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ABSTRACT
The interaction between legumes, rhizobial and arbuscular mycorrhizal (AM)
partners benefits plant nutrition and improves plant tolerance to water stress.
The present research evaluated the effectiveness of symbioses between cowpea
plants (Vigna unguiculata (L.) Walp.), AM fungi (Glomus intraradices) and two
strains of Bradyrhizobium japonicum on the mycorrhization, acid phosphatase
activity (APase), enzymes related to nitrogen fixation and assimilation, and
biomass accumulation at three soil moisture levels. The results revealed that
the soil moisture optimal for the formation of active symbiotrophic associations
in cowpea cultivationwas about 60%water-holding capacity (WHC), where both
Bradyrhizobium strains and AM fungi function well with respect to mycorrhiza-
tion, nitrogen and phosphorus uptake, nitrogen fixation and plant biomass
production. Under conditions of reducedwater supply, the symbiotic association
between Br. japonicum-273 and Gl. intraradices was better for cowpea cultiva-
tion, while in elevated soil moisture association between Br. japonicum-269 and
Gl. intraradices was more appropriate.
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Introduction

Cowpea (Vigna unguiculata (L.) Walp.) is one of the most important food legume crops in the semiarid
tropics covering Asia, Africa, southern Europe, and Central and South America. A drought-tolerant and
warm-weather crop, cowpeas are well adapted to the drier regions of the tropics, where other food
legumes do not perform well. It also has the useful ability to fix atmospheric nitrogen through its root
nodules, and it grows well in poor soils with more than 85% sand and with less than 0.2% organic matter
and low levels of phosphorus (Singh et al. 2003). Cowpeas provide a rich source of proteins and calories,
as well as minerals and vitamins. A cowpea seed can consist of 25% protein and is low in anti-nutritional
factors (Rangel et al. 2003). This diet complements the mainly cereal diet in countries that grow cowpeas
as a major food crop (Phillips et al. 2003).

In legumes, ammonia can be formed by the direct fixation of atmospheric dinitrogen molecules within
the root nodules (Lam et al. 1996). With the addition of nitrates to the plant tissues, ammonia is generated
by the concerted reactions of nitrate reductase (NR) and nitrite reductase. It is established that the major
pathway for ammonia incorporation into nontoxic organic compounds occurs through the glutamine
synthetase – glutamate synthase (GS-GOGAT) cycle (Ireland and Lea 1999). The GS-GOGAT cycle
converts ammonia by the combined activity of GS and glutamate synthase to produce two molecules of
glutamate. Amino groups are then transferred out of the GS-GOGAT cycle, predominantly via glutamate
to other amino acids, such as aspartate and alanine, and a range of transamination products is formed.
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Phosphorus plays a key role in the energy metabolism of all plant cells, and particularly in nitrogen
fixation (Dilworth 1974). It was established that nodulating legumes require more phosphorus (P) than
legumes growing on mineral nitrogen. The arbuscular mycorrhizal (AM) fungi associated with legumes
are an essential link for effective phosphorus nutrition, leading to enhanced nitrogen fixation, which in
turn promotes root and mycorrhizal growth. The synergistic effect of the dual colonization of roots with
AM fungi and rhizobial bacteria on growth, nutrient uptake and nitrogen fixation in soybean
(Bethlenfalvay, Brown, and Franson 1990), mung bean (Das, Sahoo, and Jena 1997) and pea (Geneva
et al. 2006) were reported. The effectiveness of the tripartite symbiosis – AM fungi, Bradyrhizobium and
legumes plant – depends on the competition of the three symbionts for carbon. The synchronization
between the two symbiotic systems needs an optimal P level in the nutrient medium to stimulate the
nodulation and nitrogen fixation and not to slow down the formation of effective mycorrhizal associates.
As the information presented in the studies in this area is insufficient, the objective of this study was to
evaluate the effectiveness of triple symbioses – cowpea plants, AM fungi (Glomus intraradices) and
Bradyrhizobium japonicum – on the mycorrhizal status, acid phosphatase activity (APase), enzymes
related to nitrogen fixation and assimilation at different soil moisture levels and eventually on plant
growth.

Materials and methods

Biological material and growth conditions

Cowpea plants (Vigna unguiculata (L.) Walp) cv. Hrisi, created in the Bulgarian Institute for Plant Genetic
Resources “K. Malkov”, were grown in a glasshouse until the flowering stage (35 days), in 1 kg plastic pots
(two plants per pot) using Alluvial meadow soil (Eutric Fluvisol). The agrochemical characteristics of the
soil were as follows: pH water (H2O) – 7.4; mineral nitrogen (N) – 19 mg kg−1 soil; phosphorus (P)
[phosphorus pentoxide (P2O5)] – 99 mg kg−1 soil, potassium (K) [potassium oxide (K2O)] – 334 mg kg−1

soil. Water was added to make up about 40%, 60% and 80% of the water-holding capacity (WHC). An
inoculum of AM fungi, Glomus intraradices EEZ 01 was used. It was added to the soil (at 2 cm depth under
the soil surface) before sowing in quantity of 0.5 g per pot. The mycorrhizal strain was provided from the
AMF collection of Estacion Experimental del Zaidin (CSIC Granada, Spain). The seeds were inoculated
with the bacterial suspension of Bradyrhizobium japonicum, strains 273 and 269, at approximately 108 cells
per cm3. The tested strains were from the collection of SoilMicrobiologyDepartment of Nicola Poushkarov
Institute of Soil Science, Agrotechnologies and Plant Protection, Bulgaria.

The following scheme was used per each level of WHC:

(1) Control plants;
(2) Plants inoculated with Br. japonicum-273
(3) Plants inoculated with Br. japonicum-269
(4) Plants inoculated with Gl. intraradices EEZ 01
(5) Plants inoculated with Br. japonicum-273 + Gl. intraradices EEZ 01
(6) Plants inoculated with Br. japonicum-269 + Gl. intraradices EEZ 01

Determination of root colonization

The extent of mycorrhizal root colonization was determined using the gridline intersect method
(Giovanetti and Mosse 1980). For visualization of AMF colonization, roots were cleared in 10%
potassium hydroxide (KOH) and stained with 0.05% Trypan blue in lactic acid (v/v).

Acid phosphatase activity (APase)

APase (electrical conductivity (EC) 3.1.3.2) was measured according to the method of Schneider,
Turrion, and Gallardo. (2000), based on the original one of Tabatabai and Bremner (1969). Root tissue
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was homogenized in 0.1M sodium acetate buffer (pH 5.0). After centrifugation, the supernatant was
assayed for enzyme activity by incubation in 5mM p-nitrophenyl phosphate and 0.1M sodium acetate
buffer (pH 5.0). The reaction was stopped by the addition of 0.2M sodium hydroxide (NaOH) and
absorption was measured at 405 nm.

Nitrogen-fixing activity

Nitrogenase activity (NG, EC 1.7.99.2) of the root nodules was determined by the acetylene reduction
assay, immediately after harvesting according to Hardy, Burns, and Holsten (1973). The acetylene
(C2H2) reduction was expressed as nmol ethylene (C2H4) plant

–1 h–1.

Nitrogen assimilatory enzymes

To prepare crude extracts for the determination of leaves nitrate reductase (NR-NADH: EC 1.6.6.2) and
glutamine synthetase (GS: EC 6.3.1.2) activity, the extraction medium contained 50 mMTris-hydrochloric
acid (HCl) (pH 8.0), 1 μM sodium molybdate (Na2MoO4), 10 mM magnesium sulfate heptahydrate
(MgSO4.7H2O), 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM L-cysteine, 1% PVP-40 and 1 g
Dowex (Frechilla et al. 2002). The extracts were filtered through one layer of cheesecloth, centrifuged at 10
000g for 20 min (4°C), and the supernatant was used for the following assays: NR activity was measured
according to Hageman and Reed (1980), and GS activity was determined by a biosynthetic assay based on
γ-glutamil hydroxamate synthesis (O’Neal and Joy 1973). Protein content was determined according to
Bradford (1976) with BSA as a standard.

Statistics

Data were expressed as means ± standard error, where n = 3. Comparison of means was performed
by the Fisher least significant difference (LSD) test (p ≤ 0.05) after performing multifactor analysis of
variance (ANOVA). A statistical software package (StatGraphics Plus, version 5.1. for Windows,
Warrenton, VA, USA) was used.

Results

The root mycorrhization showed the highest percentage levels in plants inoculated with AM fungi only
(Figure 1). Dual inoculation with AM fungi and both strains of Br. japonicum of cowpea plants resulted
in the decline of root mycorrhizal status compared with the single inoculation with Gl. intraradicess EEZ
01 (Figure 1). APase was changed in an opposite way – increase in the treatments with combined
inoculation compared with those with single inoculation with AM fungi. Combined inoculation with
both Bradyrhizobium strains and Glomus intraradices affects similarly root colonization with AM fungi
and APase at the three levels of water supply. A remarkable increase in the mycorrhizal status and APase
activity was observed under conditions of reduced water supply where Gl. intraradices were applied
together with Br. japonicum-273. The presence of mycorrhizal colonization in the soil substrate of the
control and treatments with Br. japonicum could be due to the occurrence of the native strains of AM
fungi in the non-sterile soil substrate.

Soil moisture had a significant impact on the nitrogen fixation activity of the inoculants and their
combinations tested in the experiment (Figure 2). The highest values of nitrogen fixation were established
for all treatments at optimal soil moisture equal to 60% WHC. At this level of soil moisture, when plants
were double inoculated with both AMF and Br. japonicum, a decrease of nitrogenase activity was observed.
For 60 and 80% levels of soilmoisture, Br. japonicum-273 applied by itself resulted in higher nitrogen-fixing
activity in comparison with only Br. japonicum-269. Nitrogen fixation showed higher values in the
treatments with dual inoculation with the participation of Br. japonicum-273 at 40% WHC, where the
application of Br. japonicum-269 was more effective at 80%WHC.
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Inoculation with both strains of Br. japonicum positively affected the GS activity at the three soil
moisture levels (Figure 3), and this effect was better manifested as a result of inoculation with Br.
japonicum-269 at 60 and 40%WHC. The single treatment with AM fungi increased the GS activity more

Figure 1. Root colonization and acid phosphatase activity (μmolpNP gFW−1 h−1) in roots of Vigna unguiculata.
Different letters in the values per each level of water-holding capacity indicate significant differences assessed by the Fisher LSD
test (p ≤ 0.05) after performing ANOVA analysis.

Figure 2. Nitrogen-fixing activity (nmol ethylene (C2H4) plant
–1 h–1) of Vigna unguiculata.

Different letters in the values per each level of water-holding capacity indicate significant differences assessed by the Fisher LSD
test (p ≤ 0.05) after performing ANOVA analysis.
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than Br. japonicum at drought (40% WHC) and very moist (80% WHC) conditions. Combined
treatment with Br. japonicum-273 and AM fungi resulted in maximal GS activity at 60% WHC as well
as at 40% WHC. The combination between AM fungi and Br. japonicum-269 stimulated GS activity
under conditions of elevated water supply.

NR activity (Figure 3) had a similar trend of change as did GS activity. Inoculation with Br.
japonicum-269 resulted in an increase of NR activity under conditions of 80% WHC. Under optimal
and water-deficit conditions, both Bradirhizobium strains showed equal levels of NR activity. Treatment
with AM fungi alone markedly increased NR activity at all three levels of WHC. Significant differences
regarding NR activity were not found between treatments with fungi alone and in combination with Br.
japonicum-273. Dual inoculation with Gl. intraradices and Br. japonicum-269 increased the NR activity
at 80% WHC.

Elevated levels of both nitrogen assimilatory enzymes as a result of inoculation with nitrogen-fixing
bacteria and AM fungi lead to shoot biomass increases (Figure 4). Shoot dry biomass, determined at the
beginning of the flowering stage, showed higher values in all treatments with nitrogen-fixing bacteria and
AM fungi in comparison with non-treated controls at all three tested levels of soil moisture. Some
advantage of dual inoculation with both Br. japonicum strains and AM fungi regarding biomass
accumulation was observed at 60% WHC soil moisture. At reduced water supply (40% WHC), shoot
dry biomass was higher in plants inoculated with AM fungi compared with those with single inoculation
with Br. japonicum strains. However, the highest shoot biomass values were observed in a combined
treatment of Gl. intraradices + Br. japonicum-273. At 80%WHC in all treatments, shoot biomass did not

Figure 3. Glutamine synthetase (GS) and nitrate reductase activity (NR) in the leaves of Vigna unguiculata.
Different letters in the values per each level of water-holding capacity indicate significant differences assessed by the Fisher LSD
test (p ≤ 0.05) after performing ANOVA analysis.
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differ significantly as a result of inoculation, with the exception of the treatment with Gl. intraradices and
Br. japonicum-269 (Figure 4).

Discussion

Numerous authors have studied the interaction between legumes, rhizobial and AM partners (Chalk
et al. 2006; Djonova, Petkova, and Stancheva 2014; Juge et al. 2012; Xavier and Germida 2003), but
information about cowpea dual inoculation is insufficient.

At soil moisture 60% WHC, a single application of both strains of Br. japonicum markedly
increased the nitrogen-fixing activity, but inoculation with Br. japonicum-273 resulted in higher
nitrogen fixation. Moreover, single inoculation with Bradyrhizobium strains and AM fungi increased
the activity of two nitrogen assimilatory enzymes – NR and GS, compared with the control. More
significant was the impact of Br. japonicum-269 on the activity of GS, and the impact of mycorrhizal
inoculation on NR. It could be suggested that mycorrhizal associations stimulate the absorption of
nitrates. In the combined treatment of plants with the Br. japonicum strains and mycorrhizal fungi
Gl. intraradices EEZ 01, the advantage of Br. japonicum-273 was observed only with respect to GS.
The shoot dry biomass and the activity of acid phosphatase were equal, due to the dual inoculation
with AM fungi and both strains of nitrogen-fixing bacteria, which is in agreement with the
percentage of root colonization. Some authors (Michalis, Ioannides, and Ehaliotis 2013) reported
that mycorrhizal development improved only non-water stress conditions and soil acid phosphatase
was involved in the release of phosphorus into the soil (Prasad et al. 2012). Jia, Gray, and Straker
(2004) reported that inoculation with AM fungi promoted biomass production and photosynthetic
rates in Vicia faba because of the enhanced P supply due to AM fungi inoculation. Saxena, Rathi, and
Tilak (1997) reported that tripartite symbiosis between green gram, Bradyrhizobium japonicum and
several AM fungal cultures increased the growth, nodulation and acetylene reduction activity at
varying levels for almost all combinations.

Our results showed that under conditions of lower water supply, good synchronization between the two
symbiotic systems (Bradyrhizobium strains and AM fungi) was observed regarding nitrogen and phos-
phorus assimilation and plant biomass production. The synchronization between the two symbiotic
systems needs an optimal P level in the nutrient medium to stimulate nodulation and nitrogen fixation
and not to slow down the formation of effective mycorrhizal associates. At 40% WHC, single treatment
with mycorrhizal fungi led to a significant increase in GS and NR enzyme activities compared with the
treatments with nitrogen-fixing bacteria (Bradyrhizobium strains). The greatest effect was observed in the
treatments of dual inoculationwith Br. japonicum-273 andmycorrhizal fungi, in terms of nitrogen fixation,

Figure 4. Shoot dry biomass (g plant−1) of Vigna unguiculata.
Different letters in the values per each level of water-holding capacity indicate significant differences assessed by the Fisher LSD
test (p ≤ 0.05) after performing ANOVA analysis.
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nitrogen assimilatory enzymes, acid phosphatase and biomass accumulation. Probably the drought caused
stimulation of the activity of the symbiotrophic association of plant–AM fungi, which improved the supply
of the plants with water and nutrients. There are various assumptions regarding the mechanisms of
overcoming drought stress in a plant–AM fungi system – changes in root hydraulic conductivity, leaf
expansion and conductance, osmotic pressure or phytohormone production (Augé and Duran, 1991;
Augé, Schekel, and Wample 1986; Gogala 1991). Zhao et al. (2015) reported that drought stress increased
mycorrhizal colonization and decreased plant dry weight. Considerable evidence suggesting that AM fungi
have the potential to increase the tolerance of their host plants to water deficit have been reported by Augé
et al. (2007) and Lazcano, Barrios-Masias, and Jackson (2014). AM symbiosis alleviates drought stress via
direct water uptake and transport through fungal hyphae to the host plants (Augé et al. 2007) and enhanced
nutrient uptake (Michalis, Ioannides, and Ehaliotis 2013).

The positive effects of mycorrhizal fungi colonization on nitrogen fixation and nitrogen assimilatory
enzymes at elevated soil moisture (80% WHC) were again exhibited. In these conditions, however, the
effects of combined treatment withmycorrhizal fungi and Br. japonicum-269 weremore clearly manifested
with respect to the NR, GS and APase enzyme activities, and biomass accumulation. AM fungi also
enhanced the tolerance of the host plant to waterlogged soil (Fougnies et al. 2007; Neto et al. 2006). Neto
et al. (2006) showed that Aster tripolium plants colonized by Glomus species showed better tolerance to
waterlogging, mediated through improved osmotic adjustment and N nutrition. According to Wu, Zou,
andHuang (2013), waterlogging significantly restricted themycorrhizal colonization of citrus seedlings, but
increased the number of entry points and vesicles. Mycorrhizal seedlings compared with non-mycorrhizal
controls had significantly greater plant height, freshmass, total root lengths, surface root areas, root volume
and numbers of lateral roots regardless of elevated soil moisture treatment.

The results obtained indicate that the soil moisture content, optimal for the functioning of active
symbiotrophic associations: plants–AM fungi and nitrogen-fixing bacteria in cowpea cultivation on
Alluvial meadow soil, was about 60% WHC. An increase up to 80% (which is the level of moisture
recommended for other legumes, e.g. soybean) (Tu and Hietkamp 2008) causes a decrease of nitrogen
fixation activity. This was probably due to the negative influence of water excess on the development of
root systems by the limitation of symbiosis development and decreasing the oxygen diffusion. Soil
drought has a stronger negative effect due to the high sensitivity of Rhizobium bacteria to decreased
water content, which depresses infection of the roots, the process of nodules formation and their activity.

Conclusion

In conclusion, under optimal soil moisture conditions the two symbiotic systems (both Bradyrhizobium
strains and AM fungi Gl. intraradices EEZ 01) functioned well with respect to mycorrhization, nitrogen
and phosphorus uptake, nitrogen fixation and plant biomass production. In drought conditions, the
symbiotic association between Br. japonicum-273 and Gl. intraradices EEZ 01 was better, whereas in soil
with water excess association between Br. japonicum-269 and Gl. intraradices EEZ 01 was more relevant.
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