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Abstract: Climate change negatively affects crop productivity, threatening the survival of entire
populations from many vulnerable hotspot regions of the world with the risk of exacerbating hunger,
malnutrition and international inequality. Selecting plant species manifesting abiotic stress-tolerant
adaptive traits represents a challenge towards ensuring that crops are more resistant and resilient to
environmental perturbations. The rhizosheath, defined as the complex of root hair, exudates and soil
that strongly adheres to plant roots, is a promising root adaptive trait in facing conditions of water
and nutrient deficits, as well as acidic soil. Several beneficial ecological functions are attributed to
the rhizosheath, such as enhancing water and nutrient uptake; protecting from dehydration, heat
and acid stresses; and stimulating microbial activities. It has been described in several Angiosperm
species, including crops grown in severe habitats. The aim of this review was to collect the relevant
literature produced to date regarding rhizosheaths, focusing on (i) the various processes involved in
its formation, including both physicochemical and biological ones; (ii) the evolutionary and ecological
role of rhizosheaths; and (iii) the most frequently used methodologies for its investigation and
characterization. The present work provides a comprehensive overview of this revolutionary root’s
great agronomic importance in order to address future research aiming to fill the existing knowledge
gaps and define a common and shared methodology.

Keywords: rhizosheath; sustainable agriculture; climate change; root adaptive trait; rhizosheath
formation; rhizosheath benefits; rhizosheath investigation methods

1. Introduction

The climate crisis is now a subject urgency for humanity, given its negative con-
sequences for agricultural productivity that jeopardize global food provisioning [1–5].
According to the latest reports by the Intergovernmental Panel on Climate Change (IPCC),
in the coming decades, the planet will confront an intensification of extreme climatic events
(e.g., drought, heatwaves, heavy rainfall) which will alter the water cycle and its proper-
ties, leading to alarming and unprecedented repercussions on hydrological systems and
aquifer recharge [6,7]. Furthermore, increasing temperatures and atmospheric levels of
carbon dioxide may entail negative cascade effects influencing the physical, chemical and
biological properties of all natural ecosystems of the biosphere, first and foremost the soil,
thus limiting the essential ecological functions on which fertility and productivity strongly
depend [8–11]. Heavy precipitation can promote soil hypoxia due to water stagnation,
as well as nutrient leaching, especially for water-soluble nutrients (e.g., nitrates, sulfates,
calcium, magnesium, silicon); on the other hand, drought conditions can lead to soil salin-
ization because of increased water evaporation processes, as well as to a loss of particle
cohesion that, in turn, promotes wind erosion [12]. All of this affects microbial communi-
ties’ compositions and activities due to the impairment of the soil biogeochemical cycles,
compromising plant development through changes in growth and functioning [13–16].
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Therefore, urgent and accelerated adaptation actions aimed at climate risk mitigation
and at increasing the ecosystem’s resilience, are needed, considering the global demand
for food by a growing population and in view of alternative sustainable practices to
conventional intensive agriculture [5,17,18]. A rhizosheath is defined as a complex of root
hair, exudates and strongly adhering soil. It ranks among the most promising adaptive
traits to focus on for the improvement of agricultural sustainability [19]. Despite a recent
increase in scientific literature on the rhizosheath, knowledge about the factors involved
in its genesis and its ecological functions is still limited; moreover, most of the studies
were conducted in controlled laboratory conditions, without validation in the field [20–22].
Firstly described in several grass species from arid habitats, and, recently, in plants essential
for human and animal consumption (e.g., cereals and legumes), the development of such a
particular “cylindrical muff” surrounding the root can be associated with various abiotic
and biotic factors. Among them are the soil texture and moisture; the genetic determinants
controlling root traits, such as root hairs and their architecture; as well as mucilage secretion
and relevant microbial (fungal and bacterial) activities [22–26]. The rhizosheath plays a
crucial role in coping with environmental stresses, protecting the root system against dry
and acid soil conditions and improving the uptake of water and nutrients, which is probably
related to better contact at the interface between soil and root surfaces [27–30]. Therefore,
the adaptation strategy of these particular plants is considered as a trait of great agronomic
importance and a potential feature for breeding and management. It is promising for efforts
to enhance the sustainability of the crop production and to shift towards the second green
revolution [20,31,32].

Rhizosheath research can rely on advanced techniques spanning from soil imaging to
spatially resolved chemistry. Methods for discriminating, sampling and quantifying the
rhizosheath are still not standardized. The present review summarizes research findings
on rhizosheath formation processes, factors and ecological functions. We also specifically
focus on methods applied for rhizosheath characterization, providing a comprehensive
picture of the current knowledge and indicating future research needs and developments.

2. Rhizosheath

Described for the first time in the 19th century and identified as rhizosheath in the late
1970s, this particular coating of root-enveloping soil has been indicated as an extraordinary
drought-adaptive feature of plants [21,33,34]. In detail, the rhizosheath can be described as
the root surface and soil clinging to the roots thanks to the physicochemical and biological
action of root hairs and the binding organic compounds secreted by microbes and roots,
such as mucilages and other exopolymers [29,35–38] (Figure 1). According to other defini-
tions, the rhizosheath, when combined with the root surface (root epidermis), forms the
rhizoplane. The rhizosphere extends far beyond the rhizosheath’s limits, representing the
whole soil volume influenced by plant roots [32,33,39] (Figure 1). York et al. [33] encouraged
researchers to use the correct semantics and to adopt a holistic vision of the rhizosphere,
the structure and functioning of which depend on its components and their interactions.

The rhizosheath is often operatively defined as the weight of soil that is strongly ad-
hered to the roots after separation from the surrounding soil. Separation techniques include
different methods, ranging from shaking to sonication in water. Several works reported
in the literature concern a few spontaneous grass species living in extreme arid habitats
under water stress, and highlight some of the processes involved in rhizosheath formation
and its crucial role in the ecosystem [40–44]. But recent studies have demonstrated that
the rhizosheath is not a specific trait limited to wild species of no agronomic importance;
in fact, it is recurrent in several other taxonomic groups among the Angiosperms, both
monocotyledons (Poales, Commelinales, etc.) and eudicotyledons (Fabales, Caryophyl-
lales, Brassicales, Solanales, etc.) [22,29,35,45–48]. In view of its beneficial functions on
abiotic-stressed plants, rhizosheath have also been investigated in crop species grown in
various severe conditions (e.g., drought, low nutrients or acid soil conditions). Among them
are cereals, such as wheat [27,28,49–51], rice [21,25,44,52,53], maize [23,26,54], millet [55],
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barley [24,26,36], sorghum [56] and rye [57]; but also legumes, like lupine [30]; and other
eudicotyledon crop plants, such as tomato [37].

Soil Syst. 2023, 7, x FOR PEER REVIEW 3 of 15 
 

 

 
Figure 1. Schematic representation of rhizosheath traits, denoting the several components involved 

in its formation according to York et al. [33]. 

The rhizosheath is often operatively defined as the weight of soil that is strongly ad-

hered to the roots after separation from the surrounding soil. Separation techniques in-

clude different methods, ranging from shaking to sonication in water. Several works re-

ported in the literature concern a few spontaneous grass species living in extreme arid 

habitats under water stress, and highlight some of the processes involved in rhizosheath 

formation and its crucial role in the ecosystem [40–44]. But recent studies have demon-

strated that the rhizosheath is not a specific trait limited to wild species of no agronomic 

importance; in fact, it is recurrent in several other taxonomic groups among the Angio-

sperms, both monocotyledons (Poales, Commelinales, etc.) and eudicotyledons (Fabales, 

Caryophyllales, Brassicales, Solanales, etc.) [22,29,35,45–48]. In view of its beneficial func-

tions on abiotic-stressed plants, rhizosheath have also been investigated in crop species 

grown in various severe conditions (e.g., drought, low nutrients or acid soil conditions). 

Among them are cereals, such as wheat [27,28,49–51], rice [21,25,44,52,53], maize 

[23,26,54], millet [55], barley [24,26,36], sorghum [56] and rye [57]; but also legumes, like 

lupine [30]; and other eudicotyledon crop plants, such as tomato [37]. 

3. Factors Involved in Rhizosheath Formation 

The processes at the basis of the rhizosheath formation are still under extensive in-

vestigation. Several studies have provided clear evidence regarding the multiplicity of 

factors involved in rhizosheath genesis and evolution, from physicochemical factors 

linked to root architecture and soil properties to biological, plant genetic and root–microbe 

interactions [44]. The most important are reported in the following sub-chapters.  

3.1. Root Hairs 

Root hairs are specialized tubular extensions of root epidermal cells, mainly respon-

sible for nutrient and water acquisition, plant anchoring and microbial interactions. They 

increase the root surface and the access to soil volume [58,59]. Moreover, they represent 

the “scaffolding” on which the rhizosheath evolves, providing a physical structure for the 
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3. Factors Involved in Rhizosheath Formation

The processes at the basis of the rhizosheath formation are still under extensive
investigation. Several studies have provided clear evidence regarding the multiplicity
of factors involved in rhizosheath genesis and evolution, from physicochemical factors
linked to root architecture and soil properties to biological, plant genetic and root–microbe
interactions [44]. The most important are reported in the following sub-chapters.

3.1. Root Hairs

Root hairs are specialized tubular extensions of root epidermal cells, mainly responsi-
ble for nutrient and water acquisition, plant anchoring and microbial interactions. They
increase the root surface and the access to soil volume [58,59]. Moreover, they represent
the “scaffolding” on which the rhizosheath evolves, providing a physical structure for the
stabilization and trapping of soil particles [23,34]. Therefore, they play a crucial role in
rhizosheath formation, since root-hairless species do not present this particular feature, or
else they exhibit an underdeveloped rhizosheath, where the chemical adhesive action of
exudates is dominant [26,29,60].

Liu et al. [61] suggested a highly positive correlation between root hair length and
density and the rhizosheath’s dimension and weight in induced dry soil conditions for
foxtail millet (Setaria italica L.). They also defined the soil moisture level (10–14% w/w)
below which rhizosheath formation is stimulated. Delhaize et al. [27] highlighted a strong
and significant relation between root hair length and rhizosheath’s dimensions in wheat
(Triticum aestivum L.). The same positive relation, but weaker, was reported for barley
(Hordeum vulgare L.) by George et al. [36] and for pearl millet (Pennisetum glaucum L. R.Br)
by de la Fuente Cantó et al. [55]. Brown et al. [29] and Adu et al. [54], working on several
orders of angiosperms and landraces and varieties of maize, respectively, reported an
inconsistent relationship between rhizosheath development and root hair elongation. This
suggests that the effect of root hair length on rhizosheaths varies considerably depending on
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the plant species. However, but other factors dominate its evolution, such as the exudation
of mucilage, the density of root hairs and their morphologies (bent or hooked shapes),
more or less favoring the enmeshing of soil particles [26,29,54,55]. In turn, the development
of root hairs in barley seems to be affected by the physical characteristics of soil, such as
strength and particle size, with root hair length decreasing with increasing soil density and
increases in soil along with larger particle sizes. This can be associated with the abundance
of soil pores, where root hair elongation processes are not limited by mechanical hindrances,
but at a different scale, similarly to the roots [24]. The general architecture of root systems
affects rhizosheath formation, and there are positive correlations between rhizosheath
dimensions and lateral root density, suggesting that greater root ramifications can also
promote soil particle agglutination [20].

3.2. Root- and Microbial-Derived Mucilages

Soil mucilages are high-molecular-weight organic compounds which are found in
soil as a result of the activity of belowground plant organs and microbial production,
with several beneficial ecological functions for plants, such as the promotion of nutrients
and water uptake, the attraction of favorable microbes and insects and protection against
infections [23,62–64]. Moreover, they promote soil aggregates’ stabilization [65] thanks
to the adhesion properties related to their nature of viscoelastic gels, which are rich in
polysaccharides and glycoproteins, making them the main component in the rhizosheath
formation process [23,34,66,67].

Together with the extracellular polymeric substances (EPS) secreted by microorgan-
isms, the compounds found in mucilages can affect soil dispersion/flocculation dynamics
through compensation for the negative charges on clay; the absorption of organic acid
anions; or by influencing the rhizosphere pH, which causes dissolution or precipitation of
the binding compounds [68,69]. Microbial products and root exudates can also influence
the mechanical and hydraulic properties of the soil. Mucilages soak the voids between
the soil particles, impregnating them; in dry conditions, they increase soil viscosity and
strengthen the bond between soil particles and roots, forming a larger and stronger rhi-
zosheath. However, in wet conditions, mucilages can partly dissolve and disperse in the
soil, and this results in a weaker rhizosheath. Drying/wetting cycles, also related to the
day–night transpiration cycle, can fortify the soil’s adhesion to the root surface through
new cross-links [23,67,70,71].

Arbuscular mycorrhizal fungi can also promote rhizosheath development, although to
a lesser extent. This occurs both directly, by forming mycorrhizal symbioses and indirectly,
through the release of glycoproteins (glomalin-related soil proteins, GRSP) able to agglutinate
the soil aggregates and contribute to the stabilization of the rhizosheath [19,20,34,52,72].

3.3. Genetics

Plants can respond to environmental abiotic and biotic stresses (e.g., extreme climatic
and edaphic conditions, nutrient and water deficiencies, pathogens, etc.) through adaptive
molecular strategies controlled by genes and quantitative trait loci (QTLs), allowing them
to face hostile conditions. Research in this field is extremely interesting, with a goal of
implementing innovative sustainable agricultural practices to allow us to select more
tolerant and resilient varieties or to identify relevant and favorable traits for crop breeding.
This represents the current challenges of confronting the pressing climate change issue,
improving yields and ensuring the healthy growth of crops in vast and various geographical
areas [56,73,74].

However, at present, only a few studies have highlighted the genetic determinants
modulating rhizosheath formation. In response to abiotic stresses, such as dry conditions,
acid or P-deficient soil, the upregulation/downregulation of specific genes has been ob-
served with stimulation of the expression of root characteristics and functions, such as root
hair development and root exudation [33,44]. The rhizosheath is a complex, multigenic trait
showing a high heritability, with effects differing among species, and the comprehensive
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understanding of which requires further in-depth analysis [20,33,75]. An overview of the
most relevant results of studies on crops is reported in the following section (Methods for
rhizosheath investigation—genetic studies).

4. Benefits and Ecological Functions of Rhizosheaths

The role of rhizosheaths in plant survival and productive behavior is still controversial
and not entirely proven, given that there are many genetic and physiological factors
involved in this process that are not easy to discern [34,50].

Being described for the first time in species from desert habitats, the rhizosheath was
intuitively considered an adaptive trait making plants more tolerant of and resilient to dry
conditions. They were thought to protect roots from drought and heat stress, increasing
water uptake and decreasing dehydration [50,76]. Over time, various studies highlighted
that rhizosheath size was negatively correlated with soil water content and positively
correlated to root hair length [27,36,55,61]. The greater rhizosheaths that formed in cactus
species in dry conditions showed water potential similar to that of root surfaces and higher
than that of bulk soil; this proves a reduced level of water loss from the sheathed root
epidermis. On the other hand, in wet conditions, the rhizosheath has been shown to
improve soil–root contact, favoring root water uptake [77]. Moreover, considering the
transpiration rate as a proxy of the water extraction capacity by plants, wheat cultivars with
overdeveloped rhizosheaths can support higher transpiration rates in dry soil compared to
those with smaller rhizosheaths [50].

The rhizosheath helps plants to tolerate soil acidity. Delhaize et al. [27] showed a
positive correlation between rhizosheath size and root hair length in wheat grown in acidic
soil. Root hair elongation in acidic soil has been associated with improved water and
nutrient absorption and a greater tolerance to Al3+ toxicity. This is due to mechanisms
regulated by several genes independently of the well-known TaALMT1 gene encoding for
the Al3+ tolerance of root hairs.

Moreover, the rhizosheath mucilage increases water retention and contributes to cre-
ating a microenvironment with stable water content compared to the surrounding soil
due to the hydrophilic/hydrophobic behaviors of mucilage [49,69,78]. As reported by
Marasco et al. [79], the quantity and quality of root exudates and microbial metabolites can
be modulated by seasonally changing abiotic factors, favoring and ensuring a stable niche
for microbial communities from which the plants obtain essential nutrients that would oth-
erwise be limited in soil. Rhizosheaths represent an active compartment of the rhizosphere,
enriched by plants in carbon compounds that represent an energy source for microbial
growth. They act as inhibitors or stimulators, regulating their abundance, diversity and
metabolic activity. Moreover, root exudation, as well as the biogeochemical cycles regulated
by microbes, can improve the plant uptake of nutrients such as phosphorous and nitrogen,
promoting their solubilization, mobilization and bioavailability [22,25,35,49,67].

In a recent, accurate study, Mo et al. [48] compared several physical, chemical and
microbial features of rhizosheath soils from bulk, loose rhizosphere and outer rhizosphere
soils, collecting and statistically elaborating upon data from numerous works in the litera-
ture. Significant differences were noted between the typologies of the considered soils: in
particular, rhizosheath soils presented higher values of gravimetric water content (+66%);
porosity (+11%); organic carbon and total nitrogen content (+34 and +78%, respectively);
water-extractable organic carbon and total nitrogen content (+56 and +40%, respectively);
available nitrogen, phosphorus and potassium content (+30, 12 and 27%, respectively);
microbial biomass carbon and nitrogen content (+71 and +38%, respectively); respiration
rate (+67%); and higher polyphenol oxidase and peroxidase activity (+20 and +26%). These
differences in such properties highlighted in rhizosheath soils are basic in terms of the
essential processes of water retention and nutrient uptake, as well as the enzymatic ac-
tivities by soil microbes which affect organic matter decomposition and the consequent
availability of nutrients for plants [47,48]. Finally, the rhizosheath also contributes to the
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stabilization of soil aggregates, making the soil physically resistant to disruptive forces and
conditions [20,80].

5. Methods for Rhizosheath Investigation

The development of standardized methods for rhizosheath characterization (e.g.,
rhizosheath presence/absence, typology, shape, dimension, weight, strength), as well as
the appropriate use of “rhizosemantics” for its description, represents the need to prevent
the recurring ambiguities reported in the current literature, which lead to confusion and
information loss and make the data incomparable [29,33,34].

5.1. Rhizosheath Sampling

The first cause of misunderstandings may arise from rhizosheath collection methodol-
ogy, which often affects the results of empirical tests, with a consequent possible underesti-
mation of the rhizosheath’s features. In fact, the lack of a definition of a universal sampling
technique may be associated with considerable errors for its basic identification: for in-
stance, erroneous sampling can break the roots, with a consequent loss of the rhizosheath.
A major source of ambiguity is the incorrect definition of the soil domain to be sampled
around the roots: some works in the literature refer to the rhizosphere, but they are actually
conducted on the rhizosheath [29,34].

Brown et al. [29] developed an efficient method to define the presence/absence and
strength scores of rhizosheaths based on different degrees of soil cohesion to roots. These
scores range from (0), indicating no attached soil particles; (1), indicating a few that are
eliminating after its agitation; (2), indicating attached soil that is detached from the roots
by shaking; (3), indicating root-adhering soil that remains after shaking and is partially
removed after 5 min in a sonic bath (75 W; 35–45 kHz); and (4), removed the soil remains
attached both after shaking and a sonic bath (Figure 2).
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Figure 2. Rhizosheath strength score scheme based on the different degrees of soil cohesion to the
roots and separation methods, according to Brown et al. [29]. (—) indicates an undetected feature.

Only those with force levels ≥2 are considered actual rhizosheaths. Moreover, the
strength, extent, type and form vary among and within species. Bailey and Scholes [45]
identified five categories corresponding to the rhizosheath diameter (from 0 to >3.5 mm)
and the cohesion of the soil particles composing it (from well-consolidated soil particles
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adhering to the sheath to no evidence of them) (Figure 3). A greater or lesser consolidation
of the sheath, depending on several known factors (root hairs, binding materials, soil type),
leads to different morphologies, from clear cylindrical coatings encasing the roots to less
cohesive, almost “bunch-shaped” structures where root hairs are clearly visible.
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Regarding the sampling phase, after a careful plant harvesting process which includes
undamaged root systems, the bulk and rhizospheric soil may be mechanically separated from
the rhizosheath by shaking the plants manually or in an electric shaker [32,55,81]. Further
separation may be conducted: for example, Bochicchio et al. [51] delicately removed the
soil that was not solidly adhered using a soft brush. The soil particles strongly adhering
to the roots represent the rhizosheath. Successively, for the purpose of totally detaching
the rhizosheath, a widely used method consists of washing the roots with double-distilled
or demineralized water and recovering the soil in a container [24–26,29,37,49,51,52,55,61].
Hallama et al. [18] gently separated the rhizosheath, removing the soil around the roots using
a toothbrush, whereas Marasco at al. [79] manually divided the rhizosheath compartment
from the root epidermis using a stereomicroscope and a sterile scalpel. Zhu et al. [32] applied
a phosphate buffer on the roots with adhering soil as a stabilizer of the microbial activity; the
rhizosheath was obtained following vortex stirring and centrifugation of the samples.

Sonication was used to measure the rhizosheath bond strength [23,29]; however, this
represents a potential functional method by which to collect root-adhered soil.

5.2. Rhizosheath Quantification

For an initial quantitative characterization of rhizosheath, it should be weighed and oven
dried at 105 ◦C to obtaine the absolute rhizosheath dry weight [24,26,37,44,52], which can be
also calculated as the difference between the root–rhizosheath complex weight and the root
weight after being cleaned of the adhering soil in fresh or dry mass conditions [36,51,54,61].

The specific rhizosheath weight is given by the ratio between the rhizosheath’s dry
mass (root-adhering soil, RAS) and root tissue (RT, RAS/RT, g g−1) after being dried at
65 ◦C [51,55,82]. However, it can be also calculated as the ratio between the RAS and the
total length of the root (RL, RAS/RL, mg cm−1) for each plant. The specific rhizosheath
weight allows us to estimate its size [20].

Tahir et al. [49] measured the rhizosheath, in damp condition, in terms of soil water
content (%), by the ratio [(W1 −W2)/W2] × 100, where W1 is the fresh rhizosheath weight
and W2 is the dry one.

In these quantitative surveys, morpho-metric roots trait characterization (e.g., root
type, number, length, diameter, area), as well as root hairs obtained through specific
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integrated techniques (e.g., scanner, optical microscopy, digital camera, image-processing
software), can be useful in defining the root architecture influencing the structure and
formation processes of rhizosheaths [24,26,36,37,44,51,52,55,61].

5.3. Genetic Studies

Key genetic determinant studies associated with the expression of rhizosheath charac-
teristics, focused on QTL mapping and gene identification, were conducted on several crop
species, among which were cereals (e.g., wheat, pearl barley, millet, rice); others, such as
lupine and tomato; and wild relatives [29,44].

Delhaize et al. [83] used multiparent whole-genome analysis (MPWGAIM) in wheat
(Triticum aestivum L.) populations grown on non-acid soils, and identified six QTLs located
on chromosomes 2B, 4D, 5A, 5B, 6A and 7A. Some of them were probably linked to the basic
helix–loop–helix (bHLHs) transcription factor family, influencing the root hair elongation
in Arabidopsis and rice and determining the rhizosheath extent. Others were located close
to Rht genes influencing the plant structure, such as the height or the root length. On
the other hand, five QTLs located on different chromosomes (i.e., 1D, 3A, 3B, 6A2, 7B)
contributed to rhizosheath size in wheat (Triticum aestivum L.) grown in acid soil, with a
notable improvement in phosphorus acquisition [28]. George et al. [36] found genomic
regions in barley (Hordeum vulgare L.) that were significantly associated with rhizosheath
weight on the chromosome 2H. They contained a glutamate receptor and several putative
candidate genes which modulate the root system development in rice and Arabidopsis
in abiotic stress conditions, such as cold and drought, or during the early and delicate
plant growth stages. Drought treatment on foxtail millet (Setaria italica) increased the
expression of five root-hair-elongation-associated genes (Seita.3G196500, Seita.2G057800,
Seita.9G333500, Seita. 8G104600, Seita.7G190800). This was revealed by qRT-PCR analysis
demostrating the development of a larger root hairs as appendage to which soil particles
bond [42]. de la Fuente Cantó et al. [55] suggested the role of root exudation in the
formation pearl millet rhizosheaths through genome-wide association studies (GWAS)
combined with bulk segregant analysis (BSA). They identified twelve potential QTLs, five
of which were validated on chromosomes 5 and 6; many of them regulated the production
of several molecules composing the root exudates, and controlled the root-adhering soil
aggregation. Moreover, Karanja et al. [37] revealed, by RNA sequencing for transcriptome
analysis on wild-type tomatoes in drought conditions, the upregulation of several genes
related to the abscisic acid (ABA) signaling pathways (e.g., ABA 8′-hydroxylase and protein
phosphatase 2C), whose accumulation seems to stimulate rhizosheath development. Aslam
et al. [30] observed an overexpression of sucrose and phosphorous-related genes (LaSUC1,
LaSUC5, LaSUC9 and LaSPX3, LaPHO1, LaPHT1, respectively) in phosphorus-deficient
soil drying conditions in white lupine mature cluster roots. A sucrose accumulation and
a consequent improvement of the P absorption were observed, and these were mainly
related to the vigorous rhizosheaths of these root compartments. Moreover, LaPAP12
gene overexpression was observed in white lupine and rice, together with the increase
in rhizosheath development in dry conditions without P-input. This can be linked to the
rise in root exudation of acid phosphatases (APases), leading to increased P availability.
This promotes bacterial proliferation, in particular, the phosphate-solubilizing and auxin-
producing Bacillus megaterium, which synergically contributes to increases in the roots
length and the consequent greater rhizosheath formation [84].

5.4. Microbial Investigations

The advances in genomic sequencing methods developed during the last decades has
allowed us to overcome the lack of information related to non-readily culturable microbes
from several environments [85]. Through these revolutions, technological applications
investigating the composition and the physiology of the rhizobiome can shed light on its
key role in the soil ecosystem, unraveling the vital mutualistic interactions among soil, roots
and microbes [86]. Recent studies have suggested that rhizosheath-associated microbial
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communities are pivotal in its building processes, as well as in the plant-growth-promoting
services provided by root–bacteria relationships. A rhizosheath was defined as an edaphic
“mini-oasis” in arid habitats, where several microbial taxa presenting high functional
redundancy are in competition to conquer ecological niches that support the beneficial
functions of plant biofertilization, biopromotion and bioprotection [79]. Root-associated
microorganisms can implement several strategies aimed at improving essential nutrient
availability; producing biostimulants (exopolysaccharides, phytohormones, volatile com-
pounds, etc.) for plant growth; and at mitigating abiotic/biotic stresses affecting plants [81].
The current challenge involves deepening the knowledge of these primary mechanisms to
be reinforced for the purpose of improving the crops and reducing the use of agrochemical
supplies [18,20,44,53,87].

Zhang et al. [25] demonstrated the crucial role of rhizobacteria in rice (Oryza sativa)
rhizosheath genesis through the upregulation of genes involved in ethylene pathways
induced by moderate soil drying conditions. In particular, a high abundance of Enterobacter
aerogenes was detected from the rhizosheaths of two different rice varieties (Gaoshan 1,
a drought-tolerant species, and Nipponbare, a drought-sensitive species), with a high
production of the aminocyclopropane-1-carboxylate deaminase (ACCd) enzyme. This
enzyme reduces the ethylene levels in roots, favoring plant growth and root hair elongation,
which promotes rhizosheath enhancement. Zhu et al. [32], after fine-tuning the separation
method of the rhizosheath, the rhizosphere soil, the root epidermis and the root system
in Stipa grandis, a drought-tolerant species, highlighted significant differences in bacterial
and fungal communities between the analyzed compartments, suggesting their different
roles in the interaction processes between plants and the soil matrix. In particular, the root
epidermis and endophytes displayed different bacterial compositions, with a dominance
of Cyanobacteria in the root system (~46%) and Actinobacteria in the root epidermis (43%),
but similar fungal populations, which were mainly composed by Basidiomycota (mean
value ~71%). The rhizosheath and the rhizosphere soil showed similar compositions,
with the presence of Proteobacteria (mean value ~22%), Acidobacteria (mean value ~9%),
Planctomycetes (mean value ~8%) and Verrucomicrobia (mean value ~3.4%) bacterial groups,
as well as Basidiomycota (mean value ~35%) and Ascomycota (mean value ~25%), among
fungal taxa.

Several studies based on bacterial and fungal strain inoculation techniques have
demonstrated their particular role in root system development, as well as in rhizosheath
evolution. Chen et al. [67], in the rhizosheath of Kengyilia hirsute, individuated the en-
richment of Massilia and Arthrobacter species that are likely related to plant molecular
mechanisms for specific taxa selection and accumulation involved in rhizosheath formation.
Trichoderma harzianum T-22 increased the rhizosheath amount in several ancient and modern
wheat varieties, affecting their root systems’ architectures differently [51]. The endophytic
fungus Piriformospora indica is able to modulate auxin production under moderate soil
drying, enhancing the growth of rice root hairs for soil exploration by seeking water and
providing a more suitable physical structure for the formation of the rhizosheath. This leads
to an enrichment of Bacillus cereus in both the rhizosphere and the rhizosheath, suggesting
a strong bacteria–fungi interaction involved in the exudate compounds use [52].

6. Conclusions and Perspectives

The present work reviewed the existing literature on rhizosheath, providing important
guidelines for future investigations with the aim of avoiding redundancies and ambiguities
in this field. In particular, we clarified the correct rhizosemantics and the standardized
sampling methods essential for a cohesive interpretation of the results. Firstly, according to
the definition proposed by Puente et al. [39], where the rhizoplane is given by the combina-
tion of the rhizosheath and root epidermis, it is important to perform a correct sampling of
the several sections composing the root system (bulk soil, rhizosphere, rhizosheath, root
epidermis, etc.) in order to achieve a complete comprehension of the complex structure. In
particular, rhizosheaths need to be collected after shaking off the bulk soil, ensuring the
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sampling of the residual root-adhered soil. Then, rhizosheath sampling can be performed
mechanically, by using a soft brush, or manually, by washing the soil from the roots with
water in a container or through sonication. For microbiological surveys, the use of sterile
tools and DNA/RNA stabilization solution is advised. Rhizosheaths are emerging as
favorable root features for sustainable agro-systems, ensuring robust crops in view of the
pressing environmental changes caused by the climate crisis and by soil exploitation in
intensively managed agriculture. The processes controlling its genesis are still unclear, but
several studies have highlighted complex plant–soil–microorganism interactions, where
root hairs; root- and microbial-derived binder organic compounds; specific genetic deter-
minants regulating responses to abiotic stresses; and physicochemical soil properties can
modulate the rhizosheath development.

This particular root trait seems to play a key role in facing abiotic stresses, which
safeguards the plants from water deficiency and high-pH soil conditions and promote water
absorption, as well as nutrients availability, representing a stable micro-habitat for microbial
communities. The relevant limitations of the most of the current research on rhizosheaths
are related to experiments in the laboratory, and it is not always clear how the findings can
be translated to the real world. Moreover, in some cases, there are also some contradictory
results. Therefore, field experiments can be useful to verify the observations obtained in
controlled conditions. Bearing this in mind, future efforts should be devoted to delving into
several fronts: (i) to widen the spectrum of the plant species investigated, including trees,
from different habitats, in order to deepen the knowledge about this particular feature;
(ii) considering the promising existing genetic studies, to further investigate the genes
associated with rhizosheath expression (enhancing plant stress responses can be useful
for breeding and genetic engineering in order to obtain improved and more resistant
cultivars); (iii) to delve into the benefits of rhizosheaths in terms of nutrient uptake, also
considering the mobility of pollutants and of stabilization mechanisms, preventing soil
erosion processes as well as enhancing the carbon sequestration and storage; and (iv) to
study rhizosheaths’ microbial and ecological niches and their role in its development
processes; in facing environmental stresses; and in symbiotic associations among soil, roots
and microbes.
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