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Root border cells are living cells that surround root apices of most plant species and are involved in production of root
exudates. We tested predictions of the hypothesis that they participate in detection and avoidance of aluminum (Al) toxicity
by comparing responses of two snapbean (Phaseolus vulgaris) cultivars (cv Dade and cv Romano) known to differ in Al
resistance at the whole-root level. Root border cells of these cultivars were killed by excess Al in agarose gels or in simple
salt solutions. Percent viability of Al-sensitive cv Romano border cells exposed in situ for 96 h to 200 mm total Al in an
agarose gel was significantly less than that of cv Dade border cells; similarly, relative viability of harvested cv Romano
border cells was significantly less than that of cv Dade cells after 24 h in 25 mm total Al in a simple salt solution. These results
indicate that Al-resistance mechanisms that operate at the level of whole roots also operate at the cellular level in border
cells. Al induced a thicker mucilage layer around detached border cells of both cultivars. Cultivar Dade border cells
produced a thicker mucilage layer in response to 25 mM Al compared with that of cv Romano cells after 8 h of treatment
and this phenomenon preceded that of observed cultivar differences in relative cell viability. Release of an Al-binding
mucilage by border cells could play a role in protecting root tips from Al-induced cellular damage.

Acid soils occur in nearly one-half of all nonirri-
gated, arable lands in the world (Fageria et al., 1988),
particularly in the tropics. In addition, soil acidifica-
tion due to fertilizers or acid rain caused by indus-
trial pollution are an increasing threat to agricultural
and natural ecosystems in temperate regions (van
Breemen, 1985). Acidic conditions in soil solubilize
aluminum (Al), resulting in phytotoxicity.

The physiological mechanism by which Al dam-
ages cells is not known (Kochian, 1995). Inhibition of
root growth is the first easily observable symptom of
Al toxicity (Foy, 1988), which occurs within 1 to 2 h
(Clarkson, 1965). The root apex appears to be the
primary site of Al toxicity because exposure to Al of
the terminal 2 to 3 mm of a maize root is required for
inhibition of growth (Ryan et al., 1993). The initial
sites of Al uptake in maize are the root cap and root
mucilage, as shown by staining with hematoxylin, a
compound that binds Al in vitro to form a colored
complex (Bennet et al., 1985).

Comparative studies of Al tolerance in 22 species in
seven families have established that plants can resist
the toxic effects of Al. There are many proposed
mechanisms of Al tolerance in plants that involve
external avoidance or internal tolerance (Foy, 1988;

Taylor, 1991). Substantial evidence exists that one
mechanism of Al avoidance is chelation of Al by
organic acids released by roots in response to excess
Al (Miyasaka et al., 1991; Delhaize et al., 1993; Pellet
et al., 1995).

A second possible mechanism of Al avoidance is
adsorption of Al by negatively charged root muci-
lages, which prevents migration of Al into the root
meristem. In one study mucilage of an Al-tolerant
cultivar of cowpea bound more than one-half of the
total Al content of the apical 1 cm of root tips, and its
removal depressed root elongation in the presence of
Al (Horst et al., 1982). Li et al. (2000) also have dem-
onstrated that Al binds strongly to maize mucilage.

In most studies the material termed “mucilage” has
included all extracellular materials that can be re-
moved from the tip by immersion in water or by
manual wiping with a tissue. This material actually is
a complex biological mixture of high-Mr mucilage
secreted by the root cap, a population of several
thousand metabolically active root “border” cells,
and an array of cell wall fragments that are solubi-
lized as cells separate from the cap (Hawes et al.,
1998). Border cells per se express a unique profile of
mRNAs and proteins (Brigham et al., 1995) and many
of these proteins are secreted into the external envi-
ronment. Together, the mixture of root cap mucilage,
border cells, and their associated exudates comprises
up to 98% of the total exudate released from healthy
young roots and its production is tightly regulated
by the root in response to environmental and endog-
enous signals (Hawes et al., 2000).
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In the absence of free water, border cells and their
encasing mucilage form a tight sheath around the
periphery of the cap, and root cap turnover remains
in a quiescent state (Hawes et al., 1998). Upon re-
moval of cells by abrasion or by immersion of the
root tip in water, border cell and mucilage produc-
tion are reinitiated within 1 to 2 min, concomitantly
with a global switch in gene expression throughout
the root cap (Brigham et al., 1998) and production of
a new set of tip exudates within a 25-h period (Hawes
and Lin, 1990). In solution culture, border cell popu-
lations, root cap mucilage, and all other materials
secreted by border cells and the root cap dissociate
from the roots and are removed from the root tip
periphery as they are produced. After detachment
from root tips of plants grown in hydroponic culture,
border cells settle to the bottom of the vessel where
they can survive for months (Knudson, 1919). In soil,
little is known about the fate of border cells, but these
detached cells can reduce the mechanical friction of
the growing root under some conditions (Bengough
and McKenzie, 1997).

Border cells provide a means of packaging exu-
dates in living cells, which act as a chemical, physical,
and biological interface between roots and soil. To
our knowledge, the possible role of root border cells
in Al-tolerance mechanisms has been largely ignored.
Fiskesjo (1990) found that exposure to Al resulted in
cytoplasmic structures in cells within the root cap of
onion and she proposed a novel hypothesis that toxic
Al could be removed by separation of root border
cells from the cap.

In this paper we confirm the differential Al resis-
tance of whole root systems of two snapbean (Phaseo-
lus vulgaris) cultivars (cv Dade and cv Romano) in
simple salt solution and in agarose gels. Further ex-
periments were carried out to examine the possibility
that differences in border cells and/or associated
root exudates are involved in Al resistance by com-
paring border cell number, viability, and appearance
in situ around root tips or in suspension. We present
evidence consistent with the hypothesis that root
border cells have the capacity to protect root apices
from Al toxicity, possibly through exudation of an
Al-binding mucilage.

RESULTS

Differential Resistance of Snapbean Cultivars

In Simple Salt Solution

Compared with controls, relative root elongation of
both cultivars ranged from 0.18 to 0.50 within 24 h at
12.5 to 50 mm Al. However, roots of cv Dade exposed
to 12.5 to 25 mm Al continued to elongate over time,
whereas cv Romano tips tended to turn brown and
ceased to grow in Al. Thus, significant cultivar dif-
ferences in relative root elongation rates in response
to Al were evident at 72 h (data not shown) and 96 h
after the start of treatments (Fig. 1a). Cultivar Dade
had significantly greater relative root elongation
compared with cv Romano (P 5 0.049 and 0.04, re-
spectively) at 12.5 and 25 mm Al. These results con-
firmed previous observations that these two cultivars
vary in Al sensitivity at the whole-root level when
grown in solution (Miyasaka et al., 1991).

In Agarose

Since all root exudates at the tip, including border
cells, are dissociated away from roots grown in so-
lution culture, this experiment was designed to com-
pare cultivar sensitivity under conditions that al-
lowed retention of the normal configuration of root
tip components. Both cultivars exhibited reduced rel-
ative root elongation of 0.63 to 0.84 within 24 h after
exposure to 100 or 200 mm Al. Primary roots of both
cultivars tended to curve away from the Al-containing
agarose, but the filter paper placed over the roots
prevented loss of contact with it. In contrast to results
in solution culture, root tips of Al-sensitive cv Romano
did not die at the higher Al levels. Similar to solution
culture, a significant cultivar difference in root growth
was apparent only after 96 h when cv Dade had sig-
nificantly greater relative root elongation at 200 mm Al
compared with that of cv Romano (Fig. 1b; P 5 0.02).
These results confirmed that cultivar differences in Al
sensitivity seen in solution culture could be repro-
duced using agarose gels.

Figure 1. Relative root elongation of two snap-
bean cultivars (cv Dade and cv Romano) with
increasing total Al levels after 96 h in CaCl2
solution (a; 0, 12.5, 25, and 50 mM) agarose gel
(b; 0, 50, 100, and 200 mM). Significant Al (P 5
0.0003 and 0.0001), cultivar (P 5 0.02 and
0.007), and Al 3 cultivar (P 5 0.047 and 0.008)
effects were found in CaCl2 solution and agarose
gel, respectively. Error bars represent SEs of mean.
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Snapbean Border Cells

The number of viable border cells in both snapbean
cultivars increased significantly (P 5 0.0001) with
increasing root length until a maximum of 4,400
(6 280) was reached after 1.75 cm. No significant
cultivar differences in the number of viable border
cells were detected. A maximal number of viable
border cells were found previously in other legume
species (Hawes and Pueppke, 1986).

Aluminum Effect on Border Cells

In Situ Cultivar Response in Agarose

Increasing Al levels significantly decreased percent
viability of border cells of both snapbean cultivars in
situ (Fig. 2). Aluminum-sensitive cv Romano had
significantly lower border cell viability at 200 mm
total Al compared with Al-resistant cv Dade (P 5
0.01) at 96 h when cultivar differences in relative root
elongation were observed (Fig. 1b). No significant
difference in total number of border cells was ob-
served due to treatments (data not shown).

A conspicuous difference in the appearance of bor-
der cell populations between the two cultivars was
observed at 96 h of exposure to Al treatments. When
seedlings were removed from agarose and root tips
were placed into water for approximately 60 s, con-
trol border cells of both cultivars dispersed readily
into suspension (Fig. 3a), as did those of cv Dade
roots exposed to Al. However, border cells of cv
Romano roots grown at 200 mm Al clumped together
and did not disperse into solution (Fig. 3b). These
results suggested that responses to Al of border cells
and/or their associated exudates vary between the
two cultivars.

Responses of Detached cv Dade Border Cells

In the previous experiment, border cells of cv Dade
exposed in situ to Al appeared resistant to Al dam-
age. To test whether this Al resistance was an intrin-
sic characteristic of border cells, populations from cv
Dade roots were harvested and their responses to Al
in solution culture examined. The presence of Al
significantly decreased relative viability of harvested
cv Dade border cells (Fig. 4a). This decrease in via-
bility of cv Dade border cells, which was initiated
within 1 h, appeared nearly linear to 4 h after expo-
sure to Al and then it leveled off between 8 to 24 h.
Surprisingly, the relative viability of harvested bor-
der cells exposed to 50 mm Al was significantly lower
than those of cells exposed to higher Al treatments
(P 5 0.0001). The percentage mortality of border cells
in the water treatment was not significantly different
from that of cells in the 0.5 mm CaCl2 treatment.

Microscopic examination of cv Dade border cells
stained with India ink revealed that individual cells
exposed to Al were surrounded by a conspicuous
layer of mucilage (Fig. 5, b and c) compared with the
thin layer found in water controls (Fig. 5a). A time-
course examination of this phenomenon showed that
cv Dade border cells developed a thicker mucilage
layer within 1 h of exposure to Al compared with
controls in water (Fig. 4b). The width of the mucilage
layer that developed at $100 mm Al was significantly
greater than that which developed in response to 50
mm (Fig. 4b; P 5 0.0001). Thickness of this cell muci-
lage layer was correlated positively with cell viability
in response to Al dosage. For example, relative cell
viability at Al levels $100 mm was 0.91 at 4 h, whereas
that at 50 mm Al was much less at 0.79 (Fig. 4a).

A significantly thicker mucilage layer also devel-
oped around cells exposed to 0.5 mm CaCl2 com-
pared with those of cells in water (Fig. 4b; P 5 0.01),
although this layer was much thinner than those
found after exposure to Al. Over 24 h of exposure to
treatments, thickness of the mucilage layer around
border cells decreased in a small, but significant,
linear pattern.

Cultivar Responses of Detached Border Cells

Exposure of harvested border cells from both cul-
tivars to excess Al significantly decreased percent
viability relative to control cells in water (P 5 0.0001;
Fig. 6, a and b). Increasing hours of exposure to Al
treatments significantly decreased relative viability
of border cells. Border cells of Al-sensitive cv Ro-
mano exhibited significantly greater relative mortal-
ity compared with those of cv Dade, particularly at
24 h in 25 mm Al (P 5 0.002).

Exposure of border cells from both cultivars to Al
increased thickness of the mucilage layer around
cells of both cultivars (Fig. 6, c and d). Al-resistant cv
Dade border cells had thicker mucilage layers com-
pared with those of cv Romano cells, at 8 (P 5 0.03)

Figure 2. Border cell viability of two snapbean cultivars (cv Dade
and cv Romano) exposed in situ to increasing levels of total Al (0, 50,
100, and 200 mM) in agarose gels after 96 h. Significant Al (P 5
0.0001) and Al 3 cultivar (P 5 0.009) effects were found. Error bars
represent SEs of mean.
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and 24 h (P 5 0.02) after exposure to 25 mm Al.
Similar effects of CaCl2 and time on thickness of the
cell mucilage layer were found for both cultivars as
described earlier for cv Dade alone.

DISCUSSION

The root tip is the primary site of Al toxicity in
higher plants (Ryan et al., 1993) and its encasing
mucilaginous capsule has been implicated as a pro-
tective source of materials that prevent the uptake of
Al into root meristems (Horst et al., 1982). To our
knowledge, the response to Al and the possible im-
pact on Al resistance of the thousands of metaboli-
cally active border cells that are a major constituent
of the root tip capsule have never been examined. In
the current paper two snapbean cultivars that vary in
their susceptibility to Al were used to test the hy-
pothesis that border cells are involved in the detec-
tion and avoidance of Al toxicity.

Two snapbean cultivars previously found to vary
in susceptibility to Al damage in soil (Foy et al., 1972)
or nutrient solution (Miyasaka et al., 1991) were
shown to vary in sensitivity of their root tips to
Al-induced damage when grown in a simple salt
solution. Both cultivars exhibited reduced root
growth within 24 h, but root tips of the Al-sensitive
cv Romano tended to became necrotic and ceased
growth altogether in the presence of Al, whereas root
tips of cv Dade remained functional and continued to
elongate.

Immersion of roots in solution results in continu-
ous dispersal of border cells from their usual location
surrounding root apices, making it difficult to study
the possible function of root border cells in protecting
root apices from Al injury. Therefore, experimental
conditions were established using agarose gels. Al-
though one disadvantage of agarose is that speciation
of Al is not possible because of uncertainties about
complexation reactions between agarose and Al, such
gels proved to be an excellent medium for growth of
snapbean roots. In addition, these Al-containing gels
allowed evaluation of Al responses of roots with an
intact border cell-mucilage capsule present at the
root tip. Cultivar differences in Al resistance that
were observed earlier in a simple salt solution were
confirmed to occur when roots were grown on Al-
containing agarose after 96 h.

Snapbean cultivars were characterized for their for-
mation of root border cells. Viable border cells in-
creased in number with increasing root length until a
maximum number that did not differ between snap-
bean cultivars was reached. Thereafter, the number
of live border cells did not increase, indicating that
the root cap tightly regulated the number of live
border cells, as has been found for other plant species
(Hawes and Pueppke, 1986; Hawes and Brigham,
1992; Hawes et al., 1998).

High levels of Al killed border cells of both snap-
bean cultivars in situ on roots in agarose gels or in
vitro in simple salt solutions. Border cells are living
cells that are able to remain viable for as long as 90 d

Figure 3. Effect of Al exposure in situ on border cells of two snapbean cultivars a, cv Dade roots exposed to 0 Al in
agarose with the blurring of border cells was due to dispersal of cells into solution; b, cv Romano roots exposed to 200
mM total Al in agarose with border cells clumping together and not separating readily from each other or the root apex.
Scale indicates 0.5 mm.
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in hydroponic culture (Knudson, 1919), and they are
not pre-programmed for cell death as implied in the
commonly used term “sloughed root cap cells.” Since
the number of live border cells is regulated, increased
cell death by Al could provide a signal to the roots
that a toxin has been encountered in the rhizosphere.

A conspicuous cultivar difference in viability of
border cells and in their appearance was detected
96 h after exposure to 200 mm Al in situ, when culti-
var differences in root elongation were observed.
Cultivar Romano border cell viability was signifi-
cantly reduced by Al, but cv Dade viability decreased
very little. In addition, whereas border cells of cv
Dade exposed to Al behaved like controls and dis-
persed into suspension immediately upon immersion
in water, cv Romano border cells formed a cohesive
aggregate that did not detach from the root tip. Such
a reaction could involve Al damage to the root cap’s
normal ability to produce border cells. For example,
inhibition of cell wall solubilizing enzyme activity in

the root cap results in a similar phenotype (Wen et
al., 1999). It is possible that Al-induced exudation of
citrate by cv Dade roots (Miyasaka et al., 1991) could
prevent Al from binding to the root cap, border cells,
and/or their surrounding mucilage. Li et al. (2000)
showed that citrate could be used to desorb Al bound
to maize mucilage.

To separate the Al effects on border cells from
those on root tips, experiments were carried out us-
ing detached border cells. Cultivar Dade border cells
in solution produced a surprising result: cell death in
response to Al began immediately, but then virtually
ceased after 4 to 8 h. This rapid killing of border cells
in response to Al was unlike the 6-h lag period before
death occurred in tobacco cells exposed to Al and Fe
(Ikegawa et al., 1998). It was similar to the response
to pathotoxins such as victorin or Helminthosporium
maydis race T toxin, which caused linear decreases in
percent viability of border cells of oat and maize over
a 10- to 24-h period, respectively (Hawes and
Wheeler, 1982). However, in contrast to this linear
decrease in cell viability due to pathotoxins, cv Dade
border cell death leveled off after 4 to 8 h of exposure
to Al. This unique effect was found in concert with a
surprising discovery that viability was lower in re-
sponse to 50 mm Al compared with levels $100 mm
Al. Such border cell death kinetics and dosage re-
sponse are distinct from patterns seen in response to
any other toxins and stresses tested previously
(Hawes and Wheeler, 1982; Hawes and Brigham,
1992; Hawes et al., 1998).

The abrupt halt in a linear rate of cell death sug-
gested the reduction of Al toxicity and/or a loss of
cellular uptake or sensitivity. One possibility that
could account for such results is a change in pH;
however, in the current experiments, solution pH of
Al-containing treatments did not increase by more
than 0.3 pH units over a 24-h period. Kinraide and
Parker (1990) reported that Al phytotoxicity to an-
other legume, soybean, was greater at pH 4.8 than
4.2. It was apparent that the reduced mortality in cv
Dade border cells occurred by a physiological mech-
anism other than an increase in extracellular pH.

An alternative possibility is that the observed pro-
duction of a conspicuous mucilage layer surrounding
individual border cells prevented further uptake of
soluble Al. Production of this polysaccharide layer
around detached border cells was temporally and
spatially correlated with reduced cell death in cv
Dade border cells: induction of this layer preceded
the cessation of linear cell death rates, and thicker
layers were correlated with lower mortality. De-
tached border cells have been shown previously to
produce extracellular polysaccharides after detach-
ment from roots (W.D. Bauer, unpublished data,
cited in Hawes and Brigham, 1992). Induction of
mucilage production by border cells is not a general
response to toxins or pathogens, but rather a specific
response to certain stress factors. For example, bor-

Figure 4. a, Cell viability of detached cv Dade border cells in
response to increasing hours of exposure to increasing levels of total
Al (0, 50, and $100 mM) in 0.5 mM CaCl2 relative to that of water
controls. Relative viability of cells was calculated as (percent viabil-
ity at 3 Al level)/(Percent viability in water). b, Thickness of the
mucilage layer of detached cv Dade border cells in response to
increasing hours of exposure to treatment solutions containing water
only or increasing levels of total Al (0, 50, and $100 mM) in 0.5 mM

CaCl2. For relative cell viability, significant treatment (P 5 0.0001),
hours of exposure (linear effect: P 5 0.0001; quadratic effect: P 5
0.0001), and treatment 3 hours of exposure (P 5 0.001) effects were
found. For thickness of border cell mucilage, significant treatment
(P 5 0.0001) and hours of exposure (linear effect: P 5 0.002) effects
were found. Error bars represent SEs of mean.
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der cells of pea produced a mucilage layer in re-
sponse to Agrobacterium tumefaciens, but not in re-
sponse to Escherichia coli (Hawes and Brigham, 1992).

Cultivar differences in response to Al of whole
roots were found also in detached root border cells
exposed to Al. Harvested border cells of Al-resistant
cv Dade had significantly greater relative viability
compared with those of cv Romano when exposed to
25 mm total Al for 24 h. Thus, cultivar differences in
whole root response to Al were expressed also at the
cellular level in detached border cells in the absence
of roots. This differential response to Al in border
cells could not be due to Al-induced exudation of
citrate by cv Dade roots (Miyasaka et al., 1991), be-
cause border cells were harvested from roots not
exposed to Al.

Mucilage production by detached border cells of
Al-sensitive cv Romano was measurably less than
that of cv Dade border cells after 8 h of exposure to 25
mm Al and this difference preceded cultivar differ-
ences in relative viability observed after 24 h in 25 mm
Al. Such results suggest that Al-induced mucilage
exudation in border cells is a cellular self-protection
response. In an alternate manner, it is possible that cv
Dade border cells have another Al-resistance mech-
anism that allows them to survive and continue to
produce mucilage that is not involved in protection
from Al. Preliminary results showed that exudation
of organic acids by border cells is not involved, be-
cause no significant cultivar difference in exudation
of citrate by border cells was observed in the pres-
ence of Al (S.C. Miyasaka, unpublished data). Root
border cells could serve as a good model system to
study cellular responses to Al and genotypic varia-
tion in Al resistance.

How border cells and their Al-inducible mucilage
layer might contribute to the observed cultivar differ-
ences in root growth are not known. Al bound to mu-
cilage was found to be non-phytotoxic to maize root
cells and yet Al-induced root elongation was not af-

fected by the presence or absence of mucilage (Li et al.,
2000). In a similar manner, Ryan et al. (1993) removed
the root cap of maize roots without altering Al-induced
inhibition of root elongation over 24 h. It is important to
note here that both treatments were applied in solution
culture in which mucilage and border cells are contin-

Figure 6. Relative viability of detached border cells from two snap-
bean cultivars after 8 (a) and 24 h (b) of exposure to increasing levels
of Al (0, 25, and 50 mM) in 0.5 mM CaCl2. Thickness of the mucilage
layer around border cells from two snapbean cultivars (cv Dade and
cv Romano) in response to increasing levels of Al (0, 25, and 50 mM)
in 0.5 mM CaCl2 at 8 (c) and 24 h (d) after initiation of treatments. For
relative cell viability, significant Al (P 5 0.0001), cultivar (P 5 0.04),
and hours of exposure (P 5 0.002) effects were found. For thickness
of mucilage layer, significant treatment (P 5 0.0001), cultivar (P 5
0.01), and treatment by hours of exposure interaction (P 5 0.008)
effects were found. Error bars represent SEs of mean.

Figure 5. Exudation of mucilage around detached cv Dade border cells exposed to water (a), 100 mM total Al (b), and 200
mM total Al (c). India ink was used to visualize the mucilage around border cells because it does not penetrate this layer.
Scale indicates 20 mM.
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ually dispersed away from the root tip. Since control
and treated root tips would be devoid of much muci-
laginous materials, the possible impact of its Al-
chelating abilities cannot be evaluated in these two
studies. In addition, use of root elongation as the sole
measure of Al toxicity is not sufficient to characterize
root responses to excess Al. Longer term Al-avoidance
mechanisms that protect the apical root meristem may
be more important for continued root growth.

It will be of interest in future studies to test the
hypothesis that this border cell mucilage layer is one
mechanism of Al avoidance in some species. An Al-
induced mucilage layer surrounding each of several
thousand cells encapsulating the root tip could pro-
vide a significant barrier to Al uptake into the root.
Such a protective effect of root border cells in avoid-
ance of Al toxicity could help to explain the differ-
ences in Al resistance found between plants grown in
solution culture where border cells are continually
dispersed away from the root versus those grown in
soil or sand culture (Horst et al., 1990) or in agarose.
Previous studies have suggested that mucilaginous
materials at the root tip do have the potential to
prevent uptake of Al into the root (Horst et al., 1982).
Also, Ryan et al. (1993) found a greater penetration of
the hematoxylin stain for Al into the meristematic
region of decapped roots compared with intact roots.
In addition, maize mucilage separated away from
root tips was shown to tightly bind Al and maize
roots without mucilage had a slightly higher Al con-
tent than control roots (Li et al., 2000). Based on those
reported experimental protocols, border cells must
have been a component of the tested mixture, though
it is impossible to assess their relative contribution to
the Al-binding activity.

This paper is the first to report that Al toxicity kills
root border cells and that cultivar differences in re-
sponse to excess Al of whole-root systems are exhib-
ited also by detached border cells. Al induces in-
creased exudation of mucilage around detached
border cells, and the presence of this mucilage layer
in cv Dade cells is associated with an inhibition of cell
death. In addition, compared with cv Dade cells,
harvested cv Romano border cells had a significantly
thinner mucilage layer and decreased cell viability
due to Al exposure under certain conditions. This
research opens up interesting avenues to explore fur-
ther the role of root border cells in detection and
avoidance of Al toxicity. Transgenic roots with al-
tered production of border cells (Wen et al., 1999)
could be used to test the possibility that border cells
and their associated mucilages help to protect plant
health by inhibiting Al uptake into roots.

MATERIALS AND METHODS

Aseptic Conditions

Aseptic conditions were maintained to prevent mortality
of border cells due to microorganisms and to prevent mi-

crobial breakdown of released exudates. Solutions or gels
without Al were autoclaved, then filter-sterilized Al solu-
tions were added. Sterility in solutions was checked by
plating 100 mL onto agar plates containing Luria broth.
Only minor microbial contamination was found at the com-
pletion of experiments.

Based on preliminary trials, seeds of snapbean (Phaseolus
vulgaris) cv Dade were surface-sterilized by placing them in
95% (v/v) ethanol for 3 min, then in 8.8 m hydrogen
peroxide for 30 min, followed by soaking them in sterile
water for 1 h. Seeds of cv Romano were surface-sterilized
by placing them in 95% (v/v) ethanol for 1 min, followed
by 15 min in 8.8 m hydrogen peroxide, and 6 h of soaking
in sterile water. Seedlings were germinated in the dark at
24°C for 3 to 4 d in Petri dishes containing filter paper
(Whatman No. 4, Whatman, Clifton, NJ) placed over a gel
containing 10 g agar L21 and 1 mm CaCl2.

Statistical Analyses

Analysis of variance was conducted using Statistical
Analysis Systems (1982) programs to determine treatment
and interaction effects. Most experiments followed a ran-
domized complete block design unless specified otherwise.
Single degree-of-freedom contrasts determined whether
significant differences existed between specific treatments.
When a series of measurements were taken over time,
analysis of variance was conducted as a repeated measures
design with main plots of treatments and subplots of time
unless stated otherwise. A probability level of 0.05 or less
was considered to be statistically significant.

Differential Resistance of Snapbean Cultivars

In Simple Salt Solution

Cultivar Dade was selected as an Al-resistant cultivar
and cv Romano was selected as an Al-sensitive cultivar
based on previous work by Foy et al. (1972) in an Al-toxic
soil and by Miyasaka et al. (1991) in complete nutrient
solution. To confirm differential resistance of these culti-
vars, seedlings were grown at four Al levels (0, 12.5, 25,
and 50 mm) added as AlCl3 into 0.5 mm CaCl2 adjusted
initially to pH 4.5. There were eight treatments (four Al 3
two cultivars) and six blocks.

To avoid formation of polymeric Al, the methods of Tice
et al. (1992) were followed, but modified by preparing
Al-containing solutions from a stock solution of 4 mm
AlCl3 in 0.1 mm HCl. An initial solution pH of 4.5 was
selected because a preliminary study confirmed differential
response of two snapbean cultivars in complete nutrient
solution at this pH level.

Germinated snapbean seedlings were grown in the dark
for an additional 2 to 4 d in sterilization trays containing
10 g agar L21 and 1 mm CaCl2. One seedling was placed
over 800 mL of aerated treatment solution in an environ-
mentally controlled growth chamber maintained at a 16-h
photoperiod, 14 mmol m22 s21 photon flux density, and a
24°C day and a 22°C night temperature. All subsequent
experiments were conducted under the same environmen-

Miyasaka and Hawes

1984 Plant Physiol. Vol. 125, 2001



tal conditions in the growth chamber unless specified
otherwise.

Root lengths were measured at 24, 48, 72, and 96 h after
initiation of treatments. Root elongation rates were calcu-
lated as the increase in root length over a 24-h period.
Relative root elongation rates were calculated as (root elon-
gation at X mm Al)/(Root elongation at 0 Al). Analysis of
variance and single degree-of-freedom contrasts were con-
ducted at 96 h after treatment initiation. Solution pH was
measured after 96 h, and it ranged from 4.6 to 4.9, but was
not significantly affected by Al treatment or cultivar.

In Agarose

Seedlings of cv Dade and cv Romano were grown at four
levels of Al (0, 50, 100, and 200 mm) added as AlCl3 to gels
containing 10 g of agarose L21 and 0.5 mm CaCl2. There
were eight treatments (four Al levels 3 two cultivars) and
seven blocks.

For Al treatments of 100 mm or lower, 5 mm HCl was
used to adjust initially the solution pH to 4.5, whereas for
the 200 mm Al treatment, 0.1 m KOH was added. Using the
method of Calba et al. (1996), total soluble Al levels were
determined to be 0, 52, and 114 mm for the 0, 100, and 200
mm Al treatments, respectively.

Seedlings were initially placed on top of filter paper
(Whatman No. 4, Whatman) over agarose treatments.
However, the most obvious effect of Al compared with
controls under these conditions was that roots of both
cultivars immediately changed their direction of growth at
a 90 degree angle away from agarose gels containing .50
um Al. Similar results were found by Hasenstein et al.
(1988) in maize roots exposed to Al. To force continued
contact with Al, filter paper was placed over and under
seedlings.

Three seedlings of each cultivar were placed in 4-L glass
pans containing agarose gels. The top of the glass pans
were covered with aluminum foil and placed at a 70 degree
angle in a growth chamber. Root lengths were measured
24, 48, 72, and 96 h after initiation of treatments. Relative
root elongation rate was calculated as described previ-
ously. Analysis of variance and single degree-of-freedom
contrasts were conducted at 96 h after start of treatments.

Snapbean Border Cells

To characterize the number and viability of border cells
from two snapbean cultivars, the primary root lengths of cv
Dade and cv Romano seedlings were measured. Ten seed-
lings from six categories (0.51–1.0, 1.01–1.5, 1.51–2.0, 2.01–
2.5, 2.51–3.0, and 3.01–3.5 cm) were selected and the border
cells from each seedling were harvested into 500 mL of
deionized water. The experimental design was a fully ran-
domized one with 12 treatments (two cultivars 3 six root
lengths) and 10 replicates.

Border cells were harvested according to the method of
Brigham et al. (1995). In a 10- to 20-mL aliquot, total number
of border cells was counted and cell viability was deter-
mined using the vital stain, fluorescein diacetate (Hawes

and Wheeler, 1982). Cell counts were made using a micro-
scope (model D-7082, Zeiss, Jena, Germany) with an UV
light source (DEBCO, Minneapolis). Percent viability was
calculated as the number of live border cells divided by the
total number of border cells.

Aluminum Effect on Border Cells

In Situ Cultivar Response in Agarose

As described earlier, seedlings of cv Dade and cv Ro-
mano were grown at four levels of Al (0, 50, 100, and 200
mm) in agarose gels. After 96 h, border cells were harvested
from primary root tips of three seedlings. Total number of
border cells and percent viability were calculated as de-
scribed previously.

Responses of Detached cv Dade Border Cells to Al

To examine Al-induced effects on border cells alone,
cells of cv Dade were harvested into water at approxi-
mately 24 border cells per 1 mL. An equivalent volume of
treatment solutions was added to result in a water control
and five final concentrations of Al (0, 50, 100, 150, and 200
mm) at 0.5 mm CaCl2 and pH 4.5. There were six Al treat-
ments and six blocks. The cells were incubated in the dark
at 24°C. Total border cell number and percentage viability
were measured at 1, 2, 4, 8, and 24 h after initiation of
treatments. Relative cell viability was calculated as (percent
viability in 3 Al)/(percent viability in water controls). In a
separate but identical trial, mucilage around border cells
was visualized using India ink, which does not penetrate
the polysaccharide layer. Thickness of this layer was mea-
sured in 15 randomly selected, live border cells per treat-
ment replicate.

Solution pH was measured in another identical trial
using a micro pH electrode (no. 13–644–6, Fisher Scientific,
Pittsburgh) to assess the effect of solution pH on Al solu-
bility. In Al-containing solutions, pH did not increase by
more than 0.3 pH units during a 24-h period.

Cultivar Responses of Detached Border Cells

To determine the effect of excess Al on border cell via-
bility of two snapbean cultivars, newly developed cells
were harvested from seedlings of cv Dade and cv Romano
into water. An equivalent volume of treatment solutions
was added to result in a water control and three Al levels
(0, 25, and 50 mm) at 0.5 mm CaCl2 and pH 4.5. There were
eight treatments (four Al 3 two cultivars) and six blocks.
For experiments on harvested border cells, cells were
placed into incubation chambers maintained in the dark at
24°C. Total number of border cells and percent viability
were measured at 4, 8, and 24 h after initiation of treat-
ments. In a separate trial with identical treatments, thick-
ness of the mucilage layer around border cells was mea-
sured on 15 randomly selected, live border cells in each
treatment replicate at 2, 4, 8, and 24 h after initiation of
treatments.
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Lower percent viability of cv Romano border cells com-
pared with those of cv Dade from roots less than 3.5 cm in
length was observed in the absence of Al. To remove cells
that might have been injured by the seed surface-
sterilization technique, border cells were washed off root
apices and then newly developed border cells formed over
24 h were utilized in this study. Hawes and Lin (1990) had
demonstrated earlier that a complete set of border cells will
form over a 25-h period. These newly formed border cells
of cv Romano still had a lower viability in the absence of Al
compared with those of cv Dade, so relative cell viability
was calculated to allow a comparison of cultivar differ-
ences in response to Al.
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