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Abstract

Most soil microbial community studies to date have
focused on homogenized bulk soil samples. However, it
is likely that many important microbial processes occur
in spatially segregated microenvironments in the soil
leading to a microscale biogeography. This study at-
tempts to localize specific microbial populations to dif-
ferent fractions or compartments within the soil matrix.
Microbial populations associated with macroaggregates
and inner- versus total-microaggregates of three diverse
soils were characterized using culture-independent, mo-
lecular methods. Despite their relative paucity in most
surveys of soil diversity, representatives of Gemmatimo-
nadetes and Actinobacteria subdivision Rubrobacteridae
were found to be highly abundant in inner-microag-
gregates of most soils analyzed. By contrast, clones af-
filiated with Acidobacteria were found to be relatively
enriched in libraries derived from macroaggregate frac-
tions of nearly all soils, but poorly represented in inner-
microaggregate fractions. Based upon analysis of 16S
rRNA, active community members within microag-
gregates of a Georgian Ultisol were comprised largely of
Gemmatimonadetes and Rubrobacteridae, while within
microaggregates of a Nebraska Mollisol, Rubrobacteridae
and Alphaproteobacteria were the predominant active
bacterial lineages. This work suggests that microaggre-
gates represent a unique microenvironment that selects
for specific microbial lineages across disparate soils.

Introduction

Understanding soil microbial diversity and the environ-
mental processes it controls requires an in-depth under-
standing of how microbial diversity influences, and is

influenced by, the environment. Such an understanding
can only be attained by analysis at scales relevant to those
at which processes influencing microbial diversity actu-
ally operate [29]. However, because of the biotic and
abiotic complexity exhibited by most soils at nearly all
scales, determining soil microbial diversity patterns
remains a formidable challenge for soil microbiologists
[54].

The vast majority of soil microbial analyses are
conducted on bulk soil samples, and often composited
bulk soil samples, which averages localized heterogeneity
and provides little insight into the spatial origins of
detected strains. Moreover, as several studies indicate
that molecular approaches tend to be biased toward the
more abundant organisms at the time of sampling [5, 20,
41], stratified sampling strategies, which restrict sample
area to definable habitats, may increase numbers of
detectable organisms in a given habitat [14], and increase
the power of detecting differences by decreasing variabil-
ity within a given sample [25]. Such approaches should
also provide insights into the controlling factors and
functions in different segments of the soil microbial
community. Increased understanding of relationships
between microbial community composition and soil
microhabitats may facilitate the integration of biotic data
with the copious soil physical and chemical information
available in the literature, potentially providing for better
understanding of soil functioning.

Soil consists of a complex physical framework that
largely determines solute, substrate, and energy flows.
Therefore, soil provides a heterogeneous habitat for
microorganisms characterized by different substrate,
nutrient, water, and oxygen concentrations, as well as
pH and the size of pores available for microbial habitation
[13, 17, 18, 42]. These structural aggregates are classified
hierarchically in terms of size and relative stability [40,
55]. Macroaggregates (diameter 9 250 mm) are formedCorrespondence to: Daniel Mummey; E-mail: dan.mummey@mso.umt.edu
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by temporary associations of microaggregates, minerals,
and particulate organic matter, predominantly through
enmeshment by fungal hyphae and plant roots [39].
Water-stable microaggregates (diameter G 250 mm),
generally the most stable soil secondary structures,
typically form within macroaggregates through micro-
bially mediated processes [39, 51] and are largely
dependent upon persistent organic binding agents for
structural stability [55]. Because soil structure is a
dominant factor controlling microbial diversity and
processes [59], analysis at the aggregate and subaggregate
levels will be required to elucidate the principle biotic
and abiotic controls on soil microbial diversity.

A number of studies have reported contrasting
distributions of microbial biomass, specific species or
populations, and functional attributes in different aggre-
gate size classes [4, 6, 15, 28, 56]. A number of authors
have suggested partitioning soil microorganisms into
inner- and outer-aggregate fractions based on soil micro-
site physicochemical differences and presumed microbial
functional differences [3, 16, 17], and a number of
microscopy, molecular, and cultivation-based studies
have explored microbial community structure in inner
and outer macroaggregates [7, 17, 18, 37, 44, 45, 57].
However, despite the fundamental importance of micro-
aggregates to soil structure and function, including the
sequestration of organic matter [22, 52], microbial com-
munity structure within this size class has received very
little study, particularly with regard to the outer- and
inner-aggregate distribution of microbial populations.

Although habitats existing within microaggregates
offer relatively stable water availability and protection
against predation, they are typically described as oligo-
trophic environments, containing limited amounts of
biologically recalcitrant organic matter having much
slower turnover rates than are observed for soil as a
whole [53]. Inner-microaggregate organisms, principally
bacteria and archaea, would be expected, due to pore size
constraints, to largely escape predation by soil fauna [57,
58] and perhaps exposure to fungal antibiotics. Due to
pore size and diffusion constraints, inner-microaggregate
organisms might also be expected to be of smaller size
and have slower turnover rates than their outer-aggregate
or macropore counterparts [24].

A previous study [36] provided evidence for spatial
stratification of bacterial division- and subdivision-level
lineages within soil microaggregates of two different soils,
an Aridisol and a mine spoil (Entisol). The present study
expands on that work to examine whether similar spatial
stratification is observable across a broad range of
geographically separated soil types, differing greatly in
climate and soil forming factor influences. To accom-
plish this, a suite of three additional disparate soils were
examined to: (1) directly compare results from micro-
aggregates to the macroaggregate fraction of soil; (2)

compare whole and inner microaggregate communities
across the five soils; and (3) determine relationships be-
tween organismal presence and activity for inner-micro-
aggregate communities based on phylogenetic analysis of
both 16S rRNA (rRNA) and 16S rRNA genes (rDNA).

Materials and Methods

Sites and Soils

Georgia. Soil samples were collected from no-tillage
agricultural plots at the Horseshoe Bend Long Term
Environmental Research site (HSB) near Athens, GA
(33-540N, 83-240W). The site has been under continuous
summer grain crops (Sorghum bicolor or Glycine max)
and winter crops (Secale cerale or Trifolium incarnatum)
since 1978. Soil at the site is a fine loamy, siliceous,
thermic Rhodic Kanhapludult. Annual precipitation (125
cm) is relatively evenly distributed throughout the year.
Management history and site characteristics are described
in detail by Hendrix [19].

Nebraska. This site is located at on the High Plains
Agricultural Laboratory (HPAL), 8.3 km north of Sidney,
NE (41-140N, 103-000W). Soil samples were collected
from long-term, no-tillage plots under a wheat–fallow
cropping system. Soil at the site is classified as a fine silty,
mixed mesic Pachic Haplustoll. Average annual
precipitation (38 cm) predominantly (75%) occurs
between April and August. Management history and site
characteristics are described by Lyon et al. [30].

Montana. Soil samples were collected from a gently
sloping undisturbed grassland site (MGS) 10 km north of
Missoula, MT (46-4500000N, 114-0703000W). The site has a
semiarid climate, receiving on average 34–42 cm
precipitation per year. Soil at the site is classified as a
cobbly loam Argixeroll.

Soil samples from all sites were collected to a depth of
10 cm and placed on ice in sterile plastic bags in the field.
All samples were frozen within 6 h of collection and stored
at _20-C prior to fractionation and nucleic acid isolation.

Soil Fractionation. Field-moist soils were immersed in
deionized H2O on top of three-tiered, nested sieves of
progressively finer mesh (2000, 250, and 53 mm). After an
initial hydration period (5 min), large macroaggregates
were gently pressed through the 2000-mm sieve while
gently raising and lowering the sieves. The 2000-mm sieve
was then removed, and the two remaining nested sieves
slowly raised and lowered (3 cm) to separate stable
microaggregates from macroaggregates (250–2000 mm)
and silt and clay particles.

High-energy UV radiation was used to isolate the
inner-microaggregate fraction. This procedure is based
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on the ability of high-energy UV light to oxidize organic
compounds. Because UV light does not penetrate soil
mineral components to a great extent [49], organic
matter, including microbes and their nucleic acids,
within microaggregates are largely protected. Our pho-
tooxidation reactor system and procedure are as de-
scribed in Mummey and Stahl [36], except that reactions
were conducted at 4-C to minimize microbial growth
and nucleic acid synthesis or degradation within aggre-
gates during treatment. Therefore, between the time each
sample was thawed and nucleic acids were extracted,
samples were exposed to a maximum 26 h at 4-C.

After wet sieving and/or UV photooxidation, micro-
aggregates were centrifuged (14,000 � g, 30 s) and the
supernatant was removed with a sterile pipette prior to
nucleic acid isolation.

Isolation of Nucleic Acids. To obtain both rRNA and
genomic DNA for use as PCR templates, direct nucleic
acid extraction from Nebraska and Georgia soil fractions
was performed using a modification of the bead-beating
method of Griffiths et al. [12]. To 2-mL microcentri-
fuge tubes containing 0.5 g glass beads (1 mm; Biospec
Products, Bartleville, OK, USA), 0.5 g soil, 0.5 mL CTAB
buffer (10% (w/v) CTAB in 0.7 M NaCl with 240 mM
potassium phosphate buffer, pH 8.0), and 0.5 mL phenol–
chloroform–isoamyl alcohol (25:24:1) were added. Sam-
ples were then homogenized on a Mini Beadbeater 8
(Biospec Products) for 2 min, placed on ice for 2 min, then
homogenized for an additional 2 min as before. Sepa-
ration of the solid phase was accomplished by centrifu-
gation (16,000 � g) for 5 min at 4-C. The aqueous layer
was removed and an equal volume chloroform–isoamyl
alcohol (24:1) added and mixed by vortexing prior to a
second round of centrifugation as before. The aqueous
layer was removed and nucleic acids were precipitated
with 0.2 volume 10 M sodium acetate (pH 5.2) and 0.6 vol-
ume isopropanol for 2 h at room temperature, followed
by centrifugation (16,000 � g) for 10 min at 4-C. Nucleic
acid pellets were then washed with 70% EtOH, air-dried,
and resuspended in 50 mL TE buffer (pH 8). For RNA
analyses, all solutions were treated with diethyl pyrocar-
bonate (Sigma, St. Louis, MO, USA) and all solid materials
not certified RNase-free were baked overnight at 350-C.

Community genomic DNA extraction from Montana
soil fractions was conducted using the UltraClean soil
DNA kit (MoBio, Solano Beach, CA, USA). The manu-
facturer’s recommended protocol was modified by incor-
porating a 4-min bead-beating homogenization and lysis
step as described above.

PCR, Cloning, and Sequence Analysis. Prior to reverse
transcription of rRNA from Georgia and Nebraska nucleic
acid extracts, DNA was removed by digestion with RQ1
RNase-free DNase (Promega, Madison, WI, USA). An

RNA–DNA extract from each sample (7 mL) was placed in
an RNase-free microcentrifuge tube along with 2 mL RQ1
RNase-free DNase and 1 mL 10� reaction buffer and
subsequently incubated at 37-C for 1.5 h with gentle
mixing every 0.5 h. The efficacy of DNase treat- ment was
determined by direct PCR (with no reverse transcription
step) using methods described below. DNase-treated
samples yielding no PCR amplification products were
considered free of DNA contamination.

Reverse transcription of rRNA templates was con-
ducted using SuperScript II H_ Reverse Transcriptase
(Invitrogen, Carlsbad, CA, USA) and the manufacturer’s
recommended protocol.

PCR amplification of genomic DNA templates from
the Georgia, Montana, and Nebraska sites and cDNA
derived from Georgia and Nebraska soil fractions utilized
the conserved general 16S rDNA primers 536f and 907r.
PCR mixtures (50 mL) contained 1� PCR buffer, 20
pmol of each primer, 200 mM of each deoxynucleoside
triphosphate, and 2 U Taq polymerase (Roche, India-
napolis, IN, USA). PCR amplification began with a
denaturing step of 95-C for 5 min, followed by 32 cycles
of 95-C for 15 s, 56-C for 30 s, and 72-C for 1 min. This
was followed by a final extension at 72-C for 3 min.

PCR products generated from rDNA or rRNA
templates derived from Georgia, Nebraska, and Montana
soil fractions were cloned into the pT7Blue-3 plasmid
using the Perfectly Blunt cloning kit (Novagen, Madison,
WI, USA). Clones were randomly selected for analysis.
Plasmids were purified from overnight cultures using
Qiagen miniprep kits (Qiagen, Valencia, CA, USA) ac-
cording the manufacturer’s specifications. The insert size
of individual clones was confirmed by restriction fragment
analysis employing the restriction enzyme EcoRI. Ran-
domly selected clones having inserts of correct size were
used as templates in DNA sequencing reactions using
vector-specific primers T7 and U19 (Novagen) and
subsequently sequenced on a Prism 3100 capillary DNA
sequencer (Applied Biosystems, Foster City, CA, USA).

Phylogenetic Analyses. The partial rRNA gene se-
quences obtained were screened for the presence of
chimeric artifacts based on secondary structure anoma-
lies and using the CHIMERA_CHECK program (version
2.7) of the Ribosomal Database Project (RDP) [32].
Cloned sequences generated in this study were aligned
with 16S rDNA reference sequences using the ARB
database and software [31] and manually refined. Hyper-
variable regions of 16S rDNA alignments were excluded
from similarity calculations using the bacterial mask of
Lane [27].

Two methods were employed to generate tree
topologies using the software package PAUP* [D.L.
Swofford, Phylogenetic Analysis Using Parsimony (* and
other methods), Version 4 (Sinauer Associates, Sunder-
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land, MA, USA, 1998). They include an evolutionary
distance (ED) method (neighbor joining with Kimura
two-parameter correction with empirically determined
base frequencies and empirically determined gamma
distribution models of site-to-site rate variation) and
maximum parsimony (MP) (default settings, heuristic
search). The robustness of tree topologies was determined
by bootstrap resampling (1000 repetitions).

Sequences derived from rDNA from macroaggregates,
and whole and inner microaggregates are hereafter
designated MrDNA, WmrDNA, and ImrDNA, respectively.
The rRNA sequences derived from whole- and inner-
microaggregate fractions of Nebraska or Georgia soils are
hereafter designated WmrRNA and ImrRNA, respectively.
Between 18 and 21 sequences were analyzed for each
clone library. The 230 sequences examined in this study
were deposited in Genbank under accession numbers
DQ412734 to DQ412943.

Results

Alphaproteobacteria were found to be more abundant in
microaggregate fractions relative to macroaggregates in
both Georgia and Montana soils (Fig. 1). Inner micro-
aggregates yielded greater numbers of Alphaproteobac-
teria-affiliated clones than the other soil fractions in
Georgia, Nebraska, and Montana soils. As was the case
for Wyoming reclamation soils in our previous study
[36], Actinobacteria representatives were relatively en-
riched in the microaggregate fractions of Montana and
Georgia soils. Furthermore, similar to what was found in
the Wyoming reclamation soils where Rubrobacteridae

represented 47% of sequenced clones derived from inner
microaggregates, the data indicate increased Rubrobacter-
idae representation in inner microaggregates of Montana
and Georgia soils. For example, in Montana soils, no
Rubrobacteridae clones were obtained from the MrDNA

library, whereas 19% and 22% of clones sequenced from
WmrDNA and ImrDNA libraries were affiliated with the
Rubrobacteridae, respectively. Similarly, within Georgia
MrDNA, WmrDNA, and ImrDNA clone libraries, 5%, 18%,
and 26% of sequenced clones were determined to be
affiliated with Rubrobacteridae, respectively (Fig. 1).

Clones affiliated with Gemmatimonadetes were over-
whelmingly obtained from inner aggregate fractions.
Although poorly represented in WmrDNA or ImrDNA li-
braries, Gemmatimonadetes representatives constituted
10%, 18%, and 32% of sequenced clones from ImrDNA

libraries derived from Montana, Nebraska, and Georgia
soils, respectively.

Acidobacteria were the most abundant division-level
lineage in MrDNA libraries derived from Montana and
Georgia soils, comprising 35% of sequenced clones in
each of these libraries. Acidobacteria, although to a lesser
extent than in MrDNA libraries, were also relatively well
represented in WmrDNA libraries derived from Montana
and Georgia soils, comprising 25% and 14% of sequenced
clones, respectively. This is in contrast to ImrDNA libraries,
where Acidobacteria comprised only 10% of sequenced
clones of the Montana soil, but were either absent, or
comprised less than 5% of ImrDNA of all other soils.

The rDNA-based results described above indicate
only the presence and relative abundance of the corres-
ponding populations in the soil fractions analyzed. To
estimate the distribution of metabolically active cells of
the populations of interest, clone libraries were also made
from 16S cDNA derived from total RNA isolated form
the Nebraska and Georgia soils. Because cells that are
more active are assumed to have greater numbers of
ribosomes than inactive cells [26, 42], 16S cDNA clones
from active cells should be more abundant than those
from inactive cells, when cell abundance (based on rDNA
cloning frequency) is taken into account.

Numerous clones affiliated with Alphaproteobacteria
were obtained from the ImrRNA libraries derived from
both Nebraska and Georgia soils (19% and 12%, re-
spectively), suggesting that representatives of this bacte-
rial lineage are active in the inner-microaggregate
environment of these two very diverse soils (Figs. 1 and
2). The results also suggest that representatives of
Rubrobacteria are active members of the inner micro-
aggregate environment in both Georgia and Nebraska
soils, comprising 16% and 12.5% of ImrRNA clone
libraries derived from these soils, respectively (Figs. 1
and 2). Although not present among clones obtained
from Nebraska WmrRNA or ImrRNA libraries, clones
affiliated with Gemmatimonadetes were more abundant
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Figure 1. Frequency of major microbial groups in 16S rRNA clone
libraries derived from Nebraska soil whole and inner micro-
aggregates. Only groups having 5% or more representation within
at least one soil fraction are included.
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than any other bacterial lineage in the Georgia IrRNA

library, comprising 28% of all clones sequenced (Fig. 2).

Discussion

Soil secondary structural characteristics are thought to
represent a salient control on soil microbial diversity.
The objective of this study was to assess spatial strat-
ification of microbial communities within the soil ag-
gregate hierarchy. We analyzed 16S rRNA and 16S rRNA
clone libraries derived from macroaggregates and whole
and inner microaggregates of diverse soils varying greatly
in weathering status and climate regime. Although rel-
atively few clones were analyzed for each clone library,
it is reasonable to assume that multiple clones affiliated
with a given division- or subdivision-level lineage is in-
dicative of the group being abundant within the sample
from which the clone library was derived.

Alphaproteobacteria were relatively more abundant in
whole- and, especially, inner-microaggregate fractions of
both Montana and Georgia soils (Fig. 3). Interestingly,
Alphaproteobacteria were also highly abundant in whole-
microaggregate fractions of the Wyoming disturbed and
undisturbed soils analyzed previously [36], suggesting
that microaggregates tend to be enriched in this bacterial
group.

Actinobacteria, as a whole, were primarily associated
with inner-microaggregate fractions (Fig. 3). This is in
contrast with the work of Hattori [18], who reported
preferential localization of cultivable Gram-positive or-
ganisms in the outer part of soil aggregates. However,
a large proportion of inner microaggregate Actinobac-

teria representatives were affiliated with the subdivision
Rubrobacteridae, which has few cultured isolates and
thus would likely have gone undetected in the Hattori
study.

Rubrobacteridae represent a poorly described bacterial
group that branches deeply from the Actinobacteria line of
descent [21]. Judging from the results of a number of 16S
rRNA-based surveys, Rubrobacteridae are present in a
range of soils, including an acidic peat bog [33], a Scottish
grassland [46], and arid Australian soils [21]. A recent
study [34] reported 16S rDNA gene clones affiliated with
the Rubrobacteridae dominated 16S rDNA gene clone
libraries derived from a heavy metal-contaminated agri-
cultural soil, whereas the results of Gremion et al. [11]
suggest that Rubrobacteridae may make up a major por-
tion of the metabolically active bacteria in both rhizo-
sphere and bulk soils contaminated with heavy metals
from septic tanks. Although mostly known from sequence
data, a number of Rubrobacteridae soil representatives
have recently been cultivated [23, 50], which will allow
for phenotypic analysis.

The present study indicates greater Rubrobacteridae
representation in inner microaggregate relative to other
soil fractions analyzed. Despite the lack of Rubrobacteridae
representation in 16S rDNA clone libraries derived from
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Figure 3. Frequency of major bacterial groups in rDNA clone
libraries derived from Georgia, Nebraska, and Montana soil
macroaggregates and whole and inner microaggregates. Only
groups having 5% or more representation within at least one soil
fraction are included.
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any Nebraska soil fraction, clones affiliated with this
bacterial group were highly abundant in the Nebraska
ImrRNA clone library (Fig. 2), suggesting that they com-
prise an active component of this environments microbial
community. Although the reasons why interior regions of
microaggregates obtained from such diverse soils are
enriched in this relatively rare phylogenetic group are
not clear, the apparent abundance of Rubrobacteridae
representatives within microaggregates may have impor-
tant implications for biotechnological applications. Acti-
nobacteria are a primary source of antibiotics and other
bioactive molecules currently seeing pharmacological
use. The potential for pharmacologically useful second-
ary metabolite production in the Rubrobacteridae is likely
high and knowledge of the growth environment is an
important first step toward development of effective
cultivation strategies.

Interestingly, Rubrobacteridae have also been shown
to be abundant in earthworm casts of the Horseshoe
Bend site in Georgia [10] and in association with earth-
worm intestines collected from the site [50]. Although
much of the soil microstructure is initially destroyed in
earthworm guts, new microaggregates are reformed
during passage [2, 48], suggesting that the apparent en-
richment of Rubrobacteridae representatives within mi-
croaggregates may be influenced by earthworm activity
and microaggregate reformation dynamics. Rubrobacter-
idae enrichment was especially pronounced in inner mi-
croaggregates of reclamation soils analyzed in our
previous study [36] (47% of sequenced clones). Interest-
ingly, these soils had recently undergone extensive and
drastic disturbance associated with mining and rec-
lamation activities. Similar to what occurs during pas-
sage through earthworm guts, much of the soil structure
would be expected to have been destroyed, followed by
new microaggregate development. The apparent associ-
ation of Actinobacteria with soil inner microaggregates,
and especially inner microaggregates present under con-
ditions likely conducive to new microaggregate forma-
tion, suggests that this bacterial group may play a role in
microaggregate reformation dynamics and that future
research should be conducted to elucidate these potential
relationships.

The phylum Gemmatimonadetes is a very recently
described bacterial group [60] that, on the basis of sur-
veys of 16S rRNA genes, appear to be abundant in a
number of soils [1, 10, 21, 35, 61]. To date, the phylum is
represented by a single activated sludge isolate [60] and
three soil isolates [23]. Although Gemmatimonadetes rep-
resentatives were found in clone libraries derived from at
least one fraction of all our study soils, the majority were
from clone libraries derived from inner-microaggregate
fractions (Fig. 3). For example, Gemmatimonadetes rep-
resentation was especially large in IrDNA and IrRNA

libraries derived from the Georgia soil (Figs. 2 and 3),

whereas no Gemmatimonadetes clones were sequenced
from Georgia MrDNA or WmrDNA clone libraries. These
results suggest that this phylum is not only abundant in
inner microaggregates of this soil, but relatively active.
Similarly, the Nebraska ImrDNA library yielded relatively
large numbers of clones affiliated with Gemmatimonadetes
compared to MrDNA and WmrDNA libraries derived from
soil of this site.

Members of the phylum Acidobacteria are commonly
detected in 16S rRNA gene surveys of soil ecosystems [1,
8, 10, 26, 47], and have been shown to be active members
of soil microbial communities [9, 38]. Their widespread
abundance in soils suggests ecological importance, al-
though little phenotypic data are available and, hence,
little is known about ecological function of any soil
Acidobacteria representative. Although Acidobacteria rep-
resentatives were found in nearly all clone libraries, our
data suggests that Acidobacteria predominantly resided in
macroaggregates and the outer fractions of microaggre-
gates, possibly in coarse pores (Fig. 3). For example,
Acidobacteria clones were highly abundant in the Georgia
MrDNA library, whereas only single clones were sequenced
from WmrDNA and ImrRNA libraries, and absent in the
ImrDNA library. Although somewhat less pronounced
than in the Georgia soils, the same trend was found in all
of the study soils, as well as in Wyoming reclamation
soils in our previous study where Acidobacteria were
represented by 27%, 14%, and 0% of sequenced clones in
MrDNA, WmrDNA, and ImrDNA libraries, respectively.
Interestingly, Acidobacteria representatives were much
more abundant in the Nebraska WmrRNA library than in
the WmrDNA, ImrDNA, or ImrRNA libraries. These results,
in conjunction with the relatively high abundance of
Acidobacteria representatives in the MrDNA library de-
rived from the same soil, suggest that not only are
Acidobacteria predominantly outer-aggregate organisms,
but that they represent a relatively active component of
this environment’s bacterial community.

More work will be required, potentially using soil
washing techniques [43] in conjunction with molecular
identification, to substantiate the supposition that Acid-
obacteria are predominantly loosely attached outer-
aggregate bacteria. However, it is clear from our results
that this phylum is poorly represented in inner-micro-
aggregate fractions of the soils examined.

The methods utilized here provide the means to
determine soil microbial community composition and
activity patterns at aggregate and submicroaggregate
scales. Armed with these approaches, it should now be
possible to more closely approximate the distribution,
abundance, and activity of functionally important
microbial populations and groups within the soil
matrix. Small-scale analyses, which provide information
about how microbial populations, functional genes,
and activities are distributed within the soil matrix,
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will not only provide insights into how microbial
diversity is controlled, but may allow for identification
of the scale at which important ecological processes are
regulated.
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