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Toxicities of soluble Al, Cu, and La include ruptures
to rhizodermal and root cortical cells of cowpea
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Abstract Elevated levels of many metals are toxic to
plant roots, but their modes of action are not well
understood. We investigated the toxicities of alumin-
ium (Al), copper (Cu), and lanthanum (La) in solution
on the growth and external morphology of 3-d-old
cowpea (Vigna unguiculata L.) roots for periods of up
to 48 h. Root elongation rate decreased by 50% at ca.
30 µM Al, 0.3 µM Cu, or 2.0 µM La, accompanied
by a decrease in the distance from the root tip to the
proximal lateral root. Kinks developed in some roots
2.0±0.4 mm from the root apex on exposure to Al or
La (but not Cu). Light and scanning electron
microscopy showed that soluble Al, Cu, or La caused
similar transverse ruptures to develop > 1 mm from
the root apex through the breaking and separation of
the rhizodermis and outer cortex from inner-layers.
The metals differed, however, in the range in concen-
tration at which they had this effect; developing in

solutions containing 54 to 600 µM Al, but only from
0.85 to 1.8 µM Cu or 2.0 to 5.5 µM La. These findings
suggest that Al, Cu, and La bind to the walls of cells,
causing increased cell wall rigidity and eventual cell
rupturing of the rhizodermis and outer cortex in the
elongating zone. We propose that this is a major toxic
effect of Al, and that Cu and La also have additional
toxic effects.
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Abbreviations
ICP-OES/MS Inductively coupled plasma-

optical emission spectrometry/
mass spectroscopy

SEM scanning electron microscopy

Introduction

Soluble aluminium (Al) is a major factor limiting the
growth of plants on acidic soils (Foy 1984). However,
despite decades of intensive research into Al toxicity,
the exact mechanism causing root growth reduction
remains unclear. Indeed, there is still debate as to
whether the primary site of Al toxicity (and that of
other metals) is symplastic (i.e. inside the cell) or
apoplastic (i.e. in the cell wall). The most familiar
symptom of Al toxicity is the production of short,
stubby root systems (see Rout et al. (2001) as an
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example). Besides being short, Al-intoxicated roots
also develop lateral roots close to the tip of the
taproot, as in soybean (Glycine max (L.) Merr.) for
example (Blamey 2001). A number of studies have
reported that the root’s rhizodermis and cortex may
rupture when exposed to Al (Yamamoto et al. 2001;
Blamey et al. 2004; Jones et al. 2006).

Interestingly, a number of other metals have been
reported to affect plant roots in a similar manner to
Al. Clarkson (1965) found that the results of experi-
ments with Ga, In, and La on onion (Allium cepa L.)
“were similar in every respect” to those with Al.
Diatloff (1997) found that ruptures, markedly similar
to those caused by Al, form when mungbean roots are
exposed to La (which is also a cation channel blocker
(Jorge and Menossi 2005)). Wheeler et al. (1993)
reported that the visual symptoms of Cu toxicity are
similar to those of Al toxicity, although the symptoms
were not described. Ouzounidou et al. (1995) also
reported that high Cu causes damage to the rhizoder-
mal cells of maize (Zea mays L.). Subsequent light
microscopy studies have revealed that ruptures also
form in roots of Rhodes grass (Chloris gayana
Kunth.) when exposed to excess Cu (Sheldon and
Menzies 2005). Further, Kinraide et al. (1992) found
that monovalent and divalent cations had similar
ameliorative effects on Al and La rhizotoxicity in
wheat (Triticum aestivum L.) and Kinraide and
Sweeney (2003) reported that Al, Cu and La had less
toxic effects on rhizobia at low pH.

Although ruptures have been reported in Al-, Cu-,
and La-intoxicated roots, no studies have examined
these ruptures in detail. Other than the work of
Diatloff (1997) (which was not published in the
freely-available literature), studies referring to rup-
tures have generally used light microscopy though
electron microscopy has been used in some instances
(for example, Hecht-Buchholz et al. (1990)). Further,
the observation of ruptures has represented a side-line
or minor issue; the majority of studies cited above
simply reported observing ruptures without describing
them (or the conditions in which they formed) in any
detail. Therefore, knowledge regarding the formation
of these ruptures under stress caused by elevated
levels of various metals is limited, particularly with
regard to: (1) the morphology of the ruptures, (2) the
metal concentrations that reduce root elongation and
cause rupturing, (3) the length of time required for the
ruptures to form, and (4) the location on the root

where the ruptures form. These shortcomings limit
our understanding of why many metals are toxic; as a
corollary, detailed examination of the symptoms
should help elucidate the reasons for metal toxicities.

The objective of the current work was to examine
the effects of Al, Cu, and La on the growth and
external morphology of cowpea (Vigna unguiculata
L.) roots when exposed to these metals. Roots were
observed using both light microscopy and scanning
electron microscopy (SEM). Care was taken to ensure
that the concentrations of Al, Cu, and La used are
environmentally relevant, being similar to those likely
to be found in acidic soils or contaminated sites.

Materials and methods

Experimental procedures

Two solution culture experiments with Al, Cu, and La
were conducted in a laboratory maintained at ca. 24°C
at The University of Queensland, St Lucia, Australia.
These experiments followed several preliminary trials
in the laboratory and one glasshouse trial in which
seedlings were grown for 7 days in complete nutrient
solution as described by Kopittke & Menzies (2006).
Cowpea (cv. Caloona) seeds were germinated in a
rolled paper towel suspended vertically with the
bottom 20 mm of the paper towel in tap water. After
ca. 3 days, seven seedlings with ca. 30-mm-long,
straight taproots were transplanted into 2 mm diam-
eter holes in 10 mm wide Perspex strips placed on the
top of glass beakers filled with solution. Glass
beakers (600 ml) were filled to the brim with
650 ml basal solution with 1 mM Ca and 5 µM B
(pH 5.6). In some treatments, solution pH was
lowered to pH 4.5 with ca. 0.225 ml of 0.1 M HCl.

Immediately after transplanting and at set times up
until 48 h thereafter, each Perspex strip was placed
horizontally 300 mm beneath a digital camera mounted
on a tripod, a digital image captured, and the strip
replaced on the beaker. This took ca. 30 s ensuring
minimal disruption to root growth. The length of each
root was determined using the image processing and
analysis software, UTHSCSA ImageTool Ver. 3.0
(which is available free of charge at http://ddsdx.
uthscsa.edu/dig/itdesc.html). When calculating the
rate of root elongation, the length of time that the
root had been growing was calculated to the nearest
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minute using the digital time-stamp attached to each
image.

Samples of the solutions were taken from the
beakers at the end of the growth period, filtered to
0.22 µm (Millipore GSWP), acidified to pH <2.0 using
20 µL of concentrated HCl, and refrigerated (3.5°C)
before analysis. Inductively coupled plasma-optical
emission spectrometry (ICP-OES) was used for Al, Ca,
and Cu, and inductively coupled plasma-mass spec-
trometry (ICP-MS) for La (ICP-OES could not be used
for measuring La). For Experiment 1 (see below), the
measured Ca concentration ranged between 950 and
1,000 µM; corresponding values for Experiment 2
were 920 and 970 µM. All concentrations of Al, Cu,
and La mentioned subsequently are those measured by
ICP analysis.

Metal concentrations decreasing root growth
and causing rupturing

Experiment 1 examined the concentrations of Al, Cu,
or La that reduce elongation and cause the formation
of ruptures in the roots of cowpea. A total of 17
treatments was established using the 600 ml beakers,
consisting of: control (pH 5.6), control (pH 4.5), Al
(21, 54, 110, 220, 600 µM at pH 4.5), Cu (0.40, 0.85,
1.3, 1.8, 2.2 µM at pH 5.6), and La (0.6, 2.0, 3.6, 5.5,
7.3 µM at pH 5.6). The treatments were arranged in a
completely randomized block design replicated twice
over time, with each experimental unit containing seven
seedlings (the average of these forming one replicate).
Digital images were captured (for determination of root
length) 0, 24, and 48 h after transplanting. After 48 h
growth, roots were stained using 0.5% crystal violet and
examined using a light microscope to determine
whether or not ruptures had formed.

Microscopic examination of ruptures

Experiment 2 was conducted to: (1) confirm the
effects of Al, Cu, or La on root elongation, (2)
determine the timing and location of rupture forma-
tion, and (3) examine the morphology of the ruptures
using light microscopy and high resolution SEM.
Based upon the results of preliminary trials and
Experiment 1, five combinations of metal and pH
were established, being: control (pH 4.5), control (pH
5.6), 40 µM Al (pH 4.5), 1.1 µM Cu (pH 5.6), and
1.6 µM La (pH 5.6). Five Perspex strips were placed

across the tops of the four beakers to which Ca, B,
and the metals had been added, six strips placed on
the control (pH 5.6) beaker, and seven strips placed
on the control (pH 4.5) beaker. Six 3-d-old seedlings
were transplanted into each Perspex strip, resulting
in a total of 30 plants in the three metal-treatment
beakers, 36 plants in the control (pH 5.6) beaker,
and 42 plants in the control (pH 4.5) beaker.
Immediately thereafter, digital images of all roots
were captured. One strip was removed from each of
the two control treatments, photographed again, and
the roots prepared for SEM (see below). The strips
were then progressively removed (and roots pro-
cessed) from each of the five beakers as follows:
after 2, 4, 12, 24, 36, and 48 h for the pH 4.5
control and Al treatment, and after 4, 12, 24, 36, and
48 h for the pH 5.6 control, Cu, and La treatments.
In addition, at the 36 and 48 h harvest, some of the
roots that were not frozen in liquid nitrogen (see
below) were stained with 0.5% crystal violet and
examined under a dissecting light microscope. These
observations confirmed that the symptoms that were
observed later on the highly-processed SEM samples
were present also in unprocessed roots.

After being photographed to determine root elon-
gation rate, four of the six root tips (ca. 20 mm) were
cut off and pinned to a polystyrene block. The roots
were freeze-substituted according to the method of
Wharton (1991), with the roots frozen in liquid
nitrogen for ca. 10 s and transferred to a solution of
3% glutaraldehyde in methanol at −20°C for 24 h.
Roots were then transferred to methanol (without
glutaraldehyde) at −20°C for a further 24 h, removed
from the freezer, allowed to warm to room tempera-
ture, and dried using a Balzers critical point drier.
Thereafter, roots were coated with ca. 15 nm of Pt
using an Eiko IB-5 sputter coater. The roots were
examined using a field emission SEM (JEOL JSM
6400F) at 10 kV and 39 mm working distance.

Results

Experiment 1

Soluble Al, Cu, or La markedly decreased the rate
of root elongation (Fig. 1a, b, c). There was a 50%
reduction in root elongation rate at ca. 30 µM Al,
0.3 µM Cu and 2 µM La. This confirms the findings
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of many studies that plant root growth is decreased by
these trace metals. Indeed, the toxicity of Al and La
was markedly similar to their effects on wheat (cv.
Atlas) (Kinraide et al. 1992), but in contrast to other
results which used considerably higher concentrations
of metals. For example, Ouzounidou et al. (1995)
used up to 80 µM Cu and demonstrated a 50%
decrease in maize root growth with 7 µM Cu added to
solution. Root elongation rate decreased by 95% at
600 µM Al, 92% at 2.2 µM Cu, and 91% at 7.3 µM
La (the highest concentrations tested).

Besides the reduction in root elongation rate, the
distance between the root apex and the proximal (i.e.

closest to the root tip) lateral root decreased with
increasing concentrations of all three trace metals
(Fig. 1d, e, f). Indeed, the distance to the proximal
lateral root decreased from 83 mm in the control
treatments to 24 mm at 600 µM Al, 27 mm at 2.2 µM
Cu, and 31 mm at 7.3 µM La.

There were marked similarities in the nature of the
ruptures formed on exposure of roots for 48 h to Al, Cu,
or La (Fig. 2). These trace metals caused transverse
cracking of the outer layers of the root, as demonstrat-
ed for Al by Yamamoto et al. (2001) and Jones et al.
(2006), Cu by Sheldon and Menzies (2005), and La by
Diatloff (1997). No transverse ruptures were evident

Al concentration (µM)
0 200 400 600

0.0

0.5

1.0

1.5

Ruptures absent
Ruptures present

Cu concentration (µM)
0.0 0.5 1.0 1.5 2.0 2.5

R
oo

t e
lo

ng
at

io
n 

ra
te

 (
m

m
 h

-1
)

0.0

0.5

1.0

1.5

Ruptures absent
Ruptures present

La concentration (µM)
0.0 2.5 5.0 7.5

0.0

0.5

1.0

1.5

Ruptures absent
Ruptures present

pH 4.5

pH 5.6

pH 5.6

Al concentration (µM)
0 200 400 600

0

25

50

75

100

Cu concentration (µM)
0.0 0.5 1.0 1.5 2.0 2.5D

is
ta

nc
e 

to
 p

ro
xi

m
al

 la
te

ra
l r

oo
t (

m
m

)

0

25

50

75

100

La concentration (µM)
0.0 2.5 5.0 7.5

0

25

50

75

100

pH 4.5

pH 5.6

pH 5.6

a

c

b

d

f

e

Fig. 1 Effects of soluble
Al, Cu or La on (a, b, c)
the rate of root elongation,
and (d, e, f) the distance
from the root apex to the
proximal lateral root, for
cowpea grown for 48 h in a
solution containing 1 mM
Ca and 5 µM B at the pH
values stated. Hollow
symbols (a, b, c) represent
treatments where no mor-
phological damage was ob-
served, with solid symbols
representing treatments with
ruptures to the rhizodermis
and outer cortex. Results are
the arithmetic mean of two
replicates each of seven
roots, with the bars
representing the standard
deviations
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closer than ca. 1 mm from the root apex, an observation
in keeping with those of Yamamoto et al. (2001) and
Jones et al. (2006) regarding Al toxicity. After 48 h
growth, ruptures were observed in roots growing in
treatments where the rate of root elongation had been
reduced by ≥ ca. 50% for La, and by ≥ ca. 75% for Al
or Cu (Fig. 1). It is noteworthy that no ruptures were
evident at 2.2 µM Cu or 7.3 µM La where root
elongation had been reduced by > 90% (Fig. 1). This
was in contrast to Al, where ruptures formed in roots
grown at 600 µM Al in which elongation was reduced
by 95% (Fig. 1). These results confirmed preliminary
trials in the laboratory and glasshouse which had also
shown that, unlike Al, the addition of Cu or La at
concentrations sufficiently high to cause an almost
complete cessation of root elongation did not cause the
roots to rupture (data not presented).

As with the digital light microscopy studies of
Blamey et al. (2004) with Al, some of the roots in the
higher Al and La (but not Cu) treatments developed
kinks an average of 2.0±0.4 mm behind the root
apex. Whilst no kinks were observed in roots exposed
to 21 or 54 µM Al, kinks developed in 20% of the
roots at 110 µM Al, 50% at 220 µM Al, and 80% at
600 µM Al. Similarly, whilst no kinks were observed
at 0.6, 2.0 or 3.6 µM La, ca. 40% of the roots at 5.5
and 7.3 µM La developed similar kinks. By 48 h,
these kinks had deformed many of the roots to such
an extent that the tips had bent at right angles.

Experiment 2

Root growth in the two control treatments at pH 4.5
and 5.6 during the 48 h experimental period was

Fig. 2 Light micrographs
of cowpea roots (stained
with 0.5% crystal violet)
after 48 h exposure to a
220 µM Al (pH 4.5),
b 1.3 µM Cu (pH 5.6),
or c 3.6 µM La (pH 5.6) in a
preliminary experiment.
Lines are equal to ca. 1 mm
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good, with root length increasing by 60 mm. Soluble
Al, Cu, or La reduced root growth, with average root
length over 48 h only increasing by ca. 13 mm at
40 µM Al, 8 mm at 1.1 µM Cu, and 34 mm at 1.6 µM
La. Besides these effects, the kinetics of the reduction
in root elongation rate depended upon the treatment
(Fig. 3). Root elongation rate decreased by ca. 50%
within 2 h of exposure to 40 µM Al, within 4 h
exposure to 1.1 µM Cu, or after 24 h exposure to
1.6 µM La (Fig. 3).

Of particular importance to this study (and as ob-
served in Experiment 1 (Fig. 2)), soluble Al, Cu, or La
caused the formation of transverse ruptures in the
rhizodermal and outer-cortical cells, as illustrated for
Al (Fig. 4). The severity of the rupturing increased
with time of exposure to Al, Cu, or La, with Al-induced
ruptures increasing in width between 4 and 12 h, and
often several hundred micrometers wide after 24 h
exposure (Fig. 4). In some instances, the rhizodermis
(or rhizodermal and outer-cortical layers) appeared to
have become detached from the inner tissues (Fig. 4c).

The time taken for these ruptures to form was
dependent upon the treatment; ruptures forming in Al-
treated roots after 4 h, Cu-treated roots after 12 h, and
La-treated roots after 24 h. The ruptures were evident
> 1 mm from the root apex (as evident also in Fig. 2).
Indeed, ruptures were first observed at an average of
2.0 mm from the apex for Al, 1.6 mm for Cu, and
4.8 mm for La (Fig. 5). The distance between the
apex and the first (i.e. closest to the root tip) rupture
decreased with increased time of exposure to the
metal, decreasing from 1.6 to 1.0 mm for Cu and from

4.8 to 3.1 mm for La (Fig. 5). For Al, however, after
an initial decrease from 2.0 mm (at 4 h) to 0.7 mm (at
24 h), the distance from the apex to the first rupture
increased to 2.3 mm after 48 h (Fig. 5). This
subsequent increase in distance for Al-treated roots
is consistent with preliminary work which had shown
that after 7 d growth at 68 µM Al in a complete dilute
nutrient solution, the first rupture was present at an
average of 2.9 mm from the apex.

Closer examination of roots using higher magnifi-
cation SEM required the use of root samples with
ruptures of similar magnitude (Fig. 6), but at different
times (viz. 12, 24, or 48 h for Al, Cu, or La) to allow
the ruptures to form (Fig. 3). In all cases, the
transverse ruptures formed in the rhizodermis and
outer cortex (Fig. 6). Importantly, the ruptures formed
not by the separation between intact cells, but by the
breaking and tearing of individual cells (Fig. 7). It is
pertinent that in all instances the rupture of the
rhizodermal layer was wider than that between the
cortical layers below, and that (at least initially)
the rhizodermal cells between the ruptures were un-
damaged. Indeed, in some individual cells, it was
clearly evident that the length of the rupture was
greater on the exterior-surface of the cell than on the
interior-surface of the cell (see arrows in Fig. 7b).

Discussion

The results of the present study have confirmed that
soluble Al, Cu, and La are toxic to plant roots,
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Fig. 3 Effects of Al, Cu, or La (at the concentrations indicated)
on the rate of elongation of cowpea roots grown for up to 48 h
in a solution containing 1 mM Ca and 5 µM B at the pH values
stated, compared with the two control treatments without trace
metals added. Hollow symbols represent treatments where no

morphological damage was observed, with solid symbols
representing treatments with ruptures to the rhizodermis and
outer cortex. Values represent the arithmetic mean of six
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reducing their rate of elongation (Figs. 1 and 3) and
causing external damage (Figs. 2 and 6). Further, we
have provided information on the concentrations of
Al, Cu, or La that reduce root elongation, and have
used microscopy to provide details of the ruptures,
including the timing and location of their formation.

All three metals caused a similar breaking and
tearing of cells in the rhizodermis and outer cortex of
the root resulting in the formation of ruptures ≥ 1 mm
behind the apex (Figs. 2, 6 and 7). Measurements on
the location of the ruptures suggest that they formed
within the zone of elongation as found by Ryan et al.
(1993) (typically located ca. 1.5–2.0 mm to 5–8 mm

behind the apex (Ishikawa and Evans 1993)). A
concentration of 40 µM Al initially caused the
formation of ruptures at a distance of 2.0 mm from
the apex, 1.1 µM Cu at 1.6 mm, and 1.6 µM La at
4.8 mm (Fig. 5). It is not clear if the Al- and Cu-
induced ruptures initially formed in the transition or
elongation zones (Fig. 5); a similar uncertainty was
evident with mungbean roots exposed to 50 µM Al
(Blamey et al. 2004). However, the initial ruptures in
roots exposed to La formed at a distance of 4.8 mm
from the apex (Fig. 5) – almost certainly beyond the
transition zone. Furthermore, preliminary experiments
identified that after 7 days growth in a dilute nutrient

Fig. 4 Effects of 40 µM Al
at pH 4.5 on cowpea roots
grown in a solution con-
taining 1 mM Ca and 5 µM
B for a 4, b, 12, or c 24 h.
The root in (d) was grown
for 7 days in a complete
dilute nutrient solution
containing 68 µM Al. Note
the kink in the root at 12 h,
and also note the different
scales
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solution containing 68 µM Al, the rupture closest to
the apex was at an average distance of 2.9 mm (data
not presented). However, it is unclear why the
distance between the ruptures and the root apex
decreases with increased time of exposure to the
metals (Fig. 5). It is possible that as the time of metal-
exposure increased, the length of the transition zone
decreased, thereby resulting in a decrease in the
distance between the zone of cell elongation (where
the ruptures formed) and the root apex.

Reduced cowpea root growth was evident at lower
concentrations of metals than those which induced
ruptures (Fig. 1). Indeed, even though no ruptures
were observed, 21 µM Al reduced root elongation rate
by 44%, 0.4 µM Cu by 57%, and 0.6 µM La by 22%.
This decrease in root growth may involve increased
cell wall rigidity but not to such an extent as to cause
ruptures. With a > 11-fold increase in Al concentra-
tion (from 54 to 600 µM), there was both a further
reduction in root elongation (of up to 95%) and the
formation of ruptures. This decrease in root growth
and rupture formation only occurred from 0.85 to
1.8 µM Cu and 2.0 to 5.5 µM La (Fig. 1), a < 3-fold
increase in Cu or La in solution. The absence of
ruptures at 2.2 µM Cu and 7.3 µM La is noteworthy
in that these concentrations caused a near-complete
inhibition of root elongation, a finding in contrast to
Al where severe ruptures formed even in roots where
the rate of root elongation had been reduced by 95%
(Fig. 1).

Given the results of this and previous studies along
with the above discussion, we propose that both the
decrease in root growth and the formation of ruptures

Fig. 6 Scanning electron micrographs illustrating the effect of
a Al at pH 4.5, b Cu at pH 5.6, or c La at pH 5.6 on cowpea
roots grown in a solution containing 1 mM Ca and 5 µM B for
the times indicated. Note the tearing of the cells in the
rhizodermis and outer cortex resulting in the formation of
transverse ruptures
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result through the binding of Al, Cu, or La to the
walls of cells in the rhizodermis and outer cortex
(along with a concomitant desorption of Ca). This
may involve outer cells of the transition zone which
has been implicated as the target for Al toxicity
(Sivaguru and Horst 1998) or cells of the elongation
zone. We suggest that the presence of Al, Cu, or La in
the wall increases the rigidity of the cell wall and
reduces its ability to elongate. Indeed, cells within the
zone of elongation only expand when the pressure
inside the cell exceeds the forces present within the
cell wall. Factors that loosen the walls of cells in the
elongation zone, an example being low pH (Winch
and Pritchard 1999; Blamey et al. 2004), increase root
growth in the short term. Proton alleviation of Al, Cu,
and La toxicity has also been observed in rhizobia
(Kinraide and Sweeney 2003) while a decrease in pH

decreases Al and La rhizotoxicity in wheat. The
opposite would also apply, viz. factors that make cell
walls more rigid would decrease root growth. Given
that the Al, Cu and La concentrations within the cell
wall are higher in the rhizodermis and outer cortex
than in the inner-portions of the roots (as shown for
Al by Ma et al. (2004), Marienfeld et al. (2000), and
Stass et al. (2006)), it follows that the walls of cells in
the outer-portions of the root would have been more
rigid (and hence expanding slower) than those cells in
the inner-root. Further, there is an accumulation of
callose (an early sign of cell wounding) in the
rhizodermal and outer-cortical cells of Al-intoxicated
roots (Wissemeier et al. 1987; Yamamoto et al. 2001;
Stass et al. 2006). Thus, we hypothesize that the
ruptures formed due to the presence of rigid (slowly
expanding) outer cells overlying cells of the stele and

Fig. 7 Scanning electron micrographs of ruptures in the
rhizodermis and outer cortex of a cowpea root grown a for
4 h in a solution containing 1 mM Ca, 5 µM B, and 40 µM Al
for 4 h, or (b) and c for 7 days in a complete nutrient solution
containing 68 µM Al. Note that the ruptures are formed by the

breaking and separation of the cells in the outer-portions of the
root whilst the underlying cells remain intact. The dotted box in
(b) represents the approximate area shown in c. The white
arrows indicate the distance of a rupture at the interior- and
exterior-surface of an individual cell
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inner cortex that are expanding at a faster rate. Further
research is needed in this regard, however, given the
indication that Al acts principally on cells of the root
interior (Kinraide et al. 2005).

As outlined above, the results indicate that Al, Cu,
and La reduce root growth, at least in part, due to the
binding of these metals to the walls of epidermal and
outer cortical cells. This supports the findings of
Jones et al. (2006) who concluded that Al reduced
root growth of maize by increasing cell wall rigidity
in the epidermis. Furthermore, both the increase in
rupture width (Fig. 4) and the observation that the
length of the rupture was greater on the exterior than
on the interior surface of the cell (Fig. 7b) suggests
that the ruptures do not result from an increase in
osmotic pressure within cells of the outer layers, but
rather to an increase in cell wall rigidity in the outer
layers while cells of the inner layers continue to
elongate. Our results also suggest that cell wall
rigidification represents a major toxic effect of Al,
whilst Cu and La have additional toxic effects also
(for example, accumulation and toxicity in the
symplasm). This conclusion arises from the observa-
tions that (1) Al causes ruptures over a ≥ 11-fold
concentration range compared with a < 3-fold range
for Cu or La (Fig. 1), and (2), in contrast to Cu and
La, Al causes roots to rupture even at a concentration
which causes a near-complete inhibition of root
elongation (Fig. 1). However, further work is required
to test this hypothesis.

The kinks that formed ca. 2 mm from the root apex
(Fig. 4b) were particularly prevalent in solutions
containing ≥ 220 µM Al or ≥ 5.5 µM La, although
some kinks were also present at lower concentrations.
It is unclear why these kinks form in some metal-
intoxicated roots and not others. This is confounded
further by findings that (1) no kinks were evident in
any of the roots grown in any of the Cu treatments
despite the presence of ruptures with 0.85 to 1.8 µM
Cu in solution, and (2) kinks were evident in roots in
the 7.3 µM La treatment in which no ruptures were
observed (Fig. 1).

The final effect of Al, Cu, or La on root
morphology evident in the present study was the
marked reduction in the distance between the apex
and the proximal lateral root (Fig. 1d,e,f). This may
be through earlier maturation of pericycle cells or a
disruption of root apical dominance by decreased
symplastic and apoplastic transport of auxin.

We propose that further research is warranted to
investigate the possibility that other cations reduce
root elongation and cause ruptures similar to those
observed in the current study, as suggested by
Clarkson (1965) with Ga and In. However, experi-
ments conducted within our laboratory have shown
that Pb does not cause ruptures (data not presented).
Further investigation is also required into rhizotoxic
effects on other plant species differing in tolerance
among various metals and into environmental factors
(for example, solution pH which affects metal
rhizotoxicity (Kinraide et al. 1992)) which may
influence the formation of these ruptures.

In conclusion, all cowpea roots exposed to Al, Cu,
or La had reduced growth along with reduced
distance between the apex and the proximal lateral
root. Roots grown at 54 to 600 µM Al, 0.85 to
1.8 µM Cu, or 2.0 to 5.5 µM La had transverse
ruptures in the zone of elongation caused by the
breaking and separation of the rhizodermal and outer-
cortical cells, but the metals differed in the time taken
for these ruptures to form. Also, only some roots at
high Al or La (but not Cu) developed a kink 2.0 mm
from the apex. These findings suggest that Al, Cu,
and La displace Ca from the negatively charged sites
of the cell walls, thereby increasing their rigidity and
reducing the cells’ rate of elongation. Given that there
would be higher concentrations of Al, Cu, or La in the
cell walls in the outer- than in the inner-layers of the
root, the cells in the rhizodermis and outer cortex
would elongate at a slower rate than those in the stele
and inner cortex, resulting in the tearing of the outer-
cell walls and the formation of ruptures.
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