTATCA CATG~~~~~~ ~~~~~~mma~ 29
B ATACACGTGG TATAAA CAGA GG.CCGGACG GCGCGGACCA CATG~~~~~~ ~~mmmmm

tRNA-tyT A GCGATAGTTA TTTAAA ACTA GGATGCCGAT CACGGATCGT CCCA~~~~r~ ~mmmmmmmne~ 29
B GCGATAGTTA TTTAAA ACTA GGATGCCGGG CACCCGTCGT CCCA~

TBP A CCGGGCCCCG GTTAAA ATAG CG.CACGGGC GGATCCTGAC CAATG~~~~~ ~~~m~mm~~~ 30
B CCGGGCCCCG GTTAAA ATAG AGTGCGGCCG GGCACCGGAT CAATG~~~~~ ~~~m~m—m—e

TIM A GCGTCGATAG AATAAA TACG CGCAGGGGGC CCCGTGGCGC GATCGCCCGT G~~~~~~~~~ 36
B GCGTCGATAG AATAAA TACG CGC.GGGGCC GCGGTGC... GATCGCCCGT G~~~~~~~~~

Hypoth 01 A ATTTCAACTA CATAAA TGCC TAGTTACGCA GAAATAGCAA ACGACGTACT TCGACTAATG 45
B ACTTCAACTA CATAAA TGCC TAGCTACGCA GAAATATCAA ACAAAGTACT TCGACTAATG

ORF 01 A ACGGCAGGCT ATTATT ACCT TGCCTTGCGT TGTA //..G CGGGGTGCGG CAGGGGATG 52
B ACGGCAGGCT ATTATT ACCT TGCCGTGTG. TACA //..G AGGGGGCCTG CCGGGAGTG

Methylase A CTACAACGAT TTTARG TCGG CGCCGGGGCA GCCG.//..G ATGTGGGGCA GGCAACATG 104
B CTACAAAGAT TTTRAG ACGG CGCGGGTGCC GCGG.//..T GGCACGGGGG CCTATCTTG

16S RNA A TCGGCGATGG TTTATA TGCC CATGGACGGG CCGATCCGAT CGTACGTGAC GC.//..AAT 220
B CCGGCGATGG TTTATA TGCC CATGGACAAG GCGATCCGAT CGTACGTGAC GC.//..AAT

Archaeal promoter

consensus YTTAWA

FIG. 2. Alignment of the promoter regions of 17 genes identified in both the A and B variants of C. symbiosum. The distance from the TATA box to the start codon
is indicated at the right. The TATA box consensus sequence is shown below the alignment.

DNA polymerases and 3'-5’-exonuclease motifs, both indica-
tive of archaeal polymerases. A more detailed phylogenetic
analysis and biochemical characterization of the C. symbiosum
polymerase has been published elsewhere (32). The TBP is
similar to other known archaeal TBPs and is N-terminally
truncated with respect to the eucaryal homologs. It shows 49%
amino acid similarity with TBP from Pyrococcus woesii. The
triosephosphate isomerase represents the first such protein se-
quence reported for a crenarchaeote and has known archaeal
signature sequences and deletions which distinguish archaeal
triosephosphate isomerase genes from their eucaryal and eu-
bacterial homologues (data not shown). We identified an ATP-
dependent RNA helicase that is highly similar in sequence to
homologues found in the complete genome sequences of three
euryarchaeotes (4, 17, 34). GSAT, also detected in an TRNA
operon containing genomic fragment of a planktonic marine
crenarchaeote (36), is also present.

The high conservation between the two chromosomal seg-
ments is not entirely confined to coding regions but also ex-
tends into adjacent upstream sequences. Due to this upstream
similarity, and also because the average G+C content of the
sequences is relatively high, it was possible to readily identify
putative transcriptional (A+T-rich) promoter elements. A sig-
nature corresponding to the consensus of the archaecal TATA
box-like element ([C/T|TTA[T/A]JA) (13) was identified up-
stream of nearly all genes (Fig. 2). The exceptions were the
genes encoding MenA and DNA polymerase, which are locat-

ed immediately downstream of other ORFs and may therefore
be transcribed as polycistronic mRNAs. In vivo and in vitro
studies of other archaea have shown that initiation of tran-
scription occurs consistently 24 to 28 bp downstream from the
central T of this motif (13, 26). For 12 of the protein-encoding
genes, the promoter element was found 25 to 30 bp upstream
of the ORF (Fig. 2), suggesting that transcriptional initiation
occurs near or at the translational start codon.

Distribution of C. symbiosum variants in host-associated
natural populations. The unexpected finding of two distinct
but highly related genomic variants of C. symbiosum in libraries
derived from two different sponge isolates led us to investigate
whether this variation occurred consistently in other samples.
Sequence analysis of 590 bp of the 16S rRNA gene revealed
two variant positions (175 and 183.7, E. coli numbering [Table
3]). These signature nucleotides were used to determine the
presence of the variants in natural populations of A. mexicana
by direct sequencing of 16S rDNA PCR products from 16
different sponge individuals collected from different locations
and at different times. In 15 cases, U/C ambiguities were found
at the signature positions, indicating the presence of both vari-
ants (Table 3). Only one sponge (s4) yielded an unambiguous
sequence identical to that of variant A, but variant B was
detected in this individual by another criterion. The second
approach detected variation in LSU rRNA, using oligonu-
cleotides uniquely specific for each variant type. In the major-
ity of host individuals examined, the presence of both LSU
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TABLE 3. Detection of C. symbiosum variants in
natural populations of A. mexicana

Variation in
23S rRNA
hybridization®

Variation in
16S rDNA

A. mexicana individual L
positions

or isolated DNA
source”

Variant

type B

Variant

175 183.7 type A

Fosmid 101G10 from s12
Fosmid 60AS5 from s12
s12
sl
s2
s3
s4
s5
s6
s7
s8
s9
s10
s11
s13
s14
s16
s17
s18
s19
s20
s21
s22
s23
s24
s25
$26
s27
s28
s29
s30
hs1
hs2
hs3
hs4
hs5
hhl
hh2
hh3
Aql
Aq2
Aq3

<0 C
| <ac

U

| | <] << | <~=<c |

I+ 1 +++++++ | +++++ 1+

| ++2+22+++ 1 ++++++++++2E+E+++E+E+ | F+++++

|
| ++ 2 +++++++++++++++++ 1

e e T A O Y A B B B e
| =

I

+ +

¢ Prefixes: s, Naples Reef; hs, Haskle Reef; hh, Hermit Hole; Aq, captive
sponge.

>y, direct sequence of PCR product yields C and U at the same position.

€ +, positive; —, negative; w, weakly positive.

4 __ not determined.

rRNA variants was observed (Table 3), again suggesting that
the specific association of C. symbiosum with its host typically
involves the presence of both variants.

We also examined the possibility of an even greater diversity
of variants, as opposed to a symbiont population composed
strictly of two variant types. Since the rRNA spacer region dis-
plays greater heterogeneity between the two variant types than
the SSU rRNA sequence, we PCR amplified and sequenced
the variable spacer region (containing 10 distinguishing signa-
ture nucleotides) from 11 unique rRNA operon-containing
fosmids. In all cases, we found a sequence identical to one or
the other variant type (i.e., type A [101G10] or B [60AS5] [Table
1]). We then amplified fragments from less highly conserved
regions, i.e., an 1,150-bp fragment covering the 5’ end of the
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GSAT gene and 16S gene and an internal fragment of 1,134 bp
from the DNA polymerase gene. RFLP patterns of these frag-
ments revealed that all fosmids analyzed could again be as-
signed to either the A or B type, but slight variations were also
detected (lowercase letters in Table 1), suggesting that both
variants exhibit further microheterogeneity which is detectable
only in protein coding and intergenic regions.

DISCUSSION

We chose C. symbiosum as a representative of the nonther-
mophilic crenarchaeotes to begin characterization of this newly
detected, ecologically widespread but phenotypically uncharac-
terized lineage. The specific association of C. symbiosum with
the marine sponge A. mexicana provides a tractable exper-
imental system, allowing access to these novel uncultivated
microorganisms in an enriched form.

Environmental genomic analysis reveals a heterogenous
population of C. symbiosum. Initial studies suggested that only
one specific archaeal phylotype was associated with the sponge
(28). The analysis presented here reveals heterogeneity at the
subspecies level in C. symbiosum (see below), as a result of the
higher resolution and more comprehensive nature of genome
characterization compared to phylogenetic surveys based on a
single genetic locus (e.g., SSU rRNA). We found two highly
similar phylotypes (A and B) in two independently created
libraries from the symbiotic association (Table 1) and have
detected these consistently in nearly all sponge individuals
analyzed (Table 3). By extending analyses outside the rRNA
operon, we detected further divergence in less conserved
protein coding and intergenic regions (Table 1; Fig. 1). Over
the 28-kbp region analyzed, the variants showed >99.2% iden-
tity in their rRNA genes, approximately 87.8% overall DNA
identity, an average of 91.6% similarity in ORF amino acid
sequence, and complete colinearity of protein-encoding re-
gions. Our data therefore suggest that the sponge-associated ar-
chaeal population consists of two major types, represented by
fosmids 101G10 and 60AS, whose similarity is so great that by
standard criteria (e.g., rRNA and genomic DNA similarity [38])
they could be considered different strains of a single species,
C. symbiosum. Both variants also display further microhetero-
geneity, which is not evident on the rRNA level (Table 1).

Generally, the concept of symbiosis implies a specific asso-
ciation between a particular symbiont and a particular host.
Very few studies, however, have analyzed the degree of diver-
sity within single symbiotic populations (21, 29, 30, 35) in single
host individuals. Our finding of two distinguishable variants in
the archaeal-metazoan symbiosis indicates that both variants
are concurrently stably maintained in the sponge host. Their
close phylogenetic relationship and the extremely high similar-
ity of protein-encoding regions, combined with evidence for
further microheterogeneity of the two rRNA variants, strongly
suggests that a population of strains or variants of C. symbio-
sum is coevolving in the context of the sponge-archaeon asso-
ciation. If this is the case, then transmission of the symbionts to
the next host generation probably involves a population of
archaeal cells that is large enough to maintain the diversity that
we observed within each particular host individual. The mode
of transmission of C. symbiosum, as well as its physical distri-
bution within the sponge tissues, is under investigation in our
laboratory. It is also possible that there is another environmen-
tal reservoir of C. symbiosum and that A. mexicana is selectively
infected with closely related strains.

Contemporary surveys of natural microbial assemblages now
routinely use cloning and analysis of phylogenetically informa-
tive gene sequences from mixed populations. Many novel and
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previously undetected microbial groups, including C. symbio-
sum and other previously uncultivated archaea, have been dis-
covered by using this approach. A consistent pattern that has
emerged in virtually all such studies among widely disparate
taxa is the recovery of highly related but distinct rRNA gene
clades or clusters (1, 6, 9, 12). Several explanations have been
suggested for the high genetic diversity found in rRNA gene
surveys, including PCR or sequencing artifacts, variation with-
in rRNA operons in a single chromosome, or variation in rRNA
genes among highly related, co-occurring strains (1, 9). The
environmental distributions of such highly related rRNA genes
(9), as well as the expression of rRNA variation within indi-
vidual cells (1), indicates that much of the naturally occurring
rRNA gene microheterogeneity may be due to authentic organ-
ismal genetic diversity. Our results tend to corroborate these
findings, since the highly similar, syntenic chromosomal DNA
fragments that we analyzed appear to be derived from natu-
rally co-occurring but closely related strains.

How are such highly related sympatric strains, nearly indis-
tinguishable by SSU rRNA sequence, stably maintained in
their natural habitat? Previous studies of diversity at the level
of protein-encoding genes indicate that ecologically distinct
bacterial populations, through the action of purging selection,
form distinctive clusters at all genetic loci examined (5). Fur-
thermore, ecologically distinct species of highly related strains,
indistinguishable by SSU rRNA sequences, do fall into sepa-
rate sequence similarity clusters when their protein-encoding
genes are compared. Palys et al., on the basis of theoretical con-
siderations and empirical data, conclude that in cases where
sympatric species form distinct similarity clusters, they must
certainly show ecological differences (27). A good example of
this is a recent report of naturally co-occurring closely related
Proclorococcus 16S TRNA variants, each adapted for optimal
growth at different light intensities (24). One explanation of
our data that is consistent with this hypothesis is that the
symbiotic variants occupy different compartments within their
sponge host, occupying different niches that allow their stable
transmission. Another distinct possibility is the evolution of a
metabolic interdependence between the two strains, requiring
the cotransmission of both variants to maintain the symbiosis.
A third possibility is that the differences between the strains
are currently neutral, and although one is expected to domi-
nate eventually, there is a period of time when both coexist.

Genomic analysis of C. symbiosum reveals typical features of
Archaea. The sequence analysis of 28 kbp of contiguous DNA
from two C. symbiosum variants reveals many features typical
for Archaea, and particularly for Crenarchaeota, confirming the
phylogenetic affiliation inferred from analysis of the SSU rRNA
sequence (28): the rRNA gene order, spacer region, and struc-
ture are most similar to those found in the hyperthermophilic
Crenarchaeota. The GSAT gene, which is located directly up-
stream of the ribosomal operon, was found in the same relative
location on a fosmid derived from a planktonic marine cren-
archaeote (36). Deduced amino acid sequences of proteins all
share highest overall similarity with archaeal proteins, when-
ever known homologues are available.

The findings of a TBP gene and of promoter elements that
follow the archaeal TATA box consensus suggest a typical
archaeal transcription mechanism. Interestingly, most of the
C. symbiosum promoters that we identified were located such
that transcription initiation must occur close to the transla-
tional start codon, allowing no space for a ribosomal binding
site in an untranslated mRNA leader. A similar observation
has been made for 30 of the predicted 100 strong and medium
promoters from 156-kbp sequence of Sulfolobus solfataricus
(33). Transcription initiation at or near the translational start
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codons has been mapped for some genes in Halobacterium
salinarium (3) and S. solfataricus (18), and alternative mecha-
nisms for initial mRNA-ribosome contact in Archaea have
been hypothesized (3).

The analysis of 28 kbp from C. symbiosum has identified
genes indicative of several metabolic pathways (Table 2). As
our study progresses, we expect to gain more critical informa-
tion on the physiological potential of the organism. We have
already identified overlapping fosmids that represent ca. 90
kbp of the C. symbiosum genome (unpublished data). While
serving as a model for the development of environmental ge-
nomic approaches to characterize uncultivated organisms, the
C. symbiosum genome analysis also highlights the complica-
tions inherent in such studies that arise from the widespread
genomic heterogeneity in natural populations, even those oc-
cupying a well-defined symbiotic niche. Our study represents a
departure from pure-culture genomics. This approach provides
a clearer view of the characteristics of naturally occurring ge-
nomic variability.

Environmental genomics has the potential to elucidate the
physiologies of organisms that have resisted cultivation in the
laboratory. The true test of our understanding of the field of
genomics will be our ability to infer an organism’s physiology
solely from its genome sequence.
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