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Abstract

Drought stress is an abiotic stress that imposes serious constraints on plants.  The present investigation was carried out
to determine the inter-relationship between some physiological attributes of soybeans affected by drought stress and
pure isolates of Azotobacter and Azospirillum.  Drought stress and bacterial application increased catalase and glutathione
peroxidase activity, whereas drought stress increased superoxide dismutase activity during the pod-filling stage.  Abscisic
acid and proline levels increased due to drought stress and bacterial application during the flowering stage, whereas total
plant nitrogen was enhanced under well-watered conditions when plants were inoculated with bacteria.  The close
relationship between enzyme activity and drought stress with bacteria indicated that antioxidant enzymes play an important
role in alleviating the detrimental effects of water stress.  In addition, the enhancement of abscisic acid and proline could
be positively linked with drought stress, and drought-induced abscisic acid could induce proline accumulation and the
expression of antioxidant enzyme genes.
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INTRODUCTION

Soybeans (Glycine max L. Merr.) are a substantial and
globally widespread crop and are sensitive to water
stress, which is a major limitation to the productivity of
many crops (Araus et al. 2002).  Therefore, it is essen-
tial to study the biochemical and physiological responses
of soybeans to water-limited conditions to understand
the plant’s resistance mechanisms (Shao et al. 2005).
Drought stress promotes the expression of some genes,
the transduction of stress signal molecules and affects

biochemical mechanisms in plants (Suprunova et al.
2004).

Many studies suggest that drought induces oxida-
tive stress through the production of reactive oxygen
species (ROS) during periods of stress (Zhang et al.
1995; Perdomo et al. 1996).  Reactive oxygen species
consist of free radicals, such as superoxide ( ), hy-
droxyl radicals (OH-), hydrogen peroxides (H2O2), and
single oxygen (1O2

-).  These radicals attack lipids, pro-
teins and nucleic acids, resulting in lipid peroxidation,
protein denaturation and DNA mutation, respectively
(Yu and Rengel 1999).  They also serve as signaling
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molecules regulating important biological processes in
both animal and plant cells (Halliwell 2006).  Plants nor-
mally alleviate the detrimental effects of ROS using
antioxidant systems that scavenge oxygen radicals by
two mechanisms: enzymatic and non-enzymatic detoxi-
fication (Breusegem et al. 1998).  Enzymatic antioxi-
dants such as superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPX) are designed
to minimize the concentration of hydrogen peroxide and
superoxide.  Superoxide dismutase catalyzes the
dismutation of O2 into oxygen and H2O2, catalase
dismutase catalyzes the dismutation of H2O2 into water
and GPX acts as a H2O2 detoxifier (Chen et al. 2004).
Glutathione peroxidase has been demonstrated to func-
tion as a reducing-oxidizing transducer in abscisic acid
(ABA) and drought stress signaling (Miao et al. 2006).

Proline accumulation is a unique plant response to
environmental stresses.  Proline acts as an osmoprotectant
and a hydroxyl radical scavenger, and it is capable of
preventing membrane distortion (Matysik et al. 2002).
Proline accumulation in response to drought stress has
been reported in wheat (Kathju et al. 1998).  Furthermore,
ABA mediates some aspects of physiological responses
to environmental stresses such as drought or osmoti-
cally induced stomata closure (Leung and Giraudat
1998).  It has been reported that ABA can induce the
activation of antioxidant enzymes and stimulate ROS
generation (Murata et al. 2001).

Soil microorganisms are very important in the bio-
geochemical cycles of inorganic and organic nutrients
in the soil and in the maintenance of soil health and
quality (Jeffries et al. 2003).  Soil-plant-microbe inter-
actions are complex and can influence plant health and
productivity in many ways (Kennedy 1998).
Rhizobacteria are classified into two major groups: those
that form symbiotic relationships with plants and those
that do not (termed free-living rhizobacteria) (Saharan
2011).  Beneficial bacteria such as plant growth-pro-
moting rhizobacteria (PGPR) and N2-fixing bacterial
species belonging to the genera Azospirillum ,
Azotobacter, and Bradyrhizobium have been proposed
as promising inocula for agriculture.  Azospirillum is a
N2-fixing genus of bacteria associated with the roots of
many economically important crops that can promote
plant growth when inoculated onto the seed (Okon and
Labandera-Gonzalez 1994).  Azotobacter is another ge-

nus of N2-fixing bacteria that inhabit soil.  Enhancing
inoculation and nitrogen concentration could be profit-
able when using inoculated cereal (Caba et al. 1994).
Therefore, the present field experiment was carried out
to evaluate the effects of pure Azospirillum-Azotobacter
isolates and various irrigation regimes on antioxidant
enzyme activity, lipid peroxidation, ABA and proline
accumulation, and proline content in soybean plants.
The objective of this study was to compare various
methods of introducing bacteria to water-stressed soy-
bean plants and to understand the effects of these bac-
teria on the activity of antioxidant enzymes and on some
biochemical characteristics.

RESULTS AND DISCUSSION

Analysis of variance demonstrated that effect of water
stress was significant on antioxidant enzyme activity,
MDA (malondiadehyde) activity, ABA accumulation, pro-
line content, and total plant N (Table 1).  Bacterial ap-
plication had a significant effect on all assayed attributes
except SOD activity (Table 1).  The interactions be-
tween water stress and bacterial application were sig-
nificant for the mentioned attributes with the excep-
tions of SOD and MDA activities.

Catalase and glutathione peroxidase activities
and malondialdehyde content

The data showed that CAT and GPX activities were
higher under conditions of 80 and 60% water depletion
during pod-filling (S5 and S4) than under drought stress
induced during flowering (S2 and S3) (Figs. 1 and 2).
According to Upadhyaya et al. (2008) drought stress
leads to cell lipid peroxidation and an increase in anti-
oxidant activity.  The results demonstrated that total
GPX activity was higher than total CAT activity while
the plants were drought stressed; this might be attrib-
utable to the stronger affinity GPX for H2O2 than CAT
(Bringelius-Flohe and Flohe 2003).  In accord with the
analysis of variation, significant differences were ob-
served between bacterial applications regarding scav-
enging enzyme activities such as those of CAT and GPX.
In the present study, we found that drought stress dur-
ing pod-filling could result in increased membrane lipid
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peroxidation (based on the enhancement of MDA
activity, which is often used as an indication of lipid
peroxidation resulting from oxidative stress).  The re-
sulting membrane fluidity leads to increased electro-
lytic leakage, and consequently, CAT activity will

increase.  Enhancement of CAT activity under drought
stress has been reported in wheat and tomato (Shao
et al. 2005).

Malondialdehyde activities were higher during pod-
filling than flowering stages; nonetheless, all levels of
stress treatments resulted in significantly higher activi-
ties than the control treatment (Table 2).  Based on
analysis of variation, the inoculated treatments were
significant but the differences between the treatment
levels were not significant (Table 2).  Malondialdehyde
enhancement indicated that drought stress significantly
increased ROS levels.  Antioxidant activities and the
hormonal activity of the ABA hormone could play roles
in modulating impairments due to ROS.  Moreover,
diazotrophic bacteria could also increase antioxidant
enzyme activities by improving plant resistance.

Superoxide dismutase activity

Superoxide dismutase activity reached its highest level
in the 60% water depletion treatment during pod-filling
(S4) and decreased in the S3 treatment.  Nevertheless,
the total levels of SOD activity were significantly higher
than those that occurred under the control conditions
(Table 2), which could be attributed to the enhance-
ment of MDA activity during the 80% water depletion
experiments (S3 and S5).  The higher activity of SOD
during pod-filling stress treatments compared to flow-
ering stress treatments could be attributed to the over-
production of SOD in chloroplasts to increase stress
tolerance (Asiri et al. 1998), as observed in studies on
the regulation of photosynthesis in transformed plants.
This overproduction of SOD is related to enhanced H2O2

production (Prasad et al. 1994).  Higher SOD activity
has also been observed in maize (Jiang and Zhang 2002),
safflower (Hojati et al. 2010), lupine (Yu and Rengel
1999), pea and tobacco plants (Yu and Rengel 1999)

Table 1  Analysis of variance for the effects of irrigation regimes and bacteria application on the measured traits

SOV1) df CAT GPX MDA SOD Plant N ABA Proline
Replication 2 4.71 ns 993.35** 3 922.21 ns 141 186.81 ns 0.020** 6.06 ns 3.06 ns
Irrigation regimes (S) 4 34 849.44** 68 324.47** 93 845.95** 6 000 084.95** 2.281** 13 709.43** 3 794.54**

Error a 8 17.34 186.85 1 302.69 175 530.51 0.005 25.61 37.23
Bacteria application (b) 3 4 703.35** 4 218.06** 7 299.60* 313 744.96 ns 0.228** 3 011.86** 980.77**

S×b 12 285.08** 551.96** 3 961.44 ns 288 343.71 ns 0.013** 280.44** 105.25**

Error b 20 38.23 126.28 2 129.31 17 942.86 0.002 20.39 8.58
CV (%) 3.98 4.37 25.73 17.26 2.00 3.24 5.73

1) SOV, source of variations.
ns, not significant.  * and **, significant at the 0.05 and 0.01 probability levels, respectively.

Fig. 1  Effects of different irrigation regimes and bacterial
applications on CAT.  Differences between means were compared
by Fisher’s least significance test.  Different letters indicate
significant differences P=0.05.  The same as below.

Fig. 2  Effects of different irrigation regimes and bacterial
applications on GPX.
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under conditions of drought stress.  The by-product of
SOD activity is hydrogen peroxide, which is toxic and
must be eliminated by conversion to H2O through reac-
tions catalyzed by peroxidase and CAT.  The enhance-
ment of hydrogen peroxide levels, which acts as a lipid
peroxidant, may account for the increased CAT and GPX
activities observed during the drought stress treatments,
particularly during pod-filling.  In contrast with the results
of Dhanda et al. (2004), concomitant increases of SOD,
CAT, GPX, and MDA resulted in a lower antioxidative
ability, reflecting a lower drought resistance during severe
drought stress (Table 2).  Our results are in agreement
with those of Masoumi and co-workers (2011).

Total plant N content

Examination of the interactions between drought stress
and the inoculation treatments showed that normal irriga-
tion accompanied by bacterial inoculation (b3 and b4) dem-
onstrated significantly higher amounts of total plant N
compared with the enhanced drought stress severity of
other treatments (Fig. 3).  This confirms the idea that the
N2 fixation resulting from pure isolates of Azospirillum
and Azotobacter could improve total plant nitrogen levels
(Okon and Itzigsohn 1995) during well-watered condi-
tions and that severe drought stress decreases the effec-
tiveness of inoculants leading to a decrease in nitrogen
fixation (Sall and Sinclair 1991).  ROS accumulation has
been observed in alfalfa during the interaction between
Rhizobia and legumes (Santos et al. 2001), and transient

ROS changes have been observed in root hair cells mo-
ments after treatment with Nod factors in common beans
(Cardenas et al. 2008).  The inhibition of ROS produc-
tion leads to a halt in the curling of root hairs and the
formation of infection threads (Peleg-Grossman 2007).
Hence, the production of ROS may not be a defense
response to microbes, but could be a process that is
needed for the development of interactions.  Moreover,
inoculation with Azotobacter chrococcum has been re-
ported to alleviate oxidative stress by improving the
defense ability of sugar beet leaves because the inocu-
lated plants demonstrate enhanced activities of SOD,
CAT, and peroxidases (Stajner et al. 1997).  However,
it is not clear whether this enhancement in oxidative
stress tolerance is a direct or an indirect effect of in-
oculation with bacteria such as Azotobacter.

Table 2  Effect of irrigation regimes and bacteria application on measured traits

Traits MDA SOD CAT GPX ABA Proline Plant
treatment1) (nmol mg-1 protein) (unite mg-1 protein) (unite mg-1 protein) (unite mg-1 protein) (ppm) (nmol g-1 FW) nitrogen (%)
Main effect
Irrigation regimes
  S1 62.50 e 1  344.3 d 85.83 e 139.41 e 574.33 a 26.35 e 3.38 a
  S2 176.67 c 2  632.8 b 156.75 c 268.16 c 462.33 b 55 b 2.71 b
  S3 133.92 d 2  220.8 c 119.75 d 233.91 d 351.58 d 75.88 a 2.43 c
  S4 231.75 b 3  098 a 196.75 b 312.75 b 406.50 c 46.37 d 2.41 c
  S5 292.33 a 2  971.1 ab 217 a 329 a 402.41 c 51.83 c 2.31 d
Main effect
Bacterial application
  b1 190 a 2  656.6 a 172.20 a 269.53 a 124.30 d 42.91 d 2.53 b
  b2 209.73 a 2  453.7 a 168.80 a 272.4 a 130.13 c 45.65 c 2.55 b
  b3 175 ab 2  370.7 a 140.467 b 245.46 b 149.05 b 56 b 2.74 a
  b4 150.6 b 2  332.5 a 139.40 b 239.20 b 153.5 a 59.78 a 277 a

1) S1, 40% depletion of soil water during the whole plant growth period; S2, 60% depletion water during flowering; S3, 80% depletion water during flowering; S4, 60%
  depletion water during pod filling; S5, 80% depletion water during pod filling; b1, without application; b2, foliar application; b3, seed inoculation; b4, foliar-seed
  inoculation.
The given means within each column of each section followed by the same letter are not significantly differences (P=0.05).

Fig. 3  Effects of different irrigation regimes and bacterial
applications on total plant nitrogen.
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Abscisic acid content

The interaction between drought stress and bacterial
inoculation was significant (Table 1), as demonstrated
by the observation that the highest amount of ABA ac-
cumulated in the plants that experienced the most se-
vere level of drought stress during flowering coinci-
dent with bacterial application (Fig. 4).  It appears that
water stress can induce the accumulation of ABA.
Additionally, oxidative stress in plant cells and drought
stress-induced ABA accumulation can cause, at least in
part, increased generation of O2 and H2O2, induction of
the expression of antioxidant genes (i.e., SOD and CAT)
and, consequently, an increase in the activity of these
enzymes.  Our results are in agreement with those of
Guan et al. (2000) and Williamsen and Scandalios (1992).
Based on Figs. 1, 4 and Table 2, which show the pre-
emptive defense signaling role of ROS and the enhance-
ment of CAT activity, ABA accumulation, and MDA
activity, it appears that H2O2 might be involved in ABA-
induced CAT1 expression, and CAT1 is probably involved
in its feedback regulation of H2O2 signaling apart from its
ROS scavenging function (Xing et al. 2008).

Proline content

Our results demonstrated that the accumulation of pro-
line increased considerably during water stress and
during the inoculation treatments compared with con-
trol conditions (Fig. 5).  The highest amount of proline
was observed for the 80% water depletion treatments
(S3 and S5) accompanied by seed and foliar-seed inocu-
lations (b3 and b4).  In general, the accumulation of
proline was higher during the flowering than the pod-
filling stages (Fig. 5).  Under well-watered conditions,
the total accumulation of proline was higher under in-
oculated than under non-inoculated treatments, but no
significant differences between inoculated treatments
were found (Fig. 5).  The results of this study demon-
strated that proline and ABA levels concomitantly accu-
mulate to the highest point during the S3 treatment, sug-
gesting that ABA and proline accumulation are directly
linked (Hare et al. 1999).  Therefore, added ABA in-
duces proline accumulation when ABA levels are main-
tained above a threshold level for few hours during
stress.  Rehydration after induced stress results in de-

clines in ABA and proline accumulation (Stewart and
Voetberg 1985).  Based on Table 2, it appears that the
accumulations of ABA and proline are positively corre-
lated with ROS accumulation and drought induction.
Drought stress also induces an increase in the activity
of enzymes related to proline metabolism in bacteria
(Kohl et al. 1991), and the accumulated proline might
support nitrogenase activity (Pederson et al. 1996),
resulting in better nitrogen fixation and increased plant
nitrogen availability.

MATERIALS AND METHODS

Site description and experimental design

Field experiments were conducted in the spring season of

Fig. 4  Effects of different irrigation regimes and bacterial
applications on ABA.

Fig. 5  Effects of different irrigation regimes and bacterial
applications on proline.
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2009 (from 20 May to 21 September) at the Islamic Azad
University of Karaj (IAUK) research station.  Soybean
(Glycine max L. cv. L17 (which is classified as having an
indeterminate growth habit)) seeds were sown in plots of
6 m length and 3 m width.  The plants were grown at a
density of 350 000 plants ha-1.  The experimental design
used a randomized complete block in a split-plot arrange-
ment with three replications.  The main plots included five
irrigation regimes, and the subplots included four bacterial
applications.  In this study, five irrigation regimes were
used as follows: 40% depletion of soil water during the
entire plant growth period (S1), 60% depletion of water
during flowering (S2), 80% depletion of water during flow-
ering (S3), 60% depletion of water during pod-filling (S4),
and 80% depletion of water during pod-filling (S5) and four
bacterial application methods were used as follows: no
application (b1), foliar application (b2), seed inoculation
(b3), and foliar-seed inoculation (b4).  Mixed samples were
collected separately during the flowering and pod-filling
stages.  All samples were frozen immediately in liquid
nitrogen.

Bacterial growth, seed inoculation, and foliar
application

Azospirillum brasilense and Azotobacter chrococcum were
provided by the Soil Biology Department of the Soil and
Water Research Institute of Iran.  Seeds and leaves were
inoculated with a combination of Azospirillum and
Azotobacter.  The bacterial populations were adjusted to
8×106 and 5×109 CFU mL-1, respectively (Somasegaran and
Hoben 1994).  Seeds were treated with 20-mL inoculations at
each application.  To ensure full inoculation, the seeds were
smeared with gum and shaken well in a polyethylene bag for
30 s.  After exposure to a flow of air, the seeds were planted
and watered immediately.  The plants were sprayed with 1 L
of cell culture at each treatment during flowering stages
according to the methods of Fehr and Caviness (1977).

Irrigation

Irrigation was scheduled based on the daily changes of
soil water content (DSW) at root development depth.  This
procedure used a deficit approach (the soil water content
at field capacity (FC) represents no deficit) to estimate irri-
gation requirements.  The plots were irrigated when the
current daily deficit values reached 40% (for S1 irrigation
as the control treatment), 60 and 80% (for the S2 and S3
irrigation treatments during flowering), and 60 and 80%
(for the S3 and S4 irrigation treatments during pod-filling)
of available water remaining at the root development depth
(60 cm).  The growth stages for irrigation application were
determined based on the methods of Fehr and Caviness
(1977).  Tube access probes (TRIME-FM, England) were

used to measure soil-water content (θv) based on time do-
main reflectometry (TDR) at 0-60 cm soil depth in the plots.
Soil volumetric water content data were collected daily
during the growing season.

Physiological measurements

MDA concentration  The MDA concentration was calcu-
lated as a measure of lipid peroxidation.  Samples were
homogenized in an aqueous solution of trichloroacetic acid
(10% w/v), and aliquots of the filtrates were heated in 0.25%
thiobarbituric acid.  The specific absorbance of extracts
was recorded at 532 nm, and the values were corrected for
non-specific absorbance at 600 nm (Puckette et al. 2007).
Catalase activity  CAT activity was estimated using the
method of Cakmak and Horst (1991).  The reaction mixture
contained 100 µL crude extract, 500 µL 10 mmol L-1 H2O2
and 1.4 mL 25 mmol L-1 sodium phosphate buffer.  The
decrease in the absorbance was recorded at 240 nm for
1 min using a spectrophotometer (Cintra, GBC, Australia).
The catalase activity of the extract was expressed as ∆OD
mg-1 protein min-1.
Superoxide dismutase activity  SOD activity was deter-
mined by measuring the ability of the enzyme extract to
inhibit the photochemical reduction of nitroblue tetrazo-
lium (NBT) according to the method of Giannopolitis and
Ries (1977).  The reaction mixture contained 100 µL 1 µmol
L-1 riboflavin, 100 µL 12 mmol L-1 L-methionine, 100 µL
0.1 mmol L-1 EDTA (pH 7.8), 100 µL 50 mmol L-1 Na2CO3 (pH
10.2), 100 µL 75 µmol L-1 NBT in 2 300 µL 25 mmol L-1 sodium
phosphate buffer (pH 6.8), and 200 µL crude enzyme ex-
tract in a final volume of 3 mL.  Glass test tubes that con-
tained the reaction mixture were illuminated with a fluores-
cent lamp (120 W), and identical tubes that were not illumi-
nated served as blanks.  After illumination for 15 min, the
absorbance was measured at 560 nm.  One unit of SOD
activity was defined as the amount of enzyme that caused
50% inhibition of the photochemical reduction of NBT.
The superoxide dismutase activity of the extract was ex-
pressed as ∆OD mg-1 protein min-1.
Total plant nitrogen content  Plant samples were ground in
a mill and then passed through a 2-mm sieve.  Sub-samples
(2 g) of plant materials were digested using the Kjeldhal
method before the analysis of total nitrogen.  The diges-
tion mixture included 0.5% selenium as a catalyst and sali-
cylic acid.  Nitrogen uptake by grain and straw was calcu-
lated by multiplying their yield by their nitrogen content.
Abscisic acid content  The extraction, purification and
analysis procedures of ABA were carried out as previously
described by Zhou et al. (2003).  Leaf samples (0.3 g) were
homogenized in 750 µL of a solution of acetone, distilled
water and acetic acid (80:19:1 (v:v:v), respectively).  The
extract was centrifuged at 10 000×g for 2 min, after which
the supernatant was removed, and the mixture was ex-
tracted again.  The supernatant from the 2nd extraction
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was removed and dried at room temperature; then, 200 µL
of acetonitrile and distilled water (15:85, respectively) and
acetic acid (12 mmol L-1 at pH 3.3) were added.  Finally, 10-
15 µL of the resulting sample was injected into an HPLC
column (50 mm×2.1 mm, 3.5 µm) with isocratic elution at a
flow rate of 0.6 mL min-1 using acetonitrile and water (90:10)
as the mobile phase.
Proline content  The proline concentration in soybean
leaves was measured spectrophotometrically using the
method of Bates et al. (1973).  Leaf samples (0.5 g) were
homogenized with 5 mL of sulfosalicylic acid (3%) using a
mortar and pestle, and filtered.  The filtrate was made up to
10 mL with sulfosalicylic acid, and 2.0 mL of filtrate was
incubated with 2.0 mL of glacial acetic acid and 2.0 mL
ninhydrin, and boiled in a water bath at 100°C for 30 min.
Then, the mixture was cooled and 6.0 mL of toluene was
added.  The absorbance was read at 570 nm.
Glutathione peroxidase activity  GPX activity was mea-
sured according to Urbanek et al. (1991) in a reaction mix-
ture (2 mL) that contained 100 mmol L-1 phosphate buffer
(pH 7), 0.5 µL enzyme extract, 5 mmol L-1 guaiacol, 15 mmol
L-1 hydrogen peroxide, and 0.1 µmol L-1 EDTA.  After the
enzyme extract was added to the mixture, the increase in
absorbance recorded at 470 nm was determined during 1 min
based on the amount of tetraguaiacol present using the
molar extinction coefficient (26.6 mmol L-1 cm-1).  Glutathione
peroxidase content was expressed as units mg-1 protein.
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