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Research over the last few decades has shown that the characterization of

microaggregates at the micrometer scale using Transmission Electron Microscopy (TEM)

provides useful information on the influence of microorganisms on soil functioning. By

taking soil heterogeneity into account, TEM provides qualitative information about the

state of bacteria and fungi (e.g., intact state of living organisms, spores, residues) at

the sampling date within organo-mineral associations, from the soil-root interface to

the bulk soil, and in biogenic structures such as casts. The degree of degradation of

organic matter can be related to the visualized enzymatic potential of microorganisms

that degrade them, thus indicating organic matter dynamics within soil aggregates.

In addition, analytical TEM characterization of microaggregates by EELS (Electron

Energy Loss Spectroscopy) or EDX (Energy Dispersive X-rays spectroscopy) provides

in situ identification of microbial involvement in the biogeochemical cycles of elements.

Furthermore, micrometer characterization associated with other methodologies such as

Nanoscale Secondary Ion Mass Spectrometry (NanoSIMS) or soil fractionation, enables

monitoring both incorporation of biodegraded litter within soil aggregates and impacts of

microbial dynamics on soil aggregation, particularly due to production of extracellular

polymeric substances. The present focused review suggests that such an approach

using micrometer characterization of soil microhabitats provides relevant qualitative and

quantitative information when monitoring and modeling microbial processes in dynamics

of organo-mineral associations.

Keywords: bacteria, EPS, microhabitats, in situ localization, soil fractionation, micro-analyses, hotspots of

biological activity

INTRODUCTION

How a soil functions is closely related to the dynamics of soil microbial communities. Microbial
habitats and soil structure are so intimately related that knowledge of these interactions appears
essential to understand soil processes and management. While microorganisms influence soil
structure as aggregation agents (Tisdall and Oades, 1982), conversely, soil texture and structure
form microhabitats (Stotzky, 1986) and thereby strongly influence the dynamics, ecology, and
activity of microbial populations. Bacteria are distributed throughout pores of various sizes and
within aggregates (Hattori and Hattori, 1976), while simultaneously organic matter provides
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micro-niches adequate for microorganism growth
(Guggenberger et al., 1999). Chenu and Cosentino (2011)
described the role of microorganisms in the temporal and
spatial dynamics of aggregation. They detailed the formation,
stabilization and destruction of aggregates by microorganisms as
well as impacts of soil structure evolution on microbial activity.
Thus, the visualization of microorganisms within soils has long
been, and is especially now, both a real need and a challenge in
order to assess “life in inner space” (Ritz, 2011; Baveye et al.,
2018).

The in situ observation of soil biota requires that the fabric
of the soil be left as undisturbed as possible (Ritz, 2011). In
their review of micrometer determinants of bacterial diversity
in soils, Vos et al. (2013) presented several methods to describe
micrometer-sized soil habitats, based on sieving, dissecting and
visualizing individual soil aggregates. They cited advantages
and disadvantages of associated techniques, such as Scanning
Electron Microscopy (SEM) associated with Energy-Dispersive
X-ray spectroscopy (EDX), Infrared Spectroscopy, Nanoscale
Secondary Ion Mass Spectrometry (NanoSIMS) and Near Edge
X-ray Absorption Fine Structure Spectroscopy. These techniques
usually use polished, resin-embedded whole aggregates and
thus, from a methodological point of view, require sample
preparation similar to that used for Transmission Electron
Microscopy (TEM) characterization. Nevertheless, results in
the literature characterize and localize organic matter and
elements more often than bacterial units. Micro-computed
tomography and nuclear magnetic resonance or magnetic
resonance imaging are also cited as non-destructive approaches
in three-dimensional (3D) analysis of soil structure. Finally,
fluorescence in situ hybridization (FISH) techniques combined
with micro-pedological methods are promising, allowing specific
classes of microorganisms to be localized in soils by using
oligonucleotide probes (Eickhorst and Tippkötte, 2008). In
addition, micro-cartography of digital-sequential images of soil
thin sections combined with fluorescent microscopy improves
understanding of the distribution and quantification of hotspots
and biofilms in soils regardless of the micrometer scale
(Nunan et al., 2001; Castorena et al., 2016). As a precursor,
Foster emphasized the use of TEM to visualize in situ soil
microstructures, particularly in the rhizosphere, which has
been the main site of micrometer studies of soils and soil
microorganisms (Foster et al., 1983; Foster, 1988). Within the
rhizosphere, many physical, chemical and biological processes
take place, stemming from root growth, water and nutrient
uptake, respiration and rhizodeposition (Hinsinger et al., 2005).
Microbial activity is therefore much greater there than in non-
rhizopheric soil due to root activity (Lynch, 1990). TEM makes
it possible to identify cellular components such as cellulose,
lignin and condensed polyphenolic substances within plant
tissues and soil aggregates and to localize bacteriaband fungi,
while identifying their intact state at the sampling date, (e.g.,
alive, sporulated, dead) and their enzymatic activity within
cellular components by visualizing areas of lysis around the
microorganisms (Kilbertus, 1980; Foster et al., 1983). Roose et al.
(2016) reviewed current developments in structural and chemical
imaging of the rhizosphere. Although they focus on the influence

of pore structure in the rhizosphere on water and nutrients
fluxes, the techniques and the main results they mention also
concern soil-microorganism interactions. TEM combined with
micro-analysis, immuno-labeling or specific staining procedures
is extremely well-suited for localizing microorganisms within soil
structures at the micrometer scale, whether inside or outside
rhizospheres (Hattori and Hattori, 1976; Foster and Martin,
1981; Bartoli et al., 1986; Chotte et al., 1992; Ladd et al., 1993).
In addition, image analysis of visualized soil parameters (e.g.,
pores, roots) can quantify impacts of soil-biota interactions
and strengthens use of visualizing techniques. Nevertheless,
using TEM requires the physical and chemical fixation of
microstructures to avoid any shrinkage, staining procedures to
enhance organic matter contrast, and preparation of ultra-thin
sections despite the presence of potentially damaging minerals.
This is why TEM, despite the large amount of information it can
yield, may sometimes seem less approachable to all than other
techniques.

In this article, we highlight the use of TEM to elucidate
mutual interactions between soils and microorganisms, thereby
identifying soil processes and microbial activity. The feasibility
of using TEM to localize microorganisms and deduce their
influence within soil structures is illustrated by studies involving
a variety of soils in different contexts (i.e., five cropped soils,
one forest soil and one Technosol). The results presented,
most of them already published, are used as examples to
highlight microbial contribution to (i) organic matter turnover
within microhabitats, assessed through a combination of TEM,
Electron Energy Loss Spectroscopy (EELS) or NanoSIMS; (ii)
soil aggregation inside and outside rhizospheres and (iii)
microaggregate dynamics as indicators of soil health. This
focused review of using TEM to assess soil-microorganisms
interactions at the micrometer scale is motivated by the need
to visualize soil microhabitats efficiently for soil microbiology,
providing both qualitative and quantitative data and considering
soil heterogeneities. Samples must be representative and soil
structure must be preserved to ensure the relevance of results.
As hotspots of biological activity, rhizosphere, drilosphere
(casts), and 0–20µm size fractions of soil were sampled and
morphologically or analytically characterized by TEM. We
discuss relationships among microbial dynamics within these
organo-mineral associations and how the soil functioned as a
whole, with the aim of identifying data to improve modeling of
microbial dynamics in soil processes, in particular soil organic
matter evolution and soil aggregation.

MATERIALS AND METHODS

Soils
We review 5 soils from agrosystems (soils 1–5), one soil from
a forest ecosystem (soil 6), and one constructed Technosol (soil
7). Soil names are given according the WRB classification (2014)
(see Table S1 of the main physico-chemical parameters):

- soil 1: a calcic Cambisol developed on silt deposits. It was
cropped with maize (Zea mays) after moderate tillage and
fertilization at an experimental station. Digested sewage sludge
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was applied according to regulations. Sampling allowed us
to monitor any impact of cropping practices on micro-
aggregation (Watteau et al., 2012).

- soil 2: a Luvisol developed from aeolian silt on an alluvial
terrace in western France and cropped with maize. The impact
of cattle manure amendment on soil fertility was studied.

- soil 3: a Cambisol collected from a permanent grassland in
northern France. It was used in a mesocosm experiment to
study the incorporation of 13C-labeled organic matter [roots
or shoots of Italian ryegrass, (Lolium multiflorum)], in the
presence or absence of earthworms (Lumbricus terrestris)
(Vidal, 2016). It was sieved to 4mm for homogenization,
plant residues and macrofauna > 4mm were removed, and
then the soil was placed into PVC containers (80 cm long ×

40 cm in diameter) for 6 months. Results of the treatment with
incubation of 13C-labeled ryegrass shoots with earthworms are
presented.

- soil 4: a Luvisol developed on old gravelly alluvium sampled
from a long-term field experiment in south-eastern France. It
was cropped with maize and studied to highlight impacts of
root on microaggregation (Watteau et al., 2006).

- soil 5: a Vertisol from south-eastern Martinique. Because
of their high exchangeable sodium content, these soils have
low structural stability and high susceptibility to erosion, in
particular when intensively cropped, which leads to a loss of
organic matter. Fallowing these soils, however, rebuilds organic
matter content and thus makes them less erodible (Campbell
et al., 1999). Results comparing a Vertisol under a former
grassland to the same vertisol under former market gardens
(Blanchart et al., 2000) are presented.

- soil 6: a Podzol under a beech (Fagus sylvatica) ecosystem in
eastern France. This study was designed to identify root aging
at the micrometer scale using TEM and EELS (Watteau et al.,
2002).

- soil 7: a constructed Technosol. Constructing soil to reclaim
derelict land is based on the recycling of secondary by-
products. Using pedological engineering concepts, these by-
products are combined to construct a new soil (Technosol)
over in situ brownfield substrates (Séré et al., 2010). It consisted
of three different parent materials deposited in layers (from
top to bottom): (i) green-waste compost (10 cm) from urban
trees and grass cuttings, (ii) a mixture (1:1 v/v) of paper-mill
sludge and thermally treated industrial material extracted from
a former coking plant (80 cm), and (iii) pure paper-mill sludge
(25 cm). This Technosol was constructed during field tests
in 2003 at the GISFI experimental station (http://gisfi.univ-
lorraine.fr) in eastern France. The soil was seeded with Italian
rye grass and lucerne (Medicago sativa).

Soil Fractionation
Three to five samples of 200 g of soils 1–7 were taken from
the topsoil, pooled and kept wet until their conditioning for
soil fractionation. The 0–20µm size fractions were obtained
after soil fractionation in water from the soil particles <2-mm
obtained by dry sieving fresh soil. Thirty-gram samples were
dispersed in 200ml distilled water and stirred gently for 1 h.
The 200 µm−2mm fractions were obtained by wet sieving.

The 0–200µm fractions were dispersed for 16 h in 500ml
distilled water. The 50–200µm fractions were then obtained
by wet-sieving. The 0–2, 2–20, and 20–50µm fractions were
collected by sedimentation using the Robinson pipette method.
All fractions were oven-dried at 60◦C and weighed. Weight
distributions were adjusted to 100%, and percentages of the
fractions were expressed as the means and standard errors of
three replicates. From the resulting 0–50µm residue, 0–2, 2–20,
and 20–50µm fractions were collected separately, according to
Stokes’ law. To obtain enough material for further analyses, 0–
2µm fractions were mainly collected by five serial elutions of 0–
50µm fractions without the addition of flocculating agents. Parts
of these fractions were oven-dried at 110◦C and finely ground for
elementary analyses, while the remainders were left undried and
stored at 8◦C until they were processed for TEM.

Morphological and Analytical
Characterization by TEM
Roots, casts and 0–20µm size soil fractions were sampled and
morphologically or analytically characterized by TEM. The roots
more or less associated with rhizospheric soil were sampled
because of the numerous soil-plant-microorganism interactions
within the rhizosphere (Waisel et al., 2002). Earthworms are
strongly involved in aggregate formation, microbial dynamics
in the soil profile, and sequestration/mineralization of organic
matter in tropical and temperate environments (Bossuyt et al.,
2005; Jouquet et al., 2009). The fine soil fractions, with a particle
diameter of 0–20µm, are considered the most reactive, given
their high cation exchange capacity, stable carbon (C) content,
microbial (C) content (Anderson et al., 1981; Eliott, 1986; Chotte
et al., 1992; Balabane and Plante, 2004), and their recalcitrance
to biodegradation (Hassink, 1997). In addition, 2–20µm micro-
aggregates represent very favorable habitats for bacteria in most
soils (Ranjart and Richaume, 2001).

Three replicates of a few cubic millimeters each were sampled
from roots, casts, and 2–20µm fractions for TEM examination.
These sub-samples were fixed in 2% (w/v) osmium tetroxide
in a cacodylate buffer (pH 7.2) for 1 h in order to chemically
fix the organo-mineral structure. Osmium-fixed samples were
dehydrated in graded acetone solutions, then embedded in epoxy
resin (Epon 812) until complete polymerization (16 h at 60◦C).
Ultra-thin sections (80–100 nm) were cut with a diamond knife
on a Leica Ultracut S ultramicrotome. Some sections were filed
on nickel grids, stained with uranyl acetate and lead citrate to
enhance organic matter contrast, and examined in a JEM 1200
EXII transmission electron microscope operating at 80 kV. A
minimum of 15 observation fields at a magnification of 4000 were
performed for each of the three replicates. Unstained ultra-thin
sections were filed on nickel grids covered with a C film and used
for in situ elementary analyses with EDX, EELS or NanoSIMS
(Watteau and Villemin, 2001; Watteau et al., 2002; Vidal et al.,
2016). EDX is a simple and fast technique but does not give access
to light elements (from Z = 3) and is of lower resolution than
EELS, whose results analysis is still more complicated (Egerton,
1986; Bauer, 1988).
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RESULTS AND DISCUSSION

Microbial Activity Within Microstructures
TEM observations of the 2–20µm fractions of soils 1–3 revealed
different states of microorganisms in soil microstructures
(Figure 1). Microorganisms can be observed in pores or in
aggregates, individually or when gathered into colonies. Bacteria
are present within microaggregates, associated either with
the organic residues they degraded or with minerals, mainly
due to production of extracellular polymeric substances (EPS)
(Figures 1.1, 1.2). Typical bacterial aggregate consisting of EPS-
producing bacteria, on which minerals are adsorbed, are also
frequently observed (Figures 1.3, 1.4). At the time of sampling,
bacteria within microaggregates of soil 2 were alive and intact
(Figure 1.4), sometimes dividing (Figure 1.5), spores waiting for
better conditions (Figure 1.6), or dead in the form of cell wall
residues (Figure 1.4). Actinomycetes and fungi are also observed
to be associated within soil 3 aggregates (Figures 1.7, 1.8).
Certain typical intracellular features (cytoplasmic membranes)
allow us to identify nitrogen-cycle bacteria in casts sampled from
soil 7 (Figure 1.9). Because sampling and sample processing
preserve the initial soil structure, TEM allow localization of the
main microorganisms within aggregates.

These microhabitats visualized by TEM highlight their impact
on two main parameters of soil-microorganism interactions:
physical protection of microorganisms and nutrient availability.
As an illustration of the ability of microorganisms to degrade
organic matter, fungi and bacteria attack ligneous residues in
soil 3 [Figure S1, (see Datasheet 2)]. Areas of lysis due to
fungal activity are visualized in ligneous thickenings, suggesting
fungal ligninolytic capacity. Cell intersections already persist,
and many bacteria colonize these plant tissue residues until
they get completely fragmented. Due to the spatio-temporal
sampling, TEM allow us to monitor the successive microbial
degradation of organic matter identified within microstructures.
TEM microanalysis also identifies microbial enzyme production
on beech roots sampled from soil 6 (Watteau et al., 2002).
EELS analysis of the contrasting rings surrounding areas of lysis
observed in polyphenolic substances contained in cortical cells
detect a large amount of nitrogen [Figure S1.2 (see Datasheet
2), EEL spectrum 2]. However, no nitrogen is detected in the
polyphenolic substances themselves [Figure S1.2 (see Datasheet
2), EEL spectrum 1]. This supplemental nitrogen came from
enzymes produced by hyphae colonizing these cells. Another
way to identify organic matter turnover is to combine TEM and
NanoSIMS. Vidal et al. (2016) sample earthworm casts as newly
formed aggregates in soil 3, to which 13C-labeled shoot residues
had been added. From 13C labeling and NanoSIMS imaging
of ultra-thin sections, these authors observe incorporation of
13C-labeled carbon in casts and its microflora [Figure S1.3 (see
Datasheet 2) and NanoSIMSmaps]. NanoSIMS imaging does not
always allow them to recognize features of organic matter and
microorganisms within aggregates because of the heterogeneity
of the aggregates’ organo-mineral components and arrangement.
Previous TEM examination of the aggregates on the same ultra-
thin sections used for NanoSIMS ensured the identification of
the features analyzed. Thus, contribution of microorganisms

to degradation of freshly introduced litter can be monitored
within aggregates at a micrometer scale. Supplementing such
information about the C cycle, TEM-EDX and TEM-EELS
can also be used to monitor microbial involvement in the
biogeochemical cycles of other main elements (e.g., silicon;
Watteau and Villemin, 2001).

Biologically promoted soil aggregates are of increasing interest
in soil structure dynamics, as hotspots of biological activity
influence soil biogeochemical cycles (Tecon and Or, 2017).
The contribution of soil organic matter to different aggregate
fractions and details of how organic C is organized within
aggregates are of critical importance to the self-organization of
microbial communities. Besides, only a small percentage of total
microbial biomass found in soil is active; most is dormant or
inactive (Blagodatskaya and Kuzyakov, 2013; Tecon and Or,
2017). As one way to obtain such data, TEM can identify
activity of microflora observed within aggregates, revealing their
state and their enzymatic potential. To confirm the nature
of organic matter, it can be stained to enhance proteins,
lipids or polysaccharides (Foster, 1981; Bisdom, 1983) and
differentiate microbial from plant polysaccharrides (Tiessen and
Stewart, 1988). Furthermore, microaggregate turnover is high,
as the rate of organic matter degradation by microorganisms
is related to microhabitats. As shown, combining TEM and
NanoSIMS is one promising way to identify this turnover
(Vidal et al., 2016) and will add microbial information to
the imaging of organic matter dynamics using NanoSIMS
and SEM (Mueller et al., 2012). Likewise, combining soil
organic matter fractionation and TEM typology of organo-
mineral associations will likely become a promising method
for confirming the biochemical composition of extracted
organic matter regardless of the fractionation method used.
It can determine the nature (polyphenolic, ligneous, EPS)
of the organic matter observed according to its identified
biochemical recalcitrance, in particular the presence of microbial
components.

A combination of TEM and other techniques (e.g., EELS,
EDX, NanoSIMS) can observe the contribution within soil of
microorganisms to organic matter dynamics and biogeochemical
cycles of several elements. TEM data on soil physico-chemical
characterization or microbial diversity and abundance will
improve knowledge about microbial contribution to soil
processes. As part of this approach, combining FISH and
immuno-labeling at the micrometer scale appears to be
a promising way to carry out future research. Similarly,
immunomarking techniques could be developed to detect
of viruses within aggregates. Currently, in situ visualization
of virus particles within undisturbed soil samples is far
from obvious. Thus, direct counting methods using TEM or
epifluorescence microscopy have relied on a two-step process
of extraction and enumeration (Williamson et al., 2017). TEM
allows for visualization of viral morphology and epifluorescence
microscopy is more used for viral enumeration. Ashelford et al.
(2003) reported that substantial populations of soil bacteriophage
exist in soils. Considering the impact that viruses can have on the
bacterial cycle and thus on the nutrient cycle, identifying viruses
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FIGURE 1 | Microorganism localization within soil microstructures. TEM views (1–3): soil 1 microaggregates (already published in Watteau et al., 2012). (1) Organic

residue colonized by bacteria and surrounded by with minerals; (2) mainly mineral aggregate containing few organic residues and EPS producing bacteria

(individualized or in colony); (3) typical bacterial aggregate constituted by bacteria producing EPS on which are adsorbed minerals. TEM views (4–6): soil 2

aggregates. (4) Global view of 2–20µm fraction showing mineral or organic particles and bacterial aggregates as bacterial colony associated with minerals. (5)

Bacteria in division within aggregate; (6) bacterial spores localized in organic residue associated with minerals. TEM views (7,8): microorganisms in soil 3. (7)

Actinomycete associated with minerals; (8) fungal aggregate. TEM view (9) Bacteria of N cycle in soil 4 (already published in Pey et al., 2014). a, actinomycete; b,

bacteria; bc, bacterial colony; bd, bacteria in division; br, bacterial residue; cm, cytoplasmic membrane; ex, EPS; f, fungus hypha; h, hole in the resin as an artifact due

to mineral presence; Nb, bacteria of nitrogen cycle; om, organic matter; m, mineral; q, microquartz; s, bacterial spore.
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within soil microstructures may prove relevant in specifying
carbon dynamics as a function of bacterial population dynamics.

Soil-Microorganism Interactions at
Hotspots of Biological Activity
The rhizosphere is a soil hotspot, as microbial interactions
impact soil functioning.We studied soil aggregation as a function
of increasing distance from roots in soil 4 (Watteau et al.,
2006). Coarse and fine roots at the soil interface generate
stable 2–20µm aggregates, whose organization depends on the
nature of the plant or microbial organic matter. Distribution
of aggregate types varies according to their proximity to roots
(Figure 2). Microaggregates near roots contain mainly root cell
walls and bacteria, whereas those further from roots contain
mainly polyphenolic substances and bacterial aggregate residues.
These results agree with the conceptual model of soil organic
C dynamics under long-term maize cropping systems, in which
C is distributed among four pools with different biodegradation
kinetics (Balesdent et al., 2000; Ludwig et al., 2003).

Describing the rhizosphere with TEM enhanced the role
of microbial EPS in forming organo-mineral associations in
such coarse-textured soil. Bacteria adhered to roots because
of EPS, on which minerals were aggregated and EPS are the
main components of frequently observed bacterial aggregates
(Figures 1, 2). TEM visualization identified the involvement of
EPS in microbial aggregation in the main soils, i.e., the cropped
soils and the Technosol (Figures 1.2–1.4, 2.9, 2.10). EPS are
thus a hotspot of soil-microorganism interactions, especially
since they resist degradation. It is well-known that stable EPS
influence soil structure dynamics, binding particles together and
promoting the formation of a stable structure (Chenu and Guerif,
1993). EPS optimize functions at the microsite scale (Abiven
et al., 2007), such as water availability in micropores (Rossi
et al., 2012). Bacterial polysaccharride-mediated aggregation
has been widely studied, particularly using SEM (Chaney and
Swift, 1986; Dorioz et al., 1993). Thus, TEM could identify the
contribution of EPS in most soils, even those as coarsely-textured
as young Technosols, in which biofilms may predominate during
pedogenesis, by analogy with biological crust development
(Malam Issa et al., 2007; Weber et al., 2016).

Over short time scales, microbial interactions at hotspots
(e.g., rhizosphere and aggregates) impact the soil physical
environment greatly (Philippot et al., 2013). In this way,
composts can also be considered as hotspots. Composts
are added as a soil amendment or as parent materials at
remediation sites (soil 7). Composted organic matter is expected
to be biochemically and microbially stable because of its
production process. However, TEM characterization of green-
waste composts showed that they also have a microbial potential
(Séré et al., 2010; Watteau and Villemin, 2011). Observation of
spores or activemicroflora in identified organic residues indicates
both enzymatic potential and dynamics of composted organic
matter and associated microorganisms, as these composts will be
added to the soil. TEM identification of the microbial potential of
organic residues incorporated in the soil is particularly relevant
for site remediation. Green-waste composts are currently used as

organic parentmaterials of Technosols (Bacholle et al., 2006), and
paper-mill sludge is incorporated in large amounts throughout
the entire soil depth (120 cm) (soil 7; Séré et al., 2010). As both
residues can also contain bacteria and fungi, it is interesting to
note that pedological engineering creates soil microhabitats, even
deep in the soil and during soil construction (Watteau et al.,
2018). TEM characterization of parent material-microorganism
interactions at the micrometer scale can help monitor Technosol
functioning. This is of great interest, as Technosols are
increasingly used in new ecosystems. By definition, biofeatures
(e.g., earthworm casts, burrows, fecal pellets) are also hotspots of
microbial activity. TEM characterization of biofeatures indicates
the ability of fauna to transform ingested organic matter before
it is incorporated in soils and to form new aggregates [Figure 1,
Figure S1 (see Datasheet 2); Pey et al., 2014; Vidal et al.,
2016]. TEM appears well suited to identify fauna-microorganism
interactions in the context of soil functioning. Thus, TEM can
identify microbial potential (i.e., presence, state, and enzymatic
activity) and also biologically promoted aggregation, at hotspots
of biological activity.

Microbial Aggregates as Soil Function
Indicators
TEM can be used to characterize 2–20µm stable soil fractions
by comparing Vertisols under either former market gardens or
former grassland (soil 5). TEM examination clearly shows that
these size fractions consist mainly of microaggregates of three
types [Figure S2, (see Datasheet 3)]:

- Type 1: organo-mineral, composed of plant cell residues
associated with clays in various proportions. Microorganisms
can colonize the organic residues.

- Type 2: bacterial, composed of bacteria producing EPS which
were associated with clays.

- Type 3: mainly mineral, composed of clays aggregated by
colloidal organic substances. EDX analyses confirmed the
presence of organic matter by detecting osmium specifically
bound to it [Figure S2 (see Datasheet 3), EDX spectrum 1].

The relative proportions of these three types of microaggregates
within the 2–20µm fractions can be assessed for both Vertisols.
Thirty naked-eye counts of 330 µm2 were performed for
each, corresponding to 135 and 253 aggregates from the
Vertisol under former market gardens and former grassland,
respectively. Whereas mineral aggregates predominate under
former market gardens, bacterial and organo-mineral aggregates
are more numerous under former grassland. These contrasting
morphological descriptions may be related to other differing soil
parameters, such as the soil stability index (AS500, the percentage
of stable aggregates >500µm after 18 h of stirring in water)
and soil C content (Blanchart et al., 2000). AS500 is four times
as high under former grassland (16%) compared to Vertisol
under former market gardens (4%), and soil C content is almost
three times as high under former grassland (39 g.kg−1) than
under former market gardens (14 g.kg−1). Biological aggregates
(bacterial and organo-mineral) predominate in stable situations
(93%), whereas mineral aggregates predominate in erodible
situations (67%). Moreover, this is also related to the measured
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FIGURE 2 | Soil-microorganism interactions at hotspots of biological activity. TEM views (1–8) (soil 4): microaggregation from maize root soil interface (1, 2) to

rhizospheric soil (3–6) and to bulk soil (7, 8) (issue from Watteau et al., 2006). (1) Fine root-soil interface; (2) coarse root-soil interface; (3, 4) degradation of root cell

walls of fine root forming aggregates; (5) microaggregate with electron-dense root cell wall; (6) bacterial aggregate; (7) microaggegate with electron-dense cell

residue; (8) old bacterial aggregate. TEM views (9, 10): EPS as aggregation agents from bacterial and fungal origin in soil 3 (views 9) and in soil 7 (view 10). b, bacteria;

bc, bacterial colony; br, bacterial residue; cwr, cell wall residue; ex, EPS; m, mineral; ps, polyphenolic substance; rt, root tissue.

biological activity, as the biomass of roots, the abundance of
earthworms and microorganisms in these soils are lower than
those in market gardens (Chotte et al., 1992; Blanchart et al.,
2000). This clear relationship between microaggregate type and
Vertisol stability under various crops was also verified for four
other cropping situations [bare soil, sugar cane (Saccharum
spp.), meadow, fallow land] of calcic Vertisols in Guadeloupe
(Blanchart et al., 2000). Biological aggregates due to soil
enrichment by plant debris and increased microbial activity
in reclamation situations influence soil structural stability.
The relative proportions of these three types of aggregates
consequently appear to indicate a sensitivity of these soils

to erosion, and the typology of aggregates in the 2–20µm
fractions can be used as an indicator of impacts of cropping
practices.

Micrometer characterization of these fractions is thus well
suited to identify microhabitats in relation to soil use. Others
studies highlighted using the same approach to examine impacts
of biological activity (by roots and microorganisms) on the
stability and composition of 0–20µm aggregates in a maize-
cropped soil (see section Soil-Microorganism Interactions at
Hotspots of Biological Activity), the relationship between soil
stability and the nature of aggregated organic matter from
plants and microorganisms (Watteau et al., 2012) and the
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impact of crop rotation on soil structure (Saad et al., 2017).
The biochemistry and turnover of organic matter are closely
related to the size of organic matter and its associations with
mineral soil components, and thus influence aggregate stability
(Oades, 1984; Tiessen and Stewart, 1988). We thus confirm that
microaggregate type results from, and is an indicator of, soil
biofunctioning.

Potential Contribution of TEM to Soil
Process Quantification and Modeling
As shown, morphological and analytical characterization by
TEM provides much qualitative information about microhabitats
in relation to soil processes. It can identify soil-microorganism
interactions by visualizing biota in situ while respecting their
habitat in the state it has at the time of sampling. Data on the
contribution of microorganisms to organic matter dynamics and
biogeochemical cycles of main elements are available regardless
of the soil compartment (e.g., root interface, undisturbed
aggregates, size fractions, faunal dejections). The 0–20µm
soil fractions appear to indicate soil functioning according
to soil use or assessment of spatiotemporal heterogeneity.
This would provide an opportunity to scale up and use the
experimental data obtained at the micrometer scale to take
impacts of microorganisms on soil functioning into account
at the soil profile or even plot scale. Thus, TEM can provide
data for soil process modeling, especially as using or developing
image analysis protocols can also yield quantitative results by
obtaining representative samples and statistically analyzing
the number of counts performed. Future research could focus
on the feasibility of using image analysis to quantify certain
microbial descriptors indicating the presence or activity of
microorganisms in soil fractions (e.g., proportion of biological
aggregates, number or size of bacterial aggregates, number of
free microorganisms, area of organic matter lysed). Thus, meta-
analysis may identify correlations between certain quantified
descriptors and other soil characteristics depending on the
process studied, then identify the best microhabitat parameters
to serve as indicators of soil functioning. Moreover, the entire
aggregate could be extrapolated by analyzing many TEM images
and mathematically constructing a 3D soil structure from 2D
data (e.g., Wu et al., 2006). These descriptors could then be
used as input parameters of soil process models, as could the
amount and C content of 0–20µm organo-mineral fractions.
Mechanistic representation of small-scale processes is one
of the priorities for improving models of soil organic matter
dynamics (Manzoni et al., 2009). Microbial degradation and
competition are increasingly simulated in models of structured
environments and microtomography provides information
about soil-fungi interactions (Monga et al., 2014). However,
TEM is most relevant for soil-bacteria interactions. Future
research combining TEM with other visualization techniques
and analyses, may provide information and quantitative
parameters relevant for simulating bacterial contributions
to soil processes in 2D and 3D models. Characterization
of the pore network may become a relevant indicator of

soil functioning, while that of aggregation already seems to
be one (Rabot et al., 2018). In addition to the micropore-
microorganisms interactions already studied (Vos et al., 2013),
we recommend using TEM to characterize microaggregates,
and particularly microbial interactions within them, as potential
soil health indicators. Soil health reflects ecological attributes
of the soil for producing a particular crop, encompassing
biodiversity, food web structure, soil biotic activity and the
range of functions it performs (Pankhurst et al., 1997 in
Bünemann et al., 2018). Micron-scale interactions must be
considered in macroscale processes (Baveye, 2018). In this way,
micrometer-scale soil studies aim to input microhabitat
parameters in soil process models, thereby facilitating
simulation of microbial dynamics in their organo-mineral
environment.
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Table S1 | Main physico-chemical characteristics of the 2mm sieved topsoils.

Figure S1 | Microbial degradation of organic matter within soil microstructures.

TEM view 1: degradation of ligneous residue issue from cattle manure added to

soil 2, showing lysis area due to microbial enzymatic activity.

TEM view 2 (soil 6): weathered features of polyphenolic substances contained in

mycorrhizal beech root, showing area of lysis due to fungal activity, emphasized by

N enrichment detected using EELS spectroscopy: EEL detection of C in the

less-electron dense area of the polyphenolic substances (spectrum 1) and EEL

detection of C and N in the contrasting ring around the less-electron dense area of

the polyphenolic substances (spectrum 2) (already published in Watteau et al.,

2002).

TEM view 3 (soil 3): cast microaggregates of Lumbricus terrestris and NanoSIMS

maps of 12C14N and δ13C highlighting the incorporation of labeled elements in

fungi and bacteria (already published in Vidal et al., 2016). b, bacteria; bc,

bacterial colony; ci, cell intersection; cw, cell wall; cwr, cell wall residue; f, fungi; fr,

fungal residue; h, hypha; la, lysis area; lt, ligneous thickening; L, pure silica layer

surrounding polyphenolic substances; m, mineral; ps, polyphenolic substance; q,

microquartz; r, contrasted ring; s, spore; ∗1 and ∗2, localization of EEL analyses

corresponding to EEL spectra 1 and 2.

Figure S2 | Microaggregates of Vertisol. TEM view 1: 2–20µm fraction presenting

the 3 types of microaggregates; TEM view 2: “organo-mineral” aggregate; TEM

view 3: bacterial aggregate; TEM view 4: “mineral” aggregate and corresponding

EDX spectrum 1 and 2 for respectively fine organic matter (presence of C and Os)

and clay.

b, bacteria; ba, bacterial aggregate; cw, plant cell wall; ex, exopolymer; ma,

mineral aggregate; m, mineral; om, organic matter; oma, organo-mineral

aggregate; pr, plant residue; ∗1 and ∗2, localization of EDX analysis 1 and 2.
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