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Abstract

Aims Root exudates contain polymers that form
crosslinks and can create a jelly like substance
known as mucilage, which adheres to soil and thus
promotes the formation of rhizosheaths, i.e. soil that
remains attached to the roots after gentle shaking. We
hypothesized that rhizosheath formation is optimal
at an intermediate chia seed mucilage concentration
and water content, but that its formation is limited at
both a high concentration of chia seed mucilage and
under dry conditions as well as at a low concentration
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of chia seed mucilage and under wet conditions. We
used an artificial root soil system in which soil mois-
ture and mucilage concentrations could be varied
independently from one another with respect to their
effect on rhizosheath formation.

Methods Jute cords were disposed in sandy loam
soil and in quartz sand. In a subsequent study, they
were also amended to different moisture contents
with five different concentrations of mucilage (from
0 to 0.2 g dry mucilage g~! water), before being iso-
lated from chia and flaxseed mucilage after swelling
of the respective seeds in distilled water for 15 min.
Results We found that in dry soil, rhizosheath for-
mation peaked at an intermediate chia seed muci-
lage concentration. This behavior was supported by
our conceptual model of mucilage spreading and
rhizosheath formation, which relies on a radial dif-
fusion equation and assumes that at low mucilage
concentration, molecule numbers are insufficient to
support polymer-like networks that stick soil par-
ticles together. In a very concentrated gel, however,
mucilage is too sticky to diffuse far into the soil.
Increasing soil moisture promotes rhizosheath forma-
tion both in a low and a high mucilage concentration
range, although only up to an intermediate volumetric
water content of 0.15cm® cm™.

Conclusions We conclude that both water and chia
seed mucilage concentration are important drivers
of rhizosheath formation. The effects are not addi-
tive but can combine to an optimum range, with a
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maximum formation of rhizosheaths observed in this
study at 0.12 g mucilage g~! rhizosphere water.

Keywords Rhizosheaths - Mucilage diffusion -
Mucilage concentration - Soil water content - Chia
seed - Flax seed

Introduction

Soil is compacted by root growth, which in turn
reduces spatial rhizosphere extension. Exudates are
produced in the rhizosphere by plant roots and micro-
organisms, thus affecting the soil structure along with
alternating drying and wetting cycles (Czarnes et al.
2000). Some of these changes affect the subsequent
uptake of water and nutrients as well as the associated
root penetration resistance and microbial population
dynamics (Hinsinger et al. 2009; Oleghe et al. 2017,
York et al. 2016). Plant exudates that trigger these
processes comprise molecules of various molecular
weights (Cortez and Billes 1982; Mench et al. 1988).
A dominant high molecular weight exudate from the
root tips is mucilage (Morré et al. 1967).

Mucilage is a polymeric gel, mostly made up of
polysaccharides from plants and microorganisms,
which also contains a trace amount of lipids (Vermeer
and McCully 1982; Read et al. 2003). McCully and
Boyer (1997) reported that mucilage has a large water
holding capacity. Mucilage that is fully hydrated can
contain up to 1000 times its own dry weight. The
authors discovered that mucilage drops a considerable
portion of its water at water potentials lower than—
0.01 MPa, concluding that the water content of muci-
lage does not play a major role in drought mitigation
through water storage. However, it was suggested that
mucilage can enhance the drought tolerance of plants
by sustaining a better liquid connectivity via muci-
lage bridges between soil particles and thus a better
hydraulic conductivity in the rhizosphere under rather
dry soil conditions (Carminati et al. 2011, 2017;
Ahmed et al. 2014).

Mucilage consists of long polymers that build
up crosslinks that form a network-like structure in
soil, which can attach to soil surfaces (Fig. 1). The
applicability of the typical diffusion equation that
was originally developed for spreading low molecu-
lar solutes in soils is limited. When freshly exuded,
mucilage — a mixture of polymers, water, and other
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components — has a certain concentration. At typi-
cal concentrations of exudation, mucilage is a fluid
of high viscosity. When exuded into dry or wet soil,
this exuded liquid can become more concentrated or
diluted, transitioning to a more solid-like behavior at
high mucilage concentrations or towards a more New-
tonian liquid with a low viscosity at lower concentra-
tions (Carminati et al. 2017; Schnepf et al. 2022). A
proper simulation of this spreading would require
both (a) the simulation of the hydrological process,
i.e. the dynamics of the spreading of exuded water
into the soil, and (b) the simulation of the distribu-
tion of mucilage components, i.e. diffusion, convec-
tion, adsorption, and the formation and rupture (due
to friction) of crosslinks, and subsequently also the
degradation of mucilage.

Hydrological processes and the spreading of muci-
lage are dynamics that affect each other: the mobil-
ity of water molecules is strongly reduced when
mucilage polymers at high concentration increase
the viscosity of soil solution, build up crosslinks, and
become attached to the soil surface, thus forming a
spider-web-like structure within the pore space (Brax
et al. 2020; Kroener et al. 2018). However, diffusion,
convection, adsorption, and the rupture and formation
of crosslinks are strongly affected by water content
and hydraulic dynamics (Bittelli et al. 2015).

Many of these processes are highly non-linear
and we assume that these processes depend on (a)
physical and chemical soil properties, and (b) on the
chemical composition of the root exudates, i.e. plant
species, root age, and growth conditions. For most of
these processes, there is still a lack of not only param-
eters but also a model to describe these mucilage-spe-
cific individual physical processes. Although urgently
needed, the development of such models and the sys-
tematic experimental determination of all required
parameters goes far beyond a single research study. In
this study, to provide a qualitative description of the
effect of mucilage concentration under dry soil con-
ditions, all previously mentioned coupled processes
were considered in the model and the simplified dif-
fusion equation was applied.

We assume that these liquid bridges between the
soil particles and the mucilage have a strong influence
on the formation of rhizosheaths, especially under dry
soil conditions. The rhizosheath is formed by muci-
lage and root hairs that assist the soil clinging to the
roots. Rhizosheath was observed in the 19" century
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Fig. 1 (a) During drying, crosslinks are formed between
polymers and mucilage undergoes a phase transition from a
Newtonian fluid at a high water content to a polymeric solu-
tion of increased viscosity, a hydrogel, and, finally, a solid. At
low concentrations, diffusion is important for polymer dynam-

as soil particles adhering to grass roots in the desert
(Volkens 1887), although its name was established
much later (Wullstein et al. 1979). Today, it is some-
times described as the weight of soil that adheres to
roots when excavated from the pot or field (George

»~/  mucilage component

. soil particle

immobile polymers
network dynamics

ics, while at higher concentrations crosslinks are created and
network dynamics become dominant. (b) Over time, poly-
mer adhesion to the soil particle surface and the formation of
crosslinks reduce polymer mobility and form a spider-web-like
structure in the pore space

et al. 2014; McCully 1999). The rhizosheath should
also not be confused with the rhizosphere. Rhizos-
heath refers to soil that physically adheres to the root
system, whereas rhizosphere refers to soil influenced
by roots (Hassan and Mathesius 2015), which means
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that the rhizosphere spreads beyond the boundaries
of the rhizosheath (York et al. 2016). Under dry con-
ditions, rhizosheaths are very common, especially
in cereals and wild grasses (Price 1911; Watt et al.
1994; Young 1995: Wullstein et al. 1979).

The rhizosheath is thus only a part of the rhizos-
phere, and is commonly discovered when the soils are
dry (Watt et al. 1994), but is hardly found when they
are wet. There was no rhizosheath present when plant
species lacked root hairs (Lawrie K Brown et al. 2017),
which suggests that mucilage exudation alone is insuf-
ficient for the formation of rhizosheaths (Margaret E
McCully 1999). However, the presence of root hair is
not an absolute requirement for rhizosheath formation,
instead depending on numerous factors such as root
type, root system, root length, or the amount of com-
position of root mucilage (Fan et al. 2001; Muszyrski
et al. 2015; Peiia et al. 2012; Vancura and Hanzlikova
1972). Howeyver, in the root-hairless mutants, the adhe-
siveness of the exudate became more prominent. This
was due to variations in the chemical composition of
the root mucilage, which partially compensated for
the lack of root hairs that would normally physically
entangle soil particles (Burak et al. 2021). Overall, the
rhizosheath includes soil particles, an intricate struc-
ture of root hairs, a local bacterial community, and
mucilage, even in the case of maize (Gochnauer et al.
1989). The surface tension of mucilage increases with
the dehydration of the mucilage in dry soil, meaning
that the elevated viscosity additionally contributes to
the stabilization of both aggregates and its surrounding
rhizosheath (Read and Gregory 1997).

The main aim of this study was to disentangle the
complex interactions between mucilage concentration
and moisture content and their effect on rhizosheath
formation. We hypothesized that the effects were not
simply additive. We tested the following hypotheses in
depth: (a) at low concentrations of mucilage, and thus
low viscosity, mucilage can easily spread into distant
parts of the soil, with the result that the concentration
and binding properties of mucilage next to the root are
not sufficient to establish a stable, large rhizosheath; (b)
at a higher mucilage concentration, the substance can no
longer diffuse far into the soil, meaning that the exten-
sion of the rhizosheath is small. As a consequence, c)
the largest extension of the rhizosheath can be expected
at an intermediate concentration of mucilage. Finally,
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we assume that d) the optimum value of rhizosheath
formation shifts with variations in the soil moisture
content and the associated mucilage concentrations.
To qualitatively test our hypotheses, we used a simple
model for spreading mucilage by radial diffusion.

Materials & methods
Extraction of mucilage from chia seeds

Physico-chemical conditions of root mucilage can
vary significantly depending on plant species, plant
age, and soil conditions. Sufficient quantities of real
root mucilage are difficult to extract from roots in
soil. Therefore, mucilage, both from chia seeds (Sal-
via hispanica L.) and from flax seeds (Linum usitatis-
simum L.), were used in this study as plant model
mucilage. Both chia and flax seed mucilage have been
used to resemble root mucilage in artificial root—soil
systems (Hayat et al. 2021; Naveed et al. 2017, 2019;
Oleghe et al. 2017; Paporisch et al. 2021).

The chemical composition of chia seed mucilage is
similar to maize (Zea mays L.) root mucilage. They
are both composed of xylose, glucose, and uronic
acids, with the latter making up around 25% of the
composition (Carminati and Vetterlein 2013; Lin
et al. 1994). Moreover, chia seed mucilage has similar
physical characteristics to maize and lupin (Lupinus
albus L.) mucilage, as it forms a gel when hydrated
and becomes hydrophobic after drying. Hydrophobic-
ity is lower in flax seed mucilage compared to chia
seed mucilage. Moreover, flax seed mucilage is less
attached to seeds than chia seed mucilage.

Mucilage was extracted by the method described by
Ahmed et al. (2014). In this method, 5 g of seeds were
mixed in 50 g of water. The mixture was stirred with a
magnetic stirrer for 2 min and kept for 2 h at room tem-
perature. We pushed this mixture through a sieve using
a syringe that was cut at the end, thus separating the
seeds from their mucilage. It is worth mentioning that
the stickiest and gel-like part of the mucilage remained
attached to the seeds. The extracted wet mucilage was
freeze-dried to obtain a powder of dry mucilage, which
can be easily mixed with a certain amount of water to
obtain mucilage at a desired concentration.
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Preparation of soil

We used two different soil textures for this study: a
sandy loam and quartz sand. The soils were air-dried
and sieved to pass through the particle size of 2 mm.
The particle size distributions of both soils are pre-
sented in Table 1. The soil was homogeneously
packed in PVC cylinders with a height of 1.4 cm and
an internal diameter of 4.5 cm, corresponding to a
soil volume of 22 c¢m?. For the soil packing, soil was
poured into the cylinder lying horizontally in order
to minimize soil layering. This process resulted in a
bulk density of 1.45 ¢ cm™ and 1.7 g cm™ for the
sandy loam and quartz sand soils, respectively. First,
soil was poured into the PVC cylinders. We then
inserted the artificial root at the top of the soil layer.
The artificial root should resemble a plant root with
root hairs and was made up of jute material with a
diameter of 3 mm. A wet mucilage solution was pre-
pared at five concentrations: 0.0 g (control), 0.02 g,
0.04 g, 0.12 g, and 0.2 g dry mucilage g~! water. To
prepare the desired mucilage concentrations, freeze-
dried mucilage was diluted with deionized water and
kept in a sealed container for 15 min to swell. The wet
mucilage (2 g) was then uniformly injected by syringe
onto the artificial root model to resemble the exuda-
tion of mucilage into soil. As a control, we simply
used 2 g of water instead of mucilage. Finally, addi-
tional soil was uniformly poured over the sample and
soil samples were kept for 48 h at 25 °C+1 °C room
temperature. For the application of wet mucilage, we
calculated its total area [cm?] assuming that the root
had a cylindrical shape with a radius of 3 mm and a
root length of 70 mm. Finally, additional soil was uni-
formly poured over the sample and soil samples were
kept for 48 h at 25 °C+ 1 °C room temperature.

Table 1 Particle size distribution of the sandy loam and
quartz sand

Particle size range Sandy loam (%) Quartz
sand
(%)

>2 mm 0.28 -

1-2 mm 41.35 -

630 um 23.76 13

200 um 25.46 84

63 pm 8.52 2.8

<63 um 0.63 0.2

At the end of this experiment, the artificial root
was removed from the soil and weighed. This experi-
ment consisted of four replicates for each treatment.
We performed two studies using the same method to
investigate rhizosheath formation in two soils — sandy
loam and quartz — under the influence of chia seed
mucilage concentration. In the other study, we simply
monitored the effect of chia and flax seed mucilage in
only quartz sand. The purpose of this experiment was
to compare the influence of the gravimetric concen-
tration of chia and flax seed mucilage on rhizosheath
formation. We did not observe a visible swelling of
the jute material. We repeated these two experiments
in four replicates.

In another separate study to investigate the effect of
volumetric moisture contents on rhizosheath formation,
40 g of oven-dried soil samples were gently packed into
a sample holder using a similar method as mentioned
above. The soil water content was maintained at five
different volumetric moisture contents: control (without
moisture), 0.5cm> cm™, 0.15cm’ ecm™, 0.30cm’® cm™,
and 0.35 cm® cm™ by adding an appropriate amount of
distilled water to an oven-dried soil. The soil was pre-
pared by putting some soil into the PVC cylinders. The
artificial root was subsequently placed on the soil sur-
face and then (2 g) mucilage was spread on the root in
similar concentrations (0.0 g, 0.02 g, 0.4 g, and 0.12 g
dry mucilage g~! water), as outlined above. Soil water
content was maintained by weighing soil samples with
the addition of an appropriate amount of distilled water.
Once the required moisture content was ensured, the
samples were kept for 48 h at 25 °C+1 °C room tem-
perature. The samples were covered with a plastic sheet
to avoid any evaporation. After 48 h, the artificial roots
were removed from the soil. They were then gently
shaken to remove extra soil from the roots. The roots
were then weighed on an electric balance to obtain the
mass of the fresh rhizosheaths. The rhizosheaths were
subsequently oven-dried at 405 °C for 48 h to obtain the
dried mass of the rhizosheaths. We repeated this experi-
ment with three replicates.

Model of mucilage spreading and rhizosheath
formation using the radial diffusion equation

Root systems are often described by complex three-
dimensional root architecture models that require
large computational resources. Since the artificial
root—soil system used in our experiment exhibits
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translational symmetry along the root, it is sufficient
to consider the 2D cross section. For this model, we
also assume rotational symmetry. This is a simplifi-
cation of the experimental geometry, which is not
exactly rotational symmetric due to gravity and due to
the application of mucilage from the top on the hori-
zontally lying root. The radial rotational symmetric
diffusion—adsorption equation for solutes in soil (Bit-
telli et al. 2015; Landl et al. 2021) is:

o€ _1d

dc
c_1d. De—) 0k
Py ot rdr (rpl ( )dr + ¢

ey
where p,, is the soil bulk density (g em™), C (g g7!
dry soil) is the mucilage concentration per dry soil,
0 (cm® cm™) is the volumetric water content, t (s) is
time, p; is the water density (g cm™h), ¢ (g g_1 water)
is the mucilage concentration in soil solution, r (m)
is the radial coordinate, D (m2 s) is the diffusion
coefficient, and k (d7!) is the adsorption coefficient.
Assuming the simplification of a constant soil water
content and using p,C = 0p,c, this becomes:

pde _1d

dc
=l (;»D(e)5) +Oke

2

Numerous diffusion studies have shown that the
diffusion equation can provide reasonable results for
solutes of low molecular weights. As discussed in the
previous paragraph for the diffusion of mucilage pol-
ymers, this is a simplified model. Various mobilities
of the polymers of mucilage exuded at high, medium,
and low concentrations are represented in the model
by choosing a low, medium, and high diffusion coef-
ficient in liquid (Table 2). The relation between

mucilage concentration, polymer mobility, and the
diffusion coefficient is highly non-linear. The diffu-
sion coefficient in soil is obtained from the liquid dif-
fusion coefficient by considering soil tortuosity using
the equation D(9) = D, - ({7/3 (Landl et al. 2021;

Millington and Quirk 1961).
After a certain time ¢,,;, we assume that — due to
the formation of crosslinks between polymers and
due to the attachment of polymers to soil particle sur-
faces — the spreading of mucilage comes to an end
and mucilage polymers can then be considered to be
immobile. This assumption of a ¢,,; when mucilage
becomes immobile is in agreement with experimental
observations by neutron radiography (Moradi et al.
2012) showing the region of soil around the roots
where the presence of mucilage alters the soil hydrau-
lic dynamics. Indeed, the region affected by mucilage
has a similar extension around one-day-old roots as
around two-week-old roots, which suggests that muci-
lage diffusion occurs to a large extent during the first
few days before coming to an end. In this simpli-
fied model, the transition of mucilage from a mobile
phase to an immobile mucilage phase is represented
by choosing certain values of ¢,,;, where the diffu-
sion process stops. Technically, the mucilage turning
immobile is not an adsorption process where solutes
are fully adsorbed to soil particle surfaces. Instead, it
is largely a formation of polymer crosslinks, which
strengthens the polymeric network, with only partial
binding to surfaces, but which may still occupy the
entire pore space. We therefore set the adsorption
parameter k = 0 and the solution of Eq. (3) is:

Table 2 Parameters of the model of mucilage distribution and rhizosheath formation

Name of parameter Parameter  Value Unit Source
Time of polymer immobility tEnd 48 h rough estimation from experiments (Moradi et al. 2012)
Porosity @ 0.4 m’m™  representative for sandy soils
Volumetric soil water content [4 0.05 m’m™  dry case scenario
Liquid diffusion coefficient
at high concentration D, 4.10712 m2s~! Landl et al. (2021)
at medium concentration D, 4.10710 m2s~! case scenario
at low concentration D, 4.107° m2s~! case scenario
Threshold for rhizosheath formation ~ C,;;./C, 2.10° - case scenario of this simulation (depends on various

physico-chemical properties of soil, plant, and soil
solution)
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C(r,t) = e wr fort>0 3)

Vér Dt

C, accounts for the initial mucilage distribution,
representing the radial exudation from the point
source: C(r,t = 0) = C,6(0), where 6(0) is the delta
function in space.

From a simulated mucilage distribution C(r, tend),
the rhizosheath extension can roughly be obtained
by assuming that it may occur when the mucilage
concentration is high enough to glue soil particles to
each other, i.e. in the regions where C(r,7,,4) > C,;.
with C;. as a threshold value that may depend on the
physico-chemical properties of mucilage and soil.

Results

Rhizosheath formation in a sandy loam and quartz
sand soil

The key results of this experimental study are
presented in Fig. 2. The rhizosheaths measured
[g em™'] in a sandy loam soil were studied under
various concentrations of applied chia seed mucilage
[g dry mucilage per g water]. At intermediate
mucilage concentrations (0.12 g dry mucilage g
water), the average dry mass of consolidated and
coherent rhizosheaths per dry mass of root peaked

at 3.63 g cm™'. In contrast, the formation and
Fig. 2 Formation of rhizos- 6
heaths under the influence

of chia seed mucilage 5

concentration. The color
orange represents the

formation of rhizosheaths o 4
in a quartz sandy soil by a €
mean value of +SD, n=4. ;, 3
The color blue represents =
the rhizosheath in a sandy B 2
loam soil by a mean value 2
of £SD, n=4 S 1
N
._QE:
0 (ﬁ l
-1
-2

development of rhizosheaths at low (0.02 g dry
mucilage g~! water) and high (0.2 g dry mucilage
g~! water) mucilage concentrations resulted in an
average mass of only 0.13 g cm™ and 0.36 g cm™
respectively. Likewise, there was no significant
difference in rhizosheath formation in a quartz sandy
soil (Fig. 2) compared to sandy loam soil under
the same concentrations of chia seed mucilage.
Overall, it followed the same trend in terms of stable
rhizosheath formation, i.e. the peak in rhizosheath
formation was replicated, which was recorded
at 4 g cm™! and again at intermediate mucilage
concentrations (0.12 g dry mucilage g~! water). In
addition, similar to the sandy loam soil, rhizosheath
formation was smaller at higher (0.2 g dry mucilage
g~! water) and lower mucilage concentrations
(0.02 g dry mucilage g~! water) of applied chia seed
mucilage.

Comparison of chiaseed and flaxseed mucilage with
respect to rhizosheath formation

Figure 3 shows rhizosheath formation under numer-
ous concentrations of flax seed mucilage. The aver-
age mass of rhizosheaths was negligibly small in
relation to that of chia seed mucilage. This is in
agreement with our own observations during muci-
lage extraction from seeds, i.e. chia seed mucilage
was much stickier than flax seed mucilage.

Quartz sandy soil

l —a— Sandy loam

.05 0.1 0.15 012 0.25

Concentration [g dry mucilage g™ water]
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Fig. 3 Comparison of the 0.35
effect of chia seed mucilage
and flax seed mucilage on 0.3
rhizosheath formation in
a quartz sandy soil under —, 025
various chia seed mucilage b
concentrations. Rhizosheath § 0.2
development under both 29
chia seed and flax seed E 0.15
mucilage were analyzed by 2
a mean value of +SD, n=4 § 01
=
® 0.05
0
0
-0.05

Rhizosheath formation as a function of water content

In the quartz sandy soil, rhizosheath formation was
also studied as a function of volumetric content Vol.
WC (cm® cm™), which is depicted in Fig. 4. In gen-
eral, the soil water content (dry: soil not very sticky;
medium: most sticky; wet: hardly sticky) also had a
major influence on the volume of the rhizosheath. At
the highest water content (0.35 cm?® cm™), the con-
centration of mucilage did not have a strong impact
on rhizosheath formation, and the former peak dis-
appeared (Fig. 4). Similarly, at a low water content,
the formation of rhizosheaths hardly required the
presence of mucilage. However, this was different

—@— CS muci_rhizosheath

—®— FS muci_rhizosheath

0.05 0.1 0.15 0.2 0.25

Concentration [g dry mucilage g~! water]

under drought conditions, which are typically criti-
cal for plants to take up water and mineral nutrients.
Under such conditions, intense root—soil contact is
crucial for plant nutrition. In line with these eco-
logical requirements, at 0 (no water) Vol. WC (cm®
cm™), the mucilage concentration had a significant
influence on rhizosheath extension, with the amount
of rhizosheaths peaking at an intermediate content,
as indicated above. Mucilage is therefore crucial in
facilitating nutrient acquisition by increasing the
root surface area, for example by enhancing nutrient
availability through chelating agents and by enhanc-
ing plant resilience to various abiotic stresses, such
as drought, salinity, and heavy metal toxicity.

0.6
T —@— control[without water]

05 T 1
o 3 -3
TE 0.4 . I T ——0.05 Vol.WC[cm* cm~3]
o I 1
2 03 5 0—0.15 Vol.WC[em? cm™]
% 5
©
£ 023 o 0.30 Vol.WC[cm? cm™3]
3
g —Y
= 01§ =4 - =
= % :>k \} —8—0.35 Vol WC[cm? cm?]

0 L
0 0.05 0.1 0.15 0.2 0.25
0.1

Concentration [g dry mucilage g water]

Fig. 4 Formation of rhizosheaths as a function of Vol. WC
[em® em™] in a quartz sandy soil under various chia seed
mucilage concentrations. Control means no water was added in

an oven-dried quartz sandy soil by a mean value of +SD, n=3,

@ Springer

control Vol. WC [cm® cm™], while the rest of the soils were
irrigated by 0.05, 0.15, 0.30, and 0.35[cm® cm™] Vol. WC,
and analyzed for rhizosheath development by a mean value
of +SD, n=3
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Model of mucilage spreading and rhizosheath
formation

The simulated spreading of mucilage in soil (Fig. 5)
shows that when mucilage was applied at high (0.2 g
dry mucilage g~! water) concentrations, it could only
spread a short distance with a high concentration near
the initial mucilage pulse. In contrast, when mucilage
was applied at intermediate concentrations (0.12 g dry
mucilage g~! water), it could spread a few millimeters,
occupying a considerable soil volume with a relevant

Fig. 5 (a) Simulated dif-
fusion of mucilage in soil
based on the parameters of

—_
Q
-

amount of mucilage. At a low concentration of applied
mucilage (0.02-0.04 g dry mucilage g~! water), the
polymers were likely to have easily diffused into more
distant areas, making it impossible to form a poly-
meric network between soil particles that could glue
them together to form a rhizosheath. As a result, the
formation of rhizosheaths was largest at an interme-
diate concentration of applied mucilage. At lower
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Discussions

Rhizosheath formation measurements under varied
mucilage concentrations as well as the conceptual
model of mucilage spreading and rhizosheath exten-
sion in dry soil (Fig. 1 and 2) were able to confirm
our hypothesis. We hypothesized that mucilage has a
strong influence on rhizosheath formation under dry
soil conditions. In dry soils, the intermediate muci-
lage concentrations of the polymeric network is suf-
ficient to glue and stick soil particles around the root
for amplified rhizosheath formation in both soil types.
This can be better explained in terms of mucilage dif-
fusion, which allowed a greater volume of rhizosheath
extension around the roots. We expected to observe a
negligent and weak formation of rhizosheaths at lower
concentrations of applied mucilage due to the high dif-
fusion of polymers and, therefore, the wide spreading
of mucilage distribution and thus a low concentra-
tion in soil. Similarly, higher mucilage concentrations
exhibit a lower mobility of polymers. This limits the
distribution of mucilage in soil, which in turn resulted
in a reduced region of soil agglutination for the devel-
opment of rhizosheath volume. At higher concen-
trations, the viscosity of mucilage is expected to be
1000 times higher than pure water, as shown for chia
mucilage by Ahmed et al. (2016). Our experiments
show that, similar to viscosity, the mobility of muci-
lage polymers in soil solution also varies strongly with
mucilage concentration. We found the same behavior
of rhizosheath development in both soils: sandy loam
and quartz sand. Moreover, at a low mucilage concen-
tration, the formation of rhizosheaths in sandy loam is
higher than in quartz sand. We assume this could be
attributed to the presence of large amount of fine parti-
cles in sandy loam as compared to quartz sand.

We also compared the effect of chia seed and flax
seed mucilage under the same mucilage concentra-
tions on the development of rhizosheaths (Fig. 3). Our
findings indicate no significant effect on rhizosheath
formation by flax seed mucilage. We assume that this
effect is due to the difference in the viscosity of chia
seed and flax seed mucilage. This is in agreement
with the results reported by Brax et al. (2020) and
Mazza and Biliaderis (1989), in which they compared
the viscosity of chia and flax seed mucilage. The find-
ings of both studies confirmed the higher viscosity of
chia seed mucilage compared to flax seed mucilage at
all concentrations studied. Bemiller et al. (1993) also
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recorded a high viscosity of chia seed mucilage com-
pared to flax seed mucilage. Similarly, Naveed et al.
(2019) and Briitsch et al. (2019) reported a higher
viscosity of chia seed mucilage than barley.

In a parallel study, rhizosheath formation as a func-
tion of soil Vol. WC (cm® cm™) showed a smaller for-
mation of rhizosheaths at low soil Vol. WC (cm® cm™)
due to the reduced stickiness and cohesiveness of dry
soil. In these conditions, there is insufficient moisture
available in the soil to facilitate the binding of soil par-
ticles to the root surface, resulting in a smaller and less
developed rhizosheath of the soil. Conversely, with high
soil WC (cm® cm™), the formation of rhizosheaths was
again reduced as well. Excessive soil moisture can lead
to waterlogged or saturated conditions, where water fills
the pore spaces between soil particles, creating a physi-
cal barrier between the root surface and soil particles.
This barrier limits the adhesion and interaction between
roots and soil particles, hindering the formation of a
well-developed rhizosheath. These observations under-
score the critical role of maintaining an optimal balance
of soil moisture for effective root-soil interactions and
nutrient uptake by plants, as variations in soil moisture
content can significantly influence rhizosheath forma-
tion. This phenomenon aligns with previous studies
that investigate the relationship between soil stickiness
and moisture content, providing valuable insights into
root-soil dynamics (Hallett & Young 1999; Watt et al.
1994). These observations are also in line with a pre-
vious study of Liu et al. (2019), who measured rhizos-
heath development in response to moisture content.
They reported the highest formation of rhizosheaths at
10-14% (W/W) compared to other soil moisture levels.
Similarly, we can also assume that at higher moisture
contents, the actual influence of mucilage is not signifi-
cant, particularly because mucilage can dissolve under
wet conditions, thus diffusing along with water into the
surrounding soil (Watt et al. 1994), but not concentrat-
ing near the roots to form a network of polymers.

Here, we used artificial roots. In real soil, the
rhizosphere may dry out again following the transpi-
ration of the plant. Unlike conditions in the model
system, there is therefore the chance for mucilage to
dry in a system with living plants and to form a poly-
meric network again, unless it is decomposed by soil
microorganisms.

Rhizosheath formation under dry conditions was
closely related to mucilage concentration. The maxi-
mum rhizosheath formation was found at intermediate
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concentrations and was about 10 times higher than
rhizosheath formation at other concentrations. These
findings were in line with the outcomes of Watt et al.
(1993, 1994), who reported that under dry conditions,
larger and coherent rhizosheaths were bound to the roots
than under wetter conditions. Moreover, in dry soils,
the rhizosheaths of certain grasses were approximately
three times larger than in wet soils. At low mucilage
concentration, facilitated diffusion seemingly resulted in
a spreading of the compounds to a degree that soil muci-
lage concentration was likely not particularly signifi-
cant with respect to gluing soil particles together, i.e. it
only formed a thin, transient rhizosheath layer, whereas
rhizosheath formation declined again towards even
higher mucilage concentrations (Figs. 4, 5).

When the water content increased for the given
optimum “intermediate” mucilage concentration in
the spike solution, the peak of rhizosheath formation
shifted towards higher concentrations of the added
water (Fig. 4, 5), which likely reflects the respective
dilution of the polymers to optimum concentrations
again. In any case, mucilage and water content did not
have a purely additively effect, and neither one nor the
other appeared to be solely responsible for the degree
and amount of rhizosheaths formed. Instead, it was the
concentration of the compounds in the gel, i.e. in the
available soil water volume.

Conclusions

Overall, the current study showed that rhizosheaths are
formed at various mucilage concentrations. This was
demonstrated experimentally and based on a radial
model using a diffusion equation. The degree of rhizos-
heath formation, however, is dependent on concentration
and moisture, thus requiring a calculation of an effec-
tive mucilage concentration in the pore water of the
rhizosphere. In the experiment and using the modelling
approach, we have seen that under dry soil conditions,
i.e. In the oven-dried quartz sandy soil, when the soil’s
volumetric moisture content deviated from zero, it was
observed that an intermediate mucilage concentration of
0.12 g dry mucilage g~! water led to the most substantial
volume of rhizosheaths, surpassing both low (0.02 g dry
mucilage g~! water) and high (0.2 g dry mucilage g~!
water) mucilage concentrations. This physical behavior
of mucilage in rhizosheaths might be crucial to support-
ing plant nutrient uptake and water availability under

drought and stress conditions. The presence of mucilage
in rhizosheath formation provides promising conditions
for plants to become more tolerant to abiotic stresses and
to improve agricultural yield in drought-prone areas.
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