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ARTICLE INFO ABSTRACT

Keywords: To elucidate the mechanism of soybean resistance to Al, physiological and biochemical indices and antioxidant
Soybean enzyme expression and activities were systematically analyzed in Al-sensitive (Glycine max Merr., Yunnan
Al stress Province of China, SB) and Al-resistant Dambo (Glycine max Merr., Kyoto of Japan, RB) black soybean plants.
Superf”‘ide dismutase According to the results, the contents of hydrogen peroxide (H,O-) and malondialdehyde (MDA) in RB root tips
E:‘;Zi‘a‘:ease were significantly lower than those in SB root tips, though the opposite results occurred for soluble protein

(POD, EC; 11.1.7) and catalase (CAT, EC;.11.1.6) under 0-400 pM Al for 0-96 h were greater in RB than in SB.
However, below 100 uM Al, the activities of those enzymes in SB increased with increasing Al concentration and
treatment duration, with SOD activity being lowest and CAT activity exceeding that of POD with increasing Al
concentration. Overall, enzyme activity in SB treated with Al at concentrations greater than 200 uM was lower
than that in the SB control (CK; not treated with Al) and decreased with treatment duration. Additionally, at Al
concentrations lower than 200 uM, enzyme activities in RB were significantly greater than those in RB CK and
increased with both Al concentration and treatment duration. Moreover, enzyme activity in RB treated with
400 uM Al was slightly greater than that in RB CK. Thus, CAT activity determines soybean resistance to Al. These
results indicate that soybean resistance to Al can be enhanced by regulating the expression and activity of

antioxidant enzymes to remove H,0, under Al stress.

1. Introduction

Al toxicity is a major obstacle to the growth and development of
crops in acidic soils. Approximately 30% of arable land and more than
50% of potential arable land worldwide is considered acidic (Kochian
et al., 2004; Riaz et al., 2018). In China, the Al toxicity of acidic soils
reduces crop yields by 35%, and enormous economic losses due to Al
toxicity occur worldwide (Jiang et al., 2016). The traditional method
for mitigating Al toxicity in acidic soils is the application of lime and
organic material, but it is difficult to completely neutralize the topsoil
and improve the underlying soil. Furthermore, the cost of treating
acidic soils is relatively high. Therefore, the use of modern genetic
engineering methods to increase plant resistance to Al is an effective
way to improve the productivity of crop species grown in acidic soils
(Chen et al., 2011). The tolerance of different plant genotypes to Al
toxicity differs significantly and is controlled by genetics. Accordingly,
developing crops tolerant to Al is a goal of genetic improvement, which
requires an understanding of the physiological and biochemical
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characteristics and molecular mechanisms of plant tolerance to Al, and
many studies have focused on these aspects.

Al stress can cause a metabolic imbalance in reactive oxygen species
(ROS) in plants, which can lead to the accumulation of a large amount
of ROS such as superoxide free radicals, hydrogen peroxide (H,0,) and
hydroxyl free radicals, which cause oxidative damage (Apel and Hirt,
2004; Matsumoto, 2000; Yamamoto et al., 2003; Yin et al., 2010). In-
deed, Al stress can induce excessive accumulation of ROS in plants,
leading to the transformation of various active free radicals to H,O, via
the antioxidant damage system and electron transfer. Therefore, the
H>0, content is among the main criteria for assessing the degree of
oxidative damage in plants. Malondialdehyde (MDA) is a product of
membrane lipid peroxidation under oxidative stress, reflecting the de-
gree of cell membrane lipid peroxidation and the strength of the plant
response to adverse conditions (Becana et al., 2010; Kanazawa et al.,
2010). In addition, soluble proteins are involved in regulating the os-
motic potential of plant cells, whereby a high content of soluble pro-
teins can help maintain low osmotic potential and resist stress-induced
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damage (Vassilev and Lidon, 2011). To help combat oxidative stress,
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD) and
other enzymes remove excess ROS that have accumulated in plants to
maintain active oxygen homeostasis under Al stress (Mittler, 2002). As
a free radical scavenger, SOD plays a central role in the cellular pro-
tective enzyme system, and its activity is a sign of the ability of plants to
resist stress (Takada et al., 2002). CAT is a common and highly active
enzyme in organisms that directly catalyzes the decomposition of H,O5
to nontoxic water and O, (Ali et al., 2005). Many studies have shown
that overexpression of CAT can increase plant resistance to abiotic and
biotic stresses (Cai et al., 2013; Polidoros et al., 2001) and an important
enzyme for alleviating oxidative stress (Gondim et al, 2012;
Matsumura et al., 2002; Zhao et al., 2019). POD also catalyzes oxida-
tion using H,O, as an electron acceptor. POD catabolizes H,O, and
oxidizes phenols, amines and hydrocarbon oxidation products that have
iron porphyrin as an auxiliary group. POD also eliminates toxic H;Oo,
phenols, amines, aldehydes and benzene (Nanda et al., 2010; Saxena
et al., 2016). Although antioxidant enzymes that counteract Al toxicity
stress induced by an imbalance in the metabolism of ROS play an im-
portant role in plants, whether the regulation of these enzymes induces
expression and alterations in activity in plants under different Al con-
centrations and durations of stress remains unclear.

In this study, Al-sensitive small black soybean (SB) and Al-resistant
Dambo black soybean (RB) plants, with significantly different tolerance
to Al, were used as materials to systematically examine relationships
among ROS accumulation, oxidative stress and the antioxidant response
in soybean roots treated with different Al concentrations and for var-
ious durations. The results showed that the contents of H,O, and MDA
in RB were significantly lower than those in SB, though the opposite
results were obtained for the soluble protein content. ROS in soybean
generated in response to Al stress increased with Al concentration and
treatment duration. Overall, the expression and activity of antioxidant
enzymes play an important role in eliminating ROS, with CAT activity
determining soybean resistance to Al.

2. Materials and methods
2.1. Soybean cultivation

Al-sensitive SB and Al-resistant RB plants were used as experimental
materials. Soybean seeds were washed with room-temperature deio-
nized water and placed in a Petri dish containing wet filter paper. The
seeds were subsequently incubated at a constant temperature (25 °C) in
a dark incubator. Seeds with white sprouts were selected and trans-
planted onto a thin foam board with needle-sized holes. Floating cul-
tivation was carried out in a black plastic basin filled with deionized
water in a growth chamber at 25 °C and under 1000 umol m ~2 s~ ! light
for 14 h each day. The culture medium was changed every other day for
two weeks.

2.2. Soybean treatment with Al stress

Soybean seedlings displaying identical growth were selected for the
experiment, and 3 replicates were established for each treatment. The
seedlings were first pretreated overnight with 0.5 mm CaCl, (pH 4.3)
under continuous illumination and then treated with AlCl; solution (pH
4.3) at concentrations of 0, 50, 100, 200, and 400 uM for 0, 6, 12, 24,
48 and 96 h. Any residual AlCl; on the root surface was rinsed with
sterile water at the different processing time points, and the root surface
was blotted with absorbent paper. Root tips of 0—-10 mm were collected
and stored at —80 °C for ensuing assays.

2.3. Determination of physiological and biochemical indexes of soybean
root tips

One gram of soybean root sample was ground in 2 mL of 50 mM
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(containing 0.2 mM EDTA) phosphate-buffered saline (PBS; pH 7.8) and
0.04 g of polyvinylpyrrolidone (PVP), after which the homogenate was
transferred to a tube and centrifuged at 12,000 rpm for 20 min. The
supernatant was used as the enzyme solution. The H,O, content was
determined via the xylenol orange method (Wang et al., 2017), the
MDA content via the thiobarbituric acid (TBA) method (Wang et al.,
2017), and the soluble protein content via Coomassie brilliant blue
staining (Vassilev and Lidon, 2011). The activity of SOD was de-
termined by the nitro blue tetrazolium (NBT) method; 1 enzyme unit
(U) was equal to the amount used to inhibit 50% of the photochemical
reduction of NBT (Wang et al., 2017). POD activity was determined by
the guaiacol method, whereby an absorbance increase of 0.01 OD,y
nm minute "' was considered 1 U of POD activity (Wang et al., 2017).
CAT activity was determined by UV spectrophotometry, and a decrease
in absorbance of 0.01 at OD»,4o nm minute ~ ! was considered 1 U of CAT
activity (Wang et al., 2017).

2.4. Extraction of total RNA and synthesis of plant cDNA

In this study, RNA was extracted from young roots using TRIzol
reagent (Invitrogen) (Dhar et al., 2014). Using the mRNA from total
RNA as a template, oligo (dT) primers were used to synthesize first-
strand cDNA via a reverse transcriptase-catalyzed reaction. The target
gene was amplified by RT-PCR using cDNA as the template and specific
primers.

2.5. SOD, POD and CAT expression analysis

Specific primers for SOD, POD and CAT were designed (Table 1).
The same amount of cDNA was used as the template to amplify all
genes. The effect of Al treatments on SOD, POD, and CAT expression
was determined according to the brightness of the amplified bands. The
result of internal reference gene amplification was used to determine
whether the template quantity of each reaction system was consistent.

2.6. Data analysis

Determinations of physiological and biochemical indices were re-
peated three times. SPSS 20.0 was used to analyze statistical sig-
nificance, and Excel 2010 was used to edit the data.

3. Results

3.1. Effects of different Al stress concentrations and treatment durations on
the H,0, content in SB and RB root tips

The content of H,O, can reflect ROS accumulation in the cells of
plants after stress, and changes are often used to measure the degree of
plant stress (Zhang et al., 2016). The H,O, content in RB and SB roots
stressed with different Al concentrations for different treatment dura-
tions is shown in Fig. 1. In the absence of Al stress, the two genotypes
showed the same low H,O, content. The H,O, content in SB increased
slowly with increasing Al stress duration under 50 uM treatment (Fig. 1
a); in RB, the H,O, content decreased gradually to the control (CK)

Table 1
The primer sequences used for gene expression.

Gene (accession No.) Forward (5’-3")/reverse (5’-3") Product Size

(bp)
CAT (AB_109090) CTGTTGGAGGAAGAAGCC 721
CAGCCTGAGACAAGTAAGAT
POD (NM_ TCACTGAGTCCTTCTGTTG 427
001251254) CTCTGCTCCTTCTACCATC
SOD (JQ_043347) TTCTCAACCCTTACAACTTCC 478
ATCTTCCACCAGCATTTCC



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=NM_001251254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=NM_001251254
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Fig. 1. Effects of different Al concentrations on the H,O, content in the root tips of SB and RB. The different lowercase letters indicate differences at the 0.05 level.

level within 6-48 h but then increased slightly (Fig. 1 b). When treated
with 100 uM Al, the content of H,O5 in SB roots increased linearly with
increasing stress duration, though the content of H>O, in RB was the
same as that after treatment with 50 uM Al. Under 200 uM Al, the
content of H,O, in SB increased with increasing stress duration, though
the concentration in RB increased only slightly. Under treatment with a
high concentration of Al (400 uM), the content of H,O, in SB increased
rapidly with increasing stress duration, whereas the content increased
slowly in RB. Overall, there was a large difference in the content of
H,0, between SB and RB; at 96 h, the content of H,O, in SB was 3 times
that in RB, and the level of oxidative stress in SB was significantly
greater than that in RB.

3.2. Effects of Al stress concentration and duration on MDA contents in root
tips of SB and RB

The MDA content reflects the degree of plasma membrane oxidation
after stress, and changes in MDA content can be employed to measure
the degree of stress (Hao et al., 2006). MDA contents in RB and SB roots
of plants subjected to different Al stress concentrations for different
durations are presented in Fig. 2. The MDA contents in untreated RB
and SB plants were lowest, with the content in the former being lower
than that in the latter. With increasing Al concentration, the MDA
content in SB increased, whereas the MDA content in RB root tips was
significantly lower than that in SB root tips. When RB was treated with
a low Al concentration (up to 100 uM), the MDA content in root tips
decreased gradually within 48 h and then remained at a relatively low
level. Under treatment with 200 uM Al, the MDA content in RB root tips
first decreased but then increased, and the MDA content in RB increased
slowly when treated with a high concentration (400 uM) of Al.

3.3. Changes in soluble protein contents in root tips of SB and RB under
different Al concentrations and treatment durations

Tolerance to abiotic stress can be reflected by the soluble protein
content of plants (Chen and Lidon, 2011), and the soluble protein
contents in the roots of RB and SB plants under different Al con-
centrations and stress durations are illustrated in Fig. 3. Without Al
treatment, the soluble protein content in the two soybean genotypes
was similar, at 2.2mgg~ ' fresh weight (FW). Moreover, the plants
exhibited the same trend after different stress durations at concentra-
tions of Al lower than 100 uM; the soluble protein contents reached the
highest level in SB after Al treatment for 24h and in RB after Al
treatment for 48 h, after which they remained at a certain level. The
soluble protein content in the roots of SB and RB plants treated with
100 uM Al was significantly greater than that of plants treated with
50 uM Al (Fig. 3 a b).

In SB exposed to greater than 200 uM Al, the soluble protein level
was significantly lower than that in CK, though the levels in response to
400 uM Al were significantly lower than those in response to 200 uM Al
However, RB treated with 200 uM Al presented the highest level of
soluble protein, which was three times greater than that presented by
CK. The protein content in RB in response to the 400 uM Al treatment
was lower than that in response to the other treatments but greater than
the CK levels. Overall, the protein content in RB root tips was sig-
nificantly greater than that in SB root tips under different Al con-
centrations, but a significant decrease in the RB protein content under
the high-Al treatment (400 pM) revealed inadaptability.

3.4. Changes in expression and activity of SOD in root tips of SB and RB
under different Al concentrations and treatment durations

Fig. 4 shows SOD expression and activity in the roots of SB and RB
plants under different Al concentrations and treatment durations.
Without Al treatment (CK), SOD expression and activity in the root tips
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Fig. 2. Effects of different Al concentrations and treatment durations on the MDA content in the root tips of SB and RB. The different lowercase letters indicate

differences at the 0.05 level.

of SB plants were lower than those in the root tips of RB plants. SOD
activity in SB and RB treated with concentrations below 100 pM Al for
different treatment durations was significantly greater than that in CK,
and SOD activity in response to 100 uM Al was significantly greater
than that in response to 50 uM Al In SB, SOD activity first increased but
then decreased; it was highest at 24 h, after which it decreased slowly
and was maintained at a relatively high level. In RB, SOD activity was

highest at 48h and then maintained at a relatively high level. SOD
activity in SB treated with 200 uM Al or greater was significantly lower
than that in CK; activity in response to 400 pM Al, which was only one-
sixtieth of that of CK, was significantly lower than that in response to
200uM Al In RB, activity of SOD was significantly greater under
treatment with 200 uM Al than with 50 pM Al, first increasing but then
decreasing with treatment duration. SOD activity in RB treated with
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Fig. 3. Effects of different Al concentrations and treatment durations on the contents of soluble proteins in the roots of SB and RB. The different lowercase letters

indicate differences at the 0.05 level.
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400 uM Al was slightly greater than that of CK within 48 h, but it then
decreased after 96 h. Compared with SB, RB presented greater enzyme
activity in response to Al stress. Moreover, analysis of gene expression
revealed that the SOD level in SB and RB roots tended to be consistent
with the level of enzyme activity under different Al concentrations at
the same time point, with a positive correlation between them (Fig. 4 ¢
d).

3.5. Changes in expression and activity of POD in root tips of SB and RB
under different Al concentrations and treatment durations

POD expression and activity in the root tips of RB and SB plants
treated with different Al concentrations and treatment durations are
depicted in Fig. 5. In general, activity in root tips of SB plants not
subjected to Al stress (CK) was slightly greater than that in root tips of
RB plants under the same treatment (Fig. 5 a b), and the POD expres-
sion level was also slightly greater than that in RB (Fig. 5 ¢ d), in-
dicating that enzyme activity was proportional to the level of gene
expression. In SB and RB treated at concentrations lower than 100 uM
Al, POD activity was significantly greater than that in CK, reaching a
maximum at 48 h and then maintaining a relatively high level, though
that in response to 100 uM Al was significantly greater than that in

response to 50 uM Al. Under 200 uM Al stress, POD activity in SB root
tips reached a maximum at 12 h but remained below that detected in
response to 50 uM Al, after which activity decreased with treatment
duration to a level below that of CK at 24h. In RB, POD activity in-
creased with increasing stress duration, reaching a maximum at 24 h,
which was greater than that detected in response to 100 uM Al, after
which activity was maintained at a high level—approximately 3.5 times
that of CK. Under 400 uM Al stress, POD activity in SB decreased
sharply and was significantly lower than that in CK, at only 11% of CK
activity at 96 h. In contrast, POD activity in RB was greater than that in
CK within 48 h, which was approximately 1.25 times greater than that
of CK. Subsequently, POD activity in RB was lower than that in CK, and
it was greater in RB than in SB in response to Al stress.

The gene expression analysis shown in Fig. 5 ¢ d indicated that POD
gene expression in RB was greater than that in SB under the same stress
duration with different Al concentrations. POD gene expression in SB
under 200 uM and 400 uM Al stress was inhibited, was lower than the
expression level in CK and was barely detected under 400 uM Al stress
for 96 h; under 200 Al stress, RB exhibited the highest POD expression,
which was much greater than that in CK. POD gene expression in RB
under 400 uM Al stress decreased but was greater than that in CK, ex-
cept at the 96 h time point. POD gene expression in SB and RB was
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highest at 48 h after 100 uM Al treatment. In addition, POD gene ex-
pression in RB treated with 200 uM Al was relatively high. Overall, the
gene expression levels were consistent with the corresponding changes
in enzyme activity.

3.6. Changes in expression and activity of CAT in root tips of SB and RB
under different Al concentrations and treatment durations

The results of CAT activity and CAT expression in the root tips of SB
and RB under different Al concentrations and treatment durations are
presented in Fig. 6. There was no significant difference in CAT activity
or expression between the root tips of SB and RB in the absence of Al
(CK), both of which were at relatively low levels.

Under Al stress below 100 uM, CAT activity in SB and RB was re-
latively high, exhibiting two peaks within 96 h. The first activity peak in
SB and RB appeared at 12 h after 50 uM Al treatment, which was 3 and
3.4 times that of CK, respectively. CAT activity then declined to 2 times
(SB) and 2.7 times (RB) that of the CK level at 24 h and subsequently
reached the second peak at 48 h, which was 3.7 times (SB) and 4 times
(RB) that of CK; CAT activity then decreased from the second peak to

2.4 times (SB) and 3.5 times (RB) that of CK at 96 h. Under 100 uM Al,
the change in enzyme activity was the same as that under the 50 yM
treatment. The first peak was 4.4 times (SB) and 4.9 times (RB) that of
the CK activity at 12 h; afterward, the activity began to decrease to 3.4
(SB) and 3.7 times (RB) that of the CK level at 24 h, after which it
recovered with a second peak, which was 6 times (SB) and 7 times (RB)
that of the CK activity at 48 h. CAT enzyme activity subsequently de-
creased to 3.5 times (SB) and 6 times (RB) that of CK at 96 h. The ac-
tivity of CAT in SB root tips was slightly greater than that in CK root tips
at 6 h after treatment with 200 uM Al and then decreased to less than
one-third of the CK activity at 96 h, though the activity of CAT in RB
treated with 200 uM Al still tended to increase. The first peak of CAT
activity was 5.6 times that of CK at 12 h after treatment, and the second
peak of enzyme activity at 48 h was 6.3 times that of CK. Under high
concentrations of 400 uM Al stress, the change in CAT activity in SB
root tips was similar to that under 200 uM Al (which was lower than the
CK activity), whereas the activity in RB peaked at 12h and 48 h and
was 2.4 times that of the CK level, after which it decreased and re-
mained at approximately 2 times that of CK.

Fig. 6 c¢ d illustrates that expression of the CAT gene in the SB and
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RB plants in the CK treatment was relatively low, with both genotypes
exhibiting high expression levels under 50 uM and 100 uM Al. With an
increase in Al concentration to 200 pM and 400 uM, the expression level
of the CAT gene in SB decreased and was lower than that in CK; how-
ever, the expression level was still greater in RB than in CK, the latter of
which was much greater than CAT gene expression in SB. Expression of
the CAT gene in RB was upregulated to varying degrees at different
concentrations; in SB, CAT gene expression was upregulated only under
50 uM and 100 uM Al. This difference in gene expression between the
two soybean genotypes was obvious: RB responded to the marked
amount of H,O, produced under Al stress by significantly increasing
expression of the CAT gene to provide CAT activity.

4. Discussion

Many studies have reported that plants can produce and accumulate
ROS such as superoxide anion radicals 0%7), hydroxyl radicals (‘OH),
hydrogen radicals, methyl radicals and H,O, under Al stress (Swanson
and Gilroy, 2010; Yamamoto et al., 2003). These ROS can damage cells
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by oxidizing cell membranes, lipids, proteins and nucleic acids. Ad-
ditionally, plants can induce the expression and activity of antioxidant
enzymes to eliminate ROS in cells to avoid the oxidative stress damage
caused by Al stress (Yuan et al., 2013; Zhang et al., 2016). However,
there are few reports on the regularity of expression and activity of
antioxidant enzymes in different genotypes of plants under different Al
concentrations for different stress durations. In this study, the expres-
sion levels and activities of antioxidant enzymes in the root tips of SB
and RB plants treated with different Al concentrations and stress
durations were analyzed. SOD activity was lowest in SB and RB roots,
whereas POD and CAT activities were high when the Al concentration
was lower than 100 uM. In general, greater concentrations (200 pM and
400 uM) of Al inhibited the expression and activity of the genes of three
antioxidant enzymes in SB, though activities in RB were still greater
than those in CK. These results demonstrate that RB has a stronger anti-
Al toxicity capacity than SB.

The concentration and duration of Al stress significantly increased
the production of ROS in soybean root tips (Fig. 1). Such accumulation
of intracellular ROS promoted an increase in MDA content, but the
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Fig. 7. Spatiotemporal expression of three enzymes in the root tips of soybean plants under Al stress. The different lowercase, uppercase and Greek letters indicate
differences in SOD, POD and CAT enzyme activity, respectively, at the 0.05 level.
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accumulation of ROS and production of MDA differed between the two
genotypes (Figs. 1 and 2). Specifically, the contents of ROS and MDA in
SB were significantly greater than those in RB under the same Al
treatment concentration and duration. The results also showed that
ROS accumulation in soybean root tips was affected by genotype, and
changes in H,O0, and MDA contents and plasma membrane permeability
were consistent with those reported by Liu et al. (2017). The increase in
soluble protein content under stress is an important means of main-
taining normal osmotic pressure in plants (Simkova et al., 2016). We
found that soluble protein contents in SB treated with less than 100 uM
Al and RB treated with less than 200 pM Al were significantly greater
than those in CK and increased with increasing Al treatment con-
centration (Fig. 3). The soluble protein content in SB treated with Al at
concentrations greater than 100 uM was lower than that in CK and
decreased with increasing Al concentration and treatment duration,
though the soluble protein content in RB treated with a high con-
centration of Al (400 uM) was still greater than that in CK. A recent
study speculated that a low concentration of Al is able to induce ex-
pression of genes related to protein synthesis in plant cells and increase
protein synthesis (Aremu et al., 2011). However, the decrease in protein
synthase activity and the increase in protein catabolic activity in plants
under Al stress results in a reduction in the soluble protein content,
which can damage plants (Kidd et al., 2001).

The plant antioxidant system plays an important role in eliminating
oxidative stress caused by the accumulation of ROS. Under normal
physiological conditions, ROS in plants are in a dynamic balance of
continuous production and removal. This balance in plants becomes
disrupted when plants are exposed to high-Al stress (Zhang et al.,
2016). SOD, POD and CAT are important enzymes involved in meta-
bolizing ROS in plants. SOD, which exists mainly in the cytoplasm,
chloroplasts and mitochondria, represents the first line of defense
against oxidative stress in plants. When the content of ROS increases,
the synthesis and expression of SOD, which catalyzes the conversion of
02~ and plasma free radical ions to H,O,, increase. POD and CAT re-
move the excess H;O» produced by SOD in cells to maintain normal
cellular levels of H,O5 (Nanda et al., 2010).

The results of this study indicate that the gene expression and ac-
tivity of antioxidant enzymes in different Al-tolerant genotypes are
related to the concentration and duration of Al treatment. The expres-
sion levels and activities of the SOD, POD and CAT genes in RB were
greater than those in SB under to Al stress, especially in response to
concentrations greater than 200 uM (Fig. 7). The order of the three
antioxidant enzyme activities in SB and RB under 50 uM Al treatment
was POD > CAT > SOD; that under 100 uM Al stress was CAT >
POD > SOD. When the Al concentration increased to 200 uM, ex-
pression and activity of the three enzymes in SB decreased rapidly
below the CK level, with that for CAT decreasing the most (Fig. 7g);
however, in RB, enzyme activity was still greater than that in CK, and
the order was CAT > POD > SOD (Fig. 7h). When the Al concentra-
tion was increased to 400 uM, the gene expression of the three enzymes
in SB was severely inhibited, and the activity continued to decline ra-
pidly (Fig. 7 i), though enzyme activity was still greater in RB than in
CK; the order was still CAT > POD > SOD (Fig. 7 j). The ability of
these enzymes to scavenge the ROS caused by Al stress in SB was low,
resulting in Al stress injury, whereas RB exhibited high activity for
removing the ROS caused by Al stress and for alleviating the associated
damage. Moreover, the results indicated relatively stable SOD activity
in the soybean genotypes under different Al concentrations, though
POD and CAT activity changed significantly. POD, with relatively high
activity, was the main enzyme that removed H,O, under low con-
centrations of Al stress. In the case of high concentrations of Al stress,
CAT enzyme activity was relatively high, and CAT was the main en-
zyme for removing H,0,. The asynchronous results for the three anti-
oxidant enzymes in response to Al stress showed that CAT plays an
important role in resistance to Al stress. Thus, the highest level of Al
tolerance in soybean will be reached when expression and activity of
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CAT reaches the highest level under Al stress. If the concentration of Al
stress continues to increase, then CAT activity will decline, and the
plant will become undergo damage. Therefore, CAT enzyme activity is
closely related to Al tolerance in soybean. Moreover, CAT is widely
found in plants and animals, and its activity is affected by many biotic
and abiotic factors, such as temperature, high salinity, heavy metals,
drought and various pathogenic microorganisms (Hu et al., 2016).
Studies have shown that plant CAT activity is closely related to high salt
tolerance and that CAT activity can be used as an important physiolo-
gical indicator to identify plant drought tolerance (Arias-Moreno et al.,
2017; Miller et al., 2010). Heavy metal stress can reduce the activity of
CAT in tobacco and can increase that in both Monstera deliciosa and
Cassia angustifolia Vahl, suggesting different responses to heavy metal
stress among plant species (Nanda and Agrawal, 2016).

Studies have shown that the induction and regulation of antioxidant
enzymes in response to Al stress differ for various plants. Al stress
causes an increase in SOD activity in the roots of rice, soybean, maize
and onion (Chen et al., 2011; Mittler, 2002; Wu et al., 2013); CAT
activity in maize roots was not affected by Al stress but was inhibited in
wheat and rice roots (Gondim et al., 2012; Liu et al., 2018; Wang et al.,
2015). Regardless, the mechanism by which Al stress induces or inhibits
antioxidant enzyme activity needs to be further studied.

In summary, compared with CK root tips, both SB and RB root tips
treated with Al at concentrations lower than 100 uM presented rela-
tively low levels of H,O, and MDA and relatively high soluble protein
contents. Plants can reduce damage due to Al stress by activating ex-
pression and activity of antioxidant enzymes to scavenge ROS.
Additionally, protein synthesis-related enzymes are activated to en-
hance protein synthesis. High concentrations of Al (200puM and
400 uM) may inhibit expression of antioxidant enzymes in SB and RB,
reducing activities and the ability to resist Al stress, resulting in plant
damage. The activity of CAT is closely related to the Al tolerance of
soybean. High expression and activity of CAT in soybean under high-Al
stress confers strong resistance to Al toxicity, which determines the Al
tolerance of the plants. The molecular mechanism by which Al stress
affects the expression and activity of antioxidant enzymes needs further
investigation.
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