
Soil Aggregate Microbial Communities: Towards
Understanding Microbiome Interactions at Biologically
Relevant Scales

Regina L. Wilpiszeski,a Jayde A. Aufrecht,a Scott T. Retterer,a Matthew B. Sullivan,b,d David E. Graham,a Eric M. Pierce,c

Olivier D. Zablocki,b Anthony V. Palumbo,a Dwayne A. Eliasa

aBiosciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
bDepartment of Microbiology, The Ohio State University, Columbus, Ohio, USA
cEnvironmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
dDepartment of Civil, Environmental and Geodetic Engineering, The Ohio State University, Columbus, Ohio, USA

ABSTRACT Soils contain a tangle of minerals, water, nutrients, gases, plant roots,
decaying organic matter, and microorganisms which work together to cycle nutri-
ents and support terrestrial plant growth. Most soil microorganisms live in periodi-
cally interconnected communities closely associated with soil aggregates, i.e., small
(�2 mm), strongly bound clusters of minerals and organic carbon that persist
through mechanical disruptions and wetting events. Their spatial structure is impor-
tant for biogeochemical cycling, and we cannot reliably predict soil biological activi-
ties and variability by studying bulk soils alone. To fully understand the biogeo-
chemical processes at work in soils, it is necessary to understand the micrometer-
scale interactions that occur between soil particles and their microbial inhabitants.
Here, we review the current state of knowledge regarding soil aggregate microbial
communities and identify areas of opportunity to study soil ecosystems at a scale
relevant to individual cells. We present a framework for understanding aggregate
communities as “microbial villages” that are periodically connected through wetting
events, allowing for the transfer of genetic material, metabolites, and viruses. We de-
scribe both top-down (whole community) and bottom-up (reductionist) strategies
for studying these communities. Understanding this requires combining “model sys-
tem” approaches (e.g., developing mock community artificial aggregates), field ob-
servations of natural communities, and broader study of community interactions to
include understudied community members, like viruses. Initial studies suggest that
aggregate-based approaches are a critical next step for developing a predictive un-
derstanding of how geochemical and community interactions govern microbial com-
munity structure and nutrient cycling in soil.
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Soils and their resident microbial communities form the trophic foundation of food
webs that support terrestrial life on Earth, recycling nutrients that support the

growth of primary producers and providing the elemental cycling pathways of pro-
duction and degradation. Soil microbial processes change the organic biogeochemical
by-products of death and decay from those higher trophic levels back into the
inorganic forms of carbon, nitrogen, phosphorus, and other nutrients that drive plant
growth. Soil productivity can thereby be used as a proxy for ecosystem health (1), with
productive soils supporting biomass generation across trophic levels. Harnessing these
processes can help meet growing demands for agricultural productivity and ecosystem
health, but this first requires a deeper understanding of soil microbiome function,
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including the physical, chemical, and architectural nature of the soil matrix and the life
history characteristics of microbial organisms within it. Variability across length scales
makes it challenging to develop a predictive understanding of soil microbial processes,
but microbial community structure-function relationships have been shown to influ-
ence geochemical cycles in a wide range of environments (2). Importantly, the dynamic
factors controlling microbial metabolism in soil are not captured by bulk phase studies.
Studies that account for the micrometer-scale spatial organization of the soil environ-
ment help us better understand controls on soil biogeochemical cycling.

At the spatial scales most relevant for microbial biogeochemistry, soils are primarily
composed of microaggregates (�250 �m), which bind soil organic carbon and protect
it from removal by erosion, and of macroaggregates (0.25 to 2 mm), which limit oxygen
diffusion and regulate water flow (3–7). These length scales are particularly important
in shaping microbial interactions since microbial residents occupy specialized niches
within the aggregate structure, with active microorganisms living both within and
between aggregate particles (8–10). Such spatial interactions are also crucial for the
transmission of viruses between microbial populations, which are predicted to influ-
ence the structure, function, stability, and evolution of microbial communities through
induced lysis and horizontal gene transfer (11). The complex feedback between min-
eralogy and biology begins during aggregate formation and continues over the lifetime
of the soil, stabilizing the microscale architecture and driving geochemical cycling in
the soil matrix (12–14).

Here, we review the current state of knowledge regarding soil aggregate microbial
communities and identify areas of opportunity for developing a deeper understanding
of soil ecosystems at this scale. We present a framework for understanding aggregate
communities as “microbial villages” that are periodically connected through wetting
events, allowing for the transfer of genetic material, metabolites, and viruses. Both
top-down and bottom-up strategies are being applied to study these communities, i.e.,
those that isolate intact microbial communities from natural environments and create
artificial aggregate communities for hypothesis testing, respectively. Characterizing
communities at the level of individual aggregates will be instructive for understanding
how geological/geochemical and community interactions govern microbial community
structure and nutrient cycling in soil.

OVERVIEW OF SOIL AGGREGATES

Soils can generally be viewed as a complex three-dimensional structure consisting
of packed aggregates and pore spaces (Fig. 1) (9, 15, 16). Aggregates comprise clusters
of mineral particles and organic carbon in which the forces holding the particles
together within an aggregate are much stronger than the forces between adjacent
aggregates, allowing the structures to persist through wetting events and mechanical
disruptions of the bulk soil (17). These aggregates assemble hierarchically to create
networks of particles and cavities that are periodically connected during wetting
events, which in turn create a variable flow of water and nutrients that can be accessed
by soil organisms. Hence, the architecture of a particular soil influences interactions
between plants, microbes, and the soil matrix.

Soil aggregates, classified as either microaggregates (�250 �m) or macroaggre-
gates (0.25 to 2 mm), self-organize from clays, carbonates, and other mineral particles
derived from weathered rock and are bound together by a combination of electrostatic
interactions and encrusted organic matter (15, 18–20). Microaggregates can withstand
strong mechanical and physicochemical stresses, allowing them to persist in soils for
decades (19, 20). Small microaggregates assemble into progressively larger macroag-
gregates held together by organomineral complexes of fungi, roots, or derived organic
matter. The resulting shape, distribution, organic matter content and water flow
channel shape and size through and around the aggregates form the base unit of
structure-function relationships in most soils (15, 21–23).

The distribution and relative abundance of micro- and macroaggregates also influ-
ence a soil’s bulk properties, including organic carbon content, water content, and
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niche availability. The aggregates’ interiors can exhibit properties distinct from the
surrounding matrix. For example, microprobe profiling of macroaggregates shows
sharp gradients in O2 concentrations across millimeter-scale particles, with a nonuni-
form spatial distribution thought to be linked to organic carbon (6). These small-scale
habitats can vary in physical pore structure, connectivity, geochemistry, and water
content, providing spatially heterogeneous niches for microorganisms to occupy. This
in turn may produce distinct microbial communities that are directly influenced and
shaped by these abiotic factors, resulting in distinct metabolic activities.

Associations with aggregate structures are the rule rather than the exception (24,
25). Most (�90%) soil bacteria associate with macroaggregates, and a majority (�70%)
live within microaggregates (26). Cells tend to cluster with one another, and less than
1% of the available soil surface area is typically colonized by soil microbes (27). Some
cells become trapped within the mineral matrix during aggregate formation, while
others colonize the aggregate exterior during subsequent wetting events (28). The
porosity and connectivity of aggregates are influenced by the diversity of bacteria and
fungi present during formation (12). The resultant soil structure in turn creates a
feedback between habitat and inhabitant, influencing future microbial activity (13, 14).

Aggregates thus serve as the functional unit of a soil ecosystem. The emergent
properties that arise from microbial interactions at these scales influence the geochem-
istry and elemental cycling within the soil environment. Interactions between micro-

FIG 1 Simplified schematic of soil horizon and soil macro- and microaggregates. Important properties
include local chemistry, surface area, pore sizes within and between aggregates, surface roughness, and
connectivity. POM, particulate organic matter.

Minireview Applied and Environmental Microbiology

July 2019 Volume 85 Issue 14 e00324-19 aem.asm.org 3

https://aem.asm.org


organisms can have nonadditive effects on geochemical cycles such that functional
responses to perturbations in the environment are more than the sum of individual
microbial parts; synergistic or competitive interactions between taxa can affect meta-
bolic functions relative to organisms grown in isolation. For example, microbial cocul-
tures can degrade lignocellulosic biomass more efficiently than the same species in
monoculture, with degradation efficiencies found to increase as much as 18-fold in
coculture relative to the constituent monocultures (29). This phenomenon is well
known from studies of bulk sediment and lab cultures, but less is known about how
community interactions drive the nuances of geochemical cycling within structured
environments like soil aggregates. The specific dynamic controls on these variably
connected niches cannot be well characterized by studying bulk soils alone.

IMPACTS OF AGGREGATE STRUCTURE ON SOIL COMMUNITIES

Most studies of soil microbial communities to date have focused on homogenized
samples or monoculture isolates, but natural microbial populations exist in complex
physical associations. Cell-to-cell interactions can greatly alter community metabolism
and nutrient cycling due to differential gene expression driven by both geochemistry
and by-products from neighboring microorganisms (30–32). For example, syntrophic
relationships between fermentative bacteria and methanogenic archaea enable the
breakdown of complex organic molecules and contribute to carbon cycling in soils (33).
One metagenomic survey predicted widespread hydrogenase enzyme abundance in
soils (34), suggesting short-order H2 transfer between colocalized microorganisms. Cells
must be in close contact with one another for syntrophic exchanges to occur, and the
geochemical environment can vary dramatically over those same short distances (35).
From a microbial perspective, the relevant length scales over which these interactions
occur are much smaller than those captured by bulk soil samples.

Not only can aggregates stabilize microbial members and enhance community
interactions, but aggregate associations can also change community function and
microbial traits through spatial confinement. Across aggregate structures, pore spaces
may range from 10 to 30 �m in interaggregate pore spaces (i.e., the surfaces of
aggregates) to 1 to 2 �m within intra-aggregate pores (Table 1) (9, 36). The diffusion of
gases and solutes in soils depends on pore sizes and volumes as well as pore
connectivity and water saturation. Effective gas diffusion coefficients rapidly decrease
with decreasing pore size and increased saturation (37). Solute diffusion rates are

TABLE 1 Length scales relevant for interactions between soil particles and microbes

Size (�m) Biological relevance Soil relevance Interaction

�1 Viral particle sizes,a E. coli cells deform
(300 nm)b

Particle surface roughness promotes selective
adhesion of specific bacterial species
(10–100 nm)c

Lysogeny and gene transfer,d bacterial
shape deformation,b surface
attachmentc

1–2 Bacterial cell sizeb Pores within soil microaggregatese Nitrogen fixationf

1–15 Fungal hyphal diam,g bacterial biofilm
thickness in (0.12-mm-diameter) sandh

Fungal mycelia reinforce aggregate tensile
strength,i bacterial biofilm EPS
production binds soil particles togetherj

10–30 Distance at which majority of bacterial cell
interactions occur (�20 �m)k

Pores between soil microaggregates, can
retain water against gravity for multiple
dayse

Denitrification,l quorum-sensing bacteria
exhibit inhibited cell divisionm

aWilliamson et al. (134).
bMännik et al. (137).
cHol and Dekker (127).
dCanchaya et al. (64).
eWatt et al. (36).
fChotte et al. (44).
gFriese and Allen (138).
hOr et al. (139).
iRillig et al. (140).
jAlami et al. (141).
kRaynaud and Nunan (35).
lLensi et al. (43).
mBoedicker et al. (142).
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higher in saturated soils, but drought conditions can effectively isolate microorganisms
in pores from dissolved nutrients or signals (38, 39). Since effective diffusivity is directly
correlated with porosity and intrapore geometry, at micrometer-length scales, the
diffusive transport of microbial signaling molecules is severely limited (40). For quorum-
sensing bacteria, signaling molecules can accumulate past a critical threshold within
aggregates, changing microbial pathogenesis, biofilm capabilities, motility, and pro-
duction of secondary metabolites (41). Hence, spatial confinement can exert important
controls on the rates of nutrient cycling in aggregates, with the accompanying micro-
bial life history traits and interactions being key to understanding metabolic pathways
within the broader soil matrix.

Functional diversity also varies across aggregate structures. For example, different
aspects of the nitrogen cycle occur in distinct portions of the soil microstructure (42).
Nitrifiers have been found to be most abundant and active in 2- to 20-�m microag-
gregates (43), while nitrogen-fixing bacteria were most abundant in the �2-�m clay
fraction (44). Under desiccation or environmental stress, nitrifiers persist within the
protected interior of macroaggregates (45), but under wet conditions, oxygen diffusion
gradients control the rates of nitrification and denitrification across individual macro-
aggregates, with the onset of denitrification depending on the amount of external
oxygen as well as the size of the aggregate particles (46, 47). It remains to be tested
whether such partitioning of metabolic functions across aggregate structures is a
common feature of other soil biogeochemical processes.

Aggregate structure also controls the hydrological connectivity of soils (7, 48). This
seems likely to have a profound effect on the microbial community, isolating the
intra-aggregate communities from one another during dry periods and allowing for the
transport of solutes, metabolites, genetic material, and viral particles when wet. Intra-
aggregate communities can thus act as self-contained “microbial villages” that are
intermittently connected for nutrient exchange and gene transfer (Fig. 2). During dry
periods, each aggregate community may function independently within its local envi-
ronment, cycling elements and releasing nutrients via metabolic by-products from
resident organisms and lysing cells. Soluble carbon is mobilized upon wetting (48),
enabling the flow of metabolites and genetic material which may transfer new func-
tional capabilities between communities.

Cycles of discontinuous connectivity between independent soil aggregate commu-
nities have a measurable influence on the ecology and evolution of soil communities.
Patchy microbial communities can sustain a greater genetic diversity than would be
expected in a well-mixed population of the same size (28). Moreover, entire aggregate

FIG 2 Conceptual drawing of isolated micro- and macroaggregates during (left) dry conditions and (right) wet conditions.
Wet conditions would allow for nutritional, microbial, viral and metabolite dispersal.
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assemblages can be translocated when soils are perturbed, perhaps facilitating gene
transfer between disparate communities in the process (49).

VIRUSES IN SOIL AGGREGATES

High viral abundances have long led to speculation that viruses might exert greater
control on microbial populations in soils than in other systems (50). Direct counts with
electron and epifluorescence microscopy have shown soil virus densities on the order
of 107 to 109 viruses g�1 (dry weight), higher than marine viral densities (50, 51).
However, basic questions about soil virus ecology remain to be answered, so much so
that recent soil microbial ecology reviews present viruses as either the least important
entities impacting soil microbes (52) or one of the most important (53). In aggregated
soils, nonspecific irreversible attachment of virus particles to soil components can lead
to inactivation (51, 54, 55), but recent efforts to begin cataloging viruses in soils globally
lend support to their importance (56). One such study, focused on thawing Arctic
permafrost soils, identified 1,907 viral genomes and tracked them through space and
time to show that soil viruses infect key carbon cycling microbes, have varied lineage-
specific virus-host ratios that suggest differential viral pressures along the thaw gradi-
ent, and can even utilize auxiliary metabolic genes (AMGs; e.g., glycoside hydrolases) to
directly impact the degradation of complex carbon to simple carbon (57, 58). Similarly,
the impact of viruses on spatially constrained microbial communities has been inves-
tigated in brine channels within sea ice, where fine-scale channeling facilitated higher
virus-host contact rates, restricted access to bacterivorous species (e.g., algae), and
contributed to microbial species-level identification through phage resistance mecha-
nisms (59, 60). Similar effects are likely to shape soil communities, where aggregate
structures affect nutrient flow and virus propagation.

Viruses are likely to be a major driving force in bacterial mortality and growth rates
(through lysis-mediated release of nutrients) and microbial community composition in
the microenvironments of spatially structured soil aggregate systems. At least some
soils are dominated by temperate viruses that lysogenize their hosts to persist through
long-term dynamic extremes (61–63). Lysogeny facilitates lateral gene transfer (64),
exchanging genetic elements between host cells to increase gene flow through
communities (65). The lytic/lysogenic switch (66) also represents a tunable response to
environmental triggers which can alter the host populations, as in the case of
temperature-controlled prophage induction in tropical microbial communities or
productivity-driven prophage induction in the Southern Ocean (67–70). Understanding
the extent to which these processes act on soil microenvironments will require refine-
ment of techniques for fine-scale measurements at the aggregate level, including
applications of viral ecogenomic tools ported from studies of ocean viruses (71–73).

STUDIES SUPPORTING AGGREGATES AS THE FUNCTIONAL UNIT OF SOIL
ECOSYSTEMS

Studies of soil microbial ecosystems have most often focused on bulk soils, but there
have been efforts to characterize microbial communities at the scale of aggregate
structures (35, 74). These studies have generally supported the idea that soil aggregates
represent the relevant length scale for shaping the emergent properties of soils.

In one of the first studies to map the spatial distribution of bacteria down to
micrometer scales in bulk soil, Nunan et al. used epifluorescence microscopy to
investigate the 3-dimensional distribution of microorganisms in soil using thin sections
from shallow cores (75). Heterogeneous clusters of microorganisms were evident at
micrometer to millimeter distances throughout the cores, in contrast to longer length
scales, which showed a random distribution of bacterial cells. This difference explained
the “nugget effects” seen in studies at longer length scales in previous studies,
confirming that a considerable portion of the spatial variance in soil samples is present
at the submillimeter scale. The results were consistent with an earlier study showing
that the spatial heterogeneity of one soil microbial by-product, nitrate production, was
best described at submillimeter-length scales (76). Thus, the authors concluded that the
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submillimeter spatial scale is most relevant for the geochemical interactions that shape
microbial soil ecosystems and recommended that future studies target those smaller
distances rather than the centimeter- to meter-scale resolution of previous work.

In another early study of interactions between soil aggregates and microbial com-
munities, topsoil was studied to determine how fertilizer regimes and soil size fractions
(200 to 63 �m, fine sand; �63 to 2 �m, silt; and �2 to 0.1 �m, clay) correlated with
microbial community composition (10). Smaller particles corresponding to macroag-
gregates contained a higher proportion of biomass and higher microbial diversity than
did the larger class. Different predominant taxa were associated with each particle size
class, with fungi dominating at larger scales. Surprisingly, particle size exerted a
stronger control on community structure than did organic amendments added to the
soil samples, again suggesting that structure-function relationships must be accounted
for to predict soil responses to external perturbations.

More recently, Trivedi et al. (77) revisited the topic of interactions between soil
aggregates, agricultural practices, and soil organic matter. Aggregate samples from
various agricultural soil treatments were sieved into size classes (0.05 to �0.25 mm, 0.25
to �2 mm, and �2 mm) and assessed for aggregate size distribution, changes in soil
organic carbon, and microbial community composition. Aggregate size classes were
shown to have a significant impact on soil properties, affecting both carbon retention
and the microbial community composition of the soil. Turnover of soil organic carbon
was influenced both by its association with different aggregate size classes and by the
associated soil microbial community. The authors concluded that soil aggregate re-
sponse to agricultural treatment exerts a significant influence on bulk soil properties
and should be considered when planning for agricultural amendments.

The Trivedi et al. paper (77) showed a clear relationship between soil aggregate
size classes, microbial community composition, and biogeochemical effects on
cycling of soil organic carbon, but sieved soil fractions are not sufficient to fully
resolve the structured interactions that underlie soil biogeochemical processes. One
example of structure-function relationships supporting metabolic activity not predicted
by bulk sediment properties is the case of anaerobic metabolisms occurring within
aerobic soils. Hansel et al. analyzed 16S rRNA, functional genes, and cultures from
aggregate interiors collected from geochemically distinct horizons in soil cores (78).
Aerobic and anaerobic metabolisms were considered, including sulfate reduction,
nitrification/denitrification, and iron reduction. Carbon availability, water content, and
pH varied with depth, as expected from bulk soil properties, but anaerobic metabolisms
that did not track bulk chemistry were evident from both the sequence and culture
results. Presumably, anaerobic microsites within aggregates allowed for a greater
functional diversity over small spatial scales than would be expected based on bulk
properties. These results emphasize that the physical and chemical heterogeneity of
soils can support significantly more complex communities than would be expected
based on larger-scale geochemistry. However, the samples of aggregate interiors in this
study were homogenized prior to analysis, so the subaggregate spatial distribution of
the various community members was not retained.

In addition to experimental work, attempts have been made to develop a quanti-
tative framework for assessing the biogeochemical effects of structured community
interactions in aggregates. Ebrahimi and Or developed a model that considers the
influence of aggregate size, soil depth, and resource profiles on denitrification and
carbon utilization rates across scales (8). The model predicts biogeochemical fluxes of
CO2 and N2O that are in agreement with the limited experimental data available.
Another mechanistic pore scale model, simulating soil respiration, was parameterized
using pore structure data from X-ray computed tomography of soil cores (79) Maximum
aerobic respiration rates were predicted at an effective water saturation of 0.75, close
to field observations. Finally, Rillig et al. reviewed the challenges of modeling microbial
evolution in soil aggregates, where microbial populations isolated in “massively con-
current incubators” may have different evolutionary trajectories from those of well-
mixed communities (28). Model predictions about aggregate and pore size controls on
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geochemical fluxes, dynamic self-organization of aerobic and anaerobic communities,
colonization rates, and transient anaerobic niches remain to be tested empirically, both
through investigations of intact aggregate communities and with hypothesis-driven
controlled experiments.

APPROACHES FOR ISOLATING AGGREGATE COMMUNITIES FROM NATURAL
ENVIRONMENTS

As discussed above, aggregate-associated microbial populations are central to
developing a predictive understanding of soil community dynamics. Top-down ap-
proaches are one critical approach to studying these communities, in which intact
communities are isolated from individual soil aggregates in order to fully answer the
questions of who is there, what are they doing, and how are they interacting with the
rest of the community. Analyses of pooled soil aggregates have identified numerous
differences in microbial community structure across aggregate size classes (80, 81). The
in situ spatial relationships and physical interactions between cells and soil particles
must be preserved to clarify meaningful associations in aggregate communities.

To isolate aggregates, soils are typically sorted into size fractions by some form of
sieving. This can be performed under dry or wet conditions, with each technique
introducing its own bias. The selected method influences the microbial community,
enzymatic activity, and geochemistry recovered from the sample (80, 81). Enzymatic
activity within soil aggregates is influenced by the isolation method; sieving under
different hydration states, for example, will capture different fractions of the microbial
population (81). Wet sieving generally selects for smaller aggregates than does dry
sieving. Both dry and wet methods have relevant real-world analogues, as follows:
aggregate sieving under dry conditions reflects processes acting on arid environments
and serves as a proxy for wind erosion, while wet aggregate sieving recovers aggre-
gates more relevant to arable soils that are subjected to frequent wetting events (1).

As an alternative to sieving that does not depend on mesh sizes, advanced flow
cytometry instruments are another option for individual aggregate separation (82).
These instruments sort particles from 20 to 1,500 �m into microwell plates based on
axial light-loss (ALL) or time of flight (ToF) and fluorescence detection. The size range
of these particles is much greater than typical fluorescence-activated cell sorters can
accommodate (�20 �m). Samples are introduced from a stirred reservoir, passed
through a fluidics and optics core assembly, and then air sorted into microwells. By
staining soil suspensions with fluorescent dyes that bind DNA or oligonucleotide
probes, one can specifically label and identify particles with bound microorganisms for
subsequent analyses (83, 84). Such techniques remain to be validated for soil aggregate
isolation, but similar flow cytometry methods have previously been applied to enu-
merate soil bacteria (85) and to distinguish cells from abiotic clay particles (86).

Microdissection has been employed as another sampling method to recreate the
microscale three-dimensional (3D) distribution of soil biota. In one study, georefer-
enced subsamples were collected at 1-mm intervals within a soil core using a
microscope-guided needle and glass capillaries to sort the particles for culture-based
analyses (76). Statistical analyses were applied to reconstruct the spatial distribution of
the nitrogen cycling community. This technique is labor-intensive and low throughput,
with limited utility for targeting the very small spatial scales, but it does present a
scalable way to assess the spatial heterogeneity of aggregate-associated microbes.

NANOSCALE TECHNIQUES TO CHARACTERIZE AGGREGATE SCALE COMMUNITIES

While sequencing approaches can reveal which organisms inhabit a given soil
aggregate (the “who”), the reasons why certain organisms inhabit that space are related
to the aggregate pore structure (87, 88). The pore structure in aggregates exerts a
significant influence on the physicochemical environment that microorganism experi-
ences. Advances in modern characterization techniques allow for interrogation of the
two-dimensional (2D) and 3D hierarchical microstructures of soil pore architecture, and
for correlating this structure to microbial activity. A description of characterization
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techniques, including small-angle neutron scattering (SANS), ultra-SANS (USANS), fo-
cused ion beam tomography (FIB-T), electron tomography (ET), atom probe tomogra-
phy (APT), backscattered scanning electron microscopy (BSEM), X-ray computed to-
mography (XCT), mercury intrusion porosimetry (MIP), and physical gas adsorption, as
well as their corresponding limitations, are provided in Table 2 (see reference 89 for
additional details).

Heterogeneous soil communities have also been characterized using direct imaging
techniques to explore the physical associations between cells and soil particles at
aggregate scale, as reviewed in reference 90. Direct imaging can resolve the in situ
arrangement of microbial cells within the aggregate, as well as specific mineral-microbe
associations that drive biogeochemical cycling. Scanning electron microscopy (SEM)
and microcomputed tomography (�CT) use electrons and X rays, respectively, to
visualize soil structures and cells with nanometer- to micrometer-scale resolution (91,
92). Nuclear magnetic resonance (NMR) nondestructively locates hydrogen nuclei,
providing information about water and hydrocarbon distributions among aggregates
(93). Infrared spectroscopy and nanoscale secondary ion mass spectrometry (Nano-
SIMS) yield information about micrometer-scale identity, location, and quantification of
elements and minerals in soils, including intact aggregates (94–97). Together, these
imaging techniques reveal the physical associations between microbial cells and the
aggregate soil matrix at very fine spatial resolution.

To move beyond static imaging of natural populations, biogeochemical fluxes and
the active fraction of cells in soil can be tracked through stable isotope probing (SIP)
(98). In SIP, an isotopically labeled nutrient is introduced, and its by-products are

TABLE 2 Advanced analytical techniques used to determine the physicochemical characteristics of aggregatesa

Method Sample size Resolution Limitations Information collected Reference(s)

SANS 150-�m-thick sections 1 nm to 0.8 �m Technique relies on the contrasting
agent (D2O/H2O), diffusion of
contrasting agent to estimate
pore connectivity, requires a
long time to collect data, and
pore geometry is assumed for
when analyzing natural samples

Particle size distribution, pore vol,
surface roughness, surface area,
and interconnected porosity

143
USANS 150-�m-thick sections 60 nm to 20 �m

FIB-T 10 �m3 10 nm to 0.1 �m Small sample volume used in
analysis, and the technique is
destructive, which limits
reproducibility

Pore vol, porosity, pore size
statistics, and connected and
unconnected pore network;
also, data can be correlated
to elemental composition
using EDS

144, 145

ET 100-nm needle �1 nm to 0.05 �m Small sample volume, fixed-needle
geometry, and technique relies
on image analysis and 3D
reconstruction

Pore geometry and connectivity;
pore data can be cross-
correlated with elemental
composition using EDS

146

BSEM Thin sections 100 nm to �500 �m 2D analysis of a 3D geometry
requires sample prep, and
technique relies on image
analysis to distinguish intra- and
intergrain porosity

Pore geometry and connectivity;
pore data can be cross-
correlated with elemental
composition using EDS

145

XCT 1 mm by 5-mm
cylinders to 10-cm-
diam cores

300 nm to 100 �mb Technique relies on image analysis
and 3D reconstruction

Results allow for full
reconstruction of pore network

147

MIP 3.38 cm3 2 nm to 500 �m Technique only measures
connected porosity and assumes
pore geometry

Results provide details on pore
vol, pore size distribution, and
surface area

148

PGA Powder samples 0.5 nm to 0.2 �m Technique only measures
connected porosity and assumes
pore geometry

Results provide details on pore
vol, pore size distribution, and
surface area

149

aSANS, small-angle neutron scattering; USANS, ultrasmall-angle neutron scattering; FIB-T, focused ion beam tomography; ET, electron tomography; BSEM,
backscattered scanning electron microscopy; XCT, X-ray computed tomography; MIP, mercury intrusion porosimetry; PGA, physical gas adsorption; EDS, energy
dispersive spectroscopy. Table adapted from Zachara et al. (89).

bActual detectable pore size resolution will vary depending upon X-ray source, optics, and material.
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tracked as they incorporate into cells and metabolites. For example, 13C-labeled
powdered rice straw has been used to monitor the incorporation of fresh organic
matter into different soil size fractions (99). Fatty acid methyl ester (FAME) profiles
containing the labeled carbon were collected from sieved soil fractions, showing that
cells within the largest aggregates (�200 �m) that assembled during the experiment
were the most active in degrading the rice straw. In another study, [13C]acetate was
added to mesocosms inoculated with sediment to identify how microbial growth
partitioned between three different sediment size fractions (100). Cells associated with
sediment from fines captured on an 8.0-�m filter took up significantly more labeled
carbon than did those associated with coarse sand or smaller planktonic particles.
Numerous additional studies have identified active microbial cells in [13C]-amended
soils by using a CsCl density gradient to separate DNA that incorporated the label from
unlabeled DNA and then analyzing the respective fractions using molecular biology
techniques (100–105). SIP has also been used to identify actively growing cells in soil
via 18O-labeled water (106, 107) and to demonstrate structure-function relationships
between iron-reducing bacteria and Fe(III) minerals using 13C-labeled organic electron
donors (108). SIP is particularly effective for offering insight into the active fraction of
aggregate-associated communities.

Further, combining isotope labeling with imaging techniques offers a powerful tool
for distinguishing microbe-mineral associations with submicrometer resolution, like
combining SIP with NanoSIMS to investigate the spatial arrangement of biological
material associated with sediment. In one study, silt- and clay-sized soil particles mixed
with 13C- and 15N-labeled amino acid mixtures were embedded in epoxy resin for
analysis (94). The carbon and nitrogen bound to intact aggregates were clearly re-
solved, showing a spatially heterogeneous enrichment of the amino acids on individual
particles. The diffusion of dissolved organic matter into the interiors of aggregates was
tracked as well, resolving spatial associations between organic and inorganic mole-
cules. Similarly, NanoSIMS analysis of salt marsh consortia enriched with [34S]sulfate has
highlighted the structure-function relationship between sulfide-oxidizing purple sulfur
bacteria and sulfate-reducing bacteria (109), demonstrating a spatial dependence for
active sulfur cycling in another highly structured microscale environment.

NanoSIMS imaging has also been combined with fluorescence in situ hybridization
(FISH), in which a fluorescent probe is bound to specific nucleic acid sequences to relate
specific taxa to metabolic signatures, linking identity to function with nanometer-scale
resolution (110, 111). This has primarily been done in low-complexity environments, like
deep marine populations, since applying this technique of FISH-SIMS to complex soil
communities must overcome a number of challenges, including the inherent autofluo-
rescence of soil particles, which can interfere with fluorescent staining (112). The
problem is not insurmountable, though, and FISH has been used to successfully identify
microbes within soil aggregates by first suspending the aggregates in epoxy resin (113).

Synchrotron-based near-edge X-ray fine structure spectroscopy (NEXAFS) is another
technique that has been applied to characterize mineral and microbial associations
within soil aggregates (114). NEXAFS has the advantage of being able to distinguish
forms of organic carbon from one another in preserved spatial assemblages at very fine
(�50 nm) resolution. Microbial cells can be distinguished from other forms of organic
carbon. A combined NEXAFS-NanoSIMS approach has been used to determine the
microscale partitioning of 15N-labeled organic matter within a 5-�m microaggregate,
distinguishing microbial metabolites from the labeled source plant litter within the
aggregate (95). This sort of spatial information can be used to develop insights into
nutrient cycling, including carbon stability, sequestration, and community responses to
geochemical perturbations.

ARTIFICIAL AGGREGATES FOR LAB-BASED COMMUNITY STUDIES

In addition to characterizing natural aggregate populations, synthetic aggregates
have been used for complementary studies of structure-function relationships in
aggregate scale communities. With current technology, artificial aggregates can be
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constructed that mirror measured natural aggregate surface features, texture, and
porosity (115). Replicate microcosm environments created with 3D printing have been
created to allow for controlled tests of microbial activity under various geochemical
conditions while maintaining the physical complexity of real soils (116). Hydrogel
polymers with various material properties and hydrophobicity have been printed to
control hydrological effects (117). Additionally, advanced material deposition tech-
niques, such as atomic layer deposition (ALD) or chemical vapor deposition (CVD), have
been used to coat polymer surfaces with inorganic materials that are amenable to
chemical treatments to tune surface chemistry (118).

Three-dimensional printing technology is one way to create complex surfaces to
study microbial consortia at length scales relevant to soil aggregate communities.
Printed microcosms are increasingly relevant for microbiological studies. For example,
Otten et al. used 3D printing to recreate pore geometry that was previously determined
by X-ray CT scans of natural soils (116). The printed microcosms were able to support
fungal colonization patterns that mimicked growth in bulk soil and natural fractures.
Microbial communities themselves have also been 3D printed with complex spatial
organizations using hydrogel encapsulation (117, 119), in which the bacteria are
encapsulated in a matrix of gelatin, bovine serum albumin, and photosensitive mole-
cules that develop cross-linkages under laser exposure. The gel is impermeable to cells
but allows chemicals to diffuse freely. Encapsulated cells are then printed in complex
3-dimensional structures. This technology has been used to demonstrate that the
structural arrangement of Staphylococcus aureus and Pseudomonas aeruginosa cells in
coculture has a dramatic effect on antibiotic resistance (120). Printed artificial micro-
cosms are limited only by the specificity of printing technology, which continues to
improve rapidly.

Microfluidic approaches have also been harnessed to create narrowly defined
aggregate scale geochemical environments for hypothesis testing with precisely con-
trolled fluid movement at a micrometer scale (115). Microfluidic environments present
a number of advantages for studying community dynamics. They provide structural and
chemical habitat heterogeneity at scales relevant for aggregate communities, including
complex topologies created through molding or etching (121). Fluid flow and chemical
transport are controlled, allowing for tests of community responses to different flow
regimes, changes in confinement and connectivity, and physical interactions (122, 123).
Transparent materials overcome the difficulty of viewing microbial consortia in opaque
soils. A significant advantage of microfluidic models is that the same porous networks
can be created for each experiment allowing for tests to distinguish the relative
influence of stochastic and deterministic processes in shaping community develop-
ment within the porous network (Fig. 3) (124–126). Microfluidics tools that were
developed for the biomedical field have been adapted to allow for testing of specific
hypotheses relevant to soil aggregate communities (127). For example, synthetic
communities of soil microorganisms grown on surfaces that mimic soil spatial structure
and chemical transport demonstrated that the defined spatial microstructure was both
necessary and sufficient to stabilize the community (128). Moreover, because the shape
of the soil analogue network is controlled, computational models that directly replicate
the soil analogue structure can be validated and used to explore parameter space,
develop new hypotheses, and prioritize experiments (125).

FUTURE DIRECTIONS

Existing technology has the capability to characterize soil microorganisms and
communities at the scale of aggregates in detail, but future efforts to isolate and
characterize both individuals as well as intact communities will need to overcome
several technical challenges. These include developing strategies to preserve intact
aggregate communities during enrichment and isolation, identifying individual cells
and viruses, minimizing biases introduced by sieving or microdissection techniques,
maintaining functional associations between cells within aggregates, and visualizing
relationships between cells, viruses, soil particles, and metabolites to clarify biogeo-
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FIG 3 Microfluidic approaches can recreate soil features for lab-based studies. (A) A heterogeneous porous medium design
replicates the natural shape and distribution of sand particles. (B) Within these pore spaces, bacteria grow (green) and
decay (red) under the influence of pressure-driven flow (scale bar � 100 �m). (C) A consistent particle layout between
replicates allows the pore space hydrodynamics to be computationally simulated. (D) This system showed that a soil
bacteria initially clogs pores with high shear rates (scale bar � 100 �m). (E) A random pore network generated from
Voronoi tessellations was used to study two-phase flow underground. (F) A microfluidic design created by a particle-
generating algorithm was used to study the influence of microbial extracellular polysaccharides on pore space water
retention. For more information regarding the associated techniques, see references 124 (A to D), 125 (E), and 126 (F).
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chemical interdependencies. Refinements of existing techniques and the development
of new methods should make it possible to develop a predictive understanding of the
fine-scale microbial interactions that shape biogeochemical cycles in soils.

One grand challenge is to isolate a micro- or macroaggregate with the intact in situ
microbial communities both on and within the aggregate, so that both the geologic/
geochemical but also the taxonomic and functional microbial aspects of the aggregate
can be analyzed. Isolating individual soil aggregates with minimal disturbance to the
organized microbial community structure will require the development and validation
of new methods to produce a scalable, reproducible technique with minimal sloughing
of attached microorganisms, thus allowing for genomic characterization and organism
isolation. It will also need to address the challenges of dispersion, separation, and
isolation to produce an array of soil aggregates of known size such that each aggregate
could be treated individually. One possible path is freeze drying or separation at field
moisture conditions to minimize bacterial sloughing and lysis. Sieved microaggregates
can be suspended in water and dispersed into microwell plates to deliver an average
of �1 microaggregate per well, as estimated using most probable number (MPN) or
gene density calculations (129).

Another grand challenge is to assess the community interactions that occur within
and between aggregates. Single-cell sequencing approaches can reveal the taxonomic
identity and metabolic potential of cells isolated from individual aggregates. Nanogram
to microgram quantities of DNA can be generated from sorted cells, suitable for
downstream amplicon-based or shotgun genomic sequencing (130). In one recent
study, single-cell genomic sequencing was combined with low-input metatranscrip-
tomic data to reveal novel metabolic capabilities and interactions in an alkane-
degrading methanogenic community (131). By combining individual genome-scale
metabolic models with systems-level gene expression results, the active metabolic
pathways could be traced back to specific community members. Such a combined
approach provides specific and detailed information at the micrometer and sub-
micrometer scales while capturing the physical properties of individual aggregates
in an efficient workflow. Downstream combining of the data sets computationally
then provides a more holistic view of the aggregate structure than has previously
been possible.

There are also technical challenges to overcome in understanding structure-function
relationships in aggregate communities. This has been accomplished to a point with
studies looking at the colocalization of nitrifying and denitrifying bacteria within a
single soil horizon, in which oxygen gradients, pore size, and moisture availability all
contribute to the distribution and activity of nitrogen cycling bacteria within aggre-
gates (6, 42–47). However, this type of study of organisms within natural aggregate
samples has been rare. A broader application of artificially constructed aggregates to
study isolated organisms that are suspected of possessing structure-function relation-
ships could overcome the challenges inherent to functional analysis of natural com-
munities. Structured cocultures can recreate complete functional networks to allow for
deep understanding of carbon and electron flow between interacting organisms (132,
133). Synthetic aggregates might be seeded with known mixtures and ratios of
microorganisms derived from earlier studies, thereby measuring these critical metabolic
traits.

The development and application of new techniques to study aggregate scale
structure-function relationships will allow for a deeper and more comprehensive
understanding of the role of important but understudied community members, like soil
viruses. To date, technical challenges, including the autofluorescence of soil minerals,
nonspecific binding of biological stains to mineral particles, the small size of viruses,
and limited methods for virus isolation (50, 134), have meant that extracting or
quantifying viruses even from bulk sediments has been incredibly challenging, which
has slowed the adoption of modern sequence-based approaches for studying soil
viruses. However, recent progress has been made in capturing viral-like particles from
soils (e.g., see reference 135) and sequencing them (58), as well as informatically

Minireview Applied and Environmental Microbiology

July 2019 Volume 85 Issue 14 e00324-19 aem.asm.org 13

https://aem.asm.org


capturing “viral signal” from soil metagenomes (57, 136). Applying advances in proce-
dures to establish generalized rules across diverse soils along with parallel technolog-
ical advances in microfluidics, etc., means that isolating viruses in individual soil
aggregates should be possible in the near future. Efforts to understand the prevalence
of lysogeny will also be critical for modeling the impact of viruses on soil communities.
Given the existing hints toward viral importance in soils, continuing methodological
advances will be crucial for understanding the interplay between viruses, microbial
hosts, and biogeochemistry in soil ecosystems, particularly at the scale of aggregates
where interactions between bacteria and viruses occur.

CONCLUSION

In summary, the biotic and abiotic interactions most relevant for influencing geo-
chemical cycles in the soil microbiome appear to occur at the scale of soil aggregate
communities. Bulk-scale studies alone cannot discern the influence of localized wetting
and drying events or the interactions among microbes within and between aggregates.
Top-down strategies to characterize complete micro- and macroaggregate communi-
ties from environmental samples can be well complemented by bottom-up develop-
ment of structured communities in defined geochemical environments for hypothesis-
driven studies. Future efforts to develop a complete and predictive understanding of
soil biogeochemistry should focus on structure-function relationships at this scale.
There is a need to develop and refine tools to correlate aggregate physical properties
with resident microbial species, including the influence of viruses on biogeochemistry
via horizontal gene transfer and control of microbial populations. Together, studies of
natural and constructed aggregate communities can provide a clearer picture of the
emergent properties of microbial interactions with soil processes and geochemical
perturbations. These advances allow for a more informed and refined understanding of
soil cycling, more robust hydrobiogeochemical models, and hence a more efficient use
of soils.
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