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The rhizosphere is a microhabitat where there is an intense chemical dialogue between plants and microorganisms. The
two coexist and develop synergistic actions, which can promote plants’ functions and productivity, but also their capacity
to respond to stress conditions, including heavy metal (HM) contamination.
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| 1. Introduction

Agroecosystems provide several ecosystem services 11, such as food and raw materials (e.g., wood, biofuels and fibers),
which are essential for human life and activity. The surface covered by arable agriculture is about 13% of the global land
surface and another 13% is represented by grassland for grazing . The growth in human population requires an
increase in food resources and many types of agriculture have been showing a growing trend over the last decade. For
example, tree crops have a global extent of about 10 Mha and a ~20% increase in productivity for many fruit varieties
was reported in the decade 2004—2014 I,

Soil is a resource of enormous importance, but a finite and non-renewable one, and several anthropogenic activities are
threatening its quality and long-term use, with loss of its key functions. Soil overexploitation by non-sustainable agriculture
and over-grazing, contamination by industry and urbanization are the main causes of its deterioration and more than 24%
of global land area is estimated to be degraded [&. Fertile and unpolluted soils are necessary for ensuring healthy crops
destined for human and animal use. In particular, soil contamination (e.g., from heavy metals) can seriously hamper soil
biodiversity, fertility and crop productivity & and make agricultural products toxic. Heavy metals (HMs) are among the
most common soil contaminants and their presence in concentrations higher than is natural poses a risk because of their
toxicity, B8 hioaccumulation and biomagnification [,

Microorganisms are a key soil component, ensuring the soil quality and fertility necessary for high-rate production of crops
[4I19  seil microorganisms, above all Bacteria and Archaea, represent the majority of soil biomass and are termed
“chemical engineers” 4, because they decompose organic matter and make it possible to recycle nutrients through
anaerobic and aerobic reactions, involving up to 90% of soil energy flux. Thanks to their small dimensions and fast
reproduction capability, prokaryotic cells adapt promptly to environmental changes. They show homeostatic capabilities
versus contaminants and can be considered good biological indicators of soil quality 1123114l The rhizosphere is a
microhabitat, comprising roots and the 1-2 mm soil immediately surrounding them, where there is an intense chemical
dialogue between plants and microorganisms 1216l |n the rhizosphere, plants release root exudates, which promote
bacterial population development. The rhizosphere offers a variety of carbon rich micro-habitats, which can be colonized
by beneficial bacterial populations using such substrates BI13],

Microorganisms communicate with plants through chemical messages and develop synergistic actions which influence
plant functions and productivity, in both optimal and stress conditions [L2[261[L7][18]

Microorganisms have been found both on and inside plant tissues, but especially at root level 2. The plant microbiome
comprises the rhizosphere, phyllosphere and endosphere 29, Healthy plants host symbiotic and non-symbiotic rhizo-
epiphytic and/or endophytic microorganisms, which do not cause diseases, but support the host nutritionally, by
stimulating germination and growth, or helping plants to overcome biotic or abiotic stress. Plants can be considered
metaorganisms with close relationships with their associated microorganisms 21, Indeed, according to the holobiont
theory, hosts, such as plants and their microbiome, are symbionts 19221, plant life is closely linked to key microbes, which
can influence several aspects of plant ecology, such as growth, germination, biotic and abiotic stress resistance and
fitness [L2[21[22] This theory suggests which host-microbiome relationships evolve over time, not just during a single host
lifetime, but also through a coevolutionary process, leading to very complex relationships in microorganism-root systems



(23] However, most complex plant-microorganism interactions and chemical dialogues have not so far been understood.
Most microorganisms are uncultivable and there are practical difficulties in collecting and separating rhizo-epiphytic and
endophytic microorganisms [24],

Developing new technologies and nature-based solutions to prevent deterioration of soil and remediation of contaminated
sites, while at the same time maintaining soil functions, is a matter of great interest for science and a challenge for the
coming decade. In accordance with the One Health Concept, human, animal and environmental wellness and health are
tightly related to each other and it is not possible to take an action concerning one of them without considering the others.
This approach is of special importance in guaranteeing food safety and sustainable crop production [2211281127],

The complex and synergistic actions established in the rhizosphere between tree roots and natural underground
microbiota make it possible to remove, convert or contain toxic substances in soils, including trace elements 28129 Heavy
metals (HMs) are among the most widespread soil contaminants worldwide and their presence is reported in 60% of
polluted land B9, The presence of heavy metals at concentrations higher than natural ones poses a risk because of their
toxicity B pioaccumulation and biomagnification €. These contaminants are a major risk, especially in the most
industrialized and populated regions of the earth, endangering human safety and altering ecosystem functions 291311,

If heavy metals are present in soils used for agricultural practices, there is a risk of metal uptake by edible plants, with a
subsequent possible bioaccumulation in human and animals and detrimental consequences for their health [E1132],

A better knowledge of plant-microorganism interactions is therefore urgently needed to develop correct agronomic
management and naturally based solutions, such as phytotechnology for remediation purposes. For this purpose, an
ecological approach, taking site-specific biotic and abiotic interactions between plants and microorganisms into
consideration, is necessary.

| 2. Heavy Metals

HMs are generally considered those metals and metalloids with an atomic number of at least 20 and a density higher than
5 glcm?3 B8, They are normally present in ecosystems as “trace elements” 22, since many minerals and rocks can contain
and release them through erosion and water dissolution.

Some heavy metals are essential micronutrients for plants, microorganisms and organisms at higher trophic levels (e.g.,
zinc, iron, copper, nickel). Other HMs (e.g., mercury, cadmium, lead and arsenic) are non-essential elements B3l Unlike
organic substances, they are non-biodegradable. Each metal can become toxic if released in higher concentrations than
natural ones, or in the case of chronic exposure [23134135].

Lead (Pb), Copper (Cu), Cadmium (Cd), Chromium (Cr), Mercury (Hg), Zinc (Zn), Arsenic (As) and Nickel (Ni) are the
most common heavy metals found in contaminated soils B3E81E7],

Several anthropogenic activities are responsible for releasing high amounts of heavy metals into natural ecosystems,
increasing their concentrations to levels far higher than natural ones and causing, in many cases, serious contamination
issues 28391 pollution can be of particular concern when it occurs in agricultural fields, since it can increase the risk of
biomagnification and heavy metal uptake, impacting animal and human health 4941 Regarding heavy metals (metals
and metalloids) in agricultural soils in the EU, Téth et al. % reported that 6.24% of agricultural land shows trace elements
(e.g., As, Cd, Cr, Cu, Hg, Pb, Zn, Sb, Co and Ni) exceeding legal limits. In Europe, there are 137,000 km? of contaminated
agroecosystems requiring remediation actions. However, there is much more contaminated agricultural land in other parts
of the world, where the risk of heavy metal contamination is much more alarming [B1138142][43][44]

Major sources of anthropogenic heavy metal release are mining, industrial activities (especially tannery, smelting and
steel mills), atmospheric deposition, sewage from industries and cities, incorrect waste disposal (for example in the case
of batteries), fossil fuels and some pesticides and fertilizers [B3B8I39M45] |n particular, phosphate fertilizers are a source
especially of Cd and can also release Zn, Hg, As, Pb, Cr and U, if they are produced by the acidulation of phosphate
rocks naturally containing these metals. Some pesticides can also contain Hg, As and Pb BI43l Many pesticides are
currently forbidden in some countries, such as the UK 23], while fertilizers in Europe are subjected to regulation in order to
limit heavy metal inputs 43128], |n any case, even if trace element input is limited, their massive use in recent decades has
led to HM accumulation in soil 2. Moreover, crop irrigation with polluted wastewaters can be another heavy metal source
[38][45][47]



Heavy metal mobility and bioavailability influence the proportion of metals which can directly interact with living organisms.
A part of the total metal concentration in soil is irreversibly linked to or sequestered by the soil matrix and only HMs in a
solution are directly available for biota and can be acquired by plant roots 23511481 7Zhang et al. [BU reported that heavy
metal concentrations found in plant tissue were related to bioavailable metals more than to total ones. Consequently, total
heavy metals in soil is not a good parameter for clearly evaluating the possible organism accumulation risk. Many soil
properties, such as pH, redox potential, texture, clay content and presence of soil organic matter (SOM), can interact with
heavy metals and influence their concentration in a soil solution. In the presence of a low pH, HMs are not specifically
adsorbed to soil particles and they are generally more mobile and bioavailable; on the other hand, heavy metals can form
stable complexes with SOM, such as humic and fulvic acids 49,

| 3. Heavy Metal Toxicity

Heavy metals can be toxic for biota at all trophic levels, including human. Despite large differences in organization and
complexity, HM action mechanisms are similar among organisms, since they act primarily at a cellular level in highly
conserved systems. Metals are generally cytotoxic and genotoxic with direct effects on cellular activities 28, which can
have several consequences depending on the target organism. Heavy metal characteristics which are responsible for
their primary toxicity are:

« high affinity for negatively charged cellular groups, such as sulfhydryls, phosphates and hydroxyls;
« generation of reactive oxygen species (ROS), causing oxidative stress;

« competition with essential ions acquisition;

« disturbance of cellular ion balance and osmotic regulation.

Heavy metals can interfere with normal cellular processes and metabolic functions, causing cellular damage. The affinity
for negatively charged groups acts at all trophic levels, causing cell membrane alteration and lipidic peroxidation, with
consequences for cell growth and division 1. Eukaryote membranes of organelles, such as mitochondria, peroxisomes
and chloroplasts, can be altered, causing severe damage. For example, in plants, HMs can alter chloroplast inner
membrane organization, essential for photosynthesis, potentially leading to a decrease in photosynthetic rates 2159, At
the same time, heavy metals can bind thiol groups of proteins causing alteration of their structure and leading to protein
denaturation and/or loss of functionality 9. Similarly, metal cations binding to the catalytic sites of enzymes are
responsible for direct alteration of their activity. There is great concern about damage to nucleic acids; metal cations can
cause the inhibition of transcription and replication and changes in DNA structure, i.e., mutagenic effects, and hinder cell
division and cellular cycle 34,

Heavy metals can interfere with cellular redox systems, with the generation of ROS; the disturbance of mitochondrial
activity can also cause a lowering in respiration rates in plant tissues. ROS can cause further stress and damage to DNA
or other biomolecules, potentially resulting in inhibition of photosynthesis in plants 181411,

Moreover, heavy metals can interfere with the consumption of essential plant nutrients because of competition with their
uptake systems. They can act as antagonists of other ligands of biomolecules and can disturb nutrient translocation
systems BZ; a deficiency in micronutrients can have numerous effects, because they are involved in a wide number of
biological activities. In different plant species, Cr*® and Cr*® can interfere with uptake of Mg, Mn, Fe, Cu, Zn, but also P
and K 7, Cd, Ni and Pb can replace other ions, such as Zn, in enzymes involved in chlorophyll and other pigment
production, lowering photosynthetic rates 411,

Moreover, cellular ionic balance is an issue for both plants and microorganisms, since alteration of cation consumption
can generate osmotic problems. In plants, for example, Zn and Pb contamination can contribute to altering the plant water
balance B4l |t is important to highlight that such effects can also be caused by essential elements if they are in
excessive quantities (Table 1), such as in the case of Ni (41,

Table 1. Heavy metals (HMs), which are micro-essential nutrients for plants but toxic in excessive concentrations. The
roles and toxicity of zinc, copper, iron and nickel are reported. The legal limits refer to agricultural soils in accordance with
Italian Decree 46/2019. Currently, at the EU level, there is no Directive on soil.
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Damage at cell level is related to that at an organism level. Heavy metal effects on plants are of particular concern,
because their stress and toxicity can directly affect crops, decreasing their productivity. Moreover, contamination can be a
serious threat for food security in the case of bioaccumulation B5I59 |n fact, heavy metal toxicity can influence plant
growth, root elongation and seed germination B9, It is also reported that heavy metal toxicity can lower plant resistance to
other stresses, e.g., pest invasion. Lakshmanan et al. 58! reported that rice plants subjected to arsenic contamination
showed higher vulnerability toward rice blast infection.

The sensitivity of plants to heavy metals can be different. There are several species able to survive and grow with a high
level of heavy metals; they are termed hyperaccumulating plants and can accumulate up to 100 ug/g of each metal, such
as Cd and Cu, and much higher concentrations of other metals B8, More than 500 taxa are considered
hyperaccumulating plants. These species can be very useful for remediation purposes; however, it is not desirable to use
them for edible crops in contaminated sites 22561,

Zhang et al. B reported concentrations of Pb in rice crops up to 10 times higher than Chinese legislative limits and cases
of Cd contamination of wheat, which is one of the most widespread cereal crops worldwide, are of great concern 4.
Unfortunately, heavy metal contamination has been reported in a great number of crops (e.g., brassica, soybean, sugar
beet, potatoes and lettuce) all over the world, demonstrating that this problem is here and now and widespread 44!,

If heavy metals are accumulated in plants, they can be directly toxic even for animals and humans, through ingestion of
contaminated food. Cd poisoning is also reported for tobacco smoking 2 and HM skin contact can cause irritation and
allergic reactions in humans. Several illnesses are reported to be linked to heavy metal poisoning. In fact, many heavy
metals, such as Hg, Pb and As, are known to be toxic for the renal, cardiovascular, gastrointestinal and nervous systems.
Lead poisoning, for example, can cause headache, mental confusion and disorientation B, Permanent damage can
occur after long-term exposure and some metals are thought to be carcinogenic 18!,
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