
The application of nutrients to the roots and leaves of inoculated pea plants grown under conditions of
reduced Mo supply was studied. Pea plants (Pisum sativum L.) were grown on liquid nutrient solution
excluding Mo from the media until the 35th day under glasshouse conditions. Plants were inoculated with
the bacterial suspension of Rhizobium leguminosarum Bv. Vicae, strain D293 at approximately 108 cells
per cm3. The foliar fertilizer Agroleaf® was applied at 0.3% concentration. Changes in the root nodula-
tion and the activities of the enzymes connected with nitrogen assimilation pathway (nitrate reductase –
NR-NADH: EC 1.6.6.1; glutamine synthetase – GS: EC 6.3.1.2; glutamate synthase – NADH-GOGAT:
EC 1.4.1.14 and nitrogenase – NG: EC 1.7.99.2) were observed. It was established that the foliar appli-
cation of nutrients reduced the inhibitory effect on the root nodulation and nitrogen assimilatory enzyme
activities due to the Mo shortage.
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INTRODUCTION

The most important highly regulated enzymes of N metabolism in higher plants are
nitrate reductase (NR), glutamine synthetase (GS) and glutamate synthase (GOGAT)
[18]. In legumes ammonia can be formed by the direct fixation of atmospheric dini-
trogen atoms within root nodules [12]. With the addition of nitrates to the plant tis-
sues ammonia is generated by the concerted reactions of nitrate reductase and nitrite
reductase. It is established that the major pathway for ammonia incorporation into
non-toxic organic compounds occurs through GS-GOGAT cycle [9, 16].

Changing the site of primary N assimilation can affect the activities of some key
enzymes of nitrogen metabolism in the roots and shoots. Foliar application of nutri-
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ents, including N, can be additional to the normal root supply of nutrients and allows
avoiding the harmful direct action of inorganic N on nodule formation [14]. Foliar
uptake of N is not only supplementary, but can influence the N assimilation of the
whole plant. The significance of foliar fertilizer application may lie in the localiza-
tion and regulation of the enzyme systems involved in nitrogen assimilation. The
activities of nitrogen assimilatory enzymes are closely coupled with the nutrition and
metabolism of Mo [15], because Mo is an important component of co-factors of the
key enzymes of nitrogen metabolism – nitrogen fixation, nitrate uptake and reduction
[3]. There are insufficient data about the localization of nitrogen assimilatory
enzymes under conditions of combined foliar and root nutrient application especial-
ly when plants are inoculated with Rhizobium and starved for Mo during the growth. 

The present study determined the effects of root and foliar applied nutrients
against the background of different Mo supply, in pea plants inoculated with a
Rh. Leguminosarum bv. Vicae, on the nodule function and nitrogen assimilatory
enzymes.

MATERIAL AND METHODS

Seeds of garden pea Pisum sativum L. var. Avola were surface sterilized with 4%
sodium hypochlorite (NaOCl) and germinated in the Petri dishes at 25 °C. Three days
old seedlings of Pisum sativum L. var. Avola were inoculated with the bacterial sus-
pension of Rhizobium leguminosarum Bv. Vicae strain D 293 at approximately
108 cells per cm3. Plants were grown in a greenhouse until the 35th day (early pod
setting stage) on Helriegel nutrient solutions with 0.5 mM NO–

3 and micronutrients
after Hoagland and Arnon. The Mo supplied plants are designed as (Mo+), while Mo
deficient plants are designed as (Mo–).

The following variations were tested: 1. (Mo+) plants with root nutrition; 2. (Mo+)
plants with root and foliar nutrition; 3. (Mo–) plants with root nutrition; 4. (Mo–)
plants with root and foliar nutrition. Foliar fertilizer Agroleaf® (Scotts Co, USA)
contains the main elements in the proportion of N : P : K equal to 20 : 20 : 20 and all
important microelements without Mo (with NH+

4/NO–
3 ratio = 2.5/1). Agroleaf was

applied with spraying under high pressure at rates 0.120 g per 40 cm3 H2O (0.3%
solution). The Agroleaf application was done at the changing of the nutrient solutions
starting from the 11th day. The crude extracts for the determination of nitrate reduc-
tase (NR-NADH: EC 1.6.6.2), glutamine synthetase (GS: EC 6.3.1.2) and glutamate
synthase (NADH-GOGAT: EC1.4.1.14), wereas prepared after Frechilla et al. [5].
The extracts were filtered through one layer of cheesecloth, centrifuged at 10 000 g
for 20 min (4 °C), and the supernatant was used for the following assays: NR activ-
ity was measured according to Hageman and Reed [6], GS activity was determined
by a biosynthetic assay based on γ-glutamil hydroxamate synthesis [17], GOGAT
activity was determined according to Chen and Cullimore [4]. Protein content was
determined according to Bradford [2] with BSA as a standard. Nitrogenase activity
(NG: EC 1.7.99.2) was assayed by the acetylene reduction assay (ARA) according to



Hardy et al. [7]. The acetylene (C2H2) reduction assay (ARA) was expressed as μmol
C2H4 g–1 FW h–1.

Our results are expressed as means ± standard error where n = 3. Comparison of
means was performed by the Fisher LSD test (P ≤ 0.05) after performing multifactor
ANOVA analysis.

RESULTS

A depression of nitrogenase activity (NG) with 98% was observed in (Mo–) plants
with root nutrition in comparison with the relevant (Mo+) plants (Table 1). NG activ-
ity in (Mo–) plants with root and foliar nutrition decreased to a less extend (with
about 68%) in comparison with relevant Mo adequate plants. The number of nodules
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Table 1
Nitrogenase activity and nodule parameters in pea plants

Nitrogenase
Nodule fresh

Variants
activity Number

weightμmol C2H4 g–1 of nodules
g plant–1

FW h–1

1. (Mo+) plants with root nutrition 35.16 ± 1.76c 87 ± 4.35d 0.243 ± 0.012d

2. (Mo+) plants with root and foliar nutrition 41.24 ± 2.06d 54 ± 2.7c 0.137 ± 0.007c

3. (Mo–) plants with root nutrition 0.69 ± 0.03a 32 ± 1.6a 0.075 ± 0.004a

4. (Mo–) plants with root and foliar nutrition 13.99 ± 0.70b 46 ± 2.3b 0.099 ± 0.005b

Values are means ± S.E., n = 3. Different letters indicate significant differences assessed by Fisher
LSD test (P ≤ 0.05) after performing ANOVA multifactor analysis.

Fig. 1. Nitrate reductase activity in pea plants (nmol NO–
2 mg protein–1h–1). Variants: 1 – plants with root

nutrition (Mo+), 2 – plants with root and foliar nutrition (Mo+), 3 – plants with root nutrition (Mo–), 4 –
plants with root and foliar nutrition (Mo–). Values are means ±S.E., n=3. Different letters indicate signif-

icant differences assessed by Fisher LSD test (P≤0.05) after performing ANOVA multifactor analysis
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and nodule fresh weights in the plants grown without Mo also declined and this
reduction is expressed also to a less extend in foliar fed (Mo–) plants (Table 1). The
exclusion of Mo from the nutrient media resulted in reduction of nodule numbers
with 63% for the plants with root nutrition and 15% for these with root and foliar
nutrition. The results regarding nitrate reductase (NR) activity showed high values

Fig. 2. Glutamine synthetase activity in pea plants (μmol γGH mg protein–1 h–1). Variants: 1 – plants with
root nutrition (Mo+), 2 – plants with root and foliar nutrition (Mo+), 3 – plants with root nutrition (Mo–),
4 – plants with root and foliar nutrition (Mo–). Values are means ± S.E., n = 3. Different letters indicate
significant differences assessed by Fisher LSD test (P ≤ 0.05) after performing ANOVA multifactor

analysis

Fig. 3. Glutamate synthase activities in pea plants (μmol NADH mg protein–1 h–1). Variants: 1 – plants
with root nutrition (Mo+), 2 – plants with root and foliar nutrition (Mo+), 3 – plants with root nutrition
(Mo–), 4 – plants with root and foliar nutrition (Mo–). Values are means ± S.E., n = 3. Different letters
indicate significant differences assessed by Fisher LSD test (P ≤ 0.05) after performing ANOVA multi-

factor analysis



both in the leaves and the roots in (Mo+) plants (Fig. 1). The NR activity reduction
due to the absence of Mo in the nutrient solution is observed previously in the plants
with root nutrition. The coupled activities of glutamine synthetase (GS) and gluta-
mate synthase (GOGAT), (Figs 2, 3) are expressed at a much higher level in the plant
tissue of Mo deficient plants compared to the Mo supplied plants. Maximum levels
of GS/GOGAT enzyme activities were observed in the nodules of plants with root
and foliar nutrition.

DISCUSSION

Our study was conducted until mid pea plants vegetation (early pod setting stage)
when growth of the major part of the roots and its nodulation is supposed to be com-
plete. An effective method for improving the growth in the nutrient starved plants,
including nodulated legumes, is a foliar application of nutrients. The results obtained
in our previous experiments at early steps of nodule formation [8] provided evidence
that the most appropriate for plant growth and nodule development is 0.3% concen-
tration of applied foliar fertilizer Agroleaf.

Our results showed that the nodulation and nitrogen metabolism of symbiotic pea
plants could be improved by foliar application of macronutrients even when Mo was
in short supply. It is most probably due to the effect of leaf application of nutrients
on the mobilization of assimilates and Mo to the root and nodules. The beneficial
effect of the foliar fertilization on the bacterial population due to the elevated avail-
ability of the root exudates has been observed [13]. Despite primary Mo requirement
for symbiotic N2 fixation we measured NG activity in Mo deficient foliar fed plants
(Table 1). Some authors [10] reported that in deficient and severely Mo deficient
black gram plants, the nodules were an important sink for Mo, with Mo contents in
nodules is 200–400 times higher than the mean Mo content in basal stem segments.
The ability of nodules to accumulate significantly more Mo in order to support bac-
terial NG activity is reported by Kaiser et al. [11].

Nitrate reductase activity (Fig. 1) was measured both in the leaves and roots in the
plants with additional foliar nutrition with NH+

4/NO–
3 ratio equal to 2.5/1 and the

enzyme activity was not strongly affected with Mo removal from the media. It might
be expected that when plants are supplied with N in a form other than nitrate they
would show not so high requirement for Mo. Some authors [19] pointed out that at
low levels of nitrate supplied NR is found to be located in the nodulated roots, but at
higher levels of nitrates more nitrate becomes reduced in the shoots. 

Data regarding GS/GOGAT activities (Figs 2, 3) are in accordance with the results
of Atkins et al. [1] that these enzymes are expressed at a much higher level in the
plant tissue of the nodule. Foliar fertilization resulted in the excretion of more exu-
dates from the roots into the rhizosphere, which could stimulate nodulation and nod-
ule functioning and hence to enhance GS/GOGAT enzyme activity in nodules of
foliar supplied plants. It is yet not clear whether the large increase in GS observed in
nodules as compared to roots is due to increases in the cytoplasmic or plastid GS
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[16]. Both of these enzymes increased with nodule development, that is, they
increased in parallel with the capacity of the nodule to convert N2 to asparagine [18]. 

Having considered the above, we can conclude that the negative influence of Mo
exclusion from the nutrient media on the nodule function and nitrogen assimilatory
enzymes in the pea plants is diminished through the foliar absorbed nutrients.
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