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Abstract

Al-induced cell rigidity is one of the symptoms of Al toxicity, but the mechanism by which plants tolerate this toxic-
ity is still unclear. In this study, we found that overexpression of OsPIN2, an auxin transporter gene, could alleviate 
Al-induced cell rigidity in rice root apices. A freeze–thawing experiment showed that the Al-treated roots of wild-type 
(WT) plants had more damage in the epidermal and outer cortex cells than that found in lines overexpressing OsPIN2 
(OXs), and the freeze-disrupt coefficient was 2-fold higher in the former than in the latter. Furthermore, Al could 
induce aberrations of the cell wall–plasma membrane interface, which was more prominent in the epidermal cells of 
the elongation zone of the WT. Overexpressed OsPIN2 reduced Al-induced formation of reactive oxygen species and 
weakened Al-induced lipid peroxidation and lignification in roots. Compared with WT, a 16.6–32.6% lower Al-triggered 
hemicellulose 1 accumulation was observed in root apices of OXs, and 17.4–20.5% less Al accumulated in the cell wall 
of OXs. Furthermore, overexpression of OsPIN2 ameliorated the Al inhibitory effect on basipetal auxin transport and 
increased Al-induced IAA and proton release. Taken together, our results suggest that by decreasing the binding of 
Al to the cell wall and Al-targeted oxidative cellular damage, OXs lines show less Al-induced damage. By modulating 
PIN2-based auxin transport, IAA efflux, and cell wall acidification, lines overexpressing OsPIN2 alleviate Al-induced 
cell rigidity in the rice root apex.

Key words:  Aluminium, auxin, cell rigidity, mechanical change, Oryza sativa L., OsPIN2.

Introduction

One of the most obvious symptoms of Al toxicity in plants is 
the rapid inhibition of root growth (Ryan et al., 1993; Kochian 
et  al., 2004), which can be measured less than 30 min after 
Al treatment (Krtková et al., 2012). Al-induced inhibition of 
root growth results in a poor nutrient acquisition and the loss 
of crop yields (Kochian, 1995). Many previous papers have 
reported the mechanism of Al toxicity, and indicated that Al 
targeted and affected multiple sites of the root cells including 
the cell wall, plasma membrane, cytoskeleton, mitochondria, 
and nucleus (Matsumoto, 2000; Ma et al., 2014).

Exposure to Al stress causes accumulation of cell wall 
polysaccharides and lignin, resulting in the typical thick and 

rigid cell wall in squash (Van et  al., 1994), wheat (Tabuchi 
and Matsumoto, 2001), and rice (Yang et  al., 2008). These 
Al-dependent changes in the cell wall are involved in 
Al-induced reduction of cell expansibility, which may be the 
main cause of the Al inhibition of root elongation in short-
term experiments (Ma et al., 2004; Zhu et al., 2012). Tabuchi 
and Matsumoto (2001) found that a 6-h exposure to 10 µmol l–1 
Al significantly suppressed root elongation and caused a sub-
stantial decrease in the mechanical extensibility of the cell wall 
in the Al-sensitive cultivar Scout 66, but not in the Al-resistant 
cultivar Atlas 66. Creep-extension analysis further showed that 
the elasticity parameters and viscosity parameters in Scout 
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66 were increased by 6–22% after a 3-h Al treatment, and the 
total extensibility was also decreased by 20–30%, whereas these 
parameters were slightly affected by Al in Atlas 66 (Ma et al., 
2004).

On the other hand, accumulating evidence demonstrates 
that Al-targeted oxidative stress and the binding of  Al also 
make walls more rigid (Sasaki et al., 1996; Yamamoto et al., 
2001, 2002; Tabuchi and Matsumoto, 2001; Ma et al., 2004; 
Jones et al., 2006). The plant hormone auxin plays an impor-
tant role in not only the responses to oxidative stress (Tamás 
et al., 2012; Krishnamurthy and Rathinasabapathi, 2013a), 
but also the distribution of  Al in cells (Zhu et  al., 2013). 
For example, auxin might be the connecting link that regu-
lates the level of  reactive oxygen species (ROS) and directs 
the role of  ROS in oxidative stress (Iglesias et  al., 2010; 
Krishnamurthy and Rathinasabapathi, 2013b). A  recent 
study found that compared with the wild-type ecotype 
Columbia, an auxin-overproducing mutant, yucca, had sig-
nificantly reduced cell wall Al and increased symplastic Al 
content, suggesting that auxin may regulate Al distribution 
in root cells (Zhu et  al., 2013). Here, an interesting ques-
tion is raised: does auxin contribute to the alleviation of 
Al-induced cellular rigidity?

Auxin has also been known to play a crucial role in root 
cell elongation (Teale et al., 2005). The PIN2 gene encodes 
the auxin efflux transporter PIN2, which plays a pivotal 
role in mediating the backward (towards the root base) 
auxin flow in the epidermis and outer cortex cells (Blilou 
et al., 2005; Baluška et al., 2010). Kollmeier et al. (2000) 
found that Al, similarly to the inhibitors of  polar auxin 
transport, such as 1-N-naphthyphthalamic acid (NPA) and 
2,3,5-triiodobenzoic acid (TIBA), caused the inhibition of 
basipetal auxin transport, and thus inhibited root growth. 
Evidence from Arabidopsis further showed that this inhibi-
tory effect of  Al on auxin transport was associated with 
Al-blocked PIN2-mediated auxin polar transport (Shen 
et  al., 2008; Sun et  al., 2010), indicating that PIN2 may 
emerge as an Al-toxicity target of  root apices (Baluška 
et al., 2010).

Overexpressing OsPIN2 can enhance auxin transport from 
shoot to root and auxin polar transport in roots (Chen et al., 
2012). Acid-growth theory indicates that auxin can activate 
plasma membrane (PM) H+-ATPase and facilitate H+ efflux 
into the cell wall compartment, thus softening the cell wall 
and initiating extension growth (Hager, 2003; Grebe, 2005). 
Increasing auxin transport may be associated with softening 
of the cell wall and enhancing cell expansion. However, the 
evidence is still lacking.

In this study, the responses of an OsPIN2-overexpressing 
line and its wild-type line to Al stress were measured in hydro-
ponic experiments. Differential physiological responses of 
two lines were characterized.

Materials and methods
See Supplementary material, available at JXB online, for details con-
cerning methods for microscopy observations, physical properties 
measurement, and gene expression.

Plant materials and growth conditions
The rice ‘Nipponbare’ (Oryza sativa L. ssp. Japonica cv. Nipponbare, 
WT) and transgenic plants overexpressing OsPIN2 (OX1 and OX2) 
were used in this study. Transgenic rice seeds (Chen et  al., 2012) 
were kindly provided by Xu Guohua from Nanjing Agricultural 
University, China. Seeds of WT, OX1, and OX2 were surface steri-
lized for 30 min in a 10% (v/v) H2O2 solution, washed with deionized 
water, soaked in deionized water at 30 °C overnight, then germinated 
at 30 °C in darkness for 2 d. The germinated seeds were transferred 
to a net floating on a 0.5 mmol l–1 CaCl2 solution (pH 4.5) for 3 d.

Root growth experiments
3-d-old seedlings were exposed to a 0.5 mmol l–1 CaCl2 solution (pH 
4.5) containing 0, 50, and 80 µmol l–1 AlCl3 for 24 h. The primary 
root elongation was measured with a ruler before and after treat-
ment. The change of root surface area was analysed by WinRHIZO 
(Regent Instrument Inc., Canada).

Mechanical changes of root apex cells
3-d-old seedlings of WT, OX1, and OX2 were exposed to a 0.5 mmol 
l–1 CaCl2 solution (pH4.5) containing 0 or 50 µmol l–1 AlCl3 for 6 h. 
Root tips (0–5 mm) were excised and embedded in 5% agar, then were 
transversely sectioned at 3 mm from apexes with a vibratome (DTK-
1000, DOSAKA, Japan). The thickness of section was 80 µm.

Freeze–thawing experiment
Five pieces of 80 µm intact sections were placed on the loading glass 
with a drop of deionized water and glycerin, and covered with a 
cover slide. To avoid the movement of sections during the process 
of freeze–thawing, we sealed the edge of the cover slide with neu-
tral balsam. This also ensures that a horizontal and steady pressure 
within the slide can be produced when the ice melts. The section 
was photographed using an OLYMPUS system microscope (BX43, 
OLYMPUS, Japan), and this photograph was saved as ‘Section 
Before Treating’ (SBT). Then the slides were frozen at –20 °C over-
night. After freezing, these slides were removed from the refrigerator 
immediately and thawed at 30  °C for 20 min. Then a new photo-
graph was taken and saved as ‘Section After Treating’ (SAT). When 
the structure of cells is disrupted during freeze–thawing, a shrinking 
section can be observed. The more seriously the cell structure was 
damaged, the more significantly the section shrank.

Freeze-disrupt coefficient calculation
The area of SBT and SAT was analysed using Image J (National 
Institutes of Health, USA). The difference between them is named 
SA, which means shrinkage area after freeze–thawing experiment. 
Area measurements were used to calculate freeze-disrupt coefficient 
(FDC). FDC was calculated by SAt÷SAc, where SAt is the SA mean 
of treatment (including WT section with Al toxicity and OX section 
with or without Al treatment), and SAc is the SA mean of WT sec-
tion without Al toxicity.

Microstructure observation
3-d-old seedlings of WT, OX1, and OX2 were exposed to a 0.5 mmol 
l–1 CaCl2 solution (pH4.5) containing 0 or 50 µmol l–1 AlCl3 for 6 h. 
Root tips (3–4 mm) were excised, and fixed with 4% (w/v) glutaralde-
hyde and 3% (w/v) paraformaldehyde. They were washed three times 
with 0.1 mol l–1 phosphate buffer (PBS, pH 7.2) and were postfixed 
with 1% (w/v) OsO4 at –4  °C for 4 h. The segments were washed 
three times again with the same buffer before being dehydrated in 
an ethanol series and embedded in epoxy resin. Ultrathin sections 
(70 nm) were cut with ultramicrotome (Leica) and viewed at 100 kV 
in transmission electron microscope (TEM, Tecnai 12, FEI).
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Measurement of IAA efflux
3-d-old seedlings of WT, OX1, and OX2 were transferred to a 20 ml 
tube (20 seedlings per tube) filled with 20 ml of 0.5 mmol l–1 CaCl2 
solution (pH4.5) containing 0 or 50  µmol l–1 AlCl3 for 6 h. After 
treatment, the incubative solution was collected and evaporated at 
40 °C to dryness. The residue was re-dissolved with 2 ml deionized 
water, and then filtered through a 0.45 µm filter. IAA content was 
analysed by the Salkowski colorimetric technique as described by 
Glickmann and Dessaux (1995). Briefly, 1 ml of Salkowski reagent, 
which consisted of 12 g l–1 FeCl3 in a 7.9 mol l–1 H2SO4 solution, was 
mixed with 1 ml of the sample solution. The mixture was kept in 
darkness for 30 min, and the absorbance measurement was made at 
530 nm in spectrophotometer (UV-1700, SHIMADZU, Japan).

Visualization of pH changes
An agar gel (1%, w/v) containing 0.01% (w/v) bromocresol green 
was used to indicate rhizosphere acidification via colour changes. 
3-d-old seedlings of WT, OX1, and OX2 were transferred to a 20 ml 
tube (10 seedlings per tube) filled with 20 ml pH indicator gel in 
0.5  mmol l–1 CaCl2 solution (pH4.5) containing 0 or 50  µmol l–1 
AlCl3. The roots and gel were photographed before and after 6-h 
treatment using a digital camera (D300S, Nikon).

Results

Variation of root elongation and root surface area

AtPIN2 was reported to be involved in the Al response (Shen 
et al., 2008). In this study, transgenic rice lines overexpressing 

OsPIN2 (OXs) and their wild type line (WT) were measured 
in response to Al stress. The growth rate of the primary root 
in different lines showed nearly no difference in Al treatments 
of 0 and 50 µmol l–1 (Fig. 1A). However, in the presence of 
80 µmol l–1 Al, the root growth was inhibited more markedly 
in WT than OXs. Growth rate of the primary root of OXs 
was 124.6–131.7% of WT (Fig. 1A). After a 24-h treatment 
with 50 µmol l–1 AlCl3, the change of root surface area was 
also more inhibited in the WT than OXs (Fig.  1B). These 
results suggested that transgenic rice overexpressing PIN2 
had a higher Al tolerance than the wild-type line did.

Mechanical changes of root apex cells

To gain insight into the Al-induced changes in mechanical 
properties of  root apex cells, a freeze–thawing experiment 
was performed with root apices of  rice seedlings to indi-
cate the plasticity of  cell wall. After freeze–thawing treat-
ment, apical root sections without Al treatment remained 
intact (Fig.  1D), but the sections of  Al-treated root were 
shrunk (Fig.  1E). Many epidermis and outer cortex cells 
were broken. Compared with OX1 and OX2, more epider-
mis and outer cortex cells in WT were disrupted (Fig. 1E). 
Subsequently, we used the freeze-disrupt coefficient (FDC) 
to quantify the difference. The larger the FDC was, the more 

Fig. 1.  Effect of Al on root growth and the mechanical changes of root apex cells in Nipponbare (WT) and OsPIN2 overexpression lines (OXs). (A) Effect of Al on 
primary root elongation. (B) Effect of Al on root surface area change. Values are means±SE (n=10). (C–E) Effect of Al on the mechanical changes of root apex cells. 
80-µm root apex sections were collected and used for the freeze–thawing experiments. The change of the sections of the root tips in the presence (E) or absence 
(D) of 50 µmol l–1 AlCl3 were observed before (SBT) and after (SAT) the treatment, the freeze-disrupt coefficient of root apex cells was then calculated (C). Values 
are means±SE (n=10). Means with different letters are significantly different (P<0.05 by Tukey test). Bar=100 µm. (This figure is available in colour at JXB online.)
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serious the extent of  the damage was. It was observed that 
the FDC of WT under Al stress was respectively 2.1 times 
and 1.8 times higher than that of  OX1 and OX2 (Fig. 1C), 
suggesting that the root cells of  OXs were more tolerant to 
Al stress than those of  WT.

Cell wall and plasma membrane microstructure

To investigate Al-induced damage of  the cell wall and plasma 
membrane, a microstructure experiment was performed with 
the Al-treated rice root apices. After a 6-h exposure to Al, 
the plasma membrane of  the epidermis cell in the elonga-
tion zone turned clearly black, and the cell wall–plasma 
membrane interface became strongly convoluted (Fig.  2). 
These changes were more prominent in WT when compared 
with the cell wall–plasma membrane interface of  OXs lines 
(Fig. 2B).

Lipid peroxidation

Lipoxygenase (LOX) pathways are crucial for lipid per-
oxidation processes in plants; higher activity of  LOX will 
aggravate peroxidation of  the plasma membrane (Hwang 

and Hwang, 2010). In this study, treatment with 50 µmol l–1 
Al enhanced LOX activity in both WT and OXs. The activ-
ity of  LOX in root apices of  WT was 120.1% of  that of  OXs 
(Fig. 3A).

Malondialdehyde (MDA) is the final product of lipid per-
oxidation, which indicates the extent of membrane peroxi-
dation. Al treatment increased MDA content in root apices 
of both WT and OXs. Higher accumulation of Al-induced 
MDA was observed in WT than in OXs (Fig. 3B). Similarly, 
Al-induced Evans blue staining was enhanced in root apices 
(Fig. 3D). The distribution of staining pattern, especially in 
WT, diffused from the apical meristem zone to the elongation 
zone (Fig. 3D). These results indicated that more serious lipid 
peroxidation caused by Al stress occurred in WT than that of 
the OX lines.

Reactive oxygen species (ROS)

As Al triggered changes in the cell wall and plasma mem-
brane, and lipid peroxidation could be induced by hypergen-
eration of ROS (Yamamoto et al., 2001, 2002; Jones et al., 
2006), ROS accumulation in root apexes was further investi-
gated through histochemical staining. Nitro blue tetrazolium 

Fig. 2.  Effect of Al on the microstructure of the cell wall (CW) and plasma membrane (PM) in the epidermis cell of the root tip. Root tips (0–3 mm) were 
excised. (A) The microstructure of CW and PM in the epidermis cell of the Al-untreated root (WT). (B–D) The microstructure of CW and PM in epidermis 
cell of Al-treated root (B, WT; C, OX1; D, OX2). Bar=0.5 µm.
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(NBT) could be used to detect the localization of O2
– (Dunand 

et al., 2007), and 3,3’-Diaminobenzidin (DAB) could be used 
to visualize that of H2O2 (Thordal Christensen et al., 1997). 
In this study, DAB staining was observed only in the apical 
meristem and transition zone (TZ) of rice roots under nor-
mal conditions. Through exposure to Al, the DAB staining 
was enhanced and spread to the elongation zone (EZ) in the 
root apices of WT, but this phenomenon was not obvious in 
OX1 or OX2 (Fig.  4A). A  further observation of root sec-
tions revealed that most H2O2 localized in the epidermis and 
column cells. However, this localization became stronger and 
was spread to all cells after Al treatment, and this change was 
more significant in WT than in OXs (Fig. 4B). Quantification 
of H2O2 also suggested that Al toxicity increased H2O2 con-
tent in root apexes, and the Al-treated root apexes of OX1 
and OX2 plants had 22.8–25.5% lower H2O2 content than 
that in WT (Fig. 4C).

NBT, which is a dark blue formazan dye, appeared mainly 
in the root cap to TZ of Al-untreated roots, but more mark-
edly in the root cap to EZ of Al-treated roots, particularly 
in those of WT (Fig.  4D). Most NBT staining deposited 
in the epidermis and outer cortex, and these deposits were 
more apparent in the sections of Al-treated roots than those 
of Al-untreated roots (Fig. 4E). Consistent with NBT stain-
ing results, the measurement of O2

– production rate showed 
that Al toxicity increased O2

– formation by 81.3%, 66.6%, 
and 55.4% in WT, OX1, and OX2 root apices, respectively, 
compared with those of Al-untreated roots (Fig. 4F). These 
results indicated that Al increased the formation of ROS to a 
lesser extent in the root tips of OXs than that of WT.

Lignin and cell wall fractions

Besides ROS, the lignin and the cell wall polysaccharides, 
including pectin, hemicellulose 1 (HC1), and hemicellulose 
2 (HC2) were also measured under Al stress. After exposure 
to Al treatment, the content of lignin in WT was increased 
by 33.5%, whereas it was hardly affected by Al in OX1 and 
OX2 (Fig. 5A). The content of pectin and HC2 in the root 
apexes of WT and OX did not change significantly after Al 
treatment (Fig. 5B and 5D). However, after exposure to Al 
for 6 h, the content of HC1 was increased by 56.2%, 32.9%, 
and 64.3% in WT, OX1, and OX2 root apices, respectively, 
and OXs had 16.6–32.6% lower HC1 content than that of 
WT (Fig. 5C).

Al distribution in rice roots

Previous evidence showed that when plant roots were exposed 
to Al solution, most Al was bound to the cell wall of root 
apices, and caused the deformation of the cell wall, which 
would result in the break load of the cell wall (Tabuchi and 
Matsumoto, 2001; Ma et al., 2004). In this study, Al alloca-
tion in the root cell wall and cell sap in both WT and OXs was 
investigated. Al content in 0–10 mm root segments was quan-
tified after an Al exposure of 6 h. Results from Fig. 6 show 
that OXs accumulated similar levels of Al to WT in root tips; 
no significant differences of total Al content were observed 
in WT and OXs (Fig.  6B). However, significant differences 
of Al content in the root cell wall and cell sap were observed 
between WT and OX1 (Fig. 6C and 6D). The Al content in 

Fig. 3.  Effect of Al on the peroxidation of root tips. 3-d-old seedlings of WT, OX1, and OX2 were exposed to a 0.5 mmol l–1 CaCl2 solution (pH 4.5) 
containing 0 or 50 µmol l–1 AlCl3 for 6 h. Root tips (0–10 mm) were excised. (A) The activity of LOX. (B) The content of MDA. Values are means±SE (n=3). 
Means with different letters are significantly different (P<0.05 by Tukey test). (C and D) Evans blue staining; C, without Al treatment; D, with Al treatment; 
bar=500 µm. (This figure is available in colour at JXB online.)
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Fig. 4.  Effect of Al on ROS formation in the root apex. 3-d-old seedlings of WT, OX1, and OX2 were exposed to a 0.5 mmol l–1 CaCl2 solution (pH 4.5) 
containing 0 or 50 µmol l–1 AlCl3 for 6 h. Root tips (0–10 mm) were excised. (A) The root tips stained with DAB, bar=500 µm. (B) Section (50 µm) at 3 mm 
from apexes stained with DAB, bar=50 µm. (C) The content of H2O2. Values are means±SE (n=3). (D) The root tips stained with NBT, bar=500 µm. (E) 
Section (50 µm) at 3 mm from apexes stained with NBT, bar=50 µm. (F) The content of O2

–, values are means±SE (n=3). Means with different letters are 
significantly different (P<0.05 by Tukey test). (This figure is available in colour at JXB online.)

Fig. 5.  Effect of Al on lignin content and uronic acid content of cell wall fraction. 3-d-old seedlings of WT, OX1, and OX2 were exposed to a 0.5 mmol l–1 CaCl2 
solution (pH 4.5) containing 0 or 50 µmol l–1 AlCl3 for 6 h. Root tips (0–10 mm) were excised. (A) The content of lignin. (B) Uronic acid content of pectin. (C) Uronic 
content of HC1. (D) Uronic acid content of HC2. Values are means±SE (n=3). Means with different letters are significantly different (P<0.05 by Tukey test).
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the cell wall of OX1 and OX2 was 17.4–20.5% lower than 
that of WT (Fig. 6C), whereas the Al concentration in cell 
sap was 48.6–49.8% higher in OX1 and OX2 than in the WT 
(Fig.  6D), indicating that a lower proportion of cell wall 
bound Al over root sap Al occurred in overexpression lines.

On other hand, Eriochrome Cyanine R staining, which can 
detect Al accumulation in the surface of the root, showed that 
a stronger pink colour occurred in TZ and EZ of WT than 
that of OX1 and OX2 (Fig. 6A), suggesting that more Al was 
accumulated on root surface of WT than that of OX1 and 
OX2 when they were exposed to Al treatment.

Auxin concentration, rhizosphere pH, and gene 
expression

Acid-growth theory states that IAA plays an important role 
in cell wall loosening by activating PM H+-ATPase and rais-
ing the proton concentration in the cell wall compartment 
(Hager, 2003). To investigate the cause of cell wall loosening, 
auxin concentration and rhizosphere pH were measured in 
root tips of both WT and OXs. Overexpression of OsPIN2 
had a 1.5–2.5-fold increase of free IAA concentration in 
root apices in comparison to WT under normal condition 
(Fig.  7A). Al caused an increase in the free IAA concen-
tration in the root apexes of WT and OXs. Interesting, this 
effect of Al was much more prominent in WT compared with 
OXs. Particularly, Al increased the free IAA concentration 

by 115.4% in WT, but only by 12.9% and 33.0% in OX1 and 
OX2, respectively (Fig. 7A).

PM H+-ATPase, which is encoded by OsAHA or OsA, 
mediates ATP-dependent proton extrusion to the extracellu-
lar space (Baxter et al., 2003; Chang et al., 2009). Expression 
analyses of OsA showed that overexpression of OsPIN2 up-
regulated OSA1, OSA2, OSA3, OSA7, and OSA8 (Fig. 7C). 
In the presence of Al, only the expression level of OsA8 was 
up-regulated in WT, whereas the expression levels of both 
OsA1 and OsA8 were up-regulated in OXs (Fig. 7C), indicat-
ing that Al treatment might result in an higher increase in PM 
H+-ATPase activity in OXs than in WT.

We subsequently analysed the changes in rhizosphere pH 
via in situ visualization. The yellow colour due to proton 
extrusion was significantly visualized in the indicator gel with 
OX1 or OX2 seedlings under the condition of 50 µmol l–1 Al 
(Fig. 7D). This finding suggested that overexpressing OsPIN2 
could increase Al-induced proton exudation from rice roots.

To determine whether the difference of Al-induced proton 
extrusion that occurred in the roots was associated with the 
exudation of IAA, we tried to collect the secretion of IAA 
and quantify it by using the Salkowski colorimetric method 
(Glickmann and Dessaux, 1995). A small amount of IAA was 
detected in the root exudates in the absence of Al. However, 
after exposure to 50 µmol l–1 Al, the IAA exudation of WT, 
OX1, and OX2 was increased by 42.9%, 135.4%, and 136.2%, 
respectively, in comparison to WT without Al treatment 

Fig. 6.  Al accumulation in WT and OXs root apexes. 3-d-old seedlings of WT, OX1, and OX2 were exposed to a 0.5 mmol l–1 CaCl2 solution (pH4.5) 
containing 0 or 50 µmol l–1 AlCl3 for 6 h. Root tips (0–10 mm) were excised. (A) The root apex stained with Eriochrome cyanine R, bar=500 µm. (B) Total 
Al content in root tips. (C) Al in the cell wall of root tips. (D) Al in the cell sap of root tips. Values are means±SE (n=3). Means with different letters are 
significantly different (P<0.05 by Tukey test). (This figure is available in colour at JXB online.)
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(Fig.  7B), and this change showed a similar pattern to the 
change of rhizosphere pH (Fig. 7D).

Discussion

After a short-time freeze, the sap both in the apoplast and 
symplast is converted into ice crystals. These ice crystals can 
be reversibly thawed when the temperature rises. During a 
quick freeze–thawing process, the PM and the cell wall (CW) 
will be rapidly impaired by ice crystal damage and turgor 
pressure, thus disrupting the structure of the cell (Burke 
et al., 1976; Pearce and Fuller, 2001; Gusta and Wisniewski, 
2013). When the freeze–thawing conditions stay stable, this 
disruption is mainly dependent on the mechanical proper-
ties of the cell, such as the elastic and viscous extensibilities 
(Tanimoto et al., 2000). The freeze–thawing disruption will 
be increased if  the elastic and viscous extensibilities decrease 
(Satiat-Jeunemaitre et al., 1992; Routier-Kierzkowska et al., 
2012). To quantify the extent of the damage to cell struc-
ture, we defined the ‘freeze-disrupt coefficient’ (FDC), which 
was calculated by SAt÷SAc (see details in the materials and 
methods). The larger the FDC is, the more serious disruption 
occurs in root sections. Therefore, a larger FDC can indicate 
a greater decrease in the mechanical properties of the cell, 
indirectly (Tanimoto et al., 2000). In this study, we observed 

that Al treatment decreased the mechanical properties of root 
cells. The epidermis and outer cortex cells in Al-treated root 
sections were damaged and shrunk markedly after a freeze–
thawing experiment (Fig.  1E), and the FDC increased sig-
nificantly (Fig. 1C). Observations by TEM further revealed 
that the PM turned black, and the CW–PM interface became 
strongly convoluted after a 6-h exposure to Al (Fig. 2). These 
results suggested that Al caused a decrease in cells extensibil-
ity and increased cell rigidity, resulting in Al-induced inhibi-
tion of root elongation (Fig. 1A) and root widening (Fig. 1B). 
Through studying the effect of Al on viscosity and elasticity 
of root cell wall by a creep-extension experiment, Ma et al. 
(2004) found that both the viscous and elastic extensibility of 
cell wall and the “break load” of the root apex were decreased 
by Al, and, moreover, that these effects were more significant 
in an Al-sensitive cultivar than in an Al-resistant cultivar. The 
comparison between OsPIN2 overexpression lines and wild 
type showed that the disruption of cells (Fig. 1E), the FDC 
(Fig. 1C), the root growth inhibition (Fig. 1A and 1B), and 
the microstructure of PM and CW (Fig. 2) changed less in 
OXs than in WT under Al stress. These results indicated that 
overexpressing OsPIN2 could alleviate Al-induced cell rigid-
ity in the rice root apex, thus relieving the Al-induced inhi-
bition of root growth (Tabuchi and Matsumoto, 2001; Ma 
et al., 2004).

Fig. 7.  Effect of Al on the change of IAA concentration and rhizosphere pH. (A) The concentration of free IAA in root tips. (B) Amount of IAA secretion 
per rice seedling. Values are means±SE (n=3). Means with different letters are significantly different (P<0.05 by Tukey test). (C) Semi-quantitative RT-PCR 
analysis of OsA gene expression. Histone H3 was used as loading control. (D) Colour changes in bromocresol green agar medium. The colour of the 
medium around the roots changed to yellow showing that the pH in the rhizosphere had decreased. (This figure is available in colour at JXB online.)
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Mechanical properties belong to the main properties of the 
cells, and are mainly dependent on basic components, such 
as the CW, PM, and cytoskeleton (Geitmann and Ortega, 
2009). Previous studies indicated that ROS and peroxidase 
affected the mechanical properties of the cell. An appro-
priate amount of ROS formation, especially the formation 
of hydroxyl radicals (·OH) is essential for cell wall loosen-
ing (Liszkay et al., 2004). However, a high level of ROS can 
cause cell wall stiffening and inhibition of cell expansion by 
inducing wall lignification (Del Carmen Córdoba-Pedregosa 
et al., 2003; Voothuluru and Sharp, 2013), and damage the 
integrity of the PM by causing lipid peroxidation and for-
mation of cracks (Yamamoto et al., 2001). According to the 
content of MDA and lignin in the root apex, we found that 
both MDA (Fig. 3B) and lignin (Fig. 5A) in WT were obvi-
ously increased by Al but not in OX1 and OX2. Furthermore, 
a stronger Evans blue staining (Fig.  3D) and PM blacken-
ing (Fig. 2) was observed in WT than in OX1 or OX2. These 
results indicated that Al caused more serious oxidative stress 
in the root apex of WT than that of OXs. The further observa-
tions of ROS also verified the above view that less Al-targeted 
ROS formation occurred in root apexes of OXs than in WT 
(Fig. 4). Similarly to the results of Sivaguru et al. (2013), the 
Al-induced increase of ROS, including O2

– and H2O2 mainly 
appeared in epidermis and outer cortex (Fig.  4B and 4E). 
These regions were also easily damaged during the freeze–
thawing experiments (Fig.  1E), suggesting that Al-induced 
increase in ROS may be a significant cause of Al-induced 
cell rigidity (Yamamoto et al., 2001, 2002; Jones et al., 2006). 
On the other hand, attenuating Al-targeted oxidative cellu-
lar damage may be an important mechanism by which lines 
overexpressing OsPIN2 alleviate Al-induced cell rigidity 
(Krishnamurthy and Rathinasabapathi, 2013a).

Antioxidative enzymes such as superoxide dismutase 
(SOD), ascorbate peroxidase (APX), and catalase (CAT) are 
served as major ROS-scavenging mechanisms under Al tox-
icity (Sharma and Dubey, 2007; Matsumoto and Motoda, 
2013). According to our further study, we found that all the 
activities of SOD, CAT, and APX were increased by Al. 
However, the activities of both SOD and CAT increased 
more remarkably in OXs than in WT (Fig. S1), which might 
lead to higher levels of O2

–, H2O2, and lignification in the root 
apex of WT than that of OXs.

In the absence of Al, a higher concentration of free IAA 
was observed in the root apexes of OXs than that of WT 
(Fig. 7A), suggesting that overexpressing OsPIN2 regulated 
IAA transportation in the root apex (Chen et al., 2012) and 
elevated IAA content in roots. After a short-time exposure to 
Al, a noticeable difference of increasing IAA concentration 
was found between WT and OXs (Fig. 7A), indicating that 
Al inhibited auxin transport, particularly the basipetal auxin 
transport in root apex, and disturbed the auxin signal trans-
duction (Kollmeier et al., 2000; Sun et al., 2010). However, 
overexpressing OsPIN2 might weaken these inhibitory effects 
of Al. Iglesias et al. (2010) found that an Arabidopsis auxin 
signalling mutant, tir1 afb2 (a mutant for auxin receptor 
TIR1/AFB proteins) displayed higher activities of antioxi-
dant enzymes and resulted in higher tolerance to oxidative 

stress than WT, indicating that auxin signalling might partici-
pate in the adaptive response against oxidative stress. In this 
study, we found that overexpression of OsPIN2 ameliorated 
an Al inhibitory effect on basipetal auxin transport, suggest-
ing that the effect of Al on auxin signal transduction was 
weaker in OXs than that in WT. Thus, a higher tolerance to 
oxidative stress was observed in OXs than WT. Shen et  al. 
(2008) showed that Al could disrupt one kind of cytoskel-
eton proteins, actin microfilament (F-actin), and resulted in 
a significant inhibition of transport of PIN2 vesicles and 
polar auxin transport. These results indicated that the inter-
action of Al with cytoskeleton protein might be one reason to 
disturb auxin equilibrium (Horst et al., 1999). The different 
effects of Al on the concentration of free IAA in the root api-
ces of OXs and WT might be associated with different altera-
tions in the cytoskeleton.

Tabuchi and Matsumoto (2001) reported that Al caused 
hemicellulosic polysaccharides accumulation and resulted in 
the thickening of the cell wall. Studies in Arabidopsis further 
showed that the lower xyloglucan content in the cell walls 
resulted in a lower proportion of root cell wall-bounded 
Al, resulting in less Al-mediated wall tightening (Zhu et al., 
2012). Using two rice cultivars differing in Al tolerance, Yang 
et al. (2008, 2013) found that Al treatment resulted in a higher 
increase in cell wall polysaccharides and pectin methylester-
ase (PME) activity in an Al-sensitive cultivar than that of an 
Al-resistant cultivar. In accordance with the results reported 
by Yang et  al. (2008), we found that Al treatment resulted 
in an increased HC1 content in both WT and OXs, and this 
was more prominent in WT (Fig. 5C). Combining with the 
Al-targeted oxidative response and the change of CW and 
PM microstructure, we infer that Al causes the accumulation 
of ROS, lignin, and HC1, resulting in PM blackening and 
CW sharpening, and, subsequently, making the cell rigid.

A further examination of Al allocation supported the above 
hypothesis that a lower proportion of cell wall-bound Al over 
root sap Al occurred in OXs (Fig. 6C and 6D). These results 
suggest that overexpressing OsPIN2 decreases the binding of 
Al to the cell wall, and such an effect of OsPIN2 overexpres-
sion may be another reason for alleviating Al-induced cell 
rigidity (Ma et al., 2004; Xia et al., 2010; Zhu et al., 2012). 
However, it is unknown how OsPIN2 is involved in regulating 
Al distribution in root cells. Previous studies indicated that 
operating in concert with OsALS1 (a vacuolar half  type ABC 
transporter), Nrat1 (Nramp aluminium transporter 1)  can 
remove Al3+ from the cell wall and sequester it in the vacu-
ole (Xia et al., 2010; Ryan et al., 2011; Huang et al., 2012; 
Li et  al., 2014). Moreover, auxin may regulate Al distribu-
tion in cells by altering ALS1 expression (Zhu et al., 2013). 
However, no significant differences in the expression of Nrat1 
and OsALS1 were observed between WT and OX1 (Fig. S2). 
It seems that Nrat1 and OsALS1 make less contribution to 
the difference in Al content of cell wall and cell sap between 
WT and OX lines. Other probable mechanisms need to be 
investigated in the future.

A critical component of the growth-promoting effect by auxin 
is the acidification of the cell wall via activating PM H+-ATPase 
(Hager, 2003; Grebe, 2005). Studies have shown that auxin and 

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru292/-/DC1
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its transporter PIN2 play key roles in root H+ secretion and 
rhizosphere acidification by activating PM H+-ATPase (Shen 
et al., 2006; Xu et al., 2012, 2013). In this study, a more signifi-
cant Al-induced rhizosphere acidification was observed in OXs 
than in WT (Fig. 7D), suggested that overexpressing OsPIN2 
might increase Al-induced H+ secretion. Correlatively, we also 
found that the abundance of PM H+-ATPase genes OsA1 and 
OsA8 in OXs were increased by Al, and only OsA8 in WT was 
up-regulated (Fig. 7C), indicating that OXs might have a higher 
PM H+-ATPase activity than WT, and thus have a higher proton-
secretion capacity under Al stress (Shen et al., 2005). Combined 
with the results that IAA is increased by overexpressing OsPIN2 
and Al treatment, we surmised that the increased level and the 
equilibrium of IAA might cause the higher level of OSA expres-
sion, and contribute to higher Al tolerance in OXs.

Using the Salkowski colorimetric technique (Glickmann 
and Dessaux, 1995), we observed an increase of IAA exu-
dation occurring in Al-treated roots, and it was higher in 
transgenic plants than in wild-type plants (Fig.  7B), which 
associated with the observation of rhizosphere acidification. 
Hence, we inferred that this Al-enhanced IAA secretion might 
contribute to Al-induced rhizosphere acidification, and, fur-
ther, that this acidification also helped to alleviate Al-induced 
cell rigidity (Hager, 2003; Grebe, 2005). Future studies are 
needed to answer the question whether Al-induced IAA 
exudation is related to vesicular secretion of auxin (Baluška 
et al., 2008), owing to a growing body of evidence showing 
that cell-to-cell auxin transport is driven by vesicle recycling 
(Geldner et al., 2001; Mancuso et al., 2007).

In conclusion, our results indicate that overexpressing 
OsPIN2 can alleviate Al-induced cell rigidity in rice root apex 
owing to less Al-targeted oxidative cellular damage and less 
Al binding to the cell walls, but more IAA and proton efflux 
to acidify the cell walls.
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Fig. S1. Effect of Al on the activities of superoxide dismutase 
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Acknowledgements
We thank Professors Guohua Xu and Yali Zhang (Nanjing Agriculture 
University) for assisting with OsPIN2 overexpression lines seeds. This work was 
supported partially by the National Natural Science Foundation of China (grant 
nos. 31172026, 31372125). Ken Yokawa was supported by the Japanese Society 
for the Promotion of Science Postdoctoral Fellowship for Research Abroad.

Author contributions

Hong Shen designed the research and checked the paper. 
Daoming Wu conducted research and wrote the paper. 
Ken Yokawa and František Baluška checked the paper. All 
authors read and approved the final version of manuscript.

References
Baluška F, Mancuso S, Volkmann D, Barlow PW. 2010. Root apex 
transition zone: a signaling-response nexus in the root. Trends in Plant 
Science 15, 402–408.

Baluška F, Schlicht M, Volkmann D, Mancuso S. 2008. Vesicular 
secretion of auxin: Evidence and implications. Plant Signaling and Behavior 
3, 254–256.

Baxter I, Tchieu J, Sussman MR, Boutry M, Palmgren MG, Gribskov 
M, Harper JF, Axelsen KB. 2003. Genomic comparison of P-type 
ATPase ion pumps in Arabidopsis and rice. Plant Physiology 132, 
618–628.

Blilou I, Xu J, Wildwater M, Willemsen V, Paponov I, Friml J, 
Heidstra R, Aida M, Palme K, Scheres B. 2005. The PIN auxin efflux 
facilitator network controls growth and patterning in Arabidopsis roots. 
Nature 433, 39–44.

Burke MJ, Gusta LV, Quamme HA, Weiser CJ, Li PH. 1976. 
Freezing and injury in plants. Annual Review of Plant Physiology 27, 
507–528.

Chang CR, Hu YB, Sun SB, Zhu YY, Ma GJ, Xu GH. 2009. Proton 
pump OsA8 is linked to phosphorus uptake and translocation in rice. 
Journal of Experimental Botany 60, 557–565.

Chen YN, Fan XR, Song WJ, Zhang YL, Xu GH. 2012. Over-expression 
of OsPIN2 leads to increased tiller numbers, angle and shorter plant height 
through suppression of OsLAZY1. Plant Biotechnology Journal 10, 139–149.

Del Carmen Córdoba-Pedregosa M, Córdoba F, Villalba JM, 
González-Reyes JA. 2003. Zonal changes in ascorbate and hydrogen 
peroxide contents, peroxidase, and ascorbate-related enzyme activities in 
onion roots. Plant Physiology 131, 697–706.

Dunand C, Crèvecoeur M, Penel C. 2007. Distribution of superoxide 
and hydrogen peroxide in Arabidopsis root and their influence on root 
development: possible interaction with peroxidases. New Phytologist 174, 
332–341.

Geitmann A, Ortega JK. 2009. Mechanics and modeling of plant cell 
growth. Trends in Plant Science 14, 467–478.

Geldner N, Friml J, Stierhof Y, Jürgens G, Palme K. 2001. Auxin 
transport inhibitors block PIN1 cycling and vesicle trafficking. Nature 413, 
425–428.

Glickmann E, Dessaux Y. 1995. A critical examination of the 
specificity of the salkowski reagent for indolic compounds produced by 
phytopathogenic bacteria. Applied and Environmental Microbiology 61, 
793–796.

Grebe M. 2005. Growth by auxin: When a weed needs acid. Science 310, 
60–61.

Gusta LV, Wisniewski M. 2013. Understanding plant cold hardiness: an 
opinion. Physiologia Plantarum 147, 4–14.

Hager A. 2003. Role of the plasma membrane H+-ATPase in auxin-
induced elongation growth: historical and new aspects. Journal of Plant 
Research 116, 483–505.

Horst WJ, Schmohl N, Kollmeier M, Baluška F, Sivaguru M. 1999. 
Does aluminum affect root growth of maize through interaction with the 
cell wall–plasma membrane–cytoskeleton continuum? Plant and Soil 215, 
163–174.

Huang CF, Yamaji N, Chen Z, Ma JF. 2012. A tonoplast-localized half-
size ABC transporter is required for internal detoxification of aluminum in 
rice. The Plant Journal 69, 857–867.

Hwang IS, Hwang BK. 2010. The pepper 9-lipoxygenase gene CaLOX1 
functions in defense and cell death responses to microbial pathogens. 
Plant Physiology 152, 948–967.

Iglesias MJ, Terrile MC, Bartoli CG, D’Ippólito S, Casalongué CA. 
2010. Auxin signaling participates in the adaptative response against 
oxidative stress and salinity by interacting with redox metabolism in 
Arabidopsis. Plant Molecular Biology 74, 215–222.

Jones DL, Blancaflor EB, Kochian LV, Gilroy S. 2006. Spatial 
coordination of aluminium uptake, production of reactive oxygen species, 
callose production and wall rigidification in maize roots. Plant Cell and 
Environment 29, 1309–1318.

Kochian LV, Hoekenga OA, Piñeros MA. 2004. How do crop plants 
tolerate acid soils? Mechanisms of aluminum tolerance and phosphorous 
efficiency. Annual Review of Plant Biology 55, 459–493.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru292/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru292/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru292/-/DC1


OsPIN2 for Al tolerance  |  5315

Kochian LV. 1995. Cellular mechanisms of aluminum toxicity and 
resistance in plants. Annual Review of Plant Physiology and Plant 
Molecular Biology 46, 237–260.

Kollmeier M, Felle HH, Horst WJ. 2000. Genotypical differences in 
aluminum resistance of maize are expressed in the distal part of the 
transition zone. Is reduced basipetal auxin flow involved in inhibition of root 
elongation by aluminum? Plant Physiology 122, 945–956.

Krishnamurthy A, Rathinasabapathi B. 2013a. Auxin and its transport 
play a role in plant tolerance to arsenite-induced oxidative stress in 
Arabidopsis thaliana. Plant Cell and Environment 36, 1838–1849.

Krishnamurthy A, Rathinasabapathi B. 2013b. Oxidative stress 
tolerance in plants: Novel interplay between auxin and reactive oxygen 
species signaling. Plant Signaling and Behavior 8, e25761.

Krtková J, Havelková L, Křepelová A, Fišer R, Vosolsobě S, Novotná 
Z, Martinec J, Schwarzerová K. 2012. Loss of membrane fluidity and 
endocytosis inhibition are involved in rapid aluminum-induced root growth 
cessation in Arabidopsis thaliana. Plant Physiology and Biochemistry 60, 
88–97.

Li JY, Liu J, Dong D, Jia X, McCouch SR, Kochian LV. 2014. Natural 
variation underlies alterations in Nramp aluminum transporter (NRAT1) 
expression and function that play a key role in rice aluminum tolerance. 
Proceedings of the National Academy of Sciences 111, 6503–6508.

Liszkay A, van der Zalm E, Schopfer P. 2004. Production of reactive 
oxygen intermediates (O2˙−, H2O2, and ˙OH) by maize roots and their 
role in wall loosening and elongation growth. Plant Physiology 136, 
3114–3123.

Ma JF, Chen ZC, Shen RF. 2014. Molecular mechanisms of Al tolerance 
in gramineous plants. Plant and Soil doi: 10.1007/s11104-014-2073-1.

Ma JF, Shen R, Nagao S, Tanimoto E. 2004. Aluminum targets 
elongating cells by reducing cell wall extensibility in wheat roots. Plant and 
Cell Physiology 45, 583–589.

Mancuso S, Marras AM, Mugnai S, Schlicht M, Žárský V, Li G, Song 
L, Xue H, Baluška F. 2007. Phospholipase Dζ2 drives vesicular secretion 
of auxin for its polar cell–cell transport in the transition zone of the root 
apex. Plant Signaling and Behavior 2, 240–244.

Matsumoto H, Motoda H. 2013. Oxidative stress is associated with 
aluminum toxicity recovery in apex of pea root. Plant and Soil 363, 
399–410.

Matsumoto H. 2000. Cell biology of aluminum toxicity and tolerance in 
higher plants. International Review of Cytology 200, 1–46.

Pearce RS, Fuller MP. 2001. Freezing of barley studied by infrared video 
thermography. Plant Physiology 125, 227–240.

Routier-Kierzkowska A, Weber A, Kochova P, Felekis D, Nelson 
BJ, Kuhlemeier C, Smith RS. 2012. Cellular force microscopy for in 
vivo measurements of plant tissue mechanics. Plant Physiology 158, 
1514–1522.

Ryan PR, Tomaso JM, Kochian LV. 1993. Aluminum toxicity in roots: An 
investigation of spatial sensitivity and the role of the root cap. Journal of 
Experimental Botany 44, 437–446.

Ryan PR, Tyerman SD, Sasaki T, Furuichi T, Yamamoto Y, Zhang 
WH, Delhaize E. 2011. The identification of aluminium-resistance genes 
provides opportunities for enhancing crop production on acid soils. Journal 
of Experimental Botany 62, 9–20.

Sasaki M, Yamamoto Y, Matsumoto H. 1996. Lignin deposition 
induced by aluminum in wheat (Triticum aestivum) roots. Physiologia 
Plantarum 96, 193–198.

Satiat-Jeunemaitre B, Martin B, Hawes C. 1992. Plant cell wall 
architecture is revealed by rapid-freezing and deep-etching. Protoplasma 
167, 33–42.

Sharma P, Dubey RS. 2007. Involvement of oxidative stress and role of 
antioxidative defense system in growing rice seedlings exposed to toxic 
concentrations of aluminum. Plant Cell Reports 26, 2027–2038.

Shen H, Chen JH, Wang ZY, Yang CY, Sasaki T, Yamamoto Y, 
Yan XL. 2006. Root plasma membrane H+-ATPase is involved in the 
adaptation of soybean to phosphorus starvation. Journal of Experimental 
Botany 57, 1353–1362.

Shen H, He LF, Sasaki T, Yamamoto Y, Zheng SJ, Ligaba A, 
Matsumoto H. 2005. Citrate secretion coupled with the modulation of 
soybean root tip under aluminum stress. Up-regulation of transcription, 

translation, and threonine-oriented phosphorylation of plasma membrane 
H+-ATPase. Plant Physiology 138, 287–296.

Shen H, Hou NY, Schlicht M, Wan YL, Mancuso S, Baluška F. 2008. 
Aluminium toxicity targets PIN2 in Arabidopsis root apices: Effects on 
PIN2 endocytosis, vesicular recycling, and polar auxin transport. Chinese 
Science Bulletin 53, 2480–2487.

Sivaguru M, Liu J, Kochian LV. 2013. Targeted expression of SbMATE 
in the root distal transition zone is responsible for sorghum aluminum 
resistance. The Plant Journal 76, 297–307.

Sun P, Tian QY, Chen J, Zhang WH. 2010. Aluminium-induced inhibition 
of root elongation in Arabidopsis is mediated by ethylene and auxin. 
Journal of Experimental Botany 61, 347–356.

Tabuchi A, Matsumoto H. 2001. Changes in cell-wall properties of 
wheat (Triticum aestivum) roots during aluminum-induced growth inhibition. 
Physiologia Plantarum 112, 353–358.

Tamás L, Bočová B, Huttová J, Liptáková L, Mistrík I, Valentovičová 
K, Zelinová V. 2012. Impact of the auxin signaling inhibitor 
p-chlorophenoxyisobutyric acid on shortterm Cd-induced hydrogen 
peroxide production and growth response in barley root tip. Journal of 
Plant Physiology 169, 1375–1381.

Tanimoto E, Fujii S, Yamamoto R, Inanaga S. 2000. Measurement of 
viscoelastic properties of root cell walls affected by low pH in lateral roots 
of Pisum sativum L. Plant and Soil 226, 21–28.

Teale WD, Paponov IA, Ditengou F, Palme K. 2005. Auxin and the 
developing root of Arabidopsis thaliana. Physiologia Plantarum 123, 
130–138.

Thordal Christensen H, Zhang ZG, Wei YD, Collinge DB. 1997. 
Subcellular localization of H2O2 in plants. H2O2 accumulation in papillae 
and hypersensitive response during the barley–powdery mildew 
interaction. The Plant Journal 11, 1187–1194.

Van HL, Kuraishi S, Sakurai N. 1994. Aluminum-induced rapid root 
inhibition and changes in cell-wall components of squash seedlings. Plant 
Physiology 106, 971–976.

Voothuluru P, Sharp RE. 2013. Apoplastic hydrogen peroxide in the 
growth zone of the maize primary root under water stress. I. Increased 
levels are specific to the apical region of growth maintenance. Journal of 
Experimental Botany 64, 1223–1233.

Xia JX, Yamaji N, Kasai T, Ma JF. 2010. Plasma membrane-localized 
transporter for aluminum in rice. Proceedings of the National Academy of 
Sciences of the United States of America 107, 18381–18385.

Xu WF, Jia LG, Baluška F, Ding GC, Shi WM, Ye NH, Zhang JH. 
2012. PIN2 is required for the adaptation of Arabidopsis roots to alkaline 
stress by modulating proton secretion. Journal of Experimental Botany 63, 
6105–6114.

Xu WF, Jia LG, Shi WM, Baluška F, Kronzucker HJ, Liang JS, Zhang 
JH. 2013. The tomato 14-3-3 protein TFT4 modulates H+ efflux, basipetal 
auxin transport, and the PKS5-J3 pathway in the root growth response to 
alkaline stress. Plant Physiology 163, 1817–1828.

Yamamoto Y, Kobayashi Y, Devi SR, Rikiishi S, Matsumoto H. 2002. 
Aluminum toxicity is associated with mitochondrial dysfunction and the 
production of reactive oxygen species in plant cells. Plant Physiology 128, 
63–72.

Yamamoto Y, Kobayashi Y, Matsumoto H. 2001. Lipid peroxidation 
is an early symptom triggered by aluminum, but not the primary cause of 
elongation inhibition in pea roots. Plant Physiology 125, 199–208.

Yang JL, Li YY, Zhang YJ, Zhang SS, Wu YR, Wu P, Zheng SJ. 2008. 
Cell wall polysaccharides are specifically involved in the exclusion of 
aluminum from the rice root apex. Plant Physiology 146, 602–611.

Yang XY, Zeng ZH, Yan JY, Fan W, Bian HW, Zhu MY, Yang JL, 
Zheng SJ. 2013. Association of specific pectin methylesterases with 
Al-induced root elongation inhibition in rice. Physiologia Plantarum 148, 
502–511.

Zhu XF, Lei GJ, Wang ZW, Shi YZ, Braam J, Li GX, Zheng SJ. 2013. 
Coordination between apoplastic and symplastic detoxification confers 
plant aluminum resistence. Plant Physiology 162, 1947–1955.

Zhu XF, Shi YZ, Lei GJ, et al. 2012. XTH31, encoding an in vitro XEH/
XET-active enzyme, regulates aluminum sensitivity by modulating in vivo 
XET action, cell wall xyloglucan content, and aluminum binding capacity in 
Arabidopsis. The Plant Cell 24, 4731–4747.




