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AbstrAct

Zinc (Zn) is an important element for the proper plant growth and development. However, Zn is 
also a metal commonly used in the industry, which may cause its excessive accumulation in soil. 
High soil Zn content leads to its increased uptake by plants growing near industrialized areas. 
Arbuscular mycorrhizal fungi (AMF) live in symbiosis with the majority of plant species. These 
fungi have the ability to reduce Zn uptake by plants, when this element is present in an incre-
ased concentration in the plant root zone. An experiment was carried out to determine the effect 
of AMF on Zn uptake by lettuce plants grown in rockwool at increasing levels of Zn in the 
nutrient solution. This effect was investigated at two P levels in the nutrient solution, i.e. 40 mg 
P (optimal for lettuce) and 10 mg P dm-3. Mycorrhizal parameters, yield, content of dry matter, 
ascorbic acid, glucose, fructose and sucrose as well as the plant’s nutritional status in P, Cu, 
Mn, Mo, Fe and Zn were determined in the study. The effectiveness of mycorrhization of lettuce 
grown in rockwool was proven in the study. AMF reduced the Zn content in lettuce grown under 
excessive Zn concentrations in the root zone. Moreover, this decrease was greater in plants re-
ceiving the nutrient solution with a lower concentration of P. Additionally, mycorrhiza decreased 
the content of Cu, Fe, Mn and Mo in lettuce, despite an optimal (not increased) concentration of 
these micronutrients in the nutrient solution supplied to plants. Arbuscular mycorrhiza did not 
affect the plant yield, content of ascorbic acid, glucose, fructose, sucrose or the content of P in 
lettuce leaves.
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INTRODUCTION

Increasing industrialisation contributes to the progressive environmental 
pollution with heavy metals. Zinc (Zn) is one of the metals commonly used in 
industry. It is a waste product from mines, smelters, incinerators, the chemi-
cal or galvanizing industry. Intensification of industrial production may lead 
to excessive accumulation of Zn in soil, resulting in an increased uptake of 
this nutrient by plants growing near industrialized areas (Wuana, Okieimen 
2011). Although Zn is essential micronutrient for plants, its high concentra-
tion in tissues may affect negatively the plant’s growth and development 
(SagardOy et al. 2009). 

Arbuscular mycorrhizal fungi (AMF) live in symbiosis with the majority 
of plant species. These fungi increase the absorption surface of roots, resul-
ting in an increased uptake of nutrients, including Zn by plants (Smith, read 
2008). However, in the plant Zn nutrition, AMF have a dual mode of action 
(WattS-WilliamS et al. 2013). On the one hand, they stimulate the uptake of 
Zn by plants grown with an insufficient amount of this micronutrient in the 
soil (thOmpSOn et al. 2013). On the other hand, they inhibit the uptake of Zn 
when it is present in an excessive concentration in the root zone (li, ChriStie 
2001, Chen et al. 2003). According to ChriStie et al. (2004), the limiting effect 
of AMF on Zn uptake by plants may depend on the quantity of both internal 
and external fungal hyphae. Many environmental factors have an influence 
on the development of mycorrhizal structures (Smith, read 2008). One of the 
factors, which reduces the growth of AMF is a high concentration of phospho-
rus (P) in the plant root zone (kOWalSka et al. 2015b).

The hypothesis of the study assumes that mycorrhizal colonisation of 
lettuce grown at excessive Zn concentrations in the root zone contributes to 
the reduction of the Zn content in lettuce. The main objective of the experi-
ment was to determine the effect of mycorrhizal colonisation on the Zn accu-
mulation in plants grown under conditions of elevated Zn concentrations in 
the root zone. The effect of the P concentration in the plant root zone on 
mycorrhizal colonisation as well as the effects of all experimental factors on 
the nutritional status of lettuce and yield quantity and quality were also 
determined in the study. The experiment was carried out with the use of 
rockwool, which belongs to the group of inert media. Therefore, it was possi-
ble to investigate interactions between experimental factors regardless of 
impacts of physico-chemical soil properties, e.g. sorption processes and gene-
ral soil microbial activity. 
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MATERIAL AND METHODS

The two-year experiment was conducted in the autumn of 2013 and 
2015, in a high tunnel. Lettuce plants (Lactuca sativa) cv. Melodion were 
grown in cultivation rows filled with rockwool mats. The experiment was 
carried out as a factorial design with three factors and triple replication, 
each replication consisting of ten plants. The first factor included two P lev-
els in the nutrient solution (10 or 40 mg dm-3), the second factor represented 
inoculation or no inoculation of rockwool with arbuscular mycorrhizal fungi 
(+AMF – inoculated, -AMF – un-inoculated) and the third one consisted of 
three Zn levels in the nutrient solution (0.1, 5 or 15 mg dm-3). In sum: the 
experiment consisted of 12 treatments, each in triplicate. 

Untreated lettuce seeds were sown in rockwool multiblocks. At the time 
of sowing, half of the seeds were inoculated with multistrain inoculum con-
taining Funneliformis mosseae, Rhizophagus intraradices, Claroideoglomus 
claroideum, Claroideoglomus etunicatum, Glomus microaggregatum and 
Funneliformis geosporum, mixed in a proportion as follows 4.5:4.5:1:1:1:1 
(Symbiom®, 720 propagules g-1). Inoculation was performed by introducing 
the inoculum into the holes for seeds in the rockwool multiblocks. Plants 
received a nutrient solution containing the macronutrient concentration  
recommended for lettuce seedling production (in mg dm-3): N – 90, P – 10,  
K – 70, Mg – 15, Ca – 70 (adamiCki et al. 2015). At the stage of four leaves 
(16 days after sowing), the seedlings were planted into the rockwool mats 
and placed in the cultivation rows. Plants were divided into two sub-blocks: 
the first sub-block received a nutrient solution with 40 mg P dm-3 (optimal 
level), the second one a solution containing 10 mg P dm-3 (reduced level). 
Each sub-block was divided into two parts. A lettuce seedling not inoculated 
during sowing was planted into the first part of each sub-block, and an ino- 
culated seedling was planted to the second part. The second inoculation of 
plants inoculated during sowing was performed at the time of planting the 
seedling into mats, using an amount of 5 g of inoculum per plant. Both ino- 
culated and non-inoculated plants received a nutrient solution with one of 
three Zn concentrations: 0.1 (optimal for lettuce), 5 or 15 mg dm-3. Except for 
P and Zn, all plants received the nutrient solution containing the same con-
centration of macro- and micronutrients, i.e. (in mg dm-3): N – 150, K – 200, 
Mg – 40, Ca – 170, Fe – 2.0, Mn – 0.5, B – 0.3, Cu – 0.10, Mo – 0.05 (adamiCki  
et al. 2015). 

Lettuce plants were harvested once at the readiness for harvest (48 days 
after planting seedlings into the mats) and the plant material was then analysed. 

At the end of the cultivation period, we isolated the root systems of three 
plants from each replication. Samples of 10 g were collected from the isolated 
root system and were used to prepare microscopic slides according to a modi- 
fied method described by phillipS and hayman (1970). Microscopic slides were 
observed using an Axio Imager N2 (Carl Zeiss) microscope via Nomarsky 
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optics. AMF root colonisation was assessed according to the method of  
trOuvelOt et al. (1986) by determining the following parameters: mycorrhizal 
frequency (F), relative mycorrhizal intensity (M) and relative abundance of 
arbuscules (A). These parameters were calculated using the Mycocalc soft-
ware (http://www2.dijon.inra.fr/mychintec/Mycocalc-prg/download. 
htmlhttp://www2.dijon.inra.fr/mychintec/Mycocalc-prg/download.html). 

Lettuce yield was expressed as the weight of a head. Plants were collected 
separately from each replication, weighed, counted and the mean weight  
of a head was calculated for each replication.

The five representative plants from each replication were selected for 
chemical analysis of plant material. One quarter of each lettuce head was 
chopped in a blender. The dry matter content was measured by drying at 
105°C until the constant weight. Glucose, fructose and sucrose were analysed 
after fresh leaves sample preservation by boiling in 96% ethanol by capillary 
electrophoresis (Beckman Coulter PA 800plus Pharmaceutical Analysis Sys-
tem) with the DAD detection. Another quarter of each lettuce head was cut 
with a porcelain knife and L-ascorbic acid was determined after extraction  
of 20 g sample in 80 ml of 2% oxalic acid using capillary electrophoresis.  
The remaining half of each lettuce was dried at 65°C for 24 h in a laboratory 
dryer with forced air circulation. Dried samples were ground and P, Cu,  
Fe, Mn, Mo and Zn contents were determined after mineralisation in 65% 
extra pure HNO3 in a CEM MARS-5 Xpress microwave system (Pasławski, 
migaSzeWSki 2006), using a high-dispersion spectrometer ICP-OES (Induc-
tively Coupled Plasma Optical Emission Spectrometry, Prodigy Teledyne 
Leeman Labs). 

The data were subjected to three-way analysis of variance using the 
ANOVA module of Statistica 10.PL (StatSoft Inc., USA). We used the HSD 
Tukey test to determine differences between the means. Results were conside- 
red significant at a probability level below 0.05 (p < 0.05). Similar results 
were obtained in both years of the experiment and are therefore presented as 
the means of the data obtained in two years of cultivation.

RESULTS AND DISCUSSION

In this experiment, despite the cultivation in rockwool, we could prove 
the efficacy of lettuce inoculation with AMF. The average mycorrhizal frequ-
ency (F) of inoculated plants was 33.85% (Table 1). This value was lower 
than the degrees of AMF colonisation obtained in a few experiments with 
soil-less cultivation of lettuce. However it was higher than the effectiveness 
of mycorrhization observed inan experiment with the cultivation of lettuce in 
peat (kOnieCzny and kOWalSka 2016). BaSlam et al. (2011a, b) in their expe-
riments on lettuce grown in a mixture of vermiculite, peat and sand, found 
AMF colonisation levels in a range of 56-61% and 64-74%. The lower coloni-
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sation level detected in our experiment, compared to BaSlam et al. (2011a, b), 
might be related to the characteristics of the growing medium as well as the 
predisposition of a particular variety of lettuce to form symbiosis with AMF. 
Our experiment showed that the P concentration in the nutrient solution had 
an impact on all the determined mycorrhizal parameters. Higher F, M and A 
values were found in the roots of lettuce receiving lower P level in the 
nutrient solution, i.e. 10 mg dm-3 (Table 1). These results are similar to those 
obtained by SChmidt et al. (2010) and kOWalSka et al. (2015b), who observed 
a higher degree of mycorrhizal colonisation in roots of plants grown under 
the conditions of a lower P content in the nutrient solution, respectively in 
the cultivation of marigold and tomato. According to amijee et al. (1989), a 
negative effect of a high P level on the development of AMF may be associa-
ted with changes in the physiology of both the plant and the fungus.  
The creation of mycorrhizal symbiosis requires an exchange of molecular  
signals between the fungus and plant (BéCard et al. 2004). Recently, it has 
been suggested that strigolactones are signalling molecules, which positively 
affect the germination of fungal spores and branching of extraradical hyphae 
(akiyama et al. 2005). yOneyama et al. (2012) proved that exudation of strigo-
lactones by plant roots is increased in the presence of low P and N concen-
trations in the root zone. Both optimal and increased concentrations of these 
nutrients restrain strigolactone exudation. A low level of strigolactone exuda-

Table 1 
Effect of P and Zn concentrations in the nutrient solution (mg dm-3) and inoculation  

of the growth medium with AMF on the mycorrhizal frequency (F), relative mycorrhizal 
intensity (M) and relative abundance of arbuscules (A) in lettuce roots

Treatment
F M A

(%)
P (mg dm-3)

10
40

19.74 ± 4.834
14.10 ± 3.511

*

1.593 ± 0.444
0.396 ± 0.126

*

0.417 ± 0.192
0.000 ± 0.000

*

Inoculation
-AMF
+AMF

 
0.00 ± 0.000 

33.85 ± 1.716 
*

0.000 ± 0.000 
1.989 ± 0.372

*

0.000 ± 0.000 
0.418 ± 0.192 

*

Zn (mg dm-3)
0.1
5

15

18.04 ± 5.491
17.01 ± 5.322
15.71 ± 5.120

n.s.

1.330 ± 0.545b
1.078 ± 0.460ab
0.575 ± 0.234a

*

0.331 ± 0.250
0.266 ± 0.173
0.030 ± 0.020

n.s.

Interaction
P × inoculation × Zn n.s. n.s. n.s.

* – means are significantly different, n.s. – differences are not significant, a,b – means followed 
by different letters differ at p < 0.05, ± – standard error, -AMF – plants not inoculated with 
arbuscular mycorrhizal fungi, +AMF – plants inoculated with arbuscular mycorrhizal fungi
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tion may inhibit the development of hyphae and therefore limit the probabi-
lity of the formation of symbiosis between the plant and fungus. 

Inoculation of the growing medium increased the dry matter content 
compared to plants growing without AMF (Table 2). However, besides the 

content of dry matter, this experiment showed no effect of AMF on plant 
yield (Table 3), content of ascorbic acid, glucose, fructose, sucrose (Table 2) 
and P (Table 4) in lettuce leaves. Likewise, neither maBOkO et al. (2013) in 
the cultivation of tomato in sawdust and coir nor Michałojć et al. (2015) in 
an experiment with tomato grown in rockwool and straw confirmed any be-
neficial effect of AMF on plant yield. The colonisation of plants with AMF 
contributes to an increase of the absorption surface of the plant root system, 
which results in the enhancement of nutrient uptake, including P (Smith, 
read 2008). As it was mentioned above, we did not observe any improvement 
of the plant’s P nutritional status in the presence of AMF (Table 4), which 
may be connected with a relatively low abundance of arbuscules obtained in 
our experiment, i.e. 0.418% (Table 1). Arbuscules are bushy branched ends of 
AMF hyphae, which participate in the exchange of nutrients between the 
fungus and plant (Smith, read 2008). The low level of arbuscule development 
means the lack of nutrient exchange between symbionts, and therefore the 
improvement of the plant’s nutritional status is not observed. In our previous 

Table 2 
Effect of P and Zn concentrations in the nutrient solution (mg dm-3) and inoculation  

of the growth medium with AMF on the content of dry matter, ascorbic acid, glucose,  
fructose and sucrose in leaves of lettuce

Treatment
Dry matter Ascorbic acid Glucose Fructose Sucrose

(%) (mg 100 g-1 f.m.)
P (mg dm-3)

10
40

6.985 ± 0.063
5.146 ± 0.039

*

14.23 ± 0.280
11.27 ± 0.262

*

151.3 ± 4.432
215.2 ± 9.913

*

200.7 ± 7.339
277.0 ± 12.44

*

213.6 ± 8.299
97.03 ± 4.957

*

Inoculation
-AMF
+AMF

 
5.996 ± 0.210 
6.134 ± 0.246 

*

12.88 ± 0.285 
12.62 ± 0.567 

n.s.

191.7 ± 13.21
174.8 ± 7.401

n.s.

247.7 ± 16.19
230.0 ± 10.44

n.s.

150.8 ± 12.38 
159.8 ± 18.38 

n.s.

Zn (mg dm-3)
0.1
5

15

6.095 ± 0.275
5.967 ± 0.269
6.133 ± 0.307

n.s.

12.58 ± 0.654
12.89 ± 0.347
12.79 ± 0.621

n.s.

179.1 ± 8.778
185.5 ± 11.69
185.2 ± 18.31

n.s.

225.7 ± 10.10
250.4 ± 17.46
240.5 ± 21.12

n.s.

154.6 ± 21.66 
155.1 ± 19.24 
156.2 ± 14.43 

n.s.

Interaction
P × inocula-

tion × Zn n.s. n.s. n.s. n.s. n.s.

* – means are significantly different, n.s. – differences are not significant, ± – standard error, 
-AMF – plants not inoculated with arbuscular mycorrhizal fungi, +AMF – plants inoculated with 
arbuscular mycorrhizal fungi
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studies on tomato (kOWalSka et al. 2015b) and lettuce (kOWalSka et al. 
2015a), we did not find beneficial effects of AMF on the plant’s P nutritional 
status. CWala et al. (2010) suggested that in hydroponic conditions, the ab-
sence of any improvement of the plant’s nutritional status, despite the pre-
sence of AMF, is caused by a relatively high concentration of nutrients in the 
plant root zone.

We demonstrated that the inoculation of a medium with AMF led to a 
decrease in the Zn content in lettuce leaves compared to non-inoculated 
plants (95.75 and 127.0 mg Zn kg-1 dry matter, respectively) – Table 4. It is 
well known that colonisation of plant roots by AMF contributes to the incre-
ased uptake of nutrients, including Zn, by plants (thOmpSOn et al. 2013). 
However, in the presence of a high Zn content in the root zone, AMF can 
reduce the accumulation of this micronutrient in aerial parts of plants  
(ChriStie et al. 2004). WattS-WilliamS et al. (2013) cultivated tomato at low 
and high levels of Zn in soil and proved that inoculated plants accumulated 
more Zn when the element was deficient in the soil but less when the con-
tent of this micronutrient in the soil was close to being toxic. The mechanism 
which inhibits the Zn uptake by mycorrhizal plants grown under condition  
of high and toxic Zn concentration in root zone has not been described yet, 
although it differs from the mechanism that stimulates the Zn uptake in a 
situation of Zn deficit (Smith, read 2008). The differences may be due to the 

Table 3 
Effect of P and Zn concentrations in the nutrient solution (mg dm-3)  

and inoculation of the growth medium with AMF on the yield of lettuce

Treatment
Yield

(g/plant)
P (mg dm-3)

10
40

100.3 ± 5.175
174.4 ± 1.245

*

Inoculation
-AMF
+AMF

 
137.7 ± 9.697 
137.1 ± 9.776 

n.s.

Zn (mg dm-3)
0.1
5

15

146.9 ± 8.619b
143.3 ± 9.815b
121.9 ± 15.35a

*

Interaction
P × inoculation × Zn n.s.

* – means are significantly different, n.s. – differences are not significant, ± – stan-
dard error, a,b – means followed by different letters differ at p < 0.05, -AMF – 
plants not inoculated with arbuscular mycorrhizal fungi, +AMF – plants inoculated 
with arbuscular mycorrhizal fungi
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expression of Zn transporter genes, characteristic for mycorrhizal fungi, or to 
the direct nutrient uptake by roots (WattS-WilliamS et al. 2015). jOner et al. 
(2000) proved that fungal mycelium is highly capable of binding heavy me-
tals. Therefore, immobilisation of Zn in the fungal hyphae may contribute to 
the lower content of this micronutrient in aerial parts of plants grown with 
a high Zn concentration in the root zone (Chen et al. 2003).

Surprisingly, in our experiment, despite optimal concentrations of Cu, 
Fe, Mn and Mo in the nutrient solution, the content of these micronutrients 
was lower in inoculated plants than in non-inoculated ones (Table 4). These 
results are in agreement with our previous studies (kOWalSka et al. 2015a, b). 
We found lower levels of Cu, Zn and Mn in inoculated plants in the cultiva-
tion of lettuce in rockwool or coconut (kOWalSka et al. 2015a). Similarly, in 
the cultivation of tomato in the same growing media, the Zn and Cu content 
was lower in mycorrhized plants than in plants grown without AMF (kOWal-
Ska et al. 2015b). In a hydroponic culture, although the plants were supplied 
optimal concentrations of macro- and micronutrients, an increased concentra-
tion of cations and anions in the root zone is a common finding (jarOSz et al. 
2011). We suppose that the reducing effect of AMF on the Cu, Fe, Mn and 
Mo uptake in inoculated plants might be the result of an elevated concentra-
tion of these micronutrients in the plant root zone. 

We observed a significant interaction among all the three experimental 
factors with respect to the Zn content in lettuce (Figure 1). The content of Zn 
in lettuce increased with the increasing Zn concentration in the nutrient so-
lution. At optimal Zn doses (0.1 mg dm3), the P level did not affect the Zn 

Fig. 1. Interactions between P and Zn concentrations in the nutrient solution and inoculation  
of the growth medium with AMF on the Zn content in lettuce:  

-AMF – uninoculated plants, +AMF – plants inoculated with arbuscular mycorrhizal fungi, 
a,b,c,…– means followed by different letters differ at p < 0.05, bars indicate standard error
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content in lettuce. However, at higher Zn doses, plants receiving a nutrient 
solution with the optimal P concentration contained significantly less Zn 
than plants grown at 10 mg P dm-3. Nevertheless, the effect of the P concen-
tration on the Zn content in mycorrhized lettuce plants was lower than in 
non-mycorrhized plants. The Zn uptake by plants is also affected by the in-
teraction of Zn with other elements in the soil, including P (ChriStie et al. 
2004). According to Shetty et al. (1994), P and Zn are mutually antagonistic, 
especially when one of these elements exceeds its optimal content in the root 
zone and this interaction may have an influence on the content of these two 
nutrients in plants. Moreover, the authors suggest that through phytic acid 
molecules involved in sequestration of Zn in plants, P can have an effect of 
the Zn detoxification in plant tissues. The interaction between P and Zn is 
probably more complicated in the presence of AMF. When P and Zn are defi-
cient, AMF stimulates the uptake of both nutrients, whereas in a situation of 
excessive concentrations of these element, it is only the Zn uptake that is 
limited by fungi (ChriStie et al. 2004). In our experiment, we did not find any 
increased uptake of P by inoculated plants; however, we observed a limited 
Zn uptake. It can be assumed that the better development of mycorrhizal 
structures at a lower P level in the root zone might have improved the effi-
ciency of mycorrhizal plants in reducing the Zn uptake. On the one hand, in 
our experiment, all mycorrhizal parameters were significantly higher in roots 
of plants receiving a reduced P concentration in the nutrient solution. On the 
other hand, despite the weaker development of mycorrhizal structures in 
plants grown at the optimal P concentration, AMF decreased the Zn content 
of lettuce grown at 15 mg Zn dm-3. Contrary, in our previous study (kOnieCzny, 
kOWalSka 2016) regarding the effect of arbuscular mycorrhiza on the zinc 
uptake in lettuce grown in a peat substrate, we did not verify any significant 
interaction between P and Zn on their uptake by plants. The level of P did 
not affect the Zn content in lettuce and the level of Zn did not affect the P 
content in plants. This lack of interaction was probably connected with the 
fact that the Zn dose used in that experiment was not high enough to reveal 
the antagonism between P and Zn or it may have been caused by the peat 
sorption complex, which reduced the contact between these two nutrients 
(kOnieCzny, kOWalSka 2016). In their experiment on red clover grown at four 
Zn levels in soil, Chen et al. (2003) proved that there was a Zn concentration 
under which AMF increased the uptake of Zn by plants, while above this 
concentration fungi inhibited the Zn transfer from roots to shoots. According 
to ChriSite et al. (2005), this concentration may be different for different soil 
types and plant species. Moreover, in the presence of AMF, the plant’s re-
sponse to a high Zn concentration in the root zone may also depend on the 
type of a substrate and on a fungus species. We can conclude that at the 
optimal P level in this experiment, the dose of 15 mg Zn dm-3 in the nutrient 
solution was excessively high for plants and induced protective mechanisms 
of AMF, despite the relatively low degree of colonisation. 
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CONCLUSIONS

In conclusion, we showed the effect of AMF on reducing the Zn uptake in 
lettuce grown at a high concentration of Zn in the root zone. This decrease 
was greater in plants grown under the conditions of a reduced P content. 
Further studies investigating the mechanism which stimulates the Zn uptake 
by AMF plants in a situation of Zn deficit and which inhibits uptake under 
condition of its excess are needed. Another question worth investigating is 
the interaction between P and Zn in the presence of AMF.

REFERENCES
adaMicki F., Badelek e., RoBak j., Rogowska M., stęPowska a. 2015. Methodology of integrated 

production of lettuce under covers. PIORIN, Warszawa. http://piorin.gov.pl/akt/ipsalatapo-
doslonami.pdf (in Polish) 

akiyama k., matSuzaki k., hayaShi h. 2005. Plant sesquiterpenes induce hyphal branching in 
arbuscular mycorrhizal fungi. Nature, 435: 824-827. DOI: 10.1038/nature03608 

amijee F., tinker p.B, StriBley d.p. 1989. The development of the endomycorrhizal root sys-
tems.VII: A detailed study of effects of soil phosphorus on root colonisation. New Phytol., 
111: 435-446. DOI: 10.1111/j.1469-8137.1989.tb00706.x 

BaSlam m., garmendia i., gOiCOeChea n. 2011a. Arbuscular mycorrhizal fungi (AMF) improved 
growth and nutritional quality of greenhouse-grown lettuce. J. Agric. Food Chem., 59:  
5504-5515. DOI: 10.1021/jf200501c 

BaSlam m., paSCual i., SánChez-díaz m., errO j., garCia-mina j.m., gOiCOeChea n. 2011b.  
Improvement of nutritional quality of greenhouse-grown lettuce by arbuscular mycorrhizal 
fungi is conditioned by the source of phosphorus nutrition. J. Agric. Food Chem., 59:  
11129-11140. DOI: 10.1021/jf202445y 

BéCard g., kOSuta S., tamaSlOukht m., SéjalOn-delmaS n., rOux C. 2004. Partner communica-
tion in the arbuscular mycorrhizal interaction. Can. J. Bot., 82: 1186-1197. DOI: 10.1139/
B04-087 

Chen B., ChriStie p., li x. 2001. A modified glass bead compartment cultivation system for 
studies on nutrient and trace metal uptake by arbuscular mycorrhiza. Chemosphere, 42: 
185-192. DOI: 10.1016/S0045-6535(00)00124-7

ChriStie p., li x., Chen B. 2004. Arbuscular mycorrhiza can depress translocation of zinc  
to shoots of host plants in soils moderately polluted with zinc. Plant Soil, 261: 209-217. 
DOI: 10.1023/B:PLSO.0000035542.79345.1b 

CWala y., lauBSCher C.p., ndakidemi p.a., meyer a.h. 2010. Mycorrhizal root colonisation  
and the subsequent host plant response of soil less grown tomato plants in the presence and 
absence of the mycorrhizal stimulant, Mycotech. Afr. J. Microbiol. Res., 4: 414-419. 

http://www.researchgate.net/publication/228366238_Mycorrhizal_root_colonisation_and_the_
subsequent_host_plant_response_of_soil_less_grown_tomato_plants_in_the_presence_and_
absence_of_the_mycorrhizal_stimulant_

jaRosz z., Michałojć z., dzida k. 2011. Changes in the chemical composition of the rhizosphere 
of tomato grown on inert substrates in a prolonged cycle. J. Elem., 16(3): 387-396. 
DOI: 10.5601/jelem.2011.16.3.04

jOner e.j., BriOneS r., leyval C. 2000. Metal binding capacity of arbuscular mycorrhizal myce-
lium. Plant Soil, 226: 227-234. DOI: 10.1023/A:1026565701391 

kOnieCzny a., kOWalSka i. 2016. The role of arbuscular mycorrhiza in zinc uptake by lettuce 
grown at two phosphorus levels in the substrate. Agr. Food. Sci., 25: 124-137. http://ojs.tsv.
fi/index.php/AFS/article/view/55534/20459



772

kowalska i., konieczny a., gąstoł M. 2015a. Effect of mycorrhiza and phosphorus content in 
nutrient solution on the yield and nutritional status of lettuce grown on various substrates. 
J. Elem., 20: 631-642. DOI: 10.5601/jelem.2014.19.4.789

kowalska i., konieczny a., gąstoł M., sady w., hanus-FajeRska e. 2015b. Effect of mycorrhiza 
and phosphorus content in nutrient solution on the yield and nutritional status of tomato 
plants grown on rockwool or coconut coir. Agri. Food Sci., 24: 39-51. http://ojs.tsv.fi/index.
php/AFS/article/view/47204/14708

li x., ChriStie p. 2001. Changes in soil solution Zn and pH and uptake of Zn by arbuscular  
mycorrhizal red clover in Zn contaminated soil. Chemosphere, 42: 201-207. DOI: 0045-6535/01/$

maBOkO m.m., Bertling i., du plOOy Ch.p. 2013. Arbuscular mycorrhiza has limited effects on 
yield and quality of tomatoes grown under soilless condition. Acta Agr. Scand. B-S P., 63(3): 
261-270. http://dx.doi.org/10.1080/09064710.2012.755219

Michałojć z., jarOSz z., pitura k., dzida k. 2015. Effect of mycorrhizal colonisation and nutrient 
solution concentration on the yielding and chemical composition of tomato grown in rock-
wool and straw medium. Acta Sci. Pol. Hort. Cult., 14(6): 15-27. http://wydawnictwo.up. 
lublin.pl/acta/hortorum_cultus/2015/6/02.pdf 

Pasławski P., Migaszewski z.M. 2006. The quality of element determinations in plant materials 
by instrumental methods. Pol. J. Environ. Stud., 15(2a): 154-164.

phillipS j.m., hayman d.S. 1970. Improved procedures for clearing roots and staining parasitic 
and vesicular – Arbuscular mycorrhizal fungi for rapid assessment of infection. T. Brit.  
Mycol. Soc., 55(1): 158-161. DOI: 10.1016/S0007-1536(70)80110-3

SagardOy r., mOraleS F., lópez-millan a.F., aBadia a., aBadia j. 2009. Effects of zinc toxicity 
on sugar beet (Beta vulgaris L.) plants grown in hydroponics. Plant Biol., 11: 339-350.  
DOI: 10.1111/j.1438-8677.2008.00153.x

SChmidt B., dOmOnkOS m., Sumalan r., BriO B. 2010. Suppression of arbuscular mycorrhiza’s de-
velopment by high concentration of phosphorus at Tagetes patula L. Res. J. Agric. Sci., 
42(4): 156-162. http://agricultura.usab-tm.ro/Simpo2010pdf/Simpo%202010%20vol%204/
Schmidt%20Brigitta.pdf 

Shetty k.g., hetriCk B.a.d., SChWaB a.p. 1994. Effects of mycorrhizae and fertilizer amend-
ments on zinc tolerance of plants. Environ. Pollut., 88: 307-314. DOI: 10.1016/0269- 
-7491(95)93444-5

Smith S.e., read d.j. 2008. Mycorrhizal symbiosis. Elsevier LTD, Great Britain.
thOmpSOn j.p., CleWett t.g., FiSke m.l. 2013. Field inoculation with arbuscular-mycorrhizal 

fungi overcomes phosphorus and zinc deficiencies of linseed (Linum usitatissimum) in a ver-
tisol subject to long-fallow disorder. Plant Soil, 371: 117-137. DOI: 10.1007/s11104-013- 
-1679-z

trOuvelOt a., kOugh j.l., gianinazzi-pearSOn v. 1986. Mesure du taux de mycorrhisation VA 
d’un systeme radiculaire. Recherche de methods d’estimation ayant une signification fonc-
tionnelle. In: Physiological and genetical aspects of mycorrhizae. gianinazzi-pearSOn v.,  
gianinazzi S. (Eds.). INRA, Paris, 217-221.

WattS-WilliamS S.j., patti a.F., CavagnarO t.r. 2013. Arbuscular mycorrhizas are beneficial 
under both deficient and toxic soil zinc condition. Plant Soil, 371: 299-312. DOI: 10.1007/
s11104-013-1670-8 

WattS-WilliamS S.j., Smith F.a., mClaughlin m.j., patti a.F., CavagnarO t.r. 2015. How  
important is the mycorrhizal pathway for plant Zn uptake? Plant Soil, 390: 157-166.  
DOI: 10.1007/s11104-014-2374-4 

Wuana r.a., Okieimen F.e. 2011. Heavy Metals in Contaminated Soils: A review of sources,  
chemistry, risks and best available strategies for remediation. ISRN Ecology, 2011: 1-20. 
DOI: 10.5402/2011/402647

yOneyama k., xie x., kim h.i., kiSugi t., nOmura t., SekimOtO h., yOkOta t., yOneyama k. 2012. 
How do nitrogen and phosphorus deficiencies affect strigolactone production and exudation? 
Planta, 235: 1197-1207. DOI: 0.1007/s00425-011-1568-8


