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Effects of P level in nutrient solution and the colonization of roots by arbuscular mycorrhizal fungi (AMF) on P uptake
by tomato plants, their nutritional status, yield and quality of fruits were studied. Plants were grown on rockwool
or coconut coir. Inoculation by a mixture of several AMF species was performed three times during the growing
period. The mycorrhizal frequency in roots inoculated with AMF amounted to 35.79 — 50.82%. The highest level of
mycorrhiza was found in plants receiving nutrient solution with a lower concentration of P. Among the experimental
factors, only P level influenced the fruit yield, being higher from plants receiving a nutrient solution with a higher P
level. A higher concentration of P in nutrient solution imposed better nutritional status of plants. Higher contents
of ascorbic acid and total soluble sugars were found in fruits collected from inoculated plants, grown on rockwool.
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Introduction

Cultivation of plants under cover has been dominated by soilless cultures, including hydroponics. In this type of
cultivation, the plant root system develops in a small volume of growing medium. In such conditions, the root sys-
tem must be efficient to be able to take up water and nutrients to satisfy the demands of the aboveground parts of
the plant which are strongly developed and loaded with fruits, as it is the case in the cultivation of tomatoes and
peppers. The need to increase the efficiency of the root system has resulted in the introduction of the cultivation
of plants grafted onto rockstock. Arbuscular mycorrhizal fungi (AMF), which live in symbiosis with at least 80% of
all plants on earth (Gianinazzi and Gianinazzi-Pearson 1986), perform similar functions in traditional cultivation
and nurseries. Because of a symbiosis with AMF, the plants are better fed and watered, have greater tolerance
to soil salinity, as well as thermal and water stresses and are more resistant to pathogenic fungi and nematodes
(Al-Karaki 2006). The enhanced nutrient supply to plants in the presence of AMF, results from the increase in the
root absorption surface, including the absorption surface of the hyphae, and also from the impact of the fungi on
nutrient absorbability by plants (Karandashov and Bucher 2005, Karagiannidis et al. 2007). Additionally, the AMF
stimulate the hormones regulating plant growth and increase the rate of photosynthesis (Wu and Zou 2010, Zhu
et al. 2014). It has been reported, that the symbiosis of plants with mycorrhizal fungi increases the resistance of
plants to stress caused by heavy metals, as a result of increased nutrient availability and synthesis of phytohor-
mones and improved structure of the substrate, which strengthens the plant in harsh environmental conditions
(Ryan and Graham 2002, Turnau et al. 2002, Al-Karaki 2006).

The AMF have been tested in the cultivation of the majority of fruit and agricultural plants. In addition, they have
become the object of increasing interest in the cultivation of vegetables. The beneficial effect of AMF on plant
growth has been proven in the traditional cultivation of tomato, lettuce, onion and hot pepper (Sylvia et al. 2001,
Schroeder and Janos 2004). However, the possibility of using AMF in soilless cultures is still an open question.
There have been some studies on mycorrhiza in soilless cultures, and their results have indicated the potential of
AM fungi to colonize the roots of plants (Al-Karaki 2006, Colla et al. 2008, Dasgan et al. 2008, Cwala et al. 2010).

Dasgan et al. (2008) observed a higher fruit yield from plants colonized by AMF compared to plants not inoculated,
regardless of the hydroponic system used. A similar positive effect of inoculation has been observed in studies on
peppers (Ikiz et al. 2009) and melons (Rehber 2004) grown in open hydroponic systems. On the other hand, Muel-
ler et al. (2009) showed no effect of AMF on growth and nutrient uptake from nutrient solution in tomatoes grown
in sand or peat. These discrepancies are probably caused by the degree of colonization of plant roots by AMF in
hydroponic cultures, which is likely limited by the presence of high P concentrations in the root zone of plants
(Ryan and Graham 2002, Cwala et al. 2010, Maboko et al. 2013), especially since P is in easily absorbable forms.
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According to Hawkins and George (1997), the conditions for obtaining root colonization by AMF in hydroponic cul-
tivation are low levels of P, pH control and good oxygenation of the nutrient solution, whereas in cultures using the
substrates such as sowdust or coir, additionally a presence of lignin, phenolics and other organic compounds should
be considered. If AMF increase nutrient absorption, including P, it is possible that low level of this macronutrient
in the nutrient solution would be beneficial for the fungi themselves, but still supplying enough P for the plant.

The hypothesis of the experiment assumed that via the colonization of the roots of tomatoes grown in soilless cul-
ture by AMF, it is possible to reduce P concentrations in nutrient solution and thereby reach a similar plant nutri-
tional status with this macronutrient, as in the case at the recommended concentration. Since the development
of AMF could also be dependent on the physical and biological properties of the root zone, e.g. air content, this
hypothesis was verified in the cultivation of tomatoes grown on two types of substrate.

The objective of the study was to determine the effect of two P levels in nutrient solution (15 or 50 mg dm3) and
the inoculation of roots by AMF (AMF- or AMF+) on P uptake by tomato plants and their nutritional status, yield
and the quality of fruits. Plants were grown on two different types of substrate, i.e. rockwool or coconut coir.

Material and methods
Treatments

A2 x 2 x 2 factorial design experiment was conducted in the spring-summer of 2012 at the heated foil tunnel belong-
ing to the Faculty of Horticulture, University of Agriculture in Krakow. Tomato plants (Solanum lycopersicum L.) cv. Ad-
miro F, were grown in six cultivation rows representing two independent sub-blocks with regard to fertigation (3 rows
x 2 sub-blocks). The treatments were two P levels in nutrient solution (15 or 50 mg dm), inoculation of tomato roots
by arbuscular mycorrhizal fungi (AMF+ or AMF-) and two different types of substrate, i.e. rockwool or coconut coir.

Throughout the growing season, i.e. from the setting of plants into mats, tomatoes were fed with nutrient solution
containing various levels of P, which were introduced to nutrient solution in the form of monopotassium phosphate.
The content of other macro and micronutrients as well as the pH of nutrient solution for all plants were main-
tained at the same level, and adjusted to the growth stage of plants, e.g. for fruit maturity (mg dm=3), i.e. N 180,
K 300, Ca 180, Mg 50, Fe 1.50, Mn 0.6, Zn 0.5, B 0.33, Cu 0.1; pH 5.5 and electrical conductivity (EC) 3.0 mS cm™.

In each sub-block, half of the plants were inoculated with arbuscular mycorrhizal fungi. Plant inoculation was per-
formed three times by introducing into the growing substrate inoculums containing a mixture of several AMF spe-
cies. The first inoculation was performed at the time of placing the plants in the holes made in the plastic covering
the mat, and the other at two-week intervals (14 days after transplanting [DAT] and 28 DAT). The first inoculation
was carried out by spreading 10 g of the commercial inoculum containing Funneliformis mosseae, Rhizophagus
inraradices, Claroideoglomus claroideum, Claroideoglomus etunicatum, G. microaggregatum, Funneliformis geo-
sperum mixed by the producer in proportion as 2:2:1:1:1:1 (720 propagules in 1 g) on the mats at the site of cubes
with seedlings. Next inoculations were carried out by watering the plants with a commercial inoculum designed
for hydroponics (particles less than 256 um) and containing Funneliformis mosseae , Rhizophagus inraradices, G.
aggregatum, Claroideoglomus etunicatum, G.deserticola, Rhizophagus clarus, G. monosporum mixed by the pro-
ducerin proportion as 3:3:3:3:1:1:1:1:1 (160 propagules in 1g). Each plant received 60 cm?® of inoculum suspension
in every inoculation. The inoculum suspension was prepared from 25 g of inoculum suspended in 10 dm? of water.

The cultivation rows, with a length of 21 m, were filled with rockwool (Grotop Master Dry, Grodan”; 100 x 20 x
7.5 cm) or coconut coir (Forteco Profit, Van der Knaap®; 100 x 20 x 6 cm) mats. Before the start of cultivation, to
reduce EC, coconut mats were rinsed with a solution of calcium nitrate and water, until the drainage water EC
reached 1.0 mS cm™.

Plant culture

Forty-day-old tomato seedlings produced in rockwool cubes (10 x 10 cm) were set on the mats next to the holes.
Three plants were set on each mat (2.5 plants per m2). There were 36 plants in each variant of the experiment (12
plants x 3 repetitions). In addition, in each variant of the experiment there were 9 plants (3 plants x 3 repetitions)
removed at 82 DAT to determine the level of colonization.
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Plants were inserted into the holes in the mats after 10 days, i.e. at the stage when 50% of the flowers in the first
cluster had blossomed. In the early period of cultivation (for 10 days), fertigation was carried out with 100 — 200
cm? of nutrient solution supplied once every one or two days. In the subsequent periods of plant growth, the fre-
quency and amount of the supplied nutrient solution were estimated on the basis of mat moisture and the size
of radiation. The evaluation of rockwool mat moisture was done using a WCM (Grodan®) meter, while evaluation
of the coconut mats used the gravimetric method. The fertigation of plants was done using an open system, i.e.
without recirculation of nutrient solution. EC and pH control in drainage water collected from both types of mats
and extract taken from the mats of rockwool were conducted regularly. The composition of the nutrient solu-
tion was adjusted to the growth stage of plants and external conditions (temperature and radiation). Plants were
pruned to a single stem only. The growing point of the main stem was removed and leaving two leaves above the
seventh cluster. All typical nursing treatments were carried out in accordance with generally accepted principles
for the soilless cultivation of tomatoes. Protection of plants against pests (greenhouse whitefly, aphids) was con-
trolled using natural entomophages. Plants were pollinated by bumblebees.

Observations and measurements

Mycorrhizal colonization

The evaluation of plant colonization by AMF was carried out over two time periods, i.e. in the phase of growing
fruit on the VI cluster (82 DAT; 1. period) and at the end of cultivation (112 DAT; 2. period). Three whole root balls
were collected from each repetition of particular variants of the experiment to estimate the level of colonization.
The aboveground part of the plant was cut down, and then one-third of the mat occupied by the plant was cut off.
5 g samples were collected from the isolated root system and microscope slides were prepared from this material
according to a modified Phillips and Hayman (1970) method. Collected roots were cold macerated in a solution
of 10% KOH. After rinsing in water, they were acidified with 5% lactic acid (24 h) and then stained using a 0.03%
solution of trypan blue dissolved in a mixture of lactic acid, glycerol and water (v/v/v 1:1:1). Roots were cut into
1 cm pieces, from which the microscopic slides were prepared. They were encapsulated with a mixture of glyc-
erol and lactic acid (v/v 5:1). Each examined plant was represented by 90 pieces of roots, each having a length of
1 cm. The evaluation of the colonization of the roots by arbuscular mycorrhizal fungi was made according to the
Trouvelot et al. (1986) method.

Mycorrhizal frequency (F%) and relative intensity of mycorrhiza (M%), and relative abundance of arbuscule (A%)
were assessed in each root segment. The mycorrhizal parameters were calculated using Mycocalc software (http://
www.dijon.inra.fr/mychintec/Mycocalc-prg/download.html). Observation of the level of mycorrhizal colonization
was made using an Axio Imager N2 (Carl Zeiss) with Nomarski contrast.

Leaf and fruit analyses

The analysis of leaves at the stage of fruit at the VII cluster of 3 —4 cm in diameter was performed in order to de-
termine the nutritional status of plants. The fully-developed fourth leaf from the growing point was collected for
mineral analysis. Tomato leaves were dried at 70 °C for 48 h in a laboratory dryer with forced air circulation. Dried
samples were ground in a Pulverisette 14 variable speed rotor mill (FRITSCH) using a 0.5 mm sieve. The levels of
P, K, Ca, Mg, S, B, Cu, Fe, Mn, Mo and Zn in leaf samples were determined after mineralization in 65% extra pure
HNO, in a CEM MARS-5 Xpress microwave system (Pastawski and Migaszewski 2006). The content of minerals was
determined using an ICP-OES high-dispersion spectrometer (Inductively Coupled Plasma Optical Emission Spec-
trometry) Prodigy Teledyne Leeman Labs. Leaf N content was assayed by the Kjeldahl method using a VELP Sci-
entifica UDK 193 distillation unit (Persson and Wennerholm 1999). Mineral composition was expressed on a dry
mass basis, which was estimated using the dryer method to constant weight.

Fruits of the Il — Il cluster, aligned in terms of size and uniformly stained, were subjected to chemical analysis. Ten
pieces of fruit from each repetition were selected for analysis and homogenized. The following parameters were
estimated: dry matter (70 °C), ascorbic acid using Tillmans method (Kretowska-Kutas 1993), total soluble sugars
using the anthrone method (Yemm and Wills 1954) and acidity (Pijanowski et al. 1973).
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Fruit yield

Fruits were harvested weekly at the breaker stage. The first collection of fruits was performed in 61 DAT. Yield
data were collected from twelve plants per repetition for each variant of the experiment, and the total, market-
able and unmarketable yields were calculated. Fruits were regarded as unmarketable when they exhibited crack-
ing, zippering, rotting, blossom-end rot, rain-check or fell into the extra small category (less than 40 mm fruit di-
ameter). Tomato yield was expressed as kg m™.

Statistical analysis

Data was subjected to the three-way analysis of variance using the ANOVA module of Statistica 10.0 PL (Statsoft,
Inc.). In the analysis of interactions, to determine the significance of differences between means the Tukey test
was used. Significance was declared at p < 0.05.

Results
AMF root colonization

The effectiveness of inoculation was proved in both periods of assessing the degree of tomato root colonization
by AMF. Mycorrhizal frequency (F) in 1. period of the assessment, i.e. after 82 DAT was 35.79% and 1.20% in AMF+
and AMF- plants, respectively (Table 1). The level of root colonization at the end of cultivation, i.e. after 112 DAT,
was higher, and amounted to 50.82% and 3.05%, in AMF+ and AMF- plants respectively. Experimental factors and
their interactions had a significant effect on mycorrhizal frequency. Relative intensity of mycorrhiza (M) in inocu-
lated plants was 6.10 and 10.43%, in 1. and 2. period of roots isolation, respectively. Relative abundance of arbus-
cule (A) was 1.01 and 2.51%, respectively. In non-inoculated plants M and A values were close to zero.

Table 1. Effect of phosphorus level in nutrient solution (mg dm), mycorrhiza and type of substrate on
mycorrhizal frequency (F%), relative intensity of mycorrhiza (M%) and relative abundance of arbuscule
(A%) in roots of tomato plants.

F M A F M A
Treatment
1. period 2. period
Phosphorus
15 16.90+1.91 3.19+0.50 0.82+0.18 18.50+2.52 3.91+0.72  1.34+0.33
50 15.23+1.62 2.30+0.35 0.01+0.04 12.84+1.73 1.7620.37  0.06+0.04
n.s. n.s. * * * *
Mycorrhiza
AMF- 1.204+0.19 0.19+0.07 0.02+0.01 3.05+0.34 0.12+0.04 0.07+0.04
AMF+ 35.79+2.03 6.10+0.06 1.010.20 50.82+3.40 10.43+1.20 2.51%0.61
* * * * * *
Substrate

Coconut 18.28+1.89 3.40+0.49 0.69+0.26 ~ 14.85+2.01  2.63+0.47 0.53+0.15
Rockwool 13.70+1.58 2.02+0.34 0.18+0.05  16.64+2.36  3.09+0.69 0.90+0.32

* * * n.s. n.s n.s

* means are significantly different; n.s. - differences are not significant; + - standard error

1. period - the plants in the phase of growing fruit on the VI cluster (82 days after transplanting (DAT)), 2. period
- at the end of cultivation (112 DAT)

AMF-/AMF+ - non-inoculated plants by arbuscular mycorrhizal fungi (AMF)/inoculated plants by AMF

In the first period of assessment of the colonization level, the highest percentage of mycorrhizal frequency was
estimated in inoculated plants isolated from coconut and receiving nutrient solution with a concentration of P 15
mg dm3 (Fig. 1). On the other hand, a significantly lower mycorrhizal frequency was estimated both in the roots of
plants receiving the same nutrient solution but growing on rockwool and in the roots of plants growing on coco-
nut and receiving nutrient solution with the standard concentration of P, i.e. 50 mg dm?. In these variants of the
experiment the mycorrhizal frequency was at the same level. The lowest mycorrhizal frequency was estimated in
roots of plants isolated from rockwool and receiving nutrient solution with 50 mg dm of P. A different effect of
experimental factor interactions on mycorrhizal frequency was proved in the second period of isolation (Fig. 2).
In this period of isolation, the highest mycorrhizal frequency was estimated in roots of plants growing on rock-
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wool and, similar to the first period of isolation, receiving a nutrient solution with a phosphorus content of 15 mg
dm?. Plants receiving a nutrient solution with an analogous concentration of phosphorus, but growing on coco-
nut were colonized by AMF to a much lower degree. Mycorrhizal frequency at the similar level was estimated in
plants growing on rockwool and receiving nutrient solution with the standard concentration of P (50 mg dm3). In
this period, the lowest mycorrhizal frequency was estimated in roots of plants growing on coconut and receiving
nutrient solution with a concentration of P 50 mg P dm™.
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Fig. 1. Interaction between phosphorus level in nutrient solution, mycorrhiza and type of substrate
on mycorrhizal frequency in roots of tomato plants; 1. period of isolation (82 days after transplanting
(DAT))

Means followed by different letters differ at p < 0.05.; bars indicate standard error
AMF-/AMF+—non-inoculated plants by arbuscular mycorrhizal fungi (AMF)/inoculated plants by AMF
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Fig. 2. Interaction between phosphorus level in nutrient solution, mycorrhiza and type of substrate on
mycorrhizal frequency in roots of tomato plants; 2. period of isolation (112 days after transplanting
(DAT))

Means followed by different letters differ at p < 0.05.; bars indicate standard error

AMF-/AMF+ — non-inoculated plants by arbuscular mycorrhizal fungi (AMF)/inoculated plants by
AMF
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Yield

Among the experimental factors, only the level of phosphorus had an influence on the total and marketable yield
of tomato plants (Table 2). A significantly higher total and marketable yield was harvested from plants receiving a
nutrient solution with a higher concentration of phosphorus, i.e. 50 mg dm (1.97 and 2.37 kg m?, respectively)
in comparison to plants receiving a nutrient solution with a concentration of P 15 mg dm=. The interactions be-
tween experimental factors did not have any significant effect on yield. Unmarketable yield of plants receiving a
nutrient solution containing 15 mg dmof P, amounted to 0.68 kg m and it was 2.5 times greater than in 50 mg
dm?3of P in nutrient solution.

Table 2. The effect of phosphorus level in nutrient solution (mg dm=3),
mycorrhiza, and type of substrate on yield of tomato fruits (kg m?).

Treatment Total yield Marketable yield

Phosphorus level

15 18.64+0.34 17.96+0.38
50 20.61+0.22 20.330.29
* *
Mycorrhiza

AMF- 19.70+0.36 19.27+0.44
AMF+ 19.54+0.45 19.02+0.54

n.s. n.s.

Substrate

Coconut 19.63+0.44 19.39+0.48
Rockwool 19.61+0.37 18.90+0.49

n.s. n.s.

* means are significantly different; n.s. - differences are not significant; + -
standard error

AMF-/AMF+ - non-inoculated plants by arbuscular mycorrhizal fungi (AMF)/
inoculated plants by AMF

Fruit quality
The level of phosphorus, regardless of any other experimental factors, had a significant effect on the content

of dry matter, ascorbic acid and amino acids in fruits (Table 3). Fruits harvested from plants receiving a nutrient
solution with a standard concentration of P were characterized by lower concentrations of these parameters.

Table 3. The effect of phosphorus level in nutrient solution (mg dm), mycorrhiza and type of
substrate on quality of tomato fruits.

Dry matter, % Ascorbic acid, Total soluble  Amino acid, Titratable acidity,

Treatment mg 100 g* f.m. sugars, % mg 100'g % f.m.
f.m. f.m.
Phosphorus
level
15 5.81+0.03 11.28+0.42 2.36+0.07 68.01+1.74 0.70+0.01
50 5.61+0.06 10.00+0.23 2.36+0.04 61.98+1.53 0.70+0.01
* * n.s. * n.s.
Mycorrhiza
AMEF- 5.67+0.05 10.18+0.21 2.29+0.04 65.99+2.07 0.69+0.01
AMF+ 5.74+0.06 11.10+0.47 2.44+0.07 63.99+1.61 0.70+0.01
n.s. * * n.s. n.s.
Substrate
Coconut 5.71+0.05 10.48+0.26 2.26+0.03 64.27+1.44 0.70+0.01
Rockwool 5.70+0.06 10.80+0.48 2.47+0.06 65.72+2.21 0.69+0.01
n.s. n.s. * n.s. n.s.

* means are significantly different; n.s. - differences are not significant; + - standard error
AMF-/AMF+ - non-inoculated plants by arbuscular mycorrhizal fungi (AMF)/inoculated plants by AMF
f.m. - fresh matter
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The effect of interactions between the level of P in a nutrient solution and the presence of AMF on the content
of dry matter and ascorbic acid (Fig. 3 and 4) was also demonstrated.
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Fig. 3. Interaction between phosphorus level in nutrient solution and mycorrhiza on dry matter
content in tomato fruits

Means followed by different letters differ at p < 0.05.; bars indicate standard error
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Fig. 4. Interaction between phosphorus level in nutrient solution and mycorrhiza on ascorbic acid
content in tomato fruits

Means followed by different letters differ at p < 0.05.; bars indicate standard error

AMF-/AMF+— non-inoculated plants by arbuscular mycorrhizal fungi (AMF)/inoculated plants by AMF
f.m. — fresh matter

Significantly higher concentrations of these parameters were estimated in fruits collected from plants receiving
a nutrient solution with a lower concentration of P and at the same time inoculated with AMF. Non-inoculated
plants receiving a nutrient solution with various concentrations of P did not differ in the contents of dry matter
and ascorbic acid.

Inoculation of tomato roots with AMF, regardless of any other experimental factors, had an effect on the content
of ascorbic acid and total soluble sugars in tomato fruits (Table 3). Higher values for these parameters were esti-
mated in fruits collected from plants inoculated with AMF.
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Analysis of the effect of the significant interaction between inoculation with AMF and the type of substrate on
content of ascorbic acid and total soluble sugars proved that inoculation of plants only had an influence on higher
levels of these parameters in fruits collected from plants grown on rockwool (Table 4).

Table 4. Effect of interaction between mycorrhiza and type of substrate
on ascorbic acid and total soluble sugars content in tomato fruits.

Ascorbic acid, Total soluble
Mycorrhiza Substrate mg 100 g* f.m. sugars, %
f.m.
AMEF- Coconut 10.46+0.27° 2.27+0.05°
Rockwool 9.90+0.29° 2.31+0.05°
AMF+ Coconut 10.49+0.48° 2.25+0.04°
Rockwool 11.72+0.76° 2.62+0.07°

means followed by the same letters are not significantly different at p < 0.05;
+ - standard error; AMF-/AMPF+ - non-inoculated plants by arbuscular
mycorrhizal fungi (AMF)/inoculated plants by AMF

f.m. - fresh matter

The type of substrate, regardless of any other experimental factors, had an influence on the content of total sol-
uble sugars, a higher concentration of which was estimated in fruits harvested from plants grown on rockwool
compared to fruits from plants grown on coconut coir (Table 3).

Nutritional status of plants

Mainly the level of phosphorus in a nutrient solution had an impact on the nutritional status of plants, and this
significantly differentiated the content of P, K, Ca, Fe, B and dry matter in tomato leaves (Table 5 and 6). A higher
concentration of P in a nutrient solution influenced a better nutritional status in terms of Ca and P, whereas the
content of K, Fe, B and dry matter in leaves was lower. Inoculation of plants with AMF had only an influence on the
content of Cu and Zn. Inoculated plants were characterized by lower concentrations of these micronutrients. The
type of substrate, regardless of other experimental factors, had a significant effect on the content of Cu and Mo.

Table 5. Effect of phosphorus level in the nutrient solution (mg dm=3), mycorrhiza and type of
substrate on dry matter (DM) and macroelements content in tomato leaves (% dry matter).

Treatment DM, % N P K Ca Mg
Phosphorus
level
15 13.71+0.20 3.08+0.03 0.24+0.01  2.87+0.04 4.19+0.05 0.73+0.03
50 12.89+0.17 3.07+0.04 0.77+0.02 2.73+0.04 4.68+0.15 0.77+0.03
* n.s. * * * n.s.
Mycorrhiza
AMF- 13.31#0.11 3.08+#0.02 0.51#0.08 2.82+0.05 4.39+0.12 0.76%0.03
AMF+ 13.294£0.30 3.07#0.04 0.50+0.08  2.78+0.05 4.48+0.15 0.74%0.03
n.s. n.s. n.s. n.s. n.s. n.s.
Substrate

Coconut 13.18+0.26  3.09+0.03  0.52+0.09  2.77+0.05 4.55+0.14 0.75%0.03
Rockwool 13.42+0.17 3.06+0.03  0.49+0.08  2.82+0.04 4.32+0.12 0.74+0.03

n.s. n.s. n.s. n.s. n.s. n.s.

* means are significantly different; n.s. - differences are not significant; + - standard error
AMF-/AMF+ - non-inoculated plants by arbuscular mycorrhizal fungi (AMF)/inoculated plants by AMF
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Table 6. Effect of phosphorus level in the nutrient solution (mg dm), mycorrhiza and type of substrate
on microelements content in tomato leaves (mg kg™ dry matter).

Treatment Fe Cu Zn Mn Mo B
Phosphorus
level
15 175.35¢7.52  9.52+0.41  24.78%0.92 248.78+7.39  3.45%0.17 50.38+1.11
50 153.24+4.92 8.74+0.46  24.89%0.65 229.02+5.53  3.58%0.32 47.08+1.02
* n.s. n.s. n.s. n.s. *
Mycorrhiza
AMF- 161.3145.14 9.78+0.40  26.23%0.46 243.03+6.77 3.4010.26  49.51+1.33

AMF+ 167.27+6.65 8.48+0.41 23.44+0.84 234.78+7.35 3.63+0.24  47.95+0.95
n.s. * * n.s. n.s. n.s.
Substrate
Coconut 166.80+8.01 9.84+0.34  24.14+0.81 243.38+6.71  2.77+0.09 47.79+0.92
Rockwool 161.78+6.13  8.42+0.44  25.53+0.73 234.43+7.36  4.26+0.13  49.67+1.33

n.s. * n.s. n.s. * n.s.

* means are significantly different; n.s. - differences are not significant; + - standard error
AMF-/AMF+ - non-inoculated plants by arbuscular mycorrhizal fungi (AMF)/inoculated plants by AMF

Regardless of inoculation with AMF or the lack of it, plants grown on rockwool and receiving a nutrient solution
with a concentration of P 15 or 50 mg dm accumulated a similar content of K, i.e. 2.82 — 2.84% d.m. (Fig. 5).

3,5

3,0 2
25 +———

2,0 ——

K, %DM

15mgP dm™3

1,5 —— m 50 mg P dm
1,0 ———

0,5 +—

0,0 -
coconut rockwool
Fig. 5. Interaction between phosphorus level in nutrient solution and type of substrate on K
content in tomato leaves. Means followed by the same letters are not significantly different
at p < 0.05; bars indicate standard error. AMF-/AMF+ — non-inoculated plants by arbuscular
mycorrhizal fungi (AMF)/inoculated plants by AMF
DM —dry matter

However, in cultivation on coconut, the level of phosphorus in a nutrient solution had a significant impact on the
content of K in leaves. A lower content of K was estimated in leaves from plants receiving a standard concentra-
tion of P in nutrient solution (50 mg P dm=3) compared to leaves collected from plants receiving a nutrient solu-
tion with 15 mg P dm. The significant effect of interactions between the level of P in a nutrient solution and the
type of substrate on the content of Mo indicated that the level of P did not differentiate the Mo content in the
leaves of tomato plants grown on coconut coir, while in the cultivation on rockwool, a higher concentration of P
in nutrient solution had an impact on the accumulation of significantly more Mo in the leaves than in plants fed
the nutrient solution containing 15 mg dm= of P (Fig. 6).
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Fig. 6. Interaction between phosphorus level in nutrient solution and type of substrate on Mo
content in tomato leaves
Means followed by the same letters are not significantly different at p < 0.05; bars indicate
standard error
AMF-/AMF+ — non-inoculated plants by arbuscular mycorrhizal fungi (AMF)/inoculated plants
by AMF
DM — dry matter

Discussion

Mineral soils are the natural habitat of AMF (Brundrett 1991). Opinions on the possibility of colonization of grow-
ing media in soilless cultures by AMF are diverse. Al-Karaki (2006), Colla et al. (2008), Dasgan et al. (2008), Cwala
et al. (2010), and Maboko et al. (2013) suggested the possibility of the colonization of plant roots by AMF in culti-
vation on perlite, peat soil, coir, and sawdust. The benefits of the successful colonization of soilless cultures seem
to even surpass those achievable in traditional cultivation, because in soilless cultures the aim is to obtain strongly
developed root systems, due to the small volume of substrate per plant (4 — 5 dm?3), while simultaneously plants
have to take up large amounts of water (up to 3 dm3 per day) and nutrients, e.g. tomato plants loaded with fruits.
Therefore, an increase in the absorption surface of roots via the presence of AMF could significantly assist plants.

The presence of mycorrhiza in roots of plants inoculated with AMF and grown on rockwool and coconut coir was
proved in our experiment, while non-inoculated plants were virtually devoid of mycorrhiza. In the roots of non-in-
oculated plant the mean mycorrhizal frequency was less than 1.20 and 3.05%, in the 1. and 2. periods, respec-
tively. The presence of mycorrhiza in these plants might have resulted from the air-borne transfer of propagules
from inoculated plants.

The mycorrhizal frequency in tomato roots inoculated with AMF, regardless of the type of substrate and the lev-
el of phosphorus in nutrient solution, amounted to 35.79 and 50.82% at 82 DAT and 112 DAT, respectively. These
values are lower than those presented by Maboko et al. (2013), who obtained 78.2% colonized roots of tomato
plants growing in coconut and 77.7 % growing in sawdust. However, in the experiment conducted by Dasgan et
al. (2008) the level of the colonization of tomato roots by arbuscular mycorrhizal fungi in both open (without re-
circulation) and closed (with recirculation) fertigation systems was about 28%. Cwala et al. (2010) obtained a level
of colonization of tomato roots in the range of 14 to 25% in hydroponic cultivation. The colonization could have
been much higher in our experiment, especially in the 1. period, if it had been done at seedlings, since mycorrhi-
za is much more effective in the young roots of plants (Sohn et al. 2003).

The reason for low levels of root colonization by AMF may be the presence of P in easily digestible forms in the root
zone of plants (Ryan and Graham 2002, Cwala et al. 2010). The link between the degree of root colonization and the
content of P in the soil has been proved in several field experiments (Rehber 2004). Ryan and Graham (2002) suggest
that the high digestibility of P limits AMF colonization in the roots of plants, and Hawkins and George (1997) report
that the presence of P in a nutrient solution may result in the reduction or disappearance of root colonization, which
was proved in the hydroponic cultivation of wheat, which as a result of pre-inoculation was 67.98% colonized by
Glomus mosseae (Funneliformis mosseae). After four weeks of cultivation in a nutrient solution containing 0.9 mM,
root colonization was reduced to 10.70%, while at the concentration of 0.01 mM P colonization was still above 60%
(66.36%). The effect of a high concentration of P on the low degree of colonization of plant roots was also demon-
strated in the cultivation of peppers (Ikiz et al. 2009), tomatoes (Cwala et al. 2010) and marigold (Schmidt et al. 2010).
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Several reports indicate that, in soils with low mineral content, AMF colonization improves the acquisition of low
mobility nutrients, not only P, but also Zn and Cu (Liu et al. 2002, Kaya et al. 2003, Ryan and Angus 2003) as well
as improving the transport and absorption of P, Ca and Mg (Liu et al. 2002).

In our experiment, higher mycorrhizal frequency was obtained in roots of plants subjected to inoculation and re-
ceiving nutrient solution with a lower content of P. In the first period of isolation (82 DAT), the highest mycorrhizal
frequency characterized plants grown in coconut, while in the second period (112 DAT) plants grown in rockwool.
The substrates used in the experiment belong to two different groups, i.e. mineral and organic, and it was proved
that the colonization of plant roots by AMF is possible in such substrates. The condition for the development of
mycorrhiza is good oxygenation of the root zone (Hawkins and George 1997). The result of our experiment seems
to indicate that rockwool, in which humidity was kept in the range of 65 — 75%, and Forteco Profit coconut of 30%
of air volume were conducive environments for the development of mycorrhiza.

By increasing the absorption surface of plant root systems, AMF have an impact on the enhanced uptake of wa-
ter and nutrients (Smith and Read 2008, Piao and Liu 2011). In our experiment, the results did not indicate any
significant effect of arbuscular mycorrhizal fungi on the nutritional status of plant expressed as the content of
nutrients in leaves, except for the impact on the content of Cu and Zn. In the experiments carried out by Chen et
al. (2003) and Christie et al. (2004), it was proved that AMF can improve the zinc uptake by plants in conditions
where this micronutrient is deficient in the soil and they can also ‘protect’ plants against excessive Zn uptake in
Zn-contaminated soils. On the other hand, Watts-Williams and Cavagnaro (2012) did not prove any differences in
Zn content in tomato shoots between plants colonized by AMF and those not subjected to mycorrhization (gen-
otype rmc; reduced mycorrhizal colonization) in diverse conditions of this compound in the soil. In our experi-
ment, inoculated plants accumulated significantly less Zn and Cu in leaves compared to non-inoculated plants.
Throughout the whole period of cultivation, tomato plants received the nutrient solution with the optimum con-
centration of Zn and Cu. In soilless cultures, this usually leads to increasing the concentrations of minerals in the
root zone of plants, the intensity of which depends mainly on external conditions affecting plant transpiration. It
can be assumed that the limiting effect of AMF on uptake by mycorrhized plants Zn and Cu was the result of ele-
vated concentrations of these components in the root zone. The AMF surface area is an adsorptive site for heavy
metal cations and it prevents the entry of toxic metal ions into the roots (Joner et al. 2000). Christie et al. (2004)
found that Glomus mosseae (Funneliformis mosseae) tissues bound more than 3% of Zn (in dry matter) and by
this means limited Zn phytotoxicity.

Similar to our study, Dasgan et al. (2008) and Maboko et al. (2013) did not prove any higher nutrient uptake by
plants subjected to inoculation with AMF compared to non-inoculated plants. In the cases of Zn and Cu, we ob-
served a reduction of these compounds. The limited effect of mycorrhiza on nutrient uptake by plants may result
from the low intensity of arbuscules. Arbuscules are bushy branched ends of AMF hyphae that grow in the cells
of the roots of mycorrhized plants and mediate metabolic exchange between the symbiotic fungus and the plant
host (Gtuszek et al. 2008, Parniske 2008, Wells and Varel 2011). The low level of intensity of arbuscules means that
there is no exchange of substances between the plant and the fungus, which can reduce the benefits of mycor-
rhizae, including the improvement of the nutritional status of plants. In this experiment, the relative abundance
of arbuscules (A) was at a very low level and amounted to 0.02 and 0.07% in non-inoculated plants and 1.01 and
2.51% in plants subjected to inoculation, respectively in 1. and 2. period of roots isolation. The low level of devel-
opment of arbuscules may also be the reason for the limited impact of mycorrhizal fungi on plant yield. Similar
results were obtained by Maboko et al. (2013), who did not observe any benefits of mycorrhizae in terms of the
yield or fruit quality of tomatoes, which is explained by the presence in the growing media of such elements as
sawdust and coir, phenolics, lignin and other organic compounds that could reduce the development of mycor-
rhizal structures, despite there being a high mycorrhizal frequency (77.7 — 78.2%). However, Dasgan et al. (2008)
obtained a higher yield from tomato plants inoculated with AMF compared to non-inoculated plants, despite the
lack of the effect of AMF on nutritional status. The authors suggest that the reason for this was the fact that, in-
oculated tomato plants could effectively use photo assimilates for fruit production instead of vegetative growing.

P is an essential element for proper yielding plants. Under the conditions of a deficiency of this macroelement,
plants produce less fruit (Sanchez 2007). In the present study, a significantly lower yield was obtained from plants
receiving nutrient solution with reduced phosphorus content, which confirmed the lack of benefit of mycorrhiza
in the nutrition of tomatoes with this element. Despite the demonstration of mycorrhiza in plant roots (mycorrhi-
zal frequency), it seems that the decisive role was played by the creation of few arbuscules.
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In our experiment, AMF inoculation of plant roots had a limited effect on the quality of fruits. However, it proved
the higher concentration of ascorbic acid and total soluble sugars in tomato fruit which was similarly found by
Subramanian et al. (2006). Higher P level in a nutrient solution significantly lowered fruit quality shown by lower
content of dry matter, ascorbic acid and amino acids. The differences in fruit quality between P levels in nutrient
solution come from inoculated plants (significant interaction between P level in nutrient solution and mycorrhiza).
Fruits from inoculated plants fed nutrient solution with lower P level contained more dry matter and ascorbic acid.

Conclusions

In conclusion it can be stated that in soilless cultures the colonization of tomato plant roots by AMF is more ef-
ficient if the P content in the nutrient solution is low, i.e. 15 mg dm. Colonization is possible, regardless of the
type of substrate. However, with longer root symbiosis with AMF, the better conditions for the development of
mycorrhiza are created by rockwool.

The fact of root colonization by AMF does not necessarily lead to its significant impact on the yield and quality of
tomato fruits, or the nutritional status of plants in soilless cultures with fertigation. Further studies are needed
to elucidate the causes of this phenomenon and demonstrate that there is a relationship with soilless cultivation
systems.
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