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Spatial heterogeneity in physical, chemical, and biological properties of soils allows for the proliferation of
diverse microbial communities. Factors influencing the structuring of microbial communities, including avail-
ability of nutrients and water, pH, and soil texture, can vary considerably with soil depth and within soil
aggregates. Here we investigated changes in the microbial and functional communities within soil aggregates
obtained along a soil profile spanning the surface, vadose zone, and saturated soil environments. The com-
position and diversity of microbial communities and specific functional groups involved in key pathways in the
geochemical cycling of nitrogen, Fe, and sulfur were characterized using a coupled approach involving culti-
vation-independent analysis of both 16S rRNA (bacterial and archaeal) and functional genes (amoA and
dsrAB) as well as cultivation-based analysis of Fe(III)-reducing organisms. Here we found that the microbial
communities and putative ammonia-oxidizing and Fe(III)-reducing communities varied greatly along the soil
profile, likely reflecting differences in carbon availability, water content, and pH. In particular, the Crenar-
chaeota 16S rRNA sequences are largely unique to each horizon, sharing a distribution and diversity similar
to those of the putative (amoA-based) ammonia-oxidizing archaeal community. Anaerobic microenvironments
within soil aggregates also appear to allow for both anaerobic- and aerobic-based metabolisms, further
highlighting the complexity and spatial heterogeneity impacting microbial community structure and metabolic

potential within soils.

Owing to their immense physical, chemical, and biological
heterogeneity, soils are considered the most microbially di-
verse environments on earth (15). For instance, 1 gram of soil
can contain up to 10° microbial cells, representing more than
10,000 genomes (82). While the importance of Bacteria in soil
ecosystem function has long been recognized, it has only re-
cently become evident that Archaea, and Crenarchaeota in par-
ticular, are also ubiquitous and abundant organisms within
soils (10, 36, 39, 58). Although little is known regarding the
metabolic potential of Crenarchaeota, they have been directly
linked to chemoautotrophic nitrification (43) and speculated to
be involved in carbon metabolism (39) and amino acid uptake/
assimilation (59, 81).

The abundance, composition, and diversity of microbial
communities within soils are strongly depth dependent. For
instance, the bacterial biomass (23), concentration of bacterial
16S rRNA genes (39, 92), numbers of terminal restriction
fragment length polymorphism peaks (44) and denaturing gra-
dient gel electrophoresis bands (1) (representative of rich-
ness), and proportion of gram-negative to gram-positive bac-
teria (23) are lower in subsurface than in surface soils.
Similarly, declines in archaeal 16S rRNA genes (39) and pro-
nounced archaeal community shifts, including a decrease in the
proportion of euryarchaeal to crenarchaeal ribosomal DNA
sequences, have been observed along depth gradients within
forest soils (61). Interestingly, while numbers of Bacteria were
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consistently higher than those of Archaea, the ratio of archaeal
16S rRNA genes to the total of both Bacteria and Archaea 16S
rRNA genes increased with soil depth from 12 to 38% (39).

Changes in microbial community structure with soil depth
are attributed to the response of microbes to the contrasting
physical and chemical conditions associated with surface, va-
dose zone, and saturated soils (31). Environmental factors that
influence microbial community composition and diversity in-
clude (but are not limited to) pH (19), particle size (74),
organic carbon content (93), nutrient availability (22), water
content (84), and oxygen concentration (53). The magnitude
and variation of these parameters vary between surface and
subsurface soils. For instance, the availability of water, plant-
derived resources (carbon, nitrogen, and other nutrients), and
mineralizable carbon and nitrogen and the oxygen concentra-
tion decline steeply with depth (31). Thus, the physiology and
metabolic potential of microbial communities will vary greatly
with location along a soil profile.

Soils are structured media where the mineral and organic
matter components are organized into aggregates that vary in
size, porosity, pore size and continuity, and composition. Mi-
croaggregates (2 to 20 wm) are considered the most favorable
habitat for bacteria in most types of soil (65), with a higher
abundance of bacteria located in micropores (~2 wm) of the
inner aggregate fraction (27, 64). While little is known regard-
ing the impact of soil structure on bacterial diversity (64),
microbial community composition appears to vary as a func-
tion of location within (35, 66) and size of (37, 74, 85) soil
aggregates. Soil aggregates may support a different microbial
community than the bulk soil by imposing size exclusion on
select biota from restricted pore domains (4, 12), minimizing
predation (90), and/or decreasing competition as a conse-
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quence of lower water tensions (84). Furthermore, anaerobic
microsites have been observed within both natural (75) and
artificial (46, 68) soil aggregates, resulting as a consequence of
O, consumption rates exceeding diffusive flux rates (14, 25).
Anaerobiosis within aggregates may result in the colonization
of microbes able to utilize alternative electron acceptors, such
as nitrate (63), sulfate, and Fe(III), present as (hydr)oxides
comprising the mineral fraction of the aggregate. In fact, ag-
gregate-induced anaerobiosis has been attributed to an en-
hanced denitrification potential of microaggregate fractions
relative to nonfractionated soil (49). Anaerobic microsites
within aggregates in aerobic soils may therefore allow for a
diverse range of aerobic- and anaerobic-based metabolisms
over micrometer scales that contribute to the bulk chemical
fluxes of nutrients and metabolites within soils.

Here we investigated the composition and diversity of mi-
crobial communities and functional groups within soil aggre-
gates obtained along a continuous profile spanning the surface,
vadose zone, and saturated soil environments. The presence
and diversity of microbes involved in key pathways in the geo-
chemical cycling of nitrogen (nitrification/denitrification), Fe
(ferric iron reduction), and sulfur (sulfate reduction) were
investigated. In particular, aggregate-associated microbial
communities were characterized using a coupled approach in-
volving cultivation-independent analysis of both 16S rRNA
(bacterial and archaeal) and functional (amoA, nirK/nirS,
dsrAB) genes, as well as cultivation-based analysis of Fe(III)-
reducing organisms. Together, these analyses revealed that
microbial and functional communities varied greatly along a
geochemically variable soil profile, further highlighting the
complexity and spatial heterogeneity of the soil environment.

METHODS AND MATERIALS

Site description and sampling. Soil samples were obtained from a continuous
soil profile within the Melton Branch Watershed, Oak Ridge, TN. The Melton
Branch Watershed is underlain by Maryville limestone, which is a limy shale
formation. The weathered parent material of interbedded shale and limestone is
an Inceptisol and is near the ground surface, ranging from 0.5 to 3 m in depth.
The Melton Branch shale saprolite is a loamy, skeletal, mixed thermic, shallow
typic Dystrocept (33). The soil profile contains distinct horizonation into A, B,
and C horizons. The C horizon is split by the water table, which fluctuates in
response to the water level in an adjacent creek, resulting in a permanently
unsaturated upper C horizon and a saturated lower C horizon. Bulk soil samples
were obtained from the four horizons by vertically coring into the exposed soil
profile, excluding exposed soil. Samples were stored immediately on either ice
(geochemistry/enrichments) or dry ice (DNA extraction) and shipped to Stan-
ford, CA, for analysis. Soil aggregates (ranging from 5 to 20 mm) were separated
from the bulk soil from four horizons, the A, B, unsaturated C, and saturated C
horizons. Using sterile techniques under anaerobic conditions, the exterior 1 mm
of soil was removed from the surface of ~10-mm aggregates. The aggregates (ca.
5 to 20) from each horizon were then pooled, ground, and homogenized for
DNA extraction and bacterial enrichments.

Soil physiochemical analysis. Soil aggregates were dried, ground, homoge-
nized, and analyzed for pH, particle size, elemental composition, water content,
and bulk Fe mineralogy. Soil pH was obtained by measuring the equilibrium pH
of soil pastes containing 1 g soil homogenized in 2 ml of CaCl, (5 mM) solution.
Particle size separation was obtained by centrifugation and the hydrometer
method with samples pretreated to remove organic matter (30% H,O, extrac-
tion) (34). Organic carbon content was determined using a Leco total carbon
analyzer before and after pretreatment of the sample with 25% HCI to remove
inorganic C. Nitrogen was measured using a total nitrogen analyzer and the
ammonia ion activity was measured directly using an ion selective electrode. The
total elemental composition was obtained by inductively coupled plasma-optical
emission spectroscopy of soil extracts obtained by successive cycles of acid (hy-
drochloric, nitric, perchloric, and hydrofluoric) addition resulting in the decom-
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position of metal salts, carbonates, sulfides, silicates, sulfates, and oxides. The
bulk Fe mineralogy of the soil aggregates was determined using extended X-ray
absorption fine-structure spectroscopy as described in detail previously (26).

Fe(III)-reducing enrichments. Enrichments were conducted within gas-tight
24-ml culture tubes containing 9 ml of artificial freshwater medium (NaCl, 1
glliter; MgCl, - 6H,0, 0.4 g/liter; CaCl, - 2H,0, 0.1 g/liter; NH,Cl, 0.25 g/liter;
KH,PO,, 0.2 g/liter; KCI, 0.5 g/liter; and mineral and vitamin solutions, 1 ml/liter
each [3]) buffered with 30 mM NaHCO; and amended with 50 mM ferrihydrite
and either lactate, acetate, or ethanol (10 mM). Two-line ferrihydrite [Fe(OH);]
was synthesized according to the procedures of Schwertmann and Cornell (73).
The medium pH was adjusted to values ranging from 4.5 to 7, corresponding to
the pH of the host soil horizon. Soil samples (1 g) were added to sterile medium
tubes inside a glove bag with a 95% N,-5% H, atmosphere, and the headspace
was replaced with pure N,. Initial inoculates were serially diluted (1072 to 10~%)
aseptically and anaerobically via N, gas-flushed syringes. Enrichments were in-
cubated at room temperature (25°C) in the dark and successively transferred
(10% inoculum) every 2 months for 1 year to select for Fe(Il)-reducing com-
munities.

DNA extraction and PCR amplification. DNA was extracted from soil aggre-
gates (0.5 g) and Fe(III)-reducing enrichments (9 ml) using either the FastDNA
spin kit for soil (Qbiogene, Inc.) or the UltraClean soil DNA kit (Mo Bio, Inc.),
respectively, according to the manufacturer’s instructions. Cell lysis was achieved
using the FastPrep instrument according to the manufacturer’s instructions
(Qbiogene, Inc.) for optimization of lysis of microbial cells within environmental
samples, including gram-positive bacteria. Partial 16S rRNA genes for Bacteria
and Archaea and various functional gene fragments were amplified from DNA
extracts using the primers listed and protocols referenced in Table 1 (9, 16, 24,
45, 69, 70, 78, 88). The following reaction chemistry was used: 25 pl 2X PCR
premix E or F (Epicentre), a 0.5 wM concentration of each primer, and 1.25 U
Taq polymerase (dstAB, amoA, nirK, nirS, and archaeal 16S rRNA) or 5 pl 10X
PCR buffer, 2 mM MgCl,, a 0.5 uM concentration of each primer, a 200 pM
concentration of each deoxynucleoside triphosphate, and 1.25 U Tag polymerase
(bacterial 16S rRNA). Triplicate PCR products were pooled, gel purified, and
cloned into the vector pCR2.1 by using a TOPO-TA cloning kit (Invitrogen).
White transformants were transferred to 96-well plates containing LB broth
(with 50 pg/ml kanamycin), grown overnight at 37°C, and PCR screened directly
for the presence of inserts using T7 and M13R vector primers (0.1 pg/reaction).

Sequencing and phylogenetic analysis. Sequencing of T7/M13 PCR products
was performed using vector primers T7 and M13R on ABI 3730xl capillary
sequencers (PE Applied Biosystems). A total of 653 clones were randomly
sequenced, resulting in 384 bacterial (~1,450-bp) and 127 archaeal (~940-bp)
16S rRNA gene sequences and 91 archaeal amoA (~635-bp), 26 dsrAB (~1.9-
kb), and 20 Fe(IlI)-reducing enrichment culture 16S rRNA (~1,450-bp) se-
quences. Nucleotide sequences were assembled and edited using Sequencher
v.4.2 (GeneCodes Corp.). The entire ~2.1-kb dsrAB gene fragment (encoding
the « and B subunits of DSR) were successfully amplified, cloned, and se-
quenced. The included phylogenetic tree is based on a ca. 500-bp region of the
dsrA gene to allow for inclusion of the nearest neighbors in final alignments,
which were based solely on the o subunit. However, tree topologies and clade
designations were stable and consistently recovered by analysis of the DSR «
subunit, B subunit, or partial « and B subunit genes. Initial alighment of ampli-
fied sequences and closely related sequences identified via BLAST (2, 8) was
performed using McClade for the dsrAB and amoA genes or ARB (54) for
bacterial and archaeal 16S rRNA (aligned against the small-subunit prokaryote
database from the Ribosomal Database Project). Ambiguously and incorrectly
aligned positions were aligned manually on the basis of conserved primary
sequence and secondary structure. Phylogenetic trees were created based on
distance analysis using the neighbor-joining algorithm of the software program
PAUP, version 4.0b10, with a Jukes-Cantor correction (79). The robustness of
inferred topologies was tested by bootstrap resampling using the same distance
model (1,000 replicates).

Operational taxonomic units (OTUs) were defined as clones sharing 90%
dsrAB (42), 95% amoA (7), or 97% 16S rRNA (20) nucleotide sequence simi-
larity. OTUs, diversity statistics, and rarefaction curves were computed using the
software program DOTUR (71). The similarity of bacterial 16S rRNA clone
libraries was statistically evaluated using [-LIBSHUFF (72), with 10,000 ran-
domizations and a distance interval (D) of 0.01 on ARB-generated Jukes-Cantor
pairwise distance matrices.

Nucleotide sequence accession numbers. Sequences obtained in this study
have been deposited in the GenBank database under accession numbers
EU335141 to EU335453 (bacterial 16S rRNA clones), EU306957 to EU307083
(archaeal 16S rRNA clones), EU307084 to EU307103 [16S rRNA Fe(III)-re-
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TABLE 1. Primers used for PCR amplification of target groups in the A, B, unsaturated C (C-u), and saturated C (C-s) horizons

Target domain or Tarect Pri S Reference(s) PCR amplification”
metabolic group arget gene rimer cquence for protocol A B C-u C-s
Bacteria 16S rRNA  27F 5'-AGAGTTTGATCCTGGCTCAG-3’ 45 +  + + +
1492R 5'-GGTTACCTTGTTACGACTT-3'
Archaea 16S rRNA  A21F 5'-TTCCGGTTGATCCYGCCGGA-3’ 16 -+ + +
A958R 5'-YCCGGCGTTGAMTCCAATT-3’
Denitrifying bacteria ~ nirk 583Fdg 5'-TCATGGTGCTGCCGCGYGANGG-3' 9,70 - - - -
nirKSR 5'-GCCTCGATCAGRTTRTGG-3'
Denitrifying bacteria ~ nir§ nirS1F 5'-CCTAYTGGCCGCCRCART-3’ 9 - - - -
nirS6R 5'-CGTTGAACTTRCCGGT-3'
Ammonia-oxidizing amoA AmoA-1F* 5'-GGGGHTTYTACTGGTGGT-3’ 69,78 - - - -
bacteria AmoA-2R 5'-CCCCTCKGSAAAGCCTTCTTC-3'
Ammonia-oxidizing amoA Arch-amoAF 5'-STAATGGTCTGGCTTAGACG-3' 24 -+ + +
archaea Arch-amoAR 5'-GCGGCCATCCATCTGTATGT-3'
Sulfate-reducing dsrAB DSRI1F 5'-ACSCACTGGAAGCACG-3’ 88 - - - +
bacteria DSR4R 5'-GTGTAGCAGTTACCGCA-3'

“ Successful (+) or unsuccessful (—) PCR amplification for target groups within soil horizon aggregates.

ducing enrichment clones], EU339372 to EU339462 (archaeal amoA clones), and
EU301743 to EU301766 (dsrAB).

RESULTS

Soil aggregate geochemistry. The water content, pH, soil
texture, and concentrations of carbon and nutrients varied
among the four horizons within the vertical soil profile (Table
2). The A horizon had higher concentrations of organic carbon
and N than the other horizons. While the A, B, and unsatur-
ated C horizons had low pH values (4.5 to 5.3), the saturated
C horizon was circumneutral (pH 6.9). All four soil horizon
aggregates contained high concentrations of Fe, ranging from
3.3 to 4.8%. The Fe solid phases present were Fe-rich clays
(i.e., ferrosmectite), hornblende (Fe silicate), and the Fe(III)
(hydr)oxides ferrihydrite [Fe(OH);] and goethite (a-FeOOH).

Soil aggregate microbial diversity. (i) Bacteria. The four soil
horizon aggregates contained a diverse bacterial community,
which varied in composition and richness along the soil profile
(Table 3; Fig. 1). Fourteen phyla were identified within the
bacterial clone libraries, with the majority of the soil clones
affiliated with nine major phylum-level groups, ranging from
89% (saturated C horizon) to 97% (A horizon) (Table 3).

Similarly, Janssen (32) noted that although soil bacteria are
affiliated with at least 32 phylum-level groups, an average of
92% of soil clone libraries are members of 9 dominant groups:
Proteobacteria (39%), Acidobacteria (20%), Actinobacteria
(13%), Verrucomicrobia (7%), Bacteroidetes (5%), Chloroflexi
(3%), Planctomycetes (2%), Gemmatimonadetes (2%), and Fir-
micutes (2%). In particular, five major phyla constitute 73% of
the total clone sequences from the soil horizons investigated
here, which include the phyla Acidobacteria (25%), Alphapro-
teobacteria (16%), Deltaproteobacteria (12%), Verrucomicrobia
(12%), and Actinobacteria (9%).

The bacterial community composition and proportions of
the five major phyla within clone libraries varied along the soil
profile (Fig. 1). While Actinobacteria (8 to 10%) were relatively
evenly distributed, the relative contributions of Acidobacter (14
to 39%), Verrucomicrobia (4 to 20%), Alphaproteobacteria (8 to
24%), and Deltaproteobacteria (4 to 24%) varied more dramat-
ically between the horizons. Interestingly, Firmicutes-like bac-
terial sequences were not observed in the A, B, and unsatur-
ated C horizons, yet they comprised 12% of the saturated C
horizon library. Similarly, an increase in the proportional
abundance of gram-positive bacteria with depth in a soil profile

TABLE 2. Physical and geochemical characteristics of soil aggregates from the A, B, unsaturated (C-u), and saturated (C-s) C soil horizons

Particle size (%) water % mg kg ! mol% Fe®
Horizon content pH oni i
Sand Silt Clay (gg™') P Orgcdmc Inor(gjdmc N P S Fe Mn  Ferrihydrite Goethite Ferrosmectite Hornblende
A 22 46 32 033 53 313 1.02 0.31 0.08 0.05 33,000 2,800 51 30 0 19
B 31 50 19 020 45 0.14 0.12 0.03 0.06 0.01 48,300 252 40 31 9 20
C-u 50 36 14 021 5.1 0.06 0.14 0.01 0.13 ND° 35,100 670 33 22 16 29
C-s 42 30 28 033 69 0.10 0.01 0.02 0.10 0.02 39,200 1,260 28 33 15 24

“NH, was below the detection limit (<0.01%).
b Extended X-ray absorption fine structure = +5%.
¢ ND, not detected.
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TABLE 3. Frequency of bacterial phyla in 16S rRNA clone
libraries derived from the A, B, unsaturated (C-u), and
saturated (C-s) C horizon soil aggregates

% of clone sequences® in horizon:

Phylum
A B C-u C-s Total®
Alphaproteobacteria 24 8 16 16 16
Betaproteobacteria 1 0 1 1 1
Deltaproeteobacteria 8 13 4 24 12
Gammaproteobacteria 7 3 3 3 4
Firmicutes 0 0 0 12 3
Actinobacteria 8 10 10 9 9
Verrucomicrobia 11 20 13 4 12
Planctomycetes 7 1 6 0 4
Acidobacteria 21 39 24 14 25
Chloroflexi 3 0 10 4 4
Bacteroidetes 7 1 6 0 4
Gemmatimonadetes 3 1 1 3 2
OP10 0 3 1 1 1
WS3 0 0 1 0 0
Unknown 3 3 4 9 4

“ A total of 384 clones were sequenced.
®Values in bold represent the dominant phyla.

has previously been observed (23). The proportions of Alpha-
and Deltaproteobacteria are substantially higher in the A and
saturated C horizons, respectively. Of particular interest is that
nearly 40% of the B horizon soil library is affiliated with the
phylum Acidobacteria. The phylum Acidobacteria has eight cur-
rently recognized subdivisions (designated 1 to 8) that have
class-level rank (32). The subdivisions have been expanded to
11 and more recently to 26, based on new clones recovered
from Paleolithic cave paintings (94) and uranium-contami-
nated subsurface sediments (5), respectively. Here, the soil
aggregate Acidobacteria-like clones are affiliated with nine sub-
divisions (1, 2, 3, 4, 5, 6, 7, 9, and 10) (Fig. 2) but are primarily
within subdivisions 1 (25%), 2 (31%), 3 (10%), 4 (8%), 6
(13%), and 7 (7%). The composition and evenness of the
Acidobacteria varies along the soil profile (Fig. 2). The A hori-
zon contains nearly equal proportions of Acidobacteria within
subdivisions 3 (21%), 4 (29%) and 6 (29%), as well as 21% of
the clones from subdivisions 2, 7, and 10. In contrast, 93% of
the Acidobacteria within the B horizon are affiliated with sub-
divisions 1 (32%) and 2 (61%). The unsaturated and saturated
C horizon clone libraries are dominated by subdivisions 1
(41%) and 6 (44%), respectively. A few Acidobacteria clones
from subdivisions 5, 9, and 10 are also detected in the A, B, and
saturated C horizons.

The Acidobacteria also are also the most widespread phyla
along the soil profile, having the most overlapping phylotypes
among the four soil horizons. Out of the 384 bacterial 16S
rRNA clones sequenced in this study, 227 OTUs were defined
based on a 97% nucleotide sequence identity threshold. Only
13 of these OTUs occurred in more than one horizon, 5 of
which are Acidobacteria. The A, B, and unsaturated C horizons
all shared OTUs, with members in the Alphaproteobacteria (2
OTUs), Acidobacteria (5 OTUs), and Verrucomicrobia (2
OTUs). The saturated C horizon shared OTUs with those from
only the unsaturated C horizon, belonging to the Alpha- and
Deltaproteobacteria. The lack of substantial sequence overlap
between the soil clone libraries suggests that the bacterial
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communities are unique to each soil horizon. This observation
was statistically supported using [-LIBSHUFF (72), whereby
significant P values (<0.05) representative of distinct popula-
tions were obtained for all soil horizon comparisons (Table 4).
Therefore, while five phyla encompass the majority of the
bacterial communities within the four contrasting horizons,
species-level differences are more pronounced. For example,
the surface A horizon has the highest predicted bacterial rich-
ness (Chaol = 433), while the B horizon is the least diverse
(Chaol = 106) (Fig. 1) at the 97% identity OTU cutoff. Fur-
thermore, the bacterial 16S rRNA sequences are widely dis-
persed throughout the bacterial groups, rather than grouped
into horizon-specific clusters, reflecting high inter- and intra-
horizon phylotype richness.

(ii) Archaea. Amplification of archaeal 16S rRNA genes was
successful for the B and two C horizons but not for the A
horizon, despite multiple screenings (Table 1). A total of 127
sequences were obtained for the three horizons, revealing a
total of 25 OTUs (Fig. 3). Based on rarefaction analysis and
richness estimators (Chaol and abundance-based coverage es-
timate), the observed OTUs appear to be a good representa-
tion of the predicted archaeal community present within the
soil aggregates (Fig. 3). Compared to the bacterial clone li-
braries, archaeal 16S rRNA gene diversity/richness is quite low
within the three soil horizons, with the B horizon having the
lowest (Chaol = 6) and the saturated C horizon having the
highest (Chaol = 17) richness. The level of archaeal diversity

W Alpha Proteobacteria
mDelta Proteobacteria
[ Acidobacteria

0 Verrucomicrobia
MActinobacteria
EFirmicutes

T T T T

0 10 20 30 40 50
Proportion of clone library (%)

Shannon-  Inverse

No.of ~ No.of  No.of Weiner Simpson's  Good's
Horizon Sequences QTUs® Singletons Chao1® ACE® Index Index  Coverage
A 96 67 61 433 (217, 959) 509 (245, 1165) 4.14 219 36
B 96 44 30 106 (68, 208) 118 (76, 215) 3.51 36 69
C-u 96 59 50 304 (157, 673) 358 (186, 765) 3.89 66 48
C-s 96 57 46 175 (107, 336) 170 (109, 303) 3.91 91 52

“OTUs defined as 3% difference in 16S rRNA sequence
*mean value with lower and upper 95% confidence intervals given in parentheses

FIG. 1. Proportions of major bacterial groups within clone libraries
(384 random clones sequenced) obtained from soil aggregates from
the A, B, unsaturated C (C-u), and saturated C (C-s) horizons. The
table lists the diversity indices for the bacterial sequences recovered
from the four horizons. Estimates of phylotype richness were calcu-
lated according to the abundance-based coverage estimate (ACE) and
the bias-corrected Chaol estimator. The Shannon-Weiner diversity
index, which takes into account species richness and evenness, was also
calculated. The evenness of the population is estimated by the inverse
of the Simpson’s index (1/D), which is sensitive to the level of phylo-
type dominance. The percentage of coverage was calculated using
Good’s coverage equation.
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TABLE 4. P values estimating similarity among bacterial 16S rRNA
clone libraries generated using [-LIBSHUFF

P value comparison of heterologous library (Y)

Horizon used
with X¢

for homologous

library (X) A B Cu C-s
A 0.0093 0.5338 0.0445
B 0.0000 0.0033 0.0000
C-u 0.0001 0.0045 0.0000
C-s 0.0000 0.0000 0.0000

¢ P values comparing either X to Y or Y to X indicate that the libraries are
drawn from significantly (P < 0.05) different communities. C-u, unsaturated C;
C-s, saturated C.

is comparable with previous diversity indices from lake sedi-
ments (47) and radioactive thermal springs (89) but lower than
that observed for marine sediments (40).

The archaeal community in this study appears to be com-
posed solely of members of the Crenarchaeota. In contrast to
the bacterial community (Fig. 1), the archaeal 16S rRNA gene
sequences reveal distinct archaeal communities within the
three horizons (Fig. 4). The crenarchaeal sequences fall into
four major clusters; three of which are horizon specific, and
one contains 16S rRNA gene sequences obtained from all
three horizons. The majority (95%) of the saturated C horizon
sequences (10 of 12 OTUs) are affiliated with the group I.1b
Crenarchaeota, the most dominant crenarchaeal group in ter-
restrial environments (58), comprised primarily of soil, fresh-
water, and subsurface clones. The saturated C horizon ar-
chaeal sequences are closely related to other environmental
clones obtained from a variety of habitats, including ferroman-
ganous nodules from a freshwater reservoir (77), uranium-
mining waste, and subsurface radioactive thermal springs (89).
Furthermore, the dominant group of saturated C horizon 16S
rRNA gene clones (C-s group 1 in Fig. 4) is closely related to
that of a 43-kb group I.1b crenarchaeal metagenomic clone
(54d9), which also contains functional genes (amoA and
amoB) putatively encoding subunits of ammonia monooxygen-
ase, derived from a calcareous grassland soil (83). Fifty-seven
percent of the B horizon sequences and 69% of the unsatur-
ated C horizon sequences are affiliated with two distinct clades
that are most closely related to clones from a number of un-
usual environments, including coal seams, deep groundwater
aquifers, petroleum-contaminated soil (38), and a deep South
African gold mine (80). These sequences do not fall clearly
into one of the previously defined groups within the Crenar-
chaeota but rather are most closely related, albeit distantly, to
the subsurface/marine/freshwater-associated group I.la-like
sequences. One cluster contains sequences obtained from all
three soil horizons, consisting primarily of B horizon and un-
saturated C horizon clones. The cluster contains two dominant
clades, affiliated with Crenarchaeota group I.1c and I.1c-asso-
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B 44 6 2 6(6,12) 8 (7 12) 1.14 95

C-u 39 7 3 8 (7, 18) 12 (8, 36) 1.14 92

C-s 44 12 6 17 (13, 41) 21 (14, 54) 1.95 86
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B 32 2 1 2(2,2) 0 (0, 0) 0.14 97

C-u 29 3 1 3(3,3) 4 (3, 18) 0.48 97

C-s 30 11 6 16 (12, 40) 18 (12, 45) 1.89 80

“mean value with lower and upper 95% confidence intervals aiven in parentheses
OTUs defined as 3% difference in 16S rRNA sequence
“OTUs defined as 5% difference in archaeal amoA seauence

FIG. 3. Rarefaction curves indicating archaeal 16S rRNA and
amoA richness within clone libraries derived from the B, unsaturated
C (C-u), and saturated C (C-s) horizons. The dashed line represents
1:1, indicative of infinite diversity. The table lists the archaeal 16S
rRNA and amoA sequence diversity indices as described for Fig. 1.
OTUs were defined as groups of sequences sharing 97% (16S rRNA)
and 95% (amoA) nucleotide sequence identity.

ciated sequences, comprised of forest soil, sediment, and fresh-
water clones (30, 36). The mixed cluster contains only two
sequences (2 OTUs) from the saturated C horizon yet contains
most of the 16S rRNA sequence diversity within the B and
unsaturated C horizon libraries, accounting for 83% (five of six
OTUs) and 57% (four of seven OTUs) of the OTUs for those
horizons.

Presence and diversity of functional groups. The presence
and diversity of microbial communities involved in the cycling
of N, Fe, and S within soil aggregates were investigated by
identification of bacterial 16S rRNA sequences closely related
to known functional/metabolic groups, amplification of func-
tional genes, and selective culture-based enrichments.

(i) Denitrification/nitrification. Two primary pathways in
the cycling of N within soil environments are denitrification,
i.e., the dissimilatory reduction of nitrate (NO; ) and nitrite
(NO, ") to gaseous products (NO, N,O, and N,), and nitrifi-
cation, i.e., the oxidation of ammonia (NH;) to nitrate via a
nitrite intermediate. Denitrifying bacteria are phylogenetically
diverse, spanning over 50 genera, which complicates the iden-
tification of denitrifiers based on 16S rRNA taxonomy. Never-
theless, a survey of the 16S rRNA clone library sequences

FIG. 2. Neighbor-joining phylogenetic tree of Acidobacteria-affiliated 16S rRNA sequences for the A, B, unsaturated C (C-u), and saturated
C (C-s) horizons. As identified by Zimmerman et al. (94), intersubdivision tree topologies differ depending on the tree-building methods (e.g.,
neighbor joining, maximum parsimony, or maximum likelihood) utilized, yet relationships within subdivisions are consistently stable regardless of
the algorithm utilized. Here we utilize the distance-based neighbor-joining method, which results in a different ordering of the previously assigned
subdivision numbers while maintaining a stable branching order within each subdivision. Bootstrap values (n = 1,000) of greater than 50% are

indicated at nodes. Escherichia coli is the outgroup.
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obtained from the four soil horizon aggregates did not reveal
the presence even of sequences related to well-known denitri-
fying bacterial species. Common ammonia-oxidizing (e.g., Ni-
trosospira and Nitrosomonas) and nitrite-oxidizing (e.g., Ni-
trobacter and Nitrospira) bacteria were also not detected within
our 16S rRNA clone libraries. Correspondingly, amplification
of functional genes encoding the dissimilatory nitrite reducta-
ses (nirK and nirS) and the o subunit of the betaproteobacterial

ammonia monooxygenase (amoA) from the four soil horizons
was not successful, despite repeated screening using various
PCR primers and protocols (Table 1) commonly used in our
laboratory (7, 70). The inability to amplify these functional
genes certainly does not preclude the presence of ammonia-
oxidizing or denitrifying bacteria in these soils and may simply
be due to a low abundance of target organisms, PCR or DNA
extraction biases, etc.
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Recently, genes resembling bacterial amoA sequences were
identified on archaeal metagenomic clones from seawater (87)
and soil (83), suggesting the possibility of ammonia oxidation
within the domain Archaea. Isolation of an ammonia-oxidizing
member of the marine “group 1” Crenarchaeota (Nitrosopumi-
lus maritimus) allowed these amoA-like genes to be definitely
linked both to the Archaea and to the critical process of nitri-
fication (43). Here, in contrast to the case for bacterial amoA,
amplification of archaeal amoA was successful in three of the
four soil horizons (Table 1). In agreement with the archaeal
16S rRNA analysis, archaeal amoA genes were not detected in
the A horizon. A total of 90 clones were sequenced from the B,
unsaturated C, and saturated C horizons, which corresponded
to 16 OTUs (at a 5% cutoff [7]). The curvilinear rarefaction
curves and Chaol richness estimators indicate that nearly all of
the predicted OTUs were sampled within our amoA clone
libraries (Fig. 3). The richness of amoA sequences from puta-
tive ammonia-oxidizing archaea (AOA) in the B and C hori-
zons parallels that of the archaeal 16S rRNA, where the B
horizon is the least (Chaol = 2) and the saturated C horizon
is the most (Chaol = 16) diverse. The archaeal amoA richness
within the soil aggregate samples is comparable, albeit on the
lower end, to previous observations of diversity in wastewater
treatment plant bioreactors (60), marine waters and sediments
(24), and nutrient-rich estuary sediments (7).

Like the archaeal 16S rRNA gene sequence distribution, the
archaeal amoA-based AOA community composition appears
to be distinct to each soil horizon (Fig. 4). Ninety-seven per-
cent of the B, 86% of the unsaturated C, and 90% of the
saturated C horizon amoA sequences fall within horizon-spe-
cific clusters. Also, similar to the archaeal 16S rRNA se-
quences, the saturated C horizon amoA sequences were the
most diverse, containing 11 OTUs, 8 of which comprise 90% of
the sequences. These sequences are most closely related to
amoA sequences obtained from wastewater treatment biore-
actors (60) and various soils (48), including previously reported
clones obtained from the same saturated C horizon (OKR-C
clones) (24). As observed for the archaeal 16S rRNA-based
community distribution, the amoA sequence from the cren-
archaeal fosmid clone 54d9 (83) is situated within the saturated
C horizon cluster. The B horizon amoA sequences are defined
by two OTUs, one of which contains 97% of the amoA se-
quences and is most closely related (95% identical) to a clone
obtained from an iron-rich soil undergoing fertilization (28).
The unsaturated C horizon library contains three OTUs, one
of which comprises 86% of the sequences and is distantly
related (91% identical) to a fertilized soil clone. One cluster
contains sequences from all three soil horizons, accounting for
50% (1 of 2 OTUs), 67% (2 of 3 OTUs), and 27% (3 of 11
OTUs) of the OTUs defined for the B, unsaturated C, and
saturated C horizons, respectively.

(i) Iron reduction. Bacterial sequences closely related to
known Fe(III)-reducing bacteria were observed only in the
saturated C horizon 16S rRNA clone libraries (Fig. 5). Inter-
estingly, 28% of the Deltaproteobacteria and 7% of the satu-
rated C horizon Bacteria clone sequences were closely related
to the Fe(Ill)-reducing genus Geobacter. Incubation of soil
aggregates in synthetic medium supplemented with organic
carbon (lactate, acetate, or ethanol) and ferrihydrite resulted
in growth and Fe(III) reduction for all four soil horizons at pH

APPL. ENVIRON. MICROBIOL.
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FIG. 6. Proportion of bacterial phyla enriched under Fe(III)-re-
ducing conditions as a function of soil horizon. Dominant species are
indicated in the representative bar graph for each horizon.

values ranging from 4.5 to 7. However, as frequently observed
in cultivation-based studies, the Fe(III)-reducing communities
enriched were not well represented in the bacterial 16S rRNA
PCR clone libraries derived directly from the soil aggregates.
In fact, the only Fe(III)-reducing enrichment clones related to
bacteria represented in the soil aggregate bacterial clone li-
braries are members of the Geobacter clade (Fig. 5), but the
sequences were not identical.

Despite the high bacterial diversity present within the soil
aggregates (Fig. 1), only three dominant groups were recov-
ered within our Fe(III)-reducing enrichment cultures. Follow-
ing enrichment, Firmicutes and Delta- and Gammaproteobac-
teria constituted 58, 32, and 7% of the enriched bacterial
species, respectively (Fig. 6). In contrast, Firmicutes (0 to
12%), Deltaproteobacteria (4 to 24%), and Gammaproteobac-
teria (3 to 7%) clones accounted for a lesser fraction of the
initial bacterial communities prior to stimulation/enrichment
(Table 2). The enriched Firmicutes bacterial clones are com-
prised primarily of Clostridia-like species (84%), including 16S
rRNA gene sequences most closely related to Dendros-
porobacter quercicolus (A horizon) and Pelosinus fermentans (B
and C horizons) (Fig. 6). Pelosinus fermentans sequences dom-
inated (49 to 100%) the lactate-based enrichments of the B,
unsaturated C, and saturated C soil horizons. The second-
largest fraction (32%) of the enriched clones belongs to the
Deltaproteobacteria, consisting of 16S rRNA sequences similar
to Geobacter (42%), Myxobacteria (34%), and a number of
sulfate-reducing genera (23%). Sequences within the
Geobacter clade constituted 14% of the Fe(IlI)-reducing en-
richment clones but, interestingly, were obtained only within
ethanol-based cultures from the saturated C horizon (Fig. 5).
The Myxobacteria clones are closely related to the Fe(III)-
reducing bacterium Anaeromyxobacterium dehalogenans strain
2CP-3 (29) and an acetate-stimulated Fe(III)-reducing enrich-
ment clone, Ac032-14B, from an adjacent, contaminated wa-
tershed within the U.S. Department of Energy Field Research
Center at Oak Ridge (62). Although Gammaproteobacteria
constitute only a minor (7%) fraction of the phylotypes within
the Fe(Ill)-reducing enrichments (Fig. 6), two Klebsiella-like
species within the Enterobacteriaceae family of Gammapro-
teobacteria account for nearly half (49%) of the lactate-stimu-
lated organisms from the unsaturated C horizon (Fig. 5).
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The relative abundance of the three dominant bacterial
phyla within the enrichment clone libraries varied among the
four geochemically distinct soil horizons (Fig. 6). Bacteria
within the Firmicutes division constituted a major fraction of
the Fe(III)-reducing enrichment clones for all four soil hori-
zons (Fig. 7). The C horizons supported the majority of the
Fe(IlI)-reducing enrichment clones that are not related to
Firmicutes- or Myxobacterium-like bacteria (Fig. 6). While most
enriched species were unique to each soil horizon, three of the
four horizons (B, unsaturated C, and saturated C) contained
16S rRNA sequences most closely related Pelosinus fermentans
strain R7, a fermentative Fe(III)-reducing bacterium recently
isolated from a subsurface kaolin lense (76) (Fig. 5).

(iii) Sulfate reduction. 16S rRNA sequences closely related
to known sulfate-reducing bacteria were not observed in any
of the four soil horizons. However, amplification of the
~2-kb dissimilatory sulfite reductase gene fragment (dsrAB)
was achieved for the saturated C horizon, yet amplification
was unsuccessful for the A, B, and unsaturated C soil hori-
zons (Table 1).

As expected from a temperate soil environment, dsrAB se-
quences obtained from the saturated C horizon clone libraries
were affiliated only with the domain Bacteria and not with the
Archaea (Fig. 7). Based on a 90% dsrAB sequence identity
cutoff (42), nine bacterial OTUs were identified within the 26
sequenced clones, representing excellent coverage of the nine
OTUs predicted by the Chaol richness estimator. The dsrAB

diversity observed for the saturated C horizon is comparable to
that previously observed for a number of environments, includ-
ing nutrient-impacted and pristine sediments from the Florida
Everglades (11), hypersaline sediments from the Great Salt
Lake (42), hypersaline anoxic basins in the Eastern Mediter-
ranean deep sea (86), and marine sediments (67).

The nine dsrAB OTUs are located within five groups that
contain between two and nine sequences and four unique phy-
lotypes. The soil phylotypes are situated within two larger
clades consisting of only environmental clones that are deeply
divergent from common cultured sulfate-reducing bacteria
within the Deltaproteobacteria (e.g., Desulfovibrio spp.) and the
Firmicutes (e.g., Desulfotomaculum spp.). Furthermore, our
soil dsrAB sequences share only 84 to 91% nucleotide se-
quence identity with currently available environmental clones
within these two clades. Twenty-seven percent of the clones are
present as two phylotypes (groups 1 and 2) and are most
closely related (84 to 85% identical) to a clone obtained from
a deep organic-rich soil. Phylotype group 3 along with three
unique phylotypes constitute 42% of the dsrAB sequences and
are most closely related (86 to 91% identical) to a clone ob-
tained from a low-sulfate acidic fen (52). Groups 4 and 5,
containing 19% of the sequences along with one unique phy-
lotype, are most closely related (84 to 89% identical) to two
environmental clones obtained from two different landfill
leachate-polluted aquifers.
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DISCUSSION

The bacterial communities associated with aggregates from
four geochemically distinct soil horizons are composed of
highly diverse organisms widely distributed within nine major
phyla (Proteobacteria, Acidobacteria, Actinobacteria, Verrucomi-
crobia, Bacteroidetes, Chloroflexi, Planctomycetes, Gemmati-
monadetes, and Firmicutes) (Fig. 1). The relative abundances
of the phyla are similar to those recently reported in a survey
of 32 Bacteria clone libraries obtained from various soils rang-
ing from pristine forest and grassland to agricultural soils (32).
Here, Acidobacteria, in particular, constitute a significant frac-
tion (14 to 39%) of the bacterial 16S rRNA clone libraries
from all four soil horizons (Table 3). Similarly, Acidobacteria
have been reported to make up an average of 20% of the
bacterial clones, with contributions of as high as 50% of cloned
16S rRNA sequences within various soils (17). Acidobacter 16S
rRNA sequences have been retrieved from a wide variety of
environments, ranging from neutral soils (18) to acid mine
drainage (41) to the surfaces of paleolithic cave paintings (94).
Furthermore, the phylogenetic depth of Acidobacteria is con-
sidered nearly as great as that in the phylum Proteobacteria
(32). Acidobacteria are grouped into as many as 26 subdivi-
sions, with subdivisions 1, 3, 4, and 6 being the most abundant
within a diverse range of soils (6, 32). Here, subdivisions 1, 2,
3, 4, and 6 are most abundant along the soil profile, with 1 and
2 accounting for over half of the Acidobacteria clones (Fig. 2).
To date, little information is known regarding the metabolic
potential of Acidobacteria, and there are only four formally de-
scribed genera within the phylum Acidobacteria, including sub-
division 1 members Acidobacterium capsulatum (41) and Ter-
riglobus roseus (19) and subdivision 8 members Geothrix
fermentans (13) and Holophaga foetida (50). The variability in
the subdivision distribution among the horizons may, however,
lend insight into the conditions that favor the different Ac-
idobacteria subdivisions. For instance, unsaturated, low-nutri-
ent/carbon, acidic soils (horizons B and unsaturated C) appear
to favor subdivisions 1 and 2, while higher-nutrient/carbon
conditions (A horizon) favor subdivisions 3, 4, and 6. The
saturated, circumneutral pH soils within the saturated C hori-
zon favor subdivisions 6 and 7. Interestingly, Acidobacteria
within subdivision 1 were not observed in the A horizon, de-
spite their ubiquitous distribution in a wide range of soils (32)
and their proliferation at low pH (19). Furthermore, Acidobac-
teria within subdivision 6 made up a substantial proportion of
the Acidobacteria community within the contrasting A (29%)
and saturated C (44%) horizons, suggesting a wide tolerance to
pH, water content, and nutrient/carbon availability. The pau-
city of physiological information and wide ecological diversity
of the Acidobacteria make metabolic/functional inferences
problematic. Yet, based on their abundance and phylogenetic
depth, they appear to play an important role in the ecology of
soils.

The diversity and composition of the bacterial community
varied along the soil profile (Fig. 1). The change in the relative
proportions of the Alphaproteobacteria, Acidobacteria, Delta-
proteobacteria, and Firmicutes along the soil profile is particu-
larly apparent. Based on previous soil surveys, the concentra-
tion of carbon appears to be the primary control on the
composition and richness of bacterial communities (21, 44, 93).
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The variable carbon content may therefore explain the high
bacterial diversity within the A horizon and contrasting low
diversity within the B horizon (Fig. 1). Furthermore, a recent
survey of the relative abundances of bacterial phyla within 71
soils from a wide range of ecosystems revealed that the net
carbon mineralization rate (an index of C availability) was the
best predictor of the abundance of some bacterial phyla, in-
cluding Acidobacteria (21). In fact, the strong and ubiquitous
inverse relationship between carbon availability and abun-
dance of Acidobacteria suggests that Acidobacteria may be spe-
cifically classified as oligotrophic (21). In contrast, the abun-
dance of Alphaproteobacteria has been found to be higher in
the rhizosphere than in comparatively carbon-poor bulk soil.
The impact of carbon may therefore explain the higher abun-
dance of Alphaproteobacteria and lower abundance of Acido-
bacteria clones in the carbon-rich A horizon relative to the
carbon-poor B and C horizons. An inverse relationship be-
tween Acidobacteria diversity and abundance and soil pH has
also been previously observed (19). Thus, the particularly low-
carbon and -pH environment of the B horizon may account for
the development of an Acidobacter-dominated (40% of clones)
bacterial community.

In lower-carbon soils (such as the B and C horizons), the
structure of bacterial communities is also shaped by competi-
tion, which is often a function of water content (84, 93). The
higher moisture content associated with the saturated condi-
tions of the C horizon, coupled with a higher pH and lower
oxygen concentration, may account for a different bacterial
community composition compared to that of the B and unsat-
urated C horizons, including a smaller proportion of Alphapro-
teobacteria and Verrucomicrobia clones (Fig. 1). Similarly, a
survey of flooded paddy soils indicated a predominance of
Alpha- and Betaproteobacteria in the surface oxic layers, while
Clostridia-like Firmicutes dominated the anoxic zones (53).
Here, the saturated C horizon contains 16S rRNA gene se-
quences from the phylum Firmicutes, which are not observed in
the other horizons, as well as a substantially higher abundance
of Deltaproteobacteria (Fig. 1). These soil clones are most closely
related to obligate anaerobes involved in fermentation (e.g.,
Clostridia spp.) and Fe(III) respiration (e.g., Geobacter spp.).
While Fe(Ill)-reducing enrichments reveal the presence of
Firmicutes within the A, B, and unsaturated C horizons (Fig.
5), their absence in the soil 16S rRNA gene clone libraries
suggests that they may represent a minor fraction of the bac-
terial community. In contrast, bacteria belonging to the
Fe(Ill)-reducing genus Geobacter were recovered in the
Fe(II)-reducing enrichments and as a substantial fraction of
the Deltaproteobacteria in the bacterial 16S rRNA gene clone
libraries from the saturated C horizon (Fig. 5). The presence of
organisms considered obligate anaerobes (e.g., Clostridia spp.)
within the Fe(III) enrichments and 16S rRNA clone libraries
suggests that anaerobic microsites are present within the aer-
obic soil horizons.

The Fe(III)-reducing consortia enriched from the soil ag-
gregates were dominated by Firmicutes and Deltaproteobacte-
ria, with a variable distribution and composition along the soil
profile (Fig. 6). The acidic-pH (A, B, and unsaturated C hori-
zons), low-carbon and -nutrient (B and C horizons) conditions
and the variable water contents (Table 2) associated with these
soils may select for more resilient spore- and spore-like-form-
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ing Firmicutes and Anaeromyxobacter bacteria, respectively. As
observed previously for acidic, contaminated sediments (62),
fermentative organisms dominated the Fe(III)-reducing en-
richment cultures. Furthermore, the predominance of the Fir-
micutes bacterium Pelosinus fermentans within enrichments
from three geochemically contrasting soils (B and C horizons)
suggests metabolic and environmental flexibility within this
species. As observed for other Clostridia-like species, P. fer-
mentans donates electrons to Fe(IIl) during fermentative
growth rather than using Fe(III) as an electron acceptor for
respiration (76). Thus, fermentation-based Fe(III) reduction
could play an important role within anaerobic microsites in
unsaturated soils, as well as contribute to Fe(III) reduction
within saturated soils.

While acetate is considered the most important electron
donor for Fe(III) reduction by Geobacter-like species (51),
interestingly, acetate-based Fe(IlI)-reducing enrichments de-
rived from soil aggregates from the saturated C horizon be-
longed to known sulfate-reducing bacteria within the genera
Desulfomicrobium and Desulfovibrio (Fig. 5). The ability to
conserve energy via Fe(III) reduction varies greatly among the
sulfate-reducing bacterial species, and the mechanisms of
Fe(III) reduction are not resolved (51). Screening for the dis-
similatory sulfite reductase gene (dsrAB) recovered sequences
only within the saturated C horizon, which were not closely
related to known sulfate-reducing genera (Fig. 7). Instead, the
dsrAB sequences belong to novel lineages of sulfate-reducing
bacteria and may represent organisms suited to conditions
found within soil aggregates, including low carbon, sulfate, and
nutrient fluxes.

In contrast to the bacteria, the archacal communities have a
low diversity (Fig. 3), and the sequences (both archaeal 16S
rRNA and amoA) cluster within horizon-specific clades (Fig.
4), a potential indicator of “environmental specificity” among
the archaeal species. The phylogenetic groups I.1b and I.1c are
considered the most dominant crenarchaeal groups within a
wide range of soils (36, 39, 61). Here, group L.1b is comprised
almost entirely of sequences recovered from the saturated C
horizon, which, interestingly, also accounts for all but two of
the saturated C horizon sequences (Fig. 4). Similarly, group
I.1b was often the only lineage of Archaea found in a broad
survey of soils varying in pH, nutrient status, and temperature,
which led the authors to conclude that group 1.1b may be the
most capable crenarchaea to effectively compete with the high
diversity of bacteria in soils (58). However, here, group I1.1b
crenarchaea are poorly represented (two phylotypes) or not
represented in the unsaturated C and B horizon archaeal 16S
rRNA clone libraries, respectively (Fig. 4). Instead, the ar-
chaeal communities within the B and unsaturated C horizons
appear to be dominated by group I.1c and two unique lineages
most closely related to group I.1a. The majority of the B and
unsaturated C horizon sequences fall within the novel lineages,
yet the sequence diversity is mostly affiliated with group I.1c
and IL.lc-associated creanarchaea. Recent surveys of glacier
foreland soils indicated that the distribution of group IL.1c se-
quences was restricted to mature (lower-pH, higher-nutrient)
soils (56, 57). Changes in archaeal community composition
with depth in acidic forest soils have been attributed to changes
in organic carbon composition and availability (39, 61). Con-
sidering the similar carbon and nutrient conditions in the B
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and C horizons in this study, however, other geochemical vari-
ables, including water content, oxygen partial pressure, and
pH, are more likely to be controlling the archaeal community
diversity and distribution. In particular, the lower pH and more
stable (developed) conditions associated with the B and unsat-
urated C horizons may favor the proliferation of group I.1c
crenarchaea relative to the C horizon situated below the fluc-
tuating water table.

To date, little is known regarding the metabolic potential of
the mesophilic Crenarchaeota, with the ammonia-oxidizing Ni-
trosopumilus maritimus being the only isolate (43). Here, the
distribution and diversity of archaeal amoA sequences within
three of the four horizons along the soil profile suggest that the
archaeal community may be capable of ammonia oxidation.
Similar to the archaeal 16S rRNA clone libraries, the archaeal
amoA sequences cluster within horizon-specific clades (Fig. 4).
Also, as observed for the archaeal 16S rRNA sequences, one
clade contains archaeal amoA sequences from all three hori-
zons, possibly representing AOA more tolerant to the wide
range of environmental conditions (e.g., pH and water con-
tent) found within the three soil horizons. The diversity, num-
ber, and clustering of the archaeal amoA phylotypes are re-
markably similar to those of the crenarchaeal 16S rRNA gene
sequences (Fig. 3 and 4), suggesting that many of the archaea
present within the soil aggregates are putative AOA. Since the
recent discovery of AOA (43), archaeal amoA sequences have
been recovered from a wide range of environments, including
soils (48), marine waters (24, 55), estuarine sediments (7, 24),
wastewater treatment plants (60), and radioactive thermal
springs (89), highlighting the broad ecological and phyloge-
netic diversity of AOA (24). Furthermore, the high relative
abundance of archaeal compared to bacterial amoA genes (48,
55, 91) and confirmation of expressional activity of AOA in situ
(48) within soils reveal that Crenarchaeota may play a domi-
nant role in ammonia oxidation within the soil environment.

Here, changes in carbon availability, water content, and pH
as a function of soil depth appear to correlate with differences
in resident microbial and functional communities within sur-
face and subsurface soils. Furthermore, the presence of both
aerobic- and anaerobic-based metabolisms (inferred from 16S
rRNA, functional gene, and cultivation-based analyses) sug-
gests that anaerobic microsites within aggregates allow for the
development of functionally diverse communities over small
spatial scales. Thus, the physical and chemical heterogeneity in
soils further amplifies the complexity and diversity of microbial
communities within the soil environment. The findings re-
ported here provide a glimpse into this diversity by interrogat-
ing homogenized aggregates from four distinct horizons along
a soil profile and highlight the need for a more exhaustive
sampling effort to fully reveal the diversity and composition of
soils at the microscale.
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