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Abstract

We surveyed the diversity of soil Archaea across a large
scale elevational gradient of ecosystem types, from
foothills forest to alpine tundra in the Front Range of
the Rocky Mountains. We used a dilution technique to
sequence the single most abundant archaeal 16S rDNA
sequence in each of the 40 soil cores distributed across
the gradient to compare our results to those of typical
16S clone library studies.We found a greater diversity of
sequences than has typically been found in clone library
studies from a single site or core, identifying sequences
both from the Terrestrial Group and the FFSB Group at
several sites. We did not observe any significant envi-
ronmental correlates with the dominant sequence type,
nor was there any relationship between the spatial
distance between samples and the phylogenetic similarity
of the dominant sequence types. Despite using a very
different methodology, our collective results are in
remarkably good agreement with other studies of soil
Crenarchaeota in terms of the diversity and relative
abundance of sequence types identified. We are able to
identify two instances of very tightly clustered sequences
which we suggest are the results of global selective
sweeps—one closely related to SCA1145, an abundant
globally distributed group within the Terrestrial Group
of Crenarchaeota, and another nested within the more
basal FFSB group of sequences. We replicated our
sequence results at two levels: first, by repeating the
dilution and PCR processes from the same soil core DNA
extraction, and second, by performing a replicate DNA
extraction from the same homogenized soil core sample.
Pairs of sequences produced by the dilution replicates
were significantly more similar than the pairs of
sequences produced by the extraction replicates, suggest-
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ing that soil Crenarchaeota exists in highly localized and
discrete clonal populations.

Introduction

The use of molecular methods to investigate uncultivated
microbes from natural environments has revolutionized
our views of microbial biodiversity and ecology in recent
years. Studies based on the extraction of total community
DNA from environmental samples followed by polymer-
ase chain reaction (PCR), cloning, and sequencing of 16S
rRNA genes have now become commonplace, often
comprising one of the first steps in studying the micro-
biology of an environment of interest.

Most of these studies begin by taking a small sample
of the study environment and preparing a 16S rRNA
clone library by using universal or bacterial specific PCR
primers. Clones from the library are then sequenced by
using one of two strategies: (1) sequencing clones at
random, to obtain a random sample of all the Bacteria,
or 2) screening clones by restriction fragment length
polymorphism (RFLP), typing them, and then sequenc-
ing a clone of each distinct RFLP type. The latter strategy
enhances the diversity of sequences obtained, but does
not provide a random, unbiased sample of the commu-
nity composition. Among the insights gained from the
use of this culture-independent molecular approach have
been (1) the confirmation of the long-held belief that the
vast majority of microbes are not cultivated with
currently used techniques, (2) the discovery of numerous
novel division-level clades of Bacteria and Archaea that
have no cultivated representatives (and whose basic
metabolism is thus completely unknown), and (3) the
realization that some environments for which we thought
we had a basic microbial ecological understanding are
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either dominated by or have a major component
consisting of these uncultivated groups.

Although such studies using the standard 16S rRNA
gene clone library technique have documented the
existence of numerous novel groups of Bacteria and
Archaea at every level from the division level to the strain,
it is difficult to generalize patterns of distribution and
diversity from their results. Because the generation and
sequencing of a 16S rRNA gene clone library is both labor-
intensive and expensive, researchers typically work with a
small number of samples in any given study. For the same
reasons, true replication and statistical characterization of
clone libraries from an environment, performed in the
way that we demand of most other ecological methodol-
ogies, is rarely achieved.

In this study, we take a different conceptual and
methodological approach; rather than gaining a lot of
information from a few samples, we gain some informa-
tion from a large number of samples. We accomplish this
by using a dilution technique; we first perform PCR on a
dilution series of a soil DNA extract, which dilutes to
extinction all but the most abundant sequences. We then
reamplify and sequence the PCR product at the highest
dilution for which the product was observed. Because the
dilution is performed prior to the PCR, potential issues
of PCR bias are minimized. Furthermore, this technique
will only recover those sequences that are most numer-
ically abundant (and presumably ecologically important)
in the sample; rare sequences are not detected.

We also examine the results produced by this dilution
technique by using two levels of replication. The first level
of replication, which we call a “dilution replicate,”
consists of creating a new dilution series from the original
DNA extract, and then repeating the PCR, reamplifica-
tion, and sequencing to obtain a second 16S rRNA gene
sequence. The second level of replication, which we call an
“extraction replicate” and in which we draw off a separate
0.5 g of soil from the original homogenized soil core
sample, repeats the DNA extraction, PCR, and sequencing
to obtain a replicate of the 16S rRNA gene sequence.

To address questions of larger scale patterns of
distribution and diversity across a landscape, we have
used a multiscale nested sampling approach across the
large-scale elevational gradient of the Front Range of the
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Rocky Mountains in Northern Colorado. Our sampling
scheme uses transects with lengths varying over 4 orders
of magnitude along which soil cores are sampled,
enabling us to make comparisons of sequences generated
by our dilution technique from distances ranging from 1
cm to 22 km. A recent study used a multiscale sampling
technique to address questions of larger scale spatial
structure of microbial communities using terminal RFLP
(T-RFLPs), and found that communities that are closer
together do tend to be more similar, even across large
spatial scales [27].

We focused our study by examining the biogeogra-
phy of an understudied group, the soil Crenarchaeota.
Previous studies have shown that nonthermophilic
Crenarchaeota comprise 1-1.5% of the microbial com-
munities in temperate soils [6, 26]. These previous
studies can be divided into those that have identified
only members of the terrestrial group [4, 6] or the
Finnish forest soil type B (FFSB) group [13, 14] (using
the definitions of these groups as presented in [6]),
although one recent study has identified members of
both groups from grassland soils [21]. We also hope to
discover some of the environmental correlates with the
local dominance of these two clusters. One of the sites
along our gradient is a montane forest, structurally and
vegetatively similar to the boreal forest where members
of the FESB cluster have been previously identified as the
dominant Crenarchaeota [13, 14].

Our goal is to use the dilution PCR technique to ask
what are the abundant Crenarchaeota at our sampling
sites, as well as specific questions of which groups may be
associated with particular soil types and whether or not
sequence similarity among the dominant groups is
correlated with distance over a wide range of spatial scales.

Materials and Methods

Sampling Sites.  For our large-scale environmental
gradient, we used the elevational gradient of the Front
Range of the Rocky Mountains in Northern Colorado.
We chose four sites, each of which represents one of the
major ecosystem types of the Front Range [17]: (1)
foothills forest, dominated by ponderosa pine (Pinus
ponderosa); (2) montane forest, dominated by ponderosa

Table 1. Locations and characteristics of sampling sites, including elevation, dominant vegetation, soil type, and annual precipitation

Site Location Elevation (m) Vegetation Soil type Annual precipitation (cm)

A 40.01N, 105.38W 1800 Foothills forest Sandy loam 51 Pinus ponderosa
Carex heliophila

B 40.02N, 105.43W 2200 Montane forest Sandy loam 53 Pinus ponderosa
Psuedotsuga menziessi

C 40.04N, 105.55W 2600 Subalpine forest Sandy loam 69 Pinus contorta
Vaccinium myrtillus

D 40.06N, 105.62W 3400 Alpine tundra Silt loam 93 Kobresia myosuroides

Acomastylus rossi
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pine and Douglas fir (Psuedotsuga menziesii); (3)
subalpine forest, dominated by lodgepole pine (Pinus
contorta); and (4) alpine tundra, dominated by the sedge
Kobresia myosuroides and alpine avens (Acomastylis
rossii). Details and locations of the collection sites are
shown in Table 1. The alpine tundra site is the Niwot
Ridge Long-Term Ecological Research (LTER) site,
which has been the site of numerous studies of
vegetation, soils, and microbial processes. Together, the
four sites comprise an elevational gradient ranging from
1800 m at the foothills site to 3400 m at Niwot Ridge. A
straight-line distance of 22 km separates these sites,
which lie roughly along a line extending west from the
University of Colorado campus perpendicular to the
continental divide, which trends in a north—south
direction.

Numerous east—-west canyons incise the eastern slope
of the Front Range, and the four study plots are situated
along the crest of a broad east—west ridge between two such
canyons. Because marked differences between the micro-
climate and plant communities on north-facing versus
south-facing ridges are typical of this portion of the Front
Range [17], we selected the ridge top study plots to
eliminate additional variance in soil properties that might
be associated with these differences in solar exposure.

Sampling Scheme. At each of the four sites, we
established a 100-m transect in a generally east—west
direction, beginning from a randomly chosen starting
point. We took our samples in June and July of 1999,
beginning at the lower elevation A site and then
proceeding to the higher elevation B, C, and D sites in
successive weeks. This strategy attempts to minimize
potential temporal variation in community structure as
our sampling took place at a similar time relative to local
snowmelt at each of the sites.

Within our 100-m transects, we took soil cores every
10 m. We then randomly chose one of the 10-m intervals
and took cores every 1 m within that interval. We then
randomly chose one of the 1-m intervals and took soil
cores every 10 cm within that interval. Finally, we
randomly chose one of the 10-cm intervals and estab-
lished it as a 10-cm minitransect, and took soil cores
every 1 cm within this minitransect, effectively removing
a1l x 10 cm slice from the soil. We repeated this sam-
pling design at each of our four sampling sites along the
elevational gradient. The four study sites along the
elevational gradient are separated by 22 km, and are
roughly evenly spaced with a 7-km average distance
between adjacent sites; together, these form an effective
22-km transect. We performed measurements of soil
water content, organic matter content, pH, and microbial
biomass on all samples from all transects, the results of
which have been previously reported [22]. For the
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analysis of the crenarchaeotal communities, we chose a
subset of 10 samples from each site to use for DNA
extraction and sequence identification.

We took soil cores to a depth of 10 cm with a 1 cm
diameter metal soil corer, individual sections of which
were autoclaved prior to collection and brought into the
field in individually sterilized and sealed plastic bags. After
resealing each core section in its individual bag, we placed
the cores on ice and returned them to the laboratory the
same day.

Sample processing.  After extruding the soil cores,
we rapidly sieved the <2 mm fraction of soil directly into a
sterilized mortar in which it was ground with a sterilized
pestle, before collecting the homogenized soil into sterile
50-mL tubes, which we then stored at —80°C. Although
larger root sections were removed by the 2-mm sieve, we
did not specifically remove roots from our samples as we
include the rhizosphere within the total soil habitat.

DNA Extraction. ~ We used a modification of the
method described by Moré et al. [20], with additional
purification steps that we found necessary in order to
perform reliable PCR given the diversity of soils from
which our samples were taken. The procedure consists of
bead beating in a lysis buffer followed by ammonium
acetate precipitation, phenol and chloroform extractions,
and a final spin column purification, and is consistent
with the recommendations of Miller et al. [19]. For the
bead beating, we used 2-mL screw-cap tubes that were
filled with 0.3 g of 1-mm-diameter glass beads, 0.3 g of
0.5-mm zirconia-silica beads, and 0.3 g of 0.1-mm
zirconia-silica beads (BioSpec Products). We autoclaved
the tubes containing the beads before adding soil
equivalent to 0.5 g dry weight. We then added 0.5 mL
of 100 mM sodium phosphate buffer (pH 8.0) to each
tube, followed by 0.5 mL of lysis buffer (100 mM Tris—
HCIL, 100 mM NaCl, 10% SDS, pH 8.0). We then placed
the samples in a Mini Bead Beater (BioSpec Products) for
2 min at a rate of 4200/min; when finished, the samples
were immediately placed on ice.

After 10 min of centrifugation at 14,000 x g, we
collected 500 uL of the supernatant into autoclaved 1.5-
mL microcentrifuge tubes. We then added 200 pL of 7.5
M ammonium acetate and precipitated on ice for 5 min.
After a 5-min centrifugation at 14,000 x g, we poured off
the supernatant into new 1.5-mL tubes. We then added
500 puL equilibrated phenol (pH 8.0), inverted the tubes
several times, and centrifuged at 14,000 x g for 5 min.
We collected 400 puL of the supernatant into fresh 1.5-mL
tubes and added 500 pl of 24:1 chloroform/isoamyl alco-
hol, inverted the tubes several times, and centrifuged at
14,000 x g for 5 min. We collected 300 puL of the super-
natant into new 1.5-mL tubes, added 200 pL isopropa-
nol, and precipitated at —20°C overnight. We pelleted the
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Table 2. Nonredundant sequences obtained from the four sampling sites, including the GenBank accession no., length (nt), the
dilution factor of the soil DNA extract at which the sequence was obtained, and the major clade affinity of the sequence

Sequence ID Accession no. Length Dilution Affinity

FRAO AY016469 420 10" SCA1170
FRA1 AY016470 800 10"

FRA27 AY016471 836 10° FFSB
FRA27x2 AY016472 805 10° SCA1145
FRA31B AY016473 804 10 SCA1145
FRA32 AY016474 805 10° SCA1145
FRA33 AY016475 792 10" SCA1145
FRA9 AY016476 806 10°

FRBI AY016577 805 10°

FRB15 AY016478 805 10" SCA1145
FRB25 AY016479 805 10°

FRB27 AY016480 805 10"

FRB31 AY016481 804 10" SCA1145
FRB32B AY016482 805 10" SCA1145
FRB32x2 AY016483 805 10 FRD

FRB33 AY016484 797 10" SCA1170
FRB38 AY016485 805 10" SCA1145
FRB9A AY016486 805 10" SCA1145
FRCO AY016487 469 10° FFSB1 cluster
FRC15 AY016488 803 10 SCA1145
FRC1B AY016489 805 10° SCA1145
FRC1x2 AY016490 664 10° FFSB1 cluster
FRC27 AY016491 805 10° SCA1145
FRC32 AY016492 805 10° SCA1145
FRC33A AY016493 664 10" FFSBI cluster
FRC33B AY016494 835 10" FFSB

FRC38 AY016495 805 10° SCA1145
FRCY AY016496 805 10" FRD

FRDO AY016497 426 10" SCA1170
FRDI15 AY016498 805 10"

FRD25B AY016499 805 10° FRD
FRD25x2 AY016500 460 10° FRD

FRD31 AY016501 805 10" FRD

FRD32 AY016502 805 10" FRD

FRD33 AY016503 805 10 SCA1145
FRD38 AY016504 835 10° FFSB1 cluster
FRDY AY016505 805 10°

FRD9x2 AY016506 453 10° SCA1145 cluster

Dilution is provided as a reference, and is not intended for quantitative comparisons.

DNA by centrifuging for 10 min at 14,000 x g, poured
off the isopropanol, and dried down the samples with a
spin-vac. We then resuspended the DNA in 200 pL of
water, and further purified the DNA solution with Glass-
milk spin columns (Bio 101), eluting in water to a final
volume of 50 pL. We performed replicate extractions
from the same homogenized soil cores for a subsample of
10 soil cores.

PCR Amplification. For each of the samples, we
made a tenfold dilution series from 107" to 10™®. We then
performed PCR (as described below) by using the 107" to
10~® dilutions as templates. The highest dilution that still
produced a visible PCR product was then used as the
template for reamplification. The reamplification step
was necessary to produce sufficient quantities of DNA for
sequencing, as the higher dilutions typically produced

very faint bands. By using this dilution approach,
conceptually similar to the MPN technique, the highest
dilution product will consist of only the most
numerically abundant lineages in our soil sample.

We performed the initial PCR with primers CREN24F
(5'-GGACCCGACYGCTATC-3') and ARCH927R (5'-
CCCGCCAATTCCTTTAAGTTTC-3'), which together
amplify the first ~900 bases of the 16S ribosomal RNA
gene of the Crenarchaeota, which contains the V1, V2, and
V3 variable regions. We used a 20 uL total reaction
volume with a 60 mM Tris—-HCl/15 mM (NH,),SO,
buffer, 3.0 mM MgCl,, 0.4 mM dNTPs, 0.4 uM of each
primer, and 1 U of Taq polymerase (Promega). After an
initial denaturation step of 2 min at 94°C, we ran 40 cycles
of 30 s at 94°C, 45 s at 52°C, and 90 s at 72°C, with a final
extension step of 5 min at 72°C. We deliberately kept the
PCR conditions at moderately low stringency to enhance



484 D.K. OLINE ET AL.: BIOGEOGRAPHY OF SOIL CRENARCHAEOTA

PGIfAS
pGrfA42
PGIfAI9
TRC132-3

CRE-PA6a
CR-PA2a

SCA1170

97196

SCA1158

SCA1154 —on -
FRAO ~
Al R |
SCA1180 iy N,
]1(15;55\}1:1711 8
SCA1145 o
}100 /100 FRAL !
P
a-161d
ST1_96 100/ 100 Fﬁ,gvg:c‘?s” AN
FRD H “As17:35
FRB1 T £
- > ln
Tl < o
FRD25B FRC32 6 : | 3
94 /100 FRD15 ey < U
a-195a
a-177a O p—(
100 /99 TRC132-9 [Tli%?i*%s 2 Z
G =
68/ 28 KBSNat 1 |E 7
= TRC2330 15
35720 Cenarchaeum {{*‘E'E‘ZZT :
— FFSBI ()
97176 <o H
FFSB6 STI—ZII)G/‘;QZZ
100/ 100 AT,
APAZ- 17CII1 I‘%%g??? 7
LB

FRBI
—pJP89 I:| :r—;]%/:gllss
FRB25

AS00-24

Sulfolobus ASO108

SCA1180

pGrfAl7
PGIfA22
PGIfA33
KBSNat4

gy m—
SBARS

Cenarchaeum

Marine
Group I

FFSB

FFSBS
I',-_ FFSA1
FFSA2
L FFSB6
r ACA10-0cm
1 APA2-17cm

pSLI2

pIP89

0.1




D.K. OLINE ET AL.: BIOGEOGRAPHY OF SOIL CRENARCHAEOTA

Table 3. Numbers (and percentages) of clones belonging to the
SCA1145 and SCA1170 clades from this and previously pub-
lished unbiased studies, in which random 16S rDNA clones
from soil environments were sequenced

Study SCAI1145 SCA1170 Other clades
This study 22 (55%) 3 (8%) 15 (37%)
[4] 16 (47%) 2 (6%) 16 (47%)
[28] 7 (70%) 1 (10%) 2 (20%)
[26] 3 (38%) 0 (0%) 5 (62%)
(6] 3 (25%) 4 (33%) 5 (42%)

Despite low sample sizes in several studies, there is good agreement of the
relative numbers despite the varying environments sampled and different
techniques used.

the sensitivity to the low template concentrations in the
dilution series. We visualized the PCR products on 1%
agarose gels stained in ethidium bromide under UV
transillumination. For the reamplification, we used 1 pL
ofa 107 dilution of the initial PCR product and identical
PCR conditions except for using a 60 pL reaction vol-
ume, 2.5 mM MgCl,, and primers 26F (5-CCCGACTG-
CTATCRGA-3') and 900R (5'-CTNCCCAGGCGGC-3').
These produced a product of typically 805 bases contain-
ing the V1, V2, and V3 variable regions of the 16S ribo-
somal RNA gene, which we then sequenced.

Sequencing.  We prepared the PCR products
from the reamplifications for sequencing by purifying
with a Qia-Quick PCR cleanup column (Qiagen Corp).
The sequencing was performed in the Department of
Molecular, Cellular, and Developmental Biology at the
University of Colorado, Boulder, by using an ABI 377
sequencer. We used the internal sequencing primers SQ1
(5'-CTACGGATGCTTTAGGCC-3') and SQ2 (5'-
TGGGCAATGCTGGTGTCA-3') to sequence the full
~805-bp product generated by the reamplification in
two reactions. These two primers go in opposite
directions from the midregion of the ~805-bp fragment
with sufficient overlap to align the two fragments into a
single sequence. On several occasions we observed
sequencing chromatograms which indicated that the
reamplified product did not consist of a single sequence
type; these sequences were discarded and we went back
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to the original DNA extraction, prepared a new dilution
series, and repeated the PCR and sequencing procedures
to obtain a pure sequence.

Sequence and Phylogenetic Analysis. We used
known 16S rRNA secondary structure diagrams for
Sulfolobus solfataricus and several of the FFSB group of
nonthermophilic Crenarchaeota [7] as templates to
create a structure-based alignment including our new
sequences and additional crenarchaeotal sequences from
GenBank. Our goal was to include sequences from all
major studies of uncultivated Archaea that fell within the
terrestrial group of the nonthermophilic Crenarchaeota,
as defined in [6], in our phylogenetic analysis. Because
not all of the GenBank sequences fully overlapped the
~805-bp region that we sequenced, we first performed a
maximum likelihood analysis with fastDNAml [11, 23]
using sequences containing the full ~805-bp region.
Using this tree, we then grafted on the additional partially
overlapping sequences by using the restart option in fast-
DNAml and disallowing local rearrangements. This tech-
nique allowed us to use a large number of sequences
obtained from studies of diverse environments to identify
major clades of terrestrial Crenarchaeota that have been
found in multiple studies. Because of the large number of
taxa and the incomplete overlap of all the sequences, we
selected representative taxa containing the full ~805-bp
region from major clades and performed bootstrap
analyses on this subset of the data to estimate the level of
support for the relationships of the major clades.

We selected two major clades for further analyses,
the SCA1145 clade and the FFSB clade, to assess the fine
structure of sequence relationships within them. For
these analyses, we used only sequences containing the full
~805-bp region and performed both maximum likeli-
hood (using the SEQBOOT and DNAML programs from
the PHYLIP package) and parsimony (using PAUP
version 4.0b4a) bootstrapping.

Replication.  For the dilution replicates, we selected
10 DNA extracts at random and then made two dilution
series from each extract. On each of these dilution series,
we performed initial PCR, reamplification, and sequenc-

Figure 1. Maximum likelihood phylogenetic tree of Crenarchaeota based on 16S rRNA genes including the sequences identified from this
study (in bold type), which are denoted by the prefix FR- with the third letter representing the sampling site. Sequences with the prefix
SCA- are from [4], SBARS5 is from [10], JM2 is from [18], pJP89 and pSL12 are from [3], the prefixes pGrf- and pLem- are from [12],
U68650 and U68604 are from [5], prefixes FFS- are from [13] and [14], prefixes KBS- are from [6], prefixes CR- are from [9], prefixes
ACA- and APA- are from [30], prefixes AS- are from [15], prefixes TRC- are from [26], prefixes S15- and ST1- are from [8], and prefixes
a- are from [26]. Sequences in italics are those that do not fully overlap with the ~800-bp region used for the full analysis (except for
Cenarchaeum and Sulfolobus, which are italicized by convention); they were added using fastDNAml without allowing local rearrangements
(see Materials and Methods). Identical sequences that we recovered multiple times from different soil samples are indicated with the
number of different samples from which that sequence was recovered. The inset shows the bootstrap values (maximum likelihood/
parsimony) for a subset of the sequences to show the confidence levels of the relationships between the major clades.
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Figure 2. Box plot of the distribution of sequence difference
values between pairs of sequences generated from dilution and
extraction replicates, respectively. The median and the 10th, 25th,
75th, and 90th percentiles are indicated.

ing as described above. For each of the 10 pairs of dilution
replicates, we then calculated the percentage of noniden-
tical bases for that pair. For the extraction replicates, we
selected 10 soil cores at random and then withdrew two
separate 0.5-g soil samples upon which we performed the
DNA extraction, dilution series PCR, reamplification, and
then sequencing as described above. For each of the 10
pairs of extraction replicates, we then calculated the per-
centage of nonidentical bases for that pair.

Nucleotide sequence accession numbers. The
nonredundant sequences from this study have been
deposited in GenBank and have accession numbers
AY016469 through AY016506, and AF102692.

Results

We initially obtained 10 sequences from each of the four
sampling sites, each of which is likely the most
numerically dominant sequence in its particular soil
sample (Table 2). Of these 40 sequences, a single
sequence type, identical over ~805 bp, was identified as
the most dominant in seven different soil cores. Three
different sequence types were dominant in two soil cores
each, and the remaining 27 soil cores produced domi-
nant sequences that were unique.

A maximum likelihood phylogenetic hypothesis in-
cluding all of the nonredundant sequences identified from
this study and representative sequences from a range of
other published studies of environmental Crenarchaeota
is presented in Fig. 1. The Terrestrial Group, Marine
Group I, and the FFSB group are as defined in [6]. At the
base of the Terrestrial Group, there is poor resolution
among the major lineages, although a number of well-
defined clades are indicated. We define additional fine
structure within the Terrestrial Group by identifying
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several of these clades, which have consistently high
bootstrap support: the SCA1145 group, the SCA1170
group (which are named for the first published sequences
from these groups [4]), and the FRD group (named for
its abundance at our alpine tundra site). We define these
clades as consisting of a cluster of closely related
sequences that have been identified from multiple studies
in diverse environments.

Having defined these clades, we then used them to
classify our 40 sequences. Twenty sequences (55%)
belonged to the SCA1145 clade, 3 (7.5%) belonged to
the SCA1170 clade, 4 (10%) belonged to the FRD clade,
and 4 (10%) belonged to the FFSB clade; 7 (17.5%) were
not readily classifiable, belonging to other clades within
the Terrestrial Group (Tables 2 and 3). There were no
significant associations between particular sites and
particular clades, nor was there a significant relationship
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Figure 3. Maximum likelihood phylogenetic tree of the SCA1145
clade of sequences. Values on specific nodes are bootstrap support
using maximum likelihood/parsimony criteria, respectively. Most
sequences within this group are very closely related and thus
phylogenetic resolution is very poor; however, support for a
distinct cluster containing primarily SCA-, TRC-, and KBS-
sequences is very strong. Sequences recovered from multiple
different samples are indicated with the number of different
samples from which that sequence was recovered. Sequences in
italics do not fully overlap with the ~800-bp region of the FR-
sequences and were not included in the bootstrap analysis.
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sequences and other sequences related to the FFSB group,
including sequences basal to the nonthermophilic Crenarchaeota.
Values shown at specific nodes are bootstrap support using
maximum likelihood/parsimony, respectively. All FESB sequences
were identified from boreal forest soil, whereas the ACA- and
APA- sequences were identified from marine sediments. A closely
related group we designate as the FFSB1 cluster is evident and
contains sequences from multiple sites and studies.

between the distance separating soil cores and the
relatedness of their dominant sequences, although our
sample size of 40 sequences is small (data not shown).
For the dilution replicates, the percentage of differ-
ing bases (out of ~440 bp) between the pairs of replicate
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sequences ranged from 0.2% to 1.6%, with an average of
0.6% (Fig. 2). For all 10 dilution replicates, the two
replicate sequences identified from the separate dilution
series of the same DNA extract belonged to the same
clade (Fig. 1).

For the extraction replicates, the percentage of
differing bases (out of ~440 bp) ranged from 0.0% to
16.9% with an average difference of 4.4% (Fig. 2). For
four out of the 10 extraction replicate pairs, the two
replicate sequences identified from different subsamples
of a single homogenized soil core belonged to different
clades (Fig. 1).

Maximum likelihood phylogenies for the SCA1145
group and the FFSB group are presented in Figs. 3 and 4.
Within each of these major clades, we are able to identify
a well-supported cluster consisting of a cluster of very
closely related sequences that have been identified from
multiple studies and multiple sites (the SCA1145 sensu
stricto cluster and the FFSB1 cluster, respectively). A
detailed analysis of the sequences within each of these
two clusters further reveals a number of signature
sequences at specific base positions that are diagnostic
for these clusters, allowing an unambiguous definition
for each cluster that is independent of methods of
alignment or phylogenetic reconstruction (Table 4).

Discussion

Each of our soil cores contains a diverse community of
crenarchaeotal sequences, each of which has a differing
abundance with the sample. Our dilution and ream-
plification technique identifies what is likely to be the
most abundant sequence type within a given sample. Our
10 pairs of dilution replicates in no case produced a pair
of identical sequences over the ~440-bp region se-
quenced; however, the average sequence identity of these
pairs was 99.4% and all pairs identified sequences from
the same major clade (Figs. 1 and 2). These results
suggest that the dilution technique we are using is able to

Table 4. Signature bases that allow unambiguous identification of members of the SCA1145 sensu stricto cluster within the SCA1145
clade, and members of the FFSB1 cluster within the FFSB clade

Base position

136 141 142 343 759 764

SCA1145 G T C T A T

cluster

SCA1145 A C T C Y C

clade

FFSB1 G C C T T A G C T T G A A
cluster

FFSB A T T R G G A T G R A Y C
clade

Base positions are with reference to the SCA1145 sequence (U62811) and the FESB1 sequence (X96688).

207 215 218 244 310 591 643 671 785 800 807 814 843
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reliably identify to which of the major clades (as defined
if Fig. 1) the most numerically abundant lineage within
the sample belongs. Furthermore, as the greatest diver-
gence between our dilution replicate pairs was 98.4%,
this suggests that this technique may be able to identify
the dominant lineage to a higher resolution within these
major clades.

The lack of exact sequence identity among the
dilution replicate pairs suggests that either there is a
great deal of fine-scale genetic diversity among the most
abundant sequences within a sample, or that such
sequence microheterogeneity may be generated by errors
in PCR from a mixed template sample. The observation
of sequence microheterogeneity is ubiquitous among
unbiased studies (those which sequence clones at random
and do not screen by RFLP type first) of environmental
clone libraries. In this study, we have used a completely
different dilution technique on 40 different samples and
observe similar sequence microheterogeneity. The effect
of using a highly diluted template in such mixed
template PCR reactions has not been explored, but is
likely to reduce the possibility of amplifying errors or
artifacts, or producing chimeras [25]. Furthermore, we
have identified a single sequence (FRA25), identical over
800 bp, from seven different soil samples at three
different sampling sites, and have three other cases where
identical sequences were found in two or three soil
samples each. Analyses of the differences between closely
related sequences show that many of these base differ-
ences between closely related sequences are phylogenet-
ically informative as well as nonrandomly distributed,
being most prevalent in the V2 and V3 variable regions
of the 16S rRNA gene. Basic population genetic theory
predicts that the most abundant species, which our
dilution technique identifies, contain the most genetic
variation [2], which is consistent with our results.

Our extraction replicates produced a much higher
average (4.4%) and maximum (16.9%) divergence
between sequences identified from two separate DNA
extractions of the same homogenized soil sample (Fig. 2),
and in four out of 10 cases, the replicate sequences were
in different clades (Fig. 1). The two extraordinarily high
values of sequence divergence (12.8% and 16.9%; Fig. 2),
represent cases in which one sequence was in the FFSB
clade and the other in the Terrestrial Group. Different
0.5-g subsamples of the soil core contained different
dominant sequence types almost as often as not. This
suggests that populations of soil Crenarchaeota, which
comprise a minor fraction of the soil microbial commu-
nity (from 1.1% to 1.4% of total prokaryotic cell
numbers [6, 26]), exist in discrete clumps localized
within the soil environment. We hypothesize that the
withdrawal of a 0.5-g subsample effectively randomly
samples a small number of discrete localized populations
of Crenarchaeota by the chance inclusion of a discrete
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localized population. If the number of these localized
populations in 0.5 g of our soils is small, than random
sampling becomes important and can explain why two
different subsamples can be numerically dominated by
different groups. Recent observations have shown that
members of the Terrestrial Group are components of the
rhizosphere [28, 29]. If the closely related soil Crenarch-
aeota we have identified from our soils are similarly
associated with the rhizosphere, this could explain their
discrete, clumped distribution because of the presence or
absence of particular root fragments in different 0.5-g
subsamples.

In spite of sampling across a steep environmental
gradient of diverse soil types, we did not find any
statistically significant associations of particular groups
of Crenarchaeota with any of our four sampling sites
(data not shown), although our sample size was fairly
small. Members of the SCA1145 clade were found at all
four sites, whereas members of the SCA1170, FRD, and
FESB groups were found at three sites. Although not a
significant association, members of the FESB clade were
most dominant (three out of 11 samples) at the montane
forest site, which is most ecologically similar to the
boreal forest sites where members of this group have
been exclusively detected in surveys of archaeal diversity
[13, 14]. We speculate that low soil pH may be an
important factor for the FESB, as our soil sample that
produced both extraction replicates from the FFSB group
had a pH value of 4.35, one of the lowest of all our
samples and similar to the values reported in [13] and
[14] at their boreal forest sites. The alpine tundra site,
despite being markedly different from the three forested
sites in site and soil characteristics (Table 1), did not
produce a markedly different group of sequences—
sequences from all four phylogenetic groups were
identified from this site.

Of our 40 samples, 22 (55%) were dominated by the
SCA1145 clade and 3 (7.5%) were dominated by the
SCA1170 clade. These percentages are remarkably similar
to those reported in [4]: out of 34 clones, 16 (47%) were
closely related to SCA1145, and 2 (6%) were closely
related to SCA1170 (Table 3). This degree of similarity of
relative abundance exists in spite of the fact that the
sequences in [4] were identified from only a single
sample of an agricultural soil, whereas we have used 40
different samples across an environmental gradient
including diverse forest and tundra soil types. Although
the sample sizes used by Bintrim et al. [4], Sandaa et al.
[26], and Simon et al. [28] are small, there is still good
agreement among the relative numbers of each clade
despite the diversity of soils sampled and the techniques
used. This agreement is suggestive that the microhabitats
to which these different clades are adapted occur in similar
relative abundances regardless of scale. Additionally, they
suggest that the SCA1145 clade is perhaps the most
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important group within the Terrestrial Group of non-
thermophilic Crenarchaeota, being numerically dominant
and cosmopolitan in a wide range of soil environments.

Our nested multiscale sampling scheme allowed us
to compare the genetic similarity among the dominant
16S rRNA genes from different soil samples across a
range of distances from 1 c¢cm to 22 km; however, we
found no significant association of sequence similarity
with distance (data not shown). Not only did we identify
the exact FRC32 sequence at three of our sampling sites,
but we also identified multiple pairs of adjacent soil cores
(1 cm apart) in which one was dominated by a member
of the FFSB group and the other dominated by a member
of the Terrestrial Group (approximately 16% sequence
divergence). Additionally, the results of our extraction
replicates suggest that the changeover between dominant
groups may shift even within a single 1 cm diameter soil
core.

Our more detailed analysis of the sequences within
the SCA1145 clade shows that there exists within the
larger clade a well-supported cluster of nearly identical
sequences arising from within a poorly resolved basal
group of sequences. A close analysis of the sequences
identifies specific signature bases that are diagnostic for
this SCA1145 cluster (Table 4). Recently published
results [21] presented four sequences (SUPAI, SUPA2,
SUPA3, and SUPA4) all of which share these signature
sequences and so belong to the SCA1145 cluster. A
recently deposited, but as yet unpublished, sequence
from the waters of a South African gold mine
(AB050221) also contains all of the signature sequences
shown in Table 4 to identify it as a member of this
cluster. This cluster of sequences, all of which share 99%
sequence identity, is thus truly globally distributed, in
addition to being locally abundant at some sites.
Furthermore, because all of these sequences share the
signature bases shown in Table 4, they can be distin-
guished as a distinct lineage within the larger, similarly
globally distributed SCA1145 clade.

A similar analysis of sequences within the FFSB clade
revealed a number of signature sequences that define the
well-supported FESBI1 cluster within that clade (Table 3).
This group contains sequences from two different studies
of boreal forest soil and from three of our sampling sites,
indicating that this group can be locally abundant in a
diversity of soil types. In addition, Jurgens and Saano
[14] reported that 82 out of 138 (57%) of their forest soil
clones had RFLP types that would presumably place
them in this group (by virtue of matching either the
FFSB1, FFSB2, or FFSC2 RFLP pattern; see Table 1 in
[14]). Although there are relatively few known sequences
belonging to the FFSB group, the FFSBI cluster of very
closely related sequences appears to be dominant in
multiple studies. The SUPA7 sequence recently reported
by Nicol et al. [21] shares all of these FFSB1 signature
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sequences over the range of overlap with the sequences
reported by this study and those of Jurgens et al. [13]
and Jurgens and Saano [14]. Our use of the dilution PCR
technique across a landscape scale environmental gradi-
ent has detected a wider diversity of sequence types than
has been identified from most studies, which have a small
number of samples from just one or two field sampling
sites. In spite of this, our collection of the most abundant
archaeal types is in remarkably good agreement with the
relative frequencies of these same groups in studies from
even single samples.

We have identified four well-defined major clades
within the Terrestrial Group that have been identified
from diverse soil types and studies on multiple con-
tinents. We suggest, based on their abundances in this
and other studies, that these groups represent the major
groups of globally distributed Terrestrial Crenarchaeota.
Furthermore, within two of these major groups we have
identified two very narrowly defined clusters of closely
related sequences as defined by sets of unambiguous
signature bases that are both globally distributed. The
identification of this pattern within two groups of the
nonthermophilic Archaea suggests that this may be a
general pattern of evolution and diversification within
these groups, and perhaps natural microbial communi-
ties in general. These data are consistent with the
theoretical predictions of Palys et al. [24] and Majewski
and Cohan [16], who predicted that ecological and
evolutionary processes acting on clonal bacterial lineages
should produce patterns in which large fractions of the
total community would fall into distinct clusters. As 79%
of our sequences fall within four groups of 99%
relatedness, our data are similar to those of Acinas et
al. [1], who showed that over 50% of the bacterial
sequences from a large clone library fell into 99%
relatedness groups. Importantly, we suggest that these
patterns, and perhaps other intriguing patterns, can only
be identified by using a scale of taxonomic resolution
that is much finer than that obtained by using universal
or bacterial specific 16S rRNA gene primers. Surveys of
the entire bacterial community are an important first
step in studying a particular environment, but the
macroecological properties are so vast in comparison to
the scale of sampling, typically a few hundred clones, that
only a very coarse resolution view of the community can
be obtained in this way. Many of the results of ecological
and evolutionary processes that we are interested in, such
as the globally distributed SCA1145 and FFSB1 clades we
have identified, can only be observed by looking with an
appropriately fine taxonomic resolution.
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