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Abstract: In acidic soils with manganese (Mn) toxicity, arbuscular mycorrhizal fungi (AMF) can
improve plant host growth by enhancing nutrition and protecting against environmental stress.
The intact extraradical mycelium (ERM) of AMF is able to survive Mediterranean summer condi-
tions and provide an earlier colonization of winter crops. This study evaluated if summer season
conditions hindered the beneficial effects of wheat colonization by the intact ERM associated with
a native plant, in acidic soil. Wheat was grown in soil with intact or disrupted ERM associated
with Ornithopus compressus (ORN), developed for 7 or 24 weeks, to simulate ERM summer sur-
vival. The activity of antioxidant enzymes was determined, and the quantitative analysis of Mn and
macronutrients was performed by inductively coupled plasma mass spectrometry (ICP-MS), in wheat
shoots and respective subcellular fractions. Wheat colonization by intact ERM decreased shoot Mn
concentration but increased the proportion of Mn in the apoplast. Overall, antioxidant enzymatic ac-
tivity decreased but the proportion of Mn-superoxide dismutase activity over the remaining isoforms
increased, suggesting its important role in the AMF-mediated mitigation of Mn toxicity. Summer
conditions did not substantially reduce the benefits provided by ORN ERM. A no-till strategy allied
to the development of native microbiota can contribute to the sustainable optimization of acidic
soil use.

Keywords: acidic soil; apoplast; arbuscular mycorrhizal fungi; element compartmentalization;
extraradical mycelium; manganese superoxide dismutase; manganese toxicity; Ornithopus compressus;
sustainable soil management; Triticum aestivum

1. Introduction

Soil acidity is a worldwide agroecological concern due to the associated rise in alu-
minum (Al), iron (Fe) and/or manganese (Mn) bioavailability to plant toxic levels. In south-
ern Portugal, acidic Cambisols and Arenosols can frequently display toxic levels of bioavail-
able Mn (Mn2+), which often becomes a major constraint to crop productivity [1]. In this
region, several crops reportedly exhibited symptoms of Mn toxicity due to a high Mn
bioavailability combined with a low shoot magnesium (Mg)/Mn ratio [2,3]. Low Mg/Mn
ratios can induce Mn competition for Mg active sites in vital cellular processes, which pre-
vents enzymes from performing their functional roles and induces oxidative stress [4,5].
In acidic soils, Mn bioavailability can be further amplified by waterlogging events or large
inputs of chemical fertilizers, used in extensive farming systems [6,7]. To prevent crop yield
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losses due to Mn toxicity, liming with dolomitic lime (calcium (Ca) and Mg carbonates) is a
widely used agricultural practice. Dolomitic lime acts by increasing soil pH, Ca and Mg
concentrations (competitors for plant Mn transporters) but also by increasing soil carbonate
concentration. Nevertheless, liming increases production costs, alters soil biochemistry
and was reported to be frequently applied in undereffective amounts [8–10].

In the search for more sustainable and eco-efficient agricultural practices, the use
of beneficial plant microbes, such as arbuscular mycorrhizal fungi (AMF), has shown a
great potential to increase crop productivity in acidic soils with Mn toxicity. AMF estab-
lish the oldest and most widespread mutualistic association between plants (ca. 80% of
plants species) and soil microbes. Colonization of host vascular plants occurs when AMF
hyphae penetrate the root cortical cells and establish arbuscles and/or vesicles. The host
plant benefits from increased uptake of water and immobile soil nutrients, for example,
phosphorus (P), while the colonizing fungi receive photosynthates (carbohydrates) and
lipids from the plant [11]. This symbiotic relation has shown the potential to reduce metal
toxicity and simultaneously increase productivity of their host plants [12–15]. Symbiotic
microorganisms indigenous to acidic soils are generally adapted and show increased toler-
ance to metal stress [16–18]. In these environments, symbiotic AMF play pivotal roles in
plant survival [19–21]. By growing native stress-adapted plants (i.e., Developers) before the
target crop, a beneficial microbial environment can be established in the acidic soil capable
of improving crop growth and protecting against Mn toxicity [22,23]. AMF are responsible
for a considerable part of these protective effects, given that crop protection is considerably
higher when promoted by highly mycotrophic native plants, growing under Mn toxicity
in acid soils [24,25]. In addition, intact extraradical mycelium (ERM), developed from
AMF associated with the roots of strongly mycotrophic Developers is able to colonize the
succeeding crop in earlier stages of plant development, when compared to AMF spores or
root fragments, as the main inoculum sources. In these conditions, plant growth can be
improved and toxic Mn contents decreased, revealing the benefits of a fully established
intact ERM as a preferential inoculum source for mycorrhizal colonization [22]. In winter
wheat (Triticum aestivum L.), growth improvement is dependent on the previous Developer
plant. For example, in wheat plants grown after Ornithopus compressus L. (ORN) native
Developer, shoot dry weight increased almost 2-fold when compared to those grown after
Lolium rigidum L., despite having similar Mn concentrations, which suggests the presence
of functional diversity in ERM associated with different native plants [24]. In these systems,
a greater AMF diversity has been identified in ORN roots and in the roots of wheat grown
after this Developer plant [21,26], which suggests that functional diversity results from dif-
ferent stress-coping mechanisms in the host shoots. In fact, transcriptomic studies revealed
that many processes related to cellular division and growth were activated when wheat
roots were colonized by intact ERM developed from ORN, and fewer were related to stress
responses. In contrast, when L. rigidum was used as the Developer plant, genes related to
oxidative stress, disease protection and metal ion binding were mostly induced [27].

Under metal toxicity, symbiotic AMF can induce significant biochemical alterations in
the host shoots that counteract metal stress, namely the management of subcellular element
distribution and of shoot physiological status, including photosynthesis, phytohormone
balance, antioxidant enzymes or nonenzymatic compounds [28–32]. In wheat, Mn toxicity
induces the subcellular redistribution of root and shoot Mg, Ca, Mn and P levels. While Ca
seems to accumulate in the root apoplast, Mn and P are redirected to the shoot vacuole,
probably as a detoxification strategy against excess Mn and resulting oxidative stress [33].

In Mediterranean conditions, the summer season is characterized by a dry climate
with high temperatures and reduced plant soil coverage that can influence the survival and
infectivity of the developed ERM. However, ERM developed in association with winter
wheat can survive the summer season and retain its capability to colonize the next season
crop [34].
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To assess if the protective effect of intact ERM against Mn toxicity can be associated
with its summer survival, for the promotion of plant growth, winter wheat was grown
in (a) a disturbed or undisturbed acidic Cambic soil, after (b) freshly developed ERM
(i.e., for 7 weeks) or ERM developed in the previous season and kept in dry soil over
summer season (i.e., for 24 weeks). ERM was developed by the soil indigenous AMF
associated with ORN, known to confer a high degree of protection against Mn toxicity
in wheat [24]. This allowed the evaluation of soil disturbance (tillage) and ERM summer
survival on the maintenance of ERM protective effects in wheat grown under excessive
levels of Mn. The protection induced by the ERM was analysed by determining wheat shoot
dry weight (DW); Mg, Ca, Mn and P redistribution; element compartmentalization and
oxidative status. This study determined the ability of ORN ERM to provide a similar degree
of protection, before and after the dry Mediterranean summer season. In the framework
of sustainable soil management, this study provides an important contribution for the
optimization of crop production under eco-efficient agricultural practices that further
promote soil health.

2. Materials and Methods
2.1. Plant Material and Experimental Protocol

The granitic Eutric Cambisol was collected from the top 20 cm of the headland
for a long-term natural pasture at Mitra Farm, Évora University, Alentejo, Portugal
(38◦32′ N; 08◦00′ W). The air-dried and sieved (soil sieves with stainless-steel mesh
of 2 mm pore and steel frame with 20 cm of diameter) acidic soil contained 23 mg
P/kg (Egner–Rhiem), 44 mg K/kg, 0.4 mg N-NO3/kg, 29 mg Mg/kg, 22.6 mg Mn/kg
(DTPA-diethylenetriaminepentaacetic acid), 9 g SOM (soil organic matter)/kg and pH
5.6 (soil: water = 1:2.5 (w/v)) [33]. Acidic soil had 180 viable arbuscular mycorrhizal
fungi (AMF) propagules per gram of dry soil, according to [24]. Five pregerminated
Ornithopus compressus (ORN) seeds were grown in 8 L pots packed with the acidic soil,
with its naturally occurring indigenous AMF population, to naturally develop mycor-
rhizal colonization and respective ERM [21]. Two ERM development periods were estab-
lished; namely, (i) ERM developed by growing ORN for 7 weeks, and (ii) ERM developed
from ORN grown in the previous season, keeping the pots during dry summer season
(for 24 weeks). This 24-week period treatment replicated ERM survival through Mediter-
ranean summer conditions [34]. A negative control (without the previous growth of ORN,
i.e., 0 weeks of ORN growth) was also included. For the disturbed soil treatment, after each
respective growth period, Developer plants were eliminated with herbicide according
to [24], and the soil was disturbed to disrupt Developer ERM [23]. Soil in the disturbed
treatment had spores, colonized roots fragments and disturbed ERM as a main source
of AMF propagules, while in undisturbed soil colonization was preferentially initiated
from intact ERM [21]. Summarizing, five experimental treatments were established: (1) No
previous growth of ORN; (2) 7 weeks’ growth of ORN, undisturbed; (3) 7 weeks’ growth of
ORN, disturbed; (4) 24 weeks’ growth of ORN, undisturbed; and (5) 24 weeks’ growth of
ORN, disturbed. Soil was rewetted before planting wheat seedlings, and manual weeding
was performed daily for wild weed species occurring naturally in the field soil. Six wheat
seedlings (Triticum aestivum L. cv. Ardila) were planted per pot, after being germinated for
3 days on wet paper in a tray, covered with plastic film to avoid desiccation. Throughout
the experiment, pots were kept fully randomised in a greenhouse, weighed every day and
watered with deionised water, approximately to 70% of maximum water holding capacity,
by weight. Minimum and maximum air temperatures were recorded daily, and tempera-
ture control of the greenhouse was set to a maximum of 30 ◦C. After three weeks, wheat
plants (four replicates) were collected, and the shoots were weighed and immediately
frozen in liquid nitrogen and stored at −80 ◦C until analysis.
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2.2. Wheat Shoots Subcellular Partitioning

Wheat shoot subcellular element distribution was determined according to [35,36]
with some modifications. Briefly, frozen wheat shoots were ground to a fine powder in
liquid nitrogen using a melamine pestle and mortar, and were homogenized in buffer
solution (250 mM sucrose, 1.0 mM dithioerythritol and 50 mM Tris–HCl (pH 7.5)) in a
ratio of 200 mg/5 mL buffer solution. The homogenate was centrifuged at 2500× g for
15 min, at 4 ◦C. The pellet obtained, mainly comprising cell walls, cellular debris and metal
granules (i.e., metal deposits that can occur near the cell wall of some plants), was defined
as the cell wall fraction (CWF). The supernatant was then centrifuged at 100,000× g for
60 min, at 4 ◦C, to isolate microsomes and organelle components (e.g., chloroplasts and
mitochondria). The organelle-rich pellet was designated as the organelle fraction (OF),
while the supernatant containing the soluble components of the cytosol and vacuole
contents (e.g., antioxidant enzymes and metal-binding compounds such as phytochelatins
and metallothioneins) was designated as the vacuole fraction (VF). All fractions were kept
at −80 ◦C until analysis.

2.3. Multi-Element Analysis of Wheat Shoots and Subcellular Fractions

Ca, P, Mg and Mn were quantified by inductively coupled plasma mass spectrometry
(ICP-MS), in shoots, and respective subcellular fractions, of wheat grown for three weeks
in disturbed or undisturbed soil from previously grown ORN, for 0, 7 or 24 weeks [33].

2.3.1. Sample Digestion

Ground shoot samples (50 mg), and respective subcellular fractions, were lyophilized
in a Telstar LyoQuest lyophilizer for three days. Lyophilized samples were kept overnight
in Teflon beakers with 2 mL of HNO3 (Suprapur, 67–69%, Fisher Chemicals, Hampton, NH,
USA), at room temperature, to increase digestion efficiency. The solutions were then heated
(<120 ◦C) for 24 h. To further digest organic material, 0.5 mL of H2O2 (Suprapur, 30%,
Merck, KGaA, Darmstadt, Germany) were added, and the resulting solutions were heated
again at 80 ◦C. The process was repeated until a clear solution with no precipitates was
obtained. After complete digestion, samples were dried at 100 ◦C and the solid residue was
resuspended in a 2% HNO3 solution (50 mL) and kept at 4 ◦C until analysis. One digestion
blank and one certified reference material (NIST SRM 1573a, Tomato leaves) were included
in each digestion batch for method validation, namely, evaluation of accuracy and limits of
detection for each element.

2.3.2. Multi-Element Quantification

Element quantification was performed on an Agilent 8800 Triple Quadrupole ICP-
MS, equipped with a Micromist nebulizer. Instrument optimization was performed with
an Agilent ICP-MS tuning solution, containing 10 µg/L of Ce, Co, Li, Tl, and Y in a
matrix of 2% HNO3 (Agilent Technologies, Palo Alto, CA, USA). Multi-element certificate
standard solution ICP-MS-68B-A (100 mg/L) from High-Purity Standards (Charleston,
SC, USA) was used for external calibration. Ruthenium (Ru), rhodium (Rh) and iridium
(Ir) were used as internal standards for the correction of instrumental drift and matrix
effect. The collision/reaction cell was set to “no-gas mode” for the quantification of Mg
and Mn, “O2 mode” for the quantification of P and “NH3 mode” for the quantification of
Ca. Plasma gas flow rate was 15 mL/min, and collision and reaction gases flow rates were
0.5 mL/min for O2 and 1.5 mL/min for NH3. Analyses were optimized at 1550 W forward
power and 1.1 L/min carrier gas flow with no dilution or makeup gas. Sampling depth
(10 mm) and lens parameters were optimized for highest signal and optimum peak shape
while maintaining low oxides and doubly charged species. All the operation modes were
performed with the MS/MS scan type.
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2.4. Wheat Shoot Antioxidant Enzymatic Activity

Frozen wheat shoot samples (50 mg) were ground to a fine powder with a mortar
and pestle (at 4 ◦C), homogenized in 1 mL of 50 mM potassium phosphate buffer (pH 7.0)
and centrifuged at 12,000× g and 4 ◦C for 20 min [37]. The supernatant was used immedi-
ately for protein quantification and determination of ascorbate peroxidase (APX), catalase
(CAT), glutathione reductase (GR), guaiacol peroxidase (GPX) and superoxide dismutase
(SOD) and Mn-SOD activities. Absorbances of four experimental replicates were recorded
in a Multiskan Microplate Spectrophotometer (Thermo Scientific, Waltham, MA, USA),
each with three instrumental replicates. Protein content was determined against a bovine
serum albumin (BSA) calibration curve using Bradford reagent [38]. APX activity was
determined according to [39] and [40]. Ascorbate oxidation was followed at 290 nm for
6 min, and enzyme activity was expressed as µg ascorbate oxidized/min/mg of protein by
using an extinction coefficient of 2.8 L/mmol cm. CAT activity was determined accord-
ing to [41]. Hydrogen peroxide decomposition was followed at 240 nm for 3 min, and
enzymatic activity was expressed as µg H2O2 decomposed/min/mg of protein by using
an extinction coefficient of 39.4 L/mol cm. GR activity was determined according to [42]
and [43]. Consumption of reduced nicotinamide adenine dinucleotide phosphate (NADPH)
was followed at 340 nm for 3 min, and enzymatic activity was expressed as µg NADPH
consumed/min/mg of protein by using an extinction coefficient of 6.2 L/mmol cm. GPX
activity was determined according to [44]. Formation of guaiacol tetramer (tetraguaiacol)
was followed at 470 nm for 2 min, and enzymatic activity was expressed as µg tetragua-
iacol formed/min/mg of protein by using an extinction coefficient of 26.6 L/mmol cm.
Total SOD activity was determined according to [45]. All reagents were kept under dark
conditions, and the reactions were duplicated, with one group being maintained under
the dark and the other exposed to light (15 W) for 15 min. SOD inhibition of formazan
formation was determined at 560 nm, and one SOD activity unit (U) corresponded to the
enzymatic activity required to inhibit 50% of NBT photoreduction. Mn-SOD was deter-
mined using the methodology described above for SOD activity, with the exception that
the protein extract was initially incubated for 30 min with 10 mM H2O2 to inhibit Fe- and
Cu/Zn-SODs [46]. SOD and Mn-SOD activities were expressed as U/µg protein.

2.5. Statistical Analysis

Statistical analysis was performed with SPSS version 26 statistics software. Statistical
significance of data was determined with one-way ANOVA of five treatments by four
replicates, using the Tukey’s Post-Hoc test for means comparison at a 95% significance level
(p < 0.05). The Shapiro–Wilk Test and Browns–Forsythe Test were used for normality and
homoscedasticity evaluation, respectively. Results were presented as average and standard
error of four biological replicates.

3. Results
3.1. Wheat Growth

Growth was evaluated by determining wheat shoot dry weight. Wheat grown in the
absence of AMF from a Developer plant (i.e., 0 weeks of ORN growth) showed the lowest
average shoot DW (Figure 1).
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Figure 1. Dry weight (DW, average and standard error) of shoots from wheat plants grown
in disturbed (grey columns) or undisturbed (white columns) soil with previously grown
Ornithopus compressus (ORN) associated arbuscular mycorrhizal fungi, after 0, 7 or 24 weeks. Differ-
ent letters indicate statistically significant differences (p < 0.05) based on Tukey’s test.

Shoots of wheat grown in disturbed soil (where the ERM structure was disrupted),
after 7 or 24 weeks of ORN growth, showed no significant differences from control treat-
ment (0 weeks of ORN growth). Shoot DW was significantly higher in wheat grown in
undisturbed soil, when compared to disturbed soil.

3.2. Wheat Shoot Element Composition

Higher levels of Mn were detected in shoots of wheat grown in the absence of a
developer plant (0 weeks of ORN growth), reaching 312 mg/kg shoot DW, a concentration
described to induce toxicity in cereals [24,47] (Figure 2a). In comparison to this condition,
wheat shoot Mn concentrations were significantly lower in disturbed soil (61 and 56%
decrease, for 7 and 24 weeks of ORN growth, respectively). In the presence of an intact
ERM (i.e., undisturbed soil), Mn concentrations were significantly further reduced (78 and
82% decrease, for 7 and 24 weeks of ORN development, respectively) (Figure 2a). Mg was
also detected at significantly lower concentrations in wheat grown in undisturbed soil
(Figure 2b); nevertheless, the highest Mg/Mn ratios were obtained in shoots of wheat
grown in these soils (Figure 2e). Ca content was significantly affected by the time and type
of mycorrhization (disturbed and undisturbed soil), whereas P content was affected mostly
by the type of mycorrhization (disturbed and undisturbed soil) (Figure 2c,d).

Figure 2. Cont.
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Figure 2. Concentrations (average and standard error) of manganese (a), magnesium (b), calcium (c), phosphorus (d) (mg element/kg
of shoot dry weight (DW)) and Mg/Mn ratios (e) in shoots of wheat grown in disturbed (grey columns) or undisturbed (white columns)
soil with previously grown Ornithopus compressus (ORN), after 0, 7 or 24 weeks. Different letters indicate statistically significant
differences (p < 0.05) based on Tukey’s test.

Intracellular element redistribution in wheat shoots was followed to assess Mn evad-
ing mechanisms induced by the presence of ORN AMF communities in the acidic soil.
Differences in patterns of element distribution were detected for Mn and P (Figure 3 and
Supplementary Material). Element proportions are depicted as percentage of element
in each subcellular fraction. The shoot cell wall fraction showed a significantly higher
percentage of Mn and P in wheat grown in the presence of an intact ERM, when compared
to a disrupted ERM (i.e., disturbed soil) (Figure 3a,b), suggesting a redistribution of Mn
and P mediated by intact ERM, in Mn toxicity conditions. When grown in the absence of a
previous Developer (i.e., 0 weeks of ORN growth), Mn partitioning pattern was similar
to that of the disturbed soil treatment, regardless of Developer growth time, whereas P
showed a different intracellular distribution, probably resulting from non-mycorrhizal
P uptake.
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Figure 3. Subcellular distribution (%, average and standard error) of manganese (a) and phosphorous (b) (cell wall fraction,
black columns (disturbed) and dark blue columns (undisturbed); organelle fraction, grey columns (disturbed) and blue
columns (undisturbed) and vacuole contents fraction, white columns (disturbed) and light blue columns (undisturbed)) in
shoots of wheat grown in soil with previously grown Ornithopus compressus (ORN), after 0, 7 or 24 weeks. Different letters
indicate statistically significant differences (p < 0.05) based on Tukey’s test.

3.3. Wheat Shoot Antioxidant Enzymatic Activity

The activity of antioxidant enzymes in shoot extracts of wheat grown in disturbed soil
was generally higher than in those of wheat grown in undisturbed soil (Figure 4).

Figure 4. Cont.
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Figure 4. Activity (average and standard error) of the antioxidant enzymes ascorbate peroxidase (a), catalase (b), glutathione reductase
(c), guaiacol peroxidase (d), superoxide dismutase (e) and ratio of manganese superoxide dismutase isoform activity over activity of
all isoforms (f) in shoots of wheat grown in disturbed (grey columns) or undisturbed (white columns) soil with previously grown
Ornithopus compressus (ORN), after 0, 7 or 24 weeks. Different letters indicate statistically significant differences (p < 0.05) based on
Tukey’s test.

Ascorbate peroxidase (APX) activity was significantly lower in undisturbed soils with
7 and 24 weeks of ORN growth, when compared to respective disturbed soils (Figure 4a).
CAT showed a significantly higher activity in shoots of wheat grown in disturbed soil than
in undisturbed soil with 7 weeks of ORN growth. However, in soil from 24-week ORN
growth this trend was inverted (Figure 4b). Both GR and GPX showed similar patterns of
activity (Figure 4c,d). In general, in shoots of wheat grown in soil with no previous ORN
growth, that is, under heavy Mn toxicity, these enzymes showed lower activities. In soils
with 7 or 24 weeks of ORN growth, soil disturbance increased wheat shoots’ enzymatic
activity when compared to undisturbed soil. SOD activity in shoots of wheat grown in
soil after 0 weeks of ORN growth was significantly lower, when compared to disturbed
soil after 7 or 24 weeks, but was higher than the activity determined in shoots of wheat
grown in undisturbed soil (Figure 4e). In shoots of wheat grown in disturbed soil after
7 weeks of ORN growth, SOD activity was significantly higher when compared to those
grown in disturbed soil after 24 weeks. The ratio of Mn–SOD isozyme activity over the
activity of all SOD isozymes increased in the presence of ORN AMF but was higher when
wheat was grown in the presence of intact ERM (undisturbed soil). The highest proportion
was obtained in shoots of wheat grown in undisturbed soil with previously grown ORN
for 24 weeks, indicating increased Mn–SOD activity (Figure 4f).

4. Discussion
4.1. Biochemical Mechanisms Induced by ORN ERM on Wheat under Mn Toxicity

The use of stress-adapted native plants for a sustainable improvement of crop growth
in acidic soils with Mn toxicity shows many advantages, namely increased shoot growth
and shoot Mn below toxic levels [24,25]. These benefits were obtained for crops grown in
a no-till system, where soil remained undisturbed and the ERM intact [23,48]. AMF sym-
biosis initiated from a fully developed ERM is known to be established in initial stages of
plant development and improves crop AM colonization and growth to a greater extent
than when initiated from spores or colonized root fragments [22]. Wheat root colonization
was previously reported to be 56% (% arbuscular colonization) for undisturbed soil but
only 14% for disturbed soil, when in similar conditions to the present study [24]. A full
description of the diversity of AMF colonizing wheat roots under these conditions can
be found in Brígido et al. [21]. In a previous study, an intact ERM, obtained in the soil
by growing ORN, was successful in lowering wheat Mn uptake up to 80%, and more
than doubled wheat shoot weight [24]. In this study the same magnitude of influence
was observed for intact ERM. Furthermore, intact ERM had a significant influence on the
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element content of wheat shoots, favouring P and lowering Ca, Mg and Mn concentrations.
The positive influence of intact ERM on wheat growth was significant, yet the beneficial
effects of AMF on wheat shoot essential nutrient composition remains unclear. Increase in
P uptake is a well-known advantage of AMF colonization. Although generally dependent
on soil P conditions and on the fungi or host species, AMF-mediated increase in P levels,
along with increased nitrogen (N) intake, can be considered the main promoters of plant
growth [49,50]. Plant mineral nutrition of other elements has been less studied and shows
a great variability in results [51–53]. However, a general improvement in plant nutrition
can be attributed to symbiotic AMF [54] and, in acidic soils, maize mycorrhization induced
either a positive or no response [55]. Nevertheless, almost 90% of studies on the influence of
plant mycorrhization are performed in laboratory conditions with a single fungal symbiont
species [56], which seldom represents responses in natural conditions. Taking advantage of
naturally assembled AMF consortiums under toxic Mn levels, the present study detected a
decrease in shoot Mn concentrations accompanied by a decrease in Ca and Mg levels, either
by (i) ERM-induced decrease in element uptake, (ii) reduced root-to-shoot translocation,
and/or (iii) shoot element remobilization. Such tight AM host nutritional control is proba-
bly also performed at the tissue and cellular level since, under ERM influence, wheat shoots
showed a higher proportion of Mn and P in the apoplast compartment. Element storage at
the apoplast is a common stress-evading strategy in plants under metal toxicity. Tolerance
to excess Mn has been linked to increased cation binding to the free carboxylic acid groups
in pectins and hemicelluloses of the plant cell walls [57,58]. Decrease in vacuolar Mn
may also be linked to lower wheat shoot Mn concentrations, since the coaccumulation of
Mn and P in the vacuole has been determined as a response of wheat cells to high shoot
Mn levels, in wheat grown in acidic soil with high Mn concentrations, with no previous
Developer [33].

Control of shoot element uptake is concomitant with a generalized lower oxidative
stress, indicated by lower antioxidant enzymatic activities in the presence of an earlier AM
colonization promoted by an intact ERM when compared with a disrupted ERM. APX and
GR are enzymes that belong to the ascorbate–glutathione cycle (Asada–Halliwell cycle),
responsible for ascorbate oxidation and the maintenance of reduced glutathione (GSH)
pool in the cell. Glutathione is one of the most important non-enzymatic antioxidants
to increase in the presence of excessive metal levels, since it is able to directly quench
reactive oxygen species (ROS), conjugate with toxic metals and/or act as precursor for
phytochelatins production, well-known for the detoxifying activity under heavy metal
stress [59]. In the present study, APX and GR activities were lower in the presence of an
intact ERM, suggesting that mechanisms other than GSH production are being used as a
detoxification strategy. The higher activity of peroxidases that oxidize guaiacol, commonly
referred to as GPX, is an indicator of oxidative stress. These peroxidases are located in
the cell wall, apoplast and vacuole, and can be soluble or cell-wall bound (ionically and
covalently), being generally involved in the reticulation and loosening of the cell wall,
lignification and suberization, auxin catabolism and secondary metabolism. On the other
hand, APX isoforms are distributed throughout the cytosol, chloroplasts (both stroma
and thylakoid membrane), mitochondria and peroxisomes, and modulate subcellular
levels of H2O2 [60]. Under Mn toxicity, indicated by low Mn/Mg ratios (≤20) [1,61],
and in the absence of a previous Developer, where AM colonization is slower than with
intact ERM, wheat shoots display stress-related responses, namely increased vacuole Mn
partitioning, altered subcellular distribution of other elements and enhanced activity of
enzymes involved in biosynthesis of heavy metal chelator compounds [33]. In the presence
of an intact ERM and an earlier AM colonization, Mn uptake is decreased and mainly
directed at the shoot apoplast with a possible investment in the mitigation of oxidative
stress at cytosol and organelles.

A mechanism of sensitivity to Mn was suggested in Vigna unguiculata in which ascor-
bate is either formed or transported to the apoplast where it is involved in the oxidation
of the bioavailable Mn2+ to Mn3+ and Mn4+, with the simultaneous oxidation of phenolic



Agronomy 2021, 11, 748 11 of 14

compounds, through the activity of apoplast-bound peroxidases. This process culminates
in the formation of brown spots, which are zones of oxidized phenols and excess Mn [62].
In the present work, early AM colonization, granted by intact ERM, appears also to increase
cell wall Mn levels in wheat shoots.

The activity of SOD manganese isoform has been described to increase under Mn
toxicity [63]. In Lolium perenne, Mn excess induced a higher gene expression of Mn- and
Cu/Zn-SOD isoforms in both tolerant and sensitive cultivars [64]. In Lycopersicon esculentum,
excess Mn induced increased activities of mitochondrial Mn- and cytosolic Cu/Zn-SOD
isoforms [65], and in Phaseolus vulgaris, this increase was timed with an increase in APX
activity and a decrease in ascorbate, which preceded the beginning of leaf chlorosis [66].
In the present study, Mn–SOD activity seemed to be influenced by the presence of an intact
ERM, which indicates a possible role for this enzyme in the detoxification mechanisms
induced by ORN ERM in wheat grown in acidic soil with Mn toxicity.

An unexpected low activity was detected in antioxidant enzymes from extracts of
wheat grown with no previous developer (i.e., 0 weeks of ORN AMF growth). In this
treatment, oxidative stress derived from Mn toxicity might have affected enzymatic perfor-
mance, as was observed in wheat developed under conditions of excess Mn [33]. In fact,
the activity of the enzymes analysed was differently affected by the imposed treatments,
which might indicate the influence of different levels of simultaneous conditions, such as
the stress of high Mn levels and plant growth stimulation by intact ERM.

4.2. Maintenance of ERM Protective Properties during Mediterranean Summer

Summer conditions in the Mediterranean are well-known for maximum air tempera-
tures above 30 ◦C and very limited water availability, deeply influencing plant soil coverage
and crop growth. Despite these extreme conditions, AMF ERM is able to persist in the
soil and maintain its colonization capability [34]. In the present study, ERM was kept
intact during Mediterranean summer conditions, allowing not only the preservation of its
infectivity but also the protective effect of an early AMF crop colonization. This protection
was provided by comparable biochemical mechanisms, influencing similar wheat shoot
DW, element composition and subcellular distribution and antioxidant enzymes activities,
in comparison to a freshly developed ERM. Nevertheless, some parameters (e.g., shoot
Ca and Mg levels or CAT, APX, GPX and SOD activities) showed small variations, which
suggests that, even though infectivity is maintained, AMF assemblage structure might
change during the summer period [67]. This, however, does not seem to greatly affect its
effectiveness in protecting wheat against Mn toxicity, when grown in acidic soil.

This is the first report on the biochemical characterization of wheat colonized by
a recently developed ERM (7 weeks) or by an older ERM (24 weeks), which survived
Mediterranean summer conditions under Mn toxicity conditions. This knowledge can be
applied to the development of sustainable agronomic practices by allowing the maintenance
of soil productivity conditions between seasons and enhanced protection against Mn
toxicity in acidic soils to crops grown in different seasons.

5. Conclusions

ORN growth in acidic soils can promote wheat growth by improving soil biological
conditions and reducing the harmful effects of Mn toxicity, through the development of
a beneficial arbuscular mycorrhizal ERM network that allows AM colonization in ear-
lier stages of wheat development. In this study, some of the biochemical mechanisms
behind this protective effect were identified at two crop growth seasons, provided that
ERM structure is maintained. Earlier wheat AM colonization promoted by the intact ERM,
as preferential AMF inoculum source, can alter Mn and P subcellular distribution and
manage wheat shoot oxidative response to Mn stress. The hot and dry Mediterranean
summer conditions did not significantly affect ERM colonizing ability, or the biochemical
mechanisms activated in wheat. The establishment of local stress-adapted plant/AMF
symbiosis units, as Developer plants, allied to a no-tillage practice, can provide an impor-
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tant contribution for the development of environmentally safer agricultural techniques and
the cultivation of soils that otherwise are not suitable for wheat growth due to limitations
imposed by Mn toxicity.
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