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ARTICLE INFO ABSTRACT

Keywords: Biofertilizers of mycorrhizal fungi have been mainly tested in nutrient-limited soils or harsh environmental
Biofertilizer conditions, which have helped to highlight their beneficial role in plant growth. However, their benefits in stress-
Ectomycorrhiza

free growing conditions have not yet been properly proven. In this work, a commercial mycorrhizal fungi,
composed of 18 ecto and endomycorrhizal fungi, was tested in a pot experiment with young olive cuttings, under
an experimental apparatus allowing the evaluation of dry matter yield and plant nutritional status after one and
two years of growth. The results highlighted the role of the mycorrhiza in increasing P bioavailability, either
evaluated by soil P labile fraction or through tissue P concentration. The role of mycorrhiza in increasing soil
organic C was also relevant (7% higher than the control). Mycorrhiza had little effect on the uptake of other
nutrients and on the alleviation of excessive levels of metals, in particular Fe, in the shoots. Instead, olive showed
its own exclusion mechanisms, registering root Fe levels 50 times higher than in shoots. Mycorrhiza did not
improve plant growth compared to the other fertilized treatments. The increase in plant dry matter observed in
the mycorrhiza treatment in comparison to the control was probably due to the initial content of the commercial
product of N, P and K (3% N, 3% P50s and 3% K»0). Under the conditions of this experiment, the farmer would
not benefit from the use of this mycorrhizal fungi, but it nevertheless proved its value for agriculture, suggesting
that commercial products should be targeted more towards specific purposes, than for generalized uses.

Arbuscular mycorrhiza
Nutrient uptake

Soil organic carbon
Glomalin

cells, forming mutualistic relationships with the host plants. These mi-
croorganisms provide diverse services to plants, such as access to nu-
trients, or protection against biotic or abiotic stresses. They receive, in

1. Introduction

Agricultural production systems are under increasing pressure. They

have to ensure food for a growing world population, as well as raw
materials for the textile, pharmaceutical and energy industries. On the
other hand, high-input agricultural systems can cause tremendous
environmental impacts, with soil degradation, water pollution and the
emission of harmful gases into the atmosphere (Bunzel et al., 2014;
Mendivil-Garcia et al., 2020). As society complains, researchers seek to
develop more sustainable agricultural systems that ensure the produc-
tion of goods, but with lesser environmental impacts.

Beneficial relationships between soil microorganisms and plants are
scientifically well documented. Some beneficial microorganisms live in
the rhizosphere, others invade intercellular spaces, and many enter the
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exchange, privileged access to root exudates, or photoassimilates
directly from the phloem (Valentine et al., 2013; Miransari, 2013;
Lanfranco et al., 2016).

Some bacteria colonize the rhizosphere of several plant species,
benefiting from exudates released by plants into the surrounding soil. In
turn, they can increase plant nutrient uptake from soils and reduce their
susceptibility to diseases. These bacteria are collectively known as plant
growth-promoting rhizobacteria (PGPR) (Aeron et al., 2020). Some
beneficial endophytic bacteria, known as plant growth-promoting bac-
teria (PGPB), have the ability to colonize and survive in the internal
plant tissues without causing damage to the host, even though they can

Received 15 July 2020; Received in revised form 28 August 2020; Accepted 31 August 2020

0304-4238/© 2020 Elsevier B.V. All rights reserved.


mailto:angelor@ipb.pt
www.sciencedirect.com/science/journal/03044238
https://www.elsevier.com/locate/scihorti
https://doi.org/10.1016/j.scienta.2020.109712
https://doi.org/10.1016/j.scienta.2020.109712
https://doi.org/10.1016/j.scienta.2020.109712
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scienta.2020.109712&domain=pdf

M.A. Rodrigues et al.

live as free organisms in the soil or other environments (Ferrando and
Fernandez-Scavino, 2013). The beneficial effects to plants may be
diverse, and PGPB can be categorized as biofertilizers, phytostimulators,
stress controllers, and rhizoremediators (Fischer et al., 2013).

Soil fungi also establish important associations with higher plants.
They colonize the roots of 90 % of land plants, including agricultural and
horticultural crop species (Lopez-Réez and Pozo, 2013; Lanfranco et al.,
2016). The arbuscular mycorrhizal (AM) symbiosis, established between
the roots of terrestrial plants and fungi of the subphylum Glomer-
omycotina, is one of the best-known beneficial plant-fungi associations
to take place in the rhizosphere benefiting about 80 % of plant species
(Valentine et al., 2013). These associations date back to more than 400
million years ago when plants invaded the land, being considered a key
step in the evolution of terrestrial plants (Remy et al., 1994). The AM
symbiosis gives rise to the formation of extensive hyphal networks in the
soil able to significantly increase the uptake of nutrients, notably
phosphorus (P), and water (Miransari, 2013; Lanfranco et al., 2016). AM
fungi may also increase the tolerance of plants against different types of
abiotic and biotic stresses (Calvo-Polanco et al., 2013; Zhan et al., 2018).
In turn, AM fungi are obligate biotrophs, dependent on a source of
carbon (C) from the host plant (Valentine et al., 2013). Other fungal
endophytes may colonize plant roots without establishing mycorrhizal
associations such as the formation of arbuscules. Fungal endophytes are
micromycetes which grow internally in living plant tissues showing a
continuum of interactions with their host ranging from positive, neutral
or even negative responses (Andrade-Linares and Franken, 2013).
Ectomycorrhizal fungi may also have beneficial interactions with plants.
Many tree species form symbiotic associations with ectomycorrhizal
fungi which are known to enhance the uptake of nutrients by plants
(Kieliszewska-Rokicka, 1999; fkgrcn et al., 2019) or which provide
protection by alleviating them of heavy metal toxicity (Luo et al., 2014;
Egerton-Warburton, 2015).

Although there is no doubt about the importance of microorganisms
for plants, the agronomic effectiveness of the use of commercial bio-
fertilizers is still uncertain, with the probable exception of rhizobia in
the inoculation of legumes species. As with the symbiotic rhizobic-
leguminous associations, the benefits for the host plant may depend
on plant (species, cultivars) and microbe (ecotypes, strains) combina-
tions and environmental conditions (Lopez-Raez and Pozo, 2013;
Chatzistathis et al., 2013). Most of the studies using beneficial micro-
organisms take place under very artificial conditions, which facilitate
the observation of the beneficial effects on plants, such as the use of
sterilized soil, nutrient-limited soils or other unfavourable environ-
mental conditions for plant growth (Wu and Zou, 2010; Bati et al., 2015;
Ouledali et al., 2018). It is necessary, however, to take into account that
most plants naturally establish symbiotic relationships with microor-
ganisms. It is also reasonable to assume that indigenous microorganisms
are ecologically well adapted, providing the services that local plants

Table 1
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need. The relevant question, therefore, is whether agriculture in general
can benefit from the use of biofertilizers or whether they should be
developed for very specific species, cultivars or ecological niches. At
present, when a biofertilizer is developed for the market, there is a
tendency to apply it on a widespread scale, mainly for commercial
reasons. Furthermore, to increase the probability of obtaining a benefit
for the host plant over a wide range of conditions, some manufactures
include many different microorganisms in the same product (Vessey,
2003; Rodrigues et al., 2018).

In this work, a commercial mycorrhizal fungi was evaluated in a
normal agricultural situation, from rooting to the transplantation phase
of olive cuttings, following procedures similar to those carried out in a
commercial nursery. A commercial mycorrhizal fungi was used, con-
taining 18 species of ecto- and endomycorrhizal fungi. We tested the
hypothesis as to whether the commercial product can improve the
growth of plants and their nutritional status and, indirectly, farmers’
profits. The experimental apparatus, with differentiated applications of
N, P and potassium (K), was able to provide information as to which
nutrients are mostly readily absorbed, or not, by the mycorrhiza.

2. Materials and methods
2.1. Establishment of the pot experiment

The pot experiment was carried out in Braganca, NE Portugal, in
indoor conditions. The cover of the greenhouse consists of a double-wall
polycarbonate panel. Aeration and heat dissipation in summer relies on
lateral and zenithally openings and reflective screen.

The experiment consisted of a completely randomized design with
the following six treatments: Mycorrhiza (commercial mycorrhizal
fungi, applied at a rate of 15 g pot~!, containing 0.45 g N, P,0s and
K20); NPK (0.45 g pot’1 of N, P,Os and K50); NPK + N (similar to NPK
plus an extra dose of 0.45 g N pot™1); NPK + P (similar to NPK plus an
extra dose of 0.45 g P,0s pot™1); NPK + K (similar to NPK plus an extra
dose of 0.45 g K20 pot’l); and Control (non-fertilized).

The commercial product is derived from poultry compost, feath-
ermeal, diammonium phosphate, potassium sulphate, ammonium sul-
phate, kelp meal, dolomite lime, ferrous sulphate. Nutrient
concentration is 3% N, 3% P50s, 3% K0, 4% calcium (Ca), 1.5 %
magnesium (Mg), 1% sulphur (S) and 1% water soluble iron (Fe). It
contains also 0.40 % humic acids, 0.15 % ascorbic acid, 0.05 % glycine,
0.02 % Myo-inositol, and 0.01 % thiamine mononitrate. The biofertilizer
contains a total of 18 species of microorganisms, nine ecto- and nine
endomycorrhizal (arbuscular) fungi. The ectomycorrhizal fungi are
Pisolithus tinctorius, Rhizopogon spp. (four species), Scleroderma spp. (two
species) and Laccaria spp. (two species). Regarding the arbuscular
micorrhizal fungi, seven are of the genus Glomus and the other two
species are Rhizophagus irregularis and Paraglomus brasilianum.

Selected properties (average + standard deviation) of the soil used in the pot experiment.

Soil properties

Soil properties

“Clay (%) 23.9
“Silt (%) 21.8
*Sand (%) 54.4
"pH (H,0) 6.2 + 0.06
°pH (KCI) 5.4 +0.12
“Organic carbon (g kg™!) 8.5+ 0.21
‘Extractable B (mg kg ™) 0.8 + 0.06

“Extractable P (mg P05 kg™?!) 33.1 +2.82
“Extractable K (mg K0 kg™1) 55.4 + 6.13
"Exchang. Ca (cmol. kg™") 21.7 +£ 0.31
‘Exchang. Mg (cmol. kg™) 5.3 + 0.15
‘Exchang. K (cmol. kg ™) 0.3 + 0.06
‘Exchang. Na (cmol, kg ™) 0.6 + 0.10
#Exchang. acidity (cmol. kg™") 0.1 + 0.00

# Robinson pipette method.
b Potentiometry.

¢ Walkley-Black.

4 Hot water, azomethine-H.
¢ Ammonium lactate.

f Ammonium acetate.

8 Potassium chloride.
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Fig. 1. Roots, stems, leaves and total dry matter yield from one-year and two-year growth plants as a function of the fertilizer treatments. Letters above the columns
is the result of ANOVA and Tukey HSD test (« = 0.05) separately from one-year (lowercase) and two-year (uppercase) growth plants.

Table 2

Basal fluorescence at 20 ps (O), fluorescence at 2 ms (J), fluorescence at 30 ms, (I) and maximum fluorescence (P, FM) and ratio of variable fluorescence and maximum
fluorescence (Fy/Fy) and variable fluorescence normalized to minimum fluorescence (Fy/Fo) from measurements taken in July 1st, 2019. In columns, means followed

by the same letter are not significantly different by Tukey HSD test (« = 0.05).

Treatment o J I P Fy/Fu Fy/Fo

Control 290.0 a 467.5 a 973.0 a 1139.0 a 0.808 b 4.254 a
Mycorrhiza 251.0 a 404.0 a 861.0 a 1069.5 a 0.827 a 4.801 a
NPK 256.5 a 410.0 a 875.5 a 1097.0 a 0.828 a 4.816 a
NPK + N 267.0 a 430.5 a 947.5 a 1149.0 a 0.822 a 4.617 a
NPK + P 234.0 a 368.0 a 828.0 a 1062.0 a 0.826 a 4.741 a
NPK + K 247.5 a 392.0 a 850.0 a 1075.5 a 0.828 a 4.815 a

Commercial advertising recommends this type of formulation for
disturbed or poor soils and new plantings of all valuable trees and
shrubs. N, P and K in the NPK fertilized treatments were applied
respectively as ammonium nitrate (34.5 % N), simple superphosphate
(18 % P30s) and potassium chloride (60 % K0).

The pots were filled with 3 kg of dry and sieved (2 mm mesh) soil
mixed with the fertilizer reported in the experimental design. The main
properties of the soil used in this experiment are presented in Table 1.
Semi hardwood rooted ‘Cobrancgosa’ cuttings, ~20 cm high, were
planted in October, 12th 2017. From the beginning there were prepared
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Fig. 2. Concentration of nitrogen, phosphorus and potassium in the roots, stems and leaves at the harvest of the plants in 2018 and 2019 as a function of the fertilizer
treatment. ns, not significant; *, P < 0.05; **, P < 0.01; *** P < 0.001). Error bars are the mean standard deviations.

seven replications (pots) per each treatment. After the experiment was
installed the weeds were uprooted in a timely manner to reduce nutrient
uptake. The plants were also watered manually during the experimental
period. Appropriations of 150 mL were used for each irrigation. The
number of weekly waterings varied greatly throughout the year,
depending on the environmental conditions prevailing inside the
greenhouse. The irrigation frequency was adjusted in order to avoid
exceeding the field capacity and to create anaerobic conditions. Plates
were placed under the pots to prevent nutrient loss from leaching. In
October 9th 2018, three random pots of the seven replications were used
for plant analysis evaluation. The young plants were separated into
roots, stems and leaves. Tissue samples were oven-dried at 70 °C,
weighed and ground for elemental analysis.

In the remaining four replications, the soil of the pots (about two
thirds) was partially removed for a bucket and mixed with a second rate
of the six fertilized treatments. The mixture of soil and fertilizers was put
back into the pots and the irrigation maintained for more one year. In
October 4th 2019, the more atypical plant of each treatment was elim-
inated being kept three replications per treatment. Firstly, a soil sample
was recovered from each pot, consisting on almost all the soil of the pot.
These soil samples were oven-dried at 40 °C before analysis. The plants
were separated into roots, stems and leaves, following the methodology
referred to the first harvest.

2.2. Determinations during the growing seasons

Chlorophyll a fluorescence and O-J-I-P transient was determined by
using the dark adaptation protocols Fy/Fy, Fy/Fg and the advanced OJIP
test by using the OS-30p + chlorophyll meter. Fy, Fo and Fy are,
respectively, the maximum, minimum and variable fluorescence from
dark adapted leaves, and Fy/Fy = (Fy-Fo)/Fy and Fy/Fo = (Fy-Fo)/Fo.
The OJIP test provides origin fluorescence at 20 ps (O), fluorescence at 2
ms (J), fluorescence at 30 ms (I) and maximum fluorescence (P, or Fyp).
The fluorometer uses a pulse modulated detection system to allow for a
variety of tests, with high capability for detecting and measuring plant
stress types that affect photosystem II. Measurements were taken from
fully expanded young leaves, after a period of dark adaptation longer
than 35 min. The dates of measurements were July 6th and September
27th 2018 and July 1st and August 21st 2019.

2.3. Soil and plant analysis

Soil samples were oven-dried at 40 °C and submitted to analytical
determinations: 1) pH (H2O and KCl) (by potentiometry); 2) organic C
(Walkley- Black method); 3) cation exchange capacity (ammonium ac-
etate, pH 7.0); 4) extractable P and K (ammonium lactate solution at pH
3.7); 5) labile P fraction, Pbic (Pi extracted by NaHCO3 0.5 M) and Pres
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Fig. 3. Concentration of iron and manganese in the roots, stems and leaves at the harvest of the plants in 2018 and 2019 as a function of the fertilizer treatment. ns,
not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Error bars are the mean standard deviations.

(extraction of Pi with the HCO3 ion present in an anion exchange resin,
and then eluted in acid media); 6) extractable boron (B) (hot water, and
azomethine-H method); 7) extractable Fe, manganese (Mn), zinc (Zn)
and cooper (Cu) (ammonium acetate and EDTA, determined by atomic
absorption spectrometry); 8) acid phosphatase activity (determined
from the conversion of nitrophenylphosphate to nitrophenolphosphate);
and 9) easily extractable glomalin-related soil protein (GRSP) and total
GRSP concentrations were extracted, respectively, with 20 mM citrate
(pH 7.0) and 50 mM citrate (pH 8.0). In the initial samples there were
also determined 10) clay, silt and sand fractions (Robinson pipette
method). Methods 1-3 and 5, 7 and 10 are fully described by van
Reeuwijk (2002), method 4 by Balbino (1968), method 6 by Jones
(2001), method 8 by Alef et al. (1995), and method 9 by Wright and
Updahyaya (1998).

Plant tissues were oven-dried at 70 °C and ground. Elemental ana-
lyses of all the tissues (leaves, stems and roots) were performed by
Kjeldahl (N), colorimetry (B and P), and atomic absorption spectro-
photometry (K, Ca, Mg, Fe, Mn, Cu, Zn) methods (Temminghoff and
Houba, 2004) after tissue samples were digested with nitric acid in a
microwave.

2.4. Data analysis

Data analysis was carried out using JMP® software. Data was firstly
tested for normality and homogeneity of variances using the Shapiro-
Wilk test and Bartlett’s test, respectively. The comparison of the effect
of the fertilizer treatments was provided by one-way ANOVA. When
significant differences were found (a < 0.05), the means were separated
by the multiple range Tukey HSD test (« = 0.05).

3. Results
3.1. Dry matter yield and plant performance
After the first season of growth no significant differences were found

among the fertilizer treatments in dry matter yield of roots, stems, leaves
or total (Fig. 1). In the second growing season only the dry matter yield

of roots did not vary with the fertilizer treatments. In general terms, the
control treatment gave lower dry matter yields of stems, leaves and total
in comparison to the fertilized treatments. The proportion of roots, stems
and leaves in the total dry matter yield was 20.5, 47.0 and 32.5 % in the
control (the treatment producing lower total dry matter yield in the
second growing season) and 12.9, 51.3 and 35.8 % in NPK + K (the
treatment producing the higher average total dry matter yield).

Chlorophyll a fluorescence OJIP transient did not reveal significant
differences in the nutritional stress among the plants of the different
fertilized treatments in four measurement performed in 2018 (July 6th
and September 27th) and 2019 (July 1st and August 21st). Thus, only
the data of the measurements taken in July 1st, 2019, were presented in
Table 2. In this date, the ratio of variable fluorescence and maximum
fluorescence (Fy/Fy) was significantly lower in the control in compar-
ison to the fertilized treatments.

3.2. Plant tissue nutrient concentration and nutrient removal

The concentration of N in the roots, stems and leaves significantly
varied among the fertilizer treatments in both sampling dates (Fig. 2).
The control treatment showed tissue N concentrations markedly lower
when compared to the other treatments. The treatment NPK + N showed
a tendency to display the average higher values even when compared
with the other fertilized treatments. The concentration of P in plant
tissues significantly varied among the fertilizer treatments in almost all
the tissues and sampling dates. The single exception was the leaf P levels
in the harvest of 2018, in which no significant differences among fer-
tilizer treatments was found. In the case of P concentration in plant
tissue the aspect that should be highlighted is the high P values associ-
ated to the Mycorrhiza treatment. The NPK + N treatment usually gave
the lower levels of P in plant tissues. The fertilizer treatments had a
smaller effect on tissue K levels in comparison to N and P. Only in the
roots, significant differences among the fertilizer treatments were
observed, and the higher values were associated to the NPK + K treat-
ment. The control treatments gave the lower K values. The effect of the
fertilizer treatments on the other macronutrients analysed (Ca and Mg)
was not statistically significant for any of the harvest date (data not
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Fig. 4. Nitrogen, phosphorus and potassium recovery in roots, stems, leaves and in total plant biomass as a function of the fertilizer treatments. Within each plant
tissue (lower case letters) and total dry matter (uppercase letters) and year means followed by the same letter are not significantly different by Tukey HSD test («

= 0.05).

shown).

The levels of Fe in the roots, stems and leaves did not reveal any
noticeable effect caused by the different fertilizers treatments (Fig. 3). It
was observed a great experimental variability which reduced the
occurrence of significant differences between treatments for the ma-
jority of plant tissues. However, it should be noted the higher levels of Fe
in the roots compared to the values observed in the shoots. The average
concentration of Fe in the roots, in the first sampling, ranged from 7023
to 10,504 mg kg1, while in the leaves they ranged from 95 to 221 g
kg1, with a general tendency to be about 50 times higher. The levels of
Mn in the tissues tended to be higher in the treatment NPK + N in all
tissues and in general in the two sampling dates. The high experimental
variability was also relevant even though significant differences have
occurred on both sampling dates and tissues. The levels of Mn also
proved to be much higher in the roots compared to the leaves, especially
in the first sampling. In the roots they ranged from 172 to 339 mg kg !
and in the leaves from 34 to 63 mg kg . In the concentration of Zn in the
tissues, there were practically not found significant differences between
treatments, nor a clear trend that could be related to the fertilizer

treatments (data not shown). The samples were marked by high exper-
imental variability, as already mentioned for the previous metal
micronutrients. Zn concentrations in the roots, however, were also much
higher than in the shoots. In the roots they varied between 40-100 mg
kg~! and in the leaves between 20-50 mg kg~ ’. The pattern described
for Zn was also observed for Cu, without a clear trend between treat-
ments (data not shown). The values in the roots were also higher than in
the leaves, varying between 60-80 mg kg ! and 8-16 mg kg~! respec-
tively. Tissue B levels also did not show any consistent trend according
to the fertilizer treatments, and significant differences were rare (data
not shown). However, contrarily to the other micronutrients, the con-
centration of B in the roots was lower than in the shoots. B average levels
varied from 10 to 19 mg kg™ in the roots, 15-22 mg kg™! in the stems and
18-27 mg kg'! in the leaves.

Nutrient removal provides the combined effect of the fertilizer
treatments on dry matter yield and nutrient concentration in plant tis-
sues (Fig. 4). It is an attempt to stress the effect of the treatments, due to
the multiplicative effect of the production of dry matter and its con-
centration in nutrients. In the sampling of 2018, the effect of the
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treatments on N recovery was significant to the root and total biomass.
In the sampling of 2019, however, the control showed significantly
lower values of N recovery in each individual tissue and in total dry mass
in comparison to the fertilized treatments. No significant differences
were found among the fertilized treatments in N recovery in total dry
mass in the individual plant parts. In the first sampling in 2018, there
were not observed significant differences in the amount of P recovered
in each of the tissues and in the entire plant. The NPK + N treatment
showed, however, the lowest average values of P recovered. In the 2019
sampling there were found significant differences in the P recovered in
each of the tissues and in the entire plant. The lowest values were
recorded in the NPK + N treatment, followed by the Control. The My-
corrhiza treatment showed the highest average value of P recovered in
the entire plant. In 2018, the first year of sampling, there were not
observed significant differences between treatments in K recovery. In
2019 there were found significant differences between treatments in K
recovered in the stems, leaves and total dry mass. The lowest K values in
the total dry mass were recorded in the Control followed by the NPK + N
treatment. The highest average value of K in the entire plant was
recorded in the NPK + K treatment.

The values of Fe recovery did not vary significantly with fertilizer
treatments (Fig. 5). In any case, the values reflect large amounts of Fe
retained in the root system compared to the shoots. On the other hand,
although between 2018 and 2019 there was found an increase in the dry
matter yield, the amount of Fe in the tissues did not increase propor-
tionally, perhaps because it was dependent on the turnover of the root
system, since a decrease in root Fe concentrations were observed
(Fig. 3). The values of Fe recovery were anyway very high, and com-
parable to the levels of the P, which is a macronutrient, although Fe
appeared concentrated in the root and P in greater extent in the
aboveground plant parts. The values of Mn recovery in the plant showed
some similarities to those of Fe and reflected high experimental vari-
ability, since they did not show coherence between the first and second
samplings. The Mycorrhiza treatment, for instance, showed a very low
result in the first sampling, but its coherence was not maintained in the

second sampling one-year latter. The experimental variability mean that
other factors have influenced the amount of Mn recovered in the tissues
more the than fertilizer treatments. The roots, although they represent
less dry matter than stems and leaves, they were the tissues where more
Mn was accumulated although in a smaller proportion than observed to
Fe.

3.3. Soil properties

The fertilizer treatments had a marked effect on soil organic C
(Table 3). The pots receiving the commercial mycorrhizal fungi showed
the higher values, whereas the lower levels of soil organic C were found
in the pots receiving a supplemental rate of N, P or K. pH also signifi-
cantly changed with the fertilizer treatments. The treatment receiving a
supplemental rate o N (NPK + N) gave the lower values. The application
of mycorrhiza seems to have increased the available P and K levels in the
soil, with values higher (P2Os) or similar (K;O) to the treatments
receiving a supplemental rate of the respective nutrient (NPK + P and
NPK + K). The control treatment presented the lower values of both
nutrients. The NPK + P treatment showed the higher exchangeable Ca®*
values in the soil (24.79 cmol. kg_l), whereas the lower ones were found
in the NPK + K treatment (21.35 cmol,. kg’l) followed by the NPK + N
treatment (22.01 cmol. kg1). Exchangeable Mg?", Na® and exchange
acidity did not significantly vary with the fertilizer treatments. The
higher average values of K™ were found in the NPK + K treatment (0.31
cmol, kg™1) followed by Mycorrhiza treatment (0.30 cmol. kg™1), and
the lower ones (0.15 cmol, kg’l) in the Control. The result of cation
exchange capacity appeared clearly marked by the result of exchange-
able Ca%t, due to the quantitative relevance of this nutrient in the
exchangeable complex. Thus, the higher value (32.51 cmol. kg’l) was
found in the NPK + P treatment and the lower value (28.35 cmol, kg’l)
in the NPK + N treatment. The levels of the micronutrients B, Zn, Cu and
Mn in the soil did not significantly vary with the fertilizer treatment. The
levels of Fe, however, were significantly higher in the pots receiving the
commercial product in comparison to the other treatments.
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Table 3
Effect of the fertilizer treatments in selected soil properties. Means followed by the same letter are not significantly different by Tukey HSD test (¢ = 0.05).
Control Mycorrhiza NPK NPK + N NPK + P NPK + K

Organic C (g kg™ 1) 10.8b 11.6 a 10.1d 10.4 ¢ 9.4e 9.2f
°pH
H,O 6.74 a 6.62 ab 6.42b 6.11c¢ 6.41b 6.61 ab
KCl 5.74 bc 6.06 a 5.69 ¢ 5.41d 5.76 bc 5.95 ab
“Extractable P and K
P (mg P,0s5 kg’l) 55.3e 314.7 a 169.3 ¢ 131.0d 281.7 b 158.7 ¢
K (mg K30 kg b 53.3¢c 141.0 a 107.7 ¢ 115.3b 112.0 be 141.3 a
‘Exchang. complex
Ca** (cmol. kg ™) 22.24 ab 22.92 ab 23.34 ab 22.01 b 24.79 a 21.35b
Mg?* (cmol. kg ™) 5.52 a 5.63a 5.46 a 5.61a 5.76 a 5.44 a
K* (cmol,. kg™!) 0.15e 0.30 ab 0.23d 0.27 be 0.24 cd 0.31a
Na™ (cmol. kg™1) 157 a 1.64 a 1.53a 1.63a 1.70 a 1.67 a
EA (cmol. kg B 0.07 a 0.01 a 0.01 a 0.03 a 0.02 a 0.07 a
CTCe (cmol, kg’l) 29.54 ab 30.49 ab 30.56 ab 29.54 ab 32.51a 28.85 b
Micronutrients
B (mg kg’l) 0.87 a 0.98 a 1.23 a 1.03 a 1.12a 1.09 a
Fe (mg kg™ 1) 133.1b 208.9 a 146.4 b 132.6 b 149.9b 146.0 b
'Zn (mg kg™) 3.36a 8.21 a 3.86a 5.10a 4.19a 3.38a
‘Cu (mg kg’l) 13.28 a 12.94 a 13.07 a 13.73 a 13.47 a 9.82a
‘Mn (mg kg ™) 127.7a 164.4 a 135.6 a 137.6 a 116.8 a 148.6 a

@ Walkley-Black.
b potentiometry.
¢ Ammonium-acetate.

4 Ammonium acetate for bases and potassium chloride for exchangeable acidity (EA), from which effective Cation-Exchange Capacity (CECe) was estimated.

¢ Hot water, azomethine-H.
f EDTA + acetate acid + ammonium acetate.

Table 4

Phosphorus labile fraction (Plab) and the sum of Pres (extracted by anion-
exchange resins) and Pbic (extracted by NaHCO3 0.5 M), and acid phospha-
tase activity (APA) as a function of the fertilizer treatments. Means followed by
the same letter are not significantly different by Tukey HSD test (a = 0.05).

Treatment Pres (mg Pbic (mg Plab (mg APA (pg
kg™H kg™ kg™ nitrophenol g~*
h™h)

Control 195 ¢ 31.1 c 50.6 c 302.1  be
Mycorrhiza 41.3  ab 116.3 a 1576 a 3778 a
NPK 42.6 a 67.1 b 109.7 b 352.4 ab
NPK + N 23.1 bc 63.0 b 86.1 b 221.1  d
NPK + P 534 a 95.4 a 1488 a 265.2 cd
NPK + K 38.8 abc 59.3 b 98.2 b 257.3 «cd

The labile P fraction in the soil was significantly higher in the My-
corrhiza and NPK + P treatments (Table 4). In the case of the Mycorrhiza
treatment, the high Plab value was mainly due to the high level of Pbic,
while in the NPK + P treatment it was also due to the Pres fraction. The
control treatment showed the lowest values of Pres and Pbic and
consequently of Plab. The activity of acid phosphates also varied
significantly among treatments, with the Mycorrhiza treatment regis-
tering the highest average value.

Easily-extractable glomalin did not significantly varied among the
fertilizer treatments (Fig. 6). Total glomalin showed the highest average
value in the Mycorrhiza treatment (0.639 mg g~! DW), which was
significantly higher than in the NPK treatment (0.442 mg g~! DW).

4. Discussion

The control treatment registered significantly lower dry matter yield
than the fertilized treatments. In pots, it is easier to obtain differences in
the performance of plants in non-fertilized control treatments, due to the
depletion of essential nutrients in a medium which has limitations for
the expansion of the root system (Ferreira et al., 2018a). The olive dry
matter yield did not differ between the fertilized treatments. In contrast,
a large number of studies on young olive trees have shown beneficial
effects from the inoculation with AM fungi compared to non-inoculated
plants. Most studies, however, were conducted under conditions

limiting plant growth, namely in P-limited soils (Tekaya et al., 2017),
plants exposed to drought (Dag et al., 2009; Ouledali et al., 2018), high
degrees of salinity (Porras-Soriano et al., 2009) or toxic levels of Mn
(Bati et al., 2015). Even so, given the results of this study, this farmer
would benefit little from the use of mycorrhiza.

The concentration of N in all plant tissues showed a marked decrease
in the control treatment, seeming to be the main cause of the reduction
observed in dry matter yield. In pot experiments, with restrictions on the
expansion of the root system, N can have a strong influence on plant
growth and N nutritional status (Ferreira et al., 2020). In its turn, the
treatment receiving a supplementary N dose (NPK + N) tended to in-
crease the levels of N in the plant tissues, but a lower than average dry
matter yield, which may indicate an excess of the nutrient available to
plants in this treatment. Mycorrhiza treatment did not increase the N
concentration in plant tissues, in comparison to the other treatments
which had received an equivalent rate of N. In other studies, however,
the use of AM fungi has favoured plant N uptake (Porras-Soriano et al.,
2009; Lanfranco et al., 2016). AM fungi can accelerate decomposition
and obtain N directly from organic material (Hodge et al., 2001). To do
this, the most plausible hypothesis is that there is an interaction between
AM fungi and protozoa in capturing N since AM fungi are obligate
biotrophs (Koller et al., 2013).

Fy/Fu, Fy/Fo, and the OJIP test failed to discriminate between
fertilized treatments. Only in one measurement did the control treat-
ment give lower Fy/Fy values than the fertilized treatments. Two
combined reasons may justify this: the small difference in the nutritional
status between the fertilized treatments; and the reduced sensitivity of
these measurements to N nutritional stress (Rodrigues et al., 2017),
which was the nutrient registering the greatest difference between the
control and the fertilized treatments.

The Mycorrhiza treatment resulted in higher concentrations of P in
plant tissues and P recovery, particularly in the roots. Olive trees tend to
accumulate P in the roots when supplied at high rates, which may buffer
the concentration of P in the shoots (Ferreira et al., 2018a). The levels of
P in the soil, as extracted with ammonium acetate, were also higher in
the Mycorrhiza treatment, even when compared to the treatment that
received an additional dose of P (NPK + P). The labile P fraction in the
soil was also high in Mycorrhiza and comparable to that which was
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Fig. 6. Glomalin-related soil proteins (GRSP), easily extractable and total, as a function of fertilizer treatments. Letters above the columns is the result of ANOVA and
Tukey HSD test (o = 0.05) separately from Easily-extractable (lowercase) and Total (uppercase) GRSP.

recorded in the NPK + P treatment. The soil samples were sieved in a 2
mm mesh. The analyzed soil may have contained remains of fine roots,
and above all, the network of hyphae or fungal sheaths of the mycor-
rhizae, and these structures probably contributed to the increase in P
content recorded from the soil analysis. On the other hand, an important
role of AM fungi is the provision of soil P to the host plant, since they are
more efficient in the uptake of P which would ordinarily not be available
to the majority of plants (Valentine et al., 2013). This is in accordance
with the high number of studies involving several crops and growing
conditions, in which P uptake increased in response to the use of AM
fungi (Porras-Soriano et al., 2009; Dag et al., 2009; Chatzistathis et al.,
2013; Bati et al., 2015; Tekaya et al., 2017). Furthermore, the acid
phosphatase activity was also high in the Mycorrhiza treatment. Ecto-
mycorrhizal fungi produce extracellular phosphates and store large
amounts of P in the fungal sheaths, releasing it to the plant when its
supply is limited (Kieliszewska-Rokicka, 1999; Egerton-Warburton,
2015).

The control treatment resulted in lower K concentrations in the roots
than the fertilized treatments. In the olive tree, roots are not a priority
sink for K, even though they can store K as a reserve when the level of the
nutrient in the soil is high (Ferreira et al., 2018b). Thus, in the pots of the
control treatment, the levels of K reduced first in the roots. Mycorrhiza
and NPK + K treatments showed higher levels of K in the soil. As with P,
the very thin roots and fungi hyphae may have made a good contribution
to this result. Although K has been a poorly studied element compared to
P, there are already studies showing an increased uptake of K uptake
after inoculation with mycorrhizal fungi (Porras-Soriano et al., 2009;
Tekaya et al., 2017) and particularly in K-limiting conditions (Garcia
and Zimmermann, 2014; Lanfranco et al., 2016).

Fe levels were very high in the plant tissues, in particular the roots.
However, the effect of fertilizer treatments, including mycorrhiza, was
unclear on the concentration of Fe in plant tissues. In some previous
studies, the inoculation of plants with mycorrhiza increased the levels of
Fe in plant tissues (Tekaya et al., 2017; Ortas and Bykova, 2018). In this
study, a high experimental variability was found, likely due to the
wet-drying conditions in the pots. Watering the pots can create zones of
decreased redox potential, which usually increases the solubility of Fe
and other nutrients such as Mn (Afonso et al., 2020). However, the most
relevant result was the ability of the roots to accumulate Fe and to
prevent its translocation to the shoots. In the roots, the concentration of
Fe was about 50 times higher than in the leaves. When in excess in the
shoots, ferrous ions can promote the generation of reactive oxygen
species and oxidative stress (Dinakar et al., 2010). The main mechanism
of resistance by plants to excess Fe is achieved by exclusion: formation of
Fe plaque (Fe precipitation on the root surface) and vacuolar storage in
roots (Araujo et al., 2020), which was probably what occurred with
these plants.

The results of Mn were very similar to those of Fe. However, the
concentration of Mn in the roots, although higher than in the shoots, did
not reach the values registered for Fe. Although in several studies the use
of AM fungi increased the contents of Mn in plant tissues (Tekaya et al.,

2017; Ortas and Bykova, 2018), the most common result is a restriction
in the uptake of Mn and other metals (metals can be retained in AM fungi
hyphae) as a way of protecting the plant from excessive uptake and
relieving it from the toxic effects of Mn (Nogueira et al., 2007; Bati et al.,
2015). Furthermore, ectomycorrhizal fungi can also play an important
role in protecting plants against excessive availability of heavy metals,
as reported by Luo et al. (2014) and Egerton-Warburton (2015). The role
of mycorrhizas was not clear in this study, but olive plants show that
they have their own mechanisms to protect the shoots from excess Mn.

From the results of this study, the effect of the treatments on the
levels of Ca and Mg in plant tissues and soil was found to be small.
Although the uptake of Ca and Mg may be increased by AM associations,
under high concentrations of nutrients in the soil, the symbiotic effi-
ciency tends to decrease (Miransari, 2013; Tekaya et al., 2017). For the
micronutrients B, Cu and Zn, the effect of treatments was also poor. B
appeared regularly distributed through roots, stems and leaves, as
observed in other studies (Ferreira et al., 2019). Cu and Zn appeared
more concentrated in the root, although to a lesser extent than Fe.
Although studies have shown that in Zn-deficient soils, AM fungi can
increase its concentrations in plant tissues (Chatzistathis et al., 2013;
Tekaya et al., 2017; Ortas and Bykova, 2018), and even have mecha-
nisms to restrict access of the nutrient to the shoots (Zhan et al., 2018),
in this study the immobilization of Zn and Cu in the roots seems to have
been a mechanism inherent to the plant, as reported for Fe and Mn.

Plants seem not to have benefited from the presence of mycorrhiza in
the absorption of most nutrients. Plants pay in photoassimilates for the
services provided by the associated fungi. Plants have regulatory
mechanisms, known as autoregulation, to control excessive root colo-
nization (Garcia-Garrido et al., 2009; Lopez-Raez and Pozo, 2013).
Furthermore, under high concentrations of nutrients, the symbiotic ef-
ficiency of AM usually decreases (Miransari, 2013; Ortas and Bykova,
2018). It has also been postulated that ectomycorrhizal fungi can,
depending on the environment, be a benefit or a cost to the host plant
(Agren et al., 2019). Thus, an adequate level existing in the soil may
explain the reduced effect of the commercial mycorrhizal fungi in the
uptake of most of the nutrients analysed.

Soil organic C varied significantly with the fertilizer treatments
despite the short duration of the experiment. The Mycorrhiza treatment
gave the highest average value and the treatments supplemented with N,
P and K (NPK + N, NPK + K and NPK + P) gave the lowest results. The
effect of the Mycorrhiza treatment on soil organic C may have been due,
at least in part, to the organic substrate used by the manufacturer as a
carrier for propagules. However, positive effects of AM fungi in
increasing soil organic matter have also been observed in other studies.
Godbold et al. (2006) reported that the external mycelium of mycorrhiza
was the dominant pathway (62 %) through which C entered the soil
organic matter pool, exceeding the input via leaf litter and fine root
turnover. In a well-established association, AM fungi take advantage of
C compounds of plant origin, the equivalent of 10-30% of plant pho-
tosynthates (Lanfranco et al., 2016). It has also been suggested that AM
fungi reduce decomposition of woody plant litter while increasing soil
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aggregation, which also increases soil C storage (Leifheit et al., 2015).
Mineral supplementation reduced the soil organic C, probably due to
their effect in reducing the efficiency of micorrhizal colonization, which
usually occurs in soils well provided with nutrients (Lopez-Rdez and
Pozo, 2013).

Glomalin is a glycosylated soil protein, an important compound in
soil organic matter, produced in the hyphal cell walls of AM fungi. GRSP
influences aggregation formation, stabilization, and contributes to soil C
sequestration. Recent studies have shown a positive relationship be-
tween GRSP and soil organic C (Nautiyal et al., 2019; Sarapatka et al.,
2019). However, the results from this study were not particularly
conclusive about the role of the Mycorriza treatment in GRSP. No sig-
nificant differences were found in the easily-extractable glomalin be-
tween treatments, although the total glomalin leave a tentative clue, in
so far as the higher average values were found in Mycorrhiza, the
treatment registering the higher organic C levels.

5. Conclusions

The results highlight the relevant role of commercial mycorrhizal
fungi in increasing the bioavailability of P, either evaluated by the
labile fraction of the soil or through the concentration of the nutrient in
the plant tissues. The role of mycorrhiza in increasing soil organic C
was also evident, as a probable result of the remobilization of photo-
assimilates to the fungi and expansion of their hyphae. The role of
mycorrhiza on GRSP was modest, even though the highest average
value of total glomalin was recorded in the Mycorrhiza treatment. With
the exception of a slight increase in the levels of K in plant tissues, the
presence of mycorrhiza does not seem to have benefited the uptake of
any other nutrient, possibly because they were not at limiting levels for
plant growth. The presence of mycorrhiza also seems not to have
played a relevant role in alleviating the excessive levels of metals, in
particular Fe, in the shoots, although the plants themselves have shown
adequate exclusion mechanisms to restrict its remobilization from roots
to shoots. The use of mycorrhizal fungi per se did not improve plant
growth compared to other fertilized treatments. The increase in dry
matter in the Mycorrhiza treatment, in comparison to the control, was
probably due to the enrichment by the biofertilizer with various nu-
trients such as N, P and K.
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