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Abstract:
The escalating impacts of climate change on crop growth and yields, particularly the challenges posed
by heat and drought stress, are driving the demand for climate-resilient agricultural technologies and
practices. To counteract these adversities and sustain agricultural productivity, a pivotal role is being
played by advancements in science and technology. Nature itself has proven proficient in facilitating
plant development even in adverse conditions.
Within the intricate web of soil biology and ecosystem interactions, the symbiotic relationship between
plant roots and arbuscular mycorrhizal fungi (AMF) emerges as a paramount factor in agriculture. AMF
represents a vital group of microorganisms that significantly contribute to the microbial biomass in
cultivated soils. Remarkably, around 80% of plant species engage in symbiotic associations with these
fungi, underscoring their profound importance in enhancing soil quality and crop performance.
Notably, various crops such as beans, soybeans, corn, sunflowers, and wheat exhibit symbiosis with
approximately 40 species of arbuscular mycorrhizal fungi.
This study delves into the crucial interplay between climate-induced challenges, agricultural
sustainability, and the role of AMF symbiosis in mitigating adverse effects. By shedding light on these
intricate dynamics, it aims to elucidate the significance of AMF in shaping resilient agricultural systems
in the face of a changing climate.

Keywords: Climate change, Arbuscular mycorrhizal fungi (AMF), Crop resilience, Soil biology
Symbiotic interactions.

1. Introduction

The demand for technologies, management and agricultural practices that can reduce the impacts of the
climate increases every year. Climate changes are causing serious negative impacts on crop growth and
yields and they impose severe pressure on the land use and on management for reducing these effects.
Heat and drought are the most worrying abiotic stress that may reduce the productive areas of the planet
in the near future (Challinor et al. 2009; Abhilash et al. 2016; Dubey et al. 2016; Suneel and Manjeet 2020;
Sharma et al. 2020). We know that the climate is constantly changing and that forecasts indicate that
science and new technologies will be responsible for maintaining the productivity levels of different crops.
We also know that nature is efficient in providing conditions for plants to develop and produce even in
adverse environments.

Soil biology and the interactions that occur in the soil ecosystem are fundamental to provide a favorable
environment for plant development. Among these biological interactions, the symbiosis of the roots with
arbuscular mycorrhizal fungi (AMF) represents the cooperation between plants and microorganisms of
greater importance in agriculture (Huisman et al. 2020). Arbuscular mycorrhizal fungi are key
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microorganisms that make up a large part of the microbial biomass of cultivated soils. About 80% of plants
are symbiotically associated with these fungi, which are notably important agents for improving soil
quality and crop performance. Bean, soybean, corn, sunflower and wheat can form symbiosis with 40
species of arbuscular mycorrhizal fungi.

Farmers that are getting high levels of grain productivity, especially soybeans, beans, corn and sorghum,
are currently working with managements and technologies that preserve soil biology, ensuring the
maintenance of biological interactions in the system. Many of these managements aim at maintaining and
increasing mycorrhizal activity in the soil (Gutjahr and Parniske 2013). These effects can be confirmed
through laboratory analysis by comparing the biological quality of the soil in an integrated management
system aiming at increases biological activity. There is greater growth and health quality of the plants that
form mycorrhizal associations in the field. These effects are related to the fact that mycorrhizal plants are
able to explore a much larger volume of soil in search of water and nutrients, as the set of fungi hyphae acts
as an extension of the root volume of plants, in addition to synthesize compounds that provide forms of
nutrients that would be inaccessible to plants were it not for the action of fungi. This association is
mutualistic, positive for both individuals, as it provides nutritional benefits, disease protection and
tolerance to abiotic stresses (Rodriguez et al. 2008; Duc et al. 2018; Pavithra and Yapa 2018). Tolerance to
abiotic stresses, especially heat stress, is a fundamental benefit resulting from the symbiosis between
cultivated plants and soil microbiology.

Penergetic technology has attracted attention among farmers and the scientific community in agricultural
systems. Although the use of technology in agriculture is recent, research has already demonstrated the
effect of the product on wheat crop (Kadziuliene et al. 2005; Perkarskas et al. 2011; Pekarskas 2012a;
Pekarskas and Sinkeviciené 2015; Pekarskas et al. 2017), soybean (Souza et al. 2017), coffee (Franco Junior
et al. 2018; Franco Junior et al. 2019), bean (Brito et al. 2012; Cobucci et al. 2015), potato (Jakiene et al,,
2008) and barley (Pekarskas, 2012b). Steffen et al. (2016) observed an increase in the biological activity
of Penergetic treated soils in soybean and wheat crops. The authors observed that the feeding activity of
fauna and microorganisms in the sub superficial layer was intensified with the use of Penergetic
technology.

The aim of this study was to evaluate the effects of mycorrhization on plants grown under heat stress
conditions and the potential effect of Penergetic technology in the increase the mycorrhization percentage.
2. Methodology

Damage from lost productivity by heat stress was evaluated between 2018 and 2020. The percentage of
mycorrhizal colonization in corn, bean, soybean, sunflowers (summer crops) and wheat (winter crops)
plants was analyzed during this period. In this way, commercial areas of grain production were chosen, in
regions where there was a history of stresses caused by excess heat (high temperatures for summer and
winter crops). Farmers allowed the monitoring of crop development, from sowing to harvest, in these
areas.

Simultaneously, the efficiency of Penergetic technology in increasing symbiosis between plants and
arbuscular mycorrhizal fungi was evaluated. Periodic collections were performed whenever the plants
were under heat stress conditions for these evaluations. The evaluations aimed to demonstrate the effect
of stimulating the formation of mycorrhizal symbiosis and the benefits that this symbiosis provides.

It was decided to use soybean as a culture for assessing mycorrhization and photosynthetic efficiency
among the agricultural crops studied. The percentage of root colonization (mycorrhizal symbiosis) and the
quantum yield of photosynthesis (fv/fm ratio) were evaluated during the flowering period of the soybean.
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The percentage of mycorrhizal colonization was determined according to the methodology proposed by
Koske and Gemma (1989). The quantification of the maximum yield of photosynthesis was determined
according to the methodology proposed by Leuchaudel et al. (2010).

Analysis of variance (ANOVA) was measured by using the SISVAR software (Ferreira 2014) as well as mean
values in each treatment were compared by the t-test. The correlation between fv/fm ratio and mycorrhizal
colonization was evaluated by Pearson’s correlation coefficients.

3. Results and discussion

The results showed the efficiency of Penergetic technology in promoting conditions for the establishment
of symbiosis between the root system of plants and arbuscular mycorrhizal fungi (Figure 1). Plants in
association with these fungi have an increased water and nutrient absorption capacity. This increase is due
to the extension of the fungi hyphae that are able to explore a soil volume much higher than the volume
that the plants roots are able to explore (Figure 2). Some studies show that plants in symbiosis with
mycorrhizal fungi are able to absorb up to twice more water compared to plants that are not in symbiosis
with these fungi.

There is a consensus among researchers studying the benefits that mycorrhizal fungi provide to plants: the
symbiosis between plants and arbuscular mycorrhizal fungi results in the reduction of losses due to stress
factors. Arbuscular mycorrhizal fungi may alter plant growth and productivity under conditions of drought
and heat stress
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Figure 1: Percentage of mycorrhizal colonization in different crops with and without the use of Penergetic
technology under heat stress conditions. Assessments carried out in southern Brazil. Columns followed by
the same letter in the same crops do not differ by Tukey's test at 5% probability of error.

The response of plants to colonization by these fungi depends on the severity of these stresses. Thus,
symbiosis with mycorrhizal fungi may reduce stress by some mechanisms: increased water absorption
from the soil by hyphae; alteration of hormonal levels causing changes in stomatal conductance; increased
leaf turgor and reduced osmotic potential; and improving the nutrition of the host plant. Regardless of what
mechanisms are taking place in the plant, one observation is true: mycorrhizal fungi provide better
conditions for plants to produce more.
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Figure 2: Structure of arbuscular mycorrhizal fungi in soybean roots. Scheme of symbiosis between root
and mycorrhizal fungi published by Monk et al. (2015).

Plant adaptation to the environment and increasing tolerance of plants to heat stress are significant effects
of the mycorrhizal association. The results obtained in this study corroborate with results presented in the
literature (Ahmad et al. 2010; Birhane et al. 2012; Latef et al. 2016; Duc et al. 2018).

It was observed that the use of Penergetic in soybean caused an increase in the volume of roots (Figure 3).

This result is essential for maintaining plants under stress conditions.
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Figure 3: Volume of soybean roots (grain filling period) in areas with and without the use of Penergetic
technology under heat stress conditions.
Wu et al. (2010) and Wang et al. (2011) observed that the plant-microorganism interaction promotes an
increase in plant roots while studying the effects of symbiosis between cultivated plants and arbuscular
mycorrhizal fungi.
Inhibition of photosynthesis may occur if the air temperature is above the optimum. Under these
conditions the photosynthesis begins to decrease gradually and reversibly, at first, and irreversibly if the
stress occurs for a long period of days. The reversible inactivation of photosynthesis is a result of damage
in the reactions of chloroplasts, which persists for some time after returning to favorable temperature
conditions. It is known that the increase in temperature results in the blocking of the reaction centers of
photosystem II (PSII). Then it causes enzyme inactivation, pigment discoloration, lipid peroxidation and
other damage. Under these conditions, it is necessary that there is no water limitation for the plant.
Mycorrhizal colonization shows us the quantity (in percentage) of the roots that are effectively forming an
association with arbuscular mycorrhizal fungi and the evaluation of the quantum yield of photosynthesis
shows the capacity that the plant has in using thermal energy in the photosynthetic process (Figure 4). The
quantum yield evaluation was carried out on days when the air temperature was above the limit for the
photosynthetic process of the plant.
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Figure 4: Correlation between the percentage of mycorrhizal colonization and the quantum yield of
photosynthesis under heat stress conditions. Result obtained in soybeans during the flowering period with
air temperature above 35°C.
Water is essential to allow the stomata of the leaves to remain open and gas exchange continues to occur.
However, excess heat is associated with reduced water availability in the soil in most cases. It is precisely
in these conditions that the symbiosis of plants with mycorrhizal fungi is fundamental to enable the plant
to have a quantum yield of photosynthesis capable of promoting development and production conditions
even under stress conditions.
The association of plants with arbuscular mycorrhizal fungi results in a significant increase in the soil
volume explored by the roots. The expansion of fungal hyphae in the soil causes greater absorption of water
and nutrients. This greater supply of water to the plant results in conditions of adaptability to heat stress
conditions, keeping the process of photosynthesis active during the stress period. The results obtained in
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this study corroborate those presented by Pimior et al. (2005) and Mathur and Jajoo (2020), who describe
the action of arbuscular mycorrhizal fungi in maintaining photosynthesis II photosynthesis activity in
periods of heat stress. It was possible to observe a direct correlation between the percentage of
mycorrhizal colonization (percentage of roots in symbiosis) and the maintenance of the quantum yield of
photosynthesis. It is essential that plants are in symbiosis to ensure productivity even under heat stress
conditions. So, stimulating the activity of mycorrhizal fungi in the soil and the symbiosis of these fungi with
plants is a smart strategy for producing food in regions with a history of heat stress.

It was observed an increase in productivity of the cultures that were managed using the treatment with
Penergetic technology in the studied areas (Figure 5). This management resulted in an increase in
mycorrhizal colonization. This increase in mycorrhizal colonization certainly resulted in an increase in the
water absorption capacity and reduction of the plant's physiological stresses in high temperature periods
during the flowering stage.

According to technical information, the Penergetic product is manufactured using the bioprogramming
process, in which extremely low electromagnetic fields (EMF) are generated to create energy potentials
(Prade 2009).

Among these is the oxidation-reduction potential, stimulating several biological processes in plants,
animals, soils and water. The consequence is the ability of microbial activation and regulation of biological
processes, resulting in improved quality of the agricultural environment and, consequently, of crops.

il
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Figure 5: Productivity increase (%) of the crops in relation to areas that did not use of Penergetic
technology and suffered the same kind of heat stress.
According to Beretta et al. (2019), the results support the possibility of using this technology on a large
scale although evaluations regarding the effects of the use of different electromagnetic scales on microbial
activity are scarce. The different agricultural practices, usually used in production systems, directly
interfere in the growth and multiplication of arbuscular mycorrhizal fungi in the soil and in their symbiosis
with the plant. Practices such as: tillage (no tillage), pH adjustment, fertilization, annual crop rotation,
cover crops and crop-pasture integration, increase the mycorrhizal fungi community in the soil and the
occurrence of mycorrhiza and optimize the effects of symbiosis, benefiting agricultural production. On the
other hand, when soil and crop management is inadequate, there may be a reduction in this community
and a consequent reduction in the response of plants to the inputs used.
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It has been observed that crop rotation among the various agricultural practices, can significantly increase
the mycorrhiza symbiosis with plants. So, it is important and necessary to program the appropriate crops
and cultivars and the type of rotation to be used for each production system. Some annual and cover crops
as well as some pastures have a high degree of mycorrhizal dependence. When used in a rotation system,
these plants increase the community of native arbuscular mycorrhizal fungi in the soil and benefit from
mycorrhiza, as well as the subsequent crops.

So, if we know that crops of great agricultural interest such as soybean, bean and corn are dependent on
mycorrhizal associations, it is easy to understand that we have to prioritize management that stimulates
biological balance in soils. These managements have to, fundamentally, use tools such as: crop rotation,
efficient cover plants (presence of bioactive compounds), adequate and precise fertilization programs and
phytosanitary control.

The soil must be seen as a production unit all year round. Not only in the harvest period. This is why it is
so important to plan and understand the processes that take place in the soil and the interaction with the
different forms of life that inhabit the same system. It is possible to improve the quality and productivity
of crops, ensuring longevity and sustainability of the soil when we knowing about these interactions.

4. Conclusion

The microbial stimulus provided by Penergetic technology resulted in significant increase in productivity
in relation to plants that were not stimulated. Thus, stimulating soil microbial communities represents an
efficient and fundamental strategy to improve the quality and performance of agricultural crops, especially
in areas or crops that are sensitive to environmental stresses.
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