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Planktonic crenarchaeotes are present in high abundance in Antarctic winter surface waters, and they also
make up a large proportion of total cell numbers throughout deep ocean waters. To better characterize these
uncultivated marine crenarchaeotes, we analyzed large genome fragments from individuals recovered from a
single Antarctic picoplankton population and compared them to those from a representative obtained from
deeper waters of the temperate North Pacific. Sequencing and analysis of the entire DNA insert from one
Antarctic marine archaeon (fosmid 74A4) revealed differences in genome structure and content between
Antarctic surface water and temperate deepwater archaea. Analysis of the predicted gene products encoded by
the 74A4 sequence and those derived from a temperate, deepwater planktonic crenarchaeote (fosmid 4B7)
revealed many typical archaeal proteins but also several proteins that so far have not been detected in archaea.
The unique fraction of marine archaeal genes included, among others, those for a predicted RNA-binding
protein of the bacterial cold shock family and a eukaryote-type Zn finger protein. Comparison of closely related
archaea originating from a single population revealed significant genomic divergence that was not evident from
16S rRNA sequence variation. The data suggest that considerable functional diversity may exist within single
populations of coexisting microbial strains, even those with identical 16S rRNA sequences. Our results also
demonstrate that genomic approaches can provide high-resolution information relevant to microbial popula-

tion genetics, ecology, and evolution, even for microbes that have not yet been cultivated.

Molecular phylogenetic surveys of rRNA genes have altered
the perspective on naturally occurring microbial diversity and
distribution (for a review, see references 11, 19, and 32). De-
spite a greater understanding of microbial identity, distribu-
tion, and abundance, rRNA-based gene surveys have provided
little information about the biological properties of many
planktonic microbes, especially groups for which there are no
cultivated representatives. In addition, although rRNA micro-
heterogeneity (variation within highly related rRNA sequence
clusters) has been observed in virtually all taxa and environ-
ments sampled via rRNA gene surveys, the significance of this
phenomenon remains uncertain. Recent advances in genomic
sequencing techniques and the development of methods for
cloning large genome fragments into fosmid (35, 41, 42, 45) or
bacterial artificial chromosome (5, 6, 38) vectors now provide
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the means to characterize the gene content (41), metabolic
potential (5), and population genetics (41) of uncultivated mi-
croorganisms, otherwise known solely by an rRNA sequence.
The utility of such genomic approaches and their applicability
to diverse questions in microbial ecology have only begun to be
explored and exploited.

Members of the Archaea (48) are much more diverse and
widespread than previously suspected. Representatives have
now been detected in terrestrial environments, marine and
lake sediments, and temperate ocean waters and polar seas
(for a review, see reference 10). Marine planktonic archaea
have been shown to occur in high relative abundance in the
oceanic subsurface (13, 26, 27) and to dominate the prokary-
otic fraction in the mesopelagic zone of the Pacific Ocean (20).
Planktonic archaea also reach a relative seasonal maximum in
winter Antarctic waters, approaching 10 to 30% of the total
planktonic microbial population (12, 14, 28, 29). To gain ad-
ditional information on yet-uncultivated Antarctic archaea, we
constructed, by use of a fosmid vector (42), a recombinant
DNA library that contained inserts of ~40 kb from surface
water picoplankton collected near Palmer Station, Antarctica,
in late winter. Planktonic crenarchaeotal genome fragments
that contained rRNA genes and originated from the same
population were isolated and compared. These within-popula-
tion genome comparisons yielded high-resolution information
on genomic variations of uncultivated, sympatric archaeal cells.
The entire sequences of one Antarctic crenarchaeotal clone
(fosmid 74A4) and one temperate water subsurface cren-
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archaeotal clone (fosmid 4B7) (42) were also determined to
compare the genomes of related, archaea inhabiting different
oceanic provinces. This analysis provided comparative infor-
mation on more distantly related crenarchaeotes derived from
two different oceanic provinces. Our results demonstrate that
microbial population structure can be determined at high res-
olution by examining genome divergence among highly related
but genetically distinct cohorts coexisting in the same popula-
tion. Insights into genomic variation, as it relates to rRNA
sequence variation, also can be derived from comparisons of
more distantly related microbial species sampled from differ-
ent geographic locales.

MATERIALS AND METHODS

Sample collection, DNA extraction, and fosmid library preparation. Coastal
waters were collected near Palmer Station, Anvers Island, Antarctic Peninsula, in
August 1996 during a period of high archaeal abundance (12). The samples were
filtered by tangential flow filtration with an Amicon (Beverly, Mass.) DC-10 unit
equipped with a 30,000-Da-cutoff polysulfone hollow-fiber cartridge. A total of
1,500 liters were concentrated to a volume of ~900 ml. The cells were collected
by centrifugation (4°C, 38,900 X g, 1 h) as previously described (12). The bac-
terioplankton pellet was embedded in agarose plugs as previously described (42).
DNA extraction, preparation of the fosmid library, and multiplex PCR screening
by using archaeon-biased 16S rRNA oligonucleotide primers were carried out as
previously described (42). PCR primers used for screening the library were the
16S rRNA oligonucleotide primers Ar20-F (TTC CGG TTG ATC CYG CCR
G) (13) and Arch958R (TCC GGC GTT GAM TCC AAT T) (9) and the 23S
rRNA oligonucleotide primer L.S2445a-R (CCC YGG GGT ARC TTT TCT ST)
(13).

Subclone libraries. A subclone library was constructed from fosmid 74A4 with
DNA partially digested with Rsal (42). In this library, the content of the fosmid
was not randomly represented; therefore, a second library was constructed. This
library was prepared with randomly sheared DNA as described by Kawata et al.
(21), except that the DNA was sheared by passage through a microemulsifying
25-gauge needle. DNA was cloned by using vector pCR 2.1 and the original TA
cloning kit (Invitrogen Corporation, Carlsbad, Calif.). Fosmid subclone plasmids
were purified by using a Mini-Prep 24 machine (MacConnell Research Corpo-
ration, San Diego, Calif.) according to the manufacturer’s instructions. Nucleo-
tide sequences (800 bp, on average) were determined by the dideoxy termination
reaction with fluorescence-labeled M13 forward and reverse primers, a Sequi-
Therm EXCel II sequencing kit (Epicentre, Madison, Wis.), and a model 4200
automated DNA sequencer (LI-COR, Lincoln, Nebr.). The strategy for the
construction of the subclone library and for the determination of the sequence of
fosmid 4B7 was as previously described (41). Contiguous sequences were assem-
bled by using SEQUENCHER 3.1.1 software (Gene Codes Co., Ann Arbor,
Mich.).

Proteins, RNA genes, and motif search. In-depth sequence analysis was based
primarily on the use of the PSI-BLAST program (1) essentially as previously
described (6). tRNAs were searched by using the tRNAscan-SE program (24).
The BLAST-derived “e-values” (1) reported here take into account the statistics
of database and local alignment size for the similarity scores obtained from local
alignments. Signal peptides were predicted by using the SignalP program (30),
and transmembrane segments were predicted by using the PHDhtm program
(39, 40). Comparisons among 4B7, 74A4, and Cenarchaeum symbiosum (41)
fosmids were performed with the BLAST 2 sequences program (43).

Phylogenetic analyses. For distance and parsimony analyses of the inferred
amino acid sequence of translation elongation factor 1-o (EF1-a), the program
PaupSearch of the Wisconsin Package, version 10.0 (Genetics Computer Group,
Madison, Wis.), was used.

Nucleotide sequence accession numbers. Sequences reported in this study
have been submitted to GenBank under the following accession numbers:
AF393466, U40238, and AF393304 to AF393307.

RESULTS

Isolation of archaeal fosmid clones from Antarctic surface
water. An environmental fosmid library was constructed from
microorganisms collected from late austral winter surface wa-
ters (—1.8°C) near Palmer Station, Antarctica, in 1996 (29). A
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total of 7,200 recombinants, each harboring 40 kb of Antarctic
microbial DNA, were screened by using multiplex PCR (42)
and archaeal-specific 16S rRNA primers. Six 16S rRNA gene-
containing crenarchaeotal genome fragments were recovered
in the library.

Five unique archaeal 16S rRNA-containing fosmids (15G10,
19H8, 31B2, 74A4, and 83A10) were identified by restriction
fragment length polymorphism analysis (data not shown). Se-
quence analyses of the archaeal 16S rRNAs showed that all
belonged to group I marine planktonic Crenarchaeota (9). The
16S rRNA gene sequences from fosmid clones 83A10 and
31B2 were identical to one another. One clone (15G10) con-
tained an rRNA gene identical in sequence to a PCR-amplified
16S rRNA gene (ANTARCTIC 12) (14) that was recovered at
the same site 3 years prior to the sampling reported here. The
16S rRNA gene sequence variation observed among the other
Antarctic archaeal fosmids was limited, occurring at a total of
four nucleotide residues within the 16S rRNA gene (Fig. 1 and
2). Relative to those in 83A10 and 31B2, 16S rRNAs in the
other clones contained only two (74A4 and 15G10) or three
(19H8) nucleotide sequence differences (Fig. 1).

To gain more insight into the variation within the coexisting
archaeal phylotypes, we PCR amplified and sequenced a re-
gion containing an intergenic spacer (593 bp) and a portion
(590 bp) of the glutamate semialdehyde aminotransferase
(GSAT) gene found adjacent to the 16S rRNA gene in plank-
tonic marine group I crenarchaeotes (41, 42). The data re-
vealed that the GSAT gene and the spacer between the GSAT
gene and the 16S RNA gene were variable between the differ-
ent sympatric archaeal genomes (Fig. 1). Most of the variation
in the GSAT coding region occurred in the third coding posi-
tion, not changing the amino acid composition of the coded
protein (Fig. 2). Nevertheless, variation in the GSAT amino
acid sequence was observed among sympatric archaea that
differed by only two or three nucleotides in their 16S rRNA
genes. Surprisingly, microvariation in the GSAT gene was also
found between clones 31B2 and 83A10, clones that had iden-
tical 16S RNA gene sequences (Fig. 1 and 2).

Identification of rRNA and protein coding genes on fosmid
74A4. The entire sequence of the 43.6-kb genome fragment
contained on fosmid 74A4 was determined. Forty-nine pre-
dicted protein coding frames were identified on fosmid 74A4
by using the National Center for Biotechnology Information
BLAST 2.0 program (1), allowing the prediction of protein
structural features such as transmembrane segments and signal
peptides. Of these predicted proteins, 28 showed significant
similarity to the products of genes with known functions, al-
lowing a clear functional prediction, and 7 proteins were ho-
mologs of other, uncharacterized proteins. The remaining 14
predicted proteins had no detectable homologs, but some of
them were predicted to be either membrane or secreted pro-
teins on the basis of the predicted corresponding structural
features (Table 1). The majority of the encoded proteins
showed the greatest sequence similarity to homologs from
other archaea. No specific affinity was noted with homologs
from the only completely sequenced crenarchaeotal genome,
that of Aeropyrum pernix, but several proteins showed greatest
similarity to homologs from the partially sequenced genome of
another crenarchaeote, Sulfolobus (Table 1). The protein se-
quence of EF1-a that showed the highest similarity to EF1-a



VOL. 68, 2002
> S
NNy o N o
F & F o0 L
€ 5 o2
L .
| {+ 11~ [1391
+ 894.1
16S rRNA
~||~|s88
500 bp
- a1
GSAT

POPULATION GENOMICS OF MARINE ARCHAEA 337

16S rRNA
83A10| 100.0
31B2| 100.0
7424] 99.9 989.9
15G10] 99.9 99.9 99.9
19H8| 99.8 99.8 99.8 99.9
4B7] 93.4 93.4 93.4 93.4 93.4
Irs
83A10| 100.0
3182} 99.1
74A4] 93.8 93.6
15G10} 95.0 94.5 96.0
4B7| 60.6 60.4 60.3 59.9
GSAT
83A10] 100.0
31B2] 98.9
74A4| 95.8 95.5
15G10| 94.7 94.5 97.6
4B7| 75.3 74.8 75.0 74.5

FIG. 1. Genetic variability in the 16S rRNA gene, intergenic spacer region (ITS), and GSAT gene in sympatric Antarctic archaea. Asterisks
represent a base substitution at residues where sequence variation was observed, relative to the 83A10 sequence. The plus sign indicates an
insertion. Numbers at the right indicate the sequence positions (Escherichia coli numbering system) where variation was observed. Clone 19HS is
missing the GSAT gene because the recombinant DNA insert terminates in the ITS. Similarity tables for the 16S rRNA gene, ITS, and GSAT gene
are shown at the far right. Fosmid 4B7 from deep temperate Pacific waters is included as an outgroup.

proteins from Crenarchaeota was used for phylogenetic analy-
sis. Marine crenarchaeotal EF1-a contained a modified 11-
amino-acid insert that is shared between eukaryotes and Cre-
narchaeota but is not found in Euryarchaeota (36). However,
both distance and parsimony analyses of the amino acid se-
quence of EF1-a could not resolve the placement of marine
crenarchaeotal EF1-a (data not shown). Affiliation with either
euryarchaeotes or crenarchaeotes was not well supported by
either method.

A partial analysis of a genome fragment from a marine
group I crenarchaeote recovered from a depth of 200 m near
the coast of Oregon (e.g., fosmid 4B7) was previously reported
(42). To better compare the genome fragment of this subsur-
face archacon to that of Antarctic fosmid 74A4, the entire
42-kb sequence of fosmid 4B7 was determined. Protein and
rRNA coding genes from fosmid 4B7 are shown in Table 2.
The average G+C contents for fosmids 74A4 and 4B7 were 32
and 34%, respectively, significantly different from the 55.6 and
57.1% reported for C. symbiosum (41). Genes on fosmids 74A4
and 4B7 appeared to be densely packed, as reported for other
archaeal genomes, and homologs of archaeal genes were dis-
persed evenly over each of the inserts, strongly suggesting that
the 74A4 and 4B7 inserts are contiguous genomic fragments
derived from a marine archaeon. Several genes present on
each of the analyzed marine archaeal fosmids showed a clear
bacterial affinity (Tables 1 and 2; see also discussion below).

We discuss below the predicted genes classified by functional
categories.

Transcription and translation. Homologs of well-character-
ized components of the transcription system were found only
on fosmid 4B7. These include a predicted SWI/SNF family
ATPase, transcription factor IIB, an RNA-binding cold shock
protein, and a predicted AsnC family transcriptional regulator.
Three genes from 74A4 encode different types of Zn finger or
Zn ribbon proteins that also could function as transcriptional
regulators. Of particular interest is a small C,H, Zn finger
protein that belongs to a family that so far has been identified
only in eukaryotes. Both fosmids contain several genes in-
volved in translation. These include a single tRNA gene on
4B7 and a typical crenarchaeotal rRNA operon (16S-spacer-
23S) on both fosmids. Protein components of the translation
apparatus encoded on these clones include a cysteinyl-tRNA
synthetase which is highly similar to other archaeal cysteinyl-
tRNA synthetases, EF1-a, and ribosomal protein S10 on 74A4
and elongation factor 2 (EF2) on 4B7. The genes for EF1-a
and S10 form a cluster that so far has not been detected in any
other genomes. Another protein potentially involved in trans-
lation is a predicted RNA helicase encoded on 4B7.

DNA replication and repair. One DNA repair enzyme,
DinB/UmuC, recently identified as a repair-associated DNA
polymerase (46), was identified on 4B7 and is most similar to
the Dbh protein found in Sulfolobus solfataricus (22). Two
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TABLE 1. Predicted rRNA and protein coding genes in Antarctic crenarchaeotal fosmid 74A4“

Nucleotide range

Most similar homolog

Apparent phylo-

74A4# (protein size, in no. Dir” Predicted function . S e Comments
. . (e-value) genetic affinity
of amino acids)
1 372-962 (197) +  NAD synthase 5105656_AERPE (3e-46) Crenarchaeotal
2 970-2355 (462) +  Cysteinyl-tRNA synthetase 7437720_PYRAB (e-103) Euryarchaeotal or
bacterial
3 2579-2758 (60) +  Uncharacterized protein None NA Paralog of 4B7#29
4 2761-3582 (274) —  Conserved membrane protein 6136692_ARCFU (2e-45) Euryarchaeotal
5 3585-4346 (254) —  Uncharacterized, conserved 2649028_ARCFU (2e-11) Euryarchaeotal
protein
6 4674-5593 (274) —  Periplasmic solute-binding 3258088_PYRHO (6e-14) Euryarchaeotal Paralog of 4B7#4
protein
7 5695-6849 (385) +  Uncharacterized conserved 3258294_PYRHO (2e-64) Euryarchaeotal Protein family so far detected only
protein in archaea; highly conserved
paralog of 4B7#3
8 6912-7496 (195) —  Multitransmembrane protein None NA
7625-7957 (111) —  Uncharacterized protein None NA
10 7990-8400 (137) —  Predicted CoA-binding protein 3257525_PYRHO (3e-23) Euryarchaeotal or  Protein family highly conserved in
bacterial many archaea and bacteria;
Rossmann fold structure and
CoA binding are readily predict-
able, but the function remains
unknown
11 9053-9409 (119) +  Uncharacterized protein homolo- 10640618 THEAC (0.001) Euryarchaeotal or ~ This predicted protein corresponds
gous to sugar epimerases bacterial to the C-terminal portion of a
highly conserved sugar epimerase
family
12 9455-9892 (146) +  Uncharacterized protein None NA Paralog of 4B7#22
13 10336-11022 (229) +  Biotin (acetyl-CoA carboxylase) 12018159 METBA (9¢-40) Euryarchaeotal Typical archaeal domain architec-
ligase ture—no DNA-binding HTH
domain present in bacterial ho-
mologs
14 11044-11430 (129) —  Uncharacterized protein None NA Lysine-rich repeats at the C termi-
nus
15 11553-13079 (509)  +  Extracellular (or periplasmic) 4454026_ARATH (3e-07) Eukaryotic No protease with significant simi-
Zn-dependent metalloprotease (TPR repeats), larity detected in other archaea;
containing TPR repeats 5921827_RATNO (4e-05) paralog of 4B7#24
(protease)
16 13091-13498 (136) —  Xanthine-guanine phosphoribo-  5105769_AERPE (1e-06) Crenarchaeotal or
syltransferase (crenarchaeotal euryarchaeotal
euryarchaeotal)
17 13741-14169 +  NTP-binding protein of the 12313327_SULSO (1e-10) Crenarchaeotal
UspA superfamily, potentially
involved in stress response
18 14181-14648 —  Peptide methionine sulfoxide re- 12230335_METTH (7e-47) Eukaryotic or This enzyme is nearly ubiquitous in
ductase bacterial bacteria and eukaryotes, but
among archaea so far has been
detected only in M. thermoau-
totrophicum
19 14688-15065 (126) —  Uncharacterized membrane None NA Paralog of 4B7#36
protein
20 15149-15913 (255) —  SAM-dependent methyltrans- 228451_SACER(le-10) Bacterial
ferase
21 16207-16587 (127)  +  Uncharacterized membrane 10175820_BACHA (0.001) Bacterial
protein
22 23S RNA
23 16S RNA
24 21938-23224 (429) +  Glutamate-1-semialdehyde 3599375_CENSY (e-153) Euryarchaeotal Other than in Cenarchaeum, the
aminotransferase most similar homologs are eur-
yarchaeotal; highly conserved
paralog of 4B7#34
25 23473-23961 (163) +  TPR repeat protein 2621120_METTH (4e-09) Euryarchaeotal
26 24579-24974 (132) +  Type I membrane protein None NA
27 25430-26248 (273) +  TPR repeat protein 3599376_CENSY (e-60) Euryarchaeotal Other than in Cenarchaeum, highly
conserved homologs are from
euryarchaeotes
28 26249-26977 (243)  —  Double-stranded beta-helix fold =~ 11287381_CENSY (e-106) Crenarchaeotal The only two highly conserved ho-
enzyme mologs are from Cenarchaeum
29 27091-27543 (151)  +  Double-stranded beta-helix fold =~ 4981537_THEMA (2e-08) Bacterial The only highly conserved ortholog
enzyme, homolog of auxin- is seen in Thermotoga
binding proteins
30 27552-27914 (121) +  Double-stranded beta-helix fold ~ 2621410_METTH (2e-16) Euryarchaeotal Only distantly related to ORF29;

enzyme, homolog of mannose-
6-phosphate isomerase and
auxin-binding proteins

highly conserved orthologs are in
Methanococcus, Methanobacte-
rium, and Mycobacterium

Continued on following page
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Nucleotide range

Most similar homolog

Apparent phylo-

74A4# (protein size, in no. Dir? Predicted function . e Comments
. . (e-value) genetic affinity
of amino acids)
31 27967-28635 (223) +  Molecular chaperone of the 3915678_DROME (1e-09) Dnal portion— A unique combination of domains
DnalJ class, contains a C-termi- (Dnal), 232091_THELI cukaryotic or
nal 3Fe-4S ferredoxin domain (1e-04) (ferredoxin) bacterial, ferre-
doxin—eury-
archaeotal
32 28638-29042 (135) —  HIT superfamily hydrolase 10581606_HALSP (1e-22) Euryarchaeotal
33 29083-29415 (111) —  Small membrane protein None NA
34 29533-30714 (394) +  3-Hydroxyacyl-CoA dehydroge- 2650351_ARCFU (8e-72) Euryarchaeotal or
nase crenarchaeotal
35 30710-31075 (122) —  Rossmann fold nucleotide-bind- ~ 10639670_THEAC (5e-13) Euryarchaeotal or
ing protein bacterial
36 31523-31939 (139) +  Multiple Zn finger protein None NA Proteins containing multiple Zn
fingers are generally typical of
eukaryotes
37  31939-32139 (67) +  C,H, Zn finger protein 2501713_RATNO (8e-08) Eukaryotic The first identification of this type
of protein in prokaryotes
38  32146-32358 (71) —  Zn ribbon protein 3258341_PYRHO (0.045) Euryarchaeotal
39 32392-32697 (102) —  Ribosomal protein S10 1350915_HALHA (9e-18) Euryarchaeotal
40 32709-34004 (432) —  EF-la 1361925_DESMO (e-128) Crenarchaeotal
41 34134-35270 (379) +  Uncharacterized conserved pro-  2984088_AQUAE (4e-79) Euryarchaeotal or ~ Highly conserved in most archaea
tein crenarchaeotal and Aquifex
42 35338-35745 (136) +  Uncharacterized secreted None NA
(periplasmic) protein
43 35786-37552 (589) +  ATP-dependent DNA ligase 4099066_PYRAE (e-120) Crenarchaeotal or
euryarchaeotal
44 37622-38272 (217) +  Coiled-coil protein 2622819_METH (3e-08) Euryarchaeotal The only detectable ortholog is in
Methanobacterium
45 38368-38901 (178) + tRNA intron endonuclease 5105334_AERPE (4e-22) Crenarchaeotal
46 38904-39524 (207) —  Uncharacterized protein None NA
47 39614-41383 (590) +  Rossmann fold oxidoreductase, 3599392_CENSY (0.0) Bacterial Other than in Cenarchaeum, all
possibly glucose-1-dehydroge- other strongly similar homologs
nase are from bacteria
48  41389-41835 (149) +  Predicted acyl dehydratase 7592627_STAAU (0.82) Bacterial
49 41957-42727 (257) —  Predicted permease 2635735_BACSU (1e-29) Bacterial or eur-
yarchaeotal
50 42771-43397 (209) —  Uncharacterized extracellular None NA
(periplasmic) protein
51  43565-44038 (>158) —  Uncharacterized conserved pro- 4982243 THEMA (8e-11) Bacterial Distant orthologs are detected in

tein

euryarchaeotes

“ NA, not applicable; HTH, helix-turn-helix, TPR, tetracopeptide repeat; NTP, nucleoside triphosphate; SAM, S-adenosylmethionine; HIT, histidine triad.
b Dir, direction of transacription, namely, rightward (+) or leftward (—).

¢ The proteins are designated by their gene identification numbers (GenBank) followed by the abbreviated species name: AERPE, Aeropyrum pernix; ARATH,
Arabidopsis thaliana; AQUAE, Aquifex aeolicus; ARCFU, Archaeoglobus fulgidus; BACSU, Bacillus subtilis; CENSY, Cenarchaeum symbiosum; CHLTR, Chlamydia
trachomatis; DESMO, Desulfurococcus mobilis; DROME, Drosophila melanogaster; HALHA, Halobacterium halobium; METIJA, Methanococcus jannaschii; METTH,
Methanobacterium thermoautotrophicum; PYRAB, Pyrococcus abissi; PYRHO, P. horikoshii; RATNO, Rattus norvegicus; RICPR, Rickettsia prowazekii; SULSH,
Sulfolobus shibatae; SULSO, S. solfataricus; THELIL, Thermococcus litoralis; THEMA, Thermotoga maritima.

other typical archaeal enzymes involved in replication and re-
pair, DNA ligase (ATP dependent) and tRNA intron endonu-
clease, were identified on 74A4.

Transport and energy metabolism. Both marine archaeal
fosmids encoded several proteins implicated in energy con-
version, particularly fatty acid metabolism. These included
3-hydroxyacyl-coenzyme A (CoA) dehydrogenase, acyl dehy-
dratase, a predicted CoA-binding protein, glucose-1-phos-
phate dehydrogenase, and some other, poorly characterized
oxidoreductases. Only one protein, a periplasmic solute-bind-
ing protein homologous to those found in iron(II) ATP-bind-
ing cassette transporters, was clearly assigned as a protein
involved in transport. Other membrane transporters were ten-
tatively identified on the basis of transmembrane segment pre-
dictions.

Miscellaneous proteins. It was noted previously that mod-
erately thermophilic archaea, such as Methanobacterium ther-
moautotrophicum or Methanosarcina barkeri, encode classical

molecular chaperones of the hsp70 (DnaK) and hsp40 (Dnal)
families, whereas archaeal hyperthermophiles do not have
those proteins (25). In agreement with this trend, two pre-
dicted marine archaeal proteins, 74A4#31 and 4B7#19, con-
tain the J domain of the hsp40 family of chaperones and parts
of the heat shock chaperone Dnal, which interacts with and
stimulates the hydrolysis of ATP by the cognate DnaK proteins
(47). Protein 74A4#31 also contains a ferredoxin domain that
is predicted to bind iron or possibly other ions and might be
functionally analogous to the Zn clusters that are present in
bacterial and eukaryotic Dnal proteins. A J domain-ferredoxin
fusion has not been reported so far. In contrast, protein
4B7#19 is predicted to be a type I membrane protein in which
the J domain is the C-terminal cytoplasmic portion. Another
interesting pair of paralogous proteins are 74A4#15 and
4B7#24, which are predicted membrane-associated, collage-
nase-like, metal-dependent proteases. A cluster of three genes
on 74A4 encodes three predicted enzymes of the double-
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FIG. 3. Genomic organization in planktonic marine crenarchaeotes. Gene maps for fosmids 4B7 (42) and 74A4 and C. symbiosum A (35) were
aligned based on ribosomal 16S and 23S sequences. Homologous regions are connected with lines.

stranded beta-helix fold that might possess a variety of enzy-
matic activities, for example, that of sugar-phosphate isomer-
ase.

Comparative genomic analyses of marine group I archaea.
Protein and RNA gene organizations on fosmids 74A4 and
4B7 were compared to that of the C. symbiosum (variant A)
fosmid (41) by using the BLAST 2 Sequences program (43).
The 23S and 16S rDNA sequences were used as an alignment
point for the sequences (Fig. 3). The typical crenarchaeotal
rRNA operon (16S-23S) was shared by all three fosmids, and
the operon was adjacent to the GSAT gene in all. Fosmids
74A4 and 4B7 shared two other regions in common. The first
region includes an unknown open reading frame, the BirA
protein gene, and a hypothetical metalloprotease gene. The
second region represents an inversion between the two ge-
nomes and includes genes for a putative periplasmic-binding
protein of an iron(III) ATP-binding cassette transporter and a
neighboring hypothetical protein (Fig. 3). Fosmid 74A4 and
the fosmid from C. symbiosum shared a region including hy-
pothetical protein 02 and the product of ORFO01, previously
reported only for C. symbiosum (41), and a putative glucose
dehydrogenase which was also reported only for C. symbiosum
(GenBank accession number AAC62698).

DISCUSSION

This study was conducted to explore the use of large-scale
genome sequence analysis to better describe the population
genetics, genome content, and biological properties of natu-
rally occurring, uncultivated microbial species. We focused on
the description of an abundant but little understood compo-
nent of marine plankton, the pelagic crenarchaeotes. Our ap-
proach facilitated (i) description of the structure and gene
content of large genomic regions flanking the rRNA operon
from uncultivated marine archaea, (ii) cross comparison of
large genomic regions of allopatric marine crenarchaeotes
(from Antarctica, deep temperate waters, and a marine
sponge), and (iii) assessment of the genomic heterogeneity of
sympatric crenarchaeotes that originate from the same popu-

lation and that share identical or nearly identical rRNA se-
quences.

The 16S rRNA sequences of all five unique archaeal fosmids
from the Antarctic picoplankton library were highly similar.
One (15G10) was identical in sequence to a PCR-amplified
16S rRNA gene (ANTARCTIC 12) isolated from the same
Antarctic waters in 1993 (3 years prior to the sampling of this
report) (14). The sympatric archaeal 16S rRNA genes differed
from one another by a maximum of three nucleotide substitu-
tions over 1,418 nucleotide residues. However, the different
restriction fragment length polymorphism patterns of the fos-
mids could not be explained solely by the distance between the
rRNA operon and the cloning sites and suggested significant
sequence divergence between these highly related variants.
Since it was possible that the protein sequences and gene
organization were less conserved than rRNA (as recently ob-
served for natural variants of C. symbiosum) (41), we charac-
terized the GSAT gene from the different clones. Microhet-
erogeneity in the DNA sequence of the GSAT gene was
observed for all clones, including 31B2 and 83A10, which were
identical over the entire 16S rRNA gene. To our knowledge,
this is one of the first studies that directly links 16S rRNA gene
variation to heterogeneity in flanking protein coding genes in
sympatric free-living microbes. Our study shows that within a
single microbial population, considerable genomic variation
exists, even among microbes with identical 16S rRNA gene
sequences.

Sequence analysis of the 43- and 42-kb genome fragments
derived from marine archaea from two different oceanic prov-
inces showed many features typical of the domain Archaea.
The majority of the genes identified, including those whose
functions could not be predicted, most closely resembled ar-
chaeal protein genes (data not shown). Some features of these
genome sequences, including the rRNA gene order, chromo-
somal organization, and nucleotide sequence of the genes for
EF1-a and ribosomal protein S10, resembled those of other
Crenarchaeota (7, 16, 17). The observation that the GSAT gene
is located downstream of the ribosomal operon in all plank-
tonic marine crenarchaeotes analyzed to date (41, 42; this
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TABLE 2. Predicted rRNA and protein coding genes in marine crenarchaeal fosmid 4B7“

Nucleotide range

74A4# (protein size, in no. Dir

of amino acids)

Predicted function

Most similar homolog
(e-value)

Apparent phylo-
genetic affinity

Comments

1 371-1459 (363)

2 1449-2384 (312)

3 2426-3580 (385)

4 3671-4588 (306)

5 4765-5034 (90)
6 5246-5914 (223)

7 6272-7624 (451)
8 7673-7906 (78)

9 8294-8734 (147)
10 8769-9530 (254)

11 9566-9847 (94)

12 9885-10202 (106)
13 10205-12226 (674)
14 12502-13218 (239)

15 13459-15651 (731)
16 16479-16907 (143)

17 17253-17567 (105)
18 17595-17975 (127)
19 17976-18818 (281)
20 1939721106 (570)

21 21169-21903 (240)

22 21970-22482 (173)

23 22485-23483 (333)

24 23549-25069 (507)

25 25072-25647 (192)

26 2606226694 (211)
27 26866-27213 (116)

28 2735927661 (101)
29 27735-27956 (74)
30 28121-28312 (64)
31

32

33 28470-28673 (68)

34 33434-34744 (437)

35 34782-35432(217)
36 35435-35830 (158)

37 35989-36483 (165)
38 36518-37099 (194)
39 37092-39980 (963)
40 40120-40311 (64)

41 40653-41327 (225)

+

Damage-induced, low-processivity
DNA polymerase IV (DinB
family)

Uncharacterized multitransmem-
brane protein

Uncharacterized conserved
protein

Periplasmic solute-binding
protein

Small membrane protein

Periplasmic disulfide bond
isomerase

DEAD family RNA helicase

Transcriptional regulator of the
AsnC family

Uncharacterized protein

Uncharacterized secreted
(periplasmic) protein

Uncharacterized membrane protein

Uncharacterized protein

Highly conserved protein contain-
ing a thioredoxin domain

Uncharacterized multitransmem-
brane protein

EF2

Uncharacterized protein

Rhodanese-related sulfurtrans-
ferase or oxidoreductase

Uncharacterized protein

Type I membrane protein contain-
ing a C-terminal cytoplasmic J
domain (Dnal)

SWI/SNF family helicase

Uncharacterized protein homolo-
gous to the N-terminal domain
of Lon protease

Uncharacterized coiled-coil pro-
tein

Bifunctional protein: biotin repres-
sor and biotin (acetyl-CoA car-
boxylase) ligase

Secreted (periplasmic) Zn-depen-
dent protease containing TPR
repeats

Ferritin (nonheme iron-containing
protein)

Transcription factor IIB

Uncharacterized nonglobular
protein

Uncharacterized protein

Small membrane protein

RNA-binding cold shock protein

23S RNA

16S RNA

Small Cys- and His-rich protein

Glutamate-1-semialdehyde amino-
transferase

NAD (P) H-flavin oxidoreductase

Uncharacterized membrane
protein

Uncharacterized conserved protein

Uncharacterized protein

Very large secreted (periplasmic)
protein

Zn ribbon protein

Methionine aminopeptidase

1706953_SULSO (5e-48)

None

5457859 PYRAB (de-71)

7472739 _DEIRA (3¢-38)

None
2649220 _ARCFU (2e-16)

10175004 BACHA (3e-73)
3257044_PYRHO (3¢-08)

None
None

None
None
586842_BACSU (e-141)

None

461998_SULSO (0.0)
None

1723283_SCHPO (2e-06)
None

544179 METMA (2e-12)
3329163_CHLTR (1e-43)

11354694 VIBCH (2¢-08)

None

773349 BACSU (le-45)

2688100_BORBU (3e-07)
(TPR repeats),
5921827_RATNO (0.002)
(protease)

1707687_SULSO (e-49)

1729909_SULSH (9e-52)
None

None
None
3097243_MYCLE (2e-13)
None

3599375_CENSY (e-158)

3915352_ARCFU (4e-11)
None

6015921_SULSO (2e-21)
None
None

None

3257034_PYRHO (3e-40)

Crenarchaeotal
(Sulfolobus) or
bacterial

NA

Euryarchaeotal

Bacterial or eury-
archaeotal

NA

Euryarchaeotal or
bacterial

Bacterial or eury-
archaeotal

Euryarchaeotal

NA
NA

NA
NA
Bacterial

NA

Crenarchaeotal
NA

Uncertain

Euryarchaeotal or
bacterial

Bacterial

Bacterial

NA
Bacterial or eury-

archaeotal

Uncertain

Crenarchaeotal

Crenarchaeotal
NA

NA
NA
Bacterial

NA
Euryarchaeotal or
crenarchaeotal

Euryarchaeotal
NA
Crenarchaeotal
NA

NA

NA

Euryarchaeotal

So far not found in other archaea

Protein family so far detected only in
archaea; highly conserved paralog
of 74A4#7

So far found only in archaea; highly
conserved paralog of 74A4#6

Among archaea, found only in
Archaeoglobus

Among archaea, found only in Meth-
anobacterium

More distant homologs are seen in
archaea

Distantly related to the N-terminal
portion of 4B7#19
So far not found in crenarchaeotes

Unique domain architecture

Distinct subfamily of SWI/SNF heli-
cases so far not seen in archaea
Domain potentially involved in prote-
olysis regulation; so far found in
bacteria and eukaryotes but not in

archaea

Typical bacterial domain architecture,
with N-terminal DNA-binding do-
main and C-terminal enzymatic
domain

The TPR repeats most closely resem-
bles those found in euryarchaeotes;
no close homologs of the predicted
protease; paralog of 74A4#15

Paralog of 74A4#3
So far not seen in other archaea

Potentially involved in metal-depen-
dent nucleic acid binding

Highly conserved paralog of
TAAA#24

Paralog of 74A4#19

Found in archaea and eukaryotes

Potentially involved in metal-depen-
dent nucleic acid binding

“ See footnotes to Table 1.
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study) also suggests some chromosomal organization common
to marine group I crenarchaeotes. Specific gene sequences that
we recovered might provide further insight into the relation-
ship of marine crenarchaeotes to other cultivated species. For
instance, EF1-a (EF-Tu in Bacteria) is a highly conserved pro-
tein that is found in all cellular organisms and that has proven
extremely useful for global phylogenetic comparisons (2, 8, 37).
Both distance and parsimony analyses of the EF1-a amino acid
sequence derived from Antarctic fosmid 74A4, however, could
not resolve its placement within the Crenarchaeota or Eur-
yarchaeota (data not shown). Other important features of
EF1-a are specific insertions and deletions among homologs
that provide evidence for a specific evolutionary linkage be-
tween eukaryotes and crenarchaeotes. Antarctic crenarcha-
eotal EF1-a did contain an 11-amino-acid insertion (data not
shown) that is characteristic of Eucarya and Crenarchaeota but
not Euryarchaeota or bacteria (34). The sequence of the 11-
amino-acid insertion of 74A4 most closely resembles the in-
sertion of Pyrobaculum aerophilum, another crenarchaeote
(four-amino-acid sequence difference; data not shown). This
observation, together with the deep branching of planktonic
archaeal 16S rRNA and of the EF2 amino acid sequence of
fosmid 4B7 (42) in phylogenetic trees, could reflect a nonther-
mophilic origin of the crenarchaeotal subdivision. Alterna-
tively, EF1-a homologs from as-yet-uncultured thermophilic
relatives of low-temperature crenarchaeotes that have been
detected in hot springs (3, 4) may branch more deeply, placing
these thermophilic groups basal to cultivated crenarchaeotal
lineages.

Small cold shock proteins were believed to be present only in
bacteria and eukaryotes (18, 33). To date, no cold shock genes
have been found in the archaeal genomes that have been
entirely sequenced. It was therefore surprising to find a gene
encoding a cold shock protein on fosmid 4B7. Based on amino
acid similarity, this putative cold shock protein resembles those
of bacteria. The observation that no other sequenced archaeal
genomes encode members of the small cold shock protein
family raises the possibility of lateral gene transfer of this gene
into cold-adapted archaea from bacteria. Several other genes
present on the two marine archaeal fosmids may have been
acquired from bacteria, for example, the genes for double-
stranded beta-helix fold proteins, the SWI/SNF helicase, and
peptide methionine sulfoxide reductase. Even more unexpect-
edly, we identified a gene coding for a C,H, Zn finger protein
that so far has been found only in eukaryotes.

Analysis of the combined 80 kb of sequence data has iden-
tified several genes indicative of metabolic pathways (Tables 1
and 2). However, the lack of known transporters on the two
fosmids makes it difficult to predict possible components being
taken up by the archaeal cells. Additional data obtained for C.
symbiosum and from other techniques, such as stable isotope
and natural radiotracer analyses (34) and microautoradiogra-
phy and fluorescence in situ hybridization (23, 31), should
provide more insight into the potential metabolic traits of
uncultivated marine archaea.

With regard to the marine planktonic crenarchaeotal clade
in general, there exists considerable divergence and genome
evolution. The 16S rRNA genes in fosmids 4B7 and 74A4 and
C. symbiosum all share greater than 94% sequence similarity.
However, the regions surrounding the rRNA operons vary
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substantially, indicating extensive genome rearrangements and
various genome contents. These differences are also likely re-
flected in the phenotypic properties of the different crenar-
chaeotes that occupy the different oceanic regions.

Variation among homologous protein coding genes from
microbes that share moderately similar (97%) 16S rRNA gene
sequences has been reported for Prochlorococcus isolates de-
rived from the same sample. Prochlorococcus isolates MED
and SS120 shared 98% sequence similarity in their 16S rRNAs
(44) but were only 76% identical based on their RNA poly-
merase C1 gene sequence (15). To our knowledge, however,
genome variation among free-living, sympatric, uncultivated
microbes has never been reported. Our data now provide a
significant perspective on the extent of genome variation that
can exist within a single population of free-living microbial
cells that share identical (or nearly so) rRNA gene sequences.
Our data suggest that the observed seasonal maximum of
planktonic crenarchaeotes in Antarctic waters (29) is com-
posed of (minimally) four highly related, yet nonidentical, co-
occurring strains or variants. Of course, due to the labor and
resource intensiveness of our procedures, our library screening
procedure severely undersamples the actual population. De-
spite this undersampling, however, we did not recover any one
dominant or identical genotype. Rather, we recovered identi-
cal or nearly identical rRNA phylotypes with significant differ-
ences in flanking genomic regions. Greater variation would be
expected to be observed with larger sample size. These data
strongly suggest that even within a single population, a very
large amount of genomic heterogeneity exists that is undetect-
able by 16S rRNA sequence variation.

Presumably, genomic microheterogeneity can generate,
eventually, physiological diversity. Even small variations
among protein coding genes, such as those found here in sym-
patric archaeal cells that share identical or nearly identical
rRNA gene sequences, could provide a selective advantage to
the different genotypes under fluctuating environmental con-
ditions. Such microvariations could confer greater fitness to
the population as a whole under various environmental condi-
tions, relative to any individual clonal phenotype. Our data
strongly suggest that naturally occurring populations of bacte-
ria and archaea can be viewed as nonclonal populations that
harbor tremendous allelic variation.
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