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Cadmium (Cd), one of the most toxic heavy metals, inhibits many cellular and physiological processes in
plants. Here, the involvement of cytoplasmic Ca?* gradient and actin filaments (AFs) in vesicular traffick-
ing, cell wall deposition and tip growth was investigated during root (hair) development of Arabidopsis

Accepted 27 January 2011 thaliana in response to CdCl, treatment. Seed germination and root elongation were prevented in a
dose-and time-dependent manner by CdCl, treatment. Fluorescence labelling and non-invasive detection
Keywords: showed that CdCl, inhibited extracellular Ca2* influx, promoted intracellular Ca?* efflux, and disturbed

Actin filaments

Ca?* gradient the cytoplasmic tip-focused Ca%* gradient. In vivo labelling revealed that CdCl, modified actin organiza-

tion, which subsequently contributed to vesicle trafficking. Transmission electron microscopy revealed

gzlc:r‘rllvl;qn that CdCl, induced cytoplasmic vacuolization and was detrimental to organelles such as mitochondria
Root hair and endoplasmic reticulum (ER). Finally, immunofluorescent labelling and Fourier transform infrared
(FTIR) analysis indicated that configuration/distribution of cell wall components such as pectins and cel-
lulose was significantly altered in response to CdCl,. Our results indicate that CdCl, induces disruption of
Ca?* gradient and AFs affects the distribution of cell wall components in root hairs by disturbing vesicular
trafficking in A. thaliana.
© 2011 Elsevier GmbH. All rights reserved.
Introduction redox-regulated enzymes in many cellular processes (Hall, 2002).

Along with worldwide industrial development, the produc-
tion of heavy metals has increased rapidly. Heavy metals affect
numerous metabolic and/or developmental processes in all living
organisms. Cadmium (Cd) is one of the most toxic non-essential
heavy metals and has become a major environmental pollutant.
A high concentration of Cd can induce carcinogenic, mutagenic,
and teratogenic effects in a large number of animal species. In
plant cells, Cd can affect many vital processes, for example, it
inhibits root growth and reduces fresh biomass, changes morphol-
ogy, and causes increased activity of antioxidant enzymes (Zhang
et al,, 2005; Verma et al., 2008). As for mechanisms of Cd toxic-
ity in plant cells, various prospective intracellular targets for Cd
have been discussed. It is well known that Cd has a high affinity
for sulphydrl groups of proteins and thereby inhibits SH-bearing,
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Cd also binds to calmodulin, activates it, and plays an important
role in Ca-dependent regulatory pathways (Powlin et al., 1997).
Furthermore, the displacement of other divalent cat ions such as
Zn and Fe from proteins causes the release of “free” ions that can
lead to oxidative injury via free Fe/Cu-catalyzed Fenton reactions
(Stohs et al., 2000).

The cell wall is the first barrier to metal ion uptake in higher
plants. This extracellular barrier has the capacity to bind metal
ions in negatively charged sites. When exposed to a heavy metal
environment, the cell wall composition changes dramatically.
Garcia-Rios et al. (2007) reported that both insoluble polysac-
charides and polysaccharide sulphate content in the cell wall
exhibit evident differences between two red macroalgal species
in response to Cd exposure. The roles of polysaccharides in cell
walls during metal ion accumulation and heavy metal tolerance
have been described by several researchers (Raize et al., 2004;
Mikes et al., 2005). There has also been report on the inhibition
of some cell wall enzyme activities (e.g. peroxidase, NADH oxi-
dase, and IAA oxidase) after Cd treatment (Chaoui and El Ferjani,
2005). However, few studies have investigated in situ the alter-
ation of cell wall components, e.g. pectin and cellulose, after Cd
application.
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Materials involved in constructing the cell wall come from
secretory vesicles that accumulate beneath the plasma membrane
and undergo fusion with the plasma membrane in fast -growing
cells (Ovecka et al., 2005; Bove et al., 2008). Many cellular ele-
ments are considered crucial molecular players in triggering these
fusion events, such as the Ca%* gradient, actin cytoskeleton, and
intracellular signal transduction (Lee et al., 2008; Vassilieva and
Nusrat, 2008), and a variety of stimuli can influence the dynam-
ics of these elements. For example, NaCl stress can reduce the
magnitude of the Ca2* gradient in the apex of root hairs in Ara-
bidopsis thaliana, and cold shock results in a dramatic increase of
[Ca?*]eyt and simultaneous disruption of microtubules and micro-
filaments (Orvar et al., 2000; Halperin et al., 2003). However, few
studies have been published on the effects of Cd stress on Ca
level, actin filament (AF) arrangement, and cell wall composition
of plant cells in vivo and in situ. Furthermore, the cellular mech-
anism involved in cell wall alterations induced by Cd has not yet
been elucidated.

The root hair, a typical tip-growth cell, as well as rhizoids, leaf
hairs, and pollen tubes, are widely used as suitable experimental
systems for investigation of the Ca2* gradient, cytoskeletal dynam-
ics, and cell wall construction (Baluska et al., 2000). These tissues
are soft, originate from specific epidermal cells, and undergo a
highly polarized expansion of the cell wall at the extreme tip. Such
a cylindrical cell is thought to be very sensitive to environmental
stimuli and relatively easy to analyze during morphogenesis. More-
over, being a major organ of plant seedlings for metal uptake from
medium makes the root hair a suitable system for toxicity studies.

In this work, we show that Cd stress modulates root devel-
opment, including root growth, Ca2* gradient, AFs organization,
vesicular trafficking, and cell wall formation, in A. thaliana. Our
results indicate that Cd might affect cell wall construction by dis-
turbing the Ca?* gradient and actin cytoskeleton, thus inhibiting
vesicular trafficking in root hairs.

Materials and methods
Plant material and cultivation

All Arabidopsis thaliana used were in the Columbia back-
ground. Seeds were surface-sterilized and germinated on 1/2
Murashige and Skoog medium (Sigma) supplemented with 1%
(w/v) sucrose, 1% (w/v) agar, and the indicated concentrations
of CdCl, at 22°C under continuous light. Twelve- and 3-day-
old seedlings were chosen for root length measurement and for
other experiments, respectively. For seed germination rate anal-
ysis and root length measurement, the number of seeds and
seedlings examined was at least 200 and 30 for each treat-
ment. For microscopic observation, at least 5-10 root hairs
which grew normally were selected for measurement in each
treatment at each time. All experiments were performed in trip-
licate.

Fluo-4/AM loading and confocal imaging of cytoplasmic Ca?*

Fluo-4/AM ester was loaded into root hairs at low temperature
(4°C)inthe dark at a final concentration of 10 uM as described pre-
viously (Zhang et al., 1998). After a 2-h incubation, the root hairs
were washed with standard medium several times and left at room
temperature for 1 h. The samples were mounted and photographed
with a Zeiss LSM 510 META CLSM (Zeiss Co., Germany). Fluores-
cence was detected using 488 nm excitation and 505-530 nm band
pass filter.

Measurement of root hair tip extracellular Ca®* fluxes

Net Ca2* fluxes were measured using the scanning ion-selective
electrode technique (SIET) as described previously (Holdaway-
Clarke et al., 1997), with small modifications, in Xu-Yue (Science
and Technology Co. Ltd., Beijing, China, www.xuyue.net). Ca2*-
selective microelectrodes with an external tip diameter of
approximately 3 wm were manufactured and salinized with trib-
utylchlorosilane, and the tips were backfilled with commercially
available ion-selective cocktails (Ca lonophore I - Cocktail A, 21048,
Fluka, Busch, Switzerland). The self-referencing vibrating probe
oscillated with an excursion of 10 wm, completing a whole cycle
in about 5.72s. Root hairs selected for measurement were grow-
ing normally. All experiments were repeated three times, and Ca2*
fluxes of at least five root hairs were measured in each treatment at
each time. The obtained data were analysed in an Excel spreadsheet
to convert data from the background-mV estimation of concentra-
tion and microvolt difference estimation of the local gradient into
specific ion influx (pmolcm=2s-1).

Confocal imaging of actin in root hairs

Seedlings containing FABD2-GFP were mounted in 1/2
Murashige and Skoog medium with indicated CdCl, concentra-
tion and incubation time. Photos were taken with a Zeiss LSM 510
META CLSM (Zeiss Co., Germany). FABD2-GFP was excited using
the 488 nm line of an argon ion laser and fluorescence emission
was collected using 505-530 nm band pass filter.

FM4-64 staining to analyze vesicular trafficking in the apex of
root hairs

Loading of cells with FM4-64 dye was generally achieved by
direct application to growing root hairs. Fluorescence from FM4-
64 staining was detected using LSCM (laser scanning confocal
microscopy). FM4-64 was excited with 488 nm and emission was
detected using 575-615 nm band pass filter. Serial optical sections
were made every 30 s for about 60 images 2-3 min after dye appli-
cation until the fluorescence finally reached saturation.

Immunolabelling of pectins in root cell walls

Immunolabelling of pectins in the root cell wall was carried
out following the procedures described by Willats et al. (2001).
The primary antibodies were used at 1:50 dilution. Fluorescein
isothiocyanate (FITC)-conjugated anti-rat IgG was diluted at 1:50.
Seedlings were mounted and photographed using LSCM. FITC was
excited at 488 nm and detected by 505-530 nm band pass filter.
Controls were prepared by omitting the primary antibody.

Fourier transform infrared analysis of the root hair cell wall

Seedlings were washed three times with deionized water, and
then dried in a layer on a barium fluoride window (13 mm diam-
eter x 2mm thick). Spectra were obtained from the tip region
of root hairs with a MAGNA 750 Fourier transform infrared
(FTIR) spectrometer (Nicolet Corp., Tokyo, Japan) equipped with
a mercury-cadmium-telluride detector. Spectra were obtained at
a resolution of 8cm~1, with 128 co-added interferograms, and
normalized to obtain relative absorbance as described previously
(Chen et al., 2007).

Electron microscopy

For electron microscopy, seedlings of A. thaliana were fixed for
4h in 2.5% glutaraldehyde and 3% paraformaldehyde in 100 mM
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Fig. 1. Effects of CdCI2 on seed germination and root growth in Arabidopsis thaliana.
Seed germination and root elongation were inhibited in a dose-dependent man-
ner. (A) Seed germination in the presence of different concentrations of CdCl,. With
increasing CdCl, concentrations, seed germination decreased markedly. (B) Root
length in the presence of different concentrations of CdCl,. With increasing CdCl,
concentrations, root elongation was significantly inhibited. Values are means + SD.
(C) Cytoplasmic architecture of root hairs. Left: control cells; Middle: root hairs
treated with 20 wM CdCly; Right: root hair treated with 40 wM CdCl,.

phosphate buffer (pH 7.2); then washed four times for 15 min
each time in 100 mM phosphate buffer (pH 7.2); and post-fixed
overnight at 4°C in 1% osmium tetroxide in 100 mM phosphate
buffer (pH 7.2). After four washes of 10 min each in 100 mM phos-
phate buffer (pH 7.2), tissue was dehydrated through an ethanol
series (50-100%) for 15 min each at room temperature, and finally
embedded in Spurr’s resin. Sections were cut using an LKB-V ultra-
microtome, and examined with a JEM-1230 electron microscope
(Jeol Ltd., Tokyo, Japan).

Results
Seed germination and root growth
The seed germination rate, root growth, and morphological

changes in root hairs in Arabidopsis thaliana depended on CdCl,
concentration and time of application (Fig. 1). Seed germination

and root growth were markedly delayed by CdCl, in a dose- and
time-dependent manner. Seeds started to germinate after 36 h
and reached maximum germination percentage at 48 h (Fig. 1A).
In controls, the highest germination rate was 92% after 48 h, but
these levels were reduced to 9.8%, 16.3%, 23.8%, and 40.2% at dif-
ferent concentrations of CdCl, compared to the control (Fig. 1A).
Furthermore, CdCl, also consistently inhibited primary root elon-
gation (Fig. 1B). Various concentrations of CdCl; resulted in root
length reductions of 22.5-95.6%, and nearly no root elongation was
observed with 40 wM CdCl,.

Under light microscopy, control root hairs exhibited a typi-
cal “clear cap” at the tip, an area lacking microscopically visible
organelles (Fig. 1C). On the other hand, root hairs cultured in media
containing CdCl, showed some abnormalities, such as cytoplasmic
vacuolation and a slightly swollen tip. For example, after treatment
with 20 wM CdCl,, the clear zone at the tip of the root hair retracted
and was invaded by vacuoles of various sizes, followed by a single
large vacuole. When exposed to 40 wM CdCl,, this zone was com-
pletely filled by a large vacuole, indicating that the hair cell had
changed from a growing to a non-growing region.

CdCl, affects the cytoplasmic Ca* gradient and extracellular Ca®*
flux at the root hair tip

Because of the chemical similarity between Cd and Ca, the latter
plays a critical role in polarized tip growth of root hairs, whereas Cd
interferes with Ca uptake and Ca signalling in plant cells (Garnier
et al., 2006). Therefore, we proposed that CdCl, treatment would
disrupt Ca homeostasis in root hairs. To examine this hypothe-
sis, cytosolic Ca levels in control and Cd-treated root hairs were
compared using Fluo-4/AM dye, which is a Ca-sensitive fluores-
cent probe used to measure activities of cytoplasmic free Ca ions
(Leshem et al., 2006). As shown in Fig. 2, the control root hair
showed strong intracellular green fluorescence along its longitu-
dinal axis and selective enrichment of active Ca%* in the root tips
(Fig. 2A). Thus, a steep gradient of [Ca*]cyt was seen from the tip to
the base in untreated root hairs. Upon CdCl; exposure, the fluores-
cence appeared to be significantly attenuated in both the extreme
apex and the shank of the root hairs, and when CdCl, concentration
was increased to 40 M, the tip-focused pattern of Ca2* distribution
dissipated completely (Fig. 2B and C). To investigate whether this
decrease of the fluorescence density resulted from the decreased
accumulation of Fluo-4/AM dye due to the vaculation in the tip
of CdCl,-treated hairs, we observed the cytoplasmic streaming in
CdCl,-treated hairs. As shown in Movies S1-S3, the cytoplasmic
streaming remained active in Cd-treated hair cells, suggesting that
these cells kept alive and Fluo-4/AM dye should be transported
everywhere by diffusing or cytoplasmic streaming.

Using the vibrating electrode technique, we measured Ca?*
flux at the extreme apex of root hairs (Fig. 2D-F). Influx of
extracellular Ca2?* prevailed in normal root hairs (Fig. 2D),
but was clearly inhibited after addition of CdCl,. Upon 20 uM
CdCl, treatment, the Ca2* influx was nearly unchanged
with a range from 93.08 to 188.90pmolcm=2s-! (mean
105.73 £30.50 pmolcm~2s~1, n=10), in comparison to that
of control root hair cells (range 45-117 pmolcm~2s~!, mean
100.77 +3.48 pmolcm—2 s~1, n=10). However, the Ca2* efflux was
clearly increased with a range from 94.03 to 191.84 pmolcm—2s~!
(mean 112.91+36.72pmolcm~2s-1, n=10), which was wider
than that of control root hairs (range 43-57 pmolcm~2s~!; mean
51.24+1.51 pmolcm~2s~1, n=10) (Fig. 2E). When the concen-
tration of CdCl, was increased to 40 wM, Ca%* influx obviously
decreased and showed a narrow flux range from about 77.85
to 79.49pmolcm=2s-! (mean 78.4+0.53 pmolcm=2s~1, n=10)
in comparison to that of either the control or 20 uM CdCl,-
treated root hair cells. The Ca%* efflux with a range from 77 to
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Fig. 2. Rapid changes in [Ca%*|cyt (A-C) and extracellular Ca%* flux (E-F) in response to CdCl, treatment. (A) Control root hair showed strong fluorescence along the intact
root hair and a clear tip-focused Ca gradient. (B) Root hair treated with 20 wM CdCl;, had a negligible Ca gradient. (C) Root hair treated with 40 wM CdCl, showed weak
fluorescence, indicating disruption of the Ca gradient. Corresponding bright field images are shown at a reduced size. Bars =20 pum. (D) Influx of extracellular Ca?* prevailed
in control root hairs. (E) Root hairs treated with 20 uM CdCl, showed inhibition of Ca?* influx and enhanced Ca?* efflux. (F) Root hairs treated with 40 wM CdCl, displayed
greater inhibition of Ca?* influx and enhanced Ca?* efflux than those treated with 20 uM CdCl,.

164pmolcm—2s~! (mean 106.99+12.02pmolcm~2s-1, n=10)
was similar to that of 20 wM CdCl,-treated root hair cells (Fig. 2F).

Inhibitory effects of CdCl, on actin polymerization and
organization

Changes in plant polarized cell growth have previously been
associated with AF reorganization. To determine whether CdCl,-
induced suppression of root growth resulted from disorganization
in the actin cytoskeleton, transgenic lines expressing the F-actin
binding domain (ABD) of the Arabidopsis fimbrin AtFIM1 fused
to GFP (FABD2-GFP) were used. FABD2-GFP transgenic Arabidop-
sis seedlings appear to have no phenotypic differences from the
wild type and have been widely used to analyze actin cytoskele-
tal organization in Arabidopsis lines (Voigt et al., 2005). The short-
and long-term effects of CdCl, on AFs were examined using LSCM.
In root hairs of untreated plants, AFs were distributed through-
out the whole root hair and several bundles of AFs were observed
parallel to the longitudinal axis of the hair cell. The arrangement
of AFs in the control was similar to that resulting from use of flu-
orescein isothiocyanate (FITC)-conjugated phalloidin labelling in
bean root hairs (Crdenas et al., 1998). CdCl, treatment disrupted
AFs in a dose- and time-dependent manner. The treatment with
5uM and 10 uM CdCl, for several minutes to 1h did not cause
obvious alteration of AFs in root hairs except for bundles of AFs
stretching into the tip of root hairs (Fig. S1). After treatment with
5uM CdCl, for 2h, some transverse AFs occurred beneath the
cell apex although longitudinal AFs were maintained (Fig. 3B).
With increasing CdCl, concentrations (10 wM CdCl; for 2 h), dense,
twisted, and transversally running arrays of AFs were typical fea-

tures, and the longitudinal arrangement of AFs was completely
disrupted (Fig. 3C). Root hairs had progressively increased lesions
in the actin cytoskeleton with further exposure to CdCl, (10 wM for
20h) (Fig. 3D). The transverse AFs became more concentrated and
the entire root hair seemed to become highly compartmented by
these transverse and winding AFs. However, if seeds germinated on
solid medium containing 10 wM or 20 uM CdCl, and continuously
grew for 3 days, AFs were nearly kept intact and the organization
of longitudinal AFs was maintained (Fig. 3E and F).

Effects of CdCl, on vesicular trafficking dynamics

As in axonal growth, root hair elongation requires the polar
movement of vesicles that add the necessary substances and
plasma membrane components by fusing to the cell’s growing tip.
To examine whether CdCl, treatment influenced endocytosis and
membrane recycling in root hairs, we labelled root hairs with the
lipophilic dye FM4-64, areliable marker used for detection of mem-
brane trafficking events in plant cells (Samaj et al., 2006). The
uptake of FM4-64 into root hairs followed a strict time course
(Fig. 4). When control seedlings were incubated in an FM4-64-
containing solution, the dye was internalized immediately. After
about 8 min, the whole of the root hair was stained red and inter-
nalized endosome-like vesicles formed from the plasma membrane
were detectable. With longer FM4-64 application, the dye com-
bined with the plasma membrane, gradually transferred to the
cytoplasm, and the number of fluorescent vesicles increased, as
reported previously (Ovecka etal.,2005). The characteristic FM4-64
staining reached a stable state in the cytoplasm after 20-25 min of
being most apparent in the apical and sub-apical region (Fig. 4A). In
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Fig. 3. Distribution of actin filaments (AFs) in root hairs of Arabidopsis thaliana after CdCl, treatment. (A) Control root hair showing AFs distributed throughout the whole root
hair and bundles of AFs mainly parallel to the long axis. (B) Root hair exposed to 5 wM CdCl; for 2 h, showing fewer longitudinal AFs and some transverse AFs beneath the cell
apex. (C) AFs in root hairs treated with 10 wM CdCl, for 2 h appeared localized transversely. (D) Root hair exposed to 10 wM CdCl; for 20 h, with longitudinal alignment of AFs
completely destroyed and transverse AFs more concentrated. (E) Root hair grown on solid medium containing 10 wuM CdCl, for 3 days, maintaining longitudinal alignment
of AFs except at the apex. (F) Root hair grown on solid medium containing 20 wM CdCl, for 3 days, showing longitudinal AFs clearly disrupted throughout. Bars=10 pwm. All

figures were projected along the z-axis from 20 to 30 optical serial sections.

contrast, when seedlings were pre-treated with 20 wM CdCl, prior
to FM4-64 loading, the labelling pattern was distinct from that of
the controls (Fig. 4B); few bright, near-spherical structures were
detected in the extreme tip when FM4-64 was added for 8 min,
and the dye uptake was very slow compared to the controls. Most
of the dye remained on/or near the plasma membrane even after
a 25-min incubation at room temperature. To test whether CdCl,
treatment affected the traffic of endocytic vesicles, seedlings were
incubated for 5 min in FM4-64-containing medium and transferred
into normal growth medium containing 20 wM CdCl,. Both the
untreated and treated root hairs showed strong fluorescence sig-
nals at the plasma membrane and in the cytoplasm. No obvious
difference was observed in the size of the fluorescent vesicles com-

pared with those in the control hair cells within 1.5 h after CdCl,
treatment (Fig. S2A and B). The effect of CdCl, was detected after
2 h of incubation, when the tonoplast was labelled by FM4-64 dye
(Fig. S2C). The fluorescence of FM4-64 in the CdCl,-treated root
hairs remained in the large vesicles and was not present in the tono-
plast (Fig. S2D). These data suggest that CdCl, inhibits not only the
initial stage of endocytosis but also the trafficking of vesicles in the
cytoplasm.

Alterations of cell wall components in response to CdCl,

Because it is well documented that the actin cytoskeleton and
vesicle trafficking are closely associated with cell wall formation
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Fig. 4. Time course of FM4-64 uptake in Arabidopsis thaliana root hair. (A) FM4-64 staining in control root hair. Uptake of FM4-64 into the cell followed a strict time series
and dye uptake took place in the apex and the sub-apical region. (B) Pixel values along a central transect through the fluorescence image in A which was taken after 15-min
FM4-64 staining. (C) FM4-64 staining of 20 wM CdCl,-treated root hair. The velocity of dye uptake is very slow and most dye remained on or near the plasma membrane
after about 25 min. (D) Pixel values along a central transect through the fluorescence image in C which was taken after 15-minute FM4-64 staining. Bars=10 pm.

(Chen et al., 2007; Bove et al., 2008), we wondered whether CdCl,
treatment would alter components of the cell wall, resulting in
cessation of root hair tip growth. To examine this hypothesis,
immunolabelling, fluorescence staining, and FTIR analysis were
applied to analyze changes in cell wall components upon CdCl,
treatment. Because the published data show that antibodies against
pectin fail to label root hairs of Arabidopsis (Willats et al., 2001),
we used JIM5 (anti-de-esterified pectin antibody) and JIM7 (anti-
esterified pectin antibody) to detect pectin distribution in radicals.
In the control radicals, de-esterified pectin was found on the root
surface, but the fluorescence signal was faint in the apical region
(Fig. 5A). After 20 wM CdCl, treatment, only weak and clustered
signals were found in the sub-apical root region (Fig. 5B), and after
40 wM CdCl; we were unable to find any fluorescence in the apical
and subapical zones (Fig. 5C). Similar to de-esterified pectin, ester-
ified pectin was distributed along the root in the control (Fig. 5D),

and there was no fluorescence in the root tip after treatment with
20 wM CdCl, (Fig. 5E). However, dissimilar to de-esterified pectin,
esterified pectin appeared dispersed in the intact root upon 40 uM
CdCl, treatment (Fig. 5F).

In untreated cells, the distribution of cellulose was relatively
homogeneous, without any specific deposition in the cell wall, from
the trichoblast to the growing tip, after calcofluor labelling (Fig. 6A).
Root hairs treated with CdCl, showed a different deposition pat-
tern of cellulose along the root hair and calcofluor fluorescence
was inclined to focus at the growing tip of 20 uM CdCl,-treated
root hairs (Fig. 6B). When the concentration of CdCl, was increased
to 40 M, cellulose preferentially located at the extreme tip and its
content increased, as shown by the more pronounced fluorescence
compared with that in control hair cells. Very weak or almost no
labelling with calcofluor occurred in other parts of the root hair
(Fig. 6C).

Fig. 5. Effects of CdCl, on pectins in roots. (A) JIM5 (anti-de-esterified pectin antibody) labelling of control root showing that fluorescence occurred along the entire root,
but the signal is faint in the apical region. (B) JIM5 labelling of root treated with 20 wuM CdCl, showing weak and clustered signals in the sub-apical region. (C) JIM5 labelling
of root treated with 40 wM CdCl, showing no signal in the apical and sub-apical zones. (D) JIM7 (anti-esterified pectin antibody) labelling of control root showing a similar
labelling pattern to JIM5. (E) JIM7 labelling of root exposed to 20 wM CdCl, showing no fluorescence in the root tip. (F) JIM7 labelling of root treated with 40 uM CdCl,

showing sporadic distribution along the root. Bars =10 pm.
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Fig. 6. Effects of CdCl, on cellulose in root hairs. (A) Control root hair with relatively homogeneous cellulose distribution throughout the cell wall. (B) Root hair treated with
20 M CdCl; showing a tip-locating inclination of cellulose. (C) Root hair treated with 40 wM CdCl, with cellulose preferentially located at the extreme tip. Corresponding

bright field images are shown at a reduced size. Bars =10 pm.

FTIR spectroscopy is a direct and non-destructive technique
method for qualitative and quantitative analysis of various biopoly-
mers in plant cell walls (Brown et al., 2005; Mouille et al., 2006).
The validity and sensitivity of the method have been demonstrated
in the screening assays of Arabidopsis mutants defective in cell wall
materials (Chenetal., 1998; Mouille et al., 2003; Brown et al., 2005).
Typical FTIR spectra were collected from the tip region of root hair.
The number and the pattern of the peaks obtained from the CdCl,-
treated root hairs were indistinguishable from the control. Several
distinct peaks corresponding to esterified pectins (1740 cm™1),
de-esterified pectins (1600 cm~1), proteins (1650 and 1550cm™!;
amide I and amide II) and other polysaccharides (1200-900 cm~1)
were found (Fig. 7A). To obtain information about the effects of
CdCl, on the spectral differences, differential spectrums were gen-
erated by the digital subtraction of the control from the spectrum of
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Fig. 7. Fourier transform infrared (FTIR) microspectroscopic spectra obtained from
the apical region of Arabidopsis thaliana root hairs. (A) FTIR spectra from the tip
region of untreated (control) and 40 uM CdCl,-treated root hairs. Esterified pectin
and de-esterified peaks were detected at 1740 and 1600 cm™!, respectively, pro-
teins were detected at 1650 and 1550 cm~!. (B) The different spectra generated by
digital subtraction of the control spectra from the spectra of CdCl,-treated root hair
walls showing the decreased content of esterified pectins and the increase in acidic
pectins, proteins, and other polysaccharides.

CdCl,-treated root hairs. As shown in Fig. 7B, the esterified pectin
peak was slightly weaker, but the de-esterified pectin peak was
relatively stronger when compared with that in control cells. Fur-
thermore, peaks designated as proteins and some polysaccharides
were observed in a difference spectrum, showing that there were
more proteins and polysaccharides in CdCl,-exposed root hairs
than that in the untreated hair cells.

CdCl, disrupts the ultrastructure of organelles and induces
vacuolization in root cells

Control root cells examined by transmission electron
microscopy (TEM) had relatively thick cytoplasm (Fig. 8A and
B) and large organelles such as mitochondria and endoplasmic
reticulum (ER) and a large central vacuole (Fig. 8C-E). Mitochondria
were nearly spherical and possessed numerous well-developed
cristae and an electron-dense matrix. The ER cisternae were
mostly flat with uniform intra-cisternal spacing between the
limiting membranes and were studded with a large amount of
ribosomes. Much variation was observed in root cells treated with
CdCl, (Fig. 8F-0), depending on concentration used. The most
obvious change was vacuolization of the cytoplasm, as shown
by an increase in the number of vacuoles of varied sizes. After
treatment with 20 wM CdCl,, the cytoplasm appeared thinner
than that in the control cells and a number of small vacuoles
appeared (Fig. 8F and G). Wider, variable intra-cisternal spaces
of ER cisternae were recognized, although some ribosomes were
still present on the surfaces of the ER membrane (Fig. 8H, I).
Mitochondria were slightly dilated and their cristae were blurred
(Fig. 8]). Increasing the CdCl, concentration to 40 uM induced
vacuolization of a greater proportion of root cells and a remarkable
extension of the vacuolar system into the plasma membrane
(Fig. 8K and M). Mitochondria became more swollen and irregular,
internal membranes began to degrade, and the structure of the
cristae was disrupted (Fig. 8L, N, and O).

Discussion

Cd is one of the most toxic heavy metals and seriously inhibits
plant growth (Zhang et al., 2005), consistent with the results pre-
sented here. In our investigation, the addition of CdCl, severely
inhibited germination and root elongation in a dose-dependent
manner. The inhibitory effects of CdCl, were also apparent in the
cytoplasmic architecture of root hairs: the clear zone at the root
hair tip disintegrated and subsequently was protruded with varied
sizes of vacuoles. This aberration in the root hair tip may have been
mediated by alterations of the cytosolic tip-focused Ca%* gradient
and/or polarized actin organization, both of which provide spatial
information for maintaining the clear zone and tip growth (Wymer
et al., 1997; Chen et al., 2007), as discussed below.

Calcium ions serve as a second messenger in a variety of plant
physiological processes. In root hairs, the existence of a tip-to-base
concentration gradient of cytosolic Ca%* is essential for tip growth
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Fig. 8. Electron micrographs of control and CdCl,-treated root meristematic cells of 3-day-old seedling. (A-E) Ultrastructure of cells in control root showing normal cytoplasm
(A, bar=2 pum) and organelles (B, C and E, bars=0.2 wm). (F-J) Root cells treated with 20 wM CdCl, appeared thinner cytoplasm (F, bar=0.5 pwm), a number of small vacuoles
(G, bar=1 pwm), wider and more variable intra-cisternal spaces of ER cisternae (H and I, bars=0.2 um), and slightly dilated mitochondria and blurred cristae (J, bar=0.2 pm).
(K-0) Higher concentrations (40 wM) of CdCl, induced vacuolation (K, bar =1 wm), more swollen and irregular mitochondria (L, bar = 0.5 um), a remarkable extension of the
vacuolar system into the plasma membrane (M, bar=2 wm) and the disruption of internal membrane of the mitochondria and cristae in root cells (N and O, bars =0.2 wm).

(Mathur and Hulskamp, 2001). Treatments with auxin, dibromo-
BAPTA or La3*, which can destroy or diminish this gradient, lead
to the cessation of tip growth (Felle and Hepler, 1997; Carol and
Dolan, 2002). Furthermore, if these treatments did not consider-
ably decrease [Ca?*]cyc in the tip of root hairs, the polar growth
was hardly affected (Felle and Hepler, 1997), suggesting that the
dissipation of Ca?* gradient is probably the cause but not the conse-
quence of the growth inhibition under the treatments that disturb
Ca2* gradient. Because of identical charges and similar ionic radii
between Cd?* and CaZ*, Cd?* may interfere with the biological

activity of Ca%* by entering cells through Ca2*-selective chan-
nels (Perfus-Barbeoch et al., 2002). Clemens et al. (1998) reported
that CaZ* uptake activity of the wheat transporter LTC1 (a non-
selective transmembrane transporter) was blocked by Cd. Other
studies have documented that Cd often reduces the uptake of CaZ*,
decreases the concentration of CaZ* in tissue, and consequently
causes Ca2* deficiency (Perfus-Barbeoch et al., 2002). However,
CdCl, treatment did not induce an increase in CaZ* influx in BY-
2 cells (Garnier et al., 2006), in agreement with our results from
the vibrating electrode assay, which showed that Ca2* influx was
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inhibited and Ca2* efflux enhanced at the extreme apex of root
hairs treated with CdCl, for 600s. Furthermore, the fluctuation
of [Ca?*]cyt is dependent on not only extracellular Ca?* influx but
also the release of Ca2* from intracellular Ca pools. However, TEM
showed that the structure of intracellular Ca%* pools, such as in
mitochondria and ER, was destroyed in roots upon CdCl, expo-
sure. This indicates that the significant changes in intracellular
fluorescence intensity of Ca2* and dissipation of the tip-focused
CaZ* gradient in Cd-treated root hairs might be a consequence of
the lack or effusion of internal Ca2* and a decrease of extracellular
CaZ* influx.

It is well known that the actin cytoskeleton has a pivotal role
in maintenance of elongation in tip-growing plant cells. Treatment
with latrunculin B, an inhibitor of actin polymerization, resulted
in inhibition of tip growth in Arabidopsis and maize root hairs
(Baluskaetal.,2000) and pollen tubes (Chen et al., 2007). This result
was confirmed by genetic studies. Mutations in ACTIN2 (ACT2), a
member of the Arabidopsis actin family, caused a hairless or short-
hair phenotype that was swollen in shape (Ringli et al., 2002). The
results of the present study showed marked disruption of AFs in
a dose- and time-dependent manner after CdCl, treatment. As lit-
tle as 5 WM CdCl, disrupted the distribution of AFs, changing them
from a longitudinal to a transverse array. With increasing CdCl,
concentrations, longitudinal AFs completely disappeared and the
entire root hair became compartmented by transverse and wind-
ing AFs. This is consistent with results from green alga Spirogyra
decimina and from several kinds of animal cells (Prozialeck and
Niewenhuis, 1991; Wang and Templeton, 1996; Pribyl et al., 2005).
Elsewhere, it was reported that Ca2* was intimately connected with
the organization of AFs, with increase of Ca2* concentration result-
ing in destabilization and depolymerization of actin (Khaitlina and
Hinssen, 2002; Zhang et al., 2010). However, in the present study,
the cytoplasmic Ca%* decreased together with the disorganization
of AFs in CdCl,-treated root hairs. The most probable explanation
for this phenomenon is that Cd%* might mimic Ca2* to activate AF-
severing proteins and thus lead to AFs depolymerization. It has been
reported that Cd2* can substitute for Ca2* in the crystal structure
of gelsolin, a calcium-dependent actin-severing protein, at a Ca%*-
binding site in domain 2, and then activate gelsolin for AF binding
and severing (Kazmirski et al., 2002). Apostolova et al. (2006) found
that Cd can activate the association of gelsolin with actin cytoskele-
ton, with gelsolin’s severing properties. Therefore it is possible that
Cd?* activates one or several certain actin-severing proteins by
substituting directly for Ca2*, or alternatively by displacing Ca2*
from other cellular sites and making it available to these proteins
in cells (Suzuki et al., 1985; Apostolova et al., 2006). Based on these
results, it is suggested that Cd?*-induced AF disruption relates to
the inhibition of tip growth of CdCl,-treated root hairs.

The strong inhibitory effects of CdCl, on root growth may be
mediated by its role in vesicular trafficking, which is essential
for establishing and maintaining polarity in root hairs. Time-lapse
images of CdCl,-treated root hairs showed a distinct FM dye stain-
ing pattern from that of control cells, suggesting that membrane
endocytosis and vesicular trafficking were perturbed during CdCl,
stress. This effect of CdCl, on endocytosis and vesicular traffick-
ing in root hairs is different from recently published data showing
that internalization of FM4-64 was induced in root cells under salt
stress (Leshem et al., 2007). The difference may be due to a differ-
ence in environmental stimulus applied (CdCl;, versus NacCl) or in
the cell types observed (root hair cells versus other root cells). It is
well accepted that CaZ* has a profound effect on the organization
of AFs and the oriented transport of vesicles toward the cell wall
in cells, especially in polarized cells (Roy et al., 1999). Our results
showed that CdCl, treatment slowed vesicle trafficking, accompa-
nied by a dissipation of the Ca2* gradient and depolymerization of
AFs in root hairs (Figs. 2 and 3). This implies that vesicular traf-

ficking in the tip region of root hairs is partly dependent on the
Ca2* gradient and AF arrangement during CdCl, treatment in root
hairs.

The plant cell wall is a dynamic structure that is mostly com-
posed of cellulose fibres embedded in a gel of pectin and includes a
variety of glycans and proteins. Cellulose is composed of hydrogen-
bonded beta-1,4-linked glucan chains that are synthesized at the
plasma membrane by large cellulose synthase (CESA) complexes. In
contrast, pectin, hemicellulose, and other carbohydrate polymers
are synthesized within the Golgi apparatus and then exported to
the surface to assemble with cellulose to form the cell wall (Willats
et al., 2001). Numerous proteins are also secreted via the Golgi
and are thought to be complexed with the carbohydrate compo-
nents of the wall at the cell surface (Kohorn et al., 2000). Therefore,
vesicular trafficking involved in the secretory process is intimately
associated with the deposition of cell wall components. In our
study, immunolabelling with JIM5 and JIM7 gave no detectable sig-
nals on the surface of root hairs, whereas FTIR analyzes revealed
that both de-esterified and esterified pectins were present in hair
cells, indicating that these two types of pectin epitope might be
masked by other wall components, such as hydroxyproline-rich
glycoproteins (HRGPs), as reported by Willats et al. (2001). This is
inconsistent with the results obtained by Sherrier and Vandenbosch
(1994), in which both pectins were detected in the cell wall of Vicia
root hairs by immunolabelling with JIM5 and JIM7. Compared to
root hairs, JIM5 and JIM7 produced intense labelling of the radi-
cal surface apart from the apex, where only sporadic spots were
observed. This is similar to the labelling pattern of lateral roots,
but inconsistent with that of radicals of 10- to 15-day-old Ara-
bidopsis seedlings using JIM5 and JIM7. This suggests that pectin
epitopes are differently regulated at different developmental stages
- being abundant on the older rather than the younger (3-day)
radical apex (Willats et al., 2001). In response to CdCl, treatment,
the distribution of both types of pectin on the radical apex dif-
fered with different CdCl, concentrations, indicating that CdCl,
spatially modulates the synthesis and distribution of de-esterified
and esterified pectins. In addition, de-esterified pectins can bind
with Ca by their carboxyl groups and thus increase stiffening of cell
wall, which markedly inhibits cell elongation (Taylor and Hepler,
1997; O’Neill et al., 2004). We found that de-esterified pectins
markedly accumulated while esterified pectins decreased in the
CdCl,-treated root hairs. Other polysaccharides and components
in the cell wall such as cellulose, semi-cellulose and proteins also
play a crucial role in metal binding and accumulation. Douchiche
etal.(2007) found Cd treatment induced the increase of the amount
of cellulose. Moreover, negatively charged cellulose and cellulose
derivatives bind with Cd in mycorrhizal fungi after CdCl, treat-
ment (Gonzalez-Guerrero et al., 2008). In the present study, the
level and distribution pattern of cellulose obtained by FTIR analy-
sis and immunolabelling showed that CdCl, preferentially induced
the deposition of cellulose in the apical dome of CdCl,-treated
roots, suggesting that constraint of CdCl, by excess cellulose may
partly account for detoxification of CdCl, in the tip zone of root
hairs. Previous studies have documented that cellulose synthase
(CESA) is assembled in the Golgi and then exported to the plasma
membrane via exocytosis and disorganization of AFs alters the con-
formation of CESA and prevents correctly patterned deposition of
cellulose in the cell wall (Mutwil et al., 2008; Wightman and Turner,
2008). Therefore, it can be hypothesized that treatment with CdCl,
might trigger an alteration in the orientation of vesicular trafficking
because of disorganization of AFs and result in variation of the spa-
tial distribution and contents of pectin and cellulose in Arabidopsis
roots.

In summary, our investigation into the effects of CdCl, on A.
thaliana roots, especially root hairs, provides evidence of the cyto-
toxicity of CdCl, in polarized tip growth of root hairs. Disruption
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Fig. 9. Hypothetical model showing summarizing main effects of CdCl, treatment on the tip growth of Arabidopsis root hair. Cd entered the cell through a still unidentified
metal transporter (?) or Ca?* channels (. ) by mimicking Ca?* ions. Disruption of the structure of ER (1) and mitochondria (2) and enhancement of Ca?* efflux lead to Ca®*
gradient dissipation, which causes disorganization of actin filaments (3) in root hairs. Consequently, inhibition of vesicular trafficking (4) results in the alterations of cell wall
components. Simultaneous vacuolization (5) and impairment of cell wall (6) lead to the disturbing of tip growth.

of the structure of ER and mitochondria and enhancement of Ca%*
efflux by CdCl, result in Ca%* gradient dissipation, which causes
disassembling of AFs in root hairs. Consequently, change of vesic-
ular trafficking, disorganization of the cell wall, and cytoplasmic
vacuolization lead to the disturbance of tip growth, which are sum-
marized in Fig. 9. Therefore, our data provides the mechanistic
framework for the cytological effects of CdCl, treatment on the tip
growth of A. thaliana root hairs.
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