
Introduction

Arbuscular mycorrhizal fungi occur in the soil of almost 
all ecosystems and are commonly associated with a majority 

of terrestrial plants by forming the mutual symbiosis [1]. 
Mycorrhizal mycelium acts as an intermediary between 
the soil and the plant, absorbing nutrients and water from 
soil and delivering them to the host root [2]. Among the 
most widespread types of mycorrhizal symbiosis (about 
95% of vascular plants) are the arbuscular mycorrhizae 
(AM) [3]. The main representatives of this group are the 
genera Acaulospora, Endogone, Gigaspora, Glomus, and 
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others [4]. Arbuscular mycorrhizal fungi draw the energy 
needed for their sustenance from the host plant. In return 
they give the plant certain minerals, primarily phosphorus, 
mineral nitrogen, and in some cases also nitrogen released 
from organic substances that would otherwise be less 
accessible for the plant [5]. Smith [6] sees as the main 
benefi t of arbuscular mycorrhizae the ability to obtain 
phosphates from a greater distance than can be reached 
by uninfected roots or root hairs. AMF have been shown 
not only to improve plant nutrition, but they also interfere 
with the phytohormone balance of the plant, thereby 
infl uencing plant development and mitigating the effects 
of environmental stresses [7]. AMF are known to present 
an effective and sustainable tool to enhance drought 
tolerance in horticultural crops [8]. 

The infl uence of the treatment of plants with arbuscular 
mycorrhizal fungi on the nutritional parameters of the plant 
has been confi rmed by many studies. It always depends on 
the species of host plant and the specifi c fungus that forms 
the mycorrhizal symbiosis. The inoculation of a plant 
with mycorrhizal fungi frequently increases the content of 
phosphorus, zinc, nitrogen, and potassium in plant tissues 
[6, 8-10]. Other experiments demonstrated, for example, 
increased content of copper and iron in lettuce [11], 
selenium in garlic [12] phenolic substances, fl avonoids 
and lignin compounds in cucumber [13], carotenoids in 
pepper [14], sugar in tomato [15-16], lycopene in tomato 
[17-18], or organic compounds containing sulphur in 
Welsh onion plants [19]. Some research was focused on 
leek because of the economic importance of this crop 
and long vegetation period, allowing mycorrhizal fungi 
to develop the symbiotic relationship. The studies of 
Malik et al. [20] provide information that the selection of 
mycorrhizal communities from the roots of different plant 
cultivars is a valuable method to enhance the growth and 
quality of leeks (increase yield and polyphenol content). 
Sorensen et al. [12] demonstrated that pre-inoculation of 
leek increased the shoot and root concentrations of P, Zn, 
Cu, and N, and plant production. Inoculation with AM 
fungi had the potential to enhance crop nutrient uptake, 
including trace elements.

An important role in inoculation with arbuscular 
mycorrhizal fungi is also played by the question of the 
accumulation of harmful substances, such as heavy metals 
or nitrates. Paun et al. [21] investigated how AM fungi 
protect plants from toxic elements (HMs) by retaining 
them in their root systems, and they also have the potential 
to change and modify the rhizosphere environment [21]. 
Nitrates are not in themselves harmful until they are 
reduced into nitrites by bacteria living in the human 
digestive tract. Nitrates might react with dietary amines 
to form carcinogenic nitrosamines. Nitrates are dangerous 
to infants younger than six months [11]. The aim of this 
work was to verify the infl uence of selected species of 
AM fungi on the content of nitrates and selected heavy 
metals in leek plants (Allium porrum L.). We formulated 
the experimental hypotheses that 1) AMF inoculation 
can decrease nitrates level in leek and 2) an additional 
challenge is to include mixed communities of different 

AMF species to investigate their theoretical functional 
complementarity.

Methods and Materials 

Experimental Design 

The experiment took place in 2014-15 on land of the 
Faculty of Horticulture in Lednice, Mendel University 
in Brno, Czech Republic. The leek (Allium porrum L.), 
variety Terminal (MORAVOSEED, Czech Republic), 
was selected as the material of the experiment. This is 
a semi-early variety, intended for summer and autumn 
harvesting. The leek was sown together with a precise 
amount of inoculum of arbuscular mycorrhizal fungus 
(AM) in cultivation trays with 160 cells. The substrate 
used was Klasmann TS 3 STANDARD, and the pH was 
5.5-6.5. The electrical conductivity of the substrate is 
30 mS m-1. The nutrient content of the substrate is as 
follows: 100 mg l-1 N, 70-150 mg l-1 P2O5, 140-300 mg l-1 
K2O, and 60-100 mg l-1 Mg (Pasic.cz 2015). 

Three variants of single-genus AM inoculum 
were tested: RI (Rhizophagus intraradices BEG 140), 
CC (Claroideoglomus claroideum BEG 210), FM 
(Funneliformis mosseae BEG 95), and three mixed 
variants labelled: RI+CC, CC+FM, and RI+FM. An 
untreated control variant (C) was also used. The dosing of 
individual AM inoculum was 0.015 g to 1 cm3 of substrate 
as recommended by the producer [22]. The approximate 
content of live spores in fungal inoculum was established 
prior to the initiation of the experiment. In 2014-15 the 
visual number of spores in 1 g inoculum soaked in distilled 
water was as follows: Claroideoglomus claroideum BEG 
210 (23/25), Funneliformis mosseae BEG 95 (15/17), 
and Rhizophagus intraradices BEG 140 (28/23). Each 
cultivation tray was isolated to avoid contamination of 
variants when watering. After an ensuing minimum two-
month pre-cultivation period in a greenhouse, the plants 
were planted in the experimental plot with randomly 
generated blocks for individual variants (seven rows, 
fi ve repetitions, 20 plants in the repetitions). Sowing in 
individual years took place on 8/4/2014 and 25/3/2015, 
and planting on the experimental plot on 11/6/2014 and 
2/6/2015. The dates of harvesting were 21/10/2014 and 
26/10/2015. The plant spacing was 0.1 x 0.5 m and the 
plot was irrigated by microspraying. Soil analysis showed 
pH (H2O) 6.4 in 2014 and 6.8 in 2015 and organic carbon 
content of 1% for both years; the nutrients content was 
within the range recommended for leeks. Total HMs 
content was comparable with background levels detected 
in uncontaminated soils [23]. During the vegetation in the 
fi eld, the standard cultivation procedures recommended 
for leeks was performed.

Laboratory Analyses

After harvest, we assessed the colonisation of roots 
by AM fungi out visually using staining with trypan blue, 



139Controlling Nitrate and Heavy Metals...

in a modifi cation of the method according to Phillips and 
Hayman [24]. For evaluation we ised a microscope slide 
with a scale of 1 mm spaced lines. The assessment was 
carried out by the classical grid line intersected method 
always with four mixed samples (collected from 10 well-
developed, typical roots of 20 plants) from each variant. 
For calculating the percentage colonisation the equation 
we used was (%C): %C = 100Σ (+) / Σ(+) + Σ(-) according 
to McGonigle et al. [25].

The nitrates content of leek white shafts washed in 
deionised water were determined with an ion-selective 
electrode (ISE, Monokrystaly Turnov.cz). The electrical 
potential in the leachate of the vegetable tissue was 
measured (using an ISE), which was compared with a 
reference mercury sulfate electrode.

To determine zinc, lead, copper, and cadmium, 20 
plants per treatment were washed in deionised water, 
and the uniform white shafts were the material for 
analysis. The method used was fl ow-through stripping 
chronopotentiometry (EcaFlow, ISTRAN, SK) after 
mineralisation of the sample with nitric acid.

Weather Condition Measurements

During the fi eld experiment, the weather conditions 
(mean monthly temperature and precipitation) and data on 
sunshine duration, defi ned as number of hours in which the 
solar radiation falls on a plane, were recorded by automatic 
sensors located near the experimental fi eld ( Fig. 1). In 2014 
and 2015 mean monthly temperature (April-October) was 
15.8 and 16.4ºC, respectively. In the 2014 growing period, 
plants experienced high precipitation, especially in August 
and September, accompanied by lower sunshine duration. 

Statistical Analyses 

Data were analysed by ANOVA. If signifi cant 
differences were detected between the treatments, the 
averages were compared using the Scheffe test at a 
probability α = 0.05.

Results

Colonisation of leek plants in both years in the control 
variant was in the range between 9.5% (2014) and 10.7% 

(2015) of root length colonised with AMF. As is clear 
from  Fig. 2, the highest level of colonisation in 2014 
was shown in the variant combining R. intraradices and 
F. mosseae (RI+FM 60.0%). The other variants showed 
a level of colonisation in the range 45.3% to 49.2%. The 
lowest level of colonisation was found in the variant 
treated with C. claroideum (CC 34.4%). In 2015 the rate 
of root colonisation was comparable with the previous 
year. A lower percentage of root colonisation than in 2014 
was determined in the variants RI (33.0%), FM (46.5 %), 
and RI+FM (43.4 %). However, the differences were not 
signifi cant. The highest rate of colonisation in 2015 was 
determined in the variant combining R. intraradices and 
C. claroideum (RI+CC 58.9%).

Demonstrable differences between the control variant 
and the variants treated with AM fungi were confi rmed in 
the majority of cases in both experimental years. In 2014 
only the difference between the control and variant CC 
(34.4%) was not statistically confi rmed. Similarly, in 2015 
the difference between the control and variant RI (33.0 %) 
was not statistically signifi cant.

  Fig. 1. Variations of temperature, precipitation, and sunshine in experimental years 2014 and 2015.

 Fig. 2. Percentage of colonisation of roots by AMF by Scheffe’s 
test (P <0.05).
Error bars represent SD. Abbreviations: RI – Rhizophagus 
intraradices, CC – Claroideoglomus claroideum, FM - 
Funneliformis mosseae, and three mixed variants labelled 
RI+CC, CC+FM, and RI+FM.
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In 2014 the highest content of nitrates was found 
in the variant treated with the fungus R. intraradices 
(RI 338.5 mg kg-1 ; Fig. 3). The second highest content 
was monitored in the control untreated variant (C 323.6 
mg kg-1). Between the control variant (C) and variants RI 
and FM there were no signifi cant differences, while all 
the other variants (CC, RI+CC, CC+FM, RI+FM) have a 
signifi cantly lower content of nitrates in comparison with 
the control. The variants treated with a combination of 
two AM inoculums included the lowest nitrates content, 
CC+FM (49.5 mg kg-1) and RI+FM (44.6 mg kg-1), both 

using the species F. mosseae in combination. In the 2014 
assessment, the positive trend for combined AM fungi 
reducing nitrates content in plants was confi rmed. In 2015 
the overall nitrates content in leeks was extremely low.

In 2015 all the tested variants had a value for nitrates 
content under 60.0 mg·kg-1. Despite these extremely 
low values, once more a positive trend for the reduction 
of content after inoculation with AM fungi and their 
combinations was found, since the untreated control 
variant showed the highest nitrates content in fresh leek 
matter (C 49.9 mg kg-1). The lowest nitrates content 
was determined in the variants RI+CC (12.2 mg kg-1) 
and CC+FM (16.6 mg kg-1), combining C. claroideum. 
Despite marked differences with the control variants, these 
differences were not confi rmed by statistical analysis. 

From the results of assessing the heavy metals content 
it can be stated that in 2014 no signifi cant differences 
between the control variant and those treated with AM 
fungi (s ee Figs 4  and 5) were confi rmed. The control 
variant (C) contained 2,611.3 μg kg-1 zinc, 16.5 μg kg-1 
lead, 8.9 μg kg-1 cadmium, and 160.7 μg kg-1 copper. 
The highest zinc content in 2014 was determined in the 
variant CC+FM (3,017.4 μg kg-1), and this variant also 
had the highest amount of cadmium (18.3 μg kg-1). 
The largest amount of lead was contained in the variant 
RI+FM (45.1 μg kg-1) and of copper was in variant CC 
(160.9 μg kg1).

In 2015, compared with 2014, an increase in the 
accumulation of HMs was determined. However, the only 
signifi cant difference between years was marked in variant 
RI+CC in case of lead content and in variant RI in case of 
copper content. In the control variant, 2,597.3 μg kg-1 zinc, 
476.2 μg kg-1 copper, 57.5 μg kg-1 lead, and 17.9 μg kg-1 
cadmium was determined. In the case of the evaluation of 

 Fig. 3. Nitrates content (mg·kg-1 FW) in leek white shaft by 
Scheffe’s test (P<0.05).
Error bars represent SD. Abbreviations: RI – Rhizophagus 
intraradices, CC – Claroideoglomus claroideum, FM - 
Funneliformis mosseae, and three mixed variants labelled 
RI+CC, CC+FM, and RI+FM. 
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 Fig. 4. Zn and Cu content (μg·kg-1 FW) in leek white shaft by Scheffe’s test (P < 0.05).
Error bars represent SD. Abbreviations: RI – Rhizophagus intraradices, CC – Claroideoglomus claroideum, FM - Funneliformis mosseae, 
and three mixed variants labelled RI+CC, CC+FM, and RI+FM.
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the zinc content the lowest amount was determined in the 
variant FM (2,262.2 μg kg-1) and the highest in the variant 
RI (2,997.5 μg kg-1).  Results do not show any statistical 
difference between treatments in heavy metal evaluation 
during 2015.

From the summary of the analysis of variance 
(Table 1) it is obvious that the effect of production season 
(year) on HMs was much stronger that the effect of 
AMF treatment. In the case of nitrates, both the year and 
treatment signifi cantly infl uenced the content in leek white 
shaft tissues.

Discussion

A number of farming practices such as the intensity 
of tillage, crop rotation, and overall management of 
horticultural produce can infl uence the colonisation of 
plant roots by arbuscular mycorrhizal fungi [26]. In 
many cases, increasing the yield of cultivated plants 
depends on naturally occurring AMF – frequently from 

the family Glomeraceae, which comprises seven genera 
(Glomus, Dominikia, Funneliformis, Kamienskia, 
Rhizophagus, Sclerocystis, and Septoglomus) [26-
28]. Plants that do not form mycorrhizal symbioses, or 
plants with a low colonisation potential such as pepper 
(Capsicum annuum L.) or lettuce (Lactuca sativa L.), can 
have a negative infl uence on the development of AM fungi 
in the soil [26]. It can be said that in both years of this 
experiment a suffi cient level of colonisation was shown 
in all the species used. Although there was a tendency of 
higher colonisation potential of mixed AMF communities 
(RI+FM in 2014; RI+CC; CC+FM in 2015), differences 
were not confi rmed statistically.

In many species of plants nitrogen can accumulate 
in the form of undesirable nitrates. Inorganic nitrogen is 
taken up by plants from the soil in two forms (NO3, NH4+), 
and in the presence of AM fungi it is absorbed in the 
extraradical mycelia, where it is converted into the amino 
acid arginine and transported to the intraradical mycelia 
[29-30]. Signifi cant differences were determined between 
individual years in nitrates content. In 2014 the results 

 Fig. 5.  Cd and Pb content (μg·kg-1 FW) in leek white shaft by Scheffe’s test (P < 0.05).
Error bars represent SD. Abbreviations: RI – Rhizophagus intraradices, CC – Claroideoglomus claroideum, FM - Funneliformis mosseae, 
and three mixed variants labelled RI+CC, CC+FM, and RI+FM. 
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of nutritional tests confi rmed the working hypothesis (a 
reduction in the nitrates content in inoculated plants), with 
the exception of the variant R. intraradices (RI 338.5 mg 
kg-1), which had the highest content of undesirable 
nitrates. The second highest nitrates content was 
determined in the control variant (C 323.6 mg kg-1), where a 
higher concentration was anticipated. The 2014 evaluation 
of the nitrates content confi rmed the positive trend toward 
reducing nitrates in plants with the use of AM fungi. 
In the variants treated with a combination of two AM 
fungi, the nitrates content in the plant fell signifi cantly, 
RI+CC (165.5 mg kg-1), CC+FM (49.5 mg kg-1), and 
RI+FM (44.5 mg kg-1). In 2015 all the tested variants 
had values under 60.0 mg kg-1. The marked reduction 
in nitrates in this year compared to 2014 may be due to 
higher enzymatic activity leading to a reduction in nitrates. 
The enzymes nitrate reductase and nitrite reductase are 
primarily infl uenced by light (nitrates accumulate when 
there is insuffi cient light), but also heat [31-32]. Therefore, 
it is possible that due to the greater number of warm days 
and days with higher solar activity and lower precipitation 
in 2015 (Fig. 1), the content of nitrates in the tissue was 
reduced. Even despite these extremely low values, a 
renewed positive trend with the inoculation of AM fungi 
and their combinations was recorded. The control showed 
the highest content of nitrates (C 49.9 mg kg-1). The lowest 
nitrates content was determined in the variants RI+CC 
(12.2 mg kg-1), CC+FM (16.6 mg kg-1), RI (17.9 mg kg-

1), and CC (21.8 mg kg-1). Although the positive effect of 
selected AM fungi on the nitrates content has been shown, 
it is necessary to keep in mind the importance of the factor 
of climatic conditions, which in 2015 had a signifi cant 
effect on nitrates content (Table 1).

Increased zinc content in leeks is mentioned by 
Sorensen et al. [12] when observing the infl uences in 
soil with freely occurring AMF. Similar results were 
obtained in an experiment with pepper plants (Capsicum 
annuum L.). An increase in zinc and phosphorus content 
took place even when cultivating peppers on soil that 
was poor in these elements. Treatment with AM fungi 
showed the highest increase in zinc content in the 
variant treated with the Iranian species of C. etunicatum 
(S2C1M3). Diaz et al. [33] showed that heavy metal 
uptake by AMF plants increased with low heavy metal 
concentrations, but decreased under high heavy metal 
concentrations. The protective behaviour of AMF under 
toxic heavy metal concentrations was attributed to 
possible binding of the metals in the extraradical hyphae 
or to the limiting of their translocation to shoots [34]. The 
uptake/binding phenomena has also been observed in 
two recent studies on Solanum nigrum [35] and grafted 
tomato [36]. Our experimental fi eld was characterised by 
HM content reported for uncontaminated soils [23]. Such 
conditions can initiate a mechanism of HMs unbinding 
from soil sorption complex by AMF, accumulation, and 
translocation into plant tissues. However, the presence of 
the uptake/binding phenomena described by other authors 

could not be confi rmed in this experiment. In both years, 
no signifi cant differences between the untreated control 
variant and the variants treated with the mycorrhizal 
fungi were confi rmed in plants. The differences in HMs 
only manifested between the years (Table 1). The greater 
sunlight and higher temperatures in 2015 had a clear effect 
on HM content, which in this warm year reached higher 
levels than in 2014, regardless of the presence of AM 
inoculant. 

From these results, it is possible once more to state 
the signifi cance of the factor of climatic conditions on 
the accumulation of heavy metals, which can override 
the effect of mycorrhizal inoculation on the parameters 
assessed. Commission Regulation (EC) No. 1881/2006 
set maximum levels for Cd and Pb contaminants 
in vegetables: for Cd (0.05-0.10 mg kg-1 FW) and Pb 
(0.1-0.3 mg kg-1 FW). In light of the European law, the 
levels of Cd and Pb in leeks treated with AMF is in line 
with limits. Cu and Zn should be considered both heavy 
metals and nutrients, according to their physiological 
roles and contents in plants. The EU has not established 
maximum levels for these micro elements in food. 
According to Kabata-Pendias [23], the most recent 
reference for food composition in the United States 
gives the following range for Cu values in vegetables 
of 0.1-3.2 mg kg-1 FW, and 0.7-8.0 mg kg-1 FW for Zn. 
Concentrations of Zn and Cu in leeks was within the cited 
range. This points to the high degree of bio-availability of 
these metals in leeks. 

Conclusions

Many authors have described the positive infl uence 
of AM inoculation on the content of substances in 
various vegetables. In this experiment a suffi cient level 
of inoculation was achieved in the leek roots. Although 
a tendency toward a reduction in nitrates content was 
apparent, the positive effect of selected AM fungi on 
nitrates content was statistically proven only in one season 
(2014). The effects of climatic conditions in 2015 had a 
more signifi cant effect on nitrate content in comparison 
with the inoculant used. From the evaluation of the heavy 
metals content a certain infl uence by AM inoculant can 
be recorded. The course of the weather evidently had an 
effect on the zinc, lead, copper, and cadmium contents, 
where in the warmer year 2015 higher content fi gures 
were recorded than in 2014, regardless of the presence of 
AM inoculants. In light of food safety, Cd and Pb contents 
in leek white shaft were below maximum levels for these 
contaminants effective in EU.
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