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ABSTRACT

Aims: Mucilage is vital for rhizosheath formation, the soil adhering to plant roots after gentle shaking. We hypothesized that
alternating drying-wetting cycles affect mucilage’s role in rhizosheath development and soil aggregation within the rhizosphere.
Methods: To explore this, we employed flax cord as an artificial root model, subjecting it to soils with varying clay contents (22%
and 32%), both sterilized and unsterilized. We moistened the model roots with 0.12% w/w (grams of dry chia seed mucilage per
gram of water) and incubated them under controlled conditions. Soil moisture levels were maintained at 75% of water holding
capacity (reference) and subjected to five dry-wet (DW) cycles, mimicking wet-dry fluctuations. Subsequently, we isolated the
rhizosheath through gentle shaking and analyzed surrounding soil particle-size distribution and aggregate properties using laser
diffraction and scanning electron microscopy (SEM).

Results: Remarkably, constant wet conditions had more pronounced impact, significantly enhancing rhizosheath development,
particularly in unsterilized soil with 22% clay. Conversely, DW cycles led to a notable reduction in rhizosheath compared to the
wet treatment, likely due to physical interactions affecting rhizosheath formation. Notably, there were minimal treatment effects
on particle aggregation outside the rhizosheath, with an average diameter of <10 um and limited influence from the water regime.
Conclusions: We conclude that water regime emerged as the key factor influencing mucilage’s contribution to rhizosheath
formation, whereas clay content and microbial activity played minor roles in this simple model that represent a complex and
dynamic biological system.

1 | Introduction microbial substances and plant-derived organic matter (Totsche

et al. 2018). Elevated soil microbial activity may both enhance

Soil aggregates and their stability play a crucial role in soil
health and fertility, as they are key components of soil struc-
ture, influencing water infiltration, water retention, nutrient
cycling, and carbon (C) sequestration. Soil aggregates form largely
through the associations between clay minerals, oxides as well as

the generation of binding substances like microbial exudates and
hyphae (Rahman et al. 2017) but also potentially degrading them,
particularly in the absence of additional C sources from plants
(Amelung et al. 2023). When soils are sterilized, new bacterial
populations establish that may affect aggregation but potentially
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alter root growth as well (Li et al. 2019; Wertz et al. 2007). The
presence of plant roots significantly promotes aggregate forma-
tion through their physical enmeshment, alterations of water
tension during growth, and excretion exudates from root tips.
This leads to better developed soil aggregation in the rhizosphere
compared to the adjacent bulk soil environment (Amelung et al.
2023; Li et al. 2020). Mucilage, one of the most effective plant
exudates, significantly aids in soil aggregation (Galloway et al.
2020; Monnier 1965; Williams et al. 2021). Mucilage is a polymeric
gel composed of high molecular weight polysaccharides and trace
amounts of lipids. The specific chemical compounds of root
mucilage readily attach to clay minerals, assisting in aggregate
formation and stabilization (Mench et al. 1988; Morel et al.
1991; Nazari 2021; Read et al. 2003; Tosif et al. 2021; Vermeer
and McCully 1982). Particularly, freshly released mucilage from
maize roots aids in aggregating the rhizosheath and preventing
its disintegration (Morel et al. 1991). Within the rhizosphere,
mucilage functions as a bioadhesive that binds soil particles via
its polysaccharide and protein constituents, thereby encouraging
soil aggregation. The addition of isolated corn root cap mucilage
to soil, in the presence of microbes, has been shown to form water
stable aggregates in vitro (Morel et al. 1991). Microbial activity,
triggered by mucilage, plays a vital role in this aggregation process
by enhancing the decomposition of organic matter and producing
extracellular substances that contribute to the stabilization of
soil aggregates (Chenu 1993; Jones et al. 2009). Mechanistically,
mucilage impacts soil structure through both biological and phys-
ical pathways. Recent studies indicate that mucilage’s rheological
properties, such as viscosity and elasticity, are key to its role as a
bioadhesive, strengthening soil cohesion by forming a hydrated,
flexible film between soil particles (Naveed et al. 2019). Several
microscale effects have been identified to explain the stabilization
of the soil structure by mucilage. In the wet state, stronger binding
between soil particles due to a gluing effect leads to an increased
cohesion of soil aggregates (Watt et al. 1993; Zhang et al. 2008).
After drying and rewetting, reduction of the wetting rate, cemen-
tation, and increased polymer-particle surface contact enhance
aggregate stability and reduce slaking (Buchmann et al. 2015; Orts
et al. 2007). Chemical interactions between mucilage and soil
particles further affect soil structural stability (Barré and Hallett
2009; Buchmann and Schaumann 2018). Furthermore, mucilage
contributes to improved water retention in the rhizosphere, estab-
lishing a conducive environment for soil aggregation processes
(Carminati et al. 2010; Dobbelaere et al. 2003; Naveed et al. 2017).

Beyond biological effects, aggregates also form during (dry-wet
[DW]) cycles, essential for promoting aggregation, triggering
nutrient cycling, and organic matter decomposition (Kemper
et al. 1985; Krause et al. 2018; Mikha et al. 2005). Under dry
conditions, soil particles are tightly bound due to stronger water
menisci and final coagulation of particles at low distance, as sug-
gested by the DLVO theory (Osipov 2015; Pashley and Karaman
2021). In contrast, wetting the soil not only leads to the expansion
of the electric double layer and related particle dispersion but
also results in a rapid incorporation of free water, trapping air
in pores, causing swelling, and finally also causing inflation of
soil aggregates (Kemper et al. 1985; Stewart and Hartge 1995).
Microbial activity can be boosted by DW cycles due to cell death
during drought and microbial reconsumption after rewetting
(Bell et al. 2014; Clark et al. 2009; Placella et al. 2012). DW
cycles bring particles closer together as the soil dries, allowing

mucilage to enhance bonding, but wetting can disrupt some
aggregates by breaking weaker bonds. Repeated cycles can either
strengthen aggregate stability by reinforcing particle cohesion or
weaken it if mucilage degrades over time. On the basis of this, we
hypothesize that rhizosheath development, aggregate formation,
sizes, and aggregate stability in the rhizosphere are influenced by
DW cycles, therewith potentially modulating the role of mucilage
as key bonding partner.

The study’s objectives were threefold: first, to quantify the role
of mucilage in rhizosheath formation, soil aggregate formation,
and size distribution in bulk soil in the presence of mucilage and
under constant moisture conditions for two soils with varying clay
content. Second, to evaluate how soil sterilization and resultant
inhibition of microbial activity affect rhizosheath formation, soil
aggregate formation, and size distribution. Third, to assess to
what degree the above-mentioned interactions were modulated
by DW cycles. We used flax cord as a model root and chia
mucilage as a model root-mucilage to investigate rhizosheath
and aggregate. To characterize these interactions in detail, we
employed laser diffraction and scanning electron microscopy
(SEM) to analyze the structure and stability of aggregates formed.

2 | Materials and Methods

2.1 | Soil Sampling, Characteristics, and
Treatment

The soils used in the study were collected from the Scheyern
research station (48°29'36” N, 11°26’15” E) situated in the rural
area outside Munich (Germany). The selected soils were sandy
to loamy textured Luvisols with mean annual temperature of
7.4°C and a mean annual precipitation of 803 mm. Detailed
information of the selected soils, that is, soil properties, sampling
plots, and soil sampling, is given in Krause et al. (2018). Soil
samples with clay contents of 22% and 32% were selected from
field triplicates for subsequent experiments. As all soils were
sourced from the identical experimental site, there were no
variations in management across the various replicates. Illitic clay
minerals were prevalent in all soil samples, which were devoid
of carbonates. Additionally, Fe chlorite, kaolinite, and smectite
were present as supplementary clay minerals. Furthermore, the
selected soils underwent additional sterilization treatment. For
this purpose, 0.5 kg soil was divided into three portions and
placed in an aluminum container covered with aluminum foil.
The soil was then autoclaved at 121°C under 103 kPa for 30 min
and kept left in a laminar flow at room temperature in between
for 3 consecutive days. The purpose of autoclaving the soils was
to partially eliminate microorganisms and identify any microbial-
induced effects. After those soils were oven dried at 60°C and
sieved to pass through 2-mm sieve. These soils were named as
sterilized soils, and the soils without autoclaving were considered
as unsterilized soils.

2.2 | Extraction of Chia Seed Mucilage
We used chia seed (Salvia hispanica L.) mucilage as a model

for root exudates due to its well-characterized and reproducible
composition, ease of harvest in sufficient quantities, and similar
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physical properties to plant-derived mucilage. Although it lacks
the full biochemical complexity of natural root exudates, chia
mucilage mimics key functional traits such as gel formation,
high viscosity, and adhesive behavior. Its chemical composition,
including glucose, xylose, and uronic acids, closely resembles
that of maize root mucilage (Naveed et al. 2019; Zickenrott
et al. 2016). Previous studies have demonstrated comparable
effects of chia and natural mucilage on soil hydraulic properties
and gas diffusivity (Benard et al. 2019; Kroener et al. 2018),
supporting its use as a standardized model for studying mucilage
soil interactions. The extraction of chia seed mucilage followed
the method outlined by Ahmed et al. (2014). In short, 5 g of
chia seeds were mixed in 50 g of deionized water and left to
swell for 2 min under stirring using a magnetic stirrer. The
mixture was then kept at room temperature for 2 h. Subsequently,
the chia seed-water mixture was sieved using a syringe that
was cut at the one end, whereas vacuum pressure was applied
through a vacuum pump and the chia seed gel was obtained. The
harvested chia seed gel was freeze-dried and was subsequently
pulverized using a ball mill into powder form. The freeze-dried
chia seed mucilage powder was mixed with deionized water to
prepare a 0.12% (w/w) hydrated mucilage (g mucilage per g of
water), following our previous study where this concentration
resulted in strong rhizosheath formation (Rahim et al. 2024). This
value lies within the range reported for mucilage concentrations
in the rhizosphere (Ahmed et al. 2016; Chaboud 1983; Holz,
Zarebanadkouki, et al. 2018). Although chia mucilage does not
dissolve fully in water, it swells to form a colloidal gel due to
its high-molecular-weight polysaccharides (Naveed et al. 2019).
Magnetic stirring was used to disperse aggregates and obtain a
stable, homogeneous suspension (Benard et al. 2019; Kroener
et al. 2018).

2.3 | Aggregation Experiment

We used flax cord having diameter of 3 mm as a model plant root
(Rahim et al. 2024) as it has similar thickness and is also hairy,
as at least some roots in soil. The advantage of using a model
compound was that it did not change during the experiment. Alu-
minum containers used as sample holders measuring 16.6 cm in
length, 6.5 cm in height, and 3 cm in width were used. First, a total
of 40 g of dry soil was used. Initially, 20 g of soil was added to the
container, and the flax cord was placed horizontally at the center
of the soil layer. After that, 2 g of chia seed mucilage (0.12% w/w
gram of dry chia seed mucilage per gram in water) (Rahim et al.
2024) was injected from the top onto each flax cord. The volume
of mucilage applied was calculated on the basis of the formula:

V=nxr’xL )

Resulting in 0.495 mL of mucilage applied to each cord, which
was compared to the total volume of the cord (0.0495 mL).
The ratio of cord volume to mucilage applied a reasonable ratio
for real root systems, as supported by previous studies (Ahmed
et al. 2014, 2016; Naveed et al. 2017). Mucilage production in
plant roots can form a hydrated mucilage layer around the
root, extending beyond the root surface (Chaboud 1983; Holz,
Leue, et al. 2018). The remaining 20 g of soil was then added
to cover the flax cord. At the end of the setup phase, distilled
water was sprayed to adjust the soil to 75% of its water holding

capacity (WHC) for the reference (control) treatment, which
remained at this moisture level throughout the experiment. The
(DW) treatment consisted of five cycles over a 20-day period.
In each cycle, soil was allowed to dry from 75% to 15% WHC,
followed by rewetting to 75% WHC on the afternoon of Days 4 at
25°C. This cycle was repeated four times. After the final drying
phase on Days 20, flax cords were removed, and rhizosheath
mass was recorded. As soils with different clay contents were
used, the drying rates varied. Therefore, soils were not rewetted
simultaneously but only once they had reached the target dryness
level (15% WHC). To monitor soil moisture accurately, all samples
were weighed daily. Evaporative losses were compensated for
by carefully adding deionized water with a syringe to maintain
target WHC levels. The control treatment received water only
to maintain constant 75% WHC and did not undergo any drying
cycles. At the end of the DW cycles, rhizosheath formation was
determined by weight. The flax cords were extracted, and their
weights were recorded when the soil reached to 15% of their WHC.

WHC was calculated before the start of the experiment using
the capillary rise method. Perforated aluminum sample holders
lined with filter paper were filled with soil and saturated by
submersion in deionized water. After saturation (100% WHC),
the filter paper was removed, water leakage was checked, and
the weight was recorded. Soils were then dried to 75% WHC for
treatment application. The maximum WHC was 0.314 mL g™! for
soils with 22% clay and 0.35 mL g! for soils with 32% clay (both
sterilized and unsterilized).

2.4 | Particle-Size Distribution and Stability

Due to limited rhizosheath mass, particle-size distribution and
stability analyses were not possible. Hence, we characterized
individual aggregates of the rhizosheath using SEM and applied
general techniques for assessing particle-size distribution and sta-
bility to the remaining mucilage affected rhizosphere soil, which
had also received the mucilage and the DW cycles but which
did not stick to the model roots. For particle-size distribution
and stability tests, the remaining air-dried bulk soil samples
were analyzed using a laser diffraction particle analyzer (Horiba
LA960, Kyoto, Japan) as described in Krause et al. (2018) and Tang
et al. (2022). This approach involved analyzing the volume-based
particle size distribution in an aqueous suspension' Software
algorithm based on the Mie theory converts scattered light data
into volume-based size distribution. Additionally, particle-size
distribution was also qualitatively analyzed using SEM. Dried-
bulk soil and rhizosheath were prepared for SEM analysis by
gently spreading them onto a double-sided C-tape and mounting
onto a sample holder. The microstructural analysis was obtained
using SEM (Hitachi SU-8000) at 2 keV.

The soil stability was tested using the same particle analyzer
method described by others (Kowalenko and Babuin 2013; Mason
et al. 2011; Siebers et al. 2024). Aggregates were agitated and
subjected to continuous mechanical force, whereas their stability
was assessed by measuring particle size distribution repeatedly
over a 40-min period. Measurements were taken every 40 s for the
first 10 min and then every 3 min for the remaining 30 min. The
particle sizes collected were used to calculate the shift in median
volume-based diameter (Dv50).
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FIGURE 1 | TImages of aggregates from rhizosheath soil by scanning electron microscope; (a) aggregates from composite samples of rhizosheath of
steri soil 32% clay in wet conditions and (b) aggregates from composite samples of rhizosheath of unsteri soil 22% clay in wet conditions.

The determination of soil stability was performed with the
same particle analyzer following the method described by others
(Kowalenko and Babuin 2013; Mason et al. 2011; Siebers et al.
2024). During the test, aggregates were agitated and circulated
under a continuous mechanical force. We recorded particle size
distribution every 40 s for the first 10 min and then every 3 min for
the remaining 30 min, over a total of 40 min. The data collected
allowed us to calculate changes in the median volume-based
diameter (Dv50).

2.5 | Statistical Tests

For data analysis and plotting, we used Microsoft Excel (Excel
2016, Microsoft Corporation, Washington, USA) and Origin (Orig-
inPro 2018b, Originlab). To test the rhizosheath formation under
both wet conditions and DW cycle, we performed paired sample
t-test (p < 0.05). To compare the stability of the soil aggregates
between treatments, we performed one way ANOVA (p < 0.05).
If significant differences occurred, we used the least significant
differences (LSD) to perform a post hoc separation of means
(e = 0.05), as proposed by Webster (2007) for soil experiments.

3 | Results
3.1 | Rhizosheath

In general, under continuously wet conditions, significantly
larger rhizosheath formation was observed across treatments.
Maximum development was found in unsterilized soil with 22%
clay, reaching 1.4 + 0.3 gcm™ root length. In contrast, sterilization
led to visibly less compact aggregate structures in the 32% clay soil
(Figure 1a), which also showed significantly lower rhizosheath
mass (0.6 + 0.1 g cm™) compared to its unsterilized counterpart
(1.3 + 0.3 g cm™). SEM revealed well-developed and densely
packed aggregates in this treatment (Figure 1b)

Under DW cycles, rhizosheath formation was markedly reduced
in all treatments, irrespective of soil type or sterilization
(Figure 2). Rhizosheath mass remained around 0.2 g cm™
root length for all conditions: sterilized 22% clay (0.2 + 0.0),
unsterilized 22% clay (0.2 + 1.4), sterilized 32% clay (0.2 + 0.1), and
unsterilized 32% clay (0.2 + 0.0), indicating that repeated drying
limited rhizosheath development.

]
3.0
2.5

c AB BC

Rhizosheath [g cm ']

steri soil_22% clay unsteri soil_22% clay steri soil_32% clay unsteri soil_32% clay

FIGURE 2 | Rhizosheath formation in sterilized and unsterilized
soils with 22% and 32% clay under dry-wet (DW) and constant wet cycles.
Mean values + SD, n = 4. Different uppercase letters indicate significant
differences between treatments and clay contents (p < 0.05).

70

Dv50 [pm]

steri soil_22% clay

unsteri soil_22% clay steri soil_32% clay unsteri soil_32% clay

FIGURE 3 | Average median diameter (Dv50) of aggregated particles
in the soils exposed to dry-wet (DW) cycles or constant wet conditions.
Mean values + SD, n = 4. Different capital letters indicate significant
differences between treatments and clay content (p < 0.05).

3.2 | Particle Size Distribution

The DW cycles tended to shift the median diameter (Dv50) to
larger sizes (50.3 pm) compared to the wet treatments (37.9 um),
but the difference was not significant (p = 0.05) (Figure 3). The
only significant difference was found between sterilized soil with
22% clay and the unsterilized soil with 32% clay. Conversely, a
consistent particle size distribution was observed for microaggre-
gates with a median diameter (Dv50) in soils subjected to the
wet treatment, regardless of the clay content or the imposition
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FIGURE 4 | Particle size distribution of sterile and unsterile soils
under (a) dry-wet (DW) cycles and (b) when exposed to constant wet
conditions at 75% water holding capacity.

of sterile conditions. Hence, and in line with our hypothesis, DW
cycles increased aggregation but without increase of rhizosheath
quantities (Figure 3).

The DW cycles and continuous wet conditions (reference treat-
ment constantly maintained at 75% WHC) had minimal impact
on the size distribution of the aggregated particles, which ranged
between 0.1 and 35 um. The average size of isolated soil particles
peaked at 6.7 um (Figure 4), constituting between 64% and 68% of
soil microaggregates in the sterilized and unsterilized soil with
22% clay, respectively. In the finer textured soil with 32% clay,
this peak was shifted to 5.8 pm, with a slightly narrower overall
diameter range of 0.1-26 um. Evidently, higher clay content
appeared to shift particle size distribution toward smaller sizes
under DW cycles, with larger amounts of aggregates in the size
range >1 um being visible in a small shoulder in the particle size
distribution (Figure 4a). The pattern of particle size distribution
under wet conditions was like that under DW cycles; yet with even
smaller differences among treatments. The size range of particles
was between 0.2 and 26 pm, peaking at 5.8 um for all treated
soils, with highest percentage 68% for unsteri soil_clay 32% and
64% distribution was noticed for both steri and unsteri soil_clay
22% contents. Noteworthy, in the sterilized treatments, we also
noticed a re-aggregation to larger particles ranging from 16 to
26 um (Figure 4b).

3.3 | Soil Stability

During the drying-wetting cycles, the median diameter of
aggregates exhibited a more pronounced decrease in samples
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FIGURE 5 | Aggregate stability of soil particles as indicated by
changes in median diameter with time under (a) dry-wet (DW) cycles
and (b) constant wet conditions. The capital letters indicate significant
differences between treatments but within time point (p < 0.05).

containing 22% clay compared to those with 32%. Moreover,
this reduction was more significant in unsterilized samples
(Figure 5a). Conversely, under consistently wet conditions, the
median diameter decreased over time for all soils in a comparable
fashion (Figure 5b), with no significant differences observed
between soils of varying clay content. Total losses in median
diameter averaged —5 um but did not reach the —15 uym as
in the soils with DW cycles. In summary, constant wet con-
ditions promoted, thus, the formation of rhizosheath, but it
did not promote aggregation, neither in size nor stability. It
was rather the other way round that the better aggregated
bulk soil in the DW cycles coincided with less rhizosheath,
as if the formation of aggregates in the surrounding bulk soil
interfered with rhizosheath formation by mucilage near the root
tips.

4 | Discussion

4.1 | Mucilage Effects Under Constant Moisture
and DW Cycles

In this study, the development of rhizosheaths was significantly
enhanced under wetter conditions compared to DW cycles in
an artificial root model system. Excessive moisture tended to
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reduce the cohesion of soil particles, making them more prone
to detachment and subsequent adherence to the roots (Bates and
Lynch 2001), thereby enhancing rhizosheath formation. This is
primarily attributed to the bioadhesive properties of mucilage,
which acts as a polymeric gel that binds soil particles to the
root surface. The high molecular weight polysaccharides in
mucilage interact with soil particles through van der Waals forces,
hydrogen bonding, and ionic interactions (Ahmed et al. 2014;
Naveed et al. 2019). Additionally, mucilage’s polysaccharides
interact with calcium ions (Ca?") to form gel-like structures
that stabilize soil aggregates by creating cross-linked networks,
with divalent cations like Ca®" acting as bridges (Czarnes
et al. 2000; de Kerchove and Elimelech 2007). These physic-
ochemical interactions likely enhance rhizosheath formation
under steady moisture, while being disrupted during drying
events.

In natural environments, several factors contribute to this phe-
nomenon. Ample moisture promotes enhanced root growth,
resulting in a larger root surface area and increased exudate
release (Abdul-Jabbar et al. 1984; Barber and Mackay 1985). These
exudates act as a binding agent, facilitating rhizosheath formation
(Aslam et al. 2022). However, it’s important to emphasize that
in our study, we exclusively utilized model roots, and thus, this
aspect of natural root growth does not directly apply to our
experimental setup. The structure of the rhizosheath creates
an ecological niche with favorable microclimatic conditions,
promoting microbial growth, including nitrogen-fixing bacteria
(Bergmann et al. 2009; Othman et al. 2003), and the production
of microbial gluing agents (Davinic et al. 2012; Six et al. 2004).
In contrast, aggregate stability reflects broader soil cohesion
mechanisms influenced by clay content, mucilage bonding, and
microbial byproducts. Although rhizosheath formation involves
localized interactions, aggregate stability is a bulk soil property.
Constant moisture minimizes soil drying and cracking, ensuring
continuous accumulation of the rhizosheath around the roots.

Rhizosheath formation was significantly reduced during DW
cycles across all treatments, irrespective of soil type (Figure 2).
This suggests that repeated drying and rewetting events limit
mucilage’s ability to form strong rhizosheaths, likely due to the
disruption of microbial adhesive agents during drying. Although
mucilage remains effective under steady moisture, drying may
hinder its diffusion into the surrounding soil, reducing particle
attachment and rhizosheath formation. This aligns with our
observed reduction in rhizosheath mass, though it contrasts with
earlier findings (Rahim et al. 2024) that suggest mucilage can
form cohesive films even during drying. In our study, drying
likely caused mucilage to coagulate, impeding its spread and
reducing rhizosheath development. Moisture fluctuations in DW
cycles may also cause soil cracking and shrinkage, disrupting
rhizosheath continuity and promoting detachment. Rewetting
can wash away accumulated rhizosheaths. Similar effects occur in
natural soils, where drying induces root desiccation and microbial
shifts (Hinsinger et al. 2009). DW cycles may restrict available
carbon, limiting microbial decomposition (Fierer and Schimel
2002; Mikha et al. 2005; Sommers et al. 1981), though rewetting
often triggers a CO, flush due to renewed microbial activity (Birch
1958; Franzluebbers et al. 1994; Zhang, Yu et al. 2020).

4.2 | Impact of Sterilization

Microbial activity in unsterilized soils typically contributes to
adhesion by producing extracellular polymeric substances (EPS),
which enhance particle cohesion Zhang, Du, et al. (2020). The
addition of maize root mucilage to agricultural soil enhances
microbial carbon levels and increases cultivable bacteria abun-
dance, altering the community’s metabolic structure and improv-
ing its catabolic potential for carbohydrates (Benizri et al. 2007).
Studies have shown that artificial root exudates can change
bacterial community structure (Baudoin et al. 2003; Griffiths
et al. 1998). Rhizosphere bacteria exhibit variability in their
ability to utilize mucilage (Knee et al. 2001), with those better
suited to mucilage utilization experiencing significant growth
in its presence. However, some studies showed that mucilage’s
effects on microbial communities can vary. Although mucilage
can enhance growth and alter the structure of specific bacterial
groups, its effects may differ across microbes (Lépez-Gutiérrez
et al. 2005; Mounier et al. 2004). It is particularly notable that
mucilage significantly influences carbon utilization, especially
under drought conditions, enhancing uptake in certain groups,
such as fungi and certain Gram-negative bacteria (Ahmed et al.
2018). Our study observed similar trends in rhizosheath devel-
opment, with unsterilized soils showing enhanced rhizosheath
formation, which aligns with (Zhang, Du et al. 2020), who
observed increased rhizosheath formation in rice plants grown
in non-sterilized soils. Microbial gluing agents may have out-
competed mucilage decomposition, although we did not directly
measure microbial activity or mucilage degradation in this study.
We also observed significantly higher rhizosheath formation in
unsterilized soil with lower clay content (22%).

Sterilization enhanced aggregate stability (Figure 4a) by shifting
the reliance toward abiotic factors like clay minerals and cation
bridging. These differences were also visible in the SEM images.
Larger aggregates were observed in sterilized soils with higher
clay content (32%), which also showed reduced rhizosheath
formation (Figure 1a). In contrast, smaller aggregates possibly
coated with organic matter were present in rhizosheaths formed
under wet conditions, particularly in unsterilized soils with lower
clay content (22%), which exhibited higher rhizosheath mass
(Figure 1b). These observations highlight the cohesive nature of
clayey soils and the substantial role of abiotic factors such as
clay minerals and cation bridging in aggregate formation under
sterilized conditions. They also support the idea that mucilage
contributes to particle cohesion in coarser soils, where lower clay
content and the presence of microbial activity favor the formation
of smaller, mucilage-bound aggregates. Further support for these
observations comes from the particle size distribution data. The
median diameter of soil microaggregates, as measured by laser
diffraction, was <10 um, aligning with previous studies Krause
et al. (2018). Larger aggregates (>10 um) likely included organic
carbon fractions and inorganic components like clay minerals and
Fe/Al (oxyhydr)oxides (Churchman 2018). Soil with higher clay
content exhibited better aggregate stability (Figures la and 5), as
clay particles have a high surface area and electrostatic charges
that aid in aggregation through cation bridging and organic
gluing agents (Bronick and Lal 2005; Krause et al. 2018; Tisdall
and Oades 1982; Totsche et al. 2018).
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This is consistent with the concept that in less clayey soils, larger
particles tend to form more open aggregates (Tisdall and Oades
1982), whereas in clay-rich soils, compact aggregates dominate
due to the fine texture and higher surface area. The interplay
between biotic (EPS, microorganisms) and abiotic factors (clay
minerals, oxides) is critical for soil aggregate formation Clarholm
and Skyllberg (2013). Additional structural components such as
organic matter coatings, microbial byproducts, and porosity fur-
ther influence aggregate stability (Roosch et al. 2024). Pedogenic
oxides, such as Fe (oxyhydr)oxides, also contribute to aggregate
stability by cementing particles together (Siebers et al. 2024).
Sandy soils typically exhibit larger rhizosheaths due to lower
porosity and limited root-soil contact. However, our study found
that rhizosheath formation was facilitated at lower clay content,
in agreement with other studies (Bailey and Scholes 1997; Leistner
1967; Oppenheimer 1960). Two factors may explain this: (1) better
diffusion of mucilage in soils with less clay (Ahmed et al. 2014;
Carminati et al. 2010; Rahim et al. 2024), and (2) less aggregation
of coarser soils, allowing easier attachment of particles to the
(model) plant root.

Nevertheless, when organic matter becomes depleted or in con-
ditions of sterilization, aggregates may disintegrate due to the
loss of the organic “glue” that binds them together (Siebers et al.
2024). This disintegration can lead to the emergence of smaller
particles or aggregates that exhibit higher stability, primarily
driven by the increased prevalence of abiotic components such
as clay minerals and oxides. These abiotic factors, especially
electrostatic interactions and cation-bridging, provoke robust
forces of attraction between soil particles, resulting in enhanced
aggregate cohesion and overall stability (Brady and Weil 2008;
Rengasamy 2006).

5 | Conclusions

This study advances the mechanistic understanding of how root
mucilage, microbial activity, and moisture dynamics influence
rhizosheath and soil aggregation processes. First, our findings
confirm that mucilage plays a crucial role in rhizosheath forma-
tion under constant wet conditions, where it supports adhesion
between soil particles and the root surface. Second, the inhi-
bition of microbial activity through soil sterilization reduced
rhizosheath development, indicating that microbial-derived com-
pounds contribute significantly to binding in the rhizosheath.
Third, DW cycles modulated these interactions by reducing
rhizosheath formation but promoting bulk soil aggregation, indi-
cating that physical restructuring and moisture-driven changes
in mucilage functionality outweigh mucilage-root binding effects
in these conditions. Together, these outcomes support our initial
hypotheses: root mucilage contributes to both rhizosheath and
aggregate formation, but its function is strongly conditioned
by environmental factors. Specifically, rhizosheath formation
depends on microbial activity and continuous moisture, whereas
aggregate formation in bulk soil is favored by DW cycles. The
inverse relationship observed between rhizosheath formation and
aggregate development under varying moisture regimes suggests
a functional decoupling of these processes.

Importantly, our results propose that DW cycles promote aggre-
gate formation in the bulk soil by inducing physical restructuring

and capillary forces among particles, thereby enhancing inter-
particle cohesion more effectively than at the root-soil interface.
Using a simplified model system, this work disentangles key
drivers of root-soil interactions and provides a foundation for fur-
ther research under more complex field conditions, particularly to
evaluate the scaling of these mechanisms across soil textures and
land management systems.
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