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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 by1

the mucilage secreted from the root [1, 2]. Mucilage, a polymeric gel, is exuded by2

the border cells of the plant root tip in response to physical stresses and mechani-3

cal restriction [3]. Root mucilage, consisting mainly of various high-molecular-weight4

polysaccharides, serves a variety of functions in the rhizosphere [4, 5]. The hydraulic5

and structural properties of the rhizosphere are regulated by the root mucilage, due6

to its specific physico-chemical characteristics [6, 7]. For example, the wetting and gel7

characteristics of the root mucilage, specifically surface tension and viscoelastic prop-8

erties, play important roles in rhizosphere hydraulic processes. The surface tension9

and viscosity of these hydrogels resist the breaking of the capillary bridges formed10

between soil particles, which gradually contract during drying and eventually rupture11

as the drying continues [8]. The interfacial role of root mucilage in soil aggregate sta-12

bility/structure [9–12]), soil anchorage [13], and soil wetting/dewetting characteristics13

in the hydrated and dry states of mucilage have been investigated in recent years [14–14

16]. Root mucilage is also reported to modify the rhizosphere by stabilising microbial15

and enzymatic activity [17–19]. Maize root mucilage, covering the root cap zone with16

a thickness varying between 50 and 1000 µm [20], has been investigated for viscosity,17

surface tension, and viscoelastic properties in a limited range of temperature and fre-18

quency [21–24]. In addition to the chemical composition, the mechanical and physical19

properties of the mucilage can alter the structural constitution and hydraulic proper-20

ties of the rhizosphere [7, 25–27]. Root mucilage has higher viscosity than water due21
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to the high molecular weight polysaccharides present [6, 8, 24, 28, 29] and a lower sur-22

face tension due to the phospholipids present [16, 30, 31]. This lower surface tension23

and higher viscosity of root mucilage in comparison to water are expected to support24

the percolation of the gel-like mucilage through the soil pores within the rhizosphere25

during dry periods, which could also serve as a water reserve for plants [8]. Due to26

the swelling properties and the water retention capacity of the mucilage, the moisture27

content of the soil is found to increase around the roots of chickpea, white lupin, and28

maize, regardless of the water uptake by the roots [3, 32]. However, after a dry period,29

the immediate soil layer surrounding lupin plants experienced a slower rewetting, fol-30

lowed by a prominent increase in moisture content in contrast to that of the bulk soil31

[3]. This delay in rewetting was attributed to the phospholipids present in the root32

mucilage, which make the soil hydrophobic temporarily following a dry period [31].33

However, after a short delay in rewetting, the water content in the soil increases again34

due to the capacity of the mucilage to re-swell even after repeated drying processes35

[33]. Maize and pea root mucilages have been studied for their frictional properties36

[34, 35], and wheat root mucilage for its physicochemical properties, soil stabilisation37

and Al accumulation [28, 36]. Analysis of the root mucilage from different species shows38

neutral and acidic polysaccharides as major components. In addition to this, smaller39

quantities of various monosachharides (fructose, arabinose, galactose, glucose, xylose,40

mannose, fructose, ribose, sucrose, etc) glyco and phospholipids, fatty acids, proteins,41

and amino acids (maize - [37]; maize - [38]; sorghum - [39]) present in the mucilage42

also play various functional roles in root-soil interactions [8, 16, 30, 31]. Among var-43

ious plant species, cereals such as maize, wheat, and sorghum, and legumes such as44

chick pea and lupin have been widely used for root mucilage studies due to the ease of45

collection of mucilage and the global relevance to food security [40–44]. In addition to46

the cereals, legumes are important among worldwide agricultural produce due to their47

increasing relevance as sources of plant-based proteins. They also contribute to soil48
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fertility and environmental protection [45]. Mung bean (Vigna radiata) is an exten-49

sively studied legume that grows primarily in tropical regions characterized by dry or50

semi-arid conditions and temperatures between 27 and 30 ◦C [46]. Mung bean is found51

suitable for growing in well-drained loamy to sandy loam soil and is a drought-tolerant52

plant [47–49]. In this context, understanding the physico-chemical and mechanical53

properties of mung bean root mucilage and its role in root-soil interactions is highly54

relevant, especially due to the changing climate conditions.55

In this work, we investigate root-soil interactions using approaches based on56

microstructural, physicochemical, and rheological characterization of freshly collected57

root mucilage. Soil blobs adhering to the mucilage-laden root tip are used as a novel58

approach to understand the role of mucilage in protecting the root tip from excessive59

drying. The mung bean is found to be a new and easy-to-grow source for fresh root60

mucilage studies, in addition to the existing limited number of plants in this category.61

The frequency and temperature-dependent rheological behaviour of fresh mucilage62

provides new insights into their visco-elastic gel-like behaviour and the thermal stress63

tolerance characteristics.64

2 Methods and material65

2.1 Materials66

The seeds of organically grown mung bean or green gram (Vigna radiata) were pur-67

chased from 24 Mantra Organic (Sreshta Natural Bioproducts Ltd., Bidar, Karnataka,68

India). 30% H2O2 and 98% sulfuric acid (36 N) used to prepare the piranha solu-69

tion were purchased from Thermo Fisher Scientific India Pvt Limited, Mumbai, and70

Merck Specialities Private Limited, Mumbai, India, respectively. 99% Trifluoracetic71

acid was purchased from Sigma-Aldrich (St. Louis, MO, USA). Low methoxy pectin72

(LM pectin) of citrus origin (galacturonic acid content, 87% and degree of esterification73

39% ) was purchased from Krishna Pectins, Jalgaon, Maharashtra, India. 0.01% (w/v)74
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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 µL. (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 staining75

the mucilage. Calcium chloride (CaCl2.2H2O) and magnesium chloride (MgCl2.6H2O)76

used for cross-linking pectin were obtained from Merck Specialities Private Limited,77

Mumbai, India, and Sisco Research Laboratories Pvt. Ltd., Mumbai, India, respec-78

tively. Sandy loam and sandy clay loam soils (particle size < 310 µm) used for the79

soil-mucilage dry-wet cycle analysis were provided by the Soil Testing Laboratory,80

Tamil Nadu Agricultural University (TNAU), Kanchipuram, Tamil Nadu, India. The81

soil samples were dried in an air oven at 60 °C for 24 h. Deionised water from Millipore82

was used for preparing samples.83
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2.2 Collection of mucilage84

Fresh mucilage was collected using the procedure described in Holz et al. [50] with85

modifications described herein (Fig. 1). Mung bean seeds were soaked in deionised86

water for 8 h, followed by a surface sterilization process by immersing in 10% H2O287

solution for 10 min. The sterilized seeds were kept tied inside a clean wet muslin cloth88

for 12 h at 25 °C for water imbibition and germination (Fig. 1A). The experimental89

set-up for growing the seedlings and collecting the root mucilage is shown in Fig. 1B.90

A PVC mesh with a 2 mm mesh size was mounted inside a 40× 30× 30 cm perspex91

box. The box was partially filled with deionised water to a height of 10 cm, and two92

air stones connected to plastic tubes were placed at the bottom of the box. These93

plastic tubes were attached to a small aquarium pump. The air stones create a con-94

tinuous flow of tiny bubbles inside the water. This increases the humidity inside the95

closed environment of the experimental box. The box was sealed with a lid to main-96

tain a stable, high-humidity condition of 72% RH. The germinated mung bean seeds97

were placed on the PVC mesh for axenic growth of the seedlings. The roots of the98

plants grew downwards through the mesh as can be observed in Fig. 1C. Small drops99

of hydrated mucilage were formed around the root tips after 3 days in response to100

the high humidity inside the box. These mucilage drops from each root tip were care-101

fully collected (Fig. 1D) once a day using a micro-pipette applying negative pressure.102

Each seedling exuded approximately 3 µL of fresh mucilage. Multiple seedlings were103

used to collect a sufficient amount of fresh mucilage. This mucilage was then utilized104

for subsequent experiments, including physicochemical characterization, rheology, and105

microscopy, as described in later sections. For FTIR, NMR, FT-Raman, and HPLC106

analysis, dried mucilage was used.107

Total solid content (S) of the freshly collected mucilage was determined after vac-108

uum drying at 25 °C and 50 mbar pressure. The mucilage sample was weighed every109
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30 min until the sample weight remained constant.110

S =
Wd

Ww

, (1)

where Ww and Wd are the initial (as collected) and final (as dried) weight of the111

mucilage. To compare the properties with fresh native mucilage, reconstituted mucilage112

was prepared by dissolving dry root mucilage powder in deionised water at 30 °C113

under sonication. Reconstituted mucilage 0.5, 0.7, 1, 2, and 4 mg/ml concentrations114

were prepared for various tests.115

2.3 Preparation of pectin gels116

LM pectin gels were used in this study to compare with the properties of the mucilage117

since pectin is a major polysaccharide in the mucilage composition. Pectin-Ca and118

pectin-Mg gels were prepared using LM pectin as detailed in [51]. LM pectin (0.35119

wt%) was dissolved in deionised water by stirring for 18 h at 60 °C. Calcium chloride120

and magnesium chloride were used as crosslinking agents. The crosslinking ratio (R)121

relates the stochiometric concentration of calcium or magnesium ions to that of the122

non-methoxylated galacturonic acid content in the pectin. R is defined as,123

R =
2[Ca2+]

[COO-]
(2)

To obtain the pectin-Ca and pectin-Mg gels, required amounts of calcium chloride124

or magnesium chloride solution were added to the 0.35 wt% pectin solution drop by125

drop at 25-30 °C with stirring. This solution, stirred for 10 min was left undisturbed126

for 24 h at room temperature (25-30 °C) to complete the crosslinking process to127

obtain the gels. These gels were kept under ambient conditions and were used within128

24 hours for further experiments.129

130
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2.4 Characterization of mucilage131

2.4.1 Microstructure and morphology132

Morphology of the fresh and dried root mucilage was studied using the Optical Micro-133

scope (Nikon - LV 100 ND, 100x magnification). Ruthenium red and methylene blue134

dyes were used for staining the pectin and the cellulose components present in the135

mucilage before optical microscopy was carried out. Scanning Electron Microscopy136

(SEM) studies were carried out using Field Emission Scanning Electron Microscope137

(FE-SEM) (Apreo S-SEM, US). For lyophilization, the root tip with mucilage was138

placed on a cover glass and lyophilized using a Scanvac lyophilizer (LaboGene, Den-139

mark) under controlled conditions: initial freezing at -80 °C for 1 h, followed by drying140

at -96 °C for 24 h under a vacuum pressure of 0.1 mbar. The lyophilized root tip141

samples with mucilage were mounted on adhesive-coated aluminum stubs and sputter-142

coated with gold prior to the analysis. Elemental analysis of the mucilage was carried143

out along with SEM using energy-dispersive X-ray spectroscopy (EDX).144

2.4.2 Drying, re-hydration ability and soil wetting characteristics145

Drying and re-hydration behaviour of the fresh mung bean root mucilage was stud-146

ied using an optical microscope (Nikon - LV 100 ND) at 100x magnification. The root147

tips, along with fresh mucilage, were placed on a clean glass slide and observed during148

the drying and rehydration process. Observations on drying and re-hydration of the149

mucilage along with the root tip were carried out by capturing optical images using a150

goniometer camera (Attension Theta Optical Goniometer, Biolin Scientific, Sweden).151

For this, root tips with fresh mucilage were suspended in air in front of the camera152

and allowed to dry at 25 °C and 60% RH. Images of the root tip with mucilage were153

collected at 5 min intervals. From the images, the diameter of the mucilage drop along154

with the root tip, at the mid-point, was estimated using ImageJ software. Similar stud-155

ies were also carried out to understand root-soil interactions through mucilage. Root156
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tips with fresh mucilage were dipped in pre-dried sandy clay loam and sandy loam157

soil samples. These root tips were pulled out gently along with a soil blob adhering158

to them. The soil blobs were kept suspended in front of the Goniometer camera, and159

images were collected every 5 minutes while it was allowed to dry in air at 25 °C and160

60% RH. The diameter of the soil blob at mid-point was estimated from the optical161

images using ImageJ software. Both the root tip with mucilage and the soil blobs were162

dried to an equilibrium state (no further changes in the diameter). To understand163

the re-hydration capability of the mucilage, 0.5 µL of deionised water was carefully164

introduced to the root tip (with dried mucilage) using a micropipette. Images were165

captured during the rehydration process until the drop reached equilibrium swelling166

(no further change in the diameter). The swollen samples were allowed to dry for a sec-167

ond cycle at 25 °C and 60% RH until the samples reached equilibrium drying. Images168

were captured every 5 minutes during these processes for changes in the diameter. To169

understand the effect of drying of mucilage and its capability to wet and adhere to170

the soil, another set of experiments was also conducted using root tips with mucilage171

dried to different extents and dipping them in clay loam soil. In this case, the images172

were collected immediately after dipping the root tip in the soil.173

2.4.3 Physico-chemical characterization174

FTIR spectra of vacuum-dried root mucilage powder and LM pectin powder were175

recorded in the range between 500 and 4000 cm-1 wave number at 4 cm-1 resolutions176

in the ATR-FTIR mode on a BRUKER Alpha spectrometer.177

NMR analysis was carried out on dried mucilage using NMR Bruker AV III 500178

MHz Spectrometer. During the experiments, the probe temperature was maintained179

at 298 K, and D2O was used as the solvent.180

FT-Raman Spectra were obtained for dried mucilage and LM pectin powder sam-181

ples and Ca-crosslinked pectin (R=0.25) films using BRUKER RFS 27 MultiRAM182
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FT Raman Spectrometer with Nd-YAG laser 1064 nm source and LN2 LN2-cooled183

ultra-high sensitivity Ge detector.184

High-performance liquid chromatography (HPLC) was carried out on root mucilage185

to obtain the monosaccharide composition using the protocol given in [52]. 20 mg of186

vacuum-dried mung bean root mucilage was hydrolyzed in 1.5 mL of 2 M TFA solution187

at 110 °C for 3 h. After cooling to room temperature, 1 mL of methanol was added188

to the mixture and dried at 70 °C under a stream of nitrogen to remove TFA. This189

process was repeated twice to ensure the complete removal of TFA. The dried residue190

was used for the analysis of monosaccharide composition. The obtained dried residue191

was resuspended in 1 mL of 5 mmol H2SO4 and passed through a 0.22 µm filter. 20192

µL of this filtered solution was injected into a Shimadzu HPLC system (Shimadzu,193

Japan) equipped with a Rezex ROA-Organic Acid H+ (8%) ion-exclusion column (250194

mm × 4.6 mm, Phenomenex, USA), and a refractive index detector (Shimadzu). The195

analytical column was operated at 50 °C with 5 mmol H2SO4 as the mobile phase, and196

the mobile phase flow rate was 0.6 mL/min. The monosaccharide identification was197

performed by matching the retention times of the components in the root mucilage198

to those of authentic monosaccharide standards, each prepared at a concentration of199

2 mg/mL (rhamnose, xylose, arabinose, galactose) in 5 mmol H2SO4 solution. HPLC200

of monosaccharide standards was run individually and as mixtures.201

2.4.4 Surface tension and wetting characteristics202

Surface tension using the pendant drop method and contact angle measurements using203

the sessile drop method were carried out on a Tensiometer (Attension Theta Optical204

Tensiometer, Biolin Scientific, Sweden, for 10 sec at 25 °C). Freshly collected mucilage,205

reconstituted mucilage of different concentrations, 0.35 wt% LM pectin solution, and206

deionised water were tested. Contact angles of freshly collected mucilage on glass and207

Teflon substrates were obtained. Prior to measuring the contact angle, glass slides208
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were cleaned using piranha solution (36 N sulfuric acid and 30% hydrogen peroxide in209

3:1 ratio), and Teflon substrates were cleaned using deionised water.210

2.4.5 Rheological characterization211

Rheological behaviour of the root mucilage was studied on Anton Paar MCR-302e212

rheometer with a cone and plate geometry (plate diameter 25 mm). The gap was213

0.047 mm, and shear rates were varied from 0.01 to 1000 s-1. Steady shear experiments214

were carried out on freshly collected root mucilage of mung bean, pectin solution215

(0.35 wt%), pectin-Ca gel (0.35 wt%, R=0.25), and pectin-Mg gel (0.35 wt%, R=0.8).216

Reconstituted mucilage samples prepared in deionised water were also used for com-217

parison. Small amplitude oscillatory shear (SAOS) tests were performed at angular218

frequency varying from 0.1 to 10 rad/s at a strain amplitude of 1% at 25 °C. Temper-219

ature stability of the mucilage was studied by conducting heating experiments from 5220

°C to 50 °C, followed by cooling starting from 50 °C to 5 °C at 1% strain amplitude221

and angular frequency of 1 rad/s. These cycles were repeated 3 times.222

3 Data reproducibility223

Mung bean seedlings were grown axenically at a temperature of 25 °C and 72% RH to224

collect the root mucilage. The results reported here are based on multiple experiments225

repeated over a period of two years on multiple batches of mung bean seedlings grown226

from different batches of seeds. Although the solid content of the collected mucilage227

varied between 0.2 wt% and 0.4 wt% across different batches, for experiments involv-228

ing fresh mucilage, such as rheology and surface tension, mucilage with a solid content229

of 0.4 wt% was used. All experiments were performed at least three times to ensure230

repeatability. The rheology and surface tension data presented here represent the aver-231

age values with standard errors. Drying and re-hydration experiments were performed232

three times, with a representative graph presented.233
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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 Results234

The measured density of freshly collected mung bean root mucilage is 1.05 g/cm3.235

The average solid content of the mucilage is 0.4 wt% or 4 mg/ml. The root growth236

rate for mung bean was measured by monitoring the increase in root length with time237

and was found to vary between 0.5-2 cm/day. In sandy loam and sandy clay loam soil,238

the growth rate was found to be 1-2 cm/day and 1-1.5 cm/day, respectively. The root239

growth rate for maize in sandy soil was reported as 1-4 cm/day [53]. Root growth rate240

was measured to estimate the shear rate experienced by the mucilage layer during root241

penetration in the soil. This shear rate is found to vary between 0.007 s-1 and 0.014242

s-1 for mung bean.243
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4.1 Microstructure and morphology244

Optical microscopy images of the root and the mucilage are shown in Fig. 2. The figure245

includes the images of the root without mucilage, the root with exuded mucilage, and246

stained mucilage. In the case of mung bean, the root mucilage exudation occurs in247

the root tip zone of approximately 2 mm length (2A). The mucilage drop diameter248

is approximately 0.7 mm (2B) at the centre. Figure 2C shows the collected mucilage249

stained using methylene blue to highlight the cellulosic regions. This image also shows250

that the collection procedure did not affect the mucilage composition. In Fig. 2D, the251

pink colour obtained using ruthenium red indicates the presence of acidic polysaccha-252

rides, such as pectin, in the mucilage. Methylene blue staining (Figs. 2C and 2E) shows253

the presence of cellulose in the mucilage originating from the root border cells. To254

identify the distribution of pectin and cellulosic components present in the mucilage,255

simultaneous staining using both ruthenium red and methylene blue was carried out256

and is shown in Fig. 2F. The surface morphology of the dried mucilage was examined257

using scanning electron microscopy (Fig. 3). The image in Fig. 3A shows the exuded258

mucilage layer on a 3-day-old mung bean root tip, dried on a glass slide. It shows the259

presence of numerous root border cells (BC) in the region (marked with white arrows)260

on the root tip surface near the root cap zone. From a close examination of the image,261

it can be observed that the loosely adhered peripheral border cells are embedded in262

a thin layer of mucilage (Fig. 3B). The morphology of the mucilage without the root263

border cells indicates a uniform distribution around the root tip (Fig. 3C). The elemen-264

tal analysis conducted using energy-dispersive X-ray spectroscopy (EDS) along with265

SEM analysis shows the presence of not only divalent ions, such as, Ca2+ and Mg2+,266

but also the presence of monovalent ions, such as, K+ in the mucilage (Fig. 3D).267

4.2 Physico-chemical characteristics268

269
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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+, Mg2+) 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-1)
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 CH2

1642 and 1313 – O–H bending and CH2 symmetric bending of
cellulose, respectively

1461 and 1234 – CH- and CH2 bond vibration of hemicellulose

14



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-1, C=O stretching at
1740 cm-1 and C-H stretching vibration at 2930 cm-1 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-1 indi-
cates the presence of cellulose, and the -CH and -CH2 stretching vibration at 1461 and 1234 cm-1,
respectively, indicate the presence of hemicellulose in root mucilage. The prominent absorption peak
at 1013 cm-1 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-1 region, showing overlapping O-H stretching vibration and characteristic cellulose peaks.

To analyse the chemical composition of the mucilage, FTIR, FT-Raman, and 1H-270

NMR studies were carried out. Seed and root mucilages are known to contain various271

polysaccharides, especially homogalacturonan-based pectins [54, 55]. Hence, to bench-272

mark the physicochemical characteristics of the mucilage, low-methoxy pectin was273

also analysed. FTIR analysis of mung bean root mucilage is shown in Fig. 4a and274

summarised in Table 1. Root mucilage exhibits additional peaks at 2854, 1642, 1313,275

1461, and 1234 cm-1, indicating its difference in chemical composition from that of276

LM pectin. The characteristic broad peak observed at 3200 to 3500 cm-1 corresponds277

to the stretching of hydroxyl groups associated with the polysaccharides present in278

mucilage as well as the pectins. The broad peak with higher intensity present in the279

case of mucilage indicates additional contributions from the -OH stretching due to the280
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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-1

region corresponds to the -CH stretching and the peaks at 1082 cm-1, 1265 cm-1 and 1379 cm-1

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-1 region, separates the -CH
stretching of galacturonic acid of pectin from -CH and -CH2 stretching vibrations of hemicellulose.

water present in the mucilage. LM pectin has relatively less prominent -OH stretch-281

ing. The peak in the 2930 cm-1 region indicates -CH vibration and peaks at 1600 cm-1
282

and 1411 cm-1 indicate the stretching vibration of the carboxylic group of uronic acid283

which originates from the pectin polysaccharides. The band in the 1013 cm-1 region284

can be assigned to –C-O stretching of carbohydrates. The peak observed at 1740285

cm-1 in LM pectin and the mucilage corresponds to the ester functionality. This peak286

merges with the peak at 1640 cm-1 in the case of the root mucilage and is visible as a287

shoulder. The peak at 2854 cm-1 indicates the symmetric stretching of lipid CH2 [56].288

The additional peaks at 1642 cm-1 and 1313 cm-1 indicate the O-H bending of cellu-289

lose [57] and CH2 symmetric bending of cellulose [58] respectively. The peaks at 1461290

cm-1 and 1234 cm-1 are due to CH- and CH2 bond vibration of hemicellulose [59]. To291

better understand the peaks around 3200-3500 cm-1, the spectra were deconvoluted292
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and are shown in Fig. 4B. The peaks at 3449 cm-1, 3245 cm-1 and 2928 cm-1 corre-293

spond to O-H stretching, H-bonded O-H stretching and C-H stretching respectively294

and indicates the presence of cellulose in the mucilage [60–62].295

The FT-Raman spectra of the dried root mucilage, LM pectin, and pectin-Ca gel296

for comparison are shown in Fig. 5A. The peak at 2930-2950 cm-1 region corresponds297

to symmetric and asymmetric -CH stretching of pectin [63]. However, deconvolution of298

the spectra (Fig. 5B) also shows a peak at 2878 cm-1 corresponding to the hemicellulose299

present in the mucilage [64]. The peaks in the 1400-1460 cm-1 region correspond to300

the stretching of -CH2 bonds of sugars such as xylose, arabinose, and the CH3 group301

of rhamnose [65]. The peaks at 1082 cm-1, 1265 cm-1 and 1379 cm-1, are assigned to302

the C-O-H vibration modes of galacturonic acid [65]. These can be observed in the303

case of LM pectin as well as in the root mucilage. Peaks observed at 1656 cm-1 and304

1444 cm-1 indicate the presence of phospholipid [66]. In the case of LM pectin, free305

carboxyl groups (-COO-) exhibit distinct and strong vibrational mode peaks at 2948306

cm-1. The intensity and the position of this peak change during crosslinking of the307

carboxyl groups, as can be observed in the case of pectin-Ca gel and the mucilage.308

1H-NMR study was also carried out on the mucilage and is given in Supplemental309

Fig. S1. The crowded and narrow region between 3 to 5 ppm in the 1H NMR spectra,310

characteristic of polysaccharides, indicates the presence of numerous sugar residues311

[67]. The signals between 3.1 to 4.3 ppm are due to non-anomeric protons (H2-H6) and312

the signals between 4.3 to 4.8 ppm arise from α-anomeric protons [68]. The regions313

associated with α-anomeric carbons suggest the presence of several sugar residues,314

including arabinose, galactose, rhamnose, and xylose as the neutral sugars [69]. The315

peaks at 3.93 ppm, 3.91 ppm, 3.58 ppm, 3.63 ppm, and around 2.28 ppm confirm316

the xylose, arabinose, OH, and CH groups of mannose, rhamnose, and uronic acid,317

respectively [70], indicating the presence of pectin polysaccharides in the root mucilage.318
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Previous studies on cress, maize, and rice reported the presence of uronic acid along319

with arabinose, galactose, rhamnose, and xylose in their root mucilage [71].320

To confirm the monosaccharide composition inferred from the 1H-NMR spectra,321

HPLC analysis of acid-hydrolysed root mucilage, along with standard monosaccharides322

(four sugars-xylose, arabinose, galactose, and rhamnose), was carried out and is given323

in Supplemental Fig. S2. From individual runs, the retention times for these sugars are324

- 10.838 min (galactose), 10.857 min (xylose), 11.425 min (rhamnose), and 11.776 min325

(arabinose). From the mixture run, three distinct peaks appear with retention times of326

10.858, 11.441, and 11.748 min, indicating the overlapping galactose and xylose peaks327

as a broad peak at 10.858 min since their retention times are very close to each other.328

The chromatogram of root mucilage indicates two distinct peaks with retention times329

at 10.786 and 11.748 min. This could be due to the overlapping of peaks with a small330

difference in retention time. Galactose and xylose appear as an overlapped peak at331

10.786 min, whereas rhamnose and arabinose appear as an overlapped peak at 11.748332

min.333

4.3 Drying, re-hydration ability and soil wetting characteristics334

Drying and re-hydration dynamics of the root tip with mucilage were studied using a335

tensiometer setup by placing the root tip from its needle and observing the diameter336

changes using the goniometer camera. The experiment was carried out at 25 °C and337

60% RH as mung bean is reported to grow well at low soil humidity (60% RH) [72].338

The images obtained at different time intervals are shown in Fig. 6. Changes in the339

diameter of the mucilage drop (DM )(taken at the mid-point of the mucilage drop as340

shown in Fig. 6) and the root tip (DR) were determined from a series of images taken,341

capturing the progressive stages of drying and subsequent re-hydration followed by a342

second drying step (shown in Fig. 7). During the first drying phase, the root diameter343

remained constant for a considerable duration (up to 80 min), showing no changes until344
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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 (DM ) and
root diameter (DR) 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 µL) 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 DM and DR

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 0.74345

mm to 0.2 mm). The root diameter started to decrease from the initial 0.13 mm after 80346

min drying. At 120 min, both the mucilage and root diameter reduced considerably and347

became constant (0.02 mm). After a gap of 15 min, water was introduced to re-hydrate348

the mucilage. The diameter of both the mucilage and the root started to increase.349

However, the root attained the original diameter of 0.13 mm much faster (in 20 min)350

than the mucilage, which took a longer time (60 min) to reach the original swollen drop351

diameter. A notable observation is a slight delay in the re-swelling of the root, which352

follows a non-linear path to reach the original diameter. Once the mucilage diameter353
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Fig. 7 Role of mucilage in protecting the root tip from drying up. Variation of mucilage diameter
(DM , filled circles) and root diameter (DR, 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 equilibrium354

re-swelling state. From 195 to 215 min there was no change in mucilage diameter due to355

the mucilage being at the equilibrium swelling. After remaining unchanged for 15 min,356

the diameter started to decrease. A similar drying dynamics comparable to that of the357

first drying phase could be observed. The root diameter remained unchanged initially358

until the mucilage layer started to shrink. When the mucilage diameter reached < 0.2359

mm, the root diameter also began to decrease, eventually reaching a constant value of360

0.14 at 310 min. This indicates the protective nature of the mucilage present at the root361

tip for a significant duration before it starts affecting the root. Tracking the thickness362

of the mucilage layer during drying provides insights into the response of the root to363

moisture loss, showing shrinkage patterns and structural changes. When water was364
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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 DM0

, DMS0
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 (DMSt

). 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 (
DMt

DM0

) and D2

(
DMSt

DMS0

) used in Fig. 9 were estimated from these measurements. Representative image from three

independent experiments is shown.

reintroduced to the dried root tip, the mucilage starts to re-hydrate, allowing quick365

and effective absorption of water, returning the root to its hydrated state. Drying and366

re-hydration dynamics of the root tip with mucilage were studied using a tensiometer367

setup by placing the root tip from its needle and observing the diameter changes using368

the goniometer camera. The experiment was carried out at 25 °C and 60% relative369

humidity (RH) as mung bean is reported to grow well at low soil humidity (60% RH)370

[72]. The images obtained at different time intervals are shown in Fig. 6. Changes371
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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

estimating the normalized diameters, D1 (
DMt

DM0

) and D2 (
DMSt

DMS0

). The black dashed line represents

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. DM0

, diameter of the root+mucilage at time t=0; DMt
, diameter

of the root+mucilage drop at time t ; DMS0
, diameter of the root+mucilage+soil blob at time t=0;

DMSt
, 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) and372

the root tip were determined from a series of images taken, capturing the progressive373

stages of drying and subsequent re-hydration followed by a second drying step (shown374

in Fig. 7). During the first drying phase, the root diameter remained constant for a375

considerable duration (up to 80 min), showing no changes until the mucilage layer dries376

to a significant extent (mucilage diameter decreased from 0.74 mm to 0.2 mm). The377

root diameter started to decrease from the initial 0.13 mm after 80 min drying. At 120378

min, both the mucilage and root diameter reduced considerably and became constant379

(0.02 mm). After a gap of 15 min, water was introduced to re-hydrate the mucilage.380

The diameter of both the mucilage and the root started to increase. However, the root381

attained the original diameter of 0.13 mm much faster (in 20 min) than the mucilage,382
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which took a longer time (60 min) to reach the original swollen drop diameter. A383

notable observation is a slight delay in the re-swelling of the root, which follows a non-384

linear path to reach the original diameter. Once the mucilage diameter exceeded 0.2385

mm, the root diameter did not change further, indicating an equilibrium re-swelling386

state. From 195 to 215 min there was no change in mucilage diameter due to the387

mucilage being at the equilibrium swelling. After remaining unchanged for 15 min,388

the diameter started decreasing. A similar drying dynamics comparable to that of the389

first drying phase could be observed. The root diameter remained unchanged initially390

until the mucilage layer started to shrink. When the mucilage diameter became < 0.2391

mm, the root diameter also began to decrease, eventually reaching a constant value of392

0.14 at 310 min. This indicates the protective nature of the mucilage for a significant393

duration before it starts affecting the root. Tracking the thickness of the mucilage394

layer during drying provides insights into the response of the root to moisture loss,395

showing shrinkage patterns and structural changes. When water was reintroduced, the396

re-hydration of the mucilage was observed, allowing measurement of how quickly and397

effectively it could absorb moisture and return to its hydrated state.398

A series of novel experiments were designed to investigate the root-soil interactions399

using freshly exuded root mucilage present on the root tips, as shown in Figure 8.400

Mung bean root tips with fresh mucilage dipped in soil and taken out were subjected to401

drying and re-wetting. The diameter of the soil blob at the mid-point (DMS) obtained402

using optical image analysis (ImageJ software) was used to correlate with the amount403

of soil adhering to the root tip. Row A, in Figure 8, shows 5 different root tips dried404

for different durations of time. At 0 min, the mucilage appears to cover the root tip405

fully. On root tip 2 (dried for 15 min), a slight reduction in diameter can be observed406

as a result of mucilage drying. On root tip 3 (dried for 30 min), the mucilage layer407

becomes noticeably thinner. On root tips dried for 45 and 60 min, the mucilage layer408

is significantly depleted. These root tips with mucilage dried to different extents were409
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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. These410

images show a clear relationship between the quantity of mucilage and the amount411

of soil adhering to the root tip. The root tip with no drying holds the largest soil412

blob. This indicates the wetting capability of the freshly exuded mucilage and the413

water availability. Root tip with mucilage dried for 15 min show a clear reduction414

in the amount of soil adhering to it. Root tips dried for 45 and 60 min show very415

small quantities of soil adhering to them. These results show that the capacity of the416

mucilage to spread and wet the soil decreases with increasing durations of the drying417

period. Row C has a root tip holding fresh mucilage (0 min drying) and clay loam418
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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 60419

min before subjecting it to re-hydration (row F). During the drying process of the soil420

blobs adhering to the root tip, it may be noticed that only slight changes in the size421

and structure of the soil blob were observed. This is in contrast to that of the drying422

behaviour of the mucilage drop without the soil present on the root tip. Following the423

drying cycle, the soil blob was re-hydrated. This leads to a slight increase in the soil424

blob size. Drying and re-hydration experiments were also conducted using sandy clay425

loam soil, and the results are shown in rows D and G, respectively. It can be observed426

from the images shown in rows C, D, F and G that the behaviour of both the soil types427

is comparable during drying and re-hydration. In row E, a root tip with no mucilage428

(less humid air) shows very little soil adhering to the root tip. This indicates the429

significant role of the wet mucilage in spreading into the soil around the growing root430

tip and in holding it together in the rhizosphere. These experimental observations are431
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summarised in Fig. 9. In the presence of mucilage, both sandy loam and sandy clay432

loam soils adhered to the root tip, forming a distinct soil blob around it. Observations433

show that mucilage facilitated the aggregation of soil particles into a cohesive mass434

surrounding the root surface and stayed on the root tip for a significant amount of435

time. To analyse this behaviour quantitatively, the ratio of the diameter of the soil436

blob at different times to the initial diameter of the blob (
DMSt

DMS0

) was estimated over437

time for each type of soil. The dashed and solid lines represent the root, which did438

not produce any mucilage (grown under non-humid conditions), and exposure to soil439

led to very few soil particles adhering to the root tip. The drying and re-hydration440

behaviour of the root mucilage was also studied by observing the changes in the root441

tip kept on a glass slide using an optical microscope (Supplemental Fig. S3). In row442

A, it can be observed that the root diameter does not change when the mucilage layer443

is present on the root tip. However, when the thickness of the mucilage layer decreases444

significantly due to drying (60 min), the root diameter gets affected. Upon rehydration445

(row B images), the root as well as the mucilage layer starts to re-swell and reach the446

dimensions as before. These observations support the role of mucilage in protecting447

the root tip against excessive dehydration up to a certain time.448

4.4 Temperature sensitivity of the root mucilage449

Rheological response of hydrogels at different temperatures and for varying shear rates450

is known to originate from the gel network structure of the polymers involved, as well451

as the type of crosslinks. Since root mucilage shows weak gel-like behaviour, it is fur-452

ther investigated using rheology to understand how its structure would contribute to453

its mechanical response and thus to the environmental conditions. Soil temperature454

can vary significantly due to factors such as time of day, season, and depth of the soil.455

In this context, we investigate the temperature sensitivity of the mucilage relevant to456

the soil temperature fluctuation range (5 to 50 °C). These temperatures were chosen to457
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represent the possible soil temperatures [73]. Fig. 10A shows the variation of viscosity458

of the fresh mung bean root mucilage at different temperatures. For comparison, the459

viscosity variation for reconstituted mung bean root mucilage at different temperatures460

is also shown in Fig. 10B. The apparent viscosity shows a decrease with increasing461

temperature. The low and high shear Newtonian plateau visible in the amplitude462

sweep results at lower temperature (5 °C) changes into more shear thinning behaviour463

at higher temperatures, and the higher shear rate Newtonian Plateau extends further464

at higher temperatures. This indicates the mucilage becomes more fluid-like at higher465

temperatures, and the viscosity drops by one order of magnitude. The interactions466

between the polymer chains in the mucilage, such as the hydrogen bonds and the elec-467

trostatic interactions, get disrupted as the thermal energy causes the chains to undergo468

conformational changes at higher temperatures. A Newtonian plateau is observed at469

higher shear rate after shear thinning, whereas at 5 °C, the Newtonian plateau is not470

significant, indicating that the mucilage maintains gel-like nature at lower tempera-471

tures. To examine the temperature sensitivity, the fresh mucilage was subjected to a472

heating and cooling cycle between 5 and 50 °C. The variation of the elastic and the473

loss moduli as a function of temperature is shown in Fig. 10C. The results indicate474

that the mucilage consistently retains its gel-like structure by maintaining an elastic-475

dominated behaviour (where G′>G′′). The violet arrow represents the response to the476

heating from 5 to 50 °C and the blue arrow represents the response to the cooling from477

50 to 5 °C. Up to 40 °C, both G’ and G” remain constant. However, above 40 °C, there478

is a very small increase in the modulus values indicating minor structural changes.479

However, due to the reversible nature of this behaviour while undergoing cooling, this480

can be considered as arising from H-bond re-organisation, which is reversible.481

27



4.5 Role of mucilage in reducing shear forces during root482

growth483

The effect of temperature, a key soil condition, on mucilage behaviour was discussed484

in the previous section. During growth, plant roots also experience various shear forces485

depending on the type of soil, soil porosity, water content, etc.. Root mucilage is486

known to enable the penetration of the root tip into the soil. Steady shear rheological487

measurements of gels and fluids under varying shear rates are used to understand and488

mimic the shear conditions experienced under various application conditions and in489

biological conditions. Unique rheological responses of fluids also originate from their490

chemical and molecular structure. Hence, to understand the mechanical response of491

the mucilage during root growth and root penetration through the narrow soil pores,492

steady shear rheological studies on the fresh mung bean mucilage were carried out.493

The contributions from the chemical and molecular structure of the root mucilage is494

used for interpreting the shear response.495

4.5.1 Rheological behaviour496

Temperature, which is one of the important soil conditions, can affect the behaviour497

of mucilage and has been discussed. Viscosity variation of fresh mung bean root498

mucilage with shear rate is shown in Fig. 11A. Viscosity variation of the reconsti-499

tuted root mucilage at different concentrations, pectin solution, and gels of pectin-Ca500

and pectin-Mg are also shown for comparison. Comparison of fresh and reconstituted501

root mucilage behaviour with pectin solution (0.35 wt% solid content) shows that502

crosslinking is important to form the gel structure both in mucilage and pectin. The503

pectin concentrations and crosslink ratios were selected based on the solid content504

of the mucilage. Ca and Mg crosslinking result in slightly different shear responses,505

with Mg requiring higher concentrations to reach a similar viscosity as that of the506
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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-507

nantly Ca-ion-based. The viscosity of freshly collected mucilage and reconstituted root508

mucilage decreases with increasing shear rate and reaches a Newtonian plateau (infi-509

nite shear viscosity, η∞) at higher shear rates. Steady shear experiments on standard510

Newtonian fluid (silicone oil) are also shown in the same figure to highlight the shear-511

thinning nature of all the other systems studied (uncrosslinked pectin solution also512

shows a Newtonian behaviour). The viscosity increases with solid content in the case513

of reconstituted mucilage. Compared with the reconstituted mucilage of varying con-514

centrations, the zero shear viscosity of the fresh mucilage is equivalent to the viscosity515

of reconstituted mucilage with a solid content between 2-4 mg/ml. The decrease in vis-516

cosity with increasing shear rate indicates shear-thinning behaviour of the mucilage.517

This behaviour is commonly seen in hydrogel and hydrocolloid systems due to their518

large molecular size and polymeric network structure, due to ionic crosslinks as well519
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as H-bonding [74, 75]. However, at higher shear rates, the mucilage behaves more like520

a Newtonian fluid (plateau region).521

Another question is to understand how the mucilage responds to drying. The effect522

of drying (or water loss) on the viscosity of fresh root mucilage is shown in Fig. 11B. In523

the case of freshly collected root mucilage, the high shear rate plateau region vanishes524

with drying. This indicates that the contributions from the pectin polysaccharide525

dominate even at high shear rate, as water evaporates from the gel.526

Shear response of several biomedical gels [76], lubricants [77], foods and cosmetics527

[78] have been described using the Herschel-Bulkley (H-B) model. This model provides528

a relation between shear stress (τ) and shear rate (γ̇) as follows:529

τ = τ0 + kγ̇n (3)

where k is the consistency coefficient (Pa.sn), τ0 is the yield stress (Pa), and n is the530

flow behaviour index. Figure 12A shows that the H-B model can be used for fitting531

the experimental γ̇ vs τ results to describe the flow behaviour of the mucilage. At532

high shear rates, the mucilage exhibits a γ̇–τ relationship of a strongly shear-thinning533

fluid. However, at low shear rates, the shear stress reaches a plateau value indicative534

of yield stress behaviour. Below this yield stress (< 0.1 Pa.s), the mucilage behaves535

like a viscoelastic solid-like material, which can maintain its shape and structure. This536

could also be the reason why the mucilage with a definite shape could be observed to537

form at the root tip under a humid air environment (Subsection-Drying, re-hydration538

ability and soil wetting characteristics). In the case of reconstituted mucilage, with539

increasing concentration. There is a corresponding increase in the yield stress values540

(Fig. 12B). The values of k and n from the H-B model fit are shown in Supplemental541

Table S1. There is an increase in k with an increase in the concentration, indicating542

that the gel has higher viscosity due to a greater number of polymer chain interactions543
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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,544

indicating that the gel becomes more shear-thinning. At higher concentrations, the545

polymer network resists flow at low shear rates. However, at higher shear rates, the546

network breaks down to a greater extent, causing a significant decrease in viscosity.547

The change in modulus as a function of frequency (ω) is expressed as548

G′(ω), G′′(ω) ∝ ωb (4)

The variation of modulus for fresh and reconstituted mucilage is shown in Fig. 13.549

The pectin solution exhibits a purely viscous nature, with the loss modulus (G”) higher550

than the storage modulus (G’) and following a power-law factor of b=1, indicative of its551

fluid-like behaviour. In contrast, the root mucilage and pectin-Ca/Mg gels consistently552

show higher G’ than G” across the entire frequency range, with no crossover observed,553

signifying their viscoelastic gel-like behaviour with elasticity dominating. A Power-law554
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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, being555

much lower than 1, indicate a weak frequency dependence of the moduli, indicating556

a well-defined, stable network structure. The deviation from a factor of 1 highlights557

the transition from a purely viscous behaviour (as seen in the pectin solution) to a558

viscoelastic gel-like state. This weak scaling suggests that the storage modulus (G′)559

and loss modulus (G′′) increase only slightly with frequency, further underscoring the560

dominance of the elastic nature of the gels over their viscous behaviour.561

4.5.2 Wetting behaviour in the soil562

Figure 14 shows the surface tension of the freshly collected mung bean root mucilage.563

Surface tension values for the reconstituted root mucilage at different concentrations564

and those of low methoxy pectin solutions are also shown for comparison with fresh565
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mucilage. Surface tension value of fresh mucilage is obtained as the average of mul-566

tiple measurements carried out on fresh mucilage collected from different seedlings567

grown in different batches. The surface tension of fresh mung bean root mucilage is 62568

mN/m. Reconstituted mucilage solutions in water show higher surface tension than569

fresh mucilage and decrease with increasing concentration. When compared with the570

surface tension of deionised water (∼72 mN/m), fresh mucilage shows a considerable571

decrease in surface tension. Pectin solutions in water also show a decrease in surface572

tension with increasing pectin content, but not comparable to that of the mucilage.573

Pectin requires much higher concentrations to obtain a comparable reduction in sur-574

face tension as that of the fresh mucilage. In addition to the xylose, rhamnose, and575

galactose present in the mucilage, the phospholipids, which are amphiphilic molecules,576

may be contributing to the lowering of the surface tension in fresh mucilage. The577

slightly higher surface tension in reconstituted mucilage could be due to the changes578

in H-bonds due to processing.579

The role of surface tension and viscosity of the mucilage can be further analysed580

using the Ohnesorge number (Oh), a dimensionless number that describes the effect581

of both viscous and surface tension forces on the mucilage flow and wetting, including582

its behaviour within a porous medium, such as soil.583

Oh =
η

√
ρ σ r

(5)

where η is the mucilage viscosity [Pa.s], σ is the mucilage surface tension [N/m], ρ is584

the mucilage density [kg/m3], and r is the characteristic length (m). ’r’ is used in two585

different contexts: as drop diameter (DM = r) for estimating Oh for fresh mucilage586

drop. In the case of root-soil interaction through mucilage, the soil pore size is used as587

the characteristic length (r). Using the experimentally determined values of viscosity588

(η = 0.16 Pa.s at the shear rate of 1 s-1 as mucilage is a yield stress fluid), surface589
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tension (σ = 62 mN/m), and density (ρ = 1050 kg/m3) for freshly collected mucilage,590

and considering the mucilage drop diameter (DM=0.75 mm), Oh is obtained as 0.7591

(Oh < 1). A higher Oh number ( Oh > 1) indicates viscous forces are dominant over592

surface tension forces. Whereas, a low Oh number (Oh < 1) signifies that surface593

tension primarily governs the mucilage behaviour and controls the spreading of the594

mucilage. In the second case of root soil interaction, we used the soil pore size as595

the characteristic length (r) to estimate the Oh number. The average pore size of the596

sandy clay loam and sandy loam soil was used for the Oh number estimation and597

summarized in Table 2. The Ohnesorge number is lower for sandy loam soil, indicating598

its better suitability for mucilage spreading in the soil.599

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

Soil type Soil Pore Diam-
eter (µm)

Ohnesorge
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 substrates600

is shown in the Supplemental Fig. S4 and S5. On a glass substrate, water exhibits601

a low contact angle of 18°, indicating excellent wetting, while root mucilage shows a602

higher contact angle of 45°, suggesting moderate wetting. This indicates that mucilage,603

while capable of interacting with hydrophilic surfaces, does not spread as readily as604

water, possibly due to its higher viscosity or complex molecular structure. However,605

on the Teflon substrate, water shows a high contact angle of 102°, reflecting poor606
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wetting, whereas root mucilage has a slightly lower contact angle of 94°, indicating607

better wetting than water on hydrophobic surfaces. These indicate that mucilage may608

contain hydrophilic and hydrophobic domains.609

5 Discussion610

Various spectroscopic and HPLC data analysis suggest the presence of distinct pec-611

tic polysaccharides (pectins) in mung bean root mucilage. FTIR spectra show strong612

bands associated with galacturonic acid present in the homogalacturonan (HG) back-613

bones that form the principal linear domains of pectin. These HG domains of the pectin614

molecules, with low methyl esterification (shown by the weak ester carbonyl band615

at 1740 cm-1 can interact with the divalent cations, Ca2+ and Mg2+ and form ioni-616

cally cross-linked gel structure in the root mucilage. Results obtained from the FTIR617

analysis indicate the presence of low-methoxy pectin as the dominant component in618

fresh mung bean root mucilage, evidenced by absorption peaks at 1600 cm-1 and 1740619

cm-1. 1H-NMR and HPLC analysis of the mucilage show the presence of monosaccha-620

rides, dominated by pentoses such as rhamnose, arabinose, xylose and hexose such as621

galactose, which are typical components of rhamnogalacturonan I (RG-I). This dis-622

tinguishes mung bean root mucilage significantly from that of maize root mucilage,623

which is shown to be hexose-rich [79]. Bradyrhizobium, a nitrogen-fixing bacteria, has624

been shown to be the only rhizobial inhabitant of mung bean nodules in tropical soils625

[80]. The Bradyrhizobium genus is metabolically optimised to utilise pentose sugars626

as its preferred carbon and energy sources [81, 82]. Hence the findings that the mung627

bean root mucilage is rich in pentose sugars favoured by the Bradyrhizobium points628

to the relationship between the Nitrogen fixing bacteria present in the root nodules629

of mung bean and its root mucilage. In maize, however, only one known species,630

Sierra Mixe maize, has been reported to obtain nitrogen through an association with631

nitrogen-fixing microbes present in its aerial root mucilage via diazotrophic [83]. The632
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composition of maize aerial root mucilage is rich in hexose sugars, unlike the mung633

bean root mucilage. The selectivity for specific sugars by the nitrogen-fixing bacteria634

found in these two species thus differs. The gel formation ability of HG and RG-I galac-635

turonans is well understood from various studies. By combining this gel-like mucilage636

with bacterial extracellular polymeric substances (EPS), the rhizosphere develops a637

nutrient-rich and hydrating biofilm, creating an optimised and resilient microhabitat638

for root growth [11, 84, 85]. In addition to this role of mung bean mucilage in biological639

processes in the rhizosphere, it is also expected to play a significant role in physico-640

chemical aspects of the rhizosphere, such as the interplay of physics, chemistry and641

biology has been highlighted recently [86]. In the following discussion, we describe the642

physicochemical role of mung bean mucilage in addition to the biological role so far.643

The presence of low-methoxy pectin plays a primary role in various physicochemi-644

cal properties such as viscosity, surface tension, wetting characteristics, and hydration645

capacity of the mucilage, which are important in the root-soil interactions. Low-646

methoxy pectins are known to form gels in the presence of divalent cations with varying647

mechanical and structural properties depending on the pectin and the ion concentra-648

tions and ratios. This contributes to the structural and functional role of mucilage in649

plants. The presence of cellulose, hemicellulose, and lipids in smaller quantities was650

also confirmed from the FTIR analysis. Cellulose shows well-defined absorption bands651

in 3500 to 2800 cm-1, and 1740 to 600 cm-1. However, the lower intensity of these652

peaks in the FTIR spectra of mung bean root mucilage suggests that cellulose and653

hemicellulose are minor components in the mucilage. FT-Raman and 1H-NMR spec-654

troscopy analyses also reinforce that low-methoxy pectin is the dominant structural655

component in the mung bean root mucilage, along with minor amounts of cellulose,656

hemicellulose, and lipids. The distribution of cellulose and pectin domains within the657

mung bean root mucilage is also confirmed through selective staining using ruthenium658

red (for pectin) and methylene blue (for cellulose). In optical microscopy, cellulosic659
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regions are observed in the boundaries of the border cells, whereas pectins are found660

primarily in the mucilage matrix and within the border cell interiors. Fresh mung661

bean root mucilage shows lower surface tension compared to water, which enables it662

to spread and wet the soil more easily. This helps form cohesive layers of soil, as can663

be observed from Fig. 8. The larger diameter of the soil blob adhering to the root tip664

with fresh mucilage (in comparison to the semi-dried mucilage on the root tip) shows665

a larger ”sphere of wetting” of the mucilage in the soil. As the mucilage dries, this666

diameter reduces. In the previous section on physico-chemical characterisation, the667

presence of LM pectin and divalent ions, specifically calcium ions (Ca2+) and mag-668

nesium ions (Mg2+) was confirmed. These observations carry significant implications,669

as these divalent ions have the capacity to form crosslinks in the pectin molecules670

present in the mucilage, forming hydrogels. Gelation of the homogalacturonan region671

of LM pectin facilitated by calcium ions through ‘egg-box crosslinks’ and ’single point672

crosslinks’ results in a unique mechanical response as detailed in the oscillatory shear673

rheology studies reported in [51]. This three-dimensional gel-like network present in674

the mucilage is expected to impart higher viscosity, elasticity, and structural integrity675

to the mucilage under shear forces. In addition to being the reservoir of water, mucilage676

also acts as an interface between soil and root and helps in protecting it due to its677

yield stress characteristics and gel-like properties.678

The steady shear, oscillatory shear, and temperature-dependent rheological char-679

acteristics of the fresh root mucilage show interesting features of its structure. A680

comparison of the freshly collected and the reconstituted root mucilage (Fig. 11A)681

shows that the reconstituted mucilage can be used for creating identical viscosity682

profiles as that of fresh mucilage. The surface tension of the reconstituted mucilage,683

however, is higher than that of fresh mucilage. The shear thinning response can be684

correlated to the 3D gel network between the pectin chains and the divalent Ca/Mg685

cations. These ionic crosslinks are necessary in the mucilage for its water-holding686
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capacity as well as to protect the root tip from shear forces. The root growth rate,687

ranging from 0.007 s-1 to 0.014 s-1, can be compared with the low-shear regime in688

rheology. Within this range, the shear-thinning behaviour of the fresh root mucilage689

becomes particularly relevant. The shear-thinning nature of the root mucilage helps in690

lowering the viscosity with increasing shear rates, thereby facilitating root movement691

through the soil matrix. This adaptive rheological property of mucilage minimises692

mechanical resistance during root penetration while ensuring the mucilage retains its693

critical structure and functions. Frequency sweep experiments also indicate weak gel-694

like behaviour for the mucilage. However, an increase in temperature can weaken the695

H-bonds contributing to the gel network, which further contributes to a decrease in the696

viscosity with an increase in temperature. The water storage capacity is enhanced by697

the presence of Ca and Mg crosslinks in the pectin-based gel network. Mung bean root698

mucilage is also found to be thermally stable during the temperature cycles between699

5 and 50 °C (Fig. 10C). Although a small increase in the modulus values above 40700

°C indicates structural changes in the mucilage, these changes were found to be com-701

pletely reversible during the cooling cycle between 50 to 5 °C. This indicates H-bond702

breaking and reformation [87] helps the root mucilage also to reverse the changes up703

to 50 °C. This may help the plants overcome thermal stresses in the root zone (rhi-704

zosphere) if the soil temperature does not exceed 50 °C. Further studies would be705

required if climate-related heating of the soil can surpass 50 °C.706

5.1 Relevance to plant and rhizosphere707

Mung bean is one of the important plant-based protein sources for the world. It708

is also a nitrogen-fixing legume that helps soil restore its nitrogen reserve. Hence,709

understanding its physiology and interactions with the soil through the exuded root710

mucilage is very crucial for the response of the plant to the changes in the immedi-711

ate rhizosphere. The present study shows lower surface tension and higher viscosity712
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for freshly collected mung bean root mucilage in comparison to water. This is similar713

to the properties of maize root mucilage. The lower surface tension signifies the mild714

surfactant nature of the mucilage, which helps in weakening the attractive or cohe-715

sive forces at the interface between the mucilage and the surrounding soil medium.716

The lower surface tension of the mucilage helps to ”wet” the soil particles more effec-717

tively and to reach a larger volume of soil in the root zone, which may enable more718

effective nutrient uptake. In addition, the mucilage helps to adhere and coat more soil719

particles around the root tip, creating a larger volume of soil contact with the root in720

the rhizosphere. The water contact angle on glass and Teflon surfaces indicates that721

both hydrophilic and hydrophobic contributions operate through root mucilage, and722

this is especially relevant since the rhizosphere contains both these components. The723

interfacial strength of the root with the rhizosphere is reinforced through these inter-724

actions. The root mucilage exhibits higher zero shear viscosity in comparison to water.725

However, the shear thinning nature and the yield stress characteristics imply that the726

mucilage works like a lubricant around the root tip, helping it navigate through the727

soil medium easily without fracture of the root tip. Even though the viscosity of the728

mucilage is higher than that of water, due to its lower surface tension, it spreads in the729

porous soil medium with less resistance. The estimated Ohnesorge number, Oh=0.7730

(Oh < 1) for mung bean root mucilage indicates the role of surface tension forces731

being helpful for the penetration of the viscous mucilage into the soil pores through732

shear thinning as well as capillary forces. The viscous hydrogel nature of the mucilage733

facilitates the formation of a cohesive mucilage film on the root tip, which enhances734

the retention of water around the root zone by countering capillary forces that drive735

desiccation. During dry cycles, the mucilage also affects the hydraulic conductivity in736

the rhizosphere by maintaining water bridges between soil particles, as highlighted in737

a previous study [88]. The soil stabilization can be observed from the dry-wet cycle738

studies conducted on the root with mucilage at various stages of drying. The shape of739
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the soil blob remains intact, indicating strong adhesion of the soil particles by the dry-740

ing mucilage. This further supports the glueing effect of root mucilage in binding the741

soil particles as previously observed [89–92]. The stabilised rhizosheath structure has742

important implications for plant health, aiding in nutrient absorption, water retention,743

and overall root-soil interactions, contributing to the ability of the plant to thrive in744

its environment, particularly under dry environmental conditions. The thermal prop-745

erties and the thermo-rheological response of the mucilage indicate the ability of the746

mucilage to withstand thermal stresses and mechanical stresses experienced in the747

rhizosphere.748

6 Conclusion749

Mung bean (Vigna radiata), being one of the important pulse crops grown in the trop-750

ical, arid regions, has been the subject of investigation for its growth, yield, chemical751

and functional properties of the seeds, etc.. However, there have not been any inves-752

tigations on the root mucilage of mung beans to understand its role in the root-soil753

interface. We report for the first time the collection and physicochemical characteri-754

zation of fresh mung bean root mucilage. The rheological (mechanical) characteristics755

of the freshly collected mung bean root mucilage show weak hydrogel behaviour orig-756

inating from the LM pectin cross-linked gel network. The chemical analysis, along757

with EDX studies, showed the presence of galacturonic acid as well as cations such as758

(Ca2+) and small amounts of (Mg2+) in the mucilage. Mucilage also has small amounts759

of phospholipids, which contribute to its lower surface tension, and polysaccharides760

such as hemicellulose and cellulose originating from the border cells exuded along with761

the mucilage. The symbiotic association between mung bean and Bradyrhizobium sup-762

ports the biological nitrogen fixation, a capability mostly absent in non-leguminous763

crops such as maize. Mung bean root mucilage plays a critical role in these interactions764

by offering pentose sugars preferred by Bradyrhizobium. Mung bean root mucilage765
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forms stable soil blob, whose size is governed by its hydration and rehydration capac-766

ity and adhesive interaction with soil particles. This mucilage-driven adhesion suggests767

soil aggregation under drying-wetting cycles in the rhizosphere. These results are also768

supported by the rheological and wetting properties of mung bean mucilage.769

The mucilage shows significantly higher viscosity than that of water. The lower770

surface tension of the root mucilage helps in wetting the soil more effectively and771

spreading easily in the porous soil medium, although the viscosity is higher than that772

of water. The mucilage exhibits mild yield stress characteristics, indicating its ability773

to behave as a soft, viscoelastic solid-like material (gel), retaining its shape when a774

certain shear force is applied. This may help the mucilage in protecting the root tip775

during root penetration. The shear-thinning nature and the yield stress characteristics776

indicate the role of mucilage in providing effective lubrication during root growth. The777

response of the mucilage to thermal variations investigated using rheology indicated778

that the modulus of the mung bean root mucilage is stable between 5 and 50 °C.779

Maximum soil temperature recorded up to 5 cm depth during the hottest days in780

certain regions of India showed a maximum of 53 °C. This may increase further in781

the global warming and climate change scenario. Although mung bean root mucilage782

is stable up to 50 °C, it needs to be investigated further to understand how the root783

mucilage may affect plant survival under extreme climate conditions. Collectively,784

this work presents characteristics of a novel root mucilage and the effect of these785

characteristics on biological and physicochemical processes at the root-soil interface.786
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and infrared spectroscopy of pectins. Carbohydrate Polymers 54(1), 97–106

(2003)
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[69] Sáenz, C., Sepúlveda, E., Matsuhiro, B.: Opuntia spp mucilage’s: a functional

component with industrial perspectives. Journal of arid environments 57(3), 275–

290 (2004)
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