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Abstract

Background and Aims:The importance of mucilage in root-soil interactions
and during dry-wet cycles in plant growth is well known. This study aims at
understanding the role of fresh root mucilage in nitrogen fixation, drought tol-
erance, and root-soil interactions from physio-chemical properties, composition,
wettability, and flow behaviour using novel approaches. Important legume crop,
Mung bean ( Vigna radiata) is used as the model species.

Methods: Fresh root mucilage collected from axenically grown Mung bean
seedlings is studied for chemical composition, rheological behaviour, wettability
and root-soil interactions. Root-soil interactions under wet and dry conditions
are probed using soil blobs formed on live root tips under different conditions.
Results: Chemical analysis of fresh mung bean root mucilage shows that it is rich
in pentose sugars which facilitates the biological nitrogen fixation by the roots.
Rheological study indicates the gel-forming ability of the mucilage arising from
pectic polymer networks of homogalacturonan (HG) and rhamnogalacturonan-I
(RG-I) domains. Root-soil interactions inferred from image analysis of root-
mucilage-soil blobs and supported by flow/wettability studies show strong
correlation with viscoelasticity and surface tension characteristics of fresh
mucilage.

Conclusion:Mung bean root mucilage, rich in pentose sugars gives strong evi-
dence for the exclusive symbiotic relationship between the mung bean and the
root nodule microbe, Bradyrhizobium. Mucilage is found to withstand tempera-
ture fluctuations in the soil without structural changes indicating suitability for
drought tolerance. The weak gel-like behaviour along with yield stress and shear
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thinning characteristics supports the hydration and lubrication ability during
root growth involving shear forces under dry conditions.

Keywords: Mung bean, Root mucilage, Root-soil interactions, Nitrogen fixing,
Rheology

1 Introduction

The interface between the plant root and nearby soil is significantly influenced by
the mucilage secreted from the root [1, 2]. Mucilage, a polymeric gel, is exuded by
the border cells of the plant root tip in response to physical stresses and mechani-
cal restriction [3]. Root mucilage, consisting mainly of various high-molecular-weight
polysaccharides, serves a variety of functions in the rhizosphere [4, 5]. The hydraulic
and structural properties of the rhizosphere are regulated by the root mucilage, due
to its specific physico-chemical characteristics [6, 7]. For example, the wetting and gel
characteristics of the root mucilage, specifically surface tension and viscoelastic prop-
erties, play important roles in rhizosphere hydraulic processes. The surface tension
and viscosity of these hydrogels resist the breaking of the capillary bridges formed
between soil particles, which gradually contract during drying and eventually rupture
as the drying continues [8]. The interfacial role of root mucilage in soil aggregate sta-
bility /structure [9-12]), soil anchorage [13], and soil wetting/dewetting characteristics
in the hydrated and dry states of mucilage have been investigated in recent years [14—
16]. Root mucilage is also reported to modify the rhizosphere by stabilising microbial
and enzymatic activity [17-19]. Maize root mucilage, covering the root cap zone with
a thickness varying between 50 and 1000 pum [20], has been investigated for viscosity,
surface tension, and viscoelastic properties in a limited range of temperature and fre-
quency [21-24]. In addition to the chemical composition, the mechanical and physical
properties of the mucilage can alter the structural constitution and hydraulic proper-

ties of the rhizosphere [7, 25-27]. Root mucilage has higher viscosity than water due
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to the high molecular weight polysaccharides present [6, 8, 24, 28, 29] and a lower sur-
face tension due to the phospholipids present [16, 30, 31]. This lower surface tension
and higher viscosity of root mucilage in comparison to water are expected to support
the percolation of the gel-like mucilage through the soil pores within the rhizosphere
during dry periods, which could also serve as a water reserve for plants [8]. Due to
the swelling properties and the water retention capacity of the mucilage, the moisture
content of the soil is found to increase around the roots of chickpea, white lupin, and
maize, regardless of the water uptake by the roots [3, 32]. However, after a dry period,
the immediate soil layer surrounding lupin plants experienced a slower rewetting, fol-
lowed by a prominent increase in moisture content in contrast to that of the bulk soil
[3]. This delay in rewetting was attributed to the phospholipids present in the root
mucilage, which make the soil hydrophobic temporarily following a dry period [31].
However, after a short delay in rewetting, the water content in the soil increases again
due to the capacity of the mucilage to re-swell even after repeated drying processes
[33]. Maize and pea root mucilages have been studied for their frictional properties
[34, 35], and wheat root mucilage for its physicochemical properties, soil stabilisation
and Al accumulation [28, 36]. Analysis of the root mucilage from different species shows
neutral and acidic polysaccharides as major components. In addition to this, smaller
quantities of various monosachharides (fructose, arabinose, galactose, glucose, xylose,
mannose, fructose, ribose, sucrose, etc) glyco and phospholipids, fatty acids, proteins,
and amino acids (maize - [37]; maize - [38]; sorghum - [39]) present in the mucilage
also play various functional roles in root-soil interactions [8, 16, 30, 31]. Among var-
ious plant species, cereals such as maize, wheat, and sorghum, and legumes such as
chick pea and lupin have been widely used for root mucilage studies due to the ease of
collection of mucilage and the global relevance to food security [40-44]. In addition to
the cereals, legumes are important among worldwide agricultural produce due to their

increasing relevance as sources of plant-based proteins. They also contribute to soil
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fertility and environmental protection [45]. Mung bean (Vigna radiata) is an exten-
sively studied legume that grows primarily in tropical regions characterized by dry or
semi-arid conditions and temperatures between 27 and 30 °C [46]. Mung bean is found
suitable for growing in well-drained loamy to sandy loam soil and is a drought-tolerant
plant [47-49]. In this context, understanding the physico-chemical and mechanical
properties of mung bean root mucilage and its role in root-soil interactions is highly
relevant, especially due to the changing climate conditions.

In this work, we investigate root-soil interactions using approaches based on
microstructural, physicochemical, and rheological characterization of freshly collected
root mucilage. Soil blobs adhering to the mucilage-laden root tip are used as a novel
approach to understand the role of mucilage in protecting the root tip from excessive
drying. The mung bean is found to be a new and easy-to-grow source for fresh root
mucilage studies, in addition to the existing limited number of plants in this category.
The frequency and temperature-dependent rheological behaviour of fresh mucilage
provides new insights into their visco-elastic gel-like behaviour and the thermal stress

tolerance characteristics.

2 Methods and material

2.1 Materials

The seeds of organically grown mung bean or green gram (Vigna radiata) were pur-
chased from 24 Mantra Organic (Sreshta Natural Bioproducts Ltd., Bidar, Karnataka,
India). 30% H2O5 and 98% sulfuric acid (36 N) used to prepare the piranha solu-
tion were purchased from Thermo Fisher Scientific India Pvt Limited, Mumbai, and
Merck Specialities Private Limited, Mumbai, India, respectively. 99% Trifluoracetic
acid was purchased from Sigma-Aldrich (St. Louis, MO, USA). Low methoxy pectin
(LM pectin) of citrus origin (galacturonic acid content, 87% and degree of esterification

39% ) was purchased from Krishna Pectins, Jalgaon, Maharashtra, India. 0.01% (w/v)



75

76

7

78

79

80

81

82

83

(A)

Mung bean seeds
Soaking in
& DI water (8 h)

Sterilization with 10% H,0,, 10 min
followed by washing with DI water

Collected drop
root mucilage

v

Drained seeds kept covered in a
wet muslin cloth (12 h at 25 °C)

[
]
)
[

]

(B)

Sprouting N N
y

N

- -
LISV VLYEW SATATLI WY AL T)
A SRR N A NN PN AN

\( JHU 'r
N, iy

AN /

v
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Fig. 1 Protocol for Mung bean ( Vigna radiata) root mucilage collection. (A) Stepwise methodology
for mung bean seed sprouting. Mung bean seeds were soaked in DI water for 8 h at room temperature
(25 °C) for water imbibition. Swollen seeds were sterilized using 10% H2O2 followed by washing with
deionised water. Excess water was drained from the seeds, and the seeds were kept covered in a wet
muslin cloth for 12 h at 25 °C for sprouting. (B) Schematic showing the experimental box for mucilage
exudation and collection from axenically grown seedlings. Mung bean sprouts were placed on a plastic
mesh inside the humidity-controlled Perspex box. 72% RH was maintained inside this box by keeping
water below without touching the root tips. (C) The seedlings are shown to grow axenically towards
the water surface. The image shows 3-day-old seedlings with exuded mucilage at the root tips after
exposure to the humidified conditions for 24 h. Mucilage drops formed at the root tip were collected
using a micropipette by applying negative pressure. Each root tip exudes ~3 uL. (D) Freshly collected
root mucilage in the glass vial. The collected mucilage is translucent in appearance.

aqueous solutions of ruthenium red and methylene blue dyes were used for staining
the mucilage. Calcium chloride (CaCly.2H30) and magnesium chloride (MgCly.6H20)
used for cross-linking pectin were obtained from Merck Specialities Private Limited,
Mumbai, India, and Sisco Research Laboratories Pvt. Ltd., Mumbai, India, respec-
tively. Sandy loam and sandy clay loam soils (particle size < 310 pum) used for the
soil-mucilage dry-wet cycle analysis were provided by the Soil Testing Laboratory,
Tamil Nadu Agricultural University (TNAU), Kanchipuram, Tamil Nadu, India. The
soil samples were dried in an air oven at 60 °C for 24 h. Deionised water from Millipore

was used for preparing samples.

Mung bean
J seedlings
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2.2 Collection of mucilage

Fresh mucilage was collected using the procedure described in Holz et al. [50] with
modifications described herein (Fig. 1). Mung bean seeds were soaked in deionised
water for 8 h, followed by a surface sterilization process by immersing in 10% H2O2
solution for 10 min. The sterilized seeds were kept tied inside a clean wet muslin cloth
for 12 h at 25 °C for water imbibition and germination (Fig. 1A). The experimental
set-up for growing the seedlings and collecting the root mucilage is shown in Fig. 1B.
A PVC mesh with a 2 mm mesh size was mounted inside a 40 x 30 x 30 cm perspex
box. The box was partially filled with deionised water to a height of 10 cm, and two
air stones connected to plastic tubes were placed at the bottom of the box. These
plastic tubes were attached to a small aquarium pump. The air stones create a con-
tinuous flow of tiny bubbles inside the water. This increases the humidity inside the
closed environment of the experimental box. The box was sealed with a lid to main-
tain a stable, high-humidity condition of 72% RH. The germinated mung bean seeds
were placed on the PVC mesh for axenic growth of the seedlings. The roots of the
plants grew downwards through the mesh as can be observed in Fig. 1C. Small drops
of hydrated mucilage were formed around the root tips after 3 days in response to
the high humidity inside the box. These mucilage drops from each root tip were care-
fully collected (Fig. 1D) once a day using a micro-pipette applying negative pressure.
Each seedling exuded approximately 3 pL of fresh mucilage. Multiple seedlings were
used to collect a sufficient amount of fresh mucilage. This mucilage was then utilized
for subsequent experiments, including physicochemical characterization, rheology, and
microscopy, as described in later sections. For FTIR, NMR, FT-Raman, and HPLC
analysis, dried mucilage was used.

Total solid content (S) of the freshly collected mucilage was determined after vac-

uum drying at 25 °C and 50 mbar pressure. The mucilage sample was weighed every
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30 min until the sample weight remained constant.
Wy
S=— 1
Ul (1)

where W, and W, are the initial (as collected) and final (as dried) weight of the
mucilage. To compare the properties with fresh native mucilage, reconstituted mucilage
was prepared by dissolving dry root mucilage powder in deionised water at 30 °C
under sonication. Reconstituted mucilage 0.5, 0.7, 1, 2, and 4 mg/ml concentrations

were prepared for various tests.

2.3 Preparation of pectin gels

LM pectin gels were used in this study to compare with the properties of the mucilage
since pectin is a major polysaccharide in the mucilage composition. Pectin-Ca and
pectin-Mg gels were prepared using LM pectin as detailed in [51]. LM pectin (0.35
wt%) was dissolved in deionised water by stirring for 18 h at 60 °C. Calcium chloride
and magnesium chloride were used as crosslinking agents. The crosslinking ratio (R)
relates the stochiometric concentration of calcium or magnesium ions to that of the
non-methoxylated galacturonic acid content in the pectin. R is defined as,
2

fr= ?écgof}} ®
To obtain the pectin-Ca and pectin-Mg gels, required amounts of calcium chloride
or magnesium chloride solution were added to the 0.35 wt% pectin solution drop by
drop at 25-30 °C with stirring. This solution, stirred for 10 min was left undisturbed
for 24 h at room temperature (25-30 °C) to complete the crosslinking process to
obtain the gels. These gels were kept under ambient conditions and were used within

24 hours for further experiments.
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2.4 Characterization of mucilage

2.4.1 Microstructure and morphology

Morphology of the fresh and dried root mucilage was studied using the Optical Micro-
scope (Nikon - LV 100 ND, 100x magnification). Ruthenium red and methylene blue
dyes were used for staining the pectin and the cellulose components present in the
mucilage before optical microscopy was carried out. Scanning Electron Microscopy
(SEM) studies were carried out using Field Emission Scanning Electron Microscope
(FE-SEM) (Apreo S-SEM, US). For lyophilization, the root tip with mucilage was
placed on a cover glass and lyophilized using a Scanvac lyophilizer (LaboGene, Den-
mark) under controlled conditions: initial freezing at -80 °C for 1 h, followed by drying
at -96 °C for 24 h under a vacuum pressure of 0.1 mbar. The lyophilized root tip
samples with mucilage were mounted on adhesive-coated aluminum stubs and sputter-
coated with gold prior to the analysis. Elemental analysis of the mucilage was carried

out along with SEM using energy-dispersive X-ray spectroscopy (EDX).

2.4.2 Drying, re-hydration ability and soil wetting characteristics

Drying and re-hydration behaviour of the fresh mung bean root mucilage was stud-
ied using an optical microscope (Nikon - LV 100 ND) at 100x magnification. The root
tips, along with fresh mucilage, were placed on a clean glass slide and observed during
the drying and rehydration process. Observations on drying and re-hydration of the
mucilage along with the root tip were carried out by capturing optical images using a
goniometer camera (Attension Theta Optical Goniometer, Biolin Scientific, Sweden).
For this, root tips with fresh mucilage were suspended in air in front of the camera
and allowed to dry at 25 °C and 60% RH. Images of the root tip with mucilage were
collected at 5 min intervals. From the images, the diameter of the mucilage drop along
with the root tip, at the mid-point, was estimated using ImageJ software. Similar stud-

ies were also carried out to understand root-soil interactions through mucilage. Root
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tips with fresh mucilage were dipped in pre-dried sandy clay loam and sandy loam
soil samples. These root tips were pulled out gently along with a soil blob adhering
to them. The soil blobs were kept suspended in front of the Goniometer camera, and
images were collected every 5 minutes while it was allowed to dry in air at 25 °C and
60% RH. The diameter of the soil blob at mid-point was estimated from the optical
images using ImagelJ software. Both the root tip with mucilage and the soil blobs were
dried to an equilibrium state (no further changes in the diameter). To understand
the re-hydration capability of the mucilage, 0.5 pL of deionised water was carefully
introduced to the root tip (with dried mucilage) using a micropipette. Images were
captured during the rehydration process until the drop reached equilibrium swelling
(no further change in the diameter). The swollen samples were allowed to dry for a sec-
ond cycle at 25 °C and 60% RH until the samples reached equilibrium drying. Images
were captured every 5 minutes during these processes for changes in the diameter. To
understand the effect of drying of mucilage and its capability to wet and adhere to
the soil, another set of experiments was also conducted using root tips with mucilage
dried to different extents and dipping them in clay loam soil. In this case, the images

were collected immediately after dipping the root tip in the soil.

2.4.3 Physico-chemical characterization

FTIR spectra of vacuum-dried root mucilage powder and LM pectin powder were
recorded in the range between 500 and 4000 cm™' wave number at 4 cm™ resolutions
in the ATR-FTIR mode on a BRUKER Alpha spectrometer.

NMR analysis was carried out on dried mucilage using NMR Bruker AV IIT 500
MHz Spectrometer. During the experiments, the probe temperature was maintained
at 298 K, and D>O was used as the solvent.

FT-Raman Spectra were obtained for dried mucilage and LM pectin powder sam-

ples and Ca-crosslinked pectin (R=0.25) films using BRUKER RFS 27 MultiRAM
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FT Raman Spectrometer with Nd-YAG laser 1064 nm source and LN2 LN2-cooled
ultra-high sensitivity Ge detector.

High-performance liquid chromatography (HPLC) was carried out on root mucilage
to obtain the monosaccharide composition using the protocol given in [52]. 20 mg of
vacuum-dried mung bean root mucilage was hydrolyzed in 1.5 mL of 2 M TFA solution
at 110 °C for 3 h. After cooling to room temperature, 1 mL of methanol was added
to the mixture and dried at 70 °C under a stream of nitrogen to remove TFA. This
process was repeated twice to ensure the complete removal of TFA. The dried residue
was used for the analysis of monosaccharide composition. The obtained dried residue
was resuspended in 1 mL of 5 mmol HoSO4 and passed through a 0.22 pm filter. 20
L of this filtered solution was injected into a Shimadzu HPLC system (Shimadzu,
Japan) equipped with a Rezex ROA-Organic Acid HT (8%) ion-exclusion column (250
mm X 4.6 mm, Phenomenex, USA), and a refractive index detector (Shimadzu). The
analytical column was operated at 50 °C with 5 mmol H3SO,4 as the mobile phase, and
the mobile phase flow rate was 0.6 mL/min. The monosaccharide identification was
performed by matching the retention times of the components in the root mucilage
to those of authentic monosaccharide standards, each prepared at a concentration of
2 mg/mL (rhamnose, xylose, arabinose, galactose) in 5 mmol HoSO4 solution. HPLC

of monosaccharide standards was run individually and as mixtures.

2.4.4 Surface tension and wetting characteristics

Surface tension using the pendant drop method and contact angle measurements using
the sessile drop method were carried out on a Tensiometer (Attension Theta Optical
Tensiometer, Biolin Scientific, Sweden, for 10 sec at 25 °C). Freshly collected mucilage,
reconstituted mucilage of different concentrations, 0.35 wt% LM pectin solution, and
deionised water were tested. Contact angles of freshly collected mucilage on glass and

Teflon substrates were obtained. Prior to measuring the contact angle, glass slides

10
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were cleaned using piranha solution (36 N sulfuric acid and 30% hydrogen peroxide in

3:1 ratio), and Teflon substrates were cleaned using deionised water.

2.4.5 Rbheological characterization

Rheological behaviour of the root mucilage was studied on Anton Paar MCR-302e
rheometer with a cone and plate geometry (plate diameter 25 mm). The gap was
0.047 mm, and shear rates were varied from 0.01 to 1000 s™!. Steady shear experiments
were carried out on freshly collected root mucilage of mung bean, pectin solution
(0.35 wt%), pectin-Ca gel (0.35 wt%, R=0.25), and pectin-Mg gel (0.35 wt%, R=0.8).
Reconstituted mucilage samples prepared in deionised water were also used for com-
parison. Small amplitude oscillatory shear (SAOS) tests were performed at angular
frequency varying from 0.1 to 10 rad/s at a strain amplitude of 1% at 25 °C. Temper-
ature stability of the mucilage was studied by conducting heating experiments from 5
°C to 50 °C, followed by cooling starting from 50 °C to 5 °C at 1% strain amplitude

and angular frequency of 1 rad/s. These cycles were repeated 3 times.

3 Data reproducibility

Mung bean seedlings were grown axenically at a temperature of 25 °C and 72% RH to
collect the root mucilage. The results reported here are based on multiple experiments
repeated over a period of two years on multiple batches of mung bean seedlings grown
from different batches of seeds. Although the solid content of the collected mucilage
varied between 0.2 wt% and 0.4 wt% across different batches, for experiments involv-
ing fresh mucilage, such as rheology and surface tension, mucilage with a solid content
of 0.4 wt% was used. All experiments were performed at least three times to ensure
repeatability. The rheology and surface tension data presented here represent the aver-
age values with standard errors. Drying and re-hydration experiments were performed

three times, with a representative graph presented.

11
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Fig. 2 Optical microscopy images of root tips of 3-day-old mung bean seedlings. (A) The root tip
before exposure to humidity shows no mucilage exudation. (B) Root tip exposed to humidity (72
% RH for 24 h inside the experimental box) shows exuded mucilage on the root tip. (C) Drop of
freshly collected root mucilage deposited on the cleaned glass slide. Methylene blue staining shows
the cellulosic regions present in the mucilage, indicating the presence of border cells in the mucilage.
(D) Ruthenium red staining showing pectin-rich regions of the mucilage. (E) Methylene blue stain-
ing showing cellulosic regions. (F) Exuded mucilage on the root tip, stained using ruthenium red and
methylene blue simultaneously to show the distribution of pectin and cellulosic regions. Root border
cells containing the cellulosic regions are visible in blue, while the pectin regions are visible in pink.
Representative images are presented from three independent experiments. All images are at 5x mag-
nification.

4 Results

The measured density of freshly collected mung bean root mucilage is 1.05 g/cm?®.
The average solid content of the mucilage is 0.4 wt% or 4 mg/ml. The root growth
rate for mung bean was measured by monitoring the increase in root length with time
and was found to vary between 0.5-2 cm/day. In sandy loam and sandy clay loam soil,
the growth rate was found to be 1-2 cm/day and 1-1.5 cm/day, respectively. The root
growth rate for maize in sandy soil was reported as 1-4 cm/day [53]. Root growth rate
was measured to estimate the shear rate experienced by the mucilage layer during root
penetration in the soil. This shear rate is found to vary between 0.007 s™* and 0.014

st for mung bean.
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4.1 Microstructure and morphology

Optical microscopy images of the root and the mucilage are shown in Fig. 2. The figure
includes the images of the root without mucilage, the root with exuded mucilage, and
stained mucilage. In the case of mung bean, the root mucilage exudation occurs in
the root tip zone of approximately 2 mm length (2A). The mucilage drop diameter
is approximately 0.7 mm (2B) at the centre. Figure 2C shows the collected mucilage
stained using methylene blue to highlight the cellulosic regions. This image also shows
that the collection procedure did not affect the mucilage composition. In Fig. 2D, the
pink colour obtained using ruthenium red indicates the presence of acidic polysaccha-
rides, such as pectin, in the mucilage. Methylene blue staining (Figs. 2C and 2E) shows
the presence of cellulose in the mucilage originating from the root border cells. To
identify the distribution of pectin and cellulosic components present in the mucilage,
simultaneous staining using both ruthenium red and methylene blue was carried out
and is shown in Fig. 2F. The surface morphology of the dried mucilage was examined
using scanning electron microscopy (Fig. 3). The image in Fig. 3A shows the exuded
mucilage layer on a 3-day-old mung bean root tip, dried on a glass slide. It shows the
presence of numerous root border cells (BC) in the region (marked with white arrows)
on the root tip surface near the root cap zone. From a close examination of the image,
it can be observed that the loosely adhered peripheral border cells are embedded in
a thin layer of mucilage (Fig. 3B). The morphology of the mucilage without the root
border cells indicates a uniform distribution around the root tip (Fig. 3C). The elemen-
tal analysis conducted using energy-dispersive X-ray spectroscopy (EDS) along with
SEM analysis shows the presence of not only divalent ions, such as, Ca?* and Mg?™,

but also the presence of monovalent ions, such as, K¥ in the mucilage (Fig. 3D).

4.2 Physico-chemical characteristics

13
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Fig. 3 Morphology of dried mung bean root mucilage obtained using Scanning Electron Microscopy
(SEM). (A)Dried mucilage on the root tip. The presence of border cells is shown using white arrows.
Two different regions from this image have been highlighted further (red dashed circles). (B) Root
mucilage (M) along with border cells (BC). BC+M indicates regions with border cells and mucilage.
(C) Mucilage morphology from a region where mucilage is free from root border cells. (D) Energy
dispersive X-ray spectroscopy (EDX) analysis of dried root mucilage. EDX shows the presence of
divalent (Ca2*, Mg?t) and monovalent (K*) ions in the mucilage.

Table 1 Comparison of functional groups present in root mucilage and LM pectin
from FTIR spectroscopy data

Wave number (cm™t)

| Functional group

Mucilage | LM pectin |
3200-3500 3200-3500 stretching of hydroxyl groups
2930 2930 CH vibration of uronic acid

1600 and 1420 | 1600 and 1420 | stretching vibration of carboxylic group of
uronic acid

1000 1000 vibration of carboxylic group of uronic acid
1740 1740 ester functionality
2854 - lipid CHz
1642 and 1313 — O—H bending and CH2 symmetric bending of
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Fig. 4 Chemical structure of mung bean root mucilage using FTIR spectroscopy. (A) FTIR spec-
tra of dry root mucilage and that of LM pectin. The dotted arrows represent the absorbance peaks
corresponding to the functional groups of the polysaccharides present in the mucilage (pectin, cel-
lulose, and hemicellulose). Free -COO group stretching at 1600 and 1411 cm !, C=0 stretching at
1740 cm™! and C-H stretching vibration at 2930 cm™ correspond to galacturonic acid groups of the
pectin present in the root mucilage and in LM pectin. The O-H bending vibration at 1642 cm™! indi-
cates the presence of cellulose, and the -CH and -CHg stretching vibration at 1461 and 1234 cm™,
respectively, indicate the presence of hemicellulose in root mucilage. The prominent absorption peak
at 1013 cm™! is assigned to the symmetrical stretching vibration of the C-O-C glycosidic bond, which
is characteristic of the polysaccharide structure. (B) Deconvoluted FTIR spectrum in the 3500-2900
cm! region, showing overlapping O-H stretching vibration and characteristic cellulose peaks.

To analyse the chemical composition of the mucilage, FTIR, FT-Raman, and 'H-
NMR studies were carried out. Seed and root mucilages are known to contain various
polysaccharides, especially homogalacturonan-based pectins [54, 55]. Hence, to bench-
mark the physicochemical characteristics of the mucilage, low-methoxy pectin was
also analysed. FTIR analysis of mung bean root mucilage is shown in Fig. 4a and
summarised in Table 1. Root mucilage exhibits additional peaks at 2854, 1642, 1313,
1461, and 1234 cm™', indicating its difference in chemical composition from that of
LM pectin. The characteristic broad peak observed at 3200 to 3500 cm™' corresponds
to the stretching of hydroxyl groups associated with the polysaccharides present in
mucilage as well as the pectins. The broad peak with higher intensity present in the

case of mucilage indicates additional contributions from the -OH stretching due to the
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Fig. 5 (A) FT- RAMAN spectra of dried mung bean root mucilage. Spectra of LM pectin and
pectin-Ca gel are also shown for comparison. The dotted arrows in the figure represent the intensity
peak of functional groups corresponding to major polysaccharides. The peak in the 2930-2950 cm™!
region corresponds to the -CH stretching and the peaks at 1082 cm™, 1265 cm™ and 1379 cm™
correspond to the C-O-H vibration of the galacturonic acid group of pectins present in all three
samples. (B) Deconvolution of FT-RAMAN spectra in the 2800-3000 cm™ region, separates the -CH
stretching of galacturonic acid of pectin from -CH and -CHg stretching vibrations of hemicellulose.

water present in the mucilage. LM pectin has relatively less prominent -OH stretch-
ing. The peak in the 2930 cm™! region indicates -CH vibration and peaks at 1600 cm™
and 1411 cm™ indicate the stretching vibration of the carboxylic group of uronic acid
which originates from the pectin polysaccharides. The band in the 1013 cm™ region
can be assigned to —C-O stretching of carbohydrates. The peak observed at 1740
cm™ in LM pectin and the mucilage corresponds to the ester functionality. This peak
merges with the peak at 1640 cm™ in the case of the root mucilage and is visible as a
shoulder. The peak at 2854 cm™* indicates the symmetric stretching of lipid CHy [56].
The additional peaks at 1642 cm™ and 1313 cm™ indicate the O-H bending of cellu-
lose [57] and CH, symmetric bending of cellulose [58] respectively. The peaks at 1461
em™ and 1234 cm™ are due to CH- and CHy bond vibration of hemicellulose [59]. To

better understand the peaks around 3200-3500 cm™, the spectra were deconvoluted
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and are shown in Fig. 4B. The peaks at 3449 cm™, 3245 cm™ and 2928 cm™ corre-
spond to O-H stretching, H-bonded O-H stretching and C-H stretching respectively
and indicates the presence of cellulose in the mucilage [60-62].

The FT-Raman spectra of the dried root mucilage, LM pectin, and pectin-Ca gel
for comparison are shown in Fig. 5A. The peak at 2930-2950 cm™ region corresponds
to symmetric and asymmetric -CH stretching of pectin [63]. However, deconvolution of
the spectra (Fig. 5B) also shows a peak at 2878 cm™ corresponding to the hemicellulose
present in the mucilage [64]. The peaks in the 1400-1460 cm™ region correspond to
the stretching of -CHy bonds of sugars such as xylose, arabinose, and the CH3 group
of thamnose [65]. The peaks at 1082 cm™, 1265 cm™ and 1379 cm™, are assigned to
the C-O-H vibration modes of galacturonic acid [65]. These can be observed in the
case of LM pectin as well as in the root mucilage. Peaks observed at 1656 cm™' and
1444 cm™ indicate the presence of phospholipid [66]. In the case of LM pectin, free
carboxyl groups (-COO-) exhibit distinct and strong vibrational mode peaks at 2948
cm'. The intensity and the position of this peak change during crosslinking of the
carboxyl groups, as can be observed in the case of pectin-Ca gel and the mucilage.

'H-NMR study was also carried out on the mucilage and is given in Supplemental
Fig. S1. The crowded and narrow region between 3 to 5 ppm in the 'H NMR spectra,
characteristic of polysaccharides, indicates the presence of numerous sugar residues
[67]. The signals between 3.1 to 4.3 ppm are due to non-anomeric protons (Hs-Hg) and
the signals between 4.3 to 4.8 ppm arise from a-anomeric protons [68]. The regions
associated with a-anomeric carbons suggest the presence of several sugar residues,
including arabinose, galactose, rhamnose, and xylose as the neutral sugars [69]. The
peaks at 3.93 ppm, 3.91 ppm, 3.58 ppm, 3.63 ppm, and around 2.28 ppm confirm
the xylose, arabinose, OH, and CH groups of mannose, rhamnose, and uronic acid,

respectively [70], indicating the presence of pectin polysaccharides in the root mucilage.
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Previous studies on cress, maize, and rice reported the presence of uronic acid along
with arabinose, galactose, rhamnose, and xylose in their root mucilage [71].

To confirm the monosaccharide composition inferred from the 'H-NMR spectra,
HPLC analysis of acid-hydrolysed root mucilage, along with standard monosaccharides
(four sugars-xylose, arabinose, galactose, and rhamnose), was carried out and is given
in Supplemental Fig. S2. From individual runs, the retention times for these sugars are
- 10.838 min (galactose), 10.857 min (xylose), 11.425 min (rhamnose), and 11.776 min
(arabinose). From the mixture run, three distinct peaks appear with retention times of
10.858, 11.441, and 11.748 min, indicating the overlapping galactose and xylose peaks
as a broad peak at 10.858 min since their retention times are very close to each other.
The chromatogram of root mucilage indicates two distinct peaks with retention times
at 10.786 and 11.748 min. This could be due to the overlapping of peaks with a small
difference in retention time. Galactose and xylose appear as an overlapped peak at
10.786 min, whereas rhamnose and arabinose appear as an overlapped peak at 11.748

min.

4.3 Drying, re-hydration ability and soil wetting characteristics

Drying and re-hydration dynamics of the root tip with mucilage were studied using a
tensiometer setup by placing the root tip from its needle and observing the diameter
changes using the goniometer camera. The experiment was carried out at 25 °C and
60% RH as mung bean is reported to grow well at low soil humidity (60% RH) [72].
The images obtained at different time intervals are shown in Fig. 6. Changes in the
diameter of the mucilage drop (Djs)(taken at the mid-point of the mucilage drop as
shown in Fig. 6) and the root tip (Dg) were determined from a series of images taken,
capturing the progressive stages of drying and subsequent re-hydration followed by a
second drying step (shown in Fig. 7). During the first drying phase, the root diameter

remained constant for a considerable duration (up to 80 min), showing no changes until
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Fig. 6 Optical images of the root tip with mucilage during drying-rehydration cycles. 3-day-old mung
bean root tip with exuded mucilage was subjected to drying in air at 25 °C and 60% RH (Drying
cycle-1). Optical images were obtained using the goniometer camera. Mucilage diameter (Djs) and
root diameter (D) are estimated from the collected images using the ImageJ software. As the water
evaporates, the volume and diameter of the mucilage drop on the root tip decrease and form a very
thin layer with no further change in the diameter of the mucilage and the root tip (equilibrium drying)
by the end of drying cycle-1. At this stage, a known volume of deionised water (0.5 uL) was introduced
at the root tip, and the dried mucilage starts to swell slowly by imbibing water (Re-hydration phase)
until the root and mucilage drop diameter reaches the equilibrium swelling (original Dj; and Dpg
values before starting the drying cycle-1). The same swollen mucilage drop was again allowed to
dry for a second time (Drying cycle-2), which followed a similar trend to that of drying cycle-1. A
quantitative representation of these drying and re-hydration dynamics of the root and root with the
mucilage is shown in Fig. 7. Images in Fig. 6 are representative only and not exactly corresponding
to the values shown in Fig. 7. Experiments were repeated multiple times to obtain reliable data.

the mucilage layer dries to a significant extent (mucilage diameter decreased from 0.74
mm to 0.2 mm). The root diameter started to decrease from the initial 0.13 mm after 80
min drying. At 120 min, both the mucilage and root diameter reduced considerably and
became constant (0.02 mm). After a gap of 15 min, water was introduced to re-hydrate
the mucilage. The diameter of both the mucilage and the root started to increase.
However, the root attained the original diameter of 0.13 mm much faster (in 20 min)
than the mucilage, which took a longer time (60 min) to reach the original swollen drop
diameter. A notable observation is a slight delay in the re-swelling of the root, which

follows a non-linear path to reach the original diameter. Once the mucilage diameter
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Fig. 7 Role of mucilage in protecting the root tip from drying up. Variation of mucilage diameter
(D, filled circles) and root diameter (D g, empty circles) as a function of drying time is shown. First
cycle of drying was followed by a re-hydration cycle and a second cycle of drying of the same root tip
with mucilage. This was carried out at 25 °C and 60% RH. The slope (m) of the diameter variation
is obtained by fitting the experimental data points to a linear regression fit. Blue, green, and pink
symbols correspond to drying cycle-1, re-hydration, and drying cycle-2, respectively. Solid and dashed
single-headed arrows indicate the continuous direction of drying and re-hydration cycles. Double-
headed black arrows represent the equilibrium dried/swollen state of the root and the mucilage. The
values 0.13 and 0.14 on the Y-axis represent root diameter, which remains constant for a significant
extent of the drying period. Data points are representative values from three sets of experiments
repeated on different root tips.

exceeded 0.2 mm, the root diameter did not change further, indicating an equilibrium
re-swelling state. From 195 to 215 min there was no change in mucilage diameter due to
the mucilage being at the equilibrium swelling. After remaining unchanged for 15 min,
the diameter started to decrease. A similar drying dynamics comparable to that of the
first drying phase could be observed. The root diameter remained unchanged initially
until the mucilage layer started to shrink. When the mucilage diameter reached < 0.2
mm, the root diameter also began to decrease, eventually reaching a constant value of
0.14 at 310 min. This indicates the protective nature of the mucilage present at the root
tip for a significant duration before it starts affecting the root. Tracking the thickness
of the mucilage layer during drying provides insights into the response of the root to

moisture loss, showing shrinkage patterns and structural changes. When water was
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Fig. 8 Root-soil interactions and wetting of the soil by the freshly exuded mucilage present on the
root tip. Drying and rehydration effects of the mucilage on root-soil interactions were obtained from
the optical images collected using a Goniometer camera. The obtained images were analysed using
ImageJ software to estimate Dy, Dars, as a function of time. Row (A) shows five different root tips
with mucilage dried for 0 min, 15 min, 30 min, 45 min, and 60 min durations. These root tips were
dipped in clay loam soil and are shown in Row (B). Root tips dried for longer durations show less
amount of soil adhering to the root tip. To test the effect of continuous drying on the root-mucilage-
soil stability, first blobs shown in Rows (C) and (D) were allowed to dry for 60 min durations. Row
(D) shows drying of the root tip with mucilage dipped in sandy loam soil. The blob diameter is
monitored as a function of drying time (Djpss,). Row (E) shows how the root tip with no mucilage
has very little soil adhering to it. Rows (F) and (G) show the re-hydration behaviour of root tips

with mucilage and soil blobs after 60 min drying periods. Normalized diameter, D1 (gj\éf ) and D2
0

D . . . .
TI?) used in Fig. 9 were estimated from these measurements. Representative image from three
0

independent experiments is shown.

reintroduced to the dried root tip, the mucilage starts to re-hydrate, allowing quick
and effective absorption of water, returning the root to its hydrated state. Drying and
re-hydration dynamics of the root tip with mucilage were studied using a tensiometer
setup by placing the root tip from its needle and observing the diameter changes using
the goniometer camera. The experiment was carried out at 25 °C and 60% relative
humidity (RH) as mung bean is reported to grow well at low soil humidity (60% RH)

[72]. The images obtained at different time intervals are shown in Fig. 6. Changes
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Fig. 9 Effect of mucilage layer on the root tip during the drying of soil. Data from Fig. 8 is used for
D D
estimating the normalized diameters, D1 (#) and D2 (#) The black dashed line represents
Mg MSq

the diameter of the root with no mucilage exudation. The back solid lines represent the diameter of
the root after dipping into the soil when there is no mucilage exudation from the root tip. Root tips
with mucilage show a decrease in the soil blob diameter as a function of drying time. Sandy clay
loam soil shows higher shrinkage or drying in comparison to sandy loam soil. Mung bean is shown to
grow better in sandy loam soils. Djy,, diameter of the root+mucilage at time t=0; Djs,, diameter
of the root+mucilage drop at time t ; Dpss,, diameter of the root+mucilage+soil blob at time t=0;
Dyss,, diameter of the root+mucilage+soil blob at time t. Reported values are the average (£SD)
from three independent experiments.

in the diameter of the mucilage drop (taken at the mid-point shown in figure) and
the root tip were determined from a series of images taken, capturing the progressive
stages of drying and subsequent re-hydration followed by a second drying step (shown
in Fig. 7). During the first drying phase, the root diameter remained constant for a
considerable duration (up to 80 min), showing no changes until the mucilage layer dries
to a significant extent (mucilage diameter decreased from 0.74 mm to 0.2 mm). The
root diameter started to decrease from the initial 0.13 mm after 80 min drying. At 120
min, both the mucilage and root diameter reduced considerably and became constant
(0.02 mm). After a gap of 15 min, water was introduced to re-hydrate the mucilage.
The diameter of both the mucilage and the root started to increase. However, the root

attained the original diameter of 0.13 mm much faster (in 20 min) than the mucilage,
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which took a longer time (60 min) to reach the original swollen drop diameter. A
notable observation is a slight delay in the re-swelling of the root, which follows a non-
linear path to reach the original diameter. Once the mucilage diameter exceeded 0.2
mm, the root diameter did not change further, indicating an equilibrium re-swelling
state. From 195 to 215 min there was no change in mucilage diameter due to the
mucilage being at the equilibrium swelling. After remaining unchanged for 15 min,
the diameter started decreasing. A similar drying dynamics comparable to that of the
first drying phase could be observed. The root diameter remained unchanged initially
until the mucilage layer started to shrink. When the mucilage diameter became < 0.2
mm, the root diameter also began to decrease, eventually reaching a constant value of
0.14 at 310 min. This indicates the protective nature of the mucilage for a significant
duration before it starts affecting the root. Tracking the thickness of the mucilage
layer during drying provides insights into the response of the root to moisture loss,
showing shrinkage patterns and structural changes. When water was reintroduced, the
re-hydration of the mucilage was observed, allowing measurement of how quickly and
effectively it could absorb moisture and return to its hydrated state.

A series of novel experiments were designed to investigate the root-soil interactions
using freshly exuded root mucilage present on the root tips, as shown in Figure 8.
Mung bean root tips with fresh mucilage dipped in soil and taken out were subjected to
drying and re-wetting. The diameter of the soil blob at the mid-point (Djsg) obtained
using optical image analysis (ImageJ software) was used to correlate with the amount
of soil adhering to the root tip. Row A, in Figure 8, shows 5 different root tips dried
for different durations of time. At 0 min, the mucilage appears to cover the root tip
fully. On root tip 2 (dried for 15 min), a slight reduction in diameter can be observed
as a result of mucilage drying. On root tip 3 (dried for 30 min), the mucilage layer
becomes noticeably thinner. On root tips dried for 45 and 60 min, the mucilage layer

is significantly depleted. These root tips with mucilage dried to different extents were

23



410

411

412

413

414

415

416

417

418

(A) Freshly collected mucilage (B) 1 Reconstituted mucilage (0.4 wt%)
(]
104 5°C J 10 4 ““u 8 5°C -
, 15°C T¥ s, & ® 15°C
_ rf‘f A 25°C _ T A 8 A 25°C
w [e;9, v 45°C | @, heo v 50°C 1
g $ . # s0°C & f?{i?
i & z 1
E 1y g 13
30.14 ffi ; E 2 0.1 ?ﬁq‘ E
= ) = 114
iy £
0.01 ‘IiT "4 3] 0.01 5 Yf Hm'
¥ ; 5 L
4L $%% % f!v"
vy
0.004 : : . - . 0.001 : . : T ;
0.01 0.1 1 10 100 1000 0.01 04 1 10 100 1000
Shear rate (1!5!100 Shear rate (1/s)
(C) Freshly collected mucilage
& o
1041 o - Heating ( 5 °C to 50 °C) E
E - Cooling (50 °C to 5 °C)
= 1y
o 3
)
3 014 9
]
o
2
0.01 4 k!
0.001 4 3
10 20 30 4 50

Temperature (°C)

Fig. 10 Temperature sensitivity of mung bean root mucilage: Effect of temperature and shear rate
on the viscosity of (A) fresh mung bean root mucilage and (B) reconstituted mung bean root mucilage.
(C) storage (G’) and loss (G”) modulus variation of fresh mung bean root mucilage to heating (5
to 50 °C) and cooling (50 to 5 °C) cycles show the thermo-reversible nature of the mucilage (at 1%
strain and frequency-1 rad/s). Viscosity and modulus data reported are the average (£SD) of five
independent samples from five different batches.

dipped in clay loam soil, and the corresponding images are shown in row B. These
images show a clear relationship between the quantity of mucilage and the amount
of soil adhering to the root tip. The root tip with no drying holds the largest soil
blob. This indicates the wetting capability of the freshly exuded mucilage and the
water availability. Root tip with mucilage dried for 15 min show a clear reduction
in the amount of soil adhering to it. Root tips dried for 45 and 60 min show very
small quantities of soil adhering to them. These results show that the capacity of the
mucilage to spread and wet the soil decreases with increasing durations of the drying

period. Row C has a root tip holding fresh mucilage (0 min drying) and clay loam
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Fig. 11 Shear-dependent viscosity of freshly collected mung bean root mucilage. (A) Steady shear
response showing the shear thinning behaviour of the fresh root mucilage and the reconstituted
mucilage. Pectin gels (Ca and Mg-crosslinked) and reconstituted root mucilage show shear thinning
followed by a Newtonian plateau at higher shear rates. Pectin solution of comparable concentration to
that of mucilage (0.35 wt%) and silicone oil show Newtonian fluid-like response throughout the shear
rate range. This shows how crosslinking by Ca and Mg ions changes the response of the mucilage
and the role of pectin polysaccharides. (B) Viscosity of the fresh mucilage increases significantly as
the water content decreases due to drying. Viscosity data is the average (+£SD) obtained from five
independent experiments.

soil blob adhering to it. This root tip with soil blob is allowed to dry in the air for 60
min before subjecting it to re-hydration (row F). During the drying process of the soil
blobs adhering to the root tip, it may be noticed that only slight changes in the size
and structure of the soil blob were observed. This is in contrast to that of the drying
behaviour of the mucilage drop without the soil present on the root tip. Following the
drying cycle, the soil blob was re-hydrated. This leads to a slight increase in the soil
blob size. Drying and re-hydration experiments were also conducted using sandy clay
loam soil, and the results are shown in rows D and G, respectively. It can be observed
from the images shown in rows C, D, F and G that the behaviour of both the soil types
is comparable during drying and re-hydration. In row E, a root tip with no mucilage
(less humid air) shows very little soil adhering to the root tip. This indicates the
significant role of the wet mucilage in spreading into the soil around the growing root

tip and in holding it together in the rhizosphere. These experimental observations are
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summarised in Fig. 9. In the presence of mucilage, both sandy loam and sandy clay
loam soils adhered to the root tip, forming a distinct soil blob around it. Observations
show that mucilage facilitated the aggregation of soil particles into a cohesive mass
surrounding the root surface and stayed on the root tip for a significant amount of

time. To analyse this behaviour quantitatively, the ratio of the diameter of the soil

blob at different times to the initial diameter of the blob (1[))11\\; ;’)) was estimated over
time for each type of soil. The dashed and solid lines represent the root, which did
not produce any mucilage (grown under non-humid conditions), and exposure to soil
led to very few soil particles adhering to the root tip. The drying and re-hydration
behaviour of the root mucilage was also studied by observing the changes in the root
tip kept on a glass slide using an optical microscope (Supplemental Fig. S3). In row
A, it can be observed that the root diameter does not change when the mucilage layer
is present on the root tip. However, when the thickness of the mucilage layer decreases
significantly due to drying (60 min), the root diameter gets affected. Upon rehydration
(row B images), the root as well as the mucilage layer starts to re-swell and reach the

dimensions as before. These observations support the role of mucilage in protecting

the root tip against excessive dehydration up to a certain time.

4.4 Temperature sensitivity of the root mucilage

Rheological response of hydrogels at different temperatures and for varying shear rates
is known to originate from the gel network structure of the polymers involved, as well
as the type of crosslinks. Since root mucilage shows weak gel-like behaviour, it is fur-
ther investigated using rheology to understand how its structure would contribute to
its mechanical response and thus to the environmental conditions. Soil temperature
can vary significantly due to factors such as time of day, season, and depth of the soil.
In this context, we investigate the temperature sensitivity of the mucilage relevant to

the soil temperature fluctuation range (5 to 50 °C). These temperatures were chosen to
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represent the possible soil temperatures [73]. Fig. 10A shows the variation of viscosity
of the fresh mung bean root mucilage at different temperatures. For comparison, the
viscosity variation for reconstituted mung bean root mucilage at different temperatures
is also shown in Fig. 10B. The apparent viscosity shows a decrease with increasing
temperature. The low and high shear Newtonian plateau visible in the amplitude
sweep results at lower temperature (5 °C) changes into more shear thinning behaviour
at higher temperatures, and the higher shear rate Newtonian Plateau extends further
at higher temperatures. This indicates the mucilage becomes more fluid-like at higher
temperatures, and the viscosity drops by one order of magnitude. The interactions
between the polymer chains in the mucilage, such as the hydrogen bonds and the elec-
trostatic interactions, get disrupted as the thermal energy causes the chains to undergo
conformational changes at higher temperatures. A Newtonian plateau is observed at
higher shear rate after shear thinning, whereas at 5 °C, the Newtonian plateau is not
significant, indicating that the mucilage maintains gel-like nature at lower tempera-
tures. To examine the temperature sensitivity, the fresh mucilage was subjected to a
heating and cooling cycle between 5 and 50 °C. The variation of the elastic and the
loss moduli as a function of temperature is shown in Fig. 10C. The results indicate
that the mucilage consistently retains its gel-like structure by maintaining an elastic-
dominated behaviour (where G’>G"). The violet arrow represents the response to the
heating from 5 to 50 °C and the blue arrow represents the response to the cooling from
50 to 5 °C. Up to 40 °C, both G’ and G” remain constant. However, above 40 °C, there
is a very small increase in the modulus values indicating minor structural changes.
However, due to the reversible nature of this behaviour while undergoing cooling, this

can be considered as arising from H-bond re-organisation, which is reversible.
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4.5 Role of mucilage in reducing shear forces during root

growth

The effect of temperature, a key soil condition, on mucilage behaviour was discussed
in the previous section. During growth, plant roots also experience various shear forces
depending on the type of soil, soil porosity, water content, etc.. Root mucilage is
known to enable the penetration of the root tip into the soil. Steady shear rheological
measurements of gels and fluids under varying shear rates are used to understand and
mimic the shear conditions experienced under various application conditions and in
biological conditions. Unique rheological responses of fluids also originate from their
chemical and molecular structure. Hence, to understand the mechanical response of
the mucilage during root growth and root penetration through the narrow soil pores,
steady shear rheological studies on the fresh mung bean mucilage were carried out.
The contributions from the chemical and molecular structure of the root mucilage is

used for interpreting the shear response.

4.5.1 Rheological behaviour

Temperature, which is one of the important soil conditions, can affect the behaviour
of mucilage and has been discussed. Viscosity variation of fresh mung bean root
mucilage with shear rate is shown in Fig. 11A. Viscosity variation of the reconsti-
tuted root mucilage at different concentrations, pectin solution, and gels of pectin-Ca
and pectin-Mg are also shown for comparison. Comparison of fresh and reconstituted
root mucilage behaviour with pectin solution (0.35 wt% solid content) shows that
crosslinking is important to form the gel structure both in mucilage and pectin. The
pectin concentrations and crosslink ratios were selected based on the solid content
of the mucilage. Ca and Mg crosslinking result in slightly different shear responses,

with Mg requiring higher concentrations to reach a similar viscosity as that of the

28



507

508

509

510

511

512

513

514

515

516

517

518

519

(A)

7 0.15
] Reconstituted mucilage Fresh mucilage - - Reconstituted mung bean mucilage
10 4 » 4mg/ml Fresh mung bean mucilage I
i A 2mg/ml A Pectin-Ca gel )
1 mg/ml W Pectin-Mg gel T
0.10
. 0.5 mg/ml
© o
&' o
p =
= 0.05 4
7 3 =il
2 =
[
o -
n 1 = /
0.01 -i 0.00
0.001 +
3 T T T T T -0.05 r r T T
0.01 0.1 1 10 100 1000 1 2 3 4

Shear itz (1/5) Concentration (mg/ml)

Fig. 12 Yield stress behaviour of fresh mung bean root mucilage. (A) Shear stress variation as
a function of shear rate for fresh and reconstituted mucilage is shown. The data is fitted using a
simplified Herschel-Bulkley model (Equation 3). The yield stress values obtained from this fit (Table
S1, supplemental data) are shown in (B) as a function of concentration for the reconstituted mucilage.
The value of yield stress for reconstituted root mucilage shows a gradual increase with an increase in
concentration. For fresh mucilage and pectin gels, the single data point given is the average of multiple
measurements carried out on different samples, and it corresponds to a particular concentration
indicative of the solid content of freshly collected mucilage. The data shown is the average (£SD) of
five independent experiments.

fresh mucilage. This indicates that the gel structure of the root mucilage is predomi-
nantly Ca-ion-based. The viscosity of freshly collected mucilage and reconstituted root
mucilage decreases with increasing shear rate and reaches a Newtonian plateau (infi-
nite shear viscosity, 7o) at higher shear rates. Steady shear experiments on standard
Newtonian fluid (silicone oil) are also shown in the same figure to highlight the shear-
thinning nature of all the other systems studied (uncrosslinked pectin solution also
shows a Newtonian behaviour). The viscosity increases with solid content in the case
of reconstituted mucilage. Compared with the reconstituted mucilage of varying con-
centrations, the zero shear viscosity of the fresh mucilage is equivalent to the viscosity
of reconstituted mucilage with a solid content between 2-4 mg/ml. The decrease in vis-
cosity with increasing shear rate indicates shear-thinning behaviour of the mucilage.
This behaviour is commonly seen in hydrogel and hydrocolloid systems due to their

large molecular size and polymeric network structure, due to ionic crosslinks as well
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as H-bonding [74, 75]. However, at higher shear rates, the mucilage behaves more like
a Newtonian fluid (plateau region).

Another question is to understand how the mucilage responds to drying. The effect
of drying (or water loss) on the viscosity of fresh root mucilage is shown in Fig. 11B. In
the case of freshly collected root mucilage, the high shear rate plateau region vanishes
with drying. This indicates that the contributions from the pectin polysaccharide
dominate even at high shear rate, as water evaporates from the gel.

Shear response of several biomedical gels [76], lubricants [77], foods and cosmetics
[78] have been described using the Herschel-Bulkley (H-B) model. This model provides

a relation between shear stress (7) and shear rate (¥) as follows:

T =70+ kY" (3)

where k is the consistency coefficient (Pa.s™), g is the yield stress (Pa), and n is the
flow behaviour index. Figure 12A shows that the H-B model can be used for fitting
the experimental 4 vs 7 results to describe the flow behaviour of the mucilage. At
high shear rates, the mucilage exhibits a 4—7 relationship of a strongly shear-thinning
fluid. However, at low shear rates, the shear stress reaches a plateau value indicative
of yield stress behaviour. Below this yield stress (< 0.1 Pa.s), the mucilage behaves
like a viscoelastic solid-like material, which can maintain its shape and structure. This
could also be the reason why the mucilage with a definite shape could be observed to
form at the root tip under a humid air environment (Subsection-Drying, re-hydration
ability and soil wetting characteristics). In the case of reconstituted mucilage, with
increasing concentration. There is a corresponding increase in the yield stress values
(Fig. 12B). The values of k and n from the H-B model fit are shown in Supplemental
Table S1. There is an increase in k& with an increase in the concentration, indicating

that the gel has higher viscosity due to a greater number of polymer chain interactions
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Fig. 13 Gel-like behaviour of fresh mung bean root mucilage obtained from the frequency sweep
data. Frequency-dependent behaviour (Equation 4) of storage (G’) and loss (G”') modulus at 1%
strain amplitude and 25 °C of root mucilage and pectin gels shows a viscoelastic, weak gel-like
response (b~0.1-0.2). Pectin solution (un-cross-linked) shows viscous fluid-like behaviour (b=1). The
data shown is the average (£SD) of five independent experiments.

and network formations. Correspondingly, n decreases with increasing concentration,
indicating that the gel becomes more shear-thinning. At higher concentrations, the
polymer network resists flow at low shear rates. However, at higher shear rates, the
network breaks down to a greater extent, causing a significant decrease in viscosity.

The change in modulus as a function of frequency (w) is expressed as

G'(w), G"(w) x wb (4)

The variation of modulus for fresh and reconstituted mucilage is shown in Fig. 13.
The pectin solution exhibits a purely viscous nature, with the loss modulus (G”) higher
than the storage modulus (G’) and following a power-law factor of b=1, indicative of its
fluid-like behaviour. In contrast, the root mucilage and pectin-Ca/Mg gels consistently
show higher G’ than G” across the entire frequency range, with no crossover observed,

signifying their viscoelastic gel-like behaviour with elasticity dominating. A Power-law
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Fig. 14 Surface tension of fresh mung bean root mucilage obtained from pendant drop experiments.
The effect of concentration variation on the surface tension of reconstituted root mucilage and LM
pectin solutions in comparison to deionised water is also shown (at 25 °C). Both LM pectin and
reconstituted root mucilage show a decrease in surface tension with increasing concentration. For
fresh mucilage, the single data point (green symbol) is the average of multiple measurements carried
out on the fresh mucilage collected from different batches of seedlings grown. The data shown is the
average (£SD) obtained from five independent experiments.

model could fit both G’ and G” with b ranging from 0.1 to 0.2. These exponents, being
much lower than 1, indicate a weak frequency dependence of the moduli, indicating
a well-defined, stable network structure. The deviation from a factor of 1 highlights
the transition from a purely viscous behaviour (as seen in the pectin solution) to a
viscoelastic gel-like state. This weak scaling suggests that the storage modulus (G')
and loss modulus (G”) increase only slightly with frequency, further underscoring the

dominance of the elastic nature of the gels over their viscous behaviour.

4.5.2 Wetting behaviour in the soil

Figure 14 shows the surface tension of the freshly collected mung bean root mucilage.
Surface tension values for the reconstituted root mucilage at different concentrations

and those of low methoxy pectin solutions are also shown for comparison with fresh
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mucilage. Surface tension value of fresh mucilage is obtained as the average of mul-
tiple measurements carried out on fresh mucilage collected from different seedlings
grown in different batches. The surface tension of fresh mung bean root mucilage is 62
mN/m. Reconstituted mucilage solutions in water show higher surface tension than
fresh mucilage and decrease with increasing concentration. When compared with the
surface tension of deionised water (~72 mN/m), fresh mucilage shows a considerable
decrease in surface tension. Pectin solutions in water also show a decrease in surface
tension with increasing pectin content, but not comparable to that of the mucilage.
Pectin requires much higher concentrations to obtain a comparable reduction in sur-
face tension as that of the fresh mucilage. In addition to the xylose, rhamnose, and
galactose present in the mucilage, the phospholipids, which are amphiphilic molecules,
may be contributing to the lowering of the surface tension in fresh mucilage. The
slightly higher surface tension in reconstituted mucilage could be due to the changes
in H-bonds due to processing.

The role of surface tension and viscosity of the mucilage can be further analysed
using the Ohnesorge number (Oh), a dimensionless number that describes the effect
of both viscous and surface tension forces on the mucilage flow and wetting, including

its behaviour within a porous medium, such as soil.

Oh = \/[% (5)
where 7 is the mucilage viscosity [Pa.s], o is the mucilage surface tension [N/m], p is
the mucilage density [kg/m?], and r is the characteristic length (m). 'r’ is used in two
different contexts: as drop diameter (Dj; = r) for estimating Oh for fresh mucilage
drop. In the case of root-soil interaction through mucilage, the soil pore size is used as
the characteristic length (r). Using the experimentally determined values of viscosity

(n = 0.16 Pa.s at the shear rate of 1 s! as mucilage is a yield stress fluid), surface
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tension (0 = 62 mN/m), and density (p = 1050 kg/m3) for freshly collected mucilage,
and considering the mucilage drop diameter (D;;=0.75 mm), Oh is obtained as 0.7
(Oh < 1). A higher Oh number ( Oh > 1) indicates viscous forces are dominant over
surface tension forces. Whereas, a low Oh number (Oh < 1) signifies that surface
tension primarily governs the mucilage behaviour and controls the spreading of the
mucilage. In the second case of root soil interaction, we used the soil pore size as
the characteristic length (r) to estimate the Oh number. The average pore size of the
sandy clay loam and sandy loam soil was used for the Oh number estimation and
summarized in Table 2. The Ohnesorge number is lower for sandy loam soil, indicating

its better suitability for mucilage spreading in the soil.

Table 2 Ohnesorge number (Oh) estimated for mucilage in
sandy loam and sandy clay loam soil

Soil type Soil Pore Diam- Ohnesorge
eter (pm) Number
lowest -50 2.8

Sandy clay

loam
highest - 100 1.9
lowest -100 1.9

Sandy loam
highest -300 1.1

The contact angle of root mucilage in comparison to water on different substrates
is shown in the Supplemental Fig. S4 and S5. On a glass substrate, water exhibits
a low contact angle of 18°, indicating excellent wetting, while root mucilage shows a
higher contact angle of 45°, suggesting moderate wetting. This indicates that mucilage,
while capable of interacting with hydrophilic surfaces, does not spread as readily as
water, possibly due to its higher viscosity or complex molecular structure. However,

on the Teflon substrate, water shows a high contact angle of 102°, reflecting poor
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wetting, whereas root mucilage has a slightly lower contact angle of 94°, indicating
better wetting than water on hydrophobic surfaces. These indicate that mucilage may

contain hydrophilic and hydrophobic domains.

5 Discussion

Various spectroscopic and HPLC data analysis suggest the presence of distinct pec-
tic polysaccharides (pectins) in mung bean root mucilage. FTIR spectra show strong
bands associated with galacturonic acid present in the homogalacturonan (HG) back-
bones that form the principal linear domains of pectin. These HG domains of the pectin
molecules, with low methyl esterification (shown by the weak ester carbonyl band
at 1740 cm™ can interact with the divalent cations, Ca?t and Mg?* and form ioni-
cally cross-linked gel structure in the root mucilage. Results obtained from the FTIR
analysis indicate the presence of low-methoxy pectin as the dominant component in
fresh mung bean root mucilage, evidenced by absorption peaks at 1600 cm™ and 1740
cmt. 'H-NMR and HPLC analysis of the mucilage show the presence of monosaccha-
rides, dominated by pentoses such as rhamnose, arabinose, xylose and hexose such as
galactose, which are typical components of rhamnogalacturonan I (RG-I). This dis-
tinguishes mung bean root mucilage significantly from that of maize root mucilage,
which is shown to be hexose-rich [79]. Bradyrhizobium, a nitrogen-fixing bacteria, has
been shown to be the only rhizobial inhabitant of mung bean nodules in tropical soils
[80]. The Bradyrhizobium genus is metabolically optimised to utilise pentose sugars
as its preferred carbon and energy sources [81, 82]. Hence the findings that the mung
bean root mucilage is rich in pentose sugars favoured by the Bradyrhizobium points
to the relationship between the Nitrogen fixing bacteria present in the root nodules
of mung bean and its root mucilage. In maize, however, only one known species,
Sierra Mixe maize, has been reported to obtain nitrogen through an association with

nitrogen-fixing microbes present in its aerial root mucilage via diazotrophic [83]. The
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composition of maize aerial root mucilage is rich in hexose sugars, unlike the mung
bean root mucilage. The selectivity for specific sugars by the nitrogen-fixing bacteria
found in these two species thus differs. The gel formation ability of HG and RG-I galac-
turonans is well understood from various studies. By combining this gel-like mucilage
with bacterial extracellular polymeric substances (EPS), the rhizosphere develops a
nutrient-rich and hydrating biofilm, creating an optimised and resilient microhabitat
for root growth [11, 84, 85]. In addition to this role of mung bean mucilage in biological
processes in the rhizosphere, it is also expected to play a significant role in physico-
chemical aspects of the rhizosphere, such as the interplay of physics, chemistry and
biology has been highlighted recently [86]. In the following discussion, we describe the
physicochemical role of mung bean mucilage in addition to the biological role so far.

The presence of low-methoxy pectin plays a primary role in various physicochemi-
cal properties such as viscosity, surface tension, wetting characteristics, and hydration
capacity of the mucilage, which are important in the root-soil interactions. Low-
methoxy pectins are known to form gels in the presence of divalent cations with varying
mechanical and structural properties depending on the pectin and the ion concentra-
tions and ratios. This contributes to the structural and functional role of mucilage in
plants. The presence of cellulose, hemicellulose, and lipids in smaller quantities was
also confirmed from the FTIR analysis. Cellulose shows well-defined absorption bands
in 3500 to 2800 cm™, and 1740 to 600 cm™. However, the lower intensity of these
peaks in the FTIR spectra of mung bean root mucilage suggests that cellulose and
hemicellulose are minor components in the mucilage. FT-Raman and 'H-NMR spec-
troscopy analyses also reinforce that low-methoxy pectin is the dominant structural
component in the mung bean root mucilage, along with minor amounts of cellulose,
hemicellulose, and lipids. The distribution of cellulose and pectin domains within the
mung bean root mucilage is also confirmed through selective staining using ruthenium

red (for pectin) and methylene blue (for cellulose). In optical microscopy, cellulosic
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regions are observed in the boundaries of the border cells, whereas pectins are found
primarily in the mucilage matrix and within the border cell interiors. Fresh mung
bean root mucilage shows lower surface tension compared to water, which enables it
to spread and wet the soil more easily. This helps form cohesive layers of soil, as can
be observed from Fig. 8. The larger diameter of the soil blob adhering to the root tip
with fresh mucilage (in comparison to the semi-dried mucilage on the root tip) shows
a larger ”sphere of wetting” of the mucilage in the soil. As the mucilage dries, this
diameter reduces. In the previous section on physico-chemical characterisation, the
presence of LM pectin and divalent ions, specifically calcium ions (Ca?*) and mag-
nesium ions (Mg?T) was confirmed. These observations carry significant implications,
as these divalent ions have the capacity to form crosslinks in the pectin molecules
present in the mucilage, forming hydrogels. Gelation of the homogalacturonan region
of LM pectin facilitated by calcium ions through ‘egg-box crosslinks’ and ’single point
crosslinks’ results in a unique mechanical response as detailed in the oscillatory shear
rheology studies reported in [51]. This three-dimensional gel-like network present in
the mucilage is expected to impart higher viscosity, elasticity, and structural integrity
to the mucilage under shear forces. In addition to being the reservoir of water, mucilage
also acts as an interface between soil and root and helps in protecting it due to its
yield stress characteristics and gel-like properties.

The steady shear, oscillatory shear, and temperature-dependent rheological char-
acteristics of the fresh root mucilage show interesting features of its structure. A
comparison of the freshly collected and the reconstituted root mucilage (Fig. 11A)
shows that the reconstituted mucilage can be used for creating identical viscosity
profiles as that of fresh mucilage. The surface tension of the reconstituted mucilage,
however, is higher than that of fresh mucilage. The shear thinning response can be
correlated to the 3D gel network between the pectin chains and the divalent Ca/Mg

cations. These ionic crosslinks are necessary in the mucilage for its water-holding
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capacity as well as to protect the root tip from shear forces. The root growth rate,
ranging from 0.007 s to 0.014 s!, can be compared with the low-shear regime in
rheology. Within this range, the shear-thinning behaviour of the fresh root mucilage
becomes particularly relevant. The shear-thinning nature of the root mucilage helps in
lowering the viscosity with increasing shear rates, thereby facilitating root movement
through the soil matrix. This adaptive rheological property of mucilage minimises
mechanical resistance during root penetration while ensuring the mucilage retains its
critical structure and functions. Frequency sweep experiments also indicate weak gel-
like behaviour for the mucilage. However, an increase in temperature can weaken the
H-bonds contributing to the gel network, which further contributes to a decrease in the
viscosity with an increase in temperature. The water storage capacity is enhanced by
the presence of Ca and Mg crosslinks in the pectin-based gel network. Mung bean root
mucilage is also found to be thermally stable during the temperature cycles between
5 and 50 °C (Fig. 10C). Although a small increase in the modulus values above 40
°C indicates structural changes in the mucilage, these changes were found to be com-
pletely reversible during the cooling cycle between 50 to 5 °C. This indicates H-bond
breaking and reformation [87] helps the root mucilage also to reverse the changes up
to 50 °C. This may help the plants overcome thermal stresses in the root zone (rhi-
zosphere) if the soil temperature does not exceed 50 °C. Further studies would be

required if climate-related heating of the soil can surpass 50 °C.

5.1 Relevance to plant and rhizosphere

Mung bean is one of the important plant-based protein sources for the world. It
is also a nitrogen-fixing legume that helps soil restore its nitrogen reserve. Hence,
understanding its physiology and interactions with the soil through the exuded root
mucilage is very crucial for the response of the plant to the changes in the immedi-

ate rhizosphere. The present study shows lower surface tension and higher viscosity
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for freshly collected mung bean root mucilage in comparison to water. This is similar
to the properties of maize root mucilage. The lower surface tension signifies the mild
surfactant nature of the mucilage, which helps in weakening the attractive or cohe-
sive forces at the interface between the mucilage and the surrounding soil medium.
The lower surface tension of the mucilage helps to ”wet” the soil particles more effec-
tively and to reach a larger volume of soil in the root zone, which may enable more
effective nutrient uptake. In addition, the mucilage helps to adhere and coat more soil
particles around the root tip, creating a larger volume of soil contact with the root in
the rhizosphere. The water contact angle on glass and Teflon surfaces indicates that
both hydrophilic and hydrophobic contributions operate through root mucilage, and
this is especially relevant since the rhizosphere contains both these components. The
interfacial strength of the root with the rhizosphere is reinforced through these inter-
actions. The root mucilage exhibits higher zero shear viscosity in comparison to water.
However, the shear thinning nature and the yield stress characteristics imply that the
mucilage works like a lubricant around the root tip, helping it navigate through the
soil medium easily without fracture of the root tip. Even though the viscosity of the
mucilage is higher than that of water, due to its lower surface tension, it spreads in the
porous soil medium with less resistance. The estimated Ohnesorge number, Oh=0.7
(Oh < 1) for mung bean root mucilage indicates the role of surface tension forces
being helpful for the penetration of the viscous mucilage into the soil pores through
shear thinning as well as capillary forces. The viscous hydrogel nature of the mucilage
facilitates the formation of a cohesive mucilage film on the root tip, which enhances
the retention of water around the root zone by countering capillary forces that drive
desiccation. During dry cycles, the mucilage also affects the hydraulic conductivity in
the rhizosphere by maintaining water bridges between soil particles, as highlighted in
a previous study [88]. The soil stabilization can be observed from the dry-wet cycle

studies conducted on the root with mucilage at various stages of drying. The shape of
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the soil blob remains intact, indicating strong adhesion of the soil particles by the dry-
ing mucilage. This further supports the glueing effect of root mucilage in binding the
soil particles as previously observed [89-92]. The stabilised rhizosheath structure has
important implications for plant health, aiding in nutrient absorption, water retention,
and overall root-soil interactions, contributing to the ability of the plant to thrive in
its environment, particularly under dry environmental conditions. The thermal prop-
erties and the thermo-rheological response of the mucilage indicate the ability of the
mucilage to withstand thermal stresses and mechanical stresses experienced in the

rhizosphere.

6 Conclusion

Mung bean ( Vigna radiata), being one of the important pulse crops grown in the trop-
ical, arid regions, has been the subject of investigation for its growth, yield, chemical
and functional properties of the seeds, etc.. However, there have not been any inves-
tigations on the root mucilage of mung beans to understand its role in the root-soil
interface. We report for the first time the collection and physicochemical characteri-
zation of fresh mung bean root mucilage. The rheological (mechanical) characteristics
of the freshly collected mung bean root mucilage show weak hydrogel behaviour orig-
inating from the LM pectin cross-linked gel network. The chemical analysis, along
with EDX studies, showed the presence of galacturonic acid as well as cations such as
(Ca%*) and small amounts of (Mg?*) in the mucilage. Mucilage also has small amounts
of phospholipids, which contribute to its lower surface tension, and polysaccharides
such as hemicellulose and cellulose originating from the border cells exuded along with
the mucilage. The symbiotic association between mung bean and Bradyrhizobium sup-
ports the biological nitrogen fixation, a capability mostly absent in non-leguminous
crops such as maize. Mung bean root mucilage plays a critical role in these interactions

by offering pentose sugars preferred by Bradyrhizobium. Mung bean root mucilage
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forms stable soil blob, whose size is governed by its hydration and rehydration capac-
ity and adhesive interaction with soil particles. This mucilage-driven adhesion suggests
soil aggregation under drying-wetting cycles in the rhizosphere. These results are also
supported by the rheological and wetting properties of mung bean mucilage.

The mucilage shows significantly higher viscosity than that of water. The lower
surface tension of the root mucilage helps in wetting the soil more effectively and
spreading easily in the porous soil medium, although the viscosity is higher than that
of water. The mucilage exhibits mild yield stress characteristics, indicating its ability
to behave as a soft, viscoelastic solid-like material (gel), retaining its shape when a
certain shear force is applied. This may help the mucilage in protecting the root tip
during root penetration. The shear-thinning nature and the yield stress characteristics
indicate the role of mucilage in providing effective lubrication during root growth. The
response of the mucilage to thermal variations investigated using rheology indicated
that the modulus of the mung bean root mucilage is stable between 5 and 50 °C.
Maximum soil temperature recorded up to 5 cm depth during the hottest days in
certain regions of India showed a maximum of 53 °C. This may increase further in
the global warming and climate change scenario. Although mung bean root mucilage
is stable up to 50 °C, it needs to be investigated further to understand how the root
mucilage may affect plant survival under extreme climate conditions. Collectively,
this work presents characteristics of a novel root mucilage and the effect of these
characteristics on biological and physicochemical processes at the root-soil interface.
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