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Abstract The seedlings of two soybean genotypes, Al-
tolerant PI 416937 (PI) and Al-sensitive Young, were
cultured in the solution containing 0, 25 or 50 UM Al
(AICl5-6H,0) for 24, 36 or 48 h in the hydroponics, and
the calluses induced from two genotypes were cultured in
medium containing 0, 10, 50 or 100 uM Al for 5, 10 or
15 days, respectively. The effects of Al on growth of
seedling roots and calluses, antioxidant enzyme activities
of superoxide dismutase (SOD) and peroxidase (POD) and
lipid peroxidation were investigated. Under Al stress, PI
was more tolerant to Al toxicity than Young at both intact
plant and tissue levels and lower concentrations of Al
significantly stimulated the root and callus growth of PI. Al
application enhanced the activities of SOD and POD and
lipid peroxidation in both roots and calluses of two geno-
types. Although the differences of SOD activities between
two genotypes in response to Al toxicity depended on Al
concentration and durations of treatment, SOD activities in
the roots of PI were higher than those in the roots of cor-
responding Young in the presence of Al for 36 or 48 h.
Meanwhile, the POD activities in PI roots increased as the
Al levels and durations of treatment increased, significantly
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higher than those in the corresponding Young roots.
Moreover, Al-treated PI had significantly lower lipid per-
oxidation than Young at both root and callus levels. These
results suggest that the enhanced antioxidant-related
enzyme activities and reduced lipid peroxidation in PI
might be one of Al-tolerant mechanisms.
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Introduction

Al toxicity is a major factor limiting crop productivity on
acid soils. Micromolar concentration of Al can inhibit root
growth within minutes or hours in many agricultural plant
species (Kochian 1995). The Al toxicity mainly inhibits
root growth, thus causing increased crop sensitivity to
drought and decreased nutrition uptake (Foy et al. 1992;
Delhaize and Ryan 1995). Significant genotypic differ-
ences in Al tolerance were found in plant species. Al
resistance can be divided into mechanisms facilitating Al
exclusion from root apex (Al exclusion) and conferring the
ability of plants to tolerate Al in the plant symplasm (Al
tolerance) (Kochian 1995). The former includes the
immobilization of Al at cell wall, selective permeability of
the plasma membrane and the detoxification of organic
acids and other exudates in the rhizosphere. The latter
includes complexation by Al-binding proteins, compart-
mentalization in the vacuoles, chelation by ligands in the
cytosol, induction of Al-tolerant enzymes (Keltjens and
Ulden 1987; Kasai et al. 1992; Taylor et al. 1997).

When subjected to environmental stress, Al-tolerant
plants may develop a defense system. At the cellular level,
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the primary target of Al is the plasma membrane. Abiotic
environmental stresses, such as Al toxicity, drought, excess
salt and heavy metals, can induce the formation of reactive-
oxygen species in plant cells (Hippeli et al. 1999;
Breusegem et al. 2001). Al toxicity led to an increase in
enzyme activity related to ROS (reactive-oxygen species)
and lipid peroxidation in vitro or vivo conditions, sug-
gesting that Al could alter plasma membrane properties and
permeability and induce oxidative stress (Cakmak and
Horst 1991; Ikegawa et al. 2000; Yamamoto et al. 2003).
Al-induced lipid peroxidation is the most prominent
symptom of oxidative stress in plants and animals
(Yamamoto et al. 2001).

It was found that superoxide dismutase (SOD) is to be
involved in detoxification mechanisms when maize, soy-
bean and barley were subjected to Al stress (Cakmak and
Horst 1991; Boscolo et al. 2003; Guo et al. 2004). A sig-
nificant increase in MDA concentration and a stimulation
of SOD and peroxidase (POD) activities were observed in
tolerant barley subjected to low pH or Al stress, while
higher malonaldehyde (MDA) concentration and lower
SOD activity were noted in the sensitive genotypes (Guo
et al. 2004). The activities of SOD and POD and MDA
concentrations in soybean increased under Al stress, and a
close correlation existed between the MDA and root
elongation rate induced by Al (Cakmak and Horst 1991). In
contrast, Al exposure was not found to induce the increase
of MDA in both Al-sensitive and tolerant maize inbred
lines (Boscolo et al. 2003). Furthermore, Al stress induced
the dose- and time-dependent formation of SOD and POD
in an Al-sensitive maize inbred line, but not in an
Al-tolerant line (Boscolo et al. 2003). In addition, POD and
APX, the H,O, consuming enzymes were activated fol-
lowing similar patterns of expression and exhibited sig-
nificant correlation between their elevated activities
and root growth inhibition (gimonovicové et al. 2004).
Cultured plant cells or tissues have been used as a model
system for investigation of cellular mechanisms of Al
toxicity in plant. At the tissue level, Al enhanced activities
of SOD both in roots of intact plants and suspension-
cultured cells of tea plants adapted to acid soils (Ghanati
et al. 2005).

So far, some Al-tolerant or sensitive soybean genotypes
have been identified. Horst and Klotz (1990) identified PI
as one of the two most tolerant lines after screening over
1,000 genotypes of soybean. Al-tolerant soybean genotype
PI and sensitive genotype Young have been widely studied
for the understanding of the mechanisms of Al tolerance
(Goldman et al. 1989; Foy et al. 1992; Bianchi-Hall et al.
1998; Bushamuka and Zobel 1998; Bianchi-Hall et al.
2000; Nian et al. 2004). Although differences in Al toler-
ance of these soybean genotypes have been studied
genetically and physiologically, the mechanisms
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responsible for Al tolerance are not clearly understood.
Therefore, the objective of this study was to investigate the
effect of increasing Al concentrations on the seedling and
callus growth, lipid peroxidation (MDA), SOD and POD
activities in two contrasting soybean genotypes, as well as
their relationship to Al tolerance.

Materials and methods
Plant materials and treatments

Two soybean genotypes differing in Al tolerance were used
in the experiments. For in vivo test, the seeds of Al-tolerant
PI and Al-sensitive Young were germinated in fine sand.
Uniform 3-day-old seedlings were transferred to 1.51
plastic pots containing 0.5 mM CaCl, solution with 0, 25
or 50 uM Al (AlCl3-6H,0) at pH 4.5 and grown for 24, 36
or 48 h under controlled conditions at 25°C and 12 h/12 h
(light/dark) cycles. The root growth was measured and
relative root elongation, [(elongation in the presence of
Al) (elongation in the absence of AD™! x 100], was
calculated.

For in vitro tests, the calluses from two soybean geno-
types were induced and sub-cultured in Murashige—Skoog
(MS) medium amended with 2,4 p (2 mg/l), 6-BA (0.5 mg/l),
sucrose (30 g/1) and Karaoke powder (8 g/1) at pH 5.8. One
gram of callus from each genotype was suspended to liquid
medium containing 0, 10, 50 or 100 uM Al (AICl5-6H,0)
at pH 4.5 and cultured for 5, 10 or 15 days. The medium
was a modified MS with 2,4 p (2 mg/l), 6-BA (0.5 mg/l),
sucrose (30 g/l) and Karaoke powder (8 g/1), while EDTA
and KH,PO, were excluded to avoid reduction of Al tox-
icity. Potassium (K) was added as K,SO, to supply the
same amount of K in KH,PO,. The sterilized medium
(30 ml) was poured into each culture vessel and sterilized
cotton (0.2 g) and a piece of filter paper were placed in
liquid medium to establish a flat surface to plant the callus.
The calluses were harvested at 5, 10 or 15 days after Al
treatment and fresh weights were measured. All experi-
ments were replicated three times.

Extraction and assay of the enzymes

To determine enzyme activities, 0.5 g of root tip (<2 cm)
or callus was sampled following Al treatments and
homogenized with chilled pestle and mortar in 5-ml extract
buffer containing 50 mM phosphate buffer (pH 7.0). The
homogenate was centrifuged at 12,000g for 15 min and the
resulting supernatant was used to determine the enzyme
activity. The whole extraction procedure was performed at
4°C. SOD was measured using the photochemical NBT
method (Beauchamp and Fridovich 1971) as modified by
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Dhindsa and Matowe (1981). The reaction mixture (3 ml)
contained: 1.75 ml of 50 mM phosphate buffer (pH 7.8),
0.3 ml of 0.1 mM EDTA, 0.3 ml of 130 mM methionine,
0.3 ml of 750 uM nitroblue tetrazolium (NBT), 0.3 ml of
20 pM riboflavin and 100 pl of the supernatant. Riboflavin
was added immediately before the reaction and the reaction
was initiated by placing the tubes under two 15 W fluo-
rescent lamps. The reaction was terminated after 10 min by
removing the reaction tubes from the light source. Non-
illuminated and illuminated reactions without supernatant
served as calibration standards. Reaction product was
measured at 560 nm. The volume of the supernatant cor-
responding to 50% inhibition of the reaction was assigned a
value of one enzyme unit.

Peroxidase (POD) activities were determined with
guaiacol at 470 nm. One hundred microliter of the enzyme
extract was added to the reaction mixture containing
0.05 ml guaiacol solution and 0.03 ml hydrogen peroxide
solution in 3 ml phosphate buffer solution (pH 7.0). The
solution was then mixed well and kept until the absorbance
at 470 nm reached 0.05. The time for the absorbance to
increase by 0.1 was recorded. The enzyme activity was
calculated using the extinction coefficient of guaiacol
dehydrogenation product under the specified conditions.

The level of lipid peroxidation was expressed as MDA
concentration and determined as 2-thiobarbituric acid
(TBA) reactive metabolites. Soybean fresh root or tissues
(0.5 g) were homogenized and extracted in 10 ml of 0.25%
(w/v) TBA made in 10% (v/v) trichloroacetic acid (TCA).
Extract was heated at 95°C for 30 min and then immedi-
ately cooled on ice. After centrifugation at 10,000g for
10 min, the absorbance of the supernatant was measured at
532 nm. Correction of non-specific turbidity was made by
subtracting the absorbance value measured at 600 and
450 nm. The level of lipid peroxidation was expressed as
nmol g~' fresh weight.

Results

Effects of Al exposure on soybean root and callus
growth

The relative root elongation of two genotypes in the pres-
ence of Al was significantly different, with Al-tolerant PI
being higher than Young at both Al concentrations. When
Al-treated PI was exposed to 25 uM Al for 24, 36 or 48 h,
root growth was markedly stimulated, increasing 30.8, 24.9
and 12.9% when compared with Al-free control roots,
whereas root elongation of Young was inhibited by Al
treatments (Table 1).

No difference in callus growth in both genotypes was
observed after 5-day Al exposure (Fig. 1). However, the

Table 1 Different Al tolerance in two soybean genotypes in hydro-
ponic cultivation

Duration of treatment (h) Genotype Relative root elongation (%)

25 uM 50 uM

24 PI 130.80a 88.39a
Young 91.81b 64.41b

36 PI 124.86a 82.24a
Young 83.26b 59.07b

48 PI 112.85a 74.70a
Young 76.19b 52.03b

Three-day-old seedlings were treated in 1.5-1 plastic pots containing
0.5 mM CaCl, solution with 0, 25 or 50 uM AICl;

The root growth was measured 24, 36 or 48 h after Al treatment, and
relative root elongations were calculated as percentage of Al-free
control

The results show the means (n = 10)

Values with the same letters are not significantly different at P < 0.05

callus growth of PI at all Al concentrations was signifi-
cantly stimulated after 10- or 15-day Al treatment, while
that of Al-sensitive Young was slightly promoted only by
10 or 50 uM Al. The callus growth for Young was inhib-
ited after exposure to 100 uM Al for 15 days, while that for
PI was still significantly enhanced (Fig. 1), suggesting that
PI was more tolerant to Al than Young at tissue level.
These results also revealed consistent responses of two
genotypes to Al toxicity at both in vitro and in vivo levels.

Effects of Al exposure on SOD activities in the plant
roots and calluses

Al presence induced the dose- and time-dependent increase
of SOD activity in both Al-tolerant PI and Al-sensitive
Young in soybean roots (Fig. 2). After 24-h of Al treat-
ment, the SOD activities in both PI and Young increased
with the increase of Al contents, and no significant dif-
ference in the root SOD activities was observed in two
soybeans. In the presence of 50 uM Al for 36 h, however,
SOD activity in PI roots was significantly higher than that
in Young roots. In addition, SOD activity in PI was sig-
nificantly higher than that in Young roots after exposure to
25 uM Al for 48 h, whereas SOD activities in both geno-
types were significantly reduced when exposed to 50 uM
Al for 48 h.

In vitro results showed that 5-day Al treatment caused
the enhancement of SOD activities in the calluses of both
genotypes at all the Al treatments (Fig. 3). SOD activities
in the callus of PI tended to increase with increasing Al
concentrations or durations of treatment, while those in
Young increased as durations of treatment increased only
in the presence of 10 or 50 uM Al. Moreover, SOD activity
in PI was significantly higher than that in Young after
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Fig. 1 Different Al tolerance in 3.0
two soybean genotypes in the 0 PI T Young
callus culture. Callus from PI or 254 == Al10 I T 1| == Al10
Young was exposed to liquid ) = Al 50 Al 50
medium containing 0, 10, 50 or — 2.04{| == AI100 T {| == AI100
100 pM AICl; at pH 4.5. The ﬁu
callus fresh weight was g 1.5
measured after 5, 10 or 15 days )
of treatment. The error bars % 1.0 1 1
represent mean £ SD (n = 3) O
54 1
0.0 =
5d 10d 15d 5d 10d 15d
Days after Al treatment Days after Al treatment

Fig. 2 Effects of Al application g 250
on SOD activities in the roots of o A0 Pl —T Young
Al-tolerant PI and Al-sensitive "_O) 200 | == AI25 || == Al2s
Young. Three-day-old seedlings ) == Al 50 T mm Al 50
of PI and Young were cultured ;
in 1.5-1 plastic pots containing § 1501
0.5 mM CaCl, solution with 0, *3
25 or 50 uM AICl;. The SOD C 100
activities in the roots were 8
measured after Al exposure of N 50 1
24, 36 or 48 h. The error bars °

— o
represent mean + SD (n = 3) o0 0 |

24 h 36 h 48 h 24 h 36 h 48 h

Hours after Al treatment

Hours after Al treatment

15-day exposure of 100 uM Al stress, whereas SOD
activity in Young was significantly higher than that in PI in
the presence of 10 or 25 pM Al

Effects of Al exposure on POD activities in the soybean
roots and calluses

The POD activities in PI were enhanced by the Al treat-
ments and tended to increase with the increase in Al con-
centration and durations of treatment (Fig. 4). In general,
PI roots had higher POD activities than Young, showing a
trend of positive association between POD activity and the

root growth (Table 1; Fig. 4). POD activity in Young root
decreased with the prolongation of treatment of 50 uM Al
with POD activities reduced to the control level after 48-h
Al treatment.

Al increased POD activities in callus at all the concen-
trations (Fig. 5). POD activities of PI at all the Al levels and
those in Young treated with 10 or 50 pM Al increased with
the increase in exposure times. POD activity in Young callus
was 58.9% higher than that in PI sampled after 5-day treat-
ment with 100 pM Al, whereas POD activities in PI were
22.6 and 122.4% higher than those in Young in the presence
of 100 uM Al stress for 10 and 15 days, respectively.

Fig. 3 Effects of Al application g 140
on SOD activities in the calluses T8 PI — A0 Young
of Al-tolerant PI and Al- o 1201 | mmmmAIO = Al10
sensitive Young. Callus from PI 2 100 | f :: ;g I == Al 50
or Young was exposed to liquid = — Al 100 —3 Al 100
medium containing 0, 10, 50 or = 80
100 pM AICl; at pH 4.5. The g
POD activities were measured a 601
after 5, 10 or 15 days of O

o 404
treatment. The values are s
mean £ SD of three replicates = 20 A

S o

5d 10d 15d 5d 10d 15d

Days after Al treatment
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Fig. 4 Effects of Al application

cts of / = 120
on POD activities in the roots of i PI Young
Al-tolerant PI and Al-sensitive ~ 4100 | ™= AlO = Al O
Young. Three-day-old seedlings o —Al50 == AI50
were treated in 1.5-1 plastic pots =2 80 1 = AI100 m—Al100
containing 0.5 mM CaCl, >
solution with 0, 25 or 50 uM S 60 |
AlCl;. The POD activities in the 0
roots were measured after Al © 40
exposure of 24, 36 or 48 h. The 8
error bars represent o 20
mean & SD (n = 3) and U B
means AOD g+ 1 D?: 0
24h 36h 48 h 24h 36h 48h
Hours after Al treatment Hours after Al treatment

Fig. 5 Effects of Al application ’;‘ 100
on POD activities in the calluses o — A0 T PI — A0 Young
of Al-tolerant PI and Al- > goll == a0 A0 ¢
sensitive Young. Callus from PI =) = Al 50 == Al 50
or Young was exposed to liquid > — Al 100 T == Al100
medium containing 0, 10, 50 or S 60
100 uM AICl; at pH 4.5. The g
POD activities were measured a 40
after 5, 10 or 15 days of (@]
treatment. The error bars DU-, 20
represent mean £+ SD (n = 3) =)
and U means AOD,7q 0! ©

© o

5d 10d 15d 5d 10d 15d
Days after Al treatment Days after Al treatment

Effects of Al exposure on MDA in the soybean roots
and calluses

Al exposure caused a significant increase in the MDA in
the roots of two genotypes, which increased with
increasing the Al concentrations and durations of treat-
ment (Fig. 6). The Al-sensitive Young showed higher
MDA content than Al-tolerant PI at all the treatments,

Fig. 6 Effects of Al application

and a significant negative association between MDA and
root relative elongation were observed (Table 1; Fig. 6).

Al treatment caused MDA increase in callus, too
(Fig. 7). The contents of MDA in PI calluses increased
as Al concentrations and durations of treatment
increased, whereas those in Young depended on Al
levels and durations of treatment. The Young callus in
the presence of 100 pM Al showed higher MDA than

on lipid peroxidation in the E 14
roots of Al-tolerant PI and Al- "o 1o | w=m a0 PI ; ﬁ: (2)5 Young
sensitive Young. Three-day-old e} I AI25 = Al50
seedlings were treated in 1.5-1 g 104 | === A0
plastic pots containing 0.5 mM £
CaCl, solution with 0, 25 or T 84
50 uM AICl;. The MDA 2 6
concentrations in the roots were 8
measured after Al exposure of < 4
24, 36 or 48 h. The error bars o
represent mean £ SD (n = 3) % 21
3 o
o 24 h 36 h 48 h 24 h 36 h 48 h
Hours after Al treatment Hours after Al treatment
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Fig. 7 Effects of Al application g 4
on lipid peroxidation in the R
calluses of Al-tolerant PI and "o = AlO PI = Al O Young
Al-sensitive Young. Callus from Ke) 3] —3 Al10 — AI10
PI or Young was exposed to g ; 2: ?go ; 2: ?go I
liquid medium containing 0, 10, -
50 or 100 uM AICl; at pH 4.5. § °
The MDA concentration was g
measured after 5, 10 or 15 days o
of treatment. The error bars <D( 1
represent mean £+ SD (n = 3) s
E|
< 0
© 5 10d 15d 5d 10d 15d

Days after Al treatment

that in PI after 5-day exposure, and a similar response in
both genotypes with 50 UM Al was observed after 10 or
15-day Al exposure.

Discussion

Although it is generally recognized that Al is a major factor
limiting plant root growth, some reports did show beneficial
effect of Al on plant growth (Mullette 1975; Konishi et al.
1985; Haridasan 1988; Huang and Bachelard 1993; Mal-
kanthi et al. 1995; Osaki et al. 1997; Watanabe et al. 2005).
This beneficial effect often occurs at low or moderate Al
concentrations. In the present study, we also found that Al
exposure could stimulate PI root growth at 25 pM Al level
(Table 1), and callus growth for PI was stimulated at all the
Al treatments (Fig. 1). After 10- or 15-day Al exposure,
however, 10 or 50 uM Al only slightly stimulated the callus
growth of Young and 100 uM Al inhibited it. These results
may also explain the high tolerance of PI to Al stress, indi-
cating consistency of Al tolerance at both in vitro and in vivo
levels. Osaki etal. (1997) proposed that Al-stimulating effect
was ascribed not only to the alleviation of H' toxicity, but
also to the increase of root activity, such as P uptake. Fur-
thermore, there were reports that the beneficial effect of Al
was induced by the combination of Al and nutrients
(Watanabe et al. 1997, 2005). However, our results could not
support this reasoning as the soybean roots were exposed to
Al in the 0.5 mM Ca solution (pH 4.5) without other nutri-
ents in our experiment. A similar result was obtained from
the experiment using suspension-cultured tea cells pre-
treated with or without Al in simple salt solution (Ghanati
et al. 2005).These two results suggest that other mechanisms
contribute to this stimulation. Therefore, further study is
warranted to fully understand this physiological response.
The susceptibility of plants to some environmental
stresses was found to correlate with their antioxidant
response (Bowler et al. 1992; Foyer et al. 1994). Modula-
tion of these antioxidants is, therefore, an important
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adaptive response to withstand adverse conditions
(Kochian 1995; Okamoto et al. 2001). In the previous
studies, PI was found to exhibit strong Al tolerance in both
short-term hydroponics and long-term sand or soil pot
cultures (Goldman et al. 1989; Pantalone et al. 1999) and
Al-induced organic acid exudation in roots was not
involved in the different Al tolerance in PI and Young
(Nian et al. 2004). In this study, we showed that Al induced
an increase in SOD activity in both seedling roots and
calluses of Al-tolerant PI and sensitive Young, which was
dependent on the time of exposure and Al concentration,
and partly related to root growth or Al tolerance (Table 1;
Figs. 1, 2). The consistent response of SOD activities at
both plant root and callus levels suggests the possible
existence of a common tolerance mechanism related to
antioxidant enzyme activities under both in vivo and in
vitro conditions. In the previous reports, PI was found to be
tolerant to both drought and salt stresses (Goldman et al.
1989; Abd-Alla et al. 1998). Therefore, these results sug-
gest that the enhanced antioxidant-related enzyme activity
in PI might be one of common tolerance mechanisms under
these stresses.

Cakmak and Horst (1991) found that Al increased the
activities of SOD and POD in the soybean root tips, but no
information on their relationship with Al tolerance was
available because only one soybean genotype was used in
their experiment. Our data demonstrated that SOD activi-
ties in the roots of Al-tolerant PI in the presence of high Al
concentrations were higher than those in Al-sensitive
Young, which tended to increase with the increase in
Al concentrations, revealing an association between the Al
tolerance and SOD activity (Table 1; Fig. 2). However, Al
sensitivity or tolerance was not clearly associated with the
SOD activity in plants receiving a mild stress—24 h
exposure or 25 uM Al (Fig. 2). This may be ascribed to the
less damage of Young root (8% reduction in relative root
elongation) in comparison with the corresponding treat-
ment without Al. Moreover, both genotypes showed low
SOD activities with severe inhibition of soybean root
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growth in the presence of 50 uM Al for 48 h, suggesting
that Al-damaged soybeans could not continuously elevate
SOD activity (Table 1; Fig. 2).

Similarly, SOD activities in calluses of PI increased
under Al application, and related increase of callus growth
was observed as well (Figs. 1, 3); when callus was sub-
jected to 100 uM Al for 15 days, however, callus growth of
Young was markedly reduced with no increase in SOD
activity (Figs. 1, 3). These results suggest that SOD should
be correlated with Al tolerance at cellular level. Al could
not affect callus growth of both genotypes in 5-day treat-
ment, but SOD activities were significantly enhanced
(Fig. 3). These results suggest that the increase in SOD
activities could have taken place before the growth inhi-
bition or stimulation of the callus growth.

In this experiment, PI root had significantly higher POD
activities than Young root at higher Al concentration
(50 uM Al), and root relative elongation of PI was much
higher than Young (Table 1; Fig. 4), revealed that different
Al tolerance between two soybeans, to some extent, was
positively correlated with POD activity. At the callus level,
higher Al concentration (100 pM Al) increased POD
activities in PI with the increasing durations of treatment,
but reverse was true for Young, indicating an association
between POD activity and Al tolerance.

The lipid peroxidation is the most prominent symptom
of oxidative stress. MDA, an oxidized product of mem-
brane lipids, can indicate the extent of oxidative stress. In a
previous report, Al exposure could not induce the increase
of MDA in both Al-sensitive and tolerant maize inbred
lines (Boscolo et al. 2003). However, in our experiment,
MDA contents tended to increase with the increase in Al
concentrations in the soybean roots and a negative asso-
ciation between MDA and Al tolerance was observed under
Al stress (Table 1; Fig. 6). This is in agreement with a
previous report that MDA concentration of soybean was
increased under Al stress, and a close relationship existed
between lipid peroxidation and inhibition of root-elonga-
tion rate induced by Al (Cakmak and Horst 1991). These
results suggest that MDA could be used as a useful index
for screening Al-tolerant soybeans.
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