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Root border cells (RBCs) are a group of cells that originated from the root cap meristem,
which are developed by genetic regulation and play a variety of biological functions. Being
composed of a homologous single cell population with high metabolic activity and intact
cell walls, RBCs represent a highly useful tool for studying various aspects of plant mineral
absorption and utilization, as well as plant-soil-microbiome interactions in the rhizosphere.
Research on RBCs also promise to become a hotspot in the context of understanding
root adaptive responses to hostile environments. In order to take advantage of RBCs as
an ideal single cell system in plant-environmental interactions, we summarized the
production and function of RBCs and built-up the methodology for RBCs culturing,
purification, and quantity control for plant research. The latter is done by using a case
study of the application of RBCs to study mechanisms of Al toxicity in plants. This work
offers plant scientists a new cognition of adopting RBCs as a convenient single cell system
for the multidisciplinary research including (but not limited to) plant physiology,
development and genetics, nutrition, and stress and adaptation. Root border cells
(RBCs) are derived from the root cap and represent a population of living cells with
special physiological activity and biological roles that are different from the root cap cells
per se. After being separated from the root cap, RBCs become more active in metabolism
than the progenitor root cap cells; for example, they incorporate labeled amino acids into
protein 2.6-fold more efficiently than the cells of the root cap. In addition, mRNA and
protein were differentially expressed between root cap cells and RBCs. Since the
production of RBCs is genetically regulated and RBCs played a variety of biological
functions in resistance to biotic and abiotic stresses occurred in the rhizosphere, RBCs
were suggested as an ideal single cell system for the study the response of plant root cells
to nutrient availability, environmental stresses, and in plant-microbial interactions. Some
studies revealed that RBCs, which development is regulated by endogenous and
exogenous signals, are biologically viable in the majority of higher plant species. This
work reviews the research on RBCs in plant environment interaction and describes the
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case study of RBCs as a convenient single cell system to study plant responses to

Al toxicity.
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1 PRODUCTION OF RBCS AND ITS
ADVANTAGES AS PLANT SINGLE
CELL LINE

1.1 Production of RBCs

RBCs are a group of specialized cells that dissociate from the
epidermis of the root cap and gather around the root tip, which
were previously called sloughed root cap cells. As early as 1919,
Knudson had pointed out that some sloughed root cap cells were
metabolically active; however, this had not attracted much
attention from researchers at that time. In fact, more than 90%
of the sloughed root cap cells in most species are alive, and their
development is genetically regulated and shown to maintain a
variety of biological functions even under adverse conditions (1-
3). Hawes (4) redefined these cells as RBCs, due to that they are
located between the root surface and the soil, and emphasized
that these cells were bioactive biotic boundary layers.

Root cap cells differentiate from root cap meristem through
mitosis, and then go through a series of developmental stages
such as starch synthesis stage, gravity sensing stage, and mucilage
secretion stage to produce RBCs. The separation of border cells is
the final stage of root cap cell development (5), and the total
number of RBCs don’t increase indefinitely but tends to saturate.
For example, during seed germination, the number of RBCs is
positively correlated with the root elongation, but when the root
length reaches about 2.5cm, the number of RBCs reaches the
maximum value (5, 6).

The efficiency of RBCs production differs among species.
Based on the previous studies, we analyzed the proportion of
RBCs from 11 families that contains nearly 30 different species.
The number and viability of RBCs are different not only among
plant families, but also within one family. The RBCs number
varies greatly among different plant families, ranging from 20 in
Solanaceae to ~12,000 in Leguminous (Figure 1; 3, 7). As shown
in Figure 1, RBCs number also varies greatly within one family,
e.g. from about 5,000 in soybean (Glycine Max) up to 12,000 in

pea (Pisum sativum) (8, 9). The environmental factors such as
metal ions, the ratio of CO,/O,, etc., also affect the production of
RBCs (8, 10, 11). For example, the RBCs number increased from
approximately 10,000 per root tip in the control to 12,000 after
Al exposure (Figure 1; 7). Figure 1 and Table 1 list the range of
RBCs number among families and species affected by different
metal ions. There is little doubt that RBCs function essentially at
least among these plant species and respond actively to
environmental signals especially stresses. Therefore, they
represent natural homologous root cell lines that may be used
in studying various aspects of plant-environmental interactions.

1.2 Functions of RBCs

When RBCs are generated from the root cap, they build a
biological interface between the root surface and soil, and play
many functions, such as directly affecting the rhizosphere micro-
ecosystem, inhibiting the invasion of the pathogen, reducing root
mechanical resistance and protecting the root tip (4, 7, 8, 10, 12—
18). It has been reported that RBCs can quickly release
antibiotics, specific enzymes, sugars, and other chemicals to
regulate the growth of bacteria, fungi, viruses, and nematodes
around the rhizosphere by changing gene expression under stress
(18-20). Some scientists also called the RBCs as root extracellular
traps (RET) and their associated secretions form a protective
structure, which plays a major role in the interaction between
roots and soil-borne microorganisms(21, 22). In addition, as
RBCs separation from root tip proceeds, the cells synthesize and
secrete a hydrated mucilage that contains polysaccharides,
secondary metabolites, antimicrobial proteins and extracellular
DNA (exDNA), and this exDNA-based matrix seems to function
in root defense in a way similar to that of recently characterized
neutrophil extracellular traps (NETs) in mammalian cells (23).
Therefore, the change of the rhizosphere can be communicated
through the interaction between RBCs, various rhizosphere
microorganisms, and toxic substances (such as Al toxicity),
thereby generating practical significance.
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FIGURE 1 | The species-dependent production of RBCs.
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TABLE 1 | RBCs in the Study of Metal Toxicity.

Metals References Effect
Al toxicity Yuetal (8); Cell viability decreases
Yuetal. (7)
Sun et al. Cellular reactive oxygen species (ROS) bursts
(24)
Chenetal.  Mitochondrial membrane potential (MMP)
(25) decreases
Cai et al. The Al content and pectin content of RBCs
(26) increase
Fengetal.  The mucilage secretion of RBCs increases
(19)
Nagayama  The distribution of pectin increases
et al. (27)
Xiao and Si could prevent the separation of RBCs from
Liang (28) each other by increasing the degree of pectin
methylesterification
Fe toxicity Knox etal.  Cell viability decreases
(1)
The number of RBCs decreases
Cu toxicity Sun et al. Cell viability decreases
(29
Cheng et al.  Cellular reactive oxygen species (ROS) bursts.
(80) Mitochondrial membrane potential(MMP) decreases
Pb trapping  Huskey The mucilage trap expands in a short time
etal. (16)
Th Fu et al. (31) Cell viability decreases
accumulation

At present, the role of RBCs in improving plant stress
resistance, especially in resisting heavy metal ion toxicity, has
become a new hotspot in the field of plant physiology. We
summarized this research on the range of RBCs number in
different families which were affected by metal stresses with the
citation lists in Figure 1. Among these studies, more attention
was paid to Al toxicity. Under Al stress, the elongation of the root
is significantly inhibited in a few minutes, and the root tip is the
main target of Al stress sensing and toxicity (32-35). However,
the most sensitive zone to Al toxicity is not the root cap and
meristem, but root transition zone, a zone 2-3 mm away from the

root tip (36). RBCs, produced and gathered around the root cap
and meristem (Figure 2), were assumed to not only prevent the
protruding root tip from mechanical damage, but also act as a
protective barrier for the root tip to absorb Al. When the Al
concentration increased to 200 uM, the thickness of the adhesive
layer exuded by RBCs increased, reducing the toxic effect of Al
on roots (37). In addition, the removal of RBCs leads to the
increase of Al absorption by root tip (7, 38). As shown in
Figure 2, in-depth research on the response of RBCs in situ or
in vitro to Al toxicity was carried out (which will be discussed
later), indicating RBCs have been successfully applied in Al
research and can be an example of RBCs as a highly
convenient single cell system for the study of plant-
rhizosphere interactions.

1.3 The Ideal Plant Single Cell System
of RBCs
As a homologous single cell group with metabolic activity and
complete cell wall, the discovery of RBCs provides a useful tool
for studying many interesting research topics including (but not
limited to) Al toxicity and tolerance, transport of nutrients and
toxins through cell wall and plasma membrane, and a broad
range of interactions (e.g. Si-Al, B-Al interaction) in the cell wall
matrix. As RBCs are naturally produced in root tips of a large
number of plant species (7, 39), research on RBCs can reflect the
real events that occurred in root tips, and the results are more
reliable and applicable to root research in comparison to the
other cell lines (e.g. suspension cells) or protoplast (without cell
wall) and organelles (vacuoles), although they have other merits.
The second advantage is that RBCs can be acquired simply
just by collection in water or solution, or even directly be wiped
onto the glass slides for observation. It is well-known that the
process of producing a new plant cell line generally takes a few
years. The uniform population of protoplasts can be produced
quicker (within several hours) but requires a prior optimization
of the cocktail of enzymatic solution which is time consuming
and may take months (3, 40). Protoplasts are also highly artificial
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FIGURE 2 | Schematic diagram of mechanism of response system of root border cells under Al toxicity stress.
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FIGURE 3 | Scheme of the mist-culture device (A) for easy mass production and harvesting of pea seeds (B) and root border cells (C) with their root tips exposed

as they lack cell walls (and hence many wall-anchored proteins)
as well as have non-physiological resting membrane potential
values that questions applicability of findings on protoplasts to
explain planta responses. There are no other plant tissues that
can be distinguished and dissected so easily without any complex
instrumentation and isolation processes. Also, RBCs can survive
for a long time in a large osmotic potential range including
distilled water without disintegration or visible cell damage
(13, 41).

Another advantage is the homogeneity of the RBCs that
responds consistently to the chemicals, stresses, or signals
which has a great advantage over root heterogeneity as cells
from different root zones (root caps, meristem, transition,
elongation, and mature zones) function and respond differently
(19). Protoplasts derived from a specific cell type also possess this
feature but creating a homogenous protoplast population may
require cell-specific fluorescent labeling and the use of highly
expensive and sophisticated techniques (e.g., fluorescence-
activated cell sorting). Most critically, lacking cell walls,
protoplasts cannot be used to study the response of whole
single cells to chemicals, stresses, and signals in the apoplast
(42-44) limiting their applicability in stress physiology.

Last but not the least, previous studies have shown that the
RBCs and their mucilage could form a protective sheath at the
root tip, which prevented Al from diffusing into the root tip,
thereby alleviating Al stress in plant root tip (7, 28, 45, 46).
The mucilage consists of a variety of molecules including
cell wall polysaccharides and proteoglycans, secondary
metabolites, anti-microbial proteins and peptides, and
extracellular DNA (13, 47-50). Mucilage can strongly bind
Al in the rhizosphere (46). The mucilage can protect root tips
from Al toxicity by tightly binding Al and sequestrating Al in
mucilage, which consequently reduced the inhibition of root

growth induced by Al and the absorption of Al by roots (51).
Therefore, RBCs are considered to be the front of plant
response and defense to stresses. Considering RBCs are
easier to be harvested in large quantities and easily purified,
they are widely used in studies on Al toxicity (7, 8, 15, 39, 52).
Of specific interest is pea (Pisum sativum) - Mendel’s model
genetic material that are capable to produce up to 10,000
RBCs from one root tip (8).

2 METHODOLOGICAL ASPECTS OF RBCS
PRODUCTION AND USE: A CASE STUDY
FOR AL RESPONSE AND TOLERANCE

2.1 Production of RBCs

2.1.1 Modified Solid Media Culture

Pea seeds are generally germinated in a Petri dish with sterilized
1.0% agar, and then a small amount of RBCs derived from the pea
roots is harvested for further analysis (53, 54). If required, the
chemicals can be applied to the agar preparation. To maximize the
cell yield, the growth procedure was modified as follows. Firstly,
pea seeds are soaked in 0.1-2.0 mmol/L CaCl, for 10-48 h after
sterilization in 7.5% sodium-hypochlorite solution. Then, the fully
soaked seeds are transferred to the solid agar using tweezers, and a
layer of filter paper is put on the culture medium to prevent the
root tip to penetrate the culture medium. The cells are then
cultured in a 20-32°C incubator for 24-72 h (depending on
plant growth rate) and collected when the root length reaches
1.0-5.0 cm. Cells can be collected by immersing root tips in water
and gently rotating to detach the RBCs from the root (3, 4, 12).
The solid media culture was previously widely used for pathology
studies as it can be completely sterilized and can conveniently
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incorporate the treatment of microorganisms (3, 4, 12). However,
it is difficult to count the number of RBCs since RBCs will fall off
when they are touched during the sampling process, which affects
the experimental results. Also, a large number of RBCs could be
potentially obtained by cutting off many root tips (one by one)
from plants grown in multiple Petri dishes (3, 8, 19). However, it is
practically not feasible since it is time and labor-consuming and
the viability of the RBCs will drop significantly if separated from
the root tips for more than 3 h. So the modified solid media culture
is most suitable for the research requiring a small amount of RBCs
and studies that require strict sterility.

2.1.2 Mist Culture

Mist culture was invented for the mass harvest of RBCs by Yu’s
group and it was found that mist culture could quickly collect a
large number of RBCs with high metabolic activity (8). The
method involves the use of a mist incubator (depicted in
Figure 3) composed of a sealed box to keep the humidity, a
plastic mesh rack to support seeds, a mist generator to produce
fine mist for seed germination, a timer to control the operation of
the mist generator. Seeds are put on the mesh rack and a mist
generator is regularly used to keep the humidity in the sealed box
at a constant level to ensure the normal growth and development
of seeds. The mist production is controlled by a timer with a 15 s
spaying time and at the time interval of 5 min, which can ensure
the humidity in the box of 98%, and the temperature is
controlled at 22-24°C. Under the plant gravitropism, the
germinated root tips are neatly distributed under the mesh.
After the roots are elongated to 2-3 c¢m, the mesh rack can be
removed from the sealed box and put into water to collect RBCs.
In addition, during the culture process, the nutrient composition
may be modified as per purpose of the experiment, and various
signaling and chemical agents could be also dispersed by mist
generator (7, 8, 15, 39, 52, 55).

2.1.3 Quality and Quantity Control of

Harvested RBCs

The RBCs are generally harvested (or collected) in the solution of
the same chemical composition as for germination (0.1-2.0
mmol/L CaCl,). Cells are then purified by centrifugation at a
centrifugal force of less than 500 (xg) to 1-3 times depending on
the experiment requirement. Then the viability and number of
RBCs are generally checked under a microscope for the quality
and quantity control of the RBCs for further research. Generally,
the total number of the pelleted RBCs is used to control the next
experiment under the same amount of cell numbers. Some of
these issues are discussed in more detail in the case study of Al
tolerance below.

2.2 The Case Study of RBCs in Research
of Al Tolerance

2.2.1 The Detection of the Number and Viability of
RBCs Under Al Stress

It is a direct method to study the response of RBCs to Al stress by
detecting the cell activity or quantity/proportion of viable cells.

The number of cells can be counted by hemocytometer or by
visual microscopic observations. For activity detection, many
methods have been used, such as FDA (Fluorescent Diacetate) -
PI (Propidium Iodide) viability staining (56), TTC (Triphenylte-
trazolium Chloride) staining (19) and trypan blue exclusion
staining (8, 15). Trypan blue is a cell reactive dye, and is
commonly used to detect the activity of RBCs. In a living cell,
the intact cell membrane can prevent trypan blue from entering
the cells, so it will not be stained. If the membrane integrity is
broken, the dead cells will be stained in blue due. During the
operation of the trypan blue exclusion method, the solution
containing RBCs and 0.5% trypan blue staining solution is mixed
at 1:1 (V/V) and stained in the dark for 15 min. The blue-stained
cells are dead cells and the non-stained cells are living cells. The
cell survival rate is calculated according to the distribution of
cells of the two colors under the microscope. RBCs in the
majority of species examined are >90% viable (19). However,
RBCs separated from the root cap died within 24 h under AI**
stress while the in vitro RBCs maintained 85% viability at 48 h
after treatment (25).

2.2.2 Removing Extracellular Al lons From RBCs
RBCs can also be used to study the absorption kinetics of specific
ions by single cells. When RBCs are treated in vitro, some metal
ions treated outside or secreted by cells are required to be
removed because of the reaction conditions of each element in
the cells to be determined, as to purify RBCs. Generally, two
methods are frequently used; one is microporous membrane
filtration, and the second one is purification by centrifugation.
Microporous membrane purification uses a 0.4~5 pm filter
membrane to purify cells (10, 53, 57-59). The advantage of
this method is that it is fast, accurate, and will not wash off cells.
However, the method comes with the danger of mechanically
damaging cells thus affecting their operation and viability. The
centrifugal purification method is gentler. RBCs are
centrifugated with a centrifugal force of less than 500 (xg), and
lots machines, such as ICP(Inductive Coupled Plasma Emission
Spectrometer), can be used to measure the degree of extracellular
Al washing of each cell. The extracellular Al is completely
removed after the 3-4 times centrifugation.

2.2.3 Changes of Cell Wall Components of RBCs
Under Al Stress

The cell wall is in the outermost layer of the cell. As the initial
part of Al contact, it is the first barrier for plants to deal with Al
stress, both the initial site of Al toxicity, and the main part of Al
accumulation. The accumulation of Al in the cell wall is a
prerequisite for the toxicity of Al to plant root tips (32, 35, 48,
60). Pectin in the cell wall can promote the tolerance of plants to
Al by regulating its distribution, so the combination of Al and
cell wall polysaccharides plays an important role in the
expression of Al toxicity and tolerance in plants (27, 61). In
the analysis of cell wall components, The extraction of cell wall
and the separation of cell wall polysaccharide components were
carried out according to Takayuki etal. (62). The total sugar of
cell wall can be determined by the phenol-sulfuric acid method
based on glucose (63); uronic acid is determined by pyrocatechol
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colorimetry (64); and pectin content is analyzed and determined
according to the method of Li etal. (45). Through the study of the
interaction between cell wall and Al the experimental conditions
for the tolerance of root border cells to Al ion stress were
established and optimized, so as to better study the
physiological and biochemical mechanism of Al toxicity at the
cell level and provide a direct method for the screening of Al
tolerant germplasm in the future.

2.2.4 Biomineralization of Al in RBCs

The biomineralization process of cell induced self-assembly to
form nanostructures has been a great interest subject to biologists
and material chemists for many years. It is a process in which a
small number of organic macromolecules (polysaccharides,
proteins, and glycoproteins) are used as templates for a
molecular operation to control the nucleation and growth of
mineral phases and combine them into inorganic materials in a
highly orderly manner (15, 65). Inspired by nature, many
researchers imitate the sheath structure outside biological cells
by physical, chemical, or biochemical methods, especially the
chemical modification method, which is a technology to prepare
polyelectrolyte multilayer coating by alternately depositing
anionic and cationic polyelectrolytes on the solid surface
through electrostatic interaction (66, 67). Among them, layer-
by-layer self-assembly (LBL) and polyethyleneimine (PEI)
induction technology are common chemical modification
methods. In recent years, chemical modification methods have
been applied to yeast cells and rice suspension cells. The results
show that the deposition of nano silicon can inhibit the entry of
Cd*" into cells and effectively alleviate cadmium toxicity (68, 69).
For RBCs, Feng etal. (15) applied layer-by-layer self-assembly
technology to pea RBCs, showing that nanosilicon can keep the
mitochondrial function of RBCs normal under Al stress, reduce
the burst of reactive oxygen species (ROS), and finally reduce the
programmed cell death, so that RBCs can maintain high viability
without significant difference from the control group. This
mechanism is like the RBCs in response to Al toxicity
described in Figure 2. Briefly, nano silicon deposition confers
cells with high Al resistance. In addition, in situ RBCs can be used
to study the change of cell wall mechanical properties and cell ion
homeostasis under Al stress. Thus, RBCs offer material scientists a
new single cell system for studing biomineralization.
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