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Antioxidative enzymes and soybean drought resistance

Differential involvement of ascorbate and guaiacol
peroxidases in soybean drought resistance
Soybean (Glycine max L.) is a small but growing component of the agricultural economy of South Africa
and is predicted to become a major crop in Africa because of its high protein content. Drought induction
at flowering or early stages of pod development has detrimental effects on soybean yield. As antioxidative
enzymes play a protective role in plants during various abiotic stress conditions, this study was conducted
to investigate how ascorbate (Enzyme Commission (EC) number 1.11.1.1) and guaiacol (EC: 1.11.1.7)
peroxidases are involved in soybean drought resistance at different maturity stages (flowering and pod
development). We also investigated whether the levels of these enzymes decline with plant maturity.
Three tolerant soybean genotypes (G1, G2, G3) and a susceptible genotype (G4*) were used. These
cultivars were categorised according to their sensitivity to drought stress in previous studies. The activity
of ascorbate peroxidase was significantly induced by drought stress at both growth stages with higher
activity in the resistant than susceptible plants, strongly supporting the protective role of this enzyme
against drought stress at both developmental stages. The guaiacol peroxidase activity was induced to
higher levels in the resistant than in the susceptible plants at flowering only, with no significant increase
observed at pod development stage, indicating its selective protective involvement against drought stress.
Interestingly, the levels of these enzyme activities were induced in all cultivars at both developmental
stages, irrespective of drought stress, indicating that their activities increased with maturity.
Significance:
•

Guaiacol peroxidase is selectively involved in soybean drought resistance at flowering stage.

•

The upregulation of ascorbate peroxidase activity at both growth stages in drought-resistant cultivars
suggests that this enzyme could be used as a biochemical marker of drought resistance in soybeans.

•

In contrast to the literature, activities of both enzymes increased with maturity irrespective of whether the
plant is drought susceptible or resistant.

Introduction
Soybean (Glycine max L.) is a small but growing component of the agricultural economy of South Africa1 and is
predicted to become a major crop in Africa because of its high protein content2. Among important abiotic factors that
influence soybean growth and yields are temperatures above 30 °C and lower than 13 °C for long periods during the
flowering stage (which inhibits flower and seed development) as well as drought stress imposed during flowering
and pod formation stages.3 Drought stress occurs when available water in the soil is reduced and atmospheric
conditions cause continuous loss of water through transpiration or evaporation. In most crops, inhibition of growth
and yield are mainly associated with altered metabolic functions such as reduced photosynthesis.4
Plants respond to drought stress with a cascade of biochemical reactions such as production of abscisic acid,
which is aimed at facilitating stomatal closure thereby reducing water loss through transpiration. Although this
action reduces water loss, it limits carbon dioxide fixation and reduces regeneration of NADP+ by Calvin cycle,
which results in increased formation of oxygen radicals or reactive oxygen species (ROS) such as hydrogen
peroxide (H2O2), superoxide anion (O2-) and hydroxyl radicals (OH-) through enhanced leakage of electrons to
molecular oxygen.5 Studies show that ROS such as H2O2 can act as signal molecules for induction of defence
responses in plants when moderately produced.6,7 However, excessive production of these molecules may lead
to oxidative stress, which in turn may have damaging effects on the photosynthetic pigments, membrane lipids,
proteins and nucleic acids.8 To avoid oxidative stress and to thrive, plants need to keep ROS production in the cells
to a minimum,9 which can be achieved through employment of different antioxidative mechanisms that may be
enzymatic or non-enzymatic in nature. The major ROS scavenging mechanisms include enzymes of the ascorbate–
glutathione pathway (e.g. ascorbate peroxidase (APX) and glutathione reductase), guaiacol peroxidase (POD) and
catalase.10 These enzymes may act independently or in conjunction to catalyse conversion of H2O2 to water and
O2,11,12 thereby minimising damage within the plant.
However, it is important to note that ROS production in plants depends on the stress intensity, plant species
and genotype as well as the developmental stage.13 Drought tolerance was found to be correlated with the ROS
scavenging capability.14 However, the degree to which the activities of antioxidative enzymes are elevated or
inhibited under drought stress is variable among plant species and even between cultivars of the same species.15
As a consequence of the increase in intensity of drought spells in South Africa, we undertook this study to
investigate whether APX and POD are differentially or similarly involved in soybean drought resistance at the two
maturity stages (flowering and pod development). We also sought to clarify whether the levels of enzyme activities
were affected by the different growth stages, as numerous studies have reported decreases or unchanged enzyme
activities with maturity. We therefore report, for the first time, on the involvement of APX and POD when drought
stress is applied at flowering and pod development. Results will further indicate whether these enzymes may be
used as biochemical markers of drought resistance in soybeans.
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Materials and methods

Table 1:

Drought tolerant (G1, G2, G3) and susceptible (G4*) soybean cultivars
were planted in lysimeter units (1.40 m long), each filled with air-dried
A (0.25 m, top) and B (1.05 m, bottom) horizon of Bainsvlei Amalia
2300 soil with filter sand at the bottom of the cylinders and a mulch
of styrofoam at the top of the cylinders. The choice of cultivars was
based on previous glasshouse and field trials, which showed that G1, G2
and G3 were less sensitive whereas G4* was very sensitive to drought
stress. Although the G1, G2 and G3 cultivars were all tolerant, there were
differences in their mode of drought resistance (results not shown).

Mean square values of ascorbate peroxidase (APX) and
guaiacol peroxidase (POD) enzyme activities measured on four
soybean cultivars for two water treatments at flowering and
pod development stages
Flowering

Source of
variation
Replication

Pod development

APX

POD

APX

POD

0.0000014

0.000560

0.0000780

0.01978

Water treatment 0.00009691*** 0.0825323*** 0.0011925***

The experiment was conducted in replicates of three per cultivar per
treatment, in the glasshouse under controlled temperature (25 °C day
and 18 °C night) in a randomised complete block design. Drought stress
was applied according to literature16,17 at the beginning of flowering and
pod development stages by withdrawing water supply to the plants
for 14 days, followed by optimal watering (optimal watering refers to
lysimeters being watered every day based on the amount of depleted
soil water and irrigated back to field capacity). Other sets of tolerant
and susceptible plants, representing the controls, received optimal water
supply throughout the experimental period. At the end of each stress
treatment, the top three fully expanded leaves were harvested on the
stressed as well as the control plants and immediately frozen in liquid
nitrogen before storage at -20 °C for the antioxidative enzyme analysis.
Two plants per treatment were sampled. The obtained data were
subjected to analysis of variance using GenStat Release 17.1 software
to separate the sources of variation.

Genotype

0.04691

0.00002763*** 0.0072832*** 0.0031369*** 0.55354***

Water treatment
0.0001158*** 0.0076786*** 0.0008940***
x genotype

0.06976

Residual
Coefficient of
variation%

0.0000039

0.00057

0.0001800

0.04639

11.9000

10.2000

12.5000

15.7000

***p≤0.001

At flowering, drought stress induced significant increases in APX activi
ties of G1 (2.5-fold), G2 (1.4-fold) and G3 (1.2-fold) cultivars, whereas
in the susceptible cultivar (G4*), drought stress led to a substantial
decrease (43%) in APX activity. Similarly at pod developmental stage,
drought stress led to substantial increases in APX activities of G1
(1.3-fold), G2 (1.4-fold) and G3 (1.1-fold) cultivars and a decrease
(15%) in the susceptible cultivar (Figure 1).

Enzyme extract preparation and assay
Enzyme extracts were prepared in accordance with Pukacka and
Ratajczak18. Pre-weighed leaves (0.5 g) of each treatment were homo
genised to a fine paste on ice using a mortar and pestle in 5 mL 50
mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA, 2%
PVPP, 0.1% Triton X-100 and 1 mM ascorbate. The homogenate was
centrifuged at 15 000 x g for 20 min at 4 °C. The resulting aliquot was
used as the enzyme extract. Three replicates per assay were used.

a

The APX assay was performed according to a method described by
Mishra et al.19 with modifications. The reaction mixture (1 mL) consisted
of 500 µL 50 mM phosphate buffer (pH 7.0), 200 µL 0.1 mM H2O2,
150 µL 0.5 mM sodium ascorbate, 50 µL 0.1 mM EDTA and 100 µL
enzyme. A decrease in absorbance as a result of ascorbate oxidation
was measured at 290 nm for 5 min at 20 °C against a blank in which the
enzyme was replaced with phosphate buffer. An extinction coefficient of
2.8 mM-1cm-1 was used to calculate enzyme activity.
b

A modified method described by Zieslin and Ben-Zaken20 was used for
determination of POD. The reaction mixture contained 50 µL 0.2 M H2O2,
100 µL 50 mM guaiacol, 340 µL distilled H2O, 500 µL 80 mM phosphate
buffer (pH 5.5) and 10 µL enzyme. An increase in absorbance as a result
of tetraguaiacol formation was measured at 470 nm for 3 min at 30 °C. The
blank contained all reagents except for the enzyme, which was replaced
with phosphate buffer. An extinction coefficient of 26.6 mM-1cm-1 was
used to calculate enzyme activity. Protein concentration determination
was done according to Bradford21.

Results
Highly significant differences in APX (p≤0.001) were observed
between drought-stressed and well-watered soybean genotypes at
different growth stages (flowering and pod development). In contrast, a
significant effect of drought stress on POD (p≤0.01) was observed only
at flowering and not at pod development stage. Activities of both APX
and POD were highly significant for all cultivars, which indicated that
there were large differences in antioxidative enzyme levels across the
four genotypes. This finding was applicable for both flowering and pod
development stages. Water treatment by genotype interaction was highly
significant at flowering stage (p≤0.001) for both enzymes. However,
at pod development stage of all studied cultivars, drought stress had a
selective significant effect (p≤0.01) on APX but not on POD (Table 1).
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Figure 1:

The effect of drought stress on the ascorbate peroxidase
activity of tolerant (G1, G2, G3) and susceptible (G4*) soybean
plants at (a) pod development and (b) flowering stages. Values
are means±s.d. (n=3).

At flowering, resistant cultivars (G1, G2, G3) responded to drought stress
with a significant increase in POD activity of 2.2-fold, 2.0-fold and 1.4fold, respectively. In the susceptible cultivar at the same developmental
stage, no significant increase in POD activity post drought stress
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application was observed. In contrast to the APX activity results and
flowering stage above, there were no significant changes in POD activity
of the various cultivars at pod development stage (Figure 2).

Activity levels at pod development were higher than at flowering
(Figure 1), suggesting that activity of this enzyme intensified with
maturity, in contrast to numerous studies that have reported a decrease.
Antioxidative enzyme activity of barley under cadmium stress remained
the same in two maturity stages.30 Mature leaves of neem and pigeon
pea had lower APX activity than younger leaves.31 Antioxidative enzyme
activities declined significantly with progressive growth stages in
drought-stressed maize.32 Results further indicated that APX activity in
all tolerant plants (G1, G2, G3) was significantly upregulated by drought
stress irrespective of the growth stage. In the susceptible cultivar (G4*),
however, the enzyme was downregulated (Figure 1). As APX is one of
the enzymes responsible for scavenging H2O2 which may be produced
during water deficits,23 significant increases in activity in the tolerant
cultivars and a substantial decline in the susceptible cultivar suggest that
tolerance to drought stress for these cultivars was somehow associated
with this enzyme. These results indicate that APX could be used as a
biochemical marker for drought resistance in soybean, as did those
of Zarei et al.33 who showed that APX activity induction during drought
stress was correlated with drought tolerance in tobacco.

a

b

Figure 2:

During stress conditions, PODs are often the first antioxidative enzyme
activities to be altered.34 Similarly to APX, lower POD activity at flowering
than at pod development showed that induction of antioxidative enzymes
increased with maturity in these cultivars. Significantly higher increases
in POD activity of tolerant than of susceptible cultivars after drought
stress induction at flowering (Figure 2) further showed that this enzyme
was part of the drought resistance mechanisms when stress was
introduced at flowering. Lack of significant interaction between water
treatment (i.e. drought stress) and genotypes at pod development stage
for POD (Table 1) showed that POD was an essential part of the ROS
detoxification system at this stage for the majority of cultivars. However,
this may not mean that these cultivars were not tolerant to drought
stress; other studies have shown that if any of the antioxidative enzymes
are upregulated under water-stress conditions, the genotype is still
likely to be tolerant.34 Studies in Brassica napus (rapeseed), Helianthus
annuus (sunflowers) and Triticum aestivum (wheat), support the finding
that upregulation of POD is associated with drought tolerance.13,25,34,35

The effect of drought stress on the guaiacol peroxidase activity
of tolerant (G1, G2, G3) and susceptible (G4*) soybean plants
at (a) pod development and (b) flowering stages. Values are
means±s.d. (n=3).

In conclusion, the upregulation of APX and POD activities in tolerant
soybean cultivars suggests their involvement in drought stress resistance.
However, APX and POD were found to be differentially involved, with APX
being part of the drought resistance mechanisms at both maturity stages
whereas POD was involved at flowering only. The presented evidence
shows that APX could be used as a biochemical marker for drought
resistance in soybeans. Interestingly, the levels of these enzyme activities
were induced in all cultivars at both developmental stages, irrespective
of drought stress, indicating that their activities increased with maturity.

Discussion
Drought at flowering or early pod development stages significantly
increases the rate of pod abortion and consequently decreases seed
yield.22 Prolonged drought stress leads to overproduction of ROS23;
therefore plants need to respond with a battery of antioxidative enzymes
in order to thrive9. APX was significantly affected when drought stress
was applied at flowering and pod development stages (Table 1),
confirming that this enzyme is highly sensitive to drought stress
because of its high affinity for H2O2.24 Further evidence showed that
APX was significantly different among the cultivars used in this study
(Table 1), showing that sensitivity to drought stress for this enzyme
cannot be generalised. This finding further confirmed earlier sensitivity
trials (results not available) that showed that the mode of tolerance
for these cultivars was different. The measure of various antioxidative
enzyme activities and/or expression may be used as an approach to
assess the involvement of a scavenging system during drought stress.15
Numerous studies that have been conducted in various plants are in
support of these findings. Drought stress also induced increases in
many antioxidative enzymes including APX in sunflowers.25 Likewise in
soybean (cultivar Enrei), drought stress led to a substantial increase in
APX activity, measured using Western blot, enzyme activity assay and
biophoton emission.26 To show that the response of plants to drought
stress is species or cultivar specific, a different response was observed
in mycorrhizal soybeans in which APX activity declined significantly
after drought stress introduction.27 Additionally, drought stress had no
effect on APX transcript levels in spinach28, whereas it led to a significant
decrease in this enzyme’s activity in tomato29.
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