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Abstract

Mucilage, a polysaccharide-containing hydrogel, is hypothesized to play a key role in the

rhizosphere as a self-organized system because it may vary its supramolecular structure

with changes in the surrounding solution. However, there is currently limited research on

how these changes are reflected in the physical properties of real mucilage. This study

examines the role of solutes in maize root, wheat root, chia seed, and flax seed mucilage

in relation to their physical properties. Two purification methods, dialysis and ethanol pre-

cipitation, were applied to determine the purification yield, cation content, pH, electrical

conductivity, surface tension, viscosity, transverse 1H relaxation time, and contact angle

after drying of mucilage before and after purification. The two seed mucilage types con-

tain more polar polymers that are connected to larger assemblies via multivalent cation

crosslinks, resulting in a denser network. This is reflected in higher viscosity and water

retention ability compared to root mucilage. Seed mucilage also contains fewer surfac-

tants, making them better wettable after drying compared to the two root mucilage types.

The root mucilage types, on the other hand, contain smaller polymers or polymer assem-

blies and become less wettable after drying. However, wettability not only depends on

the amount of surfactants but also on their mobility, as well as the strength and mesh size

of the network structure. The changes in physical properties and cation composition

observed after ethanol precipitation and dialysis suggest that the polymer network of

seed mucilage is more stable and specialized in protecting the seeds from unfavorable

environmental conditions. In contrast, root mucilage is characterized by fewer cationic

interactions and its network relies more on hydrophobic interactions. This allows root

mucilage to be more flexible in responding to changing environmental conditions, facili-

tating nutrient and water exchange between root surfaces and the rhizosphere soil.
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1 | INTRODUCTION

1.1 | Root mucilage

Plants engineer their root environments by secreting a variety of

substances to alter their surrounding conditions in response to environ-

mental stresses. Considering the rhizosphere as a self-organized system,[1]

we expect that root and seed exudates will play a key role in this system.

Mucilage exuded by roots or seeds is a mixture of low and high-

molecular-weight compounds dominated by polysaccharides with hydro-

gel properties, allowing for an enormous water holding capacity. Earlier

studies have shown that root mucilage can modulate water content

dynamics in the rhizosphere.[2–4] For instance, soil covered with mucilage

may become hydrophobic after drying.[3,5,6] One possible explanation is

that surface-active substances, such as phospholipids exuded by plant

roots, accumulate at the mucilage-air interface during drying, making the

soil surface hydrophobic.[7] Additionally, changes in the supramolecular

structure during drying might lead to an orientation of hydrophilic func-

tional groups towards the inside of the mucilage phase, while hydrophobic

parts tend to orient outward towards the air. The extent of these changes

during drying and the retardation of the rewetting and reswelling process

probably depend on the type and strength of polymer-polymer interac-

tions, as well as polymer-water interactions.

1.2 | Supramolecular interactions in mucilage

The dynamics of the supramolecular structure of polysaccharides relies

on physical (non-covalent) inter- and intramolecular cross-linkages, such

as ionic and electrostatic interactions, hydrogen bonding, complexation,

or hydrophobic interactions.[8] These interactions can be modified by

changes in the surrounding soil solution, such as pH and the concentra-

tions of mono- and multivalent inorganic and organic cations and

anions,[9,10] as well as the size distribution and concentration of the poly-

mers themselves. Consequently, the modifications of the supramolecular

polymer structure are hypothesized to underlie self-assembling

mechanisms,[11] occurring spontaneously in response to changes that

minimize the energetic state of the mucilage structure. The presence of

multivalent cations mediates electrostatic interactions,[12] and the num-

ber of deprotonated acidic groups in acidic polysaccharides affects these

interactions.[13] Therefore, the physical properties of electrostatically sta-

bilized mucilage are expected to significantly change after the removal of

multivalent cations and with changes in pH. Hydrogen bonding in poly-

saccharides is based on hemiacetal oxygen, hydroxyl, or methyl groups of

the sugar residues,[14] and it is also pH-dependent due to the protonation

of carboxylic acid groups.[15] Lastly, the rather weak hydrophobic interac-

tions in mucilage are particularly challenging to investigate because their

strength does not rely on the attraction between nonpolar groups but

rather on the minimum potential energy state of the system. These inter-

actions come into play when non-polar groups, such as O-acetyl,

O-methyl substituents, or covalently bonded hydrophobic proteins, inter-

act with each other.[16] Studies with polyacrylamide hydrogels formed via

hydrophobic interactions with stearyl groups have shown that in the

presence of surfactants, more hydrophobic interactions dissociate under

force compared to the absence of surfactants.[17] This disengagement

was reversible to nearly 100% in the presence of surfactants, while no

such “self-healing” behavior was observed without surfactants.[17]

Therefore, hydrogels stabilized by hydrophobic interactions are expected

to change their physical properties upon the release of surfactants.

1.3 | Physicochemical gel properties depending on
supramolecular structure

Changes in the supramolecular arrangement of molecules in mucilage

are reflected in its physical properties, such as viscosity, surface ten-

sion, water retention in the network, and wettability. Viscosity

increases with a higher degree and strength of polymer-polymer

interactions, molecular size, the strength of electrostatic attraction

between oppositely charged groups or cross-links, and the entangle-

ment of molecule chains.[18] The transverse proton relaxation time

(T2 relaxation time) in hydrogels primarily describes the spin–spin

relaxation of protons in the solvent water.[19] The T2 time depends on

the solid concentration and the supramolecular arrangement of the

polymers, including the form and mesh size of the three-dimensional

network formed by the polymers.[13] Therefore, the T2 relaxation time

decreases with a more restricted water environment, corresponding

to a smaller mesh size of the network. Hence, we anticipate that the

network stabilizing effects on mucilage, expressed as increased

viscosity, will also decrease the T2 relaxation time.

With increasing concentration, amphiphiles accumulate at the

water-air interface until a complete surface film is formed. Further

increasing the concentration leads to the formation of micelles or

interactions with hydrophobic sites within the liquid phase. During dry-

ing, amphiphiles can render a surface hydrophobic by arranging the

hydrophobic part towards the air. Thus, we expect that the removal of

small soluble LMW substances from the mucilage during dialysis would

significantly increase the surface tension and improve wettability after

drying. However, wettability depends not only on the type of surface

molecules but also on how quickly they can reorient during drying and

rehydration. It also depends on the type and number of inter- and

intramolecular interactions in several upper molecular layers.[20] These

physical properties determine the spatial patterns of mucilage and,

consequently, affect wettability, hydraulic properties, and transport

processes in the rhizosphere under changing environmental conditions

(e.g., water content, pH, presence of mono- and multivalent cations,

and surface-active substances such as dissolved organic matter).

1.4 | Objectives and experimental approach

The present study aims to understand the role of solutes, particularly

cations and surface-active substances, in influencing changes in key

physical properties of mucilage under varying environmental conditions

that have a known impact on the diverse functions of mucilage in the

rhizosphere. To achieve this, we analyzed the effects of two contrasting

purification methods: dialysis and ethanol precipitation. Depending on

the availability of cations, the presence of surfactants, the charge and
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size of the polymers, and their intermolecular interactions, we antici-

pated different effects of the purification treatments on purification

yield, as well as the physical and physicochemical properties.

2 | MATERIALS AND METHODS

2.1 | Mucilage collection and storage

For the present study, mucilage from chia seeds (Salvia hispanica, dm-

drogerie markt GmbH+Co. KG, Germany, produced in India,

L9910303, AT-BIO-301) and flax seeds (Linum usitatissimum L.,

dm-drogerie markt GmbH+Co. KG, Germany, produced in Paraguay),

as well as mucilage from maize roots (Zea mays, KWS 2376, KWS

Lochow GmbH, Germany) and wheat roots (Triticum aestivum, WIWA

ZS, BayWa AG, Germany), were produced, purified, and analyzed. Root

mucilage was produced aeroponically following the detailed method

described in Brax et al.[21] Briefly, the seeds were initially treated with

10% H2O2 to prevent mold development, washed in distilled water,

and then placed on a stainless-steel mesh in a water-saturated atmo-

sphere in darkness for 1 week. After 3–4 days, seedlings began to

grow, and mucilage drops at the root tips were harvested daily for the

following 3–4 days and stored frozen. Once the desired amount of

root mucilage was collected, it was thawed, filtered through a 100 μm

stainless steel sieve, freeze-dried, and stored at �20�C.

Seed mucilage was produced by mixing the seeds with 15 mL of

ultrapure water per gram of chia seeds and 6 mL per gram of flax

seeds. After a swelling time of 2 h for chia seeds and 6 h for flax seeds,

the seeds and mucilage were separated first using a 500 μm sieve, and

then a 100 μm stainless steel sieve. The separated mucilage was then

freeze-dried and stored at �20�C. For all subsequent experiments,

freeze-dried purified or untreated mucilage was rehydrated in ultra-

pure water at a concentration of 3 mg of mucilage per gram of water

(0.3 weight%) over 2 days under gentle shaking in a refrigerator.

2.2 | Purification by dialysis and ethanol
precipitation and yield of purification

For dialysis, approximately 20–30 g of mucilage (0.3 weight%) of each

type was filled into pre-cleaned cellulose dialysis tubing

(Sigma-Aldrich, Steinheim, Germany, MW cut-off 12–14 kDa), sealed

with clamps, and placed in a 2 L beaker filled with ultrapure water.

The water was replaced every 24 h after measuring the pH and elec-

trical conductivity (EC) using a Consort C863 pH/EC meter (Consort

nv, Turnhout, Belgium). After 96 h, the samples were freeze-dried

using a Christ Alpha 1-2 LDplus freeze dryer (Christ, Osterode,

Germany), and then weighed to determine the purification yield.

For ethanol precipitation, 10 mL of mucilage (0.3 weight%) was

mixed with 40 mL of 99.8% ethanol (Rotipuran® ≥99.8%, p.a., Carl

Roth, Karlsruhe, Germany) in an ice bath on a shaking platform for

2 h. The mixture was then centrifuged at 4193 RCF for 20 min using a

Hettich Centrifuge (Universal 320, Tuttlingen, Germany). The

mucilage pellet was subjected to two additional 1-hour incubations in

an ice bath on the shaking platform with 40 mL of fresh 99.8% etha-

nol, followed by centrifugation for 15 min at 4193 RCF. The ethanol

supernatant was discarded, and after washing, the pellet was dis-

solved in 20 mL of ultrapure water. The dissolved mucilage was then

freeze-dried and weighed to determine the purification yield. Three

fractions based on molecular size and solubility were calculated from

the purification yield using Equations (1)–(3).

F1¼1�yield EtOHð Þ, ð1Þ

F2¼ yield EtOHð Þ �yield dialysisð Þ, ð2Þ

F3¼ yield dialysisð Þ: ð3Þ

Fraction F1 (small-soluble) represents the ethanol (EtOH)

soluble fraction consisting of molecules or assemblies smaller

than 12–14 kDa. Fraction F2 (small-insoluble) is the EtOH insoluble

fraction with molecules or assemblies smaller than 12–14 kDa,

while fraction F3 (large-insoluble) is the EtOH insoluble fraction

primarily composed of molecules or assemblies larger than

12–14 kDa.

Samples were rehydrated in ultrapure water to a concentration of

0.3 weight%, and pH, EC, and the following parameters were

measured.

2.3 | Cation content

To determine the cation content, 1 mL of the hydrated mucilage

sample was digested with 0.5 mL of HCl (ROTIPURAN® ≥32%, p.a.,

Carl Roth, Karlsruhe, Germany) and 1.5 mL of HNO3 (ROTIPURAN®

≥65%, p.a., Carl Roth, Karlsruhe, Germany) using a microwave. The

digestion process involved a 15-minute heating ramp followed by

constant heating at 200�C for 40 min. The digests were diluted and

analyzed using inductively coupled plasma optical emission spec-

trometry (ICP-OES, Agilent 720 Series, Germany) to determine the

concentrations of metals such as Al, Fe, Ca, Mg, Na, and K. The

results were then normalized to the dry mass of the digested muci-

lage and expressed as millimoles of charge (mmolc) per gram of

dry mass.

To evaluate the balance of cations between retained and

removed fractions and their distribution across different size and solu-

bility fractions, all contents were also related to the original mass of

non-treated mucilage (NT) using the purification yield, and expressed

as mmolc per gram of NT. Since the yield could only be determined

without replicates, small errors were strongly propagated, particularly

for the very small contents of trivalent ions. This led to calculated

increases in cation contents upon treatment that were impossible in

reality. To address this, for dialyzed and ethanol-precipitated chia seed

mucilage, as well as ethanol-precipitated wheat mucilage, the smallest

theoretically possible yield that caused no virtual accumulation was

calculated and averaged with the measured yield. To visualize these
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modifications, the measured and calculated values are represented by

the upper and lower ends of error bars, respectively, as shown in

Figures 1a and 2c.

Finally, the cations belonging to each size/solubility fraction

were calculated using Equations (4)–(6) to describe the non-treated

mucilage (NT), and related to the yield of the respective treatment

to describe the treated mucilage. Specifically, c(cation,F2) and

c(cation,F3) were divided by yield(EtOH), and c(cation,F3) was divided by

yield(Dia).

c cation,F1ð Þ mmolc cation gNTð Þ�1
h i

¼ n cation,F1ð Þ
m dry,NTð Þ

¼ n cation,NTð Þ
m dry,NTð Þ

�n cation,EtOHð Þ
m dry,NTð Þ

, ð4Þ

c cation,F2ð Þ mmolc cation gNTð Þ�1
h i

¼ n cation,F2ð Þ
m dry,NTð Þ

¼ n cation,EtOHð Þ
m dry,NTð Þ

�n cation,Diað Þ
m dry,NTð Þ

, ð5Þ

c cation, F3ð Þ mmolc cation gNTð Þ�1
h i

¼ n cation,F3ð Þ
m dry,NTð Þ

¼ n cation,Diað Þ
m dry,NTð Þ

: ð6Þ

2.4 | Viscosity

Flow measurements were conducted in triplicate at 20�C using a rhe-

ometer (MCR 102, Anton Paar, Ostfildern, Germany) with a cone plate

(CP50-1, diameter = 50 mm; angle of 1�). Each replicate consisted of

a 600 μL sample, with a gap of 0.1 mm and shear rates ranging from

0.001 to 1000 s�1 in seven logarithmic steps. For statistical analysis,

the apparent viscosity at 1 s�1 was compared for all samples and

treatments since low-shear viscosity is more relevant for the dynamic

behavior of mucilage in the rhizosphere.

2.5 | 1H-NMR transverse proton relaxation time T2

The transverse proton relaxation time T2, which is a measure of the

rotational restriction of protons in water within the polymer network,

was obtained from 1H NMR measurements (minispec mq 7.5, Bruker,

Rheinstetten, Germany) with three replicates. The transverse relaxa-

tion decay was obtained using the Carr-Purcell-Meiboom-Gill (CPMG)

pulse sequence[22] with 16 scans, a 0.3 ms echo time, 12,000 echoes,

a recycle delay of 10 s, and a gain between 80 and 94 dB. Decay

curve fitting was attempted using multi-exponential decay equations

in R.[23] However, only mono-exponential fits provided reasonable

results since all additional decays had intensities below 1%.

2.6 | Surface tension

Surface tension was measured using the pendent drop method. A dispos-

able 1 mL syringe (Omnifix®-F) equipped with a blunt needle (Sterican®

18G/1.2 � 40 mm, B. Braun Melsungen AG, Melsungen, Germany) was

filled with the sample and fixed in the video-based optical contact angle

device (OCA15Pro, DataPhysics, Filderstadt, Germany). A hanging drop of

10–20 μL was dosed at the needle end using the dosing unit of the device,

and an image was captured. The drop volume was then increased in 0.1 μL

steps, with each step captured after a balancing time of 10 s, until the drop

fell down within this balancing time. The procedure was repeated for 3–4

replicate drops. The last image with the highest drop volumewas evaluated

for surface tension using the Pendant Drop plug-in[24] of the ImageJ

F IGURE 1 (a) Purification yield relative to the deployed non-
treated dry mass, (b) pH and (c) electrical conductivity (EC) of non-
treated mucilage (NT) and mucilage purified by dialysis (Dia) or by
ethanol precipitation (EtOH) of chia and flax seeds and maize and
wheat roots. Same letters above the bars in the first line indicate no
significant differences between treatments of mucilage of the same
plant, while same letters in the same color in the second line indicate
no significant differences between mucilage of different plants of the
same treatment. Error bars represent standard errors of replicates.
The origin of error bars in (a) are explained in 2.3. As NT samples were
not purified, their yield is not shown.
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software,[25] taking into account the needle diameter in each picture to set

the correct scale of pixels per mm. As equilibrium is likely not reached

within 10 s, wemust consider that themeasured values reflect not only the

amount of amphiphiles but also their diffusion time to reach the surface.

2.7 | Contact angle

For contact angle measurement, microscope borosilicate coverslips

(hydrolytic class I, 24 � 50 mm, Carl Roth, Karlsruhe, Germany) were

cleaned for 10 min in acetone, isopropanol, and ultrapure water, dried

under N2, fixed on a larger specimen holder, and treated for 20 min at

30�C in an ozonizer (Novascan, PSD Pro Series Digital UV Ozone

System) to achieve a contact angle below 10� and allow complete

spreading of the mucilage sample. Following Kaltenbach et al.,[26]

mucilage samples were diluted to 1.104 mg mL�1 (552 μL of

0.3 weight% mucilage filled to 1.5 mL ultrapure water), and 1.5 mL of

the diluted samples was spread on the cleaned coverslip, resulting in a

solid concentration of 0.138 mg cm�2. After drying at ambient tem-

perature in a desiccator over silica gel for 4 days, changes in the drop

shape of sessile drops of 1 μL with respect to spreading time on the

dried mucilage layer were recorded by a video-based optical contact

angle device (OCA15Pro, DataPhysics, Filderstadt, Germany) over

1 min with five frames per second. On each coverslip, spreading of

5–10 replicate drops was recorded. The contact angle of the drops as

a function of drop age was then evaluated using SCA20 software

(DataPhysics, Filderstadt, Germany) by circle fitting. For statistical

evaluation, the contact angles at a drop age of 1 s were compared for

all samples and treatments.

2.8 | Statistical evaluations

Results are presented as mean values of replicates with error bars

representing standard errors of the replicates. To test the effect of

purification and the plant of mucilage origin on the respective

F IGURE 2 (a) Cation charge composition of non-treated (NT) mucilage and mucilage purified by dialysis (Dia) or by ethanol precipitation
(EtOH) for aluminum Al, iron Fe, calcium Ca, magnesium Mg, potassium K, and sodium Na, related to the dry mass, (b) mono- to bivalent cation
charge ratio, (c) size and polarity fractions calculated from dialysis and EtOH precipitation yield, and (d) cation charge composition of these
fractions related to the dry mass of the non-treated mucilage (NT) for chia and flax seed and maize and wheat root mucilage. Error bars represent
standard errors of three replicates.
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parameter, linear mixed-effects models (LMEM) were fitted to the

data, with replicates as random effects, using R[23] and the packages

“lme4”[27] and “lmerTest”.[28] First, the interaction of both factors was

included: lmer (parameter = plant � treatment + (1jreplicate)). If the

interaction term was not significant, the test was repeated without

the interaction. If one of the factors, either plant or treatment, had no

significant effect on the parameter, it was excluded in the last test.

Results are indicated above the bar diagrams with “***” for p < 0.001,

“**” for p < 0.02, “*” for p < 0.05, and “.” for p < 0.1, following the

factors “plant”, “treatment”, and “plant:treatment” for the interaction.

To test significant differences between the treatments of mucilage of

the same plant and between mucilage of different plants with the

same treatment, the following tests were applied for subsets of data:

lmer (parameter = treatment + (1jreplicate))/lmer (parameter = plant

+ (1jreplicate)). For significant effects, multiple pairwise comparisons

using the “multcomp” package[29] with glht (lmer-model, linfct = mcp

(treatment = “Tukey”)) or glht (model, linfct = mcp(plant = “Tukey”))
were conducted. The results were displayed as a compact letter dis-

play (cld function) of all pairwise comparisons inside the diagrams for

the comparison of mucilage of the same plant (upper line) and with

different colors for the comparison of mucilage with the same treat-

ment (second line). The validity of the models was tested for normality

and variance homogeneity of the residuals using Shapiro–Wilk-

Normality test (shapiro.test) and Levene's test (levenesTest) from the

“car” package.[30] If the assumptions of normality and variance homo-

geneity were not met, data were transformed, for example, by taking

the cosine of the contact angle or the logarithm of viscosity and T2

relaxation time. Correlations between parameters were tested using

cor.test for linear regressions. The results include the correlation coef-

ficient R2 and the p value. Correlations with p values smaller than 0.1

were considered indicative of a relationship, while correlations with

p values smaller than 0.2 were considered as trends.

3 | RESULTS

3.1 | Purification yield, pH and EC of mucilage

The purification yield of dialysis (Dia) was higher for seed

mucilage than for root mucilage. It decreased from chia seed to flax

seed, maize root, and wheat root mucilage, suggesting the presence of

an increasing amount of low molecular weight compounds in the

untreated mucilage in this order (Figure 1a). Interestingly, the yield of

ethanol precipitation (EtOH) increased in the same order, being higher

for seed mucilage than for root mucilage. This indicates that, espe-

cially for the two types of root mucilage, a considerable portion of

molecules or assemblies with sizes below 12–14 kDa, which were

removed from the polymer network during dialysis, was precipitated

by ethanol and thus remained after the ethanol treatment.

In the non-treated (NT) mucilage, pH values were lower in seed

mucilage than in root mucilage. The pH range was less than 6 for flax

seed mucilage, approximately 6 for chia seed mucilage, approximately

7 for maize root mucilage, and around 8 for wheat root mucilage

(Figure 1b). Ethanol precipitation increased the pH to values of 8–8.5

in root mucilage, while pH values in seed mucilage adjusted around

7 (Figure 1b). In contrast, dialysis significantly reduced the pH to a

narrower range of values: 4.8 in root mucilage, and 5.0 and 5.2 in flax

and chia seed mucilage, respectively.

Electrical conductivity (EC) in the NT samples was significantly

lower in seed mucilage compared to root mucilage (Figure 1c). It

increased in the same order as the Dia yield decreased and the EtOH

yield increased (Figure 1a). Ethanol precipitation slightly but signifi-

cantly increased EC in seed mucilage to 0.15 mS cm�1, whereas EC in

root mucilage was significantly reduced by ethanol precipitation,

although not as effectively as by dialysis, and likely not independently

from the original EC (Figure 1c). In fact, wheat root mucilage, which

had the highest original EC, still contained a higher amount of mobile

charge carriers than maize root mucilage after the ethanol treatment.

Dialysis effectively reduced EC in all mucilage types to values below

0.1 mS cm�1, regardless of the original EC in the non-treated

mucilage.

3.2 | Cations before and after purification

3.2.1 | Cation composition in non-treated samples

The total cation content in non-treated samples (NT) mucilage was

significantly higher for chia seed, flax seed, and wheat root mucilage

(�3 mmolc g
�1) compared to maize root mucilage (�2 mmolc g

�1,

Figure 2a). The cation composition of all NT mucilage samples was

dominated by bivalent cations, particularly calcium (Ca), accounting

for over 50% of the charge (Figure 2a). Seed mucilage contained sig-

nificantly more bivalent cations than root mucilage due to a higher

magnesium (Mg) content (Figure 2a; for more details and statistical

results, please refer to Supplemental Information Figure S1d). How-

ever, NT flax seed and wheat root mucilage had the highest potassium

(K) content, nearly double that of NT chia seed and maize root muci-

lage (0.5–0.6 mmolc g
�1, Figure S1e), resulting in a significantly higher

mono- to bivalent cation charge ratio (Figure 2b). Additionally, NT flax

seed and wheat root mucilage had elevated sodium (Na) contents. In

flax seed mucilage Na content was approximately four times higher

(� 0.35 mmolc g
�1) compared to NT chia seed and maize root muci-

lage (<0.1 mmolc g
�1), while wheat root mucilage had approximately

double the Na content (� 0.15 mmolc g
�1) (Figure S1f). The contribu-

tion of trivalent cations, such as iron (Fe) and aluminum (Al), was very

low and did not significantly differ among the four investigated

mucilage types (Figure S1a,b).

3.2.2 | Cations composition after purification

Ethanol precipitation generally reduced the total cation content. The

remaining total amount of cations decreased from EtOH chia seed to

wheat root and flax seed, and finally to maize root mucilage

(Figure 2a). The two seed mucilage types retained more K during
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ethanol precipitation compared to the two root mucilage types

(Figure 2a, Figure S1e). Wheat root mucilage retained significantly

higher amounts of Ca and lower amounts of Mg than the other muci-

lage types and even showed enrichment in Ca compared to the NT

mucilage (Figures 2a, S1c,d).

Dialysis was significantly more effective in removing cations than

ethanol precipitation (Figure 2a). The two seed mucilage types

retained significantly more cations after dialysis compared to the two

root mucilage types, with approximately 1 mmolc (g NT)�1 versus

0.25 mmolc (g NT)�1, respectively (Figure 2a). Dialysis almost

completely removed K from seed mucilage, while the dialyzed root

mucilage samples still contained a significant amount of K (Figure 2a,

Figure S1e). In contrast, seed mucilage types retained significantly

higher amounts of bivalent cations compared to root mucilage

(Figure 2a, Figure S1c,d).

This contrasting effect of the purification methods on the cation

composition was also reflected in the mono- to bivalent charge ratio

of cations (Figure 2b). Due to the higher K content, the ratio was

higher in the NT mucilage of flax seeds and wheat roots (>0.7) com-

pared to chia seeds and maize roots (<0.5). Ethanol precipitation

increased the mono- to bivalent charge ratio only for chia seed muci-

lage, while it decreased for the other mucilage types, leading to values

decreasing from chia (� 0.5) to flax seed (� 0.3) and to maize and

wheat root mucilage (� 0.1) (Figure 1b). In contrast, the ratio after

dialysis was strongly reduced for all mucilage types and increased

from chia seed mucilage over flax seed and maize root mucilage to

wheat root mucilage.

3.2.3 | Polarity/size fractions and their cation
content

As reported by Yan,[31] oligosaccharide components of maltodextrin

with a degree of polymerization (DP) greater than 12 are practically

insoluble in 80% ethanol. Based on this, we assume that all substances

present in the dialysis yield (i.e., greater than 12–14 kDa, equivalent

to a DP of glucose of approximately 70–80) were also present in the

ethanol precipitation yield. Consequently, three different mucilage

fractions that characterize the NT mucilage composition with increas-

ing size and decreasing polarity can be calculated from the purification

yields (see Section 2.2). While fraction F1 and F3 decreased from the

seed to the root mucilage types, fraction F2 was virtually absent in

chia seed mucilage and increased from flax seed to maize and wheat

root mucilage (Figure 2c).

Figure 2d shows the cation composition of these three fractions

(for statistical comparison, please refer to Figure S2). The “free” cat-

ions in F1, which were removed by ethanol precipitation, constitute

the largest portion of cations in all mucilage types (Figure 2d).

Dialysis-resistant cations in F3 were strongly depleted in monovalent

cations. The total amount of cations in F2, and specifically the amount

of Ca, increased from chia seed to maize and wheat root mucilage,

probably at the expense of Ca in F1, which decreased in the same

order. In contrast, K content in F2 decreased from chia seed to maize

and wheat root mucilage.

3.3 | Physicochemical properties of mucilage

The surface tension of untreated root mucilage was significantly

lower than that of untreated seed mucilage (Figure 3a). The effect of

ethanol precipitation followed no clear pattern. In contrast, dialysis

significantly increased the surface tension of root mucilage, while it

did not significantly affect the surface tension of seed mucilage.

The viscosity of untreated mucilage was highest for flax seed and

decreased in the order of chia seed, maize root, and wheat root muci-

lage (Figure 3b). The effect of purification on viscosity differed

between the plants. The viscosity of chia seed mucilage was

neither significantly affected by dialysis nor by ethanol precipitation.

For maize and wheat root mucilage, viscosity significantly increased

following dialysis and ethanol precipitation, with even stronger

increase following ethanol precipitation in the case of wheat root muci-

lage. Surprisingly, dialysis significantly decreased the viscosity of flax

seed mucilage, while the ethanol-precipitated mucilage of flax seed

showed the highest viscosity among all treated samples.

The wettability, expressed as the cosine of the sessile drop contact

angle, was lowest for maize root and highest for chia seed mucilage,

while it did not significantly differ between flax seed and wheat root

mucilage (Figure 3c). The effect of both ethanol precipitation and dialy-

sis was highly plant-specific. Upon ethanol precipitation, wettability

significantly decreased for chia seed and wheat root mucilage, while it

remained unaffected in maize root mucilage and was slightly but signif-

icantly increased in flax seed mucilage. In contrast, dialysis significantly

increased the wettability of chia seed and maize root mucilage but did

not affect it for flax seed and wheat root mucilage.

T2 relaxation times of mucilage in the range between 1 and 2.5 s

reflect a relatively weak and unspecific restriction of the rotational mobil-

ity of water protons, such as their interactions with a network formed by

the polymers. Therefore, we interpret increasing T2 relaxation time as

increasing water mobility, indicating a lower amount of water retained in

the polymer network in the mucilage sample or a looser network with a

larger mesh size and thus a weaker restriction of the retained water mol-

ecules.[32] For the untreated mucilage, T2 relaxation time was signifi-

cantly lower in seed mucilage than in root mucilage (Figure 3d). Except

for flax seed mucilage, the purification significantly reduced the T2 relax-

ation time. For chia seed and wheat root mucilage, this effect was signifi-

cantly stronger with ethanol precipitation than with dialysis.

4 | DISCUSSION

4.1 | The role of supramolecular interactions
for physical properties

In order to understand how the chemical mucilage properties

determine the supramolecular polymer interactions which affected

the changes in physical mucilage properties upon the purification

treatments, a correlation matrix is presented that shows the correla-

tion coefficients r with p values below 0.1 (Figure 4). While in the fol-

lowing the interpretation is summarized, these aspects are discussed

more detailed in the Supporting information (SI chapter 2).
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4.1.1 | Cationic interactions enhance viscosity
and water retention

The negative correlation of the dialysis yield with pH of NT samples

(Figure 4a, Figure S3) indicate that a higher number of acidic groups

allows for more cross-links with multivalent cations that cause larger

inter- and intra-molecular mucilage assemblies. The positive correlation

of viscosity and negative correlation of T2 relaxation time with Ca and

Mg in the strongly bound fraction F3 (Figure 4a, Figure S5a,b) show that

viscosity of mucilage depends on the stabilization of the polymer net-

work by multivalent cations and the resulting reduced mesh size of the

network may thus restrict water stronger.[18,32,33] Viscosity also

increased with decreasing K content in F3 (Figure 4a, Figure S5) which

indicates that K interacted preferentially with acidic groups that cannot

be cross-linked and that are energetically less favorable for multivalent

cations because the next acidic group for a cross-link is too far away.[34]

4.1.2 | Hydrophobic interactions lower surface
tension and wettability

Increasing EtOH yield with decreasing Dia yield (Figure 4d) and thus

with increasing amount of low molecular weight (LMW) substances sug-

gests that obviously not the size but the polarity of the polymers deter-

mine the EtOH yield.[16] Increasing EtOH yield with decreasing original

(NT) surface tension and with a trend of decreasing original wettability

(Figure 4a, Figure S3c,d) indicate that the lower the polarity of the

polymers the more hydrophobic interactions may be formed which is

further supported by the presence of surfactants.[35] The overall nega-

tive correlation of viscosity with T2 relaxation time in NT and Dia but

not in EtOH samples (Figure 4a-c, Figure S4c) suggest that water reten-

tion in the latter was to a higher degree caused by weaker hydrophobic

interactions. These interactions dissociate easier under shear force and

thus result in a lower viscosity than cationic cross-links.

4.1.3 | Substance exchange is hindered by cationic
cross-links

Viscosity correlated positively with surface tension and negatively with

EC (Figure 4a, Figure S4d,f) indicating that the better the polymers were

cross-linked the more hindered was the migration of mobile charge car-

riers and the diffusion of surface-active substances to the surface.[36]

Also, wettability of dried mucilage generally increased with increasing

viscosity, with highest significance for Dia samples (Figure 4c, d,

Figure S4e) suggesting that the reduced mobility of surface-active

substances mitigated a surface hydrophobization during drying.[37]

4.2 | Differences in seed and root mucilage's
physical behavior based on their chemical properties

Seed mucilage exhibits characteristics of acidic polysaccharides

connected by multivalent cationic interactions, forming a dense and

F IGURE 3 (a) Surface tension, (b) logarithmic apparent viscosity at a shear rate of 1 s�1, (c) wettability as cosine of sessile drop contact angle
at a drop age of 1 s on dried mucilage, and (d) water mobility expressed as logarithmic transverse 1H relaxation time T2 of non-treated (NT),
dialysed (Dia) and ethanol precipitated (EtOH) mucilage in a concentration of 0.3 weight%. Same letters above the bars in the first line indicate no
significant differences between treatments of mucilage within one plant, while same letters in the same color in the second line indicate no
significant differences between mucilage of different plants within one treatment. Error bars represent standard errors of replicates.
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stable network. This dense network results in higher viscosity, leading

to reduced mobility of surface-active substances and ions, which con-

tributes to higher surface tension and lower EC compared to root

mucilage. The higher density of acidic groups in seed mucilage allows

for more crosslinks through multivalent cations, restricting cation

mobility and lowering EC, despite the higher content of “free cations”
in fraction F1 of seed mucilage compared to root mucilage. This is also

evident in the lower T2 relaxation time (Figure 3d), indicating stronger

water retention within the polymer network of seed mucilage com-

pared to root mucilage. Consistent with this, the slower solute trans-

port through soil amended with chia seed mucilage, due to the

presence of a higher amount of immobile water, supports the stronger

cross-linked polymer network of seed mucilage compared to wheat

root mucilage.[38] The stronger cross-linking likely renders seed muci-

lage more resistant to environmental changes but less flexible in

responding to these changes with alterations in physical properties.

This is reflected in the smaller changes in viscosity and wettability

observed upon purification of chia seed mucilage and in the properties

of flax seed mucilage, including SFT, wettability, and T2 relaxation

time, compared to root mucilage types (Figure 3a-d).

In contrast, root mucilage is characterized by smaller, less polar,

and less acidic polysaccharides, resulting in a looser network. The

F IGURE 4 Treatment-wise correlation plots for water mobility expressed as logarithmic transverse 1H relaxation time T2 (log(T2)), logarithmic
apparent viscosity at 1 s�1 shear rate (log(visc)), wettability as cosine of sessile drop contact angle after a drop age of 1 s on dried mucilage (cos
(CA)), pH, electrical conductivity (EC), ethanol precipitation yield (yield(EtOH)), dialysis yield (yield(Dia)), content of aluminum (Al), iron (Fe), calcium

(Ca), magnesium (Mg), potassium (K), and sodium (Na) content, and the ratio of mono- to bivalent cations (mono) in three different fractions, the
ethanol soluble fraction (F1), the ethanol insoluble fraction <12–14 kDa (F2) and the fraction >12–14 kDa for chia and flax seed and maize and
wheat root mucilage (a) for the non-treated samples (NT), (b) for the ethanol precipitated samples (EtOH), (c) for the dialyzed samples (Dia), and
(d) for all samples together, and plant-wise correlation plots for (e) chia seed, (f) flax seed, (g) maize root, and (h) wheat root mucilage. Color of the
dots corresponds to the correlation coefficient R as shown in the legend. Correlations are considered significant for p values <0.1.
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higher T2 relaxation time and lower viscosity of root mucilage indicate

lower water retention but easier spreading on surfaces after exuda-

tion compared to seed mucilage. This is supported by the positive

correlation of viscosity and the negative correlation of the T2 relaxa-

tion time with monovalent cations in maize root mucilage, which are

in concurrence to multivalent cross-linkers (Figure 4g, Figure S10c–f).

For wheat mucilage, wettability is negatively correlated with viscosity

and positively correlated with water mobility, while surface

tension negatively correlates with EC and Mg content (Figure 4h,

Figure S11a–d). This suggests that the higher flexibility of the wheat

root mucilage network enhances wettability through faster rearrange-

ment of hydrophilic polymer components during the re-swelling pro-

cess, while surface tension increases with the depletion of cations and

surfactants. In contrast, for maize mucilage, wettability and surface

tension are positively correlated (Figure 4g, Figure S11e). This indi-

cates that the hydrophobic behavior of maize mucilage is mainly

caused by amphiphiles in fraction F2 that accumulate at the surface

during drying. These amphiphiles likely remained after ethanol

precipitation but were removed during dialysis, resulting in improved

wettability (Figure 3a,c).

5 | CONCLUSIONS: SEED AND ROOT
MUCILAGE'S ABILITY TO RESPOND TO
CHANGING RHIZOSPHERE CONDITIONS

The discussed differences in chemical and resulting physical

properties of seed and root mucilage, as well as their responsiveness

to environmental changes, can be attributed to their distinct functions

in the rhizosphere. A comprehensive review by Tsai et al.[39]describes

the functions ascribed to seed mucilage, which can be summarized as

seed dispersal, fixation, and protection against abiotic stress. The high

viscosity of seed mucilage contributes to its adhesive properties,

enabling it to stick to soil particles and safeguard the seed from being

washed away by heavy rain or wind.[40,41] Seed mucilage also exhibits

protective qualities during dispersal, such as resistance against diges-

tion in the digestive tract of animals.[42,43] This protective barrier acts

against aggressive substances, aligning with our finding that substance

mobility is significantly reduced within the seed mucilage network.

Moreover, seed mucilage effectively retains water within its structure

during soil drying,[44] functioning as a water reservoir rather than facil-

itating water conduction and uptake by the seed.[45] Consequently,

seed mucilage acts as a physical barrier, impeding the diffusion of

water, oxygen, and salt, thereby preventing germination under unfa-

vorable environmental conditions.[46] This suggests that seed mucilage

plays a crucial role in protecting the seedling during germination, rely-

ing on stored substances within the seed rather than external nutrient

exchange.

In contrast, root mucilage requires the mobility of water,

surfactants, and ions to facilitate their transport through the rhizo-

sphere soil to the root surface. Our findings strongly indicate that

the less tightly cross-linked network of root mucilage allows it to be

more adaptable to changing environmental conditions. Although

hydrophobic interactions are weaker, they possess self-healing

potential: after mechanical stress, such as acting as a lubricant dur-

ing root penetration into soil pores, hydrophobic interactions reform

due to self-organizing processes supported by the presence of sur-

factants.[17] The high flexibility of the network provides root muci-

lage with several properties that support plant growth. When wet,

root mucilage's reduced surface tension allows it to spread on sur-

rounding soil particles and increase the root-soil interface.[47] Unlike

seed mucilage, the looser network of root mucilage enables the

transport of water and solutes from the rhizosphere soil to the root

surface, enhancing nutrient availability for plants. As mucilage dries,

its viscosity increases, enhancing water retention, and the accumu-

lation of surface-active substances reduces its wettability.[48] This

increased repellency and viscosity of root mucilage likely contribute

to the formation of “liquid bridges”, such as filaments or hollow cyl-

inders, between rhizosphere soil particles.[49] This enhances soil

structural stability and maintains hydraulic connectivity between

the root and soil,[3] facilitating nutrient diffusion in a drying rhizo-

sphere.[50] The repellent properties of root mucilage after

drying also slow down the rewetting of the rhizosphere,[51] prevent-

ing rapid water entry that could lead to slaking of the rhizosphere

structure.[52]

To verify the interpretation of the presented results, additional

chemical information on the different types of mucilage is required. It

is necessary to examine the polysaccharide composition, including the

presence of various sugar monomers and their linkages, as well as

the contribution of uronic acids and deoxy sugars. Furthermore, ana-

lyzing the molecular weight, size distribution of the mucilage poly-

mers, and understanding the relationship between the chemical

composition, molecular interactions, and physical properties of muci-

lage will aid in validating the findings. Additionally, studying the

reversibility of the observed changes under more realistic conditions

is essential to comprehend how alterations in the rhizosphere's envi-

ronmental conditions may affect these physical properties and enable

their specific ecological functions.
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