
The influence of foliar feeding on the nitrogen assimilation in alfalfa plants under conditions of Mo short-

age was studied. It was established that foliar fertilization with 0.3% solution of  Agroleaf ® resulted in

increase of nitrogen fixation and nitrogen assimilation in the absence of Mo. Insufficient molybdenum

supply leads to significant reduction of plant Mo content and nitrogen-fixing activity, while stress

induced amino acids as alanine, GABA, threonine, proline and serine increased repeatedly. The negative

effect of Mo deficiency on the enzyme activities related to the primary nitrogen assimilation (NR, GS,

GOGAT) and plant growth diminished due to the foliar absorbed nutrients.
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INTRODUCTION

Molybdenum (Mo) is among the micronutrients that are very essential for the plant

growth and is required in small amounts. The symptoms associated with Mo defi-

ciency are closely related to nitrogen metabolism [6] and nitrogen assimilatory

processes in plants tissues strongly depend on the plant Mo levels [13]. Mo is an

important constituent of several enzymes catalyzing different chains of nitrogen

metabolism: nitrate reductase (EC 1.6.6.1), nitrogenase (EC 1.18.6.1), xanthine

dehydrogenase (EC 1.1.1.204) [17]. Loss of Mo-dependent activity (directly or indi-

rectly through low internal Mo levels) impacts nitrogen metabolism and eventually

plant development. Otherwise, it might be expected that when plants are supplied
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with nitrogen in a form other than nitrate they would show not so high requirement

for molybdenum [18].

According to Streeter [25] mineral nitrogen availability in the legumes rhizos-

phere is a limiting factor for nodule formation and nitrogen fixation. Foliar applica-

tion of nutrients, including N allows avoiding the harmful direct action of inorganic

nitrogen on symbiotic processes [16].

There are not enough data about the localization and regulation of nitrogen assim-

ilatory enzymes and amino acid accumulation in case of changing the site of prima-

ry N assimilation through the foliar feeding under conditions of insufficient Mo sup-

ply. 

The present study determined the effects of additional foliar feeding on the nitro-

gen assimilatory enzymes and free amino acids accumulation in alfalfa plants inocu-

lated with a S. meliloti and starved for Mo during the growth.

MATERIAL AND METHODS

Seeds of alfalfa (Medicago sativa L. var. Prista 4) were germinated on Fahräeus agar

at 25 °C according to Journet et al. [12]. Three days old seedlings were inoculated

with a bacterial suspension of Sinorhizobium meliloti strain 1021 TLS. On the 5th

day, seedlings were transferred to 2 L pots (25 plants per pot) containing liquid nutri-

ent solutions of Helriegel and were grown in phytotron chamber at 12 h photoperi-

od, day/night temperature 25/18 °C and photon flux density of 95 μmol m–1 s–1 until

the 38th day. The solution was aerated continuously and replaced twice a week. The

composition of the nutrient solution used by Hellriegel with modifications is: 0.5

mM Ca(NO3)2·4H2O; 1.01 mM KCl; 0.5 mM MgSO4·7H2O; 1 mM H2PO4 with

microelement by Hoagland and Arnon [9]: 9.85 mM H3BO3; 2 mM MnCl2; 0.224

mM CuSO4·5H2O; 0.341 mM ZnSO4·7H2O; 0.1 mM (NH4)6MoO4·4H2O; 0.213 mM

NiSO4·6H2O; 0.192 mM Co(NO3)2·6H2O; 89 μM FeII-EÄTA . The concentration of

(NH4)6MoO4·4H2O is 0.1 mM.

The following variants were tested: control Mo supplied plants with root nutrition

(F1+Mo); Mo supplied plants with root and foliar nutrition (F2+Mo); Mo deficient

plants with root nutrition (F1–Mo); Mo deficient plants with root and foliar nutrition

(F2–Mo). Foliar fertilizer Agroleaf ® (Scotts Co, USA) contains the main elements in

the proportion of N : P : K equal to 20 : 20 : 20 (NH4
+-N/NO3–N ratio = 2.5/1; 2.46

mM NO3
– and 6.11 mM NH4

+) and all important microelements without Mo. Agroleaf

(0.3% solution) was applied with spraying under high pressure twice a week starting

from the 11th day.

In order to prepare crude extracts for determination of nitrate reductase (NR-

NADH: EC 1.6.6.2), glutamine synthetase (GS: EC 6.3.1.2) and glutamate synthase

(NADH-GOGAT: EC 1.4.1.14), the extraction medium containing 50 mM Tris-HCl

(pH 8.0), 1 μM Na2MoO4, 10 mM MgSO4·7H2O, 1 mM EDTA, 10 mM L-cysteine,

1% PVP-40, 1 g Dowex [5]. The extract were filtered through one layer of cheese-

cloth, centrifuged at 10,000 g for 20 min (4 °C), and the supernatant was used for the



following assays: NR activity was measured according to Hageman and Reed [7], GS

activity was determined by a biosynthetic assay based on γ-glutamil hydroxamate

synthesis [19], GOGAT activity was determined according to Chen and Cullimore

[3]. Protein content was determined according to Bradford [1] with BSA as a stan-

dard. Nitrogenase activity (NG: EC 1.7.99.2) of root nodules was assayed by the

acetylene (C2H2) reduction technique immediately after harvest according to Hardy

et al. [8]. The acetylene (C2H2) reduction assay (ARA) was expressed as μmol C2H4

g–1 FW nodules h–1.

A high-performance liquid chromatography method for simultaneous analysis of

amino acids, using a new procedure [15] for pre-column derivation of amino groups

with N-(9-fluorenylmethoxycarbonyloxy) succinimide was used. The reproducibili-

ty of the method, expressed as relative standard variation of the peak areas, ranged

from 1.1 to 6.7%. Reported amino acid values where averaged from three indepen-

dent extracts derived from 10 plants.

Analysis of alfalfa tissue for Mo was done using a modification of the dry-ashing

procedure described by Dahlquist and Knoll [4]. The plant samples for Mo content

determination were picked up at the plant harvest at 38th day after germination. For

analysis of Mo content in root samples, roots were taken without nodules. The sam-

ples were dried and powdered. They were digested in a 2 : 1 (nitric acid:hydrochloric

acid) mixture and were used for analysis. Molybdenum was estimated by Inductively

Coupled Plasma (ICP) emission spectroscopy (Vista-MPX™, Varian, Austria).

Analysis of plant digests for Mo was conducted at a wavelength of 202.030 nm with

an instrument detection limit of 0.008 mg Mo L–1.

The results are expressed as means ± standard error where n = 3 (four replications

of analyses run with a single sample, derived from 10 plants). Comparison of means

regarding enzyme activity was performed by the Fisher LSD test (P = 0.05) after per-

forming multifactor ANOVA analysis. The STATISTICA (version 6.0) package was

used for statistical analysis.

RESULTS

The number of nodules in plants with additional foliar feeding declined in compari-

son with the plants with root nutrition both in the presence and absence of Mo

(Fig. 1). However, nitrogenase activity in foliar fed plants-treatments F2+Mo and

F2–Mo was higher than the activity in root fed plants-treatments F1+Mo and F1–Mo.

Therefore the number of nodules was not relevant to their NG activity (Fig. 1).

Nitrate reductase activity (Fig. 2) in Mo-supplied plants was found to be higher in

the shoots than in the roots. Additional foliar nutrition enhanced NR activity only in

the alfalfa shoots. In F1–Mo treatment NR activity increased in the roots, while in

F2–Mo root enzyme activity decreased. GS activity in foliar fed plants similarly

changed in shoots and roots and values were almost equal (Fig. 3). Maximal GS

activity levels both in the roots and shoots were observed in F2+Mo treatments and

minimal in F1–Mo. A favorable effect of foliar fertilization on GS activity was also
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found in F2–Mo in comparison with the F1–Mo treatments. GOGAT activity in the

alfalfa plants changed in a similar way as GS but in Mo supplied plants GOGAT was

higher in the roots than in the shoots (Fig. 3). Data regarding GS/GOGAT activities

are in correspondence with the nitrogen fixing activity (Fig. 1).

The content of total free amino acids in alfalfa roots was significantly higher in the

plants grown in Mo absence compared with the relevant treatments when Mo was

supplied (Table 1). The lowest free amino acid content was established in F2+Mo

treatment. High content of alanine (Ala) was found in the all treatments. In the roots

of F1–Mo plants, the main nitrogen carriers, aspartate/asparagine (Asp/Asn) and glu-

tamate/glutamine (Glu/Gln) content decreased in comparison with F1+Mo treat-

ments.

The levels of Asp/Asn and Glu/Gln in the roots of F2-Mo plants were higher than

in F2+Mo. The highest content in the roots of Ala, γ-aminobutirate (GABA), proline

(Pro), threonine (Thr) and serine (Ser) was observed in F1–Mo treatment. In the

shoots of Mo deficient plants total content of free amino acids three times exceeded

those of Mo supplied: F1+Mo and F2+Mo plants (Table 2). Additional foliar nutri-

tion did not significantly change the total amount of free amino acids, independent-

ly from Mo supply. In the shoots of F1–Mo and F2–Mo treatments, the level of

stress-induced amino acids Ala, GABA, Pro, Thr and Ser mainly increased in com-

Fig. 1. Nitrogenase activity and nodule number in alfalfa plants grown at different Mo supply: (F1+Mo)

– control Mo supplied plants with root nutrition; (F2+Mo) – Mo supplied plants with root and foliar nutri-

tion; (F1–Mo) – Mo deficient plants with root nutrition; (F2–Mo) – Mo deficient plants with root and

foliar nutrition. Different letters indicate significant differences assessed by Fisher LSD test (P = 0.05)

after performing ANOVA multifactor analysis



parison with the controls (F1+Mo). Enhanced Asp/Asn and Glu/Gln levels were

observed in Mo deficient plants with root and foliar nutrition in comparison with Mo-

supplied treatments.
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Table 1

Effect of foliar feeding on the root amino acid contents in alfalfa grown at different Mo supply

F1+Mo F1–Mo F2+Mo F2–Mo

Amino acids plants with plants with plants with root plants with root

root nutrition root nutrition and foliar nutrition and foliar nutrition

(μM · gDW–1) (μM · gDW–1) (μM · gDW–1) (μM · gDW–1)

Asp/Asn 6.133 ± 0.307* 2.731 ± 0.137 0.545 ± 0.027 4.111 ± 0.206

Glu/Gln 0.997 ± 0.050 0.701 ± 0.035 0.386 ± 0.019 0.608 ± 0.030

Ala 19.002 ± 0.950 41.897 ± 2.095 10.020 ± 0.501 10.900 ± 0.545

GABA 9.255 ± 0.463 22.939 ± 1.147 4.580 ± 0.229 6.389 ± 0.319

Pro 5.422 ± 0.271 14.783 ± 0.739 2.309 ± 0.115 3.470 ± 0.174

Thr 6.365 ± 0.318 19.110 ± 0.956 3.261 ± 0.163 3.963 ± 0.198

Ser 3.745 ± 0.187 10.253 ± 0.513 1.185 ± 0.059 2.291 ± 0.115

General content of Val,

Leu, Phe, Ile, Met, Lys,

Tyr, His, Arg 10.191 30.733 5.990 7.595

Total 61.109 143.146 28.275 39.327

*Data are expressed as means ± SE. Reported values were averaged from three independent extractions (n = 3).

Table 2

Effect of foliar feeding on the shoot amino acid contents in alfalfa grown at different Mo supply

F1+Mo F1–Mo F2+Mo F2–Mo

Amino acids plants with plants with plants with root plants with root

root nutrition root nutrition and foliar nutrition and foliar nutrition

(μM · gDW–1) (μM · gDW–1) (μM · gDW–1) (μM · gDW–1)

Asp/Asn 1.579 ± 0.079 8.980 ± 0.449 0.898 ± 0.045 11.624 ± 0.581

Glu/Gln 0.177 ± 0.009 1.158 ± 0.058 0.135 ± 0.007 1.024 ± 0.051

Ala 9.254 ± 0.463 25.001 ± 1.250 8.553 ± 0.428 23.839 ± 1.192

GABA 4.676 ± 0.234 14.575 ± 0.729 4.354 ± 0.218 14.850 ± 0.743

Pro 1.137 ± 0.057 5.166 ± 0.258 2.209 ± 0.110 6.059 ± 0.303

Thr 2.544 ± 0.127 9.058 ± 0.453 2.414 ± 0.121 7.791 ± 0.390

Ser 2.434 ± 0.122 8.034 ± 0.402 2.103 ± 0.105 6.178 ± 0.309

General content of Val,

Leu, Phe, Ile, Met, Lys,

Tyr, His, Arg 7.165 18.615 8.927 21.687

Total 28.968 90.587 29.592 93.053

*Data are expressed as means ± SE. Reported values were averaged from three independent extractions (n = 3).
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Fig. 2. NR activity in alfalfa plants grown at different Mo supply: (F1+Mo) – control Mo supplied plants

with root nutrition; (F2+Mo) – Mo supplied plants with root and foliar nutrition; (F1–Mo) – Mo deficient

plants with root nutrition; (F2–Mo) – Mo deficient plants with root and foliar nutrition. Different letters

indicate significant differences assessed by Fisher LSD test (P = 0.05) after performing ANOVA multi-

factor analysis

Fig. 3. GS and GOGAT activities in alfalfa plants grown at different Mo supply: (F1+Mo) – control Mo

supplied plants with root nutrition; (F2+Mo) – Mo supplied plants with root and foliar nutrition; (F1–Mo)

– Mo deficient plants with root nutrition; (F2–Mo) – Mo deficient plants with root and foliar nutrition.

Different letters indicate significant differences assessed by Fisher LSD test (P = 0.05) after

performing ANOVA multifactor analysis



The results regarding Mo content in alfalfa seeds, roots and shoots (Table 3)

showed relatively high initial level of Mo reserves in the seeds and higher values in

the roots than in the shoots. Mo content in plants grown in the absence of Mo sig-

nificantly decreased – with 99% in the shoots and 98% in the roots in comparison

with relevant Mo adequate plants. Nevertheless, Mo content in the roots of Mo defi-

cient plants remained 4 times higher than in the shoots.

DISCUSSION

The results connected with nitrogen assimilation in alfalfa showed that efficiency of

nitrogen fixation and assimilation could be improved through the application of

Agroleaf® in 0.3% concentration. The beneficial effect of foliar fertilization on the

nitrogenase activity was found in our previous study with pea plants [10]. The lack

of correspondence between the nodule number and nitrogen fixing activity was also

suggested by Puppo et al. [21].

Low nitrate reductase activity in the roots of foliar fed plants both in the presence

and the absence of Mo could be due to the suppression of high GS/GOGAT activity

in the roots of these treatments as a consequence of increased NG activity. It is well

known that in legumes nitrate assimilation and reduction is strongly influenced by

high nitrogen fixing activity. Relatively high root NR values corresponded to the

accumulation of high Mo levels in the alfalfa roots (Table 3).

GS/GOGAT enzyme activity in plants increased in the progress of nodule devel-

opment and its ability for atmospheric dinitrogen fixation, that is, they increased in

parallel with the capacity of nodules to convert N2 to glutamine and asparagine [20].

Reduced nitrogen fixing activity under conditions of Mo shortage and root nutrition

(F1–Mo) resulted in a decline of GS/GOGAT enzyme activities (Fig. 3). Additional

foliar nutrition with nitrogen in predominated ammonium form stimulated nitrogen

assimilatory enzymes even at reduced Mo supply, which was observed in our study

with pea plants [10].

Increased level of stress-induced amino acids such as Ala, GABA, Trh, Pro and

Ser in the roots and shoots of Mo deficient plants indicated that alfalfa plants are very

sensitive to insufficient Mo supply (Tables 1, 2). The synthesis of alanine is at the
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Table 3

Molybdenum distribution in alfalfa plant organs

in dependence on Mo availability in the nutrient media

Molybdenum content in alfalfa (ppm)

Seeds 1.73

Shoots (+Mo) 23.8

Roots (+Mo) 64.5

Shoots (–Mo) 0.31

Roots (–Mo) 1.20
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expense of glutamate and aspartate [24], and occurs concomitantly with the accumu-

lation of GABA [22]. The main nitrogen transport compounds Asp/Asn increased at

insufficient Mo supply especially in the shoots (Tables 1, 2). In all treatments,

Asp/Asn content in the shoots and roots was higher than the Glu/Gln content and its

values varied with dependence on Mo presence in the nutrient media as well as addi-

tional foliar nutrition. Rosendahl and Jacobsen [23] concluded that Asn amount was

clearly higher than the Gln in the most efficient symbiosis in legumes. On the other

hand, according to some recent studies [14] accumulation of Asn in plant tissues was

observed during the periods of suppressed protein synthesis. Foliar fertilization

resulted in lowering of total free amino acid content predominantly in the roots both

in the Mo supplied and Mo deficient plants compared to the plants with root nutri-

tion. It was found in our previous study that the foliar fertilization reduced the

inhibitory effect of Mo shortage on the aspartate/asparagine content in the pea shoots

[11]. Amino acid content in the roots and shoots of the plants with root nutrition had

a similar trend of changes both in the presence and the absence of Mo. Tendencies of

the amino acid contents are different in the roots and the shoots when foliar nutrition

was added. It could be a result of specific effect of additional uptake and assimila-

tion of nitrogen supplied trough the leaves.

Total Mo content (Table 3) in the alfalfa Mo deficient plants (roots and shoots) is

relevent to the initial Mo level in the seeds and is much higher in roots. According to

Brodrick and Giller [2] when plants suffer from Mo shortage, Mo become more

mobile and its transport is orientated from the shoots towards roots and nodules in

order to support nitrogen fixing activity. Typical Mo deficiency visual symptoms

expressed as chlorosis of the young mature leaves were observed.

In conclusion, our results showed that the negative effect of Mo deficiency on the

nitrogen fixation and assimilation in alfalfa plants was lowered through the foliar

absorbed nutrients.
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