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Summary. The effect of Mo on nitrate reductase and nitrogenase activities
as well as the growth and mineral nutrition of wheat inoculated with
Azospirillum brasilense in greenhouse pot experiments under drought stress
conditions was evaluated. Plant dry weight and total N-yield appeared to be
drastically affected by the severe drought stress. This inhibition was associ-
ated with a decline in nitrate reductase (NR) and nitrogenase (NA) activities
of both shoot and root systems. Under severe water stress (35%) low nitro-
gen-fixing activity and low Azospirillium content were obtained. Mo appli-
cation affected positively wheat growth, total plant N-yield, saccharides, pro-
tein, potassium and magnesium contents both in control and inoculated plants
under severe water stress (35%). Nitrate reductase (NR) and nitrogenase (NA)
activities in inoculated and uninoculated plants in the absence of Mo de-
clined as a result of water stress injury. Mo application caused a stronger
increase in the activity of nitrate reductase compared to nitrogenase activity.
Application of Mo led to an increased accumulation of K* ions up to 2-fold
compared to the respective Mo-untreated plants. Our results indicated that
Mo could contribute considerably to the tolerance of water deficits in wheat
inoculated with Azospirillum.

Abbreviations: Mo- Molybdenum; NR- Nitrate reductase; NA- Nitrogenase;
SMC - Soil moisture content; AZ- Azospirillum brasilense
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INTRODUCTION

Adverse environmental conditions like soil salinity, water stress, and heavy metals
pollutions, severely affect N assimilation in plants (Al-Rawahy et al., 1992; Katerji et
al., 2000). Therefore, the application of N fertilizers to growing plants under such
conditions may increase their tolerance (Cordovilla et al., 1994; Van Hoorn et al.,
2000). However, the increasing cost of N fertilizers and the danger of increasing soil
salinity suggest a tendency to further limitation of N application in rangelands
(Mohammed et al., 1989). Hence, the importance of biological fixation of nitrogen
has been increasing during the past years (Katerji et al., 2000; Ribaudo et al., 2001).

Azospirillum has been reported to improve growth and nitrogen assimilation of
cereals even under drought stress (Ishac et al., 1988; Bashan and Holguin, 1997;
Hamdia and El-Komy, 1998; Hamdia et al., 2000; El-Komy et al., 2003). These in-
vestigations and previous studies have indicated that the positive role of Azospirillum
(especially at moderate levels of salinity and drought stress) could be associated with
its effect on hormonal level and/or an enhancement of root nitrate reductase (NR) and
nitrogenase (NA) activities (Boddy and Dobereiner, 1988; Ribaudo et al., 1998). The
best performance of Azospirillum under field conditions is usually expressed under
not optimal conditions for plant growth (limited fertilization and water), which occur
mainly in semiarid agriculture. Semiarid agriculture is frequently associated with
increased soil salinization (Matsumoto et al., 1994). Despite of the above marked
effect of drought stress on growth, survival and expression of nif gene promotion,
Azospirillum inoculation can diminish the adverse effects caused by osmotic stress
such as reduction of leaf senescence and cleoptile height as well as fresh and dry
weight (Jofre et al., 1998; Alvarez et al., 1996). Recently our research group estab-
lished that Azospirillum inoculation under salinity and drought stress enhanced growth,
NR and mineral uptake as compared to nontreated plants (Hamdia and El-Komy,
1998; Hamdia et al., 2000; El-Komy et al., 2003).

Molybdenum (Mo), a micronutrient element essential for nearly all organisms,
deserves special attention as a major requirement for plant growth. Mo is a constitu-
ent of nitrogenase (NA) and nitrate reductase (NR), required for the assimilation of
soil nitrates. Therefore, the function of Mo is closely related to plant nitrogen me-
tabolism, and Mo deficiency is manifested as deficiency of plant N (Mendel and
Hansch, 2002; Pollock et al., 2002). If a symbiosis is being established, unusual pro-
liferation of nodules is often observed when legumes are deficient in Mo, presum-
ably due to the N deficiency (Marschner, 1995). However, lesser Mo content is re-
quired for nitrate reduction than for N,-fixation support (Parker and Harris, 1977).
Therefore, Mo is efficiently concentrated in the nodules of Mo-deficient plant (Brodrick
and Giller, 1991).

Little information is available on nitrogenase (NA) and nitrate reductase (NR)
activities of drought stressed nonlegumenous plants, especially when they are inocu-
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lated with nitrogen fixing Azospirillum sp. and subjected to Mo fertilization. There-
fore, the aim of the present investigation was to study the effect of Mo on these
enzyme activities as well as the growth and mineral nutrition of wheat plants inocu-
lated with Azospirillum brasilense in greenhouse pot experiments under drought stress
conditions.

MATERIALS AND METHODS

Azospirillum brasilense st. Z6/12, (nitrate reductase positive strain NR"), isolated
from maize rhizosphere (El-Komy, 1992), was used. Bacterial strain was grown in
malate medium supplied with 0.2 g L! yeast extract for 20 h at 30°C on a shaker at
200 rpm. Cells were harvested at the logarithmic phase by centrifugation, washed
twice in sterile demineralized water and then used as inoculum at the amount of 1
cm?® =107 CFU per seed. Wheat seeds (Triticum aestivum L.) were surface sterilized
by an immersion for 3 minutes in a mixture of 96% ethanol and 95% H,0, (1:1, V/
V). Then they were washed with sterile distilled water several times, and germinated
in dark on wet sterile filter paper in Petri dishes for 3 days at 30°C. Six germinated
seeds were transplanted into a pot containing 5 kg sand and garden clay soil mixture
in aratio of 1:2 (w/w). Seedlings of the first group were inoculated with Azospirillum
brasilense st Z6/12 (each group composed of 9 pots), and the second pot group was
treated with Mo at the concentration of 0.01 mg pot -! (potassium molybdate). Third
group was left without inoculation as a control. Fourth group was treated with AZ
inoculation and Mo application at the same as the described above concentration. At
the beginning of the second week after sowing, plants were thinned down to three per
pot and the soil moisture content was adjusted to 100, 70 and 35% of the field capa-
city.

Soil moisture content was measured according to Singh, (1980). To determine
the field capacity, a glass cylinder was filled slowly with soil (after passing through 2
mm sieve), leaving about 10 cm of the cylinder top unfilled. No air pockets should be
leaved inside. Then, a small diameter glass tube was placed at the center of the soil,
ensuring that the tube capillary is not filled so that the passage of the displaced air is
facilitated. De-aerated water was infused onto the cylinder empty top in order to
saturate fully the upper 25 cm of the soil leaving about 10 cm of the bottom soil dry.
The upper surface of the soil was then sealed with paraffin wax and covered with a
watch glass to check evaporation from the soil surface. The protruding glass tube was
plugged with cotton wool to reduce evaporation losses.

Duplicate cylinders were allowed to stand for 48 to 72 hrs. Samples were taken
from the wet zone and then moisture content at field capacity is determined after
drying the soil sample in an oven. 35 days after sowing, plants were harvested, dried
in an oven at 70° C to constant mass, then weighed and grounded for further analysis.
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Density of Azospirillum populations was determined in root histospere (crushed
roots after being washed and shaken for 2 min in ethanol) at harvesting using the
dilution plate method in DN-medium supplemented with Congo Red (0.25 % aque-
ous solution according to Rodrigues-Caceres, 1982).

Nitrogenase activity was determined for inoculated and noninoculated plants.
The acetylene reduction assay (ARA) was applied according to Turner and Gibson
(1980), using a gas chromatography ATIUNICAM 610- GLC (UK) equipped with a
glass column backed with activated alumina. ARA was performed after 24 hrs incu-
bation period with 10% acetylene. Results were expressed as nmol (C,H,) h'! g1 (.
w.). Nitrate reductase activity was determined according to Jaworski (1971). One
gram fresh leaf sample tissue was incubated for 30 min in assay medium (PH 7), then
was boiled at 100° C for 5 min. The nitrite was then determined colorimerically using
sulphanilic acid and a- naphthylamine solution at 520 nm with a 55B Perking Elemer
spectrophotometer (UK). Total N content in plant dry shoots was determined after
Kjeldahl digestion, and the total N yield was calculated according to Rennie (1980).

Soluble saccharides were determined according to the anthrone - sulphuric acid
method (Fales, 1951) and soluble proteins were measured according to Lowry et al.
(1951). Potassium was determined in water plant extract according to the flame pho-
tometric method (Williams and Twine, 1960). Calcium and magnesium were deter-
mined according to the versene titration method (Schwarzenbach and Biedermann,
1948).

Statistical Analysis

Experimental data were subjected to one-way variance analysis and the means differ-
ences were evaluated by the least significant, L.S.D. (Steel and Torrie, 1960). Then,
between data, analysis of correlation coefficient was performed. The statistical method
used was according to that of the Statgraphics Software Statistical Package 5.0.

RESULTS

Table 1 shows shoot and root dry weight, total N-yield and water content under de-
creased soil moisture conditions. Water content and total N decreased under the ef-
fect of soil water percentages changes. They decreased in nonioculated control plants,
as well. However, plant Azospirillium sp. inoculation significantly enhanced these
growth parameters. Data also showed further stimulatory effect on growth parame-
ters by Mo application either as a single or combined with Azospirillium, as com-
pared to the respective untreated plants. The photosynthetic pigments, chlorophylls
and caroteniod contents decreased with decreasing soil moisture content (data not
shown). Azospirillium inoculation as a single or combined with Mo, eliminated this
water stress adverse effect on pigment content.
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Table 1. Effect of Mo and/ or Azospirillum inoculation at different soil moisture contents on dry weight,
total N-yield and water content of shoot and root of 35 day-old wheat plants.

Treatment Soil Shoot Root Water
moisture content
content
% DW  N-yield DW N-yield  Shoot Root
[g plant™'] [g plant'] [mg(N)plant]
100 0.71 8.5 1.6 16.7 2.9 4.9
Control 70 0.66 7.8 1.3 12.3 2.8 5.3
35 0.36 4.2 0.26 2.6 1.4 1.6
100 1.0 11.0 2.9 259 4.6 8.2
Azospirillum 70 0.94 10.3 2.6 23.7 3.9 6.6
35 0.46 5.1 0.58 5.1 1.9 1.0
100 0.771 6.9 1.9 18.9 6.1 6.0
Control + 70 1.2 12.3 1.8 16.4 34 6.0
Molybdenum 35 0.29 4.5 0.60 5.1 1.6 1.8
100 1.1 13.1 3.7 36.3 5.2 8.8
Azospirillum+ 70 1.0 11.1 3.1 24.8 4.4 7.8
Molybdenum 35 0.57 6.5 0.77 7.7 2.2 1.9
L.S.D. 5% 0.4 2.0 0.3 3.2, 1.6 1.9

Table 2. Effect of Mo and/or Azospirillum inoculation at different soil moisture contents on soluble
saccharides and soluble proteins contents in shoots and roots of 35 day-old wheat plants.

Treatment Soil moisture Saccharides Protein
content [mg ¢! DW] [mg g'! DW]
% Shoot Root Shoot Root
100 34.6 13.6 45.6 31.8
Control 70 33.5 17.4 42.9 36.7
35 24.6 16.3 39.2 36.9
Azospirilhim 100 32.6 17.5 46.3 33.4
70 33.9 18.2 46.3 39.2
35 34.1 17.8 54.2 28.6
Control+ 100 30.6 21.1 55.1 30.2
Molybdenum 70 29.7 22.1 55.5 29.5
35 21.8 25.0 54.6 27.6
Azospirillum+ 100 36.2 26.5 46.5 37.1
Molybdenum 70 32.0 24.7 50.2 40.1
35 29.3 30.7 47.6 30.5

L.S.D. 5% 2.5 3.0 4.5 43
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Saccharides and soluble protein contents decreased considerably in the shoot of
plants grown under 35% of field water capacity as compared to the plants grown
under 100% or 70% of field water capacity (Table 2). On the other hand, soluble
saccharides and protein contents in roots increased with the decrease of soil moisture
content. Azospirillium inoculation significantly increased the content of saccharides
and proteins, of both shoots and roots of wheat plants. In general, Mo application
significantly enhanced shoot and root saccharides and protein contents, either in in-
oculated and in uninoculated plants at all soil moisture levels.

In inoculated wheat roots, nitrogenase activity (NA) was inhibited. At 35% soil
moisture content, it recorded 30% of the value at 100% soil moisture content. How-
ever, the inhibitory effect on nitrogenase activity was not detected at 70% soil mois-
ture content. Data also show that Mo application positively affected nitrogenase ac-
tivity, as compared to the untreated plants. Uninoculated plants showed an increase
in NA activity by Mo application (Table 3) compared to the respective control plants.
Total Azospirillum content decreased by increasing the water stress, and Mo applica-
tion did not enhanced total Azospirillum content significantly (Table 3).

Table 3. Effect of Mo and/ or Azospirillum inoculation at different soil moisture contents on nitrate
reductase (NR); nitrogenase (NA) activity of shoots and roots and total bacterial content in the histospere
(log number) of 35 day-old wheat plants.

Treatment Soil Nitrate [ug mol Nitrogenase Total
moisture reductase (NO,) g! [nmol g! FW  content
content h!
% Shoot Root
100 1.7 1.79 6.1 1.4
Control 70 1.65 1.56 7.4 1.1
35 1.5 1.2 4.4 0.6
100 1.85 1.89 24.1 4.9
Azospirillum 70 1.7 1.75 23.0 5.1
35 1.55 1.80 6.7 2.6
100 4.1 4.5 10.5 1.6
Control 70 4.3 4.7 9.8 1.3
+ molybdenum. 35 33 3.2 7.6 0.8
100 3.1 4.4 25.7 5.3
Azospirillum 70 3.7 4.0 27.2 5.2
Molybdenum 35 32 3.9 9.2 2.5

L.S.D. 5% 0.16 0.1 24 0.15
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Results in Table 3 indicate that drought stress injury effect on nitrate reductase in
shoots and roots of control plants started at moderate soil moisture content (70%) and
became inhibitory at lower soil moisture content (35%). Inoculation of wheat plants
with Azospirillium led to an increase of NR activity in roots as compared to the con-
trol. Mo application led to a further increase in shoot and root NR activity in both
uninoculated and inoculated plants.

In the control, potassium and calcium contents in shoots and roots increased as
the soil moisture content decreased (Table 4). Treatment with Azospirillium and/or
Mo application generally promoted the accumulation of K* and Mg*™" in both shoots
and roots, whereas Ca™ accumulation was rather unchanged by these treatments.

Table 4. Effect of Mo and/ or Azospirillum inoculation at different soil moisture contents on minerals
content of shoot and root of 35 day-old wheat plants.

Treatment Spil Shoot Root

moisture [ug g! DW] [ug g’ DW]

content

% K" Ca™ Mg K" Ca™

100 24 10 4.2 7.9 4.8 3.1
Control 70 26 10 4.8 8.4 5.6 3.0

35 26 12 4.8 8.5 8.0 3.6

100 28 10 6.0 8.1 8.0 3.4
Azospirillum 70 29 10 6.6 9.7 6.0 32

35 26 10 7.2 9.9 8.0 32

100 24 10.0 11.5 17.5 4.0 5.0
Control 70 24 10.4 9.0 16.0 3.6 5.0
+ molydenum 35 23 8.0 5.0 15.7 3.6 3.9

100 30 9.6 9.5 17.2 6.8 4.0
Azospirillum 70 31 10.0 9.5 17.9 4.0 4.5
+ molydenum. 35 32 12.0 5.5 14.3 3.2 3.5
L.S.D. 5% 1.2 1.9 2.1 1.7 2.0 1.2

DISCUSSION

Progressive decrease in soil moisture content up to 35% of the field capacity induced
changes in the nitrogen metabolism of wheat. Plant dry weight and total N-yield
appeared to be inhibited drastically by the decrease of field water capacity. This
inhibition was associated with a decline in nitrate reductase (NR) and nitrogenase
(NA) activities in both shoots and roots of wheat plants. Similar results have been
reported by several investigations (Masepohi, et al., 1993; Peuke et al., 1996; Abd
El-Backi et al., 2000; El-Komy et al., 2003). These authors reported that NR activity
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was affected negatively by the increase of salt and drought stresses intensity. More-
over, Lisnic and Toma (2000) indicated that the denitrification process and nitrate
reductase (NR) activity were inhibited under drought stress. Consequently, soil ni-
trate content increased leading to the inhibition of plant growth.

Under severe drought stress (35%) low nitrogen-fixing activity and low
Azospirillum sp quantity was obtained. Therefore, it can be suggested that the stimu-
latory effect of bacterial inoculation on wheat growth was maintained by factors
different from nitrogen fixation. One of the main mechanisms of the recorded wheat
growth promotion is directly related to the capability of Azospirillum sp. to produce
growth promoting substances (IAA, IBA) as well as its nitrate reductase activities, as
reported by Yield Failik et al. (1994); Okon and Labandera-Gonzales, (1994); Hamdia
and El-Komy (1998).

Molybdenum is an element indispensable in the process of nitrogen fixation and
plant metabolism in general, because of its effect on the nitrogenase and nitrate re-
ductase activities (Vieira et al., 1992; Xiong, et al, 2001, Sagi et al., 2002, Pollock, et
al., 2002 and Mendel and Hansch, 2002). Mo application positively affected wheat
growth and total plant N-yield in noninoculated or inoculated plants with Azospirillum
under low soil moisture content (35%). This could be attributed to the increase of the
metabolic pools required for the synthesis of saccharides, along with the enhanced
photosynthetic apparatus (pigmentation). This stimulatory effect of Mo application
was associated with the increased Mg"™" content, which was accompanied with sig-
nificant elevation of nitrate reductase activity.

Mo is an essential component of the molecular Mo enzymes (Hill, 1996), which
play an important role in many key metabolic processes such as purine metabolism,
nitrate assimilation, and phytohormones synthesis (Stallmeyer et al., 1999; Hale et
al., 2001, Seo and Koshiba, 2002 and Sigel and Sigel, 2002). Our results showed that
Mo application has led to 2-fold increase in the accumulation of K ions compared to
the respective control plants.

Mo enhanced absorption of a large amount of K from the soil to the root (about
2-fold as compared to the respective Mo-untreated plants). This could be linked to
the higher accumulation of proteins and/or the increased absorbing zones as indi-
cated by the increase in root fresh and dry weights. Root growth improved plant
water status under drought conditions (Caldwell, 1976). Shabala et al. (2000) sug-
gested that K™ is likely to be one of the primary targets in the mechanism of osmotic
stress perception in the bean mesophyll cells and it should be targeted to improve
osmotolerance. Furthermore, K* and CI- elements were suggested to be the potential
targets of osmosensing in the stomatal guard cells (Liu and Luan, 1998). Mo in-
creased the shoot K* cation transport, particularly under severe drought, which in-
creased shoots osmoregulation, which in turn operated water flow and growth im-
provement (Marschner, 1995). Hamdia and Shaddad (1997) suggested that K™ con-
tent is a suitable index for water stress tolerance of glycophytes. Thus, Mo could
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increase the drought tolerance of these plants by increasing K™ accumulation and/ or
decreasing K* leakage, which could be linked to the improvement of the hydraulic
conductance of the membrane (Cramer et al., 1985).

A decline in nitrate reductase (NR) and nitrogenase (NA) activities of Azospirillium
inoculated or uninoculated plants in the absence of Mo was indicated as a result of
the water stress injury. Mo application had stronger stimulatory effect on NR than
NA activity. This observation suggests closer relation of Mo to NR than to NA. There
is evidence, which indicates that Mo application not only increases the specific NR
activity, but also enhances the extended period of high NR activity and further inclu-
sion of ammonia into organic compounds (through glutamine synthetase activity) at
a higher level compared to the control (Amane et al., 1994; Vieira et al., 1995, and
Pollock et al., 2002). The increased NA activity in uninoculated by Mo plants could
be explained by the increased efficiency of native soil nitrogen fixing bacteria
(Jongruaysup et al., 1993 and 1997; Lisnic and Toma, 2000).

It can be concluded that an adequate supply of Mo can maintain efficient wheat-
Azospirillum association under severe water deficiency. Under experimental condi-
tions, Mo made an important contribution to the tolerance of wheat inoculated with
Azospirillum under drought.
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