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A B S T R A C T

The ability of roots to extract water and nutrients from soil depends on the biophysical properties of the
rhizosphere, which are strongly influenced by mucilage secretion. The aim of this study was to introduce the
concept of rhizoligands to engineer the biophysical properties of the rhizosphere. A rhizoligand is defined as an
additive that increases the wettability of the rhizosphere and links the mucilage network to main intimate
contact with the root surface. We hypothesize that rhizoligands: i) facilitate the rewetting of the rhizosphere
during repeated drying and wetting cycles; ii) enhance rhizosheath formation; iii) increase enzyme activities in
the rhizosphere; and iv) increase plant biomass.

A commercial surfactant was selected as the prototype rhizoligand to test the effect on the rhizosphere
biophysical properties of white lupin grown in quartz sand and subjected to six drying-rewetting cycles. Half of
the plants were irrigated with water and the other half with the rhizoligand solution. When plants were 50 days
old, we measured: i) soil water content; ii) rhizosheath mass; iii) activity of selected enzymes; iv) carbon content
in the rhizosphere; and v) plant biomass.

Rhizoligand increased rewetting rate of the rhizosphere after drying and subsequent rewetting, resulting in a
greater soil water content. Rhizosheath formation was improved in plants irrigated with rhizoligand and sand
particles attached to the roots increased by 1.64 times compared to plants irrigated with water. Activity of the
enzymes chitinase, sulfatase, and β-glucosidase were 4, 7.9, and 1.5 times greater in the rhizosphere of plants
irrigated with rhizoligand than in the rhizosphere of plants irrigated with water. Plant biomass was 1.2 fold
greater in samples irrigated with rhizoligand solution than in samples irrigated with water.

We conclude that application of rhizoligand improves plant performance by influencing the water dynamics
in the rhizosphere and the plant, increasing the mechanical stability of the rhizosheaths and increasing the
enzyme activities in the rhizosphere. Such effects are probably triggered by the interaction between mucilage
and the applied rhizoligand, which reduces mucilage swelling (possibly by cross-linking mucilage polymers) and
thus by increasing its viscosity keeps the mucilage close to the root surface. We propose the rhizoligand concept
as a strategy to engineer the rhizosphere properties and to improve plant tolerance to water shortage.

1. Introduction

Water shortage has strong direct and indirect adverse effects on
plant growth and crop yield. As soils dry, the transport of water and
nutrients to the roots becomes limited by the low hydraulic conductiv-
ity. As the soil dries further, roots shrink and air-filled gaps form
between soil and roots consequently limiting water and nutrient flow
toward the root surface (Nobel and Cui,1992; McCully 1995; Carminati

et al., 2009).
During soil drying microbial activity decreases (Austin et al., 2004;

Sanaullah et al., 2011). Since plant–microbial interactions play a
central role in nutrient availability, soil drying has a further negative
impacts on the nutrient availability and uptake by plants (Hamilton and
Frank, 2001; Hermans et al., 2006; Landi et al., 2006).

Increasing evidence suggests that plants modify their surrounding
soil environment, the rhizosphere, to better exploit water and nutrient
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resources (Hinsinger et al., 2009; Spohn and Kuzyakov, 2013). Plants
release a significant portion of their photosynthetic products into the
soil as root exudates through the process of rhizodeposition (Jones
et al., 2009; Pausch et al., 2013). The constituents of these exudates
include low-molecular-weight compounds, such as sugars, amino acids,
and organic acids (Fischer et al., 2010), and high-molecular-weight
compounds, such as mucilage a biopolymer.

Mucilage alters the physical properties of the rhizosphere (Watt
et al., 1994; Young, 1995; Carminati et al., 2010; Moradi et al., 2011)
and nutrient availability (Richardson et al., 2001; Belfort et al., 2007;
Miransari, 2013). Upon secretion from the root tip, mucilage penetrates
into the soil pore spaces and coats the soil particles. As the soil dries,
mucilage partly dehydrates, increasing its viscosity and binds the soil
particles together keeping them in contact with the roots (Albalasmeh
and Ghezzehei, 2014). This biopolymer formed layer of soil particles
adhering to the roots is commonly called the rhizosheath (Watt et al.,
1994). Rhizosheath forms at the root surface of many plant including
many grasses and agriculturally important crops such as maize,
sorghum, wheat, and barley (McCully, 1999; Delhaize et al., 2012;
George et al., 2014). Rhizosheath formation is strongly correlated to
length and density of root hairs (Delhaize et al., 2012). The volume and
stability of the rhizosheath depends on the plant species, the number of
drying and rewetting cycles and sources of secreted mucilage (Nambiar,
1976; Watt et al., 1993, 1994; George et al., 2014). Rhizosheaths of
grasses formed under dry conditions are larger, more coherent, and
more strongly bound to the roots than those formed in wet soils (Watt
et al., 1994, 1993). Under dry conditions, mass of rhizosheath adhered
to the roots of certain grasses was approximately three times bigger
than the rhizosheath adhered to the roots of same plants grown in wet
conditions (Watt et al., 1994, 1993). The authors hypothesized that
drying and wetting cycles i) may stabilize mucilage close to the root
surface by inducing new cross links in its network ii) and may also alter
the quantity and quality of root and microbial exudates (Watt et al.,
1994; McCully, 1999).

Several important functions for water and nutrient uptake have
been attributed to the rhizosheath, particularly under water stress

condition, including: i) maintaining the contact between roots and soil
during drying (Watt et al., 1993; Young, 1995; North and Nobel, 1997);
ii) keeping soil next to the roots wetter than the bulk soil, possibly a
means of maintaining the hydraulic connection between the roots and
soil (Watt et al., 1993; Young, 1995; Carminati et al., 2010, 2011;
Moradi et al., 2011); and iii) providing a favorable habitat for microbial
activity due to larger soil moisture and carbon content around the roots
(Drenovsky et al., 2004; Pausch and Kuzyakov, 2011; Kuzyakov and
Blagodatskaya, 2015).

Moradi et al. (2012) found that the contact angle was higher in the
rhizosheath of lupin compared to the adjacent bulk soil. This corrobo-
rates neutron radiography experiments which showed that the rhizo-
sphere becomes water repellent upon drying (Carminati et al., 2010;
Zarebanadkouki et al., 2016). The development of hydrophobicity is
probably a consequence of lipids in mucilage (Read et al., 2003).
Hydrophobicity in the rhizosphere has been demonstrated to limit
fluxes of water across the rhizosphere thus reducing root water uptake
(Zarebanadkouki and Carminati, 2014).

Over the last decade, surfactants have been used to improve
irrigation efficiency in hydrophobic soils and to increase water
infiltration in the root zone (Franklin, 2007; Chaichi et al., 2015;
Daneshnia et al., 2015; Jafarian et al., 2015). Density and quality of the
turf grass exposed to water stress improved after soil treatment with a
surfactant (Franklin, 2007). Although the application of surfactants to
facilitate the rewetting of water repellent soils is a well-established
practice, the mechanisms of surfactants’ interactions with root exudates
and mucilage have not been explored.

The aim of this study was to evaluate if rhizosphere properties could
be engineered to optimize water and nutrient transport as well as
microbial activity at the root-soil interface. To test this concept two
areas were explored: i) is it possible to stabilize and maintain mucilage
and other root exudates in the vicinity of the roots? and ii) does this
engineered biopolymer facilitate the rewetting of the rhizosphere upon
drying and wetting cycles? We tested whether a selected commercial
surfactant (ACA1820, Aquatrols Corporation of America, Paulsboro,
New Jersey, U.S.A) could act as a rhizoligand.

Fig. 1. Conceptual model of rhizoligand interactions with mucilaginous compounds secreted by roots in the rhizosphere. The interactions between rhizoligand and hydrophobic mucilage
groups reduce mucilage swelling and increase its viscosity. The high viscosity of mucilage increases the binding between soil particles and the root surface. The right side of the root in the
figure illustrates the effect of rhizoligand on linking mucilage polymers, whereas the left figure indicates the case of a root not treated with rhizoligands.
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We define rhizoligand a substance that: i) decreases mucilage
swelling and ii) facilitates the rewetting of the rhizosphere.

We hypothesize that the application of rhizoligands stabilizes
mucilage at the root surface and stimulates rhizosheath formation.
The underlying hypothesis is that by decreasing mucilage swelling,
rhizoligands maintain mucilage close to the roots increasing the
strength of the bonds between the root surface and the soil particles,
enhancing rhizosheath formation. Furthermore, we hypothesize that
the higher water content in the rhizosphere of plants treated with
rhizoligands enhances microbial activity in the rhizosphere under
drought.

Fig. 1 shows our conceptual model of the mode of action of
rhizoligands. Rhizoligand and mucilage have hydrophilic and hydro-
phobic functional groups. In an aqueous environment, the hydrophilic
heads of rhizoligand link to water molecules, whereas the hydrophobic
heads associate with the hydrophobic mucilage groups. Such a concept
is based on experiments with surfactants and polymeric gels having
hydrophobic groups (Goddard, 1994; Hansson and Lindman, 1996).
The interactions between hydrophobic and hydrophilic groups of
rhizoligands and mucilage form additional bridges between the muci-
lage polymers limiting mucilage swelling and increasing its stability.
After mixing with rhizoligand, mucilage in soil becomes more viscous
and remains at greater concentration in the vicinity of the roots.
According to Albalasmeh and Ghezzehei (2014) mucilage starts to
binding soil particles when its viscosity is sufficiently high. By increas-
ing mucilage viscosity, rhizoligand application is expected to improve
binding of soil particles and therefore rhizosheath formation.

To test our concept, we first investigated the capability of a
surfactant to reduce the swelling of mucilage. Then, the effects of
rhizoligand on biophysical properties of the rhizosphere of lupins
grown in quartz sand were evaluated. The plants were subjected to
repeated drying and rewetting cycles and the following parameters
were measured: i) the soil water content after rewetting; ii) the
rhizosheath formation; iii) the enzyme activities and carbon content
in the rhizosphere; and iv) plant biomass.

2. Materials and methods

2.1. Mucilage swelling

To test our conceptual model, we first measured mucilage swelling.
We used mucilage from chia seeds (Salvia hispanica), which showed a
physical behavior similar to that of mucilage from maize and lupin: it
forms a gel upon immersion in water and turns hydrophobic upon
drying (Kroener et al., 2014). However, mucilage from chia seed might
differ from root mucilage. The physicochemical properties of root
mucilage might depend on many factors, such as age and growing
conditions, and they are likely to show large variations among plant
species (Zickenrott et al., 2016).

Chia seeds were mixed with water at a ratio of 1–10 (g seeds/g
water) and the mixture was stirred using a magnetic stirrer for 2 h. The
mixture was passed through a series of sieves with size of 0.5 and then
0.2 mm by applying a suction of −800 hPa. Afterwards, 200 g of the
extracted wet mucilage were placed in a large petri dish (20 cm in
diameter) and they were let dry in a ventilated oven at a temperature of
40 °C. The initial concentration of mucilage was calculated as the dry
mass of mucilage (oven dry) divided by the wet mass of mucilage and it
was estimated to be 0.6%. The petri dish was covered with a thin layer
of paraffin enabling us to easily remove the thin layer of dried
mucilage. This procedure resulted in a relatively uniform layer of dried
mucilage (with respect to the thickness). A small piece of dried
mucilage (1 cm×2 cm) was weighted and immersed in water (control
treatment) and in a selected rhizoligand solution (ACA1820, Aquatrols
Corporation of America, Paulsboro, New Jersey, U.S.A) at a concentra-
tion of 1 mL of surfactant per liter of water. This prototype rhizoligand
was used in all experiments. Mucilage adsorbed water and swelled until

it reached its maximum swelling capacity (which took approximately 2
days). The excess water was gently removed (i.e. it was poured though a
coarse sieve) the swollen mucilage was collected and its water content
was determined gravimetrically. We have replicated the measurements
five times.

2.2. Plant and soil preparation

Seeds of white lupin (Lupinus albus L. cv. Feodora) were soaked in
10% H2O2 solution for 5 min and then they were thoroughly washed.
The seeds were subsequently germinated in the darkness on moist filter
papers for 2 days. The seedlings were planted in thin aluminum
containers (28 cm width, 30 cm height, and 1 cm thickness) filled with
quartz sand (particle size ranging from 50 to 250 µm). The quartz sand
was packed to a bulk density of 1.4 g cm−3. The containers were filled
homogeneously, while they were laid horizontally and the sand was
passed through a sieve with mesh size of 2 mm in order to reduce soil
layering. The germinated seeds were planted at a depth of 1 cm into the
containers (one seed per container) and plants were transferred to a
climate chamber under controlled conditions: a daily light cycle of 14 h
and 10 h of darkness, a light intensity of 500 µmol m−2 s−1, day: night
temperature of 24: 19 °C, and relative humidity of 60%.

During the first three days after planting, seedlings were irrigated
daily from the top. After the shoots emerged, we covered the soil
surface with 1 cm layer of gravel (ca. 2 mm in diameter) to minimize
evaporation. The plants were subsequently irrigated by capillary rise on
every fourth day. Containers were slowly immersed in 15 cm water
table for one hour. The containers were then gently lifted, allowing free
drainage of excessive water through the holes at the bottom of the
container. This procedure resulted in an average soil water content
(volume of water divided by the total soil volume) of
0.25–0.30 cm3 cm−3 after irrigation.

When the plants were two weeks old and the sand had a water
content of 0.27–0.30 cm3 cm−3, the first drying cycle was started. The
irrigation was stopped and plants were let dry until reaching a water
content of 0.04–0.05 cm3 cm−3 (near wilting point). The plants were
then divided into two groups: one group was irrigated with water and
the second group with water containing rhizoligand (ACA1820) at a
concentration of 0.05 g L−1. The drying and rewetting cycles were
repeated six times, with the plants being rewetted by capillary rise
when they reached a water content of 0.04–0.05 cm3 cm−3. To
determine soil water content during each cycle of drying, the containers
were weighted every 12 h. The two treatments (water versus rhizoli-
gand) were replicated four times.

2.3. Analysis of rhizosheath properties

After the six drying/wetting cycles, when the plants were approxi-
mately 50 days old, we let the plants dry until the sand reached a water
content of 0.04–0.05 cm3 cm−3. Thereafter, we laid the containers
horizontally and opened the detachable plate of each container. The
whole root system and the sand adhering to the roots were removed
from the sand and shaken gently to remove any loose sand. The sand
adhering to the roots after shaking is referred to as rhizosheath.

We cautiously removed most of the roots from the upper part of the
containers and placed them immediately in plastic bags to minimize
evaporation and shrinkage of the roots. The root segments were spread
on an A3 plexiglass tray of the WinRhizo flatbed scanner (Epson STD
4800) equipped with a double light source to avoid root overlapping.
The images were acquired using the TWAIN interface at 800 dpi
resolution.

Length, radius and volume of roots and rhizosheath were analyzed
using the software WinRhizo 2008a image analysis system (Reagent
Instruments Inc., Canada). The average radius of the rhizosheath plus
root was calculated in treatments with and without rhizoligand. Note
that we independently determined the thickness of roots after removing
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the attached sand in water and water containing rhizoligand samples.
For quantification of scanned images by WinRhizo, we first selected the
root segments that had no lateral roots and applied a threshold filter to
distinguish the root-rhizosheath from their backgrounds. Then, the
segmented roots were skeletonized and the length of each root segment
was calculated (Zarebanadkouki et al., 2016). WinRhizo gave the total
surface area in each root-rhizosheath segment, A [cm2]. Assuming that
the root-rhizosheath had a cylindrical shape, the average thickness of
the root-rhizosheath was calculated as

rLA = 2π (1)

where L is length of the skeletonized root-rhizosheath segment [mm]
and r is the radius of the segmented root-rhizosheath [mm].

In parallel, the mass of roots and rhizosheaths were gravimetrically
determined as following: A soft brush was used to remove adhering
sand particles (rhizosheath). Two grams of these collected rhizosheaths
were used to assess carbon content and enzyme activity. Thereafter, to
remove any remaining sand particles from root surface, roots were
immersed in distilled water for 24 h and then adhering sand particles
were removed by brushing them away. The sand particles were
removed from roots and dried in an oven for 48 h at 104 °C. Then,
their mass was gravimetrically determined and normalized for the dry
mass of roots (Watt et al., 1994).

2.4. Carbon content analysis

The carbon content in one gram of the rhizosheath and bulk soil was
analyzed by VarioMax CNS apparatus (VarioMax CNS, Elementar,
Germany) according to the Dumas combustion method. The bulk soil
was defined as the sand remaining in the sample containers after
removal of the roots – i.e. the not-adhering sand (Chimento et al.,
2016).

2.5. Enzyme assays

We measured the enzyme activity in the rhizosheath and in the bulk
soil. The method to sample the rhizosheath is explained above.
Extracellular enzyme activities were assayed using fluorogenically
labeled substrates (Marx et al., 2005; Razavi et al., 2015). Four
enzymatic activities were analyzed: (1) β-glucosidase, which is in-
volved in carbon cycle; (2) Chitinase, which is involved in carbon and
nitrogen cycle; (3) acid phosphatase, which is involved in phosphorus
cycle; and (4) sulfatase, which involved in sulfur cycle. In order to
assess enzyme activities in rhizosheath and bulk soil, four types of
fluorogenic substrates based on 4-methylumbelliferone (MUF) were
used (Table 1), (Stemmer et al., 1998; Koch et al., 2007). The MUF-
substrates were dissolved in 2-methoxyethanol. Saturation concentra-
tions of fluorogenic substrates were determined in preliminary experi-
ments (Razavi et al., 2015). Pre-dissolved MUF substrates were further
diluted with sterile universal buffer [MES (C6H13NO4SNa0.5)].

One gram of sand was mixed in 50 ml water for two minutes using a

magnetic stirrer and low-energy sonication (40 J S−1 output energy) for
two minutes (Stemmer et al., 1998; Koch et al., 2007). Subsequently,
50 µl of sand suspension was added to 150 µl of each test substrate
solution (containing either 50 µl universal buffer) in a 96-well micro-
plate (Puregrade, Germany) and incubated for 2 h. Fluorescence was
measured in microplates at excitation wavelength of 355 nm, emission
wavelength of 460 nm, slit width of 25 nm, with a Victor31420-050
Multilabel Counter (PerkinElmer, USA).

Each enzyme was assayed in triplicate for each sample (bulk soil
and rhizosheath of lupin). All assays were run at 20 °C. Enzyme
activities were expressed as MUF release in nmol per g dry soil per
hour (nmol MUF g−1 soil h−1), (Razavi et al., 2015).

2.6. Plant biomass measurement

At the end of the drying/wetting experiments, when the plants were
approximately 50 days old, we collected roots and shoots. The dry
weight of roots and shoots were determined gravimetrically. The roots
were separated from the shoots and carefully all the soil particles
attached to the roots were removed as previously described prior to
weighing. Both roots and shoots were dried in oven for 24 h at 105 °C
and then were weighted individually.

2.7. Statistical analysis

To evaluate statistical differences between two samples, t-test in the
software R (version 3.3.2) was applied. The replicates were compared
to determine if differences were statistically significant between plants
irrigated with water and rhizoligand solution. Differences were re-
ported to be significant at an error probability level of p<0.05.

3. Results

3.1. Mucilage swelling

Maximum swelling of chia mucilage significantly decreased with the
rhizoligand addition (P<0.05) (Fig. 2). Rhizoligand reduced the final
swelling of chia mucilage by a factor of 1.89 in comparison to water.
One gram of dry mucilage adsorbed 272± 18 g of water and
144± 14 g of rhizoligand solution.

3.2. Wetting and drying cycle

The average soil water content shortly after irrigation was greater in
the plants irrigated with the rhizoligand solution compared to water
(Fig. 3). Irrigation via capillary rise resulted in an average soil water
content of 0.26± 0.01 and 0.23± 0.01 cm3 cm−3 in plants irrigated
with and without rhizoligand, respectively. The differences resulted
mainly from the fact that the rhizoligand increased the wettability of
the rhizosphere, as shown in Ahmed et al. (2017) using the same quartz
sand, plant variety and rhizoligand. Note that the drying cycles for
plants irrigated with rhizoligand solution were one to two days longer
than the plants irrigated with water, confirming results previously
attributed to lower transpiration rates (Ahmed et al., 2017).

3.3. Rhizosheath development

The rhizosheath of plants treated with rhizoligand were much
thicker than those of the plants irrigated with water (Fig. 4). For better
illustration of the differences, two roots with and without cluster roots
are shown at higher resolution (Fig. 5). These figures were digitalized
by WinRhizo scanner. The average radius of root and rhizosheath for
the roots without cluster was 0.42± 0.09 mm in plants irrigated with
water and 0.65±0.12 mm in plants treated with the rhizoligand
(Fig. 6a). The average thickness of roots and their rhizosheaths of
cluster roots were 0.38± 0.08 mm and 0.63± 0.16 mm, in plants

Table 1
Description of the substrates for estimation of enzyme activities in the rhizosheath and
bulk soil.

Enzyme Substrate Buffer

C-cycle enzymes
β-glucosidase 4-methylumbiliferyl-β-D-glucopyranoside MESa

N-cycle enzymes
Chitinase 4-methylumbiliferyl-N-acetyl-

glucosaminide
MES

P-cycle enzyme
Acid phosphatase 4-methylumbiliferyl phosphate MES
S-cycle enzyme
Sulfatase 4-methylumbiliferyl sulfate potassium salt Sodium acetate

a MES: (C6H13NO4SNa0.5).
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irrigated with water and rhizoligand, respectively (Fig. 6b). The root
radius remains the same independent on rhizoligand addition:
0.31±0.18 mm irrigated with water and 0.31± 0.14 mm irrigated
with rhizoligand. In line with these, the mass of the rhizosheath per dry
mass of roots was 11±1.54 g g−1 in the water treatment and
18±0.8 g g−1 in the rhizoligand treatment (Fig. 6c).

3.4. Carbon content and enzyme activities in the rhizosheath

The average carbon content in the rhizosheath of samples irrigated
with water was 0.35±0.04 mg g−1 and it was 0.47±0.16 mg g−1 for
the samples irrigated with the rhizoligand solution (Fig. 7a). The
difference was not significant. The carbon content in bulk soil was
significantly lower: it was 0.1±0.01 mg g−1 in the bulk soil of samples
irrigated with water and 0.13±0.01 mg g−1 in the samples irrigated
with the rhizoligand solution, respectively (Fig. 7a).

While average carbon content per gram of rhizosheath was not
statistically different, plants in soils treated with rhizoligand produced
a greater rhizosheath mass than plants irrigated with water. The total
carbon content in the rhizosheath, calculated by multiplying the carbon
content by the dry mass of rhizosheath, was 3.93± 1.04 mg C/g root in
the samples irrigated with water while, it was 7.10± 0.92 mg C/g in
plants irrigated with rhizoligand. Total carbon content accumulated in
the rhizosheath of plants irrigated with the rhizoligand solution was
1.80 times greater (P<0.05) than in the rhizosheath of plants irrigated
with water (Fig. 7b).

Differences in the activity of three out of four enzymes in the
rhizosheath were found in plants irrigated with rhizoligand as com-
pared to those irrigated with water. Rhizosheath activity of three
enzymes (chitinase, sulfatase and β-glucosidase) was significantly
greater (P<0.05) in the rhizosheath of plants irrigated with the
rhizoligand solution than in plants irrigated only with water. In

contrast, the application of rhizoligand did not affected the activity of
phosphatase in the rhizosphere (Fig. 8).

3.5. Plant biomass

The average shoot dry weight was 2.33± 0.23 g and 2.43± 0.16 g
in plants irrigated with water and with rhizoligand solution, respec-
tively (Fig. 9a). The average root dry weight was 3.36±0.64 g and
4.33±0.22 g in plants irrigated with water and with rhizoligand
solution, respectively (Fig. 9a). Shoot dry weight did not appear to be
influenced by rhizoligand treatment, however, rhizoligand treatment

Water Rhizoligand

Fig. 2. Left: swelling of dried chia mucilage in water and rhizoligand solution. The mucilage was let hydrate for 48 h. Right: maximum swelling of dried mucilage in water and rhizoligand
solution. Each value is the average of 5 replications. The rhizoligand decreased the maximum swelling of mucilage by a factor 1.9. Letters indicate significant difference at P< 0.05.

Fig. 3. Soil water content of a 30-day-old lupin shortly after irrigation with water and
rhizoligand solution. The soil water content was measured gravimetrically by weighing.
Each value is the average of four plants. Letters indicate significant difference at P< 0.05.

Fig. 4. Roots and surrounding rhizosheath scanned with WinRhizo for the plants irrigated
with water (a) and water treated with rhizoligand (b). Thickness of rhizosheath in both
selected roots with and without cluster roots was greater in plants irrigated with
rhizoligand than with water.
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resulted in statistically significant increases in root dry weight
(P< 0.05). Total plant biomass was 5.70± 0.46 g and 6.76±0.23 g
in samples irrigated with water and rhizoligand solution, respectively.
Total plant biomass was 1.18 fold greater in the plants irrigated the
rhizoligand treatment than in plants irrigated with water (P<0.05)
(Fig. 9b).

4. Discussion

The selected surfactant (ACA1820) acted as a rhizoligand: increas-
ing the wettability of the rhizosphere and reducing mucilage swelling
(according to the rhizoligand definition). These effects also resulted in
thicker rhizosheaths, greater activity of selected enzymes and plant

biomass, particularly root mass.
The tested rhizoligand increased the soil water content in the

rhizosphere after irrigation of dry samples (Fig. 3). Previous studies
have shown that the rhizosphere of lupins grown in sandy soils becomes
hydrophobic and as a consequence delays rewetting after drying
(Moradi et al., 2012; Zarebanadkouki et al., 2016). Application of
rhizoligand rewets the water repellent rhizosphere of lupins, as shown
in Ahmed et al. (2017). As a consequence, the application of rhizoli-
gand provides a greater volume of water available to the plants during
repeated drying/wetting cycles. Interestingly, despite of the greater
water content of rhizosphere, plants irrigated with rhizoligands tran-
spired less and had a greater water use efficiency (Ahmed et al., 2017).
Similar results were reported on water use efficiency by Jafarian et al.

Fig. 5. Selected roots and surroundings rhizosheath scanned with WinRhizo for the plants irrigated with water (a, c) and with the rhizoligand solution (b, d). The figures show greater
radius of rhizosheath in bare root (b) and cluster root (d) of plants irrigated with rhizoligand.

Fig. 6. Radius of roots and their rhizosheath calculated for bare roots (a) and cluster roots (b) of plants irrigated with water and rhizoligand solution. c) Dry mass of rhizosheath adhering
to the entire root system of plants irrigated with water and rhizoligand (weights are normalized by dry mass of roots). The values are averages of four plants and lower case letters indicate
a significant difference at P< 0.05.
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(2015) and Chaichi et al. (2015), who showed that surfactants increase
water use efficiency in alfalfa and corn under water limitation. Further
studies are needed to understand why surfactant reduce transpiration.

Rhizoligand addition significantly increased rhizosheath formation
in plants subjected to several drying and rewetting cycles (Fig. 6). This
effect was attributed to the reduction in maximum swelling of mucilage
after treatment with rhizoligand (Fig. 2). We expected that a lower
swelling results in a higher viscosity and therefore, in a stronger
capacity of mucilage treated with rhizoligand to bind soil particles
together, as proposed in the model of Albalasmeh and Ghezzehei
(2014). The observation that the tested surfactant reduced mucilage

swelling is in line with the observations of Simovic et al. (1999), who
showed that interactions between non-ionic surfactants and a hydro-
phobically modified polymer increased the stability of this complex.
This observation was attributed to the presence of an extra attractive
force binding non-ionic surfactants to the hydrophobic groups of the
polymer. These interactions increase viscosity of the complex (Simovic
et al., 1999). We believed that a similar mode of action -one of
biopolymer cross linking- could have occurred in our experiment,
however further studies are needed to prove that such cross-linking of
root mucilage is occurring.

We expected to observe a greater carbon content in the rhizosheath
of plants irrigated with rhizoligand solution. We hypothesized that
lower mucilage swelling and its higher viscosity would reduce the
diffusion of mucilage and other root exudates far from the roots,
resulting in greater carbon content in the rhizosheath of the plants
treated with rhizoligand. However, the carbon content of rhizosheath
on a unit weight basis was not significantly different between two
treatments. While carbon content on a unit weight basis was not
influenced, rhizoligand treatment resulted in larger rhizosheath vo-
lume. The carbon content in the rhizosheath of plants treated with
rhizoligand was therefore averaged over a larger distance from the root
surface. Since the carbon content typically decreases with increasing
distance from the root surface (Kuzyakov et al., 2003; Sauer et al.,
2006) the fact that in both treatments the carbon content was similar
possibly indicates a higher carbon content in the rhizoligand treated
sand. This speculation remains to be confirmed by measurements of
carbon content at higher spatial resolution, e.g. by 14C imaging (Pausch
and Kuzyakov, 2011; Pausch et al., 2013).

The total amount of carbon contained in the rhizoligands was much
smaller compared to the increase in total carbon content in the

Fig. 7. a) Carbon content (mg) per gram of rhizosheath (two simple patterns in the left-
hand side) and bulk soil (two hatch patterns in the right-hand side). b) total carbon in the
rhizosheath of plants irrigated with water and rhizoligand solution. The values are
averages of four plants and lower case letters indicate a significant difference at P< 0.05.

Fig. 8. Activity of four enzymes in the rhizosheath and bulk soil of plants irrigated with
water and rhizoligand solution. The values are averaged of four samples. Lower case
letters indicate a significant difference at P< 0.05 done for each enzyme individually.

Fig. 9. a) Dry weight of roots (two simple patterns in the left-hand side) and shoots (two
hatch patterns in the right-hand side) of lupins irrigated with water and rhizoligand
solution. b) Total biomass of plants irrigated with water (left-hand side) and rhizoligand
solution (right-hand side). The data are average of four samples. Lower case letters
indicate a significant difference at P< 0.05.
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rhizosheath of the plants treated with rhizoligand (Fig. 7b). Plants were
irrigated six times with the rhizoligand solution at concentration of
0.05 g per liter. Based on the carbon content of the tested surfactant and
the total volume of the rhizoligand solution added during six irriga-
tions, we estimated that a total of 3.5 mg carbon was added to each
sample. This value is smaller compared to the changes in the total
carbon in the rhizosheath of plants irrigated with rhizoligand solution
(Fig. 7b).

The activities of three enzymes (chitinase, sulfatase and β-glucosi-
dase) significantly increased in the rhizosheath of the plants treated
with rhizoligand (Fig. 8). The greater activity of these three enzymes in
the rhizosphere of plants irrigated with rhizoligand solution can be
explained by 1) improved wettability of the rhizosphere and 2) by
stimulated microbial activity in the rhizosphere. The greater wettability
of the rhizosphere maintains microbial activity during severe drought.
We hypothesize that rhizoligand treatment may have resulted in
stabilized rhizodeposits that remained close to the root. These rhizo-
deposits composed of mucilage, inorganic and organic substances, and
dead root cells would be an energy source for microorganisms and in
turn be the driver of the increased enzyme activities in the rhizosheath,
although our data are not sufficient to prove it (Kuzyakov and
Domanski, 2000; Hinsinger et al., 2009; Jones et al., 2009; Brzostek
et al., 2013).

The effect of rhizoligand on enzyme activity was limited to the
rhizosheath and the rhizoligand had no effect on enzyme activity in the
bulk soil. Phosphatase activity was not affected by the rhizoligand.
Generally, plants and microorganisms employ many mechanisms to
increase availability of phosphorus e.g. releasing extracellular phos-
phatases (Richardson et al., 2011). Lupin, in particular, releases large
quantities of phosphatase as well as carboxylates (mostly citrate and
malate) through cluster roots to increase mobility and availability of
phosphorus in soil (Weisskopf et al., 2006). We suspect that in our
experiment, large amounts of phosphatase released by lupin suppressed
activity of microorganisms to release phosphatase, as suggested in
Landi et al. (2006) and Weisskopf et al. (2006), and it was not affected
by the rhizoligand.

The biomass of plants irrigated with rhizoligand solution was 1.18
fold greater than that of plants irrigated with water (Fig. 9b). This effect
might arise from multiple processes, such as the greater water content
in the rhizosphere, thicker rhizosheath and elevated rhizosphere
enzyme activity. All such effects might imply a greater accessibility of
water and nutrient resources, particularly when plants experience
severe drying. Further studies, with rhizoligands tested with varying
plant species and agriculturally important soils, are needed to general-
ize our results and demonstrate the rhizoligands increase nutrient
uptake and plant tolerance to diverse abiotic stresses.

5. Conclusions

We introduce a new concept to engineer the biophysical properties
of the rhizosphere. A commercial surfactant was employed as a
rhizoligand, which was defined as an additive that facilitates the
rewetting of the rhizosphere and reduces mucilage swelling. We present
experimental evidence that addition of a rhizoligand results in ongoing
wettability and better mechanically connection of the rhizosphere to
the root surface and increases rhizosheath formation and plant biomass.
Rhizoligand addition also resulted in increased rhizosphere activity
which are strongly associated with increasing plant nutrient availabil-
ity. These rhizosphere modifications would have the potential to
improve plant tolerance to abiotic stresses and to improve agricultural
sustainability in drought-prone areas.

Acknowledgements

The authors thank Ingrit Ostermeyer for her technical assistance,
Menuka Maharjan for help in the laboratory and Dr. Muhammad

Sanaullah and Dr. Bahar Razavi for their helpful comments during
the experiment. This work was supported by Aquatrols Corporation of
America.

References

Ahmed, M.A., Zarebanadkouki, M., Ahmadi, K., et al., 2017. Engineering rhizosphere
hydraulics: pathways to improve plant adaptation to drought. Vadose Zone J.

Albalasmeh, A.A., Ghezzehei, T.A., 2014. Interplay between soil drying and root
exudation in rhizosheath development. Plant Soil 374, 739–751. http://dx.doi.org/
10.1007/s11104-013-1910-y.

Austin, A.T., Yahdjian, L., Stark, J.M., et al., 2004. Water pulses and biogeochemical
cycles in arid and semiarid ecosystems. Oecologia 141, 221–235. http://dx.doi.org/
10.1007/s00442-004-1519-1.

Belfort, B., Carrayrou, J., Lehmann, F., 2007. Implementation of Richardson extrapolation
in an efficient adaptive time stepping method: applications to reactive transport and
unsaturated flow in porous media. Transp. Porous Media 69, 123–138. http://dx.doi.
org/10.1007/s11242-006-9090-3.

Brzostek, E.R., Greco, A., Drake, J.E., Finzi, A.C., 2013. Root carbon inputs to the
rhizosphere stimulate extracellular enzyme activity and increase nitrogen availability
in temperate forest soils. Biogeochemistry 115, 65–76. http://dx.doi.org/10.1007/
s10533-012-9818-9.

Carminati, A., Moradi, A.B., Vetterlein, D., et al., 2010. Dynamics of soil water content in
the rhizosphere. Plant Soil 332, 163–176. http://dx.doi.org/10.1007/s11104-010-
0283-8.

Carminati, A., Schneider, C.L., Moradi, A.B., et al., 2011. How the rhizosphere may favor
water availability to roots. Vadose Zone J. 10, 988. http://dx.doi.org/10.2136/
vzj2010.0113.

Carminati, A., Vetterlein, D., Weller, U., et al., 2009. When roots lose contact andrea.
Vadose Zone J. 8, 805–809. http://dx.doi.org/10.2136/vzj2008.0147.

Chaichi, M.R., Nurre, P., Slaven, J., Rostamza, M., 2015. Surfactant application on yield
and irrigation water use efficiency in corn under limited irrigation. Crop Sci. 55,
386–393. http://dx.doi.org/10.2135/cropsci2013.10.0706.

Chimento, C., Almagro, M., Amaducci, S., 2016. Carbon sequestration potential in
perennial bioenergy crops: the importance of organic matter inputs and its physical
protection. GCB Bioenergy 8, 111–121. http://dx.doi.org/10.1111/gcbb.12232.

Daneshnia, F., Amini, A., Chaichi, M.R., 2015. Surfactant effect on forage yield and water
use efficiency for berseem clover and basil in intercropping and limited irrigation
treatments. Agric. Water Manag. 160, 57–63. http://dx.doi.org/10.1016/j.agwat.
2015.06.024.

Delhaize, E., James, R.A., Ryan, P.R., 2012. Aluminium tolerance of root hairs underlies
genotypic differences in rhizosheath size of wheat (Triticum aestivum) grown on acid
soil. New Phytol. 195, 609–619. http://dx.doi.org/10.1111/j.1469-8137.2012.
04183.x.

Drenovsky, R.E., Vo, D., Graham, K.J., Scow, K.M., 2004. Soil water content and organic
carbon availability are major determinants of soil microbial community composition.
Microb. Ecol. 48, 424–430. http://dx.doi.org/10.1007/s00248-003-1063-2.

Fischer, H., Eckhardt, K.U., Meyer, A., et al., 2010. Rhizodeposition of maize: short-term
carbon budget and composition. J. Plant Nutr. Soil Sci. 173, 67–79. http://dx.doi.
org/10.1002/jpln.200800293.

Franklin, M.K. 2007, Surfactants As Management Tools for Ameliorating Soil Water
Repellency in Turfgrass Systems. America (NY), pp. 6–9.

George, T.S., Brown, L.K., Ramsay, L., et al., 2014. Understanding the genetic control and
physiological traits associated with rhizosheath production by barley (Hordeum
vulgare). New Phytol. 203, 195–205. http://dx.doi.org/10.1111/nph.12786.

Goddard, E.D., 1994. Polymer/surfactant interaction-Its relevance to detergent systems.
J. Am. Oil Chem. Soc. 71, 1–16. http://dx.doi.org/10.1007/BF02541467.

Hamilton III, E.W., Frank, D.A., 2001. Can plants stimulate soil microbes and their own
nutrient supply? Ecology 82, 2397–2402. http://dx.doi.org/10.2307/2679923.

Hansson, P., Lindman, B., 1996. Surfactant-polymer interactions. Curr. Opin. Colloid.
Interface Sci. 1, 604–613. http://dx.doi.org/10.1016/S1359-0294(96)80098-7.

Hermans, C., Hammond, J.P., White, P.J., Verbruggen, N., 2006. How do plants respond
to nutrient shortage by biomass allocation? Trends Plant Sci. 11, 610–617. http://dx.
doi.org/10.1016/j.tplants.2006.10.007.

Hinsinger, P., Bengough, A.G., Vetterlein, D., Young, I.M., 2009. Rhizosphere: biophysics,
biogeochemistry and ecological relevance. Plant Soil 321, 117–152. http://dx.doi.
org/10.1007/s11104-008-9885-9.

Jafarian, S., Chaichi, M.R., Moghaddam, H., 2015, Surfactant and Limited Irrigation
Effects on Forage and Seed Production and Water Use Efficiency in Alfalfa (Medicago
sativa L.). 7, pp. 56–65. http://dx.doi.org/10.5539/jas.v7n9p56.

Jones, D.L., Nguyen, C., Finlay, R.D., 2009. Carbon flow in the rhizosphere: carbon
trading at the soil-root interface. Plant Soil 321, 5–33. http://dx.doi.org/10.1007/
s11104-009-9925-0.

Koch, O., Tscherko, D., Kandeler, E., 2007. Temperature sensitivity of microbial
respiration, nitrogen mineralization, and potential soil enzyme activities in organic
alpine soils. Global Biogeochem. Cycles 21http://dx.doi.org/10.1029/
2007GB002983. (n/a-n/a).

Kroener, E., Zarebanadkouki, M., Kaestner, A., Carminati, A., 2014. Nonequilibrium
water dynamics in the rhizosphere: how mucilage affects water flow in soils. Water
Resour. Res. 50, 6479–6495. http://dx.doi.org/10.1002/2013WR014756.

Kuzyakov, Y., Blagodatskaya, E., 2015. Microbial hotspots and hot moments in soil:
concept & review. Soil Biol. Biochem. 83, 184–199. http://dx.doi.org/10.1016/j.
soilbio.2015.01.025.

Kuzyakov, Y., Domanski, G., 2000. Carbon input by plants into the soil. Review. Z.

K. Ahmadi et al. Rhizosphere 3 (2017) 176–184

183

http://refhub.elsevier.com/S2452-2198(17)30037-X/sbref1
http://refhub.elsevier.com/S2452-2198(17)30037-X/sbref1
http://dx.doi.org/10.1007/s11104-013-1910-y
http://dx.doi.org/10.1007/s11104-013-1910-y
http://dx.doi.org/10.1007/s00442-004-1519-1
http://dx.doi.org/10.1007/s00442-004-1519-1
http://dx.doi.org/10.1007/s11242-006-9090-3
http://dx.doi.org/10.1007/s11242-006-9090-3
http://dx.doi.org/10.1007/s10533-012-9818-9
http://dx.doi.org/10.1007/s10533-012-9818-9
http://dx.doi.org/10.1007/s11104-010-0283-8
http://dx.doi.org/10.1007/s11104-010-0283-8
http://dx.doi.org/10.2136/vzj2010.0113
http://dx.doi.org/10.2136/vzj2010.0113
http://dx.doi.org/10.2136/vzj2008.0147
http://dx.doi.org/10.2135/cropsci2013.10.0706
http://dx.doi.org/10.1111/gcbb.12232
http://dx.doi.org/10.1016/j.agwat.2015.06.024
http://dx.doi.org/10.1016/j.agwat.2015.06.024
http://dx.doi.org/10.1111/j.1469-8137.2012.04183.x
http://dx.doi.org/10.1111/j.1469-8137.2012.04183.x
http://dx.doi.org/10.1007/s00248-003-1063-2
http://dx.doi.org/10.1002/jpln.200800293
http://dx.doi.org/10.1002/jpln.200800293
http://dx.doi.org/10.1111/nph.12786
http://dx.doi.org/10.1007/BF02541467
http://dx.doi.org/10.2307/2679923
http://dx.doi.org/10.1016/S1359-0294(96)80098-7
http://dx.doi.org/10.1016/j.tplants.2006.10.007
http://dx.doi.org/10.1016/j.tplants.2006.10.007
http://dx.doi.org/10.1007/s11104-008-9885-9
http://dx.doi.org/10.1007/s11104-008-9885-9
http://dx.doi.org//10.5539/jas.v7n9p56
http://dx.doi.org/10.1007/s11104-009-9925-0
http://dx.doi.org/10.1007/s11104-009-9925-0
http://dx.doi.org/10.1029/2007GB002983
http://dx.doi.org/10.1029/2007GB002983
http://dx.doi.org/10.1002/2013WR014756
http://dx.doi.org/10.1016/j.soilbio.2015.01.025
http://dx.doi.org/10.1016/j.soilbio.2015.01.025


Pflanzenernähr. Bodenkd 163, 421–431. http://dx.doi.org/10.1002/1522-
2624(200008)163:4<421::aid-jpln421>3.0.co;2-r.

Kuzyakov, Y., Raskatov, A., Kaupenjohann, M., 2003. Turnover and distribution of root
exudates of Zea mays. Plant Soil 254, 317–327. http://dx.doi.org/10.1023/
A:1025515708093.

Landi, L., Valori, F., Ascher, J., et al., 2006. Root exudate effects on the bacterial
communities, CO2 evolution, nitrogen transformations and ATP content of
rhizosphere and bulk soils. Soil Biol. Biochem. 38, 509–516. http://dx.doi.org/10.
1016/j.soilbio.2005.05.021.

Marx, M.C., Kandeler, E., Wood, M., et al., 2005. Exploring the enzymatic landscape:
distribution and kinetics of hydrolytic enzymes in soil particle-size fractions. Soil
Biol. Biochem. 37, 35–48. http://dx.doi.org/10.1016/j.soilbio.2004.05.024.

McCully, M., 1995. How do real roots work? (Some new views of root structure). Plant
Physiol. 109, 1–6. http://dx.doi.org/10.1104/pp.109.1.1.

McCully, M.E., 1999. Roots in soil: unearthing the complexities of roots and their
rhizospheres. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 695–718. http://dx.doi.
org/10.1146/annurev.arplant.50.1.695.

Miransari, M., 2013. Soil microbes and the availability of soil nutrients. Acta Physiol.
Plant 35, 3075–3084. http://dx.doi.org/10.1007/s11738-013-1338-2.

Moradi, A.B., Carminati, A., Lamparter, A., et al., 2012. Is the rhizosphere temporarily
water repellent? Vadose Zone J. 11, 0. http://dx.doi.org/10.2136/vzj2011.0120.

Moradi, A.B., Carminati, A., Vetterlein, D., et al., 2011. Three-dimensional visualization
and quantification of water content in the rhizosphere. New Phytol. 192, 653–663.
http://dx.doi.org/10.1111/j.1469-8137.2011.03826.x.

Nambiar, E.K.S., 1976. Uptake of Zn65 from dry soil by plants. Plant Soil 44, 267–271.
http://dx.doi.org/10.1007/BF00016978.

Nobel, P.S., Cui, M., 1992. Hydraulic conductances of the soil, the root-soil air gap, and
the root: changes for desert succulents in drying soil. J Exp. Bot. 43, 319–326. http://
dx.doi.org/10.1093/jxb/43.3.319.

North, G.B., Nobel, P.S., 1997. Drought-induced changes in soil contact and hydraulic
conductivity for roots of Opuntia ficus-indica with and without rhizosheaths. Plant
Soil 191, 249–258. http://dx.doi.org/10.1023/A:1004213728734.

Pausch, J., Kuzyakov, Y., 2011. Photoassimilate allocation and dynamics of hotspots in
roots visualized by 14C phosphor imaging. J. Plant Nutr. Soil Sci. 174, 12–19. http://
dx.doi.org/10.1002/jpln.200900271.

Pausch, J., Tian, J., Riederer, M., Kuzyakov, Y., 2013. Estimation of rhizodeposition at
field scale: upscaling of a 14C labeling study. Plant Soil 364, 273–285. http://dx.doi.
org/10.1007/s11104-012-1363-8.

Razavi, B.S., Blagodatskaya, E., Kuzyakov, Y., 2015. Nonlinear temperature sensitivity of
enzyme kinetics explains canceling effect-A case study on loamy haplic Luvisol.
Front. Microbiol. http://dx.doi.org/10.3389/fmicb.2015.01126.

Read, D.B., Gregory, P.J., Bell, A.E., 1999. Physical properties of axenic maize root
mucilage. Plant Soil 211, 87–91. http://dx.doi.org/10.1023/A:1004403812307.

Richardson, A.E., Hadobas, P.A., Hayes, J.E., 2001. Extracellular secretion of Aspergillus
phytase from Arabidopsis roots enables plants to obtain phosphorus from phytate.

Plant J. 25, 641–649. http://dx.doi.org/10.1046/j.1365-313X.2001.00998.x.
Richardson, A.E., Lynch, J.P., Ryan, P.R., et al., 2011. Plant and microbial strategies to

improve the phosphorus efficiency of agriculture. Plant Soil 349, 121–156. http://dx.
doi.org/10.1007/s11104-011-0950-4.

Sanaullah, M., Blagodatskaya, E., Chabbi, A., et al., 2011. Drought effects on microbial
biomass and enzyme activities in the rhizosphere of grasses depend on plant
community composition. Appl. Soil Ecol. 48, 38–44. http://dx.doi.org/10.1016/j.
apsoil.2011.02.004.

Sauer, D., Kuzyakov, Y., Stahr, K., 2006. Spatial distribution of root exudates of five plant
species as assessed by 14C labeling. J. Plant Nutr. Soil Sci. 169, 360–362. http://dx.
doi.org/10.1002/jpln.200621974.

Simovic, S., Tamburic, S., Milic-Askrabic, J., Rajic, D., 1999. An investigation into
interactions between polyacrylic polymers and a non-ionic surfactant: an emulsion
preformulation study. Int. J. Pharm. 184, 207–217. http://dx.doi.org/10.1016/
S0378-5173(99)00097-6.

Spohn, M., Kuzyakov, Y., 2013. Distribution of microbial- and root-derived phosphatase
activities in the rhizosphere depending on P availability and C allocation – coupling
soil zymography with 14C imaging. Soil Biol. Biochem. 67, 106–113. http://dx.doi.
org/10.1016/j.soilbio.2013.08.015.

Stemmer, M., Gerzabek, M.H., Kandeler, E., 1998. Organic matter and enzyme activity in
particle-size fractions of soils obtained after low-energy sonication. Soil Biol.
Biochem. 30, 9–17. http://dx.doi.org/10.1016/S0038-0717(97)00093-X.

Watt, M., Mccully, M.E., Canny, M.J., 1994. Formation and stabilization of rhizosheaths
of Zea mays 1. Effect of soil water content. Plant Physiol. 106, 179–186. http://dx.
doi.org/10.1104/pp.106.1.179.

Watt, M., McCully, M.E., Jeffree, C.E., 1993. Plant and bacterial mucilages of the maize
rhizosphere: comparison of their soil binding properties and histochemistry in a
model system. Plant Soil 151, 151–165. http://dx.doi.org/10.1007/BF00016280.

Weisskopf, L., Abou-Mansour, E., Fromin, N., et al., 2006. White lupin has developed a
complex strategy to limit microbial degradation of secreted citrate required for
phosphate acquisition. Plant Cell Environ. 29, 919–927. http://dx.doi.org/10.1111/j.
1365-3040.2005.01473.x.

Young, I.M., 1995. Variation in moisture contents between bulk soil and the rhizosheath
of wheat (Triticum aestivum L. cv. Wembley). New Phytol. 130, 135–139. http://dx.
doi.org/10.1111/j.1469-8137.1995.tb01823.x.

Zarebanadkouki, M., Ahmed, M.A., Carminati, A., 2016. Hydraulic conductivity of the
root-soil interface of lupin in sandy soil after drying and rewetting. Plant Soil 398,
267–280. http://dx.doi.org/10.1007/s11104-015-2668-1.

Zarebanadkouki, M., Carminati, A., 2014. Reduced root water uptake after drying and
rewetting. J. Plant Nutr. Soil. Sci. 177, 227–236. http://dx.doi.org/10.1002/jpln.
201300249.

Zickenrott, I.M., Woche, S.K., Bachmann, J., et al., 2016. An efficient method for the
collection of root mucilage from different plant species-A case study on the effect of
mucilage on soil water repellency. J. Plant Nutr. Soil. Sci. 294–302. http://dx.doi.
org/10.1002/jpln.201500511.

K. Ahmadi et al. Rhizosphere 3 (2017) 176–184

184

http://dx.doi.org/10.1002/1522-2624(200008)163:4<421::aid-jpln421>3.0.co;2-r
http://dx.doi.org/10.1002/1522-2624(200008)163:4<421::aid-jpln421>3.0.co;2-r
http://dx.doi.org/10.1023/A:1025515708093
http://dx.doi.org/10.1023/A:1025515708093
http://dx.doi.org/10.1016/j.soilbio.2005.05.021
http://dx.doi.org/10.1016/j.soilbio.2005.05.021
http://dx.doi.org/10.1016/j.soilbio.2004.05.024
http://dx.doi.org/10.1104/pp.109.1.1
http://dx.doi.org/10.1146/annurev.arplant.50.1.695
http://dx.doi.org/10.1146/annurev.arplant.50.1.695
http://dx.doi.org/10.1007/s11738-013-1338-2
http://dx.doi.org/10.2136/vzj2011.0120
http://dx.doi.org/10.1111/j.1469-8137.2011.03826.x
http://dx.doi.org/10.1007/BF00016978
http://dx.doi.org/10.1093/jxb/43.3.319
http://dx.doi.org/10.1093/jxb/43.3.319
http://dx.doi.org/10.1023/A:1004213728734
http://dx.doi.org/10.1002/jpln.200900271
http://dx.doi.org/10.1002/jpln.200900271
http://dx.doi.org/10.1007/s11104-012-1363-8
http://dx.doi.org/10.1007/s11104-012-1363-8
http://dx.doi.org/10.3389/fmicb.2015.01126
http://dx.doi.org/10.1023/A:1004403812307
http://dx.doi.org/10.1046/j.1365-313X.2001.00998.x
http://dx.doi.org/10.1007/s11104-011-0950-4
http://dx.doi.org/10.1007/s11104-011-0950-4
http://dx.doi.org/10.1016/j.apsoil.2011.02.004
http://dx.doi.org/10.1016/j.apsoil.2011.02.004
http://dx.doi.org/10.1002/jpln.200621974
http://dx.doi.org/10.1002/jpln.200621974
http://dx.doi.org/10.1016/S0378-5173(99)00097-6
http://dx.doi.org/10.1016/S0378-5173(99)00097-6
http://dx.doi.org/10.1016/j.soilbio.2013.08.015
http://dx.doi.org/10.1016/j.soilbio.2013.08.015
http://dx.doi.org/10.1016/S0038-0717(97)00093-X
http://dx.doi.org/10.1104/pp.106.1.179
http://dx.doi.org/10.1104/pp.106.1.179
http://dx.doi.org/10.1007/BF00016280
http://dx.doi.org/10.1111/j.1365-3040.2005.01473.x
http://dx.doi.org/10.1111/j.1365-3040.2005.01473.x
http://dx.doi.org/10.1111/j.1469-8137.1995.tb01823.x
http://dx.doi.org/10.1111/j.1469-8137.1995.tb01823.x
http://dx.doi.org/10.1007/s11104-015-2668-1
http://dx.doi.org/10.1002/jpln.201300249
http://dx.doi.org/10.1002/jpln.201300249
http://dx.doi.org/10.1002/jpln.201500511
http://dx.doi.org/10.1002/jpln.201500511

	Rhizosphere engineering: Innovative improvement of root environment
	Introduction
	Materials and methods
	Mucilage swelling
	Plant and soil preparation
	Analysis of rhizosheath properties
	Carbon content analysis
	Enzyme assays
	Plant biomass measurement
	Statistical analysis

	Results
	Mucilage swelling
	Wetting and drying cycle
	Rhizosheath development
	Carbon content and enzyme activities in the rhizosheath
	Plant biomass

	Discussion
	Conclusions
	Acknowledgements
	References




