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Abstract: The European Green Deal strategy currently implemented in the EU aims to, among others,
reduce the negative impact of fertilization on the environment. One of the solutions influencing the
nutritional status of plants and the improvement of soil quality is the use of plant symbiosis with
microorganisms. Thus, in this study we investigated the effect of arbuscular mycorrhizal fungi (AMFs)
and plant-growth-promoting rhizobacteria (PGPR) colonization on the nutritional status of apple
leaves and fruit, depending on the nitrogen treatment. In a fully factorial experiment, trees were grown
for nine years with or without AMFs and PGPR. We compared several ammonium nitrate treatments
as well as growth without fertilization as a control. The interactions between inoculation and doses
of nitrogen fertilization were observed. AMF + PGPR significantly increased the concentration of
nitrogen (N), phosphorus (P), and potassium (K) in leaves up to 5%, 23%, and 19%, respectively,
depending on the N dosage. Conversely, in uninoculated trees, the nitrogen treatment had a negative
impact on the leaf P mineral status. On the other hand, under microbial inoculation conditions, the
dose of 100 kg N·ha−1 diminished the leaf phosphorus content in comparison to other N doses, by
a maximum of 9.6%. AMF + PGPR, depending on the N treatment, either did not influence or it
decreased the Mg and Ca concentrations in the leaves by maximums of 8% and 15%, respectively.
Microbial inoculation had no effect on the acquisition of Ca and Mg by fruits, except for the coupled
negative influence of the 100 kg N·ha−1 treatment. Symbiosis positively conditioned the K in fruits
under a specific N regime—100 kg N·ha−1 divided into two applications during the season and 50
kg N·ha−1 applied to the herbicide strip, increasing the concentration by approximately 4% and 8%,
respectively. This study greatly contributes to our understanding of the benefits of AMF and PGPR on
perennials and encourages the future exploration of their effects on apple yield and fruit quality.

Keywords: arbuscular mycorrhizal fungi; PGPRs; nitrogen fertilization; ammonium nitrate; leaf
nutrient uptake; fruit nutrient uptake; mycorrhizal colonization

1. Introduction

The proper mineral nutrition of fruit plants determines the health, resistance, yield,
and quality of fruit. The mineral nutrient that plants require the greatest amount of is
nitrogen (N), and its availability is a major factor limiting plant growth in natural [1,2] as
well as agricultural [3] ecosystems. Nitrogen enhances the metabolic processes that influ-
ence the physicochemical environment at the soil–root interface. It modifies rhizosphere
conditions, interferes with the uptake of cations and anions, and enhances or represses the
activity of several enzyme systems [4]. The need to fertilize with this component depends
on the natural amount of nitrogen in the soil and different plant species’ requirements. N
management plays a very important role in determining apple yield and quality.

Currently, there is a trend to reduce nitrogen fertilization doses due to the deterioration
of soil conditions and water pollution with nitrogen compounds. One of the main elements
of the EU Biodiversity Strategy for 2030, in line with the European Green Deal, is the need
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to step up efforts to protect soil fertility and reduce soil erosion and the overuse of nutrients,
while increasing levels of organic matter in the soil. This includes the target of reducing
ammonia emissions by 21% by 2030.

A decrease in the content of organic matter and N leakage from agricultural systems
into groundwater, rivers, coastal waters, and the atmosphere have been observed for
years [5]. Nitrate leaching and N2O emissions from agricultural soils are recognized by
scientists, environmental groups, and policymakers as a major environmental threat [6–12].
Some studies show that the use of synthetic nitrogen fertilizers reduces soil organic matter
(SOM) by increasing SOM mineralization [13,14]. This is particularly important in view of
the observed decline in soil organic matter, while approximately 45% of soils in Europe
are characterized by low or very low organic matter content. Organic matter is the basis
of soil fertility, plays a key structure-forming function, and is the main source of food
and energy for soil organisms that determine the biodiversity of the soil environment.
Currently, research is being carried out on sustainable nitrogen fertilization, both synthetic
and organic [15]. With the use of only mineral nitrogen fertilizers, the rate of organic matter
mineralization increases, which leads to a decrease in the content of easily decomposed
organic matter in the soil and a decrease in the microbial biomass content [16,17]. Many
studies [18–20] have found that microbial biomass and microbial activity are closely related
to the content of organic matter, which is positively influenced by organic substances,
such as crop residues or manure. Therefore, it is important to find alternative ways
to increase the nutrient content and organic matter content of soil. Organic fertilizers,
mulching with organic matter, and the use of mycorrhizal fungi can be used for this
purpose. Arbuscular mycorrhizal fungi improve resistance to biotic and abiotic stresses,
and improve the absorption of minerals by plants. Preliminary scientific studies have
provided evidence that the inoculation of young apple trees with AMFs can reduce the
incidence of the fungal pathogens Dematophora necatrix (causing white root rot apple
disease) and Botryosphaeria sp. [21,22] and improve seedling growth rates and nutritional
status [23–27].

Arbuscular mycorrhizal fungi (AMFs) are soil fungi that form a mutualistic symbiosis
with the roots of the majority of plant species, including many important crops [28,29].
AMFs are recognized as a major component in the functioning of agroecosystems [30]. As
compensation for carbon, AMFs provide plants with essential nutrients—predominantly
phosphorus—which they efficiently absorb from the soil via extensive networks of hyphae,
thus potentially reducing the need for inorganic fertilizers [31]. In addition to nutrient provi-
sion, AMFs may also directly benefit crop species through increased resistance to biotrophic
and necrotrophic pathogens, nematodes, and insects [32], tolerance to drought and adverse
soil conditions [33,34], and a competitive ability over non-mycorrhizal plants [35]. They
may indirectly benefit crops through improved soil structure [36] and plant nutrition by
increasing the availability and translocation of various nutrients [37]. Despite the potential
benefits, many factors can limit mycorrhizas and, thus, their use in modern agricultural
systems. It was found that minimum tillage systems increase bacterial diversity by 7% and
do not affect either soil total fungal diversity or AMF diversity compared to conventional
tillage [38]. Moreover, it was shown that AMF diversity was reduced by N fertilization,
supposedly due to a smaller investment in mycorrhizal symbioses by host plants [39] as
well as a reduction in the pH induced by the addition of N, which improves phosphorus (P)
availability [38,40,41]. Recent trends for the protection of the environment and the demand
for healthy and ecologically produced food suggest minimal or no use of chemicals in
agricultural production. Mycorrhizal fungi can promote plant root growth in marginally
poor soils and under environmental stress. Mycorrhizal inoculation can contribute to the
production of high-quality fruit trees with balanced mineral nutrient uptake [42,43].

Facing the challenges of organic fruit farming and balanced nitrogen fertilization, in
our research, we hypothesized that in soil rich in organic matter, apple root mycorrhization
and PGPR enhance nutrient uptake by the leaves and fruits of the apple trees regardless of
N fertilization. Our research fills the knowledge gap regarding the simultaneous effect of
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nitrogen fertilization with AMF and PGPR on the nutritional status of apple trees, due to
the limited available literature on this subject.

2. Materials and Methods

The trial was initiated in the spring of 2011 and covered nine growing seasons. It
was conducted in the experimental orchard of the Warsaw University of Life Sciences,
Wilanów, Poland (N 52◦9′36.1”, E 21◦5′58.2”). The plant material consisted of apple
Malus × domestica Borkh. cultivar ‘Šampion Arno’ grafted onto M.9 rootstock. Trees were
planted in 2011 in 3 × 1 m plots with deep, loamy alluvial soil with 2.5% humus. The
trees were trained in a spindle-bush system. The floor management system in the orchard
included turf grass in the alleyways that was mowed several times during the season, and a
herbicide strip within tree rows with a soil width of 1 m that was sprayed with glyphosate
using a commercially available Roundup 360 SL formulation at a dose of 4 L·ha−1. The
herbicide was used at the beginning of June and after fruit harvesting at the beginning of
October in each year of the experiment.

The weather conditions during the course of the trial are presented in Figure A1. Data
were collected during the experiment using the Davis Vantage Pro 7 field weather station
(Davis Instruments, Hayward, CA, USA) installed in the experimental orchard.

The experiment was set up using a split-block design. The trees were planted in two
separate rows, one of which was treated with microbial inoculum (M); the other was not
inoculated (M0, control).

The trees were inoculated in field conditions. Commercially available microbial
inoculum with a total concentration of 106 CFU·g−1 and containing ground and shred-
ded roots of host plants with the spores and mycelium of arbuscular mycorrhizal fungi
(AMFs), including Glomus mosseae GP11, G. viscosum GC41, and G. intraradices GB67, and
plant-growth-promoting rhizobacteria (PGPR), including Bacillus subtilis BA41 and Strepto-
myces spp. SB19, formulated as a powder, was applied to the soil pits 30 cm deep during
the tree planting at a dose of 10 g·tree−1. Then, in every year of the experiment, a dose of
2 g·m−1 of the inoculum was applied next to the trees, three times each season at 3-week
intervals, with the first dose applied at the beginning of May.

Different nitrogen fertilization treatments of soil were applied to all plots of the
trial. The following ammonium nitrate (containing 33.5% of N) applications, previ-
ously described by Wrona [44] were compared to the control without fertilization (N-0):
(1) 50 kg N·ha−1 applied to the entire surface of the plot (N-50); (2) 100 kg N·ha−1 applied
to the entire surface of the plot (N-100); (3) 50 kg N·ha−1 applied to the entire surface of
the plot in early spring and 50 kg N·ha−1 at the end of May (N-50+50); (4) 50 kg N·ha−1

applied to the herbicide strip (N-50h). Each combination was replicated six times on the
plots, each consisting of eight randomly distributed trees.

The same practices of pruning and disease and pest control were applied in all man-
agement systems in accordance with the standards of integrated pest management. The
trees were fertilized in the early spring according to the soil mineral content.

2.1. Nutritional Status of Leaves and Fruits

In order to assess the nutritional status of the trees, 50 leaves were randomly collected
each year from each plot of trees in the phase of phenological development corresponding
to BBCH-91. Under the conditions of the experiment, this occurred at the end of July.
Healthy, fully developed leaves were collected from the middle part of the shoot at a
height of approximately 150 cm. The collected leaves were taken from the middle part
of one-year-old shoots, dried at 70 ◦C for 24 h, and ground. The nitrogen content was
measured according to the Kjeldahl method [45]. The elements P, K, Mg, and Ca were
marked using the ICP-AES method with a Thermo Scientific iCAP 6500 Duo spectrometer
(Thermo Fischer Scientific, Waltham, MA, USA) after the samples were burnt in the muffle
furnace (Czylok, Jatrzębie Zdrój, Poland) at 550 ◦C and digested in a 0.5 M solution of HCl.
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From each combination, 10 randomly selected fruits were collected, from which a
fragment of the fruit flesh without the peel and seed socket was obtained for testing. Then
the collected samples were dried at 70 ◦C for 24 h and ground. The next steps were the same
as for assessing the concentration of macroelements in the leaves. These measurements
allowed for calculating the leaf and fruit mineral concentrations, which are presented in %
of dry mass (% d.m.).

2.2. Mycorrhizal Colonization

To quantify mycorrhizal colonization, root sampling was conducted sequentially every
second year of the experiment at the end of June, which involved extracting samples of
the roots with a field spade under each tree from a depth of up to 30 cm. The roots were
carefully removed, transferred to the lab, and washed with distilled water, after which the
fine roots (<1 mm in diameter) were pooled from each tree and cut into 1 cm sections.

The mycorrhizal colonization of the roots was visualized using the staining technique
described by [46,47] with carbol fuchsin. Microscopic specimens were prepared, each of
which represented one plot and consisted of thirty root sections, each one-centimeter long
embedded in glycerin, which were then examined with a Leica DM1000 microscope (Leica,
Wetzlar, Germany). The assessment of the degree of colonization of the roots by AMF was
performed with the Trouvelot method [48]. Based on the results, the mycorrhizal frequency
(F%), relative mycorrhizal intensity (M%), and absolute mycorrhizal intensity (m%) were
calculated using the computer program MYCOCALC (INRA, Dijon, France) [49].

2.3. Statistical Analysis

The study was a split-block design with six replications per treatment combination.
The statistical analysis was conducted using analysis of variance (ANOVA) tests, and the
separation of the mean values was carried out with the Newman–Keuls multiple range
test at a significance level of p < 0.05. The analysis was conducted using the Statistica
13 software package (StatSoft, Cracow, Poland).

3. Results
3.1. Mycorrhizal Parameters

The statistical data analysis showed that parameters that describe root colonization by
AMF depended on the factors used in the experiment. We observed that significant simple
effects of the used factors excluded fertilization as well as their interactions (Table 1). Using
AMF inoculum significantly increased the mycorrhizal frequency (F) between 2016 and
2020. Similar observations were made for the absolute mycorrhizal intensity (AMI) and
relative mycorrhizal intensity (RMI). The values of the tested parameters were higher every
period the roots were tested. At the end of the 9-year experiment, all the root samples taken
from the inoculated trees presented structures of AMF, while the values of mycorrhizal
frequency calculated for the uninoculated trees were approximately 30% lower; for the
AMI and RMI, even higher differences were noted.

3.2. Leaf Nutrient Status

The average results for all the years of the experiment show that in the absence of
inoculation, the nitrogen fertilization treatments influenced the N content in the leaves as
compared to the untreated control, and the N content was higher by 11% with N-50+50
and N50h. The inoculated trees, the unfertilized and the N-50-fertilized, manifested higher
average leaf N contents by about 3% and 5%, respectively, compared to the uninoculated
trees. Such a relationship was not observed with the use of the higher fertilizer doses and
the dose applied directly to the herbicide strip (Table 2).

The average results for all the years of the experiment show that in the absence of
inoculation, the phosphorus content in the leaves of the unfertilized trees was significantly
higher in comparison to those fertilized, by 23.5% compared to the N-100 treatment. On
the other hand, the leaf P was significantly higher in the inoculated trees compared to the
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M0 trees, regardless of whether the nitrogen regime was applied or not. The increase in the
leaf phosphorus absorption under AMF + PGPR conditions ranged from 5% (at N-0) to
23% (at N-50h). The leaf P in inoculated tress depended on the N treatment. The N-100
treatment significantly reduced the P uptake by leaves in contrast to other N regimes and
N0. The N-50h treatment significantly improved the phosphorus nutrition of the leaves by
9.6%, compared to the N-100 treatment (Table 2).

Table 1. Mycorrhizal frequency (F), absolute mycorrhizal intensity (AMI), and relative mycorrhizal intensity (RMI) of
tested apple trees in chosen years of the experiment depending on the year—microbial treatment and nitrogen fertilization.
M0: uninoculated; M: inoculated.

Year Treatment Nitrogen Fertilization
Mycorrhizal Parameters (%)

F AMI RMI

2012

M0

N-0 23.33 ± 8.82 0.093 ± 0.05 0.378 ± 0.11
N-50 20.33 ± 6.69 0.079 ± 0.04 0.375 ± 0.11
N-100 40.00 ± 9.96 0.133 ± 0.05 0.350 ± 0.13

N-50+50 27.67 ± 4.04 0.084 ± 0.07 0.308 ± 0.06
N-50h 24.67 ± 7.04 0.089 ± 0.04 0.350 ± 0.13

M

N-0 17.67 ± 6.94 0.055 ± 0.03 0.198 ± 0.03
N-50 12.38 ± 5.18 0.067 ± 0.08 0.243 ± 0.07
N-100 27.67 ± 8.57 0.081 ± 0.02 0.267 ± 0.03

N-50+50 32.00 ± 6.57 0.100 ± 0.05 0.294 ± 0.04
N-50h 14.67 ± 7.81 0.073 ± 0.02 0.238 ± 0.02

2016

M0

N-0 27.78 ± 7.91 0.278 ± 0.10 1.000 ± 0.12
N-50 28.89 ± 9.21 0.644 ± 0.25 2.222 ± 0.19
N-100 31.11 ± 6.98 1.400 ± 0.68 4.033 ± 2.72

N-50+50 33.33 ± 6.67 0.511 ± 0.10 1.600 ± 0.53
N-50h 31.11 ± 8.11 0.489 ± 0.25 1.489 ± 0.43

M

N-0 51.11 ± 7.70 5.822 ± 1.32 11.64 ± 3.62
N-50 44.05 ± 14.37 3.878 ± 0.49 7.197.637±
N-100 37.78 ± 8.85 2.022 ± 0.96 5.294 ± 2.21

N-50+50 34.44 ± 5.08 0.967 ± 0.32 2.822 ± 0.96
N-50h 42.23 ± 9.52 5.044 ± 1.86 12.13 ± 5.12

2020

M0

N-0 70.00 ± 8.82 1.100 ± 0.21 1.564 ± 0.15
N-50 64.44 ± 7.69 0.822 ± 0.20 1.269 ± 0.24
N-100 77.78 ± 18.36 4.511 ± 3.25 5.086 ± 2.06

N-50+50 65.00 ± 8.34 1.002 ± 0.29 1.521 ± 0.26
N-50h 72.22 ± 11.71 1.922 ± 1.05 2.547 ± 1.06

M

N-0 100.0 ± 0.00 23.74 ± 6.82 23.74 ± 6.82
N-50 100.0 ± 0.00 34.33 ± 4.26 34.33 ± 4.26
N-100 100.0 ± 0.00 24.84 ± 5.96 24.84 ± 5.96

N-50+50 100.0 ± 0.00 36.56 ± 2.60 36.56 ± 2.60
N-50h 100.0 ± 0.00 34.56 ± 8.47 34.56 ± 8.47

Year <0.0001 <0.0001 <0.0001
Treatment <0.0001 <0.0001 <0.0001

Nitrogen fertilization 0.5147 0.2396 0.3096
Year × Treatment <0.0001 <0.0001 <0.0001

Year × Nitrogen fertilization 0.5921 0.02899 0.0256
Treatment × Nitrogen fertilization 0.1889 0.0197 0.0204

Year × Treatment × Nitrogen fertilization 0.7641 0.0027 0.0026

Note: Bold format highlights significance.

The average results for all the years of the experiment show that in the absence of
inoculation, the leaf K was better absorbed in the unfertilized trees and when N-100 was
applied. The microbial-inoculated trees that received N-50, N-50+50, and N-50h expressed
significantly higher leaf K by about 19%, 11%, and 14%, respectively, in contrast to the
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uninoculated control. Inoculation had no effect on the K content when no fertilization was
applied (Table 2).

Table 2. Effect of microbial inoculation and nitrogen treatment on nutrient content, expressed in % of dry mass (% d.m.) in
apple leaves.

Treatment Nitrogen
Fertilization

Macronutrient
(% d.m.)

N P K Mg Ca

M0

N-0 A 2.17 ± 0.05 a A 0.204 ± 0.007 d A 1.02 ± 0.06 b A 0.25 ± 0.01 ab B 1.74 ± 0.07 b
N-50 A 2.33 ± 0.03 b A 0.164 ± 0.004 b A 0.83 ± 0.04 a B 0.27 ± 0.01 b B 1.81 ± 0.05 b
N-100 A 2.24 ± 0.02 bc A 0.156 ± 0.003 a B 1.04 ± 0.05 b B 0.25 ± 0.01 a A 1.60 ± 0.04 a

N-50+50 A 2.40 ± 0.02 c A 0.176 ± 0.006 c A 0.82 ± 0.07 a A 0.31 ± 0.02 c A 1.73 ± 0.05 b
N-50h A 2.41 ± 0.06 c A 0.169 ± 0.003 bc A 0.83 ± 0.03 a B 0.26 ± 0.01 ab B 1.76 ± 0.01 b

M

N-0 B 2.28 ± 0.02 a B 0.215 ± 0.004 bc A 1.08 ± 0.03 b A 0.25 ± 0.01 a A 1.62 ± 0.06 bc
N-50 B 2.40 ± 0.03 c B 0.210 ± 0.005 b B 1.03 ± 0.08 b A 0.25 ± 0.01 a A 1.54 ± 0.04 c
N-100 A 2.35 ± 0.04 bc B 0.198 ± 0.007 a A 0.95 ± 0.03 ab A 0.23 ± 0.01 a A 1.57 ± 0.06 b

N-50+50 A 2.41 ± 0.02 c B 0.212 ± 0.005 bc B 0.92 ± 0.05 a A 0.30 ± 0.02 b A 1.68 ± 0.04 a
N-50h A 2.34 ± 0.03 b B 0.219 ± 0.006 c B 0.97 ± 0.06 ab A 0.24 ± 0.01 a A 1.57 ± 0.07 b

Note: Uppercase letters next to the means indicate significant differences between inoculation treatments, and lowercase letters indicate
significant differences between nitrogen fertilization within inoculation treatments (at p ≤ 0.05, according to the Newman–Keuls test).
M0: non-inoculated; M: inoculated.

The average results for all the years of the experiment show that in the absence of
inoculation, the N-50+50 fertilization treatment contributed to significantly higher leaf Mg
content in comparison to the untreated control and other N regimes, by a maximum of
19%. Microbial inoculation, in comparison to the untreated control, had no effect on leaf
Mg uptake in the unfertilized or N-50+50-fertilized apple trees. Moreover, at the doses of
N-50, N-100, and N-50h, microbial inoculation contributed to reduced leaf Mg uptake by
about 8% when compared to the uninoculated control. Both in the case of the inoculated
and uninoculated trees, the best nutritional Mg status was established with the N-50+50
fertilization treatment (Table 2).

The average results for all the years of the experiment show that the leaf Ca was
significantly lower by a maximum of 12% when the uninoculated trees received N-100 in
comparison to the other fertilization treatments. The microbial treatment, in comparison to
the uninoculated control, had no effect on the leaf Ca when the N-100 and N-5rr0 treatments
were applied, and it significantly decreased the leaf Ca by approximately 7%, 15%, and
11% when the N-0, N-50, and N-50h treatments were applied, respectively (Table 2).

3.3. Fruit Nutrient Status

Microbial inoculation, compared to M0, contributed to the reduction of phosphorus
absorption in fruits by 6.7% and 13%, at the doses of N-50 and N-100, respectively (Table 3).

The average results for all the years of the experiment show that in the absence of
inoculation, the K content was higher with the N-0 and at N-100 treatments compared to
the other doses. Overall, the K content in the fruit decreased with the use of mycorrhiza,
except for the doses of N-50+50 and N-50h, which contributed to higher fruit K by 8.4%
and 4.3%, respectively, in comparison to the other N regimes (Table 3).

The average results for all the years of the experiment indicate that in the absence of
inoculation, the fertilization dose had no effect on the Mg uptake by the fruit. Microbial
inoculation, in comparison to M0, did not affect the fruit Mg absorption, except for the
N-100 treatment, which contributed to its decline by 14.3% (Table 3).

The average results for all the years of the experiment indicate that in the absence of
inoculation, the N regime had no effect on the fruit Ca. In addition, using inoculum, in
comparison to the uninoculated control, did not affect the fruit Ca absorption, except for
the N-100 treatment, which led to its decline by 17.6% (Table 3).
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Compared to the fruit, the leaves absorbed higher levels of K, P, Mg, and Ca regardless
of the application of microbial inoculum.

Table 3. Effect of microbial inoculation and nitrogen treatment on nutrient content, expressed in % of dry mass (% d.m.) in
apple fruits.

Treatment Nitrogen Fertilization
Macronutrient (% d.m.)

P K Mg Ca

M0

N-0 A 0.063 ± 0.004 b B 0.633 ± 0.007 b A 0.027 ± 0.001 a A 0.031 ± 0.001 a
N-50 B 0.060 ± 0.004 b B 0.571 ± 0.019 a A 0.027 ± 0.001 a A 0.035 ± 0.002 a

N-100 B 0.054 ± 0.003 a B 0.655 ± 0.010 b B 0.028 ± 0.002 a B 0.034 ± 0.004 a
N-50+50 A 0.058 ± 0.003 ab A 0.566 ± 0.010 a A 0.027 ± 0.001 a A 0.033 ± 0.002 a

N-50h A 0.064 ± 0.003 b A 0.597 ± 0.007 a A 0.027 ± 0.003 a A 0.036 ± 0.002 a

M

N-0 A 0.061 ± 0.004 b A 0.556 ± 0.010 b A 0.027 ± 0.001 b A 0.035 ± 0.003 b
N-50 A 0.056 ± 0.004 b A 0.521 ± 0.017 a A 0.026 ± 0.001 ab A 0.031 ± 0.001 ab

N-100 A 0.047 ± 0.003 a A 0.502 ± 0.023 a A 0.024 ± 0.001 a A 0.028 ± 0.002 a
N-50+50 A 0.056 ± 0.003 b B 0.618 ± 0.009 c A 0.027 ± 0.001 b A 0.033 ± 0.003 ab

N-50h A 0.060 ± 0.001 b B 0.624 ± 0.021 c A 0.027 ± 0.001 b A 0.034 ± 0.006 ab

Note: Uppercase letters next to the means indicate significant differences between inoculation treatments, and lowercase letters indicate
significant differences between nitrogen fertilization within inoculation treatments (at p ≤ 0.05, according to the Newman–Keuls test).
M0: non-inoculated; M: inoculated.

3.4. Macroelement Partitioning of Leaves and Fruits

Nutrient partitioning of tree leaves and fruits revealed how inoculation with AMF +
PGPR can affect the distribution of macroelements depending on the nitrogen fertilization
regime (Figure 1). Potassium and phosphorus macroelement contents were the most
affected in terms of partitioning within tested tree organs. In both cases, the plants treated
with AMF + PGPR inoculum showed a higher relative concentration of the mentioned
macroelements in leaves compared to the control plants, except potassium content noted
for N-50+50 and N-50h nitrogen fertilization.
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3.4.1. Leaves

Arbuscular mycorrhizal fungi (AMFs) and plant-growth-promoting rhizobacteria
(PGPR) contributed to higher phosphorus concentration in leaves, which we also con-
firmed in terms of nutrient ratios (Figure 2). Under AMF + PGPR inoculation versus
the uninoculated control, the ratios of P to Ca and Mg in the leaves that we observed
were significantly higher. This relationship also concerned the P/N ratio, except for the
unfertilized control, where the mycorrhizal treatment had no effect on the P content. The
AMFs contributed to significantly higher P/K ratios when the N-100 and N-50h doses
were applied.
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3.4.2. Fruits

Microbial inoculation decreased the K/Ca ratio in the fruit of the unfertilized control
trees and increased it when the N-50h dose was applied (Figure 3). Mycorrhizal inoculation
influenced the P/K ratio in fruits depending on the N fertilization treatment. AMFs
increased the provision of P in the absence of N fertilization and with the N-100 dose, and
decreased P when the N-50+50 and N-50h treatments were applied. Using AMF inoculum
affected the P/Mg ratios in the fruits (Figure 3). Higher values of this parameter were
noted for plants treated with AMF + PGPR inoculum. AMF + PGPR increased the K/Ca
ratio in fruits with the N-50h treatment and reduced the ratio for the N-0 treatment in
comparison to the uninoculated control (Figure 3).
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4. Discussion

It has been found that under Mediterranean climatic conditions, microbial inoculation
significantly increases the P and Zn uptake by different fruit tree species [42,43]. Plant
growth and nutrient uptake are strongly dependent on AMF inoculation, which also helps
to reinstate soil quality. Mycorrhizal-inoculated plants had high shoot and root dry weights
and greater nutrient uptake than the non-mycorrhizal plantlets [42,43]. The authors of [50]
noticed that at low soil P levels, arbuscular mycorrhizal fungi inoculation had a significant
positive effect on the growth of the perennial tree Jatropha curcas L., its shoot and root
dry matter content, plant height, number of leaves, total leaf area, leaf area per leaf, and
the Dickson quality index. The root/shoot ratio and the leaf area ratio were also affected
by mycorrhizal inoculation and the level of added P. Physic nut plants exhibited high
mycorrhizal dependency on added soil P up to 50 mg kg−1 [50].

In our research, the inoculation of unfertilized and N-50-fertilized trees improved the
absorption of N in leaves. However, the use of mycorrhiza in combination with the highest
nitrogen doses did not influence nitrogen absorption. We conclude that such high doses
are not justified in supplying the leaves with nitrogen, and better results are obtained when
lower doses are used in conjunction with AMF inoculation.

The authors of [51] showed that phosphorus and nitrogen are the major nutritional
determinants of the interactions between plants and soil fungi. The symbiosis-promoting
effect of nitrogen starvation dominantly overruled the suppressive effect of high phos-
phorus nutrition onto arbuscular mycorrhiza, suggesting that plants promote the sym-
biosis as long as they are limited by one of the two major nutrients [51]. The results of this
study show that AMF + PGPR inoculation improved P leaf uptake regardless of whether
the nitrogen regime was applied or not. It has already been proven that AMFs alleviate
phosphorus limitation by reducing the plant N/P ratios under warming and the addition
of nitrogen addition, and they increase available soil P concentrations, promoting plant
P absorption under global change [52]. The authors of [53] showed that when AMFs
and cotton were symbiotic, the expression of the specific phosphate transporter family
genes and the P concentration in the cotton biomass were significantly enhanced. In
addition, in our experiment, AMF symbiosis significantly increased the available soil P
concentrations, promoting the P absorption in leaves and increasing the leaf P/N ratios.
The results show that the leaf P in inoculated trees depended on the N treatment. The
highest dosage of N + 100 significantly reduced the P uptake by leaves, in contrast to
the other N regimes and N0. It has been found that nitrogen-induced acidification, not
N nutrients, dominates the suppressive N effects on arbuscular mycorrhizal fungi [54].
In our study, low to moderate N inputs increased the AMF parameters, corresponding
to the increasing N/P ratio. Structural equation modeling showed that while the soil
N/P stoichiometry primarily controlled the effect of added P on AMFs, N-induced soil
acidity overtook the N/P stoichiometry under high N inputs and dominated the effects
of reactive N on AMFs [54].
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We also found that AMF + PGPR symbiosis determined the improved K leaf uptake,
depending on the nitrogen treatment. However, in our experiment, the highest nitrogen
dose of N-100 contributed to reduced K leaf absorption. The authors of [55] demonstrated
that K and P, individually and in combination, significantly influenced the transport of
radiocesium by AMFs to the plant tissue. Whilst an increased concentration of K decreased
the amount of radiocesium transported, the opposite was observed for P. The ecological
impact of AMF interactions with microorganisms involved in potassium solubilization is
not well resolved compared to those involved in phosphate solubilization. Although direct
studies on the interactions between AMFs and potassium-solubilizing microorganisms
(KSMs) on plant growth are limited, studies on plant growth-promoting microorganisms
(PGPMs) and AMFs do involve organisms with K-solubilizing capabilities. Evidence
does exist on the influence of KSMs on mycorrhizal formation and function. Interactions
between AMFs and KSMs are vital in sustainable low-input crop production systems that
rely on biological processes to achieve improved plant growth and yield, in addition to
maintaining soil fertility [56].

5. Conclusions

The results of our study show which doses of nitrogen fertilization, or the lack thereof,
improve the nutrient supply of plants in the presence of mycorrhiza and PGPR. Nitro-
gen used at medium doses (N-50 and N-50h) under microbial inoculation significantly
increased the concentration of phosphorus (P), and potassium (K) in leaves up to 23%, and
19%, respectively.

On the other hand, under microbial inoculation conditions, the highest nitrogen dose
(N-100) diminished the leaf phosphorus content in comparison to other N regimes, by a
maximum of 9.6%. Symbiosis positively conditioned the K in fruits under N-50+50 and
N-50h, increasing the concentration by approximately 4% and 8%, respectively.

The results also encourage the future exploration of AMF and PGPR effects on apple
yield and fruit quality.
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