PHYSIOLOGY

Heat shock pretreatment suppresses cadmium-induced
ammonium ion accumulation and phenylalanine
ammonia-lyase activity in rice seedling leaves
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ABSTRACT. We investigated the effects of heat shock (HS) on the subsequent cadmium (Cd)-induced am-
monium ion (HN,") accumulation and the phenylalanine ammonia-lyase (PAL) activity in rice seedling leaves.
Increases in PAL activity occurred prior to NH, increases in rice leaves. Both of these Cd-induced increases
were significantly deterred by the potent PAL inhibitor a-aminooxy-B-phenylpropionic acid. Exposing rice
seedlings to 3 h HS in the dark effectively reduced subsequent Cd-induced increases in PAL activity and NH,"
content. The HS effect can be mimicked by pretreating rice seedlings with exogenous H,0,, glutathione (GSH),
ascorbic acid (AsA), or L-galactono-1,4-lactone (GalL, a precursor of AsA biosynthesis) under non-HS condi-
tions. The protection that HS provides however, can be counteracted by imidazole, a NADPH oxidase inhibi-
tor, buthionine sulfoximine (BSO, a GSH synthesis inhibitor), or lycorine (Lyc, an AsA synthesis inhibitor).
Furthermore, the effects of BSO and Lyc can be reversed by the addition of GSH and AsA, respectively. The
mechanisms of the protective effect of HS against subsequent Cd effects are discussed.

Keywords: Ammonium ion; Cadmium; Heat shock; Oryza sativa L.; Oxidative stress; Phenylalanine ammo-
nia-lyase.

Abbreviation: AOPP, o-aminooxy-B-phenylpropionic acid; AsA, ascorbic acid; BSO, buthionine sulfoximine;
GalL, L-galactono-1,4-lactone; HS, heat shock; hsps, heat shock proteins; IMD, imidazole; Lyec, lycorine;

PAL, phenylalanine ammonia-lyase; ROS, reactive oxygen species.

INTRODUCTION

Cadmium (Cd) is one of the most toxic heavy metals.
Although naturally occurring amounts of Cd are generally
low, anthropogenic activities can significantly increase its
concentration (Gratao et al., 2005). Plants take up excess
Cd from the soil, which has a direct or indirect effect on
physiological processes such as respiration, photosynthe-
sis, cell elongation, plant-water relationships, nitrogen
metabolism and mineral nutrition, resulting in poor growth
and low biomass (Sanita di Toppi and Gabbrielli, 1999).

In both prokaryotic and eukaryotic cells, oxygen activa-
tion is a general phenomenon leading to the production
of O,, H,0,, and OH- (reactive oxygen species, ROS)
by a step-wise one-electron transfer to molecular oxygen
(Gechev et al., 2006). ROS are formed in normal cell me-
tabolism and their level increases under stress conditions.
Similar to other organisms, plants have developed protec-
tion systems, either constitutive or inducible, to counteract
oxidative stress (Gechev et al., 2006). Several lines of
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evidence show that oxidative stress is a major component
of Cd stress (Cho and Seo, 2005; Gratao et al., 2005; Hsu
and Kao, 2007).

The ammonium ion (NH,") is a central intermediate
of nitrogen metabolism in higher plants (Miflin and Lea,
1976). A high content of NH," has a toxic effect on plant
cells (Givan, 1979). When exposured to Cd, NH," levels
increase in rice leaves (Chien and Kao, 2000; Hsu and
Kao, 2003; Hsu et al., 2006). Chien et al. (2002) also
found that the accumulation of NH," in rice leaves is a
consequence of the oxidative damage caused by Cd.

Phenylalanine ammonia-lyase (PAL) is the first enzyme
in phenylpropanoid metabolism (Hahlbrock and Scheel,
1989), catalyzes the elimination of NH," from phenylala-
nine, and produces trans-cinnamate (Hahlbrock and Grise-
bach, 1979). Treatment with CdCl, results in an increase in
PAL activity in rice leaves (Hsu and Kao, 2004). Kumar
and Knowles (2003) demonstrated that wounding-induced
PAL activity is related to the ability to produce superoxide
radicals in potato tuber.

Exposing plants to temperatures 5 to 15°C above the
normal growing conditions for 15 min to a few hours is
usually considered heat shock (HS) treatment. Wheat
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leaf segments exhibited an acquired protection against Cd
and other heavy metal-reduced cell viability following
seedling exposure to HS in the dark (Orzech and Burke,
1988). Neumann et al. (1994) demonstrated that HS treat-
ment preceding Cd stress produced a tolerance effect that
prevented membrane damage. Rice seedlings exposed to
HS developed subsequent inhibition of Cd-induced ethyl-
ene production in detached leaves (Chen and Kao, 1995)
and inhibition of Cd-induced oxidative damage of rice
seedlings (Hsu and Kao, 2007). HS treatment has also
suppressed wound-induced PAL activity in Lactuca sativa
(Campos-Vargas et al., 2005; Kang and Saltveit, 2003).

Treatment with Cd increases NH," content and PAL
activity in detached rice leaves (Hsu et al., 2006). In rice
seedling leaves, CdCl, increased NH,' content in a sensi-
tive cultivar (Taichung Native 1) but not in a tolerant one
(Tainung 67) (Hsu and Kao, 2003). It is not yet known
whether HS affects the subsequent Cd-induced increase in
NH," content and PAL activity in leaves of rice seedlings.
We thus examined the changes in the content of NH, and
the activity of PAL in rice seedling leaves during Cd stress
and then determined whether exposing rice seedling to HS
affects the subsequent Cd-induced changes in NH," con-
tent and PAL activity.

MATERIALS AND METHODS

Plant material and growth conditions

Rice (Oryza sativa L., cv. Taichung Native 1) seeds
were sterilized with 2.5% sodium hypochlorite for 15
min and washed extensively with distilled water. These
seeds were then germinated in Petri dishes with wet filter
papers at 37°C in the dark. After 48 h incubation, uni-
formly germinated seeds were selected and cultivated in
a beaker containing half-strength Kimura B nutrient solu-
tion with the following macro- and micro-elements: 182.3
uM (NH,),SO,, 91.6 uM KNOs, 273.9 uM MgSO,-7H,0,
91.1 uM KH,PO,, 182.5 uM Ca(NOs),, 30.6 uM Fe-
citrate, 0.25 uM H;BO;, 0.2 yM MnSO,-H,0, 0,2 uM
ZnS0, 7H,0, 0.05 uM CuSO, 5 H,0, and 0.07 uM
H,Mo00,. Kimura B solution is considered the most nutri-
tious solution for growing rice plants and is widely used.
Since young rice seedlings were used for the present
study, the nutrient solution contained no silicon, although
silicon is essential for growth of sturdy rice plants in the
field. The nutrient solutions (pH 4.7) were replaced every
3 days. The hydroponically cultivated rice seedlings were
grown in a Phytotron (Agricultural Experimental Station,
National Taiwan University, Taipei, Taiwan) with natural
sunlight at 30/25°C day/night and 90% relative humidity.

Cadmium concentration

At the end of treatment, the seedlings were divided into
their separate parts (roots and shoots). For Cd determina-
tion, shoots and roots were dried at 65°C for 48 h. Dried
material was ashed at 550°C for 4 days. The ash residue
was incubated with 31% HNO; and 17.5% H,0, at 72°C
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for 2 h, and dissolved in distilled water. Cd concentration
was then quantified using an atomic absorption spectropho-
tometer (Model AA-6800, Shimadzu, Kyoto, Japan). Cd
amount was expressed on the basis of dry weight (DW).

HS pretreatment and Cd stress treatment

Twelve-day-old rice seedlings with three leaves were
exposed to 30°C (non-HS) and 45°C (HS) for 3 h in the
dark. Non-HS and HS seedlings were then grown in half-
strength Kimura B solution with or without 5 uM CdCl,
at 30/25°C day/night. Cd-induced chlorosis was first ob-
served visually in the second leaves of rice seedlings. For
this reason, the second leaves of rice seedlings were used
for the NH," and PAL analyses.

NH,* determination

The ammonium ion was measured in the crude extract
using the Berthelot reaction, modified according to Weath-
erburn (1967). For NH," determination in rice seedling
leaves, 10 rice leaves were homogenized with a mortar and
pestle using 3 mL sulphuric acid (0.3 mM, pH 3. 5). The
homogenate was centrifuged for 10 min at 39,000 g. Two
hundred pL of clear supernatant were diluted by 0.3 mM
sulphuric acid to a final volume of 4 mL. For the color
reaction, 0.5 mL of solution A (5 g phenol, 25 g nitroprus-
side dissolved in 100 mL distilled water) and then 0.5 mL
of solution B (40 mL 5% sodium hypochlorite and 2.5 g
NaOH were mixed and then made up to a final volume of
100 mL with distilled water) were added. Incubation was
carried out with gentle shaking in a water bath at 37°C for
20 min. The absorbance was measured at 626 nm against
the control without extract. NH," content was calculated
using an extinction coefficient of 3.9982 pmol'cm™ and
expressed on the basis of the initial fresh weight (FW).

PAL extraction and assay

Phenyalanine ammonia-lyase was extracted and de-
termined according to Hyodo and Fujinami (1989). The
calculation was based on the extinction coefficient (9500
M 'ecm™) for trans-cinnamic acid. One unit of activity for
PAL was defined as the amount of enzyme which caused
the formation of 1 umol frans-cinnamic acid per h. The
PAL activity was expressed on the basis of mg protein.
The enzyme extracts were used for the determination of
protein following the method of Bradford (1976).

Statistical analysis

Statistical differences between measurements (7 = 4) on
different treatments or on different times were analyzed by
Duncan’s multiple range test. A P<0.05 was considered
statistically significant.

RESULTS

Cadmium concentration

To examine the effect of Cd on its concentration in
shoots and roots, rice seedlings were grown in nutrient
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solution with or without 5 uM CdCl, for 6 days. The Cd
concentration in shoots and roots of rice seedlings without
Cd was 0.64 + 0.24 for shoots and 0.78 + 0.09 pg g'DW
for roots. We observed a marked increase in Cd concentra-
tion in Cd-treated shoots and roots (5.89 + 0.7 for shoots
and 11.8 + 1.7 ug g'DW for roots).

Changes in NH,* content and PAL activity dur-
ing Cd stress

To examine the changes in the content of NH," and
the activity of PAL during Cd stress, rice seedlings were
grown in nutrient solution with or without 5 uM CdCL,.
We observed an increase in the content of NH," six days
after treatment and in the PAL activity caused by CdCl,
four days after treatment (Figure 1A and 1B).

Effects of a-aminooxy-B-phenylpropionic acid
o-Aminooxy-B-phenylpropionic acid (AOPP) is a
potent PAL inhibitor (Amrhein and Godeke, 1977). To
examine its effect on Cd-increased PAL activity and NH,"
content in leaves, rice seedlings were first pretreated with
or without 25 uM AOPP for 3 h and then transferred to
nutrient solution with or without CdCl, for six days. We
observed that Cd-increased PAL activity and NH," content
in leaves were significantly inhibited by AOPP (Figure 2).
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Figure 1. Changes in the content of NH," (A) and PAL activity
(B) in the second leaves of rice seedlings treated with or without
5 uM CdCl,. Bars show means + SE (n = 4). Values with the
same letter are not significantly different at P<0.05.
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Figure 2. Effect of CdCl, on the content of NH," (A) and the
activity of PAL (B) in the second leaves of rice seedlings pre-
treated with or without 25 pM AOPP. Measurements were made
6 d after 5 uM CdCl, treatment. Bars show means + SE (n =
4). Values with the same letter are not significantly different at
P<0.05.

Effects of prior HS exposure

To test whether prior rice seedling exposure to HS af-
fects the subsequent Cd-induced increases in NH," content
and PAL activity in leaves, seedlings were pretreated with
HS for 3 h under dark conditions. We observed that a 3 h
HS pretreatment reduced both subsequent Cd-induced in-
creases in NH," content and the PAL activity in rice seed-
ling leaves (Figure 3A and 3B).

Pretreatment with H,0, under non-HS condi-
tions

We reported previously that H,O, content increased
in rice seedling leaves after HS exposure (Hsu and Kao,
2007). In view of this result, we studied the effect of H,O,
pretreatment under non-HS conditions on Cd-induced
NH," content and PAL activity increases in leaves. To
do this, rice seedlings were first pretreated with 0.1 mM
H,0, for 3 h under non-HS conditions, then transferred to
a nutrient solution with or without CdCl, for six days. We
observed that pretreating rice seedlings with H,O, reduced
both the Cd-induced NH, " content and PAL activity in-
creases in leaves (Figure 4A and 4B).
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Figure 3. Effect of CdCl, on the NH," content (A) and the PAL
activity (B) in the second leaves of rice seedlings pretreated with
or without HS (45°C) under dark conditions. Measurements
were made 6 d after 5 uM CdCl, treatment. Bars show means +
SE (n = 4). Values with the same letter are not significantly dif-
ferent at P<0.05.

Pretreatment with glutathione under non-HS
conditions

Glutathione (GSH) is an essential component of the
antioxidative defense system, which keeps ROS under
control (Noctor and Foyer, 1998). It has been shown that
plants under HS conditions have higher GSH content than
those that are not (Chao et al., 2009; Nietosotelo and Ho,
1986). Pretreatment of rice seedlings with 1 mM GSH
under non-HS conditions for 3 h was effective in reduc-
ing both the Cd-induced NH, " content and PAL activity
increases in leaves (Figure 4A and 4B).

NADPH oxidase inhibitor effects under HS con-
ditions

We previously demonstrated that HS-increased H,0,
production is mediated by a plasma membrane NADPH
oxidase in rice seedling leaves (Hsu and Kao, 2007). To
confirm the role of H,0, during HS, 0.1 mM imidazole
(IMD), a NADPH oxidase inhibitor, was added to the nu-
trient solution when the third seedling leaves were fully
expanded. Figures 5SA and 5B show that IMD counter-
acted both HS-reduced subsequent Cd-induced increases
in NH," content and PAL activity.
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Pretreatment with buthionine sulfoximine under
HS conditions

Buthionine sulfoximine (BSO) is a GSH biosynthesis
inhibitor (Griffith and Meister, 1979). When rice seedlings
were pretreated with 0.5 mM BSO for 3 h under HS con-
ditions, the second leaves had a lower GSH content than
those pretreated without BSO under the same conditions
(Chao et al., 2009). In the present study, we demonstrated
that the effect of HS on subsequent Cd-induced increases
in NH," content and PAL activity were diminished by BSO
(Figure 5A and 5B). We also observed that the BSO ef-
fects under HS conditions were reversed by the application
of 1 mM GSH (Figure 5A and 5B).

Pretreatment with lycorine under HS conditions

Rice seedlings under HS conditions have higher ascor-
bate (AsA) content than those under non-HS conditions
(Chao and Kao, 2010). Lycorine (Lyc), an alkaloid extract
from members of the Amaryllidaceae, is known to inhibit
the conversion of L-galactono-1,4-lactone (GalL) to AsA
(Degara et al., 1994). When rice seedlings were pretreated
with 0.2 mM Lyc for 3 h under HS conditions, the second
leaves had lower AsA contents than those pretreated with-
out Lyc (Chao and Kao, 2010). In the present work, we
observed that Lyc reduced the effects of HS on subsequent
Cd-induced changes (Figure 5). Moreover, we observed
that the Lyc effect under HS conditions was reversed by
the addition of 0.5 mM AsA (Figure 5).
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Figure 4. Effect of CdCl, on the NH, content (A) and the PAL
activity (B) in the second leaves of rice seedlings pretreated with
0.1 mM H,O,or 1 mM GSH under non-HS conditions. Measure-
ments were made 6 d after 5 uM CdCl, treatment. Bars show
means * SE (n =4). Values with the same letter are not signifi-
cantly different at P<0.05.
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Pretreatment with ascorbate or L-galactono-1,
4-lactone under non-HS conditions

To examine the role of AsA, rice seedlings were pre-
treated with 0.5 mM AsA or 0.5 mM GalL, a precursor of
AsA biosynthesis, under non-HS conditions for 3 h. It was
observed that AsA and GalL were effective in reducing
subsequent Cd-induced NH," content and PAL activity in
leaves (Figure 6A and 6B).

DISCUSSION

Phenylalanine ammonia-lyase catalyzes the elimination
of NH," from phenylalanine and produces #rans-cinamate
(Griffith and Meister, 1979). We observed that treating
rice seedlings with 5 uM CdCl, resulted in an increase in
PAL activity (Figure 1B) and NH," content (Figure 1A) in
leaves. This is consistent with a number of earlier reports
(Chien and Kao, 2000; Hsu and Kao, 2003; Hsu and Kao,
2004; Hsu et al., 2006). We also observed that the increase
in PAL activity caused by Cd occurs before the NH,"
content increase in leaves (Figure 1). AOPP, the hydroxy-
lamine analogue of phenylalanine, is a potent PAL inhibi-
tor (Amrhein and Godeke, 1977). In the present study,
we also observed that AOPP inhibited Cd-induced PAL
activity and NH," accumulation in rice seedling leaves
(Figure 2A and 2B). It appears that Cd-induced NH," ac-
cumulation in rice seedling leaves is mediated through the
increase in PAL activity.

In the previous work, we observed that 0.5 mM CdCl,
increased NH," content in Cd- sensitive cultivar Taichung
Native 1, which was used in the present study, but not in
a Cd- tolerant cultivar Tainung 67 (Hsu and Kao, 2003).
The results of the present study indicated that CdCl, at a
lower concentration, 5 pM, also induced an increase in
NH," (Figure 1A) .

It has been shown that a brief HS reduces the rise in
wound-induced PAL activity in lettuce (Campos-Vargas
et al., 2005; Kang and Saltveit, 2003). In rice, we have
demonstrated that exposing seedlings to HS results in
subsequent inhibition of Cd-induced ethylene production
and chlorosis (Chen and Kao, 1995; Hsu and Kao, 2007).
Since NH," accumulation and an increase in PAL activity
in rice leaves are Cd-induced effects (Figure 1), exposing
seedlings to HS is expected to reduce their subsequent Cd-
increased NH," content and PAL activity. As indicated in
Figure 3, this is indeed the case.

The protective effect of HS against subsequent Cd-
induced NH," accumulation and PAL activity in rice seed-
ling leaves is unlikely, due to the inhibition of Cd uptake
or transport. This is because rice seedlings pretreated with
HS had similar Cd concentrations in leaves caused by
CdCl, as those non-HS (Hsu and Kao, 2007).

Several plants exhibit an early rise in H,O, content dur-
ing HS (Dat et al., 1998; Gong et al., 2001). In a previous
study, we showed that HS pretreatment of rice seedlings
results in an increase in H,O, content in 1 h and that HS-
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dependent H,0, generation in rice leaves originates in
plasma-membrane NADPH oxidase (Hsu and Kao, 2007).
In this study, we observed that pretreating rice seedlings
with exogenous H,0, under non-HS conditions greatly
reduced their Cd-increased NH," content and PAL activity
(Figure 4A and 4B). We also observed that HS-induced
protection against subsequent Cd-induced NH," accumu-
lation and PAL activity can be counteracted by IMD, a
NADPH oxidase inhibitor (Figure 5A and 5B). It appears
that H,0, is involved in HS-induced protection against
subsequent changes in NH, content and PAL activity
caused by Cd.

We recently reported that GSH and AsA are involved
in HS-induced Cd tolerance in rice seedlings (Chao and
Kao, 2010; Chao et al., 2009). The present study indicates
that HS-induced protection against subsequent Cd-induced
increases in NH," content and PAL activity is also medi-
ated by GSH or AsA. This conclusion is supported by our
observations that (a) an exogenous supply of GSH, AsA,
or GalL under non-HS conditions protected against sub-
sequent Cd-induced decreases in NH," content and PAL
activity in leaves (Figure 4 and 6), (b) pretreatment with
BSO under HS conditions reduced GSH content (Chao et
al., 2009) and enhanced subsequent Cd effects on NH,"
content and PAL activity (Figure 5), (c) the effect of BSO
can be reversed by the addition of GSH (Figure 5), (d) pre-
treatment with Lyc, which is known to inhibit the conver-
sion of GalL to AsA, under HS conditions, reduced AsA
content (Chao and Kao, 2010) and enhanced subsequent
Cd-increased NH," content and PAL activity (Figure 5),
and (e) the effects of Lyc can be reversed by the addition
of AsA (Figure 5).

We have previously shown that paraquat, a well known
ROS generating chemical, increases the NH, content of
rice leaves in the light (Chien et al., 2002). Wound-induced
PAL activity is now associated with O, production ability
in potato tuber (Kumar and Knowles, 2003). It appears
that the Cd-induced increases in NH," content and PAL
activity in rice seedlings result from oxidative damage.

It is well established that GSH and AsA are important
antioxidant system compounds, that scavenge ROS under
oxidative conditions. Increasing evidence indicates that
H,0, functions as a signaling molecule in plants. In a
previous study, we showed that the accumulation of H,0,
precedes GSH or AsA increases during rice seedling HS
(Chao and Kao, 2010; Chao et al., 2009). It appears that
early accumulation of H,O, during HS signals the increase
in GSH or AsA, which in turn protects against subsequent
Cd-induced increases in NH," content and PAL activity in
rice seedling leaves (Figure 7). Heat shock proteins (hsps)
induced heavy metal tolerance in plants (Neumann et al.,
1994). Kang and Saltveit (2003) demonstrated that HS-
induced synthesis hsps (e.g. hsp 23) is correlated with the
reduction of PAL activity in wounded lettuce tissue. Hsps
is thus an alternative mechanism that may explain HS-ac-
quired protection against the increase in NH," content and
PAL activity in rice leaves caused by Cd . Whether the ex-
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Figure 7. Proposed mechanisms of the HS protection effect
against subsequent Cd effect.

pression of hsps is responsible for HS-induced protection
against subsequent Cd-induced increase in NH," content
and PAL activity remains to be established.

By using both a Cd-sensitive cultivar (Taichung Native
1, the cultivar used in the present study) and a Cd-tolerant
cultivar (Tainung 67), we showed that NH," accumulation
is involved in regulating the CdCl,-derived toxicity of rice
seedlings (Hsu and Kao, 2003). Our present results recon-
firm our previous results stating that HS protects against
Cd toxicity in rice seedlings (Chao and Kao, 2010; Chao
et al., 2009; Hsu and Kao, 2007).
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