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ABSTRACT Cultivation methods have contributed to our
present knowledge about the presence and diversity of mi-
crobes in naturally occurring communities. However, it is well
established that only a small fraction of prokaryotes have been
cultivated by standard methods and, therefore, the pro-
karyotes that are cultivated may not reflect the composition
and diversity within those communities. Of the two prokary-
otic phylogenetic domains, Bacteria and Archaea, members of
the former have been shown to be ubiquitous in nature, with
ample evidence of vast assemblages of uncultured organisms.
There is also now increasingly compelling evidence that the
Archaea, which were once thought to occupy a limited number
of environments, are also globally widespread. Here we report
the use of molecular phylogenetic techniques, which are
independent of microbial cultivation, to conduct an assess-
ment of Archaea in a soil microbial community. Small subunit
ribosomal RNA genes of Archaea were amplified from soil and
cloned. Phylogenetic and nucleotide signature analyses of
these cloned small subunit ribosomal RNA gene sequences
revealed a cluster of Archaea from a soil microbial community
that diverge deeply from the crenarchaeotal line of descent
and has the closest affiliation to the lineage of planktonic
Archaea. The identification and phylogenetic classification of
this archaeal lineage from soil contributes to our understand-
ing of the ecological significance of Archaea as a component
of microbial communities in non-extreme environments.

Assessment of the microbial diversity in the environment has
long challenged microbiologists and microbial ecologists. Few
microbes have a sufficiently distinct cellular morphology to be
identified by microscopic techniques. Cultivation of microbes
as a means to characterize microbial communities has severe
limitations, since the majority of microbes observed micro-
scopically in an environmental sample cannot be cultivated by
standard methods (for reviews see refs. 1 and 2). For this
reason, methods that are independent of culturing are impor-
tant to characterize the diversity of microorganisms in their
environments. One such method is the molecular phylogenetic
analysis of small subunit ribosomal RNA (SSU rRNA) gene
sequences (3—-15). This approach has resulted in the discovery
of entirely new phylogenetic lineages, some of which are major
constituents of the environmental communities that were not
detected by traditional cultivation techniques (1, 16).

Many studies have focused on the identification and diver-
sity of prokaryotes of the domain Bacteria (17) in environ-
mental assemblages of microorganisms. Rather less attention
has been given to the diversity and ecological significance of
prokaryotes of the domain Archaea (17). This may be due to
the fact that the majority of Archaea have been isolated from
extreme environments or specialized ecological niches. All
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cultured members of the Crenarchaeota, one of the two
kingdoms of Archaea, are thermophiles. The other kingdom of
Archaea, the Euryarchaeota, is comprised of extreme halo-
philes, sulfur reducers, sulfate reducers, thermophilic hetero-
trophs, and methanogens. However, recent molecular phylo-
genetic studies (5, 7, 8, 11, 18, 19) have indicated that Archaea
may be more diverse and widespread than what is represented
by cultured members of the Archaea.

Soil is a familiar, yet poorly characterized, microbial envi-
ronment in which less than 0.1% of the microscopically
observed microorganisms present are cultured by standard
techniques (20, 21). Recent surveys of soil microbial popula-
tions with molecular phylogenetic techniques revealed an
enormous diversity of as yet uncharacterized microbes (6, 11,
15). In these studies, total DNA was isolated directly from soil
samples, SSU rRNA gene sequences were amplified by PCR,
and the amplified SSU rRNA gene sequences were character-
ized by nucleotide sequence and phylogenetic analyses. The
primer sets used for the amplification were designed to selec-
tively amplify SSU rRNA gene sequences from most members
of the domain Bacteria (6) or from most members of the three
primary phylogenetic domains, Archaea, Bacteria, and Euca-
rya (11, 15). Using the latter primer set, one group identified
and cloned a partial SSU rRNA gene sequence (FIE16) that
was most closely related to those of Archaea (11).

Our work was designed to assess the diversity of Archaea
present in a soil microbial community and to serve as the
starting point for a study of the ecology of Archaea in soil.
Small subunit rRNA gene sequences of Archaea were selec-
tively amplified from total DNA extracted directly from soil
and cloned. Sequence and phylogenetic analyses of these
clones identified a group of Archaea in a soil environment that
diverge deeply from the crenarchaeal line of descent and has
closest affiliation to the lineage of planktonic Archaea (22).

MATERIALS AND METHODS

Soil Sampling and Analyses. A subsurface (2-10 cm) soil
sample was collected in August 1995, from the West Madison
Agricultural Research Station (Madison, WI), and stored on
ice until processed. The soil type is a Plano silt loam containing
61% sand, 23% silt, and 16% clay, with 1.7% organic matter.
The soil pH was 7.0. Soil analyses were performed by the Soil
Testing Laboratory of the University of Wisconsin—-Madison,
as described (23).

Extraction and Purification of Total DNA from Soil Sam-
ple. Total DNA was isolated from the soil sample by a

Abbreviations: SSU rRNA, small subunit ribosomal RNA; RDP,
Ribosomal Database Project.

Data deposition: The SSU rRNA gene sequences reported in this
paper have been deposited in the GenBank data base [accession nos.
U62811 (SCA1145), U62812 (SCA1150), U62813 (SCA1151), U62814
(SCA1154), U62815 (SCA1158), U62816 (SCA1166), U62817
(SCA1170), U62818 (SCA1173), U62819 (SCA1175), U62820
§SCA1180).
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modification of the method described by Porteus et al. (24),
which is designed to isolate total DNA from a variety of cell
types. Five hundred milligrams of soil were resuspended in 500
wl of Solution A (250 mM NaCl/100 mM Na,EDTA) and
sonicated for 3 min in a Branson 2200 bath sonicator. Ly-
sozyme was then added to 0.5 mg/ml and the mixture was
incubated at 37°C for 30 min with occasional agitation. Pro-
teinase K was added to a final concentration of 2.0 mg/ml and
the mixture was incubated for a further 30 min. After incu-
bation, 500 ul of Solution B [250 mM NaCl/100 mM
Na,EDTA/4% (wt/vol) SDS] and 75 ul of 5 M guanidine
isothiocyanate were added and the mixture was gently agitated
by inversion. The mixture was then incubated at 68°C for 1 hr
with occasional agitation. After incubation, the sample was
mixed 1:1 with 0.1-mm diameter zirconia/silica beads and
homogenized in a Mini-Beadbeater (Type BX-4; Biospec
Products, Bartlesville, OK) at 3000 rpm for 45 sec. The samples
were centrifuged to remove the beads and the supernatant
fluid was recovered. One hundred and fifty microliters of
hexadecyltrimethyl ammonium bromide (CTAB) extraction
solution [2% (wt/vol) CTAB/100 mM Tris-Cl, pH 8.0/20 mM
Na,EDTA/1.4 M NaCl] was added to the supernatant fluid
and mixed by inversion. The mixture was incubated at 65°C for
15 min with occasional agitation and then extracted sequen-
tially with equal volumes of chloroform:isoamyl alcohol (24:1),
phenol:chloroform:isoamyl alcohol (24:24:1), and chloro-
form:isoamyl alcohol (24:1). An equal volume of isopropanol
was added to the recovered supernatant fluid and total DNA
was recovered by centrifugation. Total DNA was resuspended
in 500 ul of 10 mM Tris-Cl (pH 8.0) and purified for PCR
amplification by four rounds of ultrafiltration using Microcon-
100 microconcentrators (Amicon).

Amplification and Cloning of Archaeal SSU rRNA Genes.
Purified total DNA was used as template for PCR amplifica-
tion. The oligonucleotide primer sequences used for amplifi-
cation were 23FPL (8) (5'-GCGGATCCGCGGCCGCTGCA-
GAYCTGGTYGATYCTGCC-3") and 149ZR (25) (5'-
GGYTACCTTGTTAACGACTT-3'), where R is a purine
and Y is a pyrimidine. The underlined sequence in oligonu-
cleotide 23FPL corresponds to a NotI recognition site that was
used for directional cloning of amplified products. This primer
set was designed to amplify selectively nearly full-length (1.4
kb) archaeal SSU rRNA genes and could amplify >95% of the
archaeal SSU rRNA gene sequences in the prokaryotic SSU
data base of the Ribosomal Database Project (RDP) (release
date May 18, 1995) at the University of Illinois, Urbana (22).
PCR amplification was performed with a RoboCycler Gradi-
ent 96 Temperature Cycler (Stratagene). The cycling param-
eters were: 1 min denaturation at 94°C followed by 30 cycles
of 94°C for 30 sec, 55°C for 1.5 min, and 72°C for 2.5 min. PCR
amplification reaction conditions were: 10 ng of template, 40
pmol of each primer, 200 uM of each dNTP (Boehringer
Mannheim), 1.25 Pfu DNA polymerase (Stratagene), and 5 ul
of 10X Pfu DNA polymerase reaction buffer in a 50-ul
reaction volume. Positive (containing 20 ng of Sulfolobus
acidocaldarius genomic DNA) and negative (containing no
exogenous template) control reactions were also performed.
No amplified products were observed with the negative control
reaction and an amplified product of the expected size (1.4 kb)
was observed when the template was S. acidocaldarius or total
DNA isolated from soil. Amplified products frem four inde-
pendent reactions using total DNA from soil as template were
pooled, purified with QIAquick PCR purification columns
(Qiagen, Chatsworth, CA), digested with the restriction en-
zyme Notl (Stratagene), and again purified by spin column
purification. Digested products were directionally cloned by
ligation to NotI-Hincll digested pGEM11Zf(+) (Promega).

Nucleotide Sequencing of Cloned SSU rRNA Genes. The
nucleotide sequences of the cloned SSU rRNA genes were
determined using an automated DNA sequencer (Applied
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Biosystems model 377). Plasmid DNA was purified with
QIAprep plasmid purification kits (Qiagen) and used as
template for PCR cycle sequencing with Prism Ready Reaction
Dyedeoxy Terminator Sequencing Kit (Applied Biosystems).
SSU rRNA-specific (8, 25) and M13 forward and reverse
oligonucleotide primers (26) were used to determine the
nucleotide sequences of the cloned SSU rRNA genes. An
additional archaeal-based sequencing primer, 285FA (5'-
AGCCCGGAGATGGGCACTGAG-3'), was designed and
used for sequence analysis. Nucleotide sequences of the cloned
SSU rRNA genes were obtained by sequencing both template
strands at least twice.

Sequence and Phylogenetic Analyses. Analyses of the cloned
SSU rRNA gene sequences were performed using SIMILARI-
TY_RANK and ALIGN_SEQUENCE from the RDP and Basic
Local Alignment Search Tool (BLAST) (27). These analyses
were used to determine that the cloned sequences were SSU
rRNA gene sequences and to estimate the degree of similarity
to other SSU rRNA gene sequences. The data bases used for
RDP and BLAST analyses were the prokaryotic SSU rRNA data
base and the non-redundant nucleotide sequence data base,
which contains all non-redundant GenBank, European Mo-
lecular Biology Laboratory, DNA Data Base in Japan, and
Protein Data Base sequences, respectively.

Nucleotide sequences of the cloned SSU rRNA genes were
manually aligned into putative secondary structures and were
also submitted to the CHECK_CHIMERA program at the RDP to
detect the presence of chimeric artifacts.

Sequences were manually aligned to SSU rRNA sequence
data from the RDP based on primary and secondary structure
considerations using the Genetic Data Environment (GDE)
multiple sequence editor distributed by the RDP. Phylogenetic
analyses were restricted to nucleotide positions that were
unambiguously alignable in all sequences. Least-squares dis-
tance matrix analyses (28), based on evolutionary distances,
were estimated from similarity values by using the correction
of Kimura (29). Phylogenetic analyses using neighbor joining
and parsimony methods were performed using the Phyloge-
netic Inference Package (PHYLIP) (version 3.57c, J. Felsen-
stein, University of Washington, Seattle). Maximum likelihood
analyses were performed using FASTDNAML (version 1.1.1;
distributed by RDP; ref. 22). For transversion-distance and
transversion-parsimony analyses (30), the base composition of
the unambiguously aligned sequences was modified to reflect
only purines and pyrimidines. For the phylogenetic analyses,
the order in which the sequences were added was jumbled so
as to avoid potential bias introduced by the order of sequence
addition. Bootstrap analysis (31) was used to provide confi-
dence estimates for phylogenetic tree topologies.

RESULTS

To assess the presence and diversity of Archaea in soil, total
DNA was isolated directly from soil and archaeal SSU rRNA
gene sequences were selectively amplified by PCR and cloned.
The first step in our overall strategy was to obtain partial
nucleotide sequence information for 35 insert-containing plas-
mids. This sequence information was used to determine that
the cloned inserts were SSU rRNA gene sequences from
Archaea, to identify unique nucleotide sequences within the
clone collection, and to select representative clones for full-
length sequencing.

Approximately 400 nt of sequence from the 5" terminal end
(corresponding to positions 24-424 of the SSU rRNA gene
sequence, Escherichia coli numbering) was first obtained from
each of the insert-containing plasmids. Analysis of these data
using BLAST and software provided by the RDP showed that 34
of the 35 cloned inserts were most similar to SSU rRNA gene
sequences of Archaea. All of these cloned sequences had the
highest similarity (78-84% nucleotide sequence identity) to
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Group I marine Archaea sequences (SBAR12, WHARQ, and
ANTARCTIC12), which were recovered from uncultivated
bacterioplankton in oceanic environments and phylogeneti-
cally placed in the planktonic Archaea subdivision of the
Crenarchaeota (22). The cloned sequences from soil were
more similar to each other (the least similar having 88%
nucleotide sequence identity) than to any data base sequences.
Alignment of the cloned sequences to SSU rRNA gene
sequences from representative species of Archaea revealed
secondary structure features consistent with the proposed
structure of SSU rRNA of Archaea. Also, the cloned se-
quences had signature nucleotides or features diagnostic of
Archaea (32) in 18 of the 19 relevant positions that were
contained within the 400 nt of sequence information obtained
for each cloned sequence (Table 1). When considered to-
gether, results of these analyses indicate that the cloned
sequences are derived from SSU rRNA genes of members of
the domain Archaea.

Similar analyses determined that one cloned sequence,
SCA1168, was derived from a SSU rRNA gene sequence of a
member of the domain Bacteria, having 86% nucleotide
sequence identity to the SSU rRNA gene sequence of Nan-
nocystis exedens.

Of the 34 cloned archaeal SSU rRNA gene sequences, 2
nucleotide sequences occurred more than once in the collec-
tion. Clones SCA1145 and SCA1170 represent nucleotide
sequences that were found in 16 and 2 cloned sequences,
respectively. The other 16 clones had nucleotide sequences
that were represented once in the clone collection. Of these 16
unique clones, 10 had nucleotide sequences that were highly
similar to those of other clones within the collection, differing
at 1-7 nt positions (out of approximately 400 nt). Clones that
had nucleotide sequences similar to those of other clones were
grouped and one representative clone was selected from each
group. For each of these representative clones and some
selected others chosen to represent the nucleotide sequence
diversity within our clone collection, we determined the full-
length nucleotide sequences (approximately 1400 nt).

The full-length sequences of 10 cloned SSU rRNA genes
(designated as SCA clones hereafter) were checked for the

Table 1. Interdomain nucleotide signature analysis of SCA clones

Nucleotide position(s) Signature features of

of signature feature

Eucarya Bacteria Archaca SCA clones

31 (bulged base) Absent  Present  Absent  Euc, Arch
33-551 AU AU YR Arch
44.1-397 —A —A U-A Arch

47.1 (extra base) Present  Absent  Present Euc, Arch
52:359 G-C Y-R G-C Euc, Arch
53-358 CG AU CG Euc, Arch
113-314 CG G-C CG Euc, Arch
121 A Y C Bact, Arch
292-308 R-U G-C G-C Bact, Arch
307 Y Y G Arch
335 A C C Bact, Arch
338 A A G Arch
339-350 CG CG GY Arch
341-348 U-A CG CG Bact, Arch
361 C R C Euc, Arch
365 A U A Euc, Arch
367 U U C Arch
377-386 YR RY Y-G Bact
393 A A G Arch

Nucleotide signature features of SSU rRNA gene sequences defin-
ing the three domains, Eucarya (Euc), Bacteria (Bact), and Archaea
(Arch) (32), were compared to relevant positions of the SCA clones.
Numbering (nucleotide position) is based on the E. coli SSU rRNA
gene sequence. - denotes a base pair. R and Y represent purines and
pyrimidines, respectively.
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presence of chimeric sequences, which can arise in PCR
amplification using a mixed population of template DNA
(33-35). Evaluation by the CHECK_CHIMERA program and
inspection of putative secondary structure features did not
detect the presence of chimeric sequences in the full-length
cloned sequences.

Similarity searches with the full-length sequences of the
SCA clones also revealed the highest similarity to SSU rRNA
gene sequences of members of the planktonic Archaea in the
prokaryotic SSU rRNA data base at the RDP. The highest
similarity (89-98% nucleotide sequence identity) of the SCA
clone sequences was to PAD19 and FIE16, which are partial
SSU rRNA gene sequences previously isolated from soil (11).
Similarity to these sequences was not detected using the 5’
terminal sequences of the SCA clone sequences, since the
sequence information available for PAD19 and FIE16 corre-
spond to the 3’ terminal sequence of SSU rRNA genes.

Phylogenetic relationships of the SCA clone sequences and
SSU rRNA gene sequences of representative members from
the domains Eucarya, Bacteria, and Archaea were determined
using maximum-likelihood, neighbor-joining, and parsimony
methods. Fifty taxa from the three phylogenetic domains were
chosen that exemplify the phylogenetic diversity and the range
of G+C content within each domain. Because the full-length
SCA clone sequences had high nucleotide sequence identity
(91-97%) to each other, a representative subset of SCA clone
sequences (SCA1145, SCA1150, and SCA1180) was used for
the phylogenetic analyses.

Initial phylogenetic analyses were performed using only
full-length sequences and involved a data set of 857 nt posi-
tions. All three methods of phylogenetic analysis resulted in
trees with similar topologies and consistently determined that
the SCA clones branch deeply from the crenarchaeal line of
descent (analysis not shown). Bootstrapping of neighbor-
joining and parsimony analyses supported this topology in 86
and 66 (out of 100) trees, respectively. SSU rRNA gene
sequences representing the planktonic Archaea were not in-
cluded in the initial phylogenetic analyses, since the sequence
information for members of this group consists of only partial
SSU rRNA gene sequences.

The G+C content (55-58%) of the sequences of the SCA
clones is lower than that of the SSU rRNA gene sequences of
the cultured Crenarchaeota and thermophilic Euryarchaeota
(63-69%) that were used in the phylogenetic analyses. Dif-
ferences in base composition among sequences have been
shown to promote artifacts in phylogenetic analyses when SSU
rRNA gene sequences from mesophilic and thermophilic
species are compared (30). The latter are considerably higher
in G+C content than the former. As a result, an artificial
phylogenetic clustering of the thermophilic sequences can
arise.

To determine if base composition differences among the
sequences used for the phylogenetic analyses affected the
placement of the SCA clone lineage within the Crenarchaeota,
transversion analyses were performed. The use of transversion
analyses can remove some of the biases associated with phy-
logenetic placement of sequences with different base compo-
sitions (28). Transversion distance and transversion parsimony
analyses support the placement of the SCA clone lineage as a
deeply branching group within the Crenarchaeota in 94 and 76
(out of 100) trees, respectively (data not shown). The use of
transversion analyses resulted in higher bootstrap support for
placement of the SCA clone lineage than the substitution
analyses, indicating that the base compositional differences
among the sequences used in the phylogenetic analyses has a
small, but detectable, effect on the placement of this lineage
within the Crenarchaeota.

Further phylogenetic analyses were used to determine the
relationship of the SCA clones to members of the planktonic
Archaea. Maximum likelihood, neighbor-joining, parsimony,



280 Microbiology: Bintrim et al.

10%

Methanococcus jannaschii
Methanococcus vannielii
Thermococcus celer

Archaeoglobus fulgidus

Methanospirillum hungatei

Proc. Natl. Acad. Sci. USA 94 (1997)

Haloferax volcanii
Euryarchaeota

T 1 sdonhilum
hermop aciaop

Methanobacterium
thermoautotrophicum

82
Methanothermus fervidus
Methanopyrus kandleri _
Archaea
Thermofilum pendens 1
_89] Thermoproteus tenax
67
Desulfurococcus mobilis Crenarchaeota
Pyrodictium occultum
Sulfolobus acidocaldarius -~
64 SCA1150 7
58 100
100{l-5CA1180 SCA clone/Group |
100 marine lineage
SCA1145
100
100 Group I marine (SBAR12)  _|
95 P 27
_| ] Korarchaeota
JP 78 —
___r:"q“ff“ pyrophilus Bacteria
Thermotoga maritima —
Giardia lamblia J Eucarya
Tritrich foetus

Fic. 1. Inferred unrooted phylogenetic tree of archaeal SSU rRNA gene sequences cloned from soil, illustrating close affiliation of these
sequences (designated SCA clones) with those of the Group I marine sequences of the Crenarchacota. Tree was inferred by neighbor-joining analysis
of 637 homologous positions of sequence from each organism or clone. Scale bar represents 10 mutations per 100 nt of homologous sequence
positions. The percentage of 100 bootstrap resamplings that support some of the major topological elements in neighbor joining (above line) and

parsimony (below line) analyses is indicated.

and transversion analyses using a data set of 637 nt positions
resulted in trees with similar topologies and consistently
indicated an affiliation of the SCA clones to the Group I
marine Archaea (Fig. 1). Bootstrapping of neighbor-joining,
parsimony, and transversion analyses revealed that the SCA
clones were affiliated with the Group I marine Archaea in 100
(out of 100) trees. These analyses also supported the placement
of the SCA clone/Group I marine Archaea lineage as a deeply
divergent branch within the Crenarchaeota and stabilized the
problematic placement of the Group I marine Archaea ob-
served in previous studies (5, 18).

The phylogenetic placement of the SCA clones represented
in Fig. 1 was further assessed by an intradomain nucleotide
signature analysis (32) (Table 2). Nine of the 10 SCA clone
sequences had more signature sequence features in common
with Crenarchaeota than with Euryarchaeota (10 vs. 6 fea-
tures). These SCA clones also shared all 16 signature sequence
features with the Group I marine Archaea. One SCA clone,
SCA1180, differed from the other SCA clones at two sequence
signature positions (34-550 and 1252) and had 11 and 4
sequence signature features in common with the Crenarcha-
eota and Euryarchaeota, respectively. Thus, both phylogenetic
and intradomain nucleotide signature analyses showed an
affiliation of the SCA clones with the Group I marine Archaea.

Within the planktonic Archaea are two cloned SSU rRNA
gene sequences, PAD19 and FIE16 (11), which were obtained
from soil. Further phylogenetic analyses were performed with
the SCA clones and members of the planktonic Archaea to
determine the relationship of the SCA clone sequences to
those of PAD19 and FIE16, as well as to other sequences
within this group. A small data set of 261 nt positions was used

for these analyses, since there is a limited amount of sequence
information available for PAD19 and FIE16 (286 and 287 nt,
respectively). Analyses using maximum-likelihood, distance,
and parsimony methods resulted in phylogenetic trees with
similar topologies and consistently indicated a close affiliation
of several of the SCA clone sequences (SCA1154, SCA1158,
and SCA1170) to PAD19 and FIE16 (Fig. 2). These analyses
also supported the resolution of the SCA clone and planktonic
Archaea sequences into two discrete groups, one of which is
associated with a terrestrial environment and the other with a
marine environment.

DISCUSSION

The identification of Archaea from soil is important to un-
derstanding the ecological significance of Archaea in the
biosphere and for the analysis of naturally occurring microbial
communities. Because many Archaea have been identified in
specialized, often extreme, environmental niches, Archaea
have not been considered to be important in the ecology of
microbial communities in different environments. However,
the identification of novel groups of Archaea in marine (3, 5,
7, 18) and terrestrial (ref. 11, this study) environments indi-
cates that Archaea are more diverse and widespread than
previously thought.

From analysis of SSU rRNA genes cloned from soil, we have
identified a highly clustered group of soil Archaea. Phyloge-
netic analyses of the full-length soil Archaea clone sequences,
designated as SCA clones, placed this lineage as a deeply
branching group within the Crenarchaeota that has no close
affiliation to any cultivated member of the Archaea. These
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Table 2. Intradomain nucleotide signature analysis of SCA clones

Signature features of

Nucleotide
position(s) of Grp I SCA SCA
signature feature Eury Cren marine clones 1180
27-556 G-C CG Cren Cren Cren
28-555 GY CG Cren Cren Cren
30-553 Y-R G-C Cren Cren Cren
34-550 U-G CG Eury Eury U-u
289311 CG G-C Eury Eury Eury
501-544 RY CG Eury Eury Eury
503-542 CG G-C Cren Cren Cren
504-541 Y-R GY Eury Eury Eury
513-538 CG U-A Cren Cren Cren
518 C U Cren Cren Cren
658747 Y-R G-C Cren Cren Cren
692 U C Eury Eury Eury
965 Y G Cren Cren Cren
1074-1083 A-C G-U Cren Cren Cren
1244-1293 Y-R RY Cren Cren Cren
1252 U C Eury Eury Cren

Nucleotide signature features of SSU rRNA gene sequences defin-
ing the two archacal kingdoms, Euryarchacota (Eury) and Crenar-
chaeota (Cren), and the Group I marine Archaea (Grp I marine), were
compared to relevant positions of the SCA clone sequences. Sequence
signatures of the two archacal kingdoms and the Group I marine
Archaca are taken from Winker and Woese (32) and Barns et al. (8),
respectively. SCA clones include SCA1145, SCA1150, SCA1151,
SCA1154, SCA1158, SCA1166, SCA1170, SCA1173, and SCA1175
sequences. Numbering (nucleotide position) is based on the E. coli
SSU rRNA gene sequence. * denotes a base pair. R and Y represent
purines and pyrimidines, respectively.

analyses also determined that the SCA clone lineage has
phylogenetic affinity to the Group I marine Archaea, which are
members of the planktonic division in the Crenarchaeota.
Nucleotide signature sequence analysis also supported the
affiliation of the SCA clone sequences with the Crenarchaeota
and affinity to the Group I marine Archaea. These analyses
showed that 9 of the 10 SCA clone sequences had more
signature sequence features in common with Crenarchaeota
than with Euryarchaeota (10 vs. 6 features) and shared all 16
signature sequence features with the Group I marine Archaea.
From our analyses, the phylogenetic affiliation of the SCA
clone lineage to the planktonic Archaea is well supported.
However, the exact phylogenetic placement of the SCA clone/
planktonic Archaea lineage within the Archaea will require the
acquisition of more SSU rRNA gene sequence data, as well as
other genotypic and phenotypic data, from members of this
lineage.

Of the 34 cloned sequences analyzed, only 2 sequences were
represented more than once in the clone collection. It is
unlikely that the small collection of clones examined in this
study reflects the full diversity of Archaea in the soil environ-
ment sampled, since 16 of the clone sequence types appeared
only once in the collection. The frequency of the sequence
types within the clone collection may not represent the distri-
bution of archaeal sequences present in the soil sampled
because of potential biases arising from the small size of the
soil sample, the extraction and recovery of DNA, amplification
by PCR (36-38), and cloning. Of the 16 unique sequence types
within the clone collection, 10 had nucleotide sequences that
differed from other sequence types at 1-7 nt positions. These
differences may be attributed to microheterogeneity of SSU
rRNA gene sequences within an individual or between related
members of the Archaea population or may be the result of
base-incorporation errors during amplification, cloning arti-
facts, or sequencing errors. However, since such heterogeneity
was not observed in the duplicates of the sequence types
typified by SCA1145 and SCA1170, it is unlikely that intro-
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FiG. 2. Inferred phylogenetic tree of archaeal SSU rRNA gene
sequences cloned from soil, illustrating close affiliation of these
sequences (designated SCA clones) with those within the planktonic
Archaea. The tree was rooted to the korarchaeotal sequence JP27 (8).
Planktonic Archaea clones used in this analysis are from marine
bacterioplankton (NH49-9; ref. 7), soil (PAD19 and FIE16; ref. 11),
and a marine holothurian mid-gut (JM-2, JM-4, JM-7, and JM-8; ref.
18). Tree was inferred by maximum likelihood analysis of 261 homol-
ogous positions of sequence from each clone. Scale bar represents 10
mutations per 100-nt of homologous sequence positions. The percent-
age of 100 bootstrap resamplings that support some of the major
topological elements in maximum likelihood (above line) and parsi-
mony (below line) analyses is indicated. Only bootstrap values >60 are
shown for these analyses.

duced artifacts are responsible for the degree of sequence
heterogeneity within the clone collection.

Because the SCA clone sequences obtained in this study
showed no close phylogenetic affiliation to any cultured Ar-
chaea, it is difficult to predict the phenotypic properties and
ecological role of this group of soil Archaea. However, it is
interesting that the SCA clones were affiliated with PAD19
and FIE16 (11), which are SSU rRNA gene sequences cloned
from a geographically distant soil. This affiliation suggests that
these sequences may represent a lineage of non-thermophilic
Crenarchaeota that are associated with a terrestrial environ-
ment. Molecular analyses, such as in situ hybridization with
oligonucleotide probes specific for this archaeal lineage, are
warranted to determine the relative abundance of Archaea in
soil and whether they exist as free-living organisms or are
endosymbionts of protozoan or arthropod hosts.

Methanogenesis has long been associated with the microbial
communities in sediments and flooded soils. Molecular and
cultivation analyses of methanogens from these environments
have identified the presence of microbes affiliated with mem-
bers of the Euryarchaeota (14, 39). Even though the SCA clone
lineage placed in the Crenarchaeota and does not show any
affiliation to known methanogens, we are unable to exclude the
possibility that this lineage could contain novel groups of
methanogens found in a soil environment. Our future work will
be directed to microscopic and culturing studies designed to
characterize the physiology and ecological roles of this lineage
of soil Archaea.

Soil microbial communities appear to be far more complex
than has been demonstrated by standard culturing methods.
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To assess the vast diversity of uncultured organisms in soil
demands new biological and computational techniques that
can accommodate this complexity. Our long-term goal is to
develop a molecular hybridization method, which uses an array
of oligonucleotides derived from SSU rRNA gene sequences,
for analysis of soil microbial communities. The identification
of this lineage of Archaea in soil provides a wealth of previ-
ously unknown molecular information that is useful for de-
signing oligonucleotides for such arrays and for assessing the
composition and diversity of soil microbial communities.
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