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Introduction

Since the end of Second World War, agriculture has undergone a significant intensi-
fication with the introduction of chemical pesticides'. Organochlorine insecticides were
introduced in the 1940s and globally spread, due to the easy manufacture and application,
thus starting a revolution in pest control®. Since then, several chemical pesticides and
fertilizer have been commercialized and overexploited by farmers to increase crops yield
and to manage plant pathogens in the way of preventing infections. However, the immod-
erate use of chemical products contributed to the development of resistance of pathogen
populations®*, to environment contamination®, such as pollution of water, atmosphere and
s0il®, and to human diseases rise’ . Increasing public awareness of all the risks connected
to the use of chemicals, has moved the focus from intensive agricultural practices (crop
yield) to the application of sustainable agriculture, using eco-friendly biological agents

complemented with physical and cultural methods™>!*!!,

Sustainable agriculture

In 1987, the United Nations Brundtland Commission defined sustainable develop-
ment as “meeting the needs of the present without compromising the ability of future gen-
erations to meet their own needs”'?. Sustainable agriculture is one of the achievements
which sustainable development refers to, and it is defined as “the management and con-
servation of the natural resource base, and the orientation of technological change in
such a manner as to ensure the attainment of continued satisfaction of human needs for
present and future generations. Sustainable agriculture conserves land, water, and plant
and animal genetic resources, and is environmentally non-degrading, technically appro-
priate, economically viable and socially acceptable”'®. Sustainable agriculture comprises
different sectors (crops, livestock, forestry, fisheries, and aquaculture) that have been in-
dividually improved, leading in many cases to a competition for space and resources (nat-
ural and economic). A holistic approach of sustainability should look forward to create
synergies between sectors in order to reduce or even eliminate trade-offs'*. Integrated
Farming Systems (IFS) fit in this context since it considers a whole farm approach for
both crops and livestock to produce benefits through their mutual interactions'. For in-
stance, livestock produces manure that can be used to improve crop productivity and sus-
tainability (by reducing the application of mineral fertilizer), while crops provide grass-
lands and feeds and it also contribute to sequestrate greenhouse gases emitted by live-
stock!®.

Integrated Crop Management
IFS incorporates Integrated Crop Management (ICM) whose focus is on crops only,
and it is defined by Rowe and Powelson (2008)!7 as “the application of a totally
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integrated set of production practices that results in a quality crop produced in a manner
that optimizes economic return and minimizes environmental impacts and undesirable
social effects”. The implementation of ICM requires effective strategies that include bio-
logical, cultural and physical control, and host plant resistance. The integration of all these
practices is strongly encouraged because it has been demonstrated to have synergistic
effects in enhancing crops growth and yield'® as well as soil fertility'®. The addition of
organic amendments (biochar, manure, vermicompost) can support nutrient recycling,
microbial decomposition and other soil processes**?!. Augmenting crops’ quality and
yield also means to protect plants from weeds, pests and pathogens (i.e., insects, nema-
todes, bacteria and fungi) and other abiotic stresses (drought, salinity, low or high tem-
peratures) in a sustainable way.
Integrated Pest Management

Integrated Pest Management (IPM) is focused on crop protection from diseases
caused by pests. This model for crop protection has been ideated in the 1960s as a conse-
quence of the raising awareness of the harmful effects of pesticides on the environment??,
considering the innovations and the integration of biological and chemical control?. The
actual definition of IPM provided by the Food and Agriculture Organization (FAO) is as
follows: “Integrated Pest Management (IPM) means the careful consideration of all
available pest control techniques and subsequent integration of appropriate measures
that discourage the development of pest populations and keep pesticides and other inter-
ventions to levels that are economically justified and reduce or minimize risks to human
health and the environment. IPM emphasizes the growth of a healthy crop with the least
possible disruption to agro-ecosystems and encourages natural pest control mecha-
nisms”**. The primary aim of IPM is to minimize pesticides use by adopting preventive
and/or suppressive measures for harmful organisms, which can include physical, genetic
or biological techniques (crop rotation, seedbed sanitation, use of resistant cultivars) and
by monitoring pest levels with in-field observations or with warning systems where avail-
able. According to Higley and Pedigo (1996)?, plants are able to tolerate a certain level
of injury without reaching the economic injury level (EIL), defined as the lowest pest
density that can cause economic damage to plants®>. In order to avoid economic losses,
pest management starts at an appropriate time before pest population has reached the EIL;
this time is defined as economic threshold (ET)?6. Whereas the pest population has
reached the ET, one or more pest management inputs can be used. IPM strongly recom-
mends the choice of sustainable biological, physical and other non-chemical methods.
Chemical pesticides can be applied only when their use is economically justified, and
there are no other alternatives. In such case, the product must be as more specific as pos-
sible to the target and the least harmful to non-target organisms (including humans) and
to the environment.
FAO’s guidelines and definition of IPM have been approved in the EU and its application
has been made mandatory for all professional farmers since 2014, as stated in the Di-
rective 2009/128/EC of the European Parliament and of the Council?’. The Directive,
again, encourages the use of ecological alternatives to pesticides, unless it is strictly
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necessary and the use of all methods available is regulated by eight general principles .
Attention is also given to aerial spraying, which is prohibited except for special cases
reported in paragraph 2 of Art.9 (pp. 77-78), and to the training of professional and non-
professional users on the use of pesticides and on the equipment used for application (Art.
5, pp-75-76 and Annex 1, p. 82) %'.

The Regulation concerning plant protection products has also been published in 2009, in
order to set rules for the authorization of plant protection products in commercial form
and for their placing on the market, use and control within the Community?
(EC1107/209). This Regulation intends to reduce the risks to both human and animal
health and to the environment, giving dispositions supported by the precautionary princi-
ple. This concept should be applied especially when there is scientific uncertainty about
the risks of a product that is supposed to be authorized in the territory. Any product (in
the form in which it is supplied to the user), consisting of or containing active substances,
safeners, synergists, co-formulants and adjuvants, is subjected to a protocol before its
approval. Microorganisms, having general or specific action to plants or against harmful
organisms, are also considered as active substances.

Bioproducts are microbial based pesticides or fertilizers (also called biopesticides and
biofertilizers, respectively) that can increase crop productivity by enhancing plant nutri-
tion and that can protect crops from pathogens and pests®’. These products are formulated
with beneficial microorganisms and/or their metabolites which offer advantages and are
not harmful for the environment and other living species®.

Beneficial microorganisms

Microorganisms are an integral component of the Earth’s living system since they are
natural inhabitants of the soil and a vital and important part of the rhizosphere®!. The
narrow zone of soil surrounding plant roots is called rhizosphere, which has a biotic com-
ponent of various microbes. The rhizosphere is enriched with several nutrients and root
exudates constituted by amino acids, carbohydrates, organic acid and secondary metabo-
lites®?. These support the growth of microbial groups that perform several functions. Spe-
cifically, beneficial microorganisms exert positive effects on plant development, such as
nutrient cycling or protection from biotic (pathogens and pests) and abiotic (salinity, heat,
drought) stress®*. Beneficial microbes can include bacteria, fungi, viruses, and can be di-
vided into two main groups: biological control agents (BCAs) which protect plants by
controlling pathogens and pests, and plant growth promoting microorganisms (PGPMs)
which enhance plant growth and health®*. These two groups often intersect due to multiple
functions exploited by the same microorganism for both plant nutrition and protection®’.
In fact, increasing plant health can in turn reduce risk infection, as well as protecting
plants from pathogens can indirectly promote plant growth.

Biocontrol agents



Stenberg et al in 2021 defined biological control as the exploitation of living agents
(including viruses) to combat pestilential organisms directly or indirectly, for human
good. Biological control always involves three separate players: a biocontrol agent, a
pest and a human stakeholder benefitting from the pest control service provided by the
biocontrol agent™.

BCAs can protect plants against pests and pathogens directly or indirectly using several
mechanisms of action. Direct protection involves antibiosis and parasitism, while indirect
mechanisms include competition and induction of systemic resistance®. All these mech-
anisms will be explained in detail, also providing examples of known microorganisms
commonly used as biocontrol agents.

Antibiosis

One of the most studied direct activity against pathogens is antibiotic production.
Antimicrobial metabolites are natural products derived from secondary metabolism, be-
longing to several classes of compounds and characterized by a low-molecular weight.
These molecules are toxic or are able to inhibit to other microorganisms*®>’. They are
produced and released to the environment at low concentration. Most of known antibiot-
ics are produced by actinomycetes (8700), followed by fungi (4900) and other bacteria
(2900)°®,

Broad-spectrum antimicrobial metabolites have been reported produced by several
bacterial genera such as Agrobacterium, Arthrobacter, Azotobacter, Bacillus, Burkhold-
eria, Pseudomonas, Rhizobium, Serratia, Stenotrophomonas, Streptomyces*®>°*_ Bacil-
lus and Pseudomonas species have been investigated for the production of lipopeptide
bio-surfactants, such as iturin, surfactin, and fengycin '*2. Melo et al in 2016 and Liu et
al in 2019 reported that bioactive lipopeptides made by B. subtilis can necrotize epithelial
cells causing death of target insect****. Many antibiotic metabolites produced by Pseudo-
monads, such as 2,4-diacetylphloroglucinol (DAPG), pyrrolnitrin and phenazine, have
been studied*’. DAPG can damage membrane and inhibit zoospores formation of Pythium
sp*®. Most fungal antagonists are of the genera Aspergillus, Beauveria, Metarhizium, Pen-
icillium and Trichoderma that can produce antimicrobial compounds. Bassiacridin and
beauvericin produced by Beauveria and destruxins produced by Metarhizium are active
against entomopathogens*’*®. For Trichoderma, 6-pentyl-a-pyrone (6-PP), harzianic
acid, gliovirin, gliotoxin, viridin and many more compounds with antimicrobial activity
have been characterized*>°. Genomic information reveals that these bacteria and fungi
have the potential to produce many other secondary metabolites with possible antimicro-
bial activity which are yet to characterize.

Parasitism

Parasitism is the direct competitive interaction between two organisms in which one
(parasite) obtains nutrients from the other (host)*®. Biotrophic parasites gain nutrients
from the host cells without killing the host, so the two organisms interact in a stable and
balanced way>!. A necrotrophic parasite invades its host and gets nutrients after killing
host’s cells. Direct mechanisms of parasitism are related to the secretion of cell wall de-
grading enzymes (CWDEs) (i.e., chitinases, [B-glucanases, proteases, cellulases,
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catalases), combined in some cases with excretion of secondary metabolites'!. These lytic
enzymes disrupt the structural stability and integrity of pathogen’s cell walls and pest’s
tissues leading to the disorganization of the cytoplasm™2.

Parasitism has been reported for bacterial genera such as Bacillus, Pseudomonas,
Serratia, Streptomyces®>**>>7_Several studies reported the chitinolytic actions of Serra-
tia marcescens against pathogenic fungi such as Fusarium oxysporum and Rhizoctonia
solani®®. S. marcescens inhibits fungal growth by curling, rupture, or partial swelling of
hyphae. Streptomyces and Paenibacillus strains produce cellulase and B-1,3-glucanase
that degrade cell walls of pathogenic fungi, such as Sclerotinia sclerotiorum and F. ox-
ysporum>*. Moreover, B. cereus and B. cepacia secrete different enzymes, including am-
ylase, B-1,3-glucanase, cellulase and protease able to break the cell walls of several soil-
borne pathogenic microbes® . B. thuringiensis, the primary entomopathogenic bacterium,
produces intracellular inclusions, comprised of endotoxins, that destroy insect cell struc-
tures by modifying transmembrane potential and so inducing osmotic cell lysis***¢. Bdel-
lovibrio bacteriovirus is a unique predatory bacterium with the ability to invade and de-
rive nutrients from the cytoplasm of other Gram-negative bacteria®’. The most studied
mycoparasites belong to the genus Trichoderma®®®*. For instance, T. asperellum, T. vi-
rens, T. atroviride, and T. harzianum are well-known to release CWDEs, often in combi-
nation with antibiotic secondary metabolites, against common soil-borne pathogens such
as Fusarium, Aspergillus or Rhizoctonia amongst others® .

Competition

Ecological competition occurs when two or more organisms battle to obtain nutrients
or resources in general (light, water or space)**. Many biocontrol agents can aggressively
colonize soils and consequently hinder pathogens establishment by competing with them.
This indirect mode of action is extremely effective in controlling necrotrophic pathogens
due to their dependency on exogenous nutrients during significant parts of their life cy-
cle®®®7. Competition for carbon source and for amino acid, considered as nitrogen source,
plays a key role in antagonistic interactions®®. Besides carbohydrates and nitrogen
sources, another limiting factor for microbial growth is the low iron availability in a sol-
uble form. Iron is essential for microbes growth but, although abundant in soil, it is not
frequently accessible because the oxidized form (Fe*") reacts to produce insoluble oxides
(Fe(OH)3) which cannot be readily used by microorganisms®"!. In iron-limiting condi-
tions, several biocontrol agents can produce iron-chelating compounds called sidero-
phores. Siderophores are low-molecular weight (<1 kDa) molecules with high affinity for
ferric iron’?. Siderophores-producing strains can exert biological control through compe-
tition for iron inhibiting pathogens growth’. Siderophores can be grouped in major clas-
ses (e.g., catecholate, carboxylate, phenolates, hydroxamates, pyoverdines) depending on
ligand type, iron-directing functional group, and structural feature’*. Several siderophores
producing bacteria, such as Azotobacter, Bacillus, Bradyrhizobium, Streptomyces, Serra-
tia, Rhizobium and Pseudomonas, have been investigated””. Strains of P. fluorescens and
P. aeruginosa produce pyoverdine and pyochelin form of siderophores with high affinity
for Fe*" 72, Iron competition is also the mode of action of several fungal antagonists able
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to release siderophores, such as Penicillum, Aspergillus, Fusarium, Ustilago, Tricho-
derma. Most fungal siderophores belong the hydroxamate class (e.g. ferrichromes, copro-
gens, triacetylfusarinines)’?. T. harzianum strain M10 produces harzianic acid (HA), a
tetramic acid derivatives which exerts its siderophore action due to its chemical structure.

This exo-metabolite is able to bind Fe**and other heavy and non-heavy metals®.

Induction of systemic resistance

Plants have a broad variety of physical and chemical mechanisms as constitutive de-
fense against pathogens. Additionally, plants can often show intrinsic defenses as re-
sponse to various agents, including beneficial microorganisms. This physiological state
of improved defensive ability is called induced systemic resistance (ISR)’®. Ethylene and
jasmonate signaling is involved in triggering ISR as these hormones play a significant
role in enhancing the defense response of plants against a wide variety of phytopatho-
gens’’. Consequently, plants’ cell walls are strengthened, metabolic responses are altered
and more in general plants’ physiology is modified’®. Species of Pseudomonas and Ba-
cillus demonstrated to induce systemic resistance in several different hosts’>*, Several
strains of Trichoderma can stimulate plants defense mechanisms by secreting specific
elicitors, such as volatile organic compounds, peptaibols or polyketides®! 3, that are rec-
ognized by plant cell receptors, increasing the microbe-associated molecular patterns
(MAMPs)-triggered immunity (MTI) 4,

Plant growth promoting microorganisms

Microorganisms can positively influence crops by stimulating plants growth, enhanc-
ing their nutrient uptake and/or use efficiency, making plants less susceptible to abiotic
(but also biotic) stress and by improving crop quality traits®>#. Plant growth promoting
microorganisms (PGPMs) exert positive effect through numerous ways which can be di-
vided into a group of direct mechanisms, including nutrient solubilization (i.e. P, Fe),
nitrogen fixing, phytohormones production, and a group of indirect mechanisms, includ-
ing IRS (described in the previous paragraph) and induction or resistance against abiotic
stress.

Phosphate solubilization

Phosphorus (P) is the one of the most important plant macronutrients, together with
potassium (K), and it is essential for all major physiological and biochemical processes
for the plant (cell division, photosynthesis, energy transfer, respiration, biosynthesis of
macromolecules)®’. Phosphorous is also important for root system development, stem
strength and length, crop production and quality®®. Although most soils are rich in both
inorganic (calcium phosphates in alkaline soils or iron/aluminum phosphates in acidic
soils) and organic forms (inositol and sugar phosphates) of phosphorous, only a slight

fraction (0.1%) is available for plants, in the form of orthophosphates (HPO4* and H,PO4”
s



Bacteria, fungi and actinomycetes are involved in the phosphate solubilizing process
since they are an integral component of the natural P-cycle®?. The phosphate-solubilizing
microorganisms (PSMs) transform insoluble phosphates in the soluble form through dif-
ferent mechanisms as release of organic acids, chelation, and ion exchange reactions®>.
Several organic acids, such as acetate, citrate, lactate, ketogluconate, gluconate, succin-
ate, malate, oxalate, can chelate cations of the phosphate salt, thereby converting phos-
phorous in a soluble form. Moreover, the production of organic acids also lowers the pH
of the soil increasing the solubility of phosphates in alkaline soils’*. Bacterial strains of
the genera Pseudomonas, Bacillus, Rhizobium, and Enterobacter, along with Penicillium
and Aspergillus fungi, have been reported to solubilize P through proton excretion and
organic acids production®>7.

The solubilization of organic phosphorous to soluble form is defined as P-minerali-
zation. This process involves the release of phosphatases, enzymes involved in the hy-
drolysis of phosphor-ester and phosphor-anhydride bonds of organic phosphate com-
pounds, thereby releasing inorganic phosphorus that will be immobilized by plants. Bac-
teria from the genera Bacillus, Burkholderia, Pseudomonas, and Streptomyces exhibit
phosphatase activity and improve the growth of various crops, while Aspergillus, Peni-
cillium, and two Trichoderma strains are reported as phosphatase-producing fungi®®1°!,
Iron uptake

Iron (Fe) is one of the major micronutrients required for growth and development of
plants. It has a role as cofactor for several enzymes, it is involved in photosynthesis, syn-

thesis and protection of DNA, and in regulation of respiration'

. Although iron is one of
the most abundant elements on Earth, its availability in soils is low due to the oxidation
to the ferric (Fe**) ion, which forms insoluble products.

Plants can cope with this condition by producing phyto-siderophores able to chelate
iron and thus making it available for the uptake'®>!'%*. Furthermore, beneficial microbes
can mediate this process through the release of siderophores in soil that bound iron from
ferric oxides, phosphates or citrates'%. The Fe-siderophore complex is recognized by spe-
cific receptors on cell membrane of plant roots and then taken up'°®!%7. As mentioned
above, several beneficial microbes can release chelating agents for ferric ion as a way to
compete with pathogens. These beneficial agents can also mobilize iron to plants and
improve growth and productivity of plants, beside protecting them from pathogens.
Nitrogen fixation

Nitrogen (N) is an essential element for proper growth, development and productiv-
ity of plants, since it plays a role in several structural, biochemical and physiological
processes!'%. Although representing the 80% of the atmosphere, gaseous nitrogen cannot
be used by plants as they can only take soil-available nitrogen as ammonia or nitrate
through root system. Ammonium is directly incorporated and used to synthetize amino
acids, whereas nitrate has to be converted to ammonium'?.

It is possible to convert inert nitrogen into organic compounds containing N, through
a process called fixation which is biologically exploited by specific bacteria (biological

nitrogen fixation, BNF). These bacteria are ubiquitous and can be divided into two
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groups: symbiotic and non-symbiotic bacteria. Rhizobium genus belongs to the former

group!'’, while Azotobacter, Azospirillum, Enterobacter, Pseudomonas, amongst others,

1 BNF is carried out by a series of enzy-

belong to the free-living diazotrophic bacteria
matically complex reactions, involving dinitrogenase reductases (iron protein that pro-
vides reducing power electrons) and dinitrogenases (a protein with metallic cofactor that
uses the electrons to reduce nitrogen to ammonia)'!'%!13,

Phytohormone production

Phytohormones are molecules derived from plant biosynthetic pathways, that per-
form their functions either locally or via transport to other sites within the plant tissues.
Phytohormones act at low concentrations to mediate growth, development, nutrient pro-
vision, particularly under biotic or abiotic stress''*. Plant hormones include abscisic acid
(ABA), gibberellins (GA), brassinosteroids (BSs), jasmonic acid (JA), cytokinins (CKs),
ethylene (ET) and indole acetic acid (IAA) that is part of auxins group'". Indole acetic
acid, cytokinins and gibberellins are well-characterized hormones also produced by nu-
merous bacteria and fungi'!®!7,

Microbial-produced IAA affects root length and increases surface area for improved
uptake of nutrients and water. IAA can be synthetized following different pathways, such
as via indole-3- pyruvic acid and indole-3-acetic aldehyde, via tryptamine and indole-3-
acetic aldehyde and via indole-3-acetamide! !, Bacillus, Pseudomonas and Streptomy-
ces, along with endophytic fungi are examples of plant growth promoting microbes able
to release indole acetic acid'?*122,

Cytokinins are critical in various physiological and developmental processes includ-
ing apical dominance, seed germination, nodule formation, root elongation, vascular de-
velopment, and plant-pathogen-interactions'?. The production of cytokinins comes from
ATP/ADP/AMP or from the tRNA degradation pathway biosynthesis'?*. Bacteria, such
as Bacillus, Agrobacterium, Pseudomonas, and Klebsiella and several fungal species,
whether saprophytic or symbiotic, are known to synthetize cytokinins in the rhizosphere
thus leading to stimulation of plant growth or helping plants to cope with biotic and abi-
otic stress!>+126,

Gibberellins are terpenoid involved in diverse stages of plant growth as: 1) germina-
tion, ii) cell division, iii) stem elongation, iv) internode expansion, v) flowering'?’. Like
auxins and cytokinin, beneficial microbes are also able to bio synthetize gibberellins 125,
Among bacteria, the characterization of gibberellins was first reported in Rhizobium mel-
iloti, while for fungi it was reported in Gibberella fujikuroi'**'*°. Since then, several fun-
gal and bacterial genera, including Bacillus, Pseudomonas and Trichoderma have been
reported as gibberellins producers'?!~133,

Tolerance to abiotic stress
Crops require different conditions to reach optimal growth and yield and if these con-

ditions are not satisfied, plants react with specific stressful stimulus!3%!3

. Salinity,
drought, temperature or metal contamination are the most common abiotic factors that
plants have to face. Various studies reported that PGPMs can positively affect plants also

by improving their tolerance to these stress!¢144,
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High soil salinity is one of the most significant environmental stresses that results in
decreased crop productivity and quality. Salinity negatively affects roots biomass, ionic
balance, water and nutrients uptake, photosynthesis!*°. Salt is transported and accumu-
lated within the roots, thus inducing inhibition of cell division, and causing ionic imbal-
ance. Moreover, high levels of salt lower soil water potential resulting in cellular dehy-
dration. A decreased uptake on nutrients implicates a minor uptake on magnesium, thus

hindering photosynthesis'#’

. Microbes can mitigate the effects of salt stress in plants by
producing phytohormones, siderophores, antioxidants and osmolytes, by fixing nitrogen
into the soil and also by accumulating salt in their cytoplasm, which balances the osmotic
condition of cells'*®. The role of several rhizosphere microbes belonging to the genera
Pseudomonas, Azotobacter, Bacillus, Trichoderma, Phoma, Penicillium, Piriformospora,
and Fusarium in mitigation of multiple kinds of abiotic stresses has been reported'4’~1>’.

Water deficiency is a serious concern worldwide, that derives from either scarcity of
water sources or from heavy contamination with pollutants. Drought stress negatively
affects physiological status of plants, including the photosynthetic capability due to a
lower content of chlorophyll!*®. Persistent water stress decreases leaf water potential and
stomatal opening, reduces leaf size, suppresses root growth, and delays plant growth and
productivity!>®. Furthermore, peroxidation may be induced by reactive oxygen species
(ROS) produced during drought stress, leading to negative impact on antioxidant metab-
olism!®, Plants have different mechanisms to minimize use of water resources and man-

age their growth in case they face adverse conditions'¢!

. Nonetheless, a variety of micro-
organisms can effectively help plants surviving to water-deficit conditions. Tolerance
mechanisms, such as formation of thick cell wall, secretions of exopolysaccharides or
osmolytes, entering a dormant phase'®’. Several bacterial and fungal strains are reported
to release phytohormones and other molecules like proline, trehalose and glycine betaine,
that help during this stressing condition'*”. Strains of Pseudomonas and Bacillus produce
proline, sugars and free amino acids helping plants to improve growth and water con-
tent!62. Abscisic acid is the principal hormone responsible for survival of in water deficit
conditions and its production can be triggered by application of PGPMs like Azospiril-
Ium'®. Several Trichoderma strains are well-knows producers of phytohormones, includ-
ing gibberellins, abscisic acid, indole acetic acid and ethylene which are involved in plant
development and protection from biotic and abiotic stress. Trichoderma-based treatments
have been reported to promote growth under water stress condition!!. Finally, co-inocu-
lation of Azotobacter chroococcum and Trichoderma harzianum increased growth and
protected plants during water and nitrogen deficiency'*,

Both high and low temperatures significantly reduce plant yield and productivity,
since temperature affects the fluidity of the cell membrane, reduces the water content, and

hinders enzyme activity and cell division!*®

. Adverse climate influences plants at differ-
ent levels reducing seed germination, photosynthesis, respiration and membrane permea-
bility!'*°. Plants have developed different mechanisms based on heat/cold shock proteins
and antioxidative enzymes, which expression is enhanced in stress situations, together

165

with an alteration of phytohormones levels Moreover, several beneficial
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microorganisms are also involved: rhizobacteria and arbuscular mycorrhizal fungi can
effectively protect plants by inducing the expression of enzymes and secondary metabo-
lites related to heat and cold temperature stress!6¢-16,

Pollutants have become a worldwide environmental issue in the last century. Differ-
ent pollutants, including heavy metals, chlorinated organic compounds and polycyclic
aromatic hydrocarbons, are found in water, soil, and air, and have attracted public atten-
tion due to the increasing concern for the security of agricultural products. Heavy metals
(mercury, lead, arsenic, cadmium) can contaminate the soil agro-ecosystem either
through natural weathering of metal-rich parent material or through anthropogenic activ-
ities!’?. Several bioremediation methods have been developed and application of mi-
crobes has been demonstrated to be an effective method to reduce metal concentration in
soil'”!. Mechanisms such as chelation, detoxification of absorbed metal through enzy-
matic activities, reducing the uptake of heavy metal and sequestering them in the exopol-
ysaccharide layer are adopted by the microorganisms to decrease the toxicity of heavy
metals'’>!73, Other pollution-causing agents are polymers, solvents, oils, biocides, chlo-
rinated organic compounds and polycyclic aromatic hydrocarbons (PHA) 74, It has been
reported the ability of microbes to degrade most of these contaminants by transformation

into less or completely nontoxic residues'’> 176,

Secondary metabolites produced by beneficial microbes

The production of bioactive secondary metabolites (SMs) is an important factor for
the beneficial effects of selected microbial strains. These are heterogeneous natural com-
pounds, belonging to diverse chemical classes with low molecular weight (typically
<3kDa)!”’. Secondary metabolism is associated to the shift from biomass production to
metabolite biosynthesis to offer a benefit for the producer. Environmental stimuli can
trigger the production of a specific natural compound or a group of them that can serve
as weapons against competitors for nutrients and space, as agents of symbiosis with plants
or other organisms, as sexual hormones or as differentiation effectors'’®. SMs biosynthe-
sis starts from a limited number of precursors of primary metabolites (i.e., amino acids,
acetyl-CoA) that follow specialized pathways and conduct to different natural com-
pounds'”. In the following paragraphs some of the most important classes of compounds
are briefly described.

Non-ribosomal peptides

Non-ribosomal peptides (NRPs) are synthesized by large multimodule enzymes
named non-ribosomal peptide synthetases (NRPSs). Each module contains several do-
mains for the recognition, activation, binding of a module-specific amino acid and peptide
bond formation between the growing chain and the next amino acid. The last module also
contains a domain that allows the release of the peptide. The biosynthesis proceeds
through a thiotemplate mechanism, in which an amino acid is first recognized and
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activated by adenylation with ATP, then is bonded, by thioesterification with 4’-phos-
phopantetheine, to the carrier domain that transports the substrate to the condensation
domain to form the peptide bond between adjacent monomer units. Product release, either
as linear or cyclic peptide, is catalyzed by a thioesterase domain at the C-terminal. The
multitude of monomers, both proteinogenic and non-proteinogenic amino acids, together
with possible modifications of the substrate during the synthesis by other catalytic do-
mains (i.e., epimerization domain and cyclization domain) contribute to the overall com-
plexity of NRPs!8%18! ' An example of NRPs are peptaibols produced by Trichoderma
species, which are characterized by the presence of a-aminoisobutyric acid residues, a C-
terminal hydroxylated amino acid, and a N-terminal alkylated amino acid'®?. Sidero-
phores, another important class of NRPs, are iron-chelating compounds produced by mi-
croorganisms that play an important role in microbe-plant and microbe-pathogen interac-
tion. Well-studied siderophores are pyoverdines from Pseudomonas, desferrioxamine
from Streptomyces and coprogens from Trichoderma'®*',
Polyketides

Polyketides (PKs) are the most abundant and structurally diverse microbial secondary
metabolites. PKs are synthesized by highly complex polyketide synthase (PKS), which
are a family of multidomain enzymes. The biosynthesis of these natural compounds is
another example of thiotemplate process and is related to fatty acids mechanism. The
process allows for a greater complexity and variability of the products due to the optional

185 The mechanism involves an

event of ketone reduction occurring during PKs synthesis
acyl carrier protein that binds the growing acyl chain, acyl transferases that select the
elongation units (usually short chain carboxylic acids) and upload them to the carrier pro-
tein, and a ketosynthase that catalyzes the bond formation between the assembled chain
and the new unit. At the C-terminal there is a thioesterase responsible for product release.
Other domains such as ketoreductase, dehydratase and enoyl reductase are optional for
reductive modifications at the end of the main process. The most common fungal PKSs
belong to type I characterized by only one module that repeatedly carry out reactions to
elongate the acyl chain. Bacteria have both non-iterative type I PKSs, containing individ-
ual modules with domains for each elongation step and iterative type I PKSs. Aflatoxins,

tetracyclines, erythromycin are among the most famous microbial polyketides!'®!86,

PK-NRP hybrids

Many metabolites with remarkable biological activities contain a polyketide back-
bone combined to an amino acid. Several fungal and bacterial genomic analyses showed
evidence of PKS-NRPS hybrid clusters having elements from both classes of enzymes
due to structural and catalytic similarities'®’.
Important examples of bacterial hybrid molecules include yersiniabactin, a siderophore
and virulence factor produced by Yersinia pestis, rhizoxin, first isolated from the fungal
endosymbiont Burkholderia rhizoxinica and then from Pseudomonas fluorescens's !,
Fungal PKS-NRPS hybrid synthetases are involved in the biosynthesis of several second-
ary metabolites, including the yellow pigment tenellin produced by Beauveria bassiana

(an important entomopathogenic fungus) and harzianic acid, a siderophore tetramic acid
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derivative produced by 7. harzianum, that showed a concentration-dependent growth pro-
moting and antibiotic activity and a good affinity with iron**1%1%3,
Terpenes

Terpenes are one of the largest classes of natural products, comprising several agri-
culturally important bioactive secondary metabolites. They can be linear or cyclic, un-
saturated, differently derivatized and have common biosynthetic precursors: isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). The repetitive addition of
precursors and the involvement of different enzymes lead to the formation of structurally
diverse terpenes, classified according to the number of IPP units contained in the back-
bone: hemiterpenes (Cs), monoterpenes (Cio), sesquiterpenes (Cis), diterpenes (Cao), ses-
terterpenes (Cas), triterpenes (Cso), and tetraterpenes (Cao)'**. Trichotecenes, carotenoids,
aristolochenes are examples of fungal terpenes, while geosmin, emitted by Streptomyces
spp., is an example of bacterial terpene. Finally, gibberellins are terpenes widespread
among fungi, bacteria and plants!8%!83%195-197 Some important microbial metabolites, be-
longing to the groups of natural products mentioned above, are reported in Figure 1.

X
0] 0]
6-Pentyl-alpha-pyrone OH
Geosmin
AN\
o H2N N-OH 0=(
N
o o’/\ o HO

HN HQ 0o
\/\_/N_UN
H

Beauvericin Desferrioxamine B

Harzianic acid

Figure 1: Chemical structures of important bioactive secondary metabolites produced by Trichoderma (6-
pentyl-alpha-pyrone, harzianic acid); Streptomyces (geosmin, desferrioxamine B); and Beauveria (beau-
vericin).
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Aim of the research

The global market for plant bioproducts continues to evolve due to the change in
legislations and regulations, to the conversion from conventional farming system to ICM
and IPM and to the increasing population awareness about pollution and other environ-
mental issues!*%17.

Most of the novel eco-sustainable approaches employed for plant protection and
growth promotion involve the use of single-strain inoculants, while a growing body of
evidence demonstrates the great potential of beneficial association of microorganisms and
natural bioactive products'*® 2%, Synthetic microbial consortia (bacteria-bacteria, fungi-
fungi or bacteria-fungi), co-application of two or more different microorganisms, or of
microbes and natural products could activate synergistic beneficial effects or establish

innovative microbial communities when the application of a single inoculant fails!®7-2°1-

204

Selected microbial strains play a pivotal role as primary source of secondary metab-
olites for drug discovery and application in both medical and agricultural fields?*>?%. The
research process traditionally focuses on the extraction and purification of single bioac-
tive compounds from fermentation broth and/or mycelium in standard laboratory condi-
tions. However, the number of new metabolites is getting lower due to the re-isolation of
known molecules. Extensive whole-genome sequencing of several microorganisms has
revealed a great number of genes, encoding biosynthetic enzymes, that are not expressed
under standard laboratory conditions?*’2!°, In order to fully exploit the potential of these
genes, different strategies have been developed such as genome mining, microbial meta-
genomics, heterologous expression and variation of culture conditions**’2!17213_ The latter
strategy is considered the simplest and most effective tool to identify novel natural prod-
ucts and it is called “one strain many compounds” (OSMAC) strategy®'*. It is well known
that different stimuli can trigger the activation or up-regulation of biosynthetic pathways
that lead to the production of specific secondary metabolites. It is possible to artificially
mimic changes in the environment by variation of culture conditions, such as medium
composition, pH, temperature and oxygen concentration®!>2!®, Co-cultivation with other
strain(s) also fits into the OSMAC strategy; it has been demonstrated that the interaction
between microorganisms (competitive, antagonistic or compatible) or with the plants (i.e.
plant tissues) leads to the characterization of new molecules, not detected in standard
single strain cultures?!*22!,

In this context, ‘omics studies can help to understand the mechanisms of these inter-
actions and can guide the selection of active principles (microbes and/or bioactive metab-
olites) for new bio-formulates.

With the aim of discovering new formulations for agricultural uses based on micro-
bials and/or bioactive metabolites, a metabolomic approach has been used to investigate
the compatibility of different beneficial strains (i.e., Trichoderma, Streptomyces,
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Azotobacter). Therefore the selected combinations have been tested on different crops of
agricultural importance (parsley, basil, olive drupes), in order to evaluate the effect of
these combinations on yield, growth, pathogens biocontrol and nutritional value. Moreo-
ver, the metals chelating properties of harzianic acid (a known Trichoderma bioactive
compound) have been evaluated in order to discover new possible applications in soil
remediation and/or as biostimulant. Metabolomics demonstrated to be a versatile tool to
evaluate treatment performances and chelating effects.

Below, there is a summary of the papers published, reporting results obtained by us-
ing different metabolomic approaches.

e Improvement of Nutraceutical Value of Parsley Leaves (Petroselinum cris-
pum) upon Field Applications of Beneficial Microorganisms;

¢ Bioformulations with Beneficial Microbial Consortia, a Bioactive Compound
and Plant Biopolymers Modulate Sweet Basil Productivity, Photosynthetic
Activity and Metabolites;

e Effect of Selected Trichoderma Strains and Metabolites on Olive Drupes;

e Bivalent Metal-Chelating Properties of Harzianic Acid Produced by Tricho-
derma pleuroticola Associated to the Gastropod Melarhaphe neritoides;

e Coordination Properties of the Fungal Metabolite Harzianic Acid toward
Toxic Heavy Metals.
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Abstract: Parsley (Petroselinum crispum) is an important aromatic herb that has gained
importance in food and cosmetic industry, and it is used as medicinal plant due to the
presence of compounds with biological activity. Several studies have demonstrated an-
tioxidant, antimicrobial or cancer chemopreventive activity of different parts of parsley
plants. We showed that the nutritional value of parsley leaves can be improved by treat-
ments with beneficial microorganisms on the field crop. Streptomyces fulvissimus strain
AtB-42 and Trichoderma harzianum strain T22 were applied, as singly or in combina-
tion (microbial consortium), at transplanting and two weeks later. After harvesting,
plants were subjected to metabolomic analysis by LC and GC-MS. Spectrometric anal-
ysis resulted in the identification of seven polar metabolites. Results showed a signifi-
cant difference in relative abundance of these metabolites among treatments. The AtB-
42 application, alone or in combination with T22, induced the accumulation of petrose-
linic acid, while T22, alone or in combination, induced the accumulation of xantho-
toxol/bergaptol and its derivative xanthotoxin/bergapten. The microbial consortium in-
creased the accumulation of capsanthone compared to single treatments. No statistically
relevant differences were found for the volatile fraction. It can be concluded that S. ful-
vissimus and T. harzianum significantly induced metabolic profile change of parsley and
the accumulation of metabolites with nutraceutical value.

Keywords: microbe-assisted crop production; Streptomyces; Trichoderma, metabolomics; LC-MS

1. Introduction

Parsley (Petroselinum crispum (Mill.) Fuss; family Apiaceae) is an aromatic herb
which has gained popularity for the food and cosmetic industries due to its antioxidant
compounds [1]. The presence of a broad range of active compounds detected in this
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plant allows the application of parsley as medicinal plant with various proven pharmaco-
logical properties including antioxidant, hepatoprotective and neuroprotective [2—4].
Parsley leaf, stem and roots are rich in minerals and bioactive metabolites such as vita-
mins (vitamin C being the most abundant), essential oils, pigments, polyphenols and fatty
acids [5,6]. Liberal et al. (2020) [7] analyzed the phenolic profile and bioactivity of hy-
droethanolic extracts from parsley leaf samples from 25 cultivars finding that the leaves
of all the varieties of P. crispum tested were a good source of natural products that confer
health benefits. Characterization of these extracts showed the presence of apigenin and
kaempferol as the most abundant phenolic compounds, with antioxidant and antimicro-
bial activity against bacteria and fungi.

Many studies have been conducted in order to evaluate the effect of production fac-
tors on yield and on phytochemicals content of different crops [8,9]. Among these, the
application of beneficial microorganisms plays an important role in the modern agricul-
ture due to their ability to control phytopathogenic agents through multiple mechanisms,
such as antibiosis, mycoparasitism and competition for nutrients and space [10,11]. Bio-
logical control involves the use of beneficial organisms, selected strains and/or their me-
tabolites, which can produce positive effects on plants by promoting their growth, in-
creasing resistance levels and promoting the assimilation of nutrients. In the recent years,
many microorganisms have been used as Biological Control Agents (BCAs) including
strains belonging to bacterial genera and species such as Agrobacterium, Pseudomonas,
Streptomyces and Bacillus; and fungal genera and species such as Gliocladium, Tricho-
derma, Ampelomyces, Candida and Coniothyrium [12]. Streptomycetes are Gram-posi-
tive filamentous bacteria in the Streptomycetaceae family, widely distributed in soils and
rhizospheres. Streptomycetes are one of the major microbial sources of antibiotic mole-
cules used in pharmaceutical and agricultural sector. They produce a wide variety of bi-
oactive secondary metabolites, such as antifungal, antiviral, antitumor, anti-hypertensive
and immunosuppressant molecules [13,14]. Moreover, Streptomycetes have an excep-
tionally large number of hydrolytic enzymes enabling them to interact with other organ-
isms in the environment. All these biological features suggest that Streptomycetes are
excellent biological control agents [15—18]. Selected Trichoderma species are used as
biocontrol agents and bio-stimulants due to their ability to protect plants, compete with
pathogens and produce several biologically active compounds including cell wall degrad-
ing enzymes and secondary metabolites [19]. The ability of 7. harzianum strain T22 and
T. atroviride strain P1 to improve growth was investigated in several experiments on let-
tuce, tomato and pepper plants under field conditions [16]. It was also tested on parsley
plants demonstrating an increase in total fresh and dry mass and root system, superior to
the controls when applied on soil under greenhouse conditions [20].

The present study aimed to evaluate the effects of beneficial microorganisms on the
metabolic profile of parsley. Streptomyces fulvissimus (strain AtB-42) and T. harzianum
(strain T22) have been selected for the present study due to their well-known character-
istic as bio-stimulants and biological control agents [15-21]. In order to investigate the
chemical profile of parsley plants (P. crispum var. neapolitanum) and to detect their
changes after treatments, a metabolomic approach based on mass spectrometry was used.

2. Materials and Methods
2.1. Field Trial

The trial was established in an open field located at 41°13'22.0"” N, 16°20'00.2" E,
Andria, Apulia, Italy. In January, 30-day old parsley seedlings were transplanted in single
rows at 10 cm distance on the row and 20 cm between rows. The trial consisted of four
treatments: control (C), T. harzianum strain T22 (T), S. fulvissimus strain AtB-42 (S) and
a combination of the two microorganisms (S + T). The treatments were carried out at
transplanting by dipping roots for 15 min in conidia/spore suspensions (1 x 107 conidia
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or spores per milliliter) and one month later by soil drenching 25 mL per plant of co-
nidia/spore suspensions (1 x 107 conidia or spores per milliliter).

Starting from a glycerol stock collection tube (Corning® cryogenic vials, Merck
KGaA, Darmstadt, Germany), AtB-42 inoculum was prepared in 1 L bottles with 300 mL
potato dextrose broth (PDB, Condalab, Madrid, Spain), incubated at 25 °C and 200 rpm
for 7 days. Then, the culture was centrifuged at 8000x g for 10 min to remove the super-
natant and resuspend the pellet in sterile distilled water. Spore concentration was esti-
mated by using a Thoma chamber. S. fulvissimus strain AtB-42 was previously selected
from a consortium of ca. 300 rhizosphere-competent isolates [15]. Trichoderma harzi-
anum strain T22 was purchased from Koppert (Trianum WG, Koppert Biological Sys-
tems, Piracicaba, SP, Brazil). Inoculum of 7. harzianum strain T22 was prepared by sus-
pending the commercial product in water to achieve the desired conidia concentration
(final concentration for treatments: 107 spore mL™").

A randomized complete block design with three blocks was adopted. Blocks were
separated by untreated plants (extra plants) to avoid any contamination during the appli-
cations of microorganisms. Thirty plants per treatment in each block were used for a total
of 360 plants in the entire trial.

Plants were cultivated according to the agronomic practices commonly used in the
farm. At the end of crop cycle (three months), plant height and shoot fresh weight were
measured on 10 plants per treatment. Twenty plants (five biological replicates per treat-
ment) were stored at —80 °C until the metabolomics analysis was completed. Biometric
index data were analyzed by one-way ANOVA using Minitab statistical software
(Minitab, LLC, State College, PA, USA). Significant differences among treatments were
estimated according to Tukey’s test with a 0.05 significance level.

2.2. Metabolite Extraction

Lyophilized powder obtained from leaves was subjected to extraction in organic sol-
vents. In particular, 100 mg of powder for each biological replicate was suspended in 2
mL of methanol (MeOH; LC-MS purity) and vortexed for 30 s. Samples were then cen-
trifuged for 10 min at 14,000 rpm at 4 °C. Each supernatant was diluted 1:10 in MeOH
and injected into the LC-MS qTOF (liquid chromatography-mass spectrometry-quadru-
pole-time of flight) system. All reagents used were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise stated.

2.3. Isolation of Volatile Fraction

Leaf samples (50 g) stored at —80 °C were hydrodistilled with 600 mL of distilled
water in Clevenger apparatus for 2 h according to the European Pharmacopoeia [22]. The
water containing dissolved oils was extracted three times with dichloromethane (50 mL),
and the extracts were collected and dried over anhydrous sodium sulphate. The samples
were stored in sealed glass vials at =20 °C before the analysis. The extraction was carried
out by triplicate.

2.4. LC-MS Analysis

Analyses were conducted on an Agilent HP 1260 Infinity Series liquid chromato-
graph coupled to a Q-TOF mass spectrometer and equipped with a DAD system (Agilent
Technologies, Santa Clara, CA, USA). A Zorbax Extend C-18 column (4.6 x 50 mm, 3.5
um, Agilent Technologies) was used for chromatographic separation, held at a constant
temperature of 37 °C. The analyses were performed at a 0.6 mL min~' flow rate, using a
linear gradient system composed of 0.1% (v/v) formic acid in water (eluent A) and 0.1%
(v/v) formic acid in acetonitrile (eluent B). The gradient program was as follows: from
5% to 70% eluent B in 4 min, isocratic at 70% of eluent B from 4 to 5 min; from 70% to
80% of eluent B from 5 to 8 min and from 80% to 100% eluent B from 8 to 10 min; and,
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finally, lowering to starting conditions (5% eluent B) from 10 to 15 min. After returning
to the initial conditions, equilibration was achieved after 1 min. The injection volume was
10 pL. UV spectra were collected by DAD every 0.4 s from 190 to 750 nm, with a reso-
lution of 2 nm. The MS system was equipped with a Dual Electrospray lonization (ESI)
source and operated both in positive and negative mode. The capillary was maintained at
2000 V, fragmentor voltage at 180 V, cone 1 (skimmer 1) at 45 V and Oct RFV at 750 V.
Gas flow rate was set at 11 L min~!, at 350 °C, and the nebulizer was set at 45 psig. Mass
spectra were recorded within the m/z range 100—1700 as centroid spectra, with three scans
per second. In order to perform real time mass-lock correction, a solution consisted of
purine (CsH4Na, m/z 121.050873, 10 umol L"), and hexakis (1H,1H,3H-tetrafluoro-
pentoxy)-phosphazene (CisHisOsN3P3F24, m/z 922.009798, 2 umol L™!) was constantly
infused by an Isocratic pump (1260 Infinity Series, Agilent Technologies) with a flow
rate of 0.06 mL min~'. All MS and HPLC parameters were set with Agilent MassHunter
Data Acquisition Software, rev. B.05.01.

2.5. GC-MS Analysis

The analyses of the essential oils were performed by using an Agilent 6850 GC (Ag-
ilent Technologies) coupled to an Agilent 5973 Inert MS. The amount of 2 pL of each
sample was injected in splitless mode into an HP-5MS capillary column (5% phenyl me-
thyl poly siloxane stationary phase). The injection temperature was 250 °C, and the tem-
perature ramp raised the column temperature from 70 °C to 280 °C: 70 °C for 1 min; 10
°C-min"! until reaching 170 °C; and 30 °C-min-1 until reaching 280 °C. Subsequently, it
was held at 280 °C for 5 min. Helium was used as a carrier gas at a flow rate of 1 mL
min ', The solvent delay was set to 4 min. Measurements were performed under electron
impact (EI) ionization (70 eV) in full scan mode (m/z 29-550) at a frequency of 3.9 Hz.
The El ion source and quadrupole mass filter temperatures were kept, respectively, at 200
°C and 250 °C.

The identification of compounds was based on comparison of their mass spectra with
those recorded in the NIST 14 mass spectral library (https://www.nist.gov/srd/nist-stand-
ard-reference-database-1a, accessed on 09/07/2021). Furthermore, the identification was
supported by Kovats retention index (RI) calculated for each analyte by the Kovats equa-
tion, using the standard n-alkane mixture in the range C7-C40 (Sigma-Aldrich, Saint
Louis, MO, USA).

2.6. Statistical Analysis of Metabolomics Data

Statistical analysis was carried out by using Mass Profile Professional software, ver-
sion 13.1.1 (Agilent Technologies). Raw data of leaf extracts were grouped by the treat-
ment applied in the field (i.e., single strains or microbial consortium), and these groups
were subjected to one-way ANOVA (p-value < 0.05) and to fold change > 2.0. Thus, the
results obtained were subjected to principal components analysis (PCA) and hierarchical
clustering in order to compare metabolic profiles of plants and to detect differences in-
duced by different treatments. Statistically relevant compounds were identified using a
plant database, FooDB Version 1.0 (www.foodb.ca, accessed on 10/03/2021; freely avail-
able), and by comparison with data available in the literature. Among the detected mole-
cules, only those with a mass error below 10 ppm and a sufficient score were reported.

3. Results
3.1. Plant Growth

Beneficial microbial treatments positively affected the growth and development of
parsley. At the end of crop cycle (3 months), plant height increased in plants treated with
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single cultures (T22 or AtB42) compared to the control, and the fresh weight increased
in all treatments compared to the control (Figure 1).

Plant height Shoot fresh weight
400+ a 2 60+
-- a a a
- ab b
300+ b T - —
& ol -
- =}
= 20+
g 1004
0= T 1 0= L 1
c 5 T T+5 C 5 T T+§
Treatment Treatment

Figure 1. Variation of plant height (left) and shoot fresh weight (right) of parsley plants treated with Strep-
tomyces fulvissimus AtB-42 (S), Trichoderma harzianum T22 (T), microbial consortium (S + T) and control
group (C). Treatments with the same letter are not significantly different according to Tukey’s test (p-value
< 0.05). Error bars represent standard deviation.

3.2. Metabolomic Analysis

An extraction protocol, starting from lyophilized leaf powder, was carried out. The
extracts were subjected to LC-MS analysis. The resulting total ion chromatograms (TIC)
and mass spectra were analyzed, and putatively identified compounds were obtained by
comparison with data reported in literature and a freely available electronic food database
(FooDB). Figure 2 shows the chromatogram of the extract of T22-treated plants (recorded
in positive mode). Putatively identified metabolites are reported in Table 1, while Figures
S1 and S2 show the comparisons between the recorded chromatograms for the different
conditions in positive and negative mode, respectively.

x10 6 [+ESITIC Scan Frag=180.0V

25
3.25.
3
2.75
25
225

34 36 38 4 42 44 46 48 5 52 54 56 58 6 62 64 66 68 7 72 74 76 78 8 82 84 86 88 9 92 94
Counts vs. Acquisition Time (min)
Figure 2. Magnified total ion chromatogram of the extract of T22-treated plants recorded in positive
mode. Putatively identified metabolites and the corresponding peak numbers in the figure are reported
in Table 1.

Table 1. Putatively identified metabolites in parsley extract obtained by LC-MS analysis. Data include
peak number as reported in Figure 2, retention time, experimental and theoretical mono-isotopic mass
and molecular formula.

N. Compound RT (min) Experimental Mass (Da) Theoretical Mass (Da) Molecular Formula

Isorhamnetin 3,7-di-O-

) 3.848667 640.1663 640.1639 CasH32017
beta-glucopyranoside
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Xanthotoxin/Bergapten *
Capsanthone
Petroselinic acid
Bergaptol/Xanthotoxol *
Piperochromanoic acid

Quinic acid **

6.000033
6.425001
6.530999
7.286808
7.955463
0.9503336

216.0427
582.4098
282.257
202.0272
356.198
192.0642

216.0422
582.4072
282.2558
202.0266
356.1988
192.0633

Ci12Hs04
Ca0H5403
CisH3402
C11H6O4
C22H2804
C7H1206

* Stereoisomers for which it was not possible to make a distinction in the chromatogram. ** Putatively identified
molecule from LC-MS analysis performed in negative mode.

Data obtained by LC-MS analysis, i.e., molecular weights, retention times and inten-
sity values, were analyzed statistically. Results were then subjected to Principal Compo-
nent Analysis (Figure 3) and depicted as hierarchical cluster (Figures S3 and S4). The
two graphs indicate that there is a difference in metabolic profiles depending on the treat-
ment applied on parsley plants. A distinct separation among samples differently treated
is evident in principal components (PC1-PC2) of the variance in the LC-MS dataset, par-

ticularly for data obtained in negative mode.

‘Component 2 (14.42%)

Compenent 2 (27.29%)

Component 1 (30.02%)

Component 1 (29.24%)

Figure 3. Principal components analysis (PCA) score plots of the LC-MS data acquired for positive
(A) and negative (B) mode. Each group of replicates subjected to different treatments is depicted with
a different color: control group (C) is red; Streptomyces group (S) is blue; Trichoderma group (T) is

grey; microbial consortium (S + T) is brown.
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Metabolomic analysis highlighted several differentially accumulated metabolites
(Tables S1 and S2) for which their abundance is dependent on the treatment applied, and
it is related to the function performed in plant. Among those metabolites, six were iden-
tified in positive mode analysis and one in negative mode and reported in Table 2 together
with regulation against control group and single cultures.

Table 2. Putatively identified metabolites that are differentially accumulated in plants treated with
Streptomyces (S), Trichoderma (T) or a mix of those two (S + T) compared to control group (C) plants
and the microbial consortium (S + T) compared to Streptomyces (S) and Trichoderma (T) single cul-
ture.

Compound Regulation
Svs.C Tyvs.C S+Tvs.C S+Tvs.S S+Tvs. T

Xanthotoxin/Bergapten * l i ! ! !
Piperochromanoic acid 1 ) l l !
Xanthotoxol/Bergaptol * ! 1 ! i) S
Isorhamnetin 3,7-di-O-beta-

glucopyranoside ! ! ! ¢ \
Petroselinic acid 1 l ! ! T
Capsanthone ! l ! 1 1
Quinic acid 1 1 1 1 1

* Stereoisomers for which it was not possible to make a distinction in the chromatogram. 1 Upregulated against
C, S or T group. | Downregulated against C, S or T group.

With the aim to reveal potential differences in volatile compounds produced by P.
crispum treated with different beneficial microorganisms, GC-MS analyses of the hydro-
distilled oils of leaves were conducted. Many investigators have studied the chemical
composition of the volatile fraction of parsley, and it has been found to be variable [23—
26]. The essential oils of samples were essentially constituted by apiol, a-pinene, 1,3,8-
p-mentha-triene, myristicin, B-phellandrene and myrcene. Apiol is the main constituent
in the examined parsley cultivars. The results of our investigation show no significant
effect of treatments on the volatile fraction of the parsley leaves.

All the structures of the molecules putatively identified by LC and/or GC-MS anal-
yses are reported in Figure 4.
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Figure 4. Structures of the molecules putatively identified from LC-MS and GC-MS analysis. Apiol is the
metabolite identified from GC-MS analysis, and it is the most abundant compound in parsley volatile frac-
tion.

4. Discussion

In the present study we investigated the effects of S. fulvissimus strain AtB-42, T.
harzianum strain T22 and their mixture on a parsley crop in the field, together with the
alteration of the plant metabolic profile after treatments. T22 and AtB42 were selected
because they are well-known BCAs and bioactive metabolite-producers. Our data (Figure
1) show that single inoculants (T22 or AtB-42) affected the growth by increasing plant
height after two treatments, while the microbial consortium (T22 + AtB-42) positively
affected the shoot fresh weight. These data are consistent with other studies which have
shown the effect of different fungal and bacterial strains on different crops [20,27-30].

Previous research has documented the biological activity (antioxidant, hepatoprotec-
tive, antimicrobial) of several classes of phytochemicals that can be found in different
parts of parsley, such as flavonoids, coumarins or lipids [31-35]. However, to our
knowledge, this is the first study to investigate the change in parsley metabolome induced
by treatments with biocontrol agents. It is evident from Table 2 that the application of
different treatments based on beneficial microbes affected the metabolic profile of parsley
both in terms of different molecules detected and in terms of relative abundance. Among
the differentially accumulated molecules, we putatively identified xanthotoxin/bergapten,
piperochromanoic acid, xanthotoxol/bergaptol, isorhamnetin 3,7-di-O-beta-glucopyra-
noside, petroselinic acid, capsanthone and quinic acid. These metabolites belong to dif-
ferent classes of natural products and are the main active components already isolated and
detected in parsley [5].

Coumarin and its derivatives (bergapten, isopimpinellin and xanthotoxin, etc.) are a
class of compounds widely distributed in Apiaceae family, which is one of the most
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prominent food sources of coumarins. These molecules are reported to have curative,
preventive or nutritive value and also showed antimicrobial activity [36]. Pathogen-in-
fected plants of several species demonstrated an increased level in coumarin derivatives
[37]. Cultured parsley cells treated with fungal elicitors increased the production of
furanocoumarins xanthotoxol and bergaptol, and it was also demonstrated that xantho-
toxin and bergapten were the most abundant coumarin derivatives accumulated in the
culture fluid of elicitor-treated parsley cells [38]. Our findings show that bergaptol/xan-
thotoxol was less abundant in treated plants compared to control. Furthermore, from the
comparison of plants treated with AtB-42 + T22 consortium (S + T) and plants treated
with AtB-42 (S) alone, bergaptol/xanthotoxol was more abundant in the first group. A
similar trend applies to their product xanthoxin/bergapten that resulted in less abundance
in treated plants than in control, except for plants treated with T22 (T) in which a greater
accumulation of this compound was evident. We may suppose that the application of
beneficial microorganisms such as 7Trichoderma and Streptomyces explicated an effect as
biocontrol agents preventing any pathogen infection and inducing a minor production of
coumarins and their derivatives.

The compound isorhamnetin 3,7-di-O-beta-glucopyranoside belongs to flavonoids,
which are a class of compounds dominant in parsley. Flavonoids are plant natural prod-
ucts with a wide range of activity: They contribute to plant color, have roles in plant
growth and development and exhibit a wide range of biological properties including anti-
microbial, insecticidal and estrogenic activities [39]. Flavonoids extracted from parsley
leaves demonstrated antioxidant, hepato-protective and antidiabetic properties in vivo [5].
As reported in Table 2, this compound is always downregulated in treated plants com-
pared to the control. However, plants treated with Streptomyces (S) or Trichoderma (T)
alone showed a greater accumulation of isorhamnetin 3,7-di-O-beta-glucopyranoside
compared to plants treated with both microorganisms (S + T).

Petroselinic acid is a fatty acid that was isolated for the first time from P. crispum
seeds oil in 1909 and is present as a major component in parsley seeds. Petroselinic acid
is an important oleochemical active principle for food, cosmetic, chemical and pharma-
ceutical industry due to its interesting properties such as anti-aging and anti-inflamma-
tory. A considerable amount of antimicrobial activity against several bacteria, yeast and
mold species was observed [40,41]. In the present study, we detected a greater accumu-
lation of this compound in plants treated with Streptomyces (S) against control and in
plants treated with microbial consortium (S + T) vs. Trichoderma (T) treated plants. Ye-
ganehpoor et al. in 2017 [42] estimated the effects of different conditions, including bio-
fertilizer-based treatments, on chemical profile of coriander. A higher level of petroselinic
acid was detected in plants treated with bio-fertilizer and in plants subjected to water
stress.

Piperochromanoic acid belongs to a class of compounds known as prenol lipids.
Prenol lipids (PR) are synthesized from the 5-carbon precursors isopentenyl diphosphate
and dimethylallyl diphosphate. The simple isoprenoids (linear alcohols, diphosphates and
so on) are formed by the successive addition of C5 units and are classified according to
the number of these terpene units. This class includes the carotenoids, which are precur-
sors of vitamin A and possess antioxidant effects [43].

Lipids are one of the most important biomolecules found in all plant tissues: they are
amajor component of bio-membranes and platform for lipid signaling. Abiotic stress such
as water deficiency and high temperature triggers lipid-dependent signaling cascades,
which control the expression of specific gene clusters and activate plant adaptation pro-
cesses [44]. The application of single inoculants of Trichoderma (T) and Streptomyces
(S) enhanced the production of piperochromanoic acid compared to the control.

Capsanthone is a member of the chemical class of xanthophylls, which are carote-
noids containing an oxygenated carotene backbone. Carotenoids are pigments found in
photosynthetic bacteria, some species of archaea and fungi, plants and animals. These
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compounds also act as photo-protectors, antioxidants, color attractants and precursors of
plant hormones. [45]. The abundance of capsanthone is increased in plants treated with
the mix (S + T) compared to plants treated with single culture of Streptomyces (S) and
Trichoderma (T).

Quinic acid is a dominant acid in green coffee beans and is also a product of the
degradation of chlorogenic acids, which are one of the most abundant polyphenols present
in green coffee beans and certain fruits and vegetables. Chlorogenic acids have been
shown to contribute to the antioxidant, anti-inflammatory, antipyretic and antineoplastic
properties of green coffee bean extracts [46]. A recent study demonstrated that methanol
extract of P. crispum has an important level of quinic acid. Furthermore, this extract
showed antioxidant activity, anti-adhesion and anti-proliferative proprieties against hu-
man glioblastoma cells [47]. Quinic acid detected through LC-MS analysis was upregu-
lated in treated plants. This result is in agreement with previous studies that evaluated the
effects of single specie or microbial consortia on pea plants [48] and of a combination of
T. harzianum and compost on maize leaves [49].

The results of our investigation show no significant effect of treatments on the vola-
tile fraction of parsley leaves. Dini et al. and Gegbarowska et al. reported changes in the
volatolome of olive tree and coriander after treatments with 7. harzianum strain T22
[8,50]. Moreover, Coppola et al. demostrated that T22 enhanced tomato defense re-
sponses against aphids by inducing a higher production of volatile organic compounds
(VOCs) [51].

In this investigation, the experimental design, based on interaction of parsley and
beneficial microbes in field conditions, has been used as model to improve sustainable
agricultural products. S. fulvissimus strain AtB-42 and T. harzianum strain T22, when
either applied as single inoculants or in consortium, produce significant changes in the
chemical profile of parsley leaves. The enhanced production of metabolites with antioxi-
dant, anti-inflammatory or also anti-aging activity improve the commercial value of pars-
ley.

Some compounds, such as isorhamnetin 3,7-di-O-beta-glucopyranoside, piperochro-
manoic acid and capsanthone, have been detected for the first time in parsley, and their
abundance in plant tissue is still unknown. Further research is needed to gain deeper un-
derstanding of the biosynthetic pathway that results in the production of these molecules.

Supplementary  Materials: The  following are available online at
https://www.mdpi.com/article/ 10.3390/horticulturae7090281/s1, Figure S1: Magnified
total ion chromatogram of parsley extracts recorded in positive mode. From the top to the
bottom: C is control group; S is Streptomyces group; S + T is the microbial consortium
Streptomyces + Trichoderma; T is Trichoderma group, Figure S2: Total ion chromato-
gram of parsley extracts recorded in negative mode. From the top to the bottom: C is
control group; S is Streptomyces group; S + T is the microbial consortium Streptomyces
+ Trichoderma; T is Trichoderma group, Figure S3: Hierarchical clustering heatmap of
statistically different metabolites in control (C) group; microbial consortium of Strepto-
myces and Trichoderma (S + T) group; Streptomyces (S) group and Trichoderma (T)
group. This result is obtained starting from LC-MS data recorded in positive mode and
subjected to statistical analysis (one-way ANOVA p <0.05 and fold change > 2.0), Figure
S4: Hierarchical clustering heatmap of statistically different metabolites in control (C)
group; microbial consortium of Streptomyces and Trichoderma (S + T) group; Strepto-
myces (S) group and Trichoderma (T) group. This result is obtained starting from LC-MS
data recorded in negative mode and subjected to statistical analysis (one-way ANOVA p
< 0.05 and fold change > 2.0), Table S1: Metabolites obtained from LC-MS data (positive
mode) that are differentially accumulated in plants treated with Streptomyces (S), Tricho-
derma (T) or a mix of those two (S + T) compared to control group (C) plants and the
microbial consortium (S + T) compared to Streptomyces (S) and Trichoderma (T) single
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culture, Table S2: Metabolites obtained from LC-MS data (negative mode) that are dif-
ferentially accumulated in plants treated with Streptomyces (S), Trichoderma (T) or a mix
of those two (S + T) compared to control group (C) plants and the microbial consortium
(S + T) compared to Streptomyces (S) and Trichoderma (T) single culture.
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TableS1. Metabolites obtained from LC-MS data (positive mode), that are differentially accumulated in
plants treated with Streptomyces (S), Trichoderma (T) or a mix of those two (S+T) compared to control
group (C) plants and the microbial consortium (S+T) compared to Streptomyces (S), Trichoderma (T) single

culture.
Ln (Fold Change)
Compound Mass (Da)
Svs.C Tvs.C S+T vs. C S+Tvs S S+Tvs T
Styrene 104.0627 21,233128 21,28731 -0,074560165 -21,307688 -21,36187
CnH23 O 185.1782 -20,871048 -10,715798 -20,77758 0,09346771 -10,061782
Bergaptol/ Xanthotoxol* 202.0272 20,277876 19,712917 20,48061 0,20273292 0,76769114
Xanthotoxin/Bergapthen* 216.0427 20,23557 20,004814 20,39623 0,1606602 0,3914169
Rotundine B 233.1789 20,003548 20,18695 20,114727 0,11117959 -0,0722242
CioH19NO7 265.1172 -3,6536846 0,057913303 -3,7408605 -0,087175846 -3,7987738
Ci6H3sNO2 273.2676 20,174923 20,127983 20,177908  0,002984881 0,04992515
Petroselinic acid 282.257 0,6994004 0,8276119 -1,1479632 -1,8473636 -1,9755751
C20H35NO2 321.2681 -4,3183737 -0,006582439 -1,0713919 3,2469816 -1,0648096
Hyperjovinol B 332.198 -19,221182  -0,99390304 -0,743564 18,477617 0,25033903
C2H43NO 337.3358 19,672241 19,617838 19,652145 -0,020095706 0,034308046
Piperochromanoic acid 356.198 18,248592 18,527262 -0,074560165 -18,323153 -18,601822
Ci17H39N403S 379.274 19,704937 19,600945 19,81222 0,10728264 0,2112735
Ci9H25NsO6 419.1808 18,70136 18,571812 18,785557 0,08419633 0,21374518
C25H34N4O2 422.2688 -1,0106063 -0,5555207 -0,5077439 0,50286233 0,04777682
C23H35Ns03 429.2746 -0,821465 -1,3801929 -1,2259859  -0,40452087 0,15420699
C26H49N203 437.3739 -3,9967847 -0,4573155  -0,22560757 3,771177 0,23170793
C24H4207 442.2926 19,269941 19,148727 19,439392 0,16945037 0,29066512
C25H49N502 451.3895 18,932167 19,004044 18,864655  -0,06751266 -0,13938913
C27H41N204 457.306 -2,0492868 2,9139493 -2,982212 -0,9329252 -5,896161
C25H3:N70: 462.2614  -0,16802788 17,894062 -0,074560165 0,09346771 -17,968622
C25H49Ns03 467.3844  -0,06121111 5,6531143 2,6398673 2,7010784 -3,013247
495.3346 495.3346 0,34400874 -0,8140577 -0,6760938 -1,0201025 0,13796389
C27Hs53N503 495.4159 -1,4102228 -1,3853886 -1,4837484  -0,07352567 -0,09835982
C28H49No 511.411 -1,1269317 -0,7952111 -1,2407053 -0,113773584 -0,44549417
C30H57N20s 525.4262 -14,094639 3,4324927 -2,1690602 11,925578 -5,601553
C31H59N20s 539.4424 14,300248 12,014479 16,880615 2,5803668 4,8661366
C23H28N1006 540.2202  -0,16802788 16,675978 14,77404 14,942068 -1,9019375
C30Hs3NoO 555.4371 -0,16802788  -0,30589485 20,052979 20,221006 20,358873
Capsanthone 582.4098  -0,16802788 -0,30589485 18,509792 18,67782 18,815687
C33He3sN207 599.4639  -0,16802788  -0,30589485 18,49334 18,661367 18,799234
C33Hs59NoO2 613.4796 17,773788  -0,30589485 17,48442  -0,28936672 17,790316
C33Hs51N209 619.3597 -18,611687 -18,749554 -4,055524 14,556163 14,69403
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C37H4sN4Os
Isorhamnetin 3,7-di-O-beta-
glucopyranoside

C32H2sNO114

628.3615 -17,749094
640.1663  -0,47018123
650.1525

-17,886961

-17,639072

9,430138  -0,30589485

-0,40953028

-0,5747576
2,0435104

17,339563

-0,10457635
-7,386627

17,47743

17,064314
2,3494053

* Stereoisomers for which it was not possible to make a distinction in the chromatogram.

TableS2. Metabolites obtained from LC-MS data (negative mode), that are differentially accumulated in

plants treated with Streptomyces (S), Trichoderma (T) or a mix of those two (S+T) compared to control

group (C) plants and the microbial consortium (S+T) compared to Streptomyces (S), Trichoderma (T) single

culture.
Ln (Fold Change)
Compound Mass (Da)
Svs.C Tvs.C S+T vs. C S+T vs S S+Tvs T

Quinic acid 192.0642 19.887115 20.968676 20.24096  0.35384262 -0.72771645
(Z,2,Z)-Octadeca-9,12,15-tri-

enoic acid 278.2252 -0.08422239  -19.020306 -19.298847 -19.214624 -0.27854156
Nordihydrocapsiate 294.1834 18.09749 0.2026043 -0.07593727  -18.173428 -0.27854156
Colneleic acid 294.2201 19.09545 0.2026043 18.635998 -0.45945194 18.433393
Sucrose 342.1182  -21.005697  -20.720173  -0.5616127  20.444084 20.15856
C26H20NO2 378.1503 0.082920074 18.693682 -0.07593727 0.006982803  -18.769619
Ci12H18N3011 380.0935 3.77224  6.3687778 6.334033 2.561793  -0.03474465
C11H12N100s 380.0954 13.355883 -2.281044  -3.8360806 -17.191963  -1.5550365
Ci12H18N70s 388.1225 -2.89076  0.17742908 -0.07747638  2.8132834 -0.25490546
C12H34NsO1o 450.2387 0.082920074 18.759348 -0.07593727 0.006982803  -18.835285
Cilistol a 456.2852 0.066390194  -19.038605 -19.317146  -19.383537 -0.27854156
C23H4009 460.2677 18.33072 0.2026043 18.438322 0.107599616 18.235718
C23H4609 466.3147 19.192417 0.2026043 -0.07593727  -19.268354 -0.27854156
C2sH34N304 476.254 -6.595832  -6.3103075 12.653781 19.249613 18.964088
C2sH36N304 478.2696 18.70491 18.73321 -0.07593727  -18.780848  -18.809147
Ci9H2sNi6 480.2688 0.082920074 19.755817 -0.07593727 0.006982803  -19.831755
C25H4209 486.2836 0.082920074 0.2026043 -0.07593727 0.006982803 -0.27854156
C26H40N4Os 488.2988 18.616465 18.807993 18.677116  0.06065011 -0.13087809
Ci18H43NsO10 489.3026 18.68542 0.2026043 19.84922 1.1638017 19.646616
C26H39NsO4 527.3091 2.832656 4.009903 3.584489 0.7518332 -0.42541403
Ci9H34017 534.1816  -19.257658  -18.972134  -19.250675 0.006982803 -0.27854156
C2s5H36N100s 556.2872 -0.75310814 0.20781177 -0.25587013  0.49723804  -0.4636819
565.152 565.152 0.082920074 19.403019 19.307016 19.389936  -0.09600169
C32H40N704 586.3147 0.08443248 0.45108438 0.009214163 -0.07521832  -0.4418702
606.1595 606.1595 18.048233 18.294506 17.79564 -0.25259352  -0.4988656
C24H17N1507 627.1443  -18.992393 0.46386808 0.08813183 19.080526 -0.37573624
C30H18N1007 630.1358 -18.92042  0.53584146  -18.913437 0.006982803 -19.44928
Kaempferol 3-(6"-acetylgalac-

toside)-7-rhamnoside 636.1695 0.082920074 17.88488 -0.07593727 0.006982803  -17.960817
C30H30013 678.1471  -6.8933015  -1.3959728  -1.2626923 5.6306095  0.13328058
C31H28N4O14 680.1591 -0.16431296  -18.937742 -0.00396993  0.16034304 18.933771
C29H30N3018 708.152  -18.679964 -18.39444  -18.672981 0.006982803 -0.27854156
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FigureS1. Magnified total ion chromatogram of parsley extracts recorded in positive mode. From the top
to the bottom: C is control group; S is Streptomyces group; S+T is the microbial consortium Streptomyces
+ Trichoderma; T is Trichoderma group.
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FigureS2. Total ion chromatogram of parsley extracts recorded in negative mode. From the top to the
bottom: C is control group; S is Streptomyces group; S+T is the microbial consortium Streptomyces +
Trichoderma; T is Trichoderma group.
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FigureS3. Hierarchical clustering heatmap of statistically different metabolites in control (C) group; mi-

crobial consortium of Streptomyces and Trichoderma (S+T) group; Streptomyces (S) group and Tricho-

derma (T) group. This result is obtained starting from LC-MS data recorded in positive mode and subjected

to statistical analysis (one-way ANOVA p< 0.05 and fold change >2.0).

FigureS4. Hierarchical clustering heatmap of statistically different metabolites in control (C) group; mi-

crobial consortium of Streptomyces and Trichoderma (S+T) group; Streptomyces (S) group and Tricho-

derma (T) group. This result is obtained starting from LC-MS data recorded in negative mode and subjected

to statistical analysis (one-way ANOVA p< 0.05 and fold change >2.0).
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Abstract: Increasing attention is being given to the development of innovative formula-
tions to substitute the use of synthetic chemicals to improve agricultural production and
resource use efficiency. Alternatives can include biological products containing benefi-
cial microorganisms and bioactive metabolites able to inhibit plant pathogens, induce sys-
temic resistance and promote plant growth. The efficacy of such bioformulations can be
increased by the addition of polymers as adjuvants or carriers. Trichoderma afroharzi-
anum T22, Azotobacter chroococcum T6A and 6-pentyl-a-pyrone (6PP; a Trichoderma
secondary metabolite) were administrated singularly or in a consortium, with or without
a carboxymethyl cellulose-based biopolymer (BP) and tested on sweet basil (Ocimum
basilicum L.) grown in a protected greenhouse. The effect of the treatments on basil yield,
photosynthetic activity and secondary metabolites production was assessed. Photosyn-
thetic efficiency was augmented by the applications of the bioformulations. The applica-
tions to the rhizosphere with BP + 6PP and BP + T22 + 76A increased the total fresh
weight of basil by 26.3% and 23.6%, respectively. Untargeted LC-MS qTOF analysis
demonstrated that the plant metabolome was significantly modified by the treatments.
Quantification of the profiles for the major phenolic acids indicated that the treatment
with the T22 + 76A consortium increased rosmarinic acid content by 110%. The use of
innovative bioformulations containing microbes, their metabolites and a biopolymer was
found to modulate the cultivation of fresh basil by improving yield and quality, thus
providing the opportunity to develop farming systems with minimal impact on the envi-
ronmental footprint from the agricultural production process.

Keywords: 6-pentyl-o-pyrone; rosmarinic acid; Ocimum basilicum L.; Trichoderma; Azotobacter

1. Introduction

Basil (Ocimum basilicum L.) is a member of the Lamiaceae family, which represents
one of the most widely used medicinal and aromatic plants throughout the world
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[1,2]. There are many basil varieties, but the most commonly known cultivar is the sweet
basil or Genovese basil, an important ingredient in the Mediterranean diet where it is used
as a fresh leafy herb condiment or garnish, and is the major constituent in the “genovese”
pesto sauce [3,4]. Members of the Lamiaceae, including basil, mint and salvia, are known
to produce compounds such as phenolic acids and essential oils that provide the typical
aromas attributed to the given plant species. Basil is known to contain antioxidant com-
pounds [3,4] that can provide health benefits to consumers by protecting cells from dam-
age evoked by oxidative stress and free radicals, accountable for numerous degenerative
diseases [5,6]. Specifically, among the many secondary metabolites identified in basil,
the essential oils are recognized as being effective in reducing antioxidant and antimicro-
bial stress [7], and the phenolic acids are known to have preventive protective effects on
human well-being [5,6,8,9].

Phenolic compounds are secondary metabolites ubiquitous in plants that play an im-
portant role in chemical plant defense to pathogen-pest attack [10]. The presence of phe-
nolic compounds in food or herbal products may be beneficial to human health upon reg-
ular consumption since they may serve as functional food ingredients improving nutri-
tional or nutraceutical properties and/or contributing to reduce some age-related diseases
due to their antioxidant properties [10]. Among the numerous phenolic compounds pre-
sent in basil, three phenolic acids are of particular interest due to their known applications
in the field of human health: (i) p-coumaric acid and its conjugates are known for their
antioxidant, anti-inflammatory, antitumor and anti-ulcer activities, playing an important
role in mitigating arteriosclerosis, UV-induced eye damage, gout and diabetes [11]; (ii)
caffeic acid has an inhibitory effect on the proliferation of tumor cells [12] and shows
antioxidant activity both in vitro and in vivo [13]; (iii) rosmarinic acid, which is present
in most plants of the Lamiaceae family [14], has antioxidant and pharmacological activi-
ties, as well as the ability to reduce allergies and pollinosis [15], plus it has demonstrated
antimicrobial and insect-repellent capacities [16]. The accumulation and biosynthesis of
phenolic compounds in basil have been noted to depend upon the plant genotype and
physiology, plus the environmental factors, such as climate, cultivation technique and
phenological phase of harvest [17]. In particular, the nutritional status of the crop farmed
in a given agricultural system will have a direct impact on plant growth, subsequent me-
tabolism and the produced phytochemical complex [4].

In recent years, there has been a growing interest among consumers and the scientific
community in the search for innovative and eco-sustainable strategies to increase agricul-
tural production, to meet food needs and reduce environmental impact. Among the pos-
sible solutions there is the use of plant biostimulants, agricultural products that include
beneficial microorganisms (such as arbuscular mycorrhiza fungi and Trichoderma spp.)
and natural substances (humic acids, seaweed and plant extracts, protein hydrolysate and
silicon) able to stimulate plant vigor, growth and yield, even in sub-optimal conditions.
These exemplify a valid alternative to chemical products that do not threaten biodiversity,
able to reduce harmful effects to human health and the environment by decreasing the use
of synthetic fertilizers and toxic pesticides [18-21]. The beneficial microorganisms that
can be used as biostimulants include fungi such as Trichoderma spp. and bacteria belong-
ing to Azotobacter, which can also be functionally complementary in a consortium acting
as plant biostimulants [22]. Soil plant growth-promoting rhizobacteria (PGPR), such as
the nitrogen-fixer Azotobacter, are important for their ability to produce regulatory and
growth promoter compounds such as phytohormones, vitamins and antifungal metabo-
lites, and to be involved in nutrient processes such as nitrogen cycling, phosphate solu-
bilization [23], mobilization of iron [24] and the biodegradation of many commonly used
pesticides, as demonstrated by Azotobacter chroococcum [25]. Other microorganisms
with PGPR-similar effects include selected Trichoderma strains, capable of establishing
diverse beneficial interactions with the plant, including biological control of pathogens,
plant growth promotion (PGP) effects and induction of resistance [26—28]. Trichoderma
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spp. and other endophytic fungi have become more prominent on the agricultural scene
in recent decades, owing to their beneficial effects and positive yield properties noted on
crops [26,29]. Potentially new biological compounds to consider are secondary metabo-
lites or bioactive substances from various microbial and plant sources that also have bi-
ostimulant or protective effects to the plant. 7Trichoderma spp. produce over 250 meta-
bolic products, including secondary metabolites, peptides, proteins and cell-wall-degrad-
ing enzymes [22] with biological activity. For example, the 6 pentyl-a-pyrone (6PP),
which produces the coconut aroma typical to some Trichoderma species, has demon-
strated efficacy in the containment of known phytopathogenic fungi [30,31] and plant
growth stimulation effects [32,33].

Consortia of beneficial microbes and bioactive compounds can be combined with
natural and inorganic products such as algae, polymers and products of animal origin for
more efficient and dependable agricultural formulations. Another innovative aspect,
which responds to the current need for eco-sustainable products, comprises the use of
macromolecules of natural origins, such as biopolymers. These substances can function
as “carriers” of microbes (such as Azotobacter and Trichoderma) and/or PGP substances.
The positive effects can be related to the in-situ delivery and activity [34,35], as well as
to the stabilization of microbial/natural compound formulations. Biopolymers can be for-
mulated from biocompatible and biodegradable products, such as carbohydrate polymers,
which have a great ability to absorb water and contain a large amount of nutrients and
compounds of agricultural interest within their structure [36]. These polymers already
find numerous useful applications in human health, including use as carriers in the deliv-
ery of some vaccines [37], anticancer drugs [38], antivirals [39] and therapeutic proteins
and peptides [40]. Although, different studies investigated the role of some Trichoderma
and PGPR strains in relation to their biostimulant action in horticulture [41,42], the com-
binatorial actions of beneficial microbial consortia and vegetal biopolymers have received
very limited attention. Thus, exploiting the multiple properties of these beneficial micro-
organisms, in combination with a plant-based biopolymer, may represent promising strat-
egies that target the formulation of more efficient biostimulant products.

Accordingly, the overall objective of this work was to evaluate bioformulations con-
taining beneficial microorganisms, Trichoderma afroharzianum T22 (a fungus) and Azo-
tobacter chroococcum 76A (a bacterium), the Trichoderma produced metabolite 6PP, ap-
plied singly or in consortia, with or without a biopolymer of plant origin in the cultivation
of sweet basil, to determine effects on the plant (i) growth parameters, (ii) physiology,
(111) modulation of targeted and untargeted metabolites, and subsequently (iv) to identify
the best bioformulation to enhance the desirable basil characteristics. The obtained results
could be of major importance, contributing lines of research for developing new biologi-
cal formulations for applications in agriculture, specifically to improve sweet basil pro-
duction.

2. Results
2.1. Growth and Yield Parameters

The effects of the ten biological treatments on sweet basil were evaluated by meas-
uring biometric parameters: leaf number per plant, harvested leaf yield fresh weight (FW),
total aboveground plant biomass (leaves + stem) FW and dry weight (DW), root DW and
percentage of total dry matter (DM) (Table 1). Water control (CTRL) plants registered
the highest leaf number per plant, with BP + 6PP plants being similar, and the BP-treated
plants had the lowest number of leaves. The paired applications of BP + 76A, BP + 6PP
and T22 + 76A were similar among themselves, as were the single treatments with T22,
76A or 6PP. However, the highest leaf yield was noted in the plants treated with the com-
bination of BP + T22 + 76A and the lowest with T22 + 76A. The total plant FW and DW
were most positively influenced by the combinations of BP + 6PP or BP + T22 + 76A
applied to the basil plants. The 6PP, BP + 6PP and BP + T22 + 76A treatments increased
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by 22.2% and 23.5% total FW and total DW on average, respectively, compared to CTRL
treatment. Inoculation with 76 A produced the greatest root DW, 52% higher than CTRL,
whereas no significant differences were noted among the other formulations. It can also
be mentioned that no disease symptoms were observed on the basil plants during cultiva-
tion in the field.

2.2. SPAD Index, Colorimetric Components

Both the SPAD index and the leaf colorimetric parameters of the basil plants were
measured (Table 2). The bioformulations BP, T22, 76A, BP + T22, BP +76A and T22 +
76A significantly increased the SPAD index of treated plants on average by 6.4%, in
comparison to the control. As for the leaf colorimetric indices, none of the bioformula-
tions had a significant impact on the brightness (L*), or b* indices. However, for the color
parameter a*, BP + T22, 6PP and 76A applications showed significant differences in re-
gard to the control (Table 2).

2.3. Physiological Parameters

Among the physiological parameters measured, only the net CO» assimilation rate
(Aco2) and the maximum quantum use efficiency of the photosystem II (Fv/Fm) demon-
strated significant changes (p < 0.001) due to the bioformulation applications (Table 3).
Stomatal resistance (rs) and transpiration rate E were not influenced by the different treat-
ments. However, the CO» net assimilation rate with the applications of BP, T22, 76A, BP
+ 76A and T22 + 76A bioformulations exhibited an increase of 11.8%, 11.8%, 16.0%,
9.3% and 11.3 %, respectively, compared to CTRL. Among these latter bioformulations,
except for T22 + 76A, all treatments had comparable Fv/Fm values that were higher than
those recorded by CTRL. Furthermore, three of these treatments, with the single compo-
nents, demonstrated Fv/Fm values higher than those recorded in the CTRL.

Table 1. Effect on the biometric parameters of basil plants treated with the different bioformulations
containing the biopolymer (BP), Trichoderma afroharzianum (T22), Azotobacter chroococcum
(76A), or the secondary metabolite (6PP), plus a water control (CTRL), used individually or in com-
bination.

Treatment Leaf Number Yi(]f_i(‘;aéw l?;i)(())l‘llleagsl:)ll;{;(i1 IABli):l:,:;gSZO]l)l&(} Root DW bM
(no. plant™) (g plant™) (g plant™) (g plant™) (g plant™) (%)
CTRL 290.6 a 93.85 bed 153.0 cd 1748 ¢ 444d 11.42
BP 208.7 f 92.81 bed 166.8 be 18.58 be 4.79 cd 11.14
T22 236.6 cde 86.52 cd 151.2 cd 1754 ¢ 4.99 bed 11.59
76A 219.8 ef 94.15 be 159.7 be 18.87 be 6.75a 11.80
6PP 226.1 def 90.83 bed 178.3 ab 20.95 ab 5.24 bed 11.76
BP +T22 227.4 def 86.64 cd 148.2 cd 16.54 ¢ 581b 11.18
BP + 76A 255.7 be 87.06 cd 153.0 cd 1771 ¢ 5.59 be 11.61
BP + 6PP 272.8 ab 106.26 ab 1932 a 21.56 a 472 cd 11.16
T22 +76A 265.2b 7741d 130.8d 16.19 ¢ 5.17 bed 12.39
BP +T22 + 76A 241.5cd 109.62 a 189.1a 22.19a 5.67 be 11.73
Signiﬁcance skekok k3 skskosk skskosk skokok ns
Different letters within each column indicate significant differences according to Duncan’s multiple-range test

(p=0.05).

ns, **, *** non-significant or significant at p < 0.01 and 0.001, respectively.

Table 2. Effect of the different bioformulations with the biopolymer (BP), Trichoderma afroharzianum
(T22), Azotobacter chroococcum (76A), the secondary metabolite (6PP) and water (CTRL), used individ-
ually or in combination, on SPAD index and leaf colorimetric indices (L*, a* [-a* = green)], b* [(+b* =
yellow]) of basil plants.
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Treatment SPAD Index L* a* b*
CTRL 33.95d 41.69 —6.80 ¢ 14.65
BP 36.17 ab 41.10 —6.30 abc 13.38
T22 3697 a 41.17 —6.46 bc 14.05
T6A 35.78 ab 41.75 —6.22 ab 13.47
6PP 34.26 cd 41.24 —6.20 ab 12.96
BP + T22 3530 be 41.09 —5.87a 12.45
BP + 76A 36.19 ab 42.03 —6.37 abc 13.14
BP + 6PP 33.80d 41.78 —6.52 bc 14.48
T22 +76A 36.28 ab 41.78 —6.27 abc 13.08
BP +T22 + 76A 35.09 bed 40.05 —6.61 bc 13.87

Significance ool ns * ns

Different letters within each column indicate significant differences according to Duncan’s multiple-range test (p =
0.05).
ns, *, *** non-significant or significant at p < 0.05 and 0.001, respectively.

Table 3. Effect on the physiological parameters of basil plants: rate of CO» net assimilation (Acoz), stomatal
resistance (rs), transpiration rate (E) and photosystem II efficiency (Fv/Fm) of the different formulations
with the biopolymer (BP), Trichoderma afroharzianum (T22), Azotobacter chroococcum (76A), or the sec-
ondary metabolite (6PP), and a water control (CTRL), used individually or in combination.

Acoz I's E

Treatment (umol CO2 m2s™h) (m? s' mol™") (mol HOm™?s ™) Fv/Fm
CTRL 15.75d 3.85 4.62 0.81 bc
BP 17.61 ab 4.69 4.27 0.82 a
T22 17.62 ab 4.90 4.48 0.83 a
T6A 18.28 a 4.05 4.46 0.82 a
6PP 16.55 cd 4.77 4.24 0.82 ab
BP +T22 16.43 cd 3.84 4.80 0.81 bc
BP + 76A 17.22 be 4.43 4.52 0.81 bc
BP + 6PP 16.48 cd 5.18 4.41 0.79d
T22 +76A 17.54 ab 4.36 4.86 0.80 ¢
BP + T22 + 76A 16.55 cd 4.59 4.49 0.81c¢c

Significance ool ns ns ol

Different letters within each column indicate significant differences according to Duncan’s multiple-range test (p =
0.05).
ns, *** non-significant or significant at p < 0.001, respectively.

2.4. Untargeted Metabolomic Analysis and Compounds Differentially Expressed in the
Organic Extracts

Untargeted LC-MS qTOF analysis of plant extracts indicated that the metabolomic
profiles were significantly modified after the application of the bioformulates. In partic-
ular, multivariate analysis revealed the separation coupled to the chemical composition
of the untargeted compounds of the treated basil, as clearly demonstrated in the Principal
Component Analysis (PCA; Figure 1) and the hierarchical clustering (Figure 2). The un-
targeted LC-MS qTOF analysis of the basil leaf extracts allowed for the identification of
99 compounds that were differential in respect to the CTRL. Among these compounds,
eighteen compounds were putatively identified by comparison to a database containing a
collection of known characterized secondary metabolites (in house database). In particu-
lar, among the different phenolic compounds and flavonoids, it was noted the presence of
three hydroxycinnamic acids, ferulic acid, p-coumaric acid, caffeic acid, as well as the
caffeic acid ester rosmarinic acid (Table 4).

Table 4. Metabolites putatively identified in leaf extracts of basil plants treated with different bioformula-
tions in the field. For each compound, mass, retention time (RT), chemical empirical formula and similarity
score are reported.
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Compound Mass RT Chemical Empirical Similarity
Formula Score
Isocitric acid 192.0279 0.976 CsHsO7 83.63
Caftfeic acid 180.0418 2.362 C9oHgO4 87.15
4-hydroxybenzoic acid 138.0319 2.853 C7HeO3 85.75
Luteolin-3-O-glucuronide 448.1219 3.888 C21H15012 98.66
Ferulic acid 194.0577 4.159 Ci10H1004 86.95
Lupinisoflavone E 438.1652 4.182 C25H2607 67.85
Phenylacetic acid 136.0518 4.336 CsHsO2 86.73
Tricetin 3*-methyl ether 492.0885 4.439 Ca2Ha0013 87.54
7-glucuronide
Medioresinol 388.1731 4.463 C21H2407 97.86
Foliasalacioside A2 434.2136 4.644 Ci9H3208 93.11
Apigenin-7-O-glucoside 432.1993 4.714 C21H20010 83.72
7-hydroxycoumarin 162.0316 5.006 CoHeO3 86.6
Rosmarinic acid 360.0843 5.015 CisHi160s 99.32
Quercetin-5,3"-dimethyl ether-3- 4o, 1569 5.026 Ca3H2On 49.67
glucoside
p-coumaric acid 164.0837 5.148 CoHs03 87.36
Cirsimaritin 314.079 5.613 Ci17H1406 99.65
Rotundic acid 488.3499 6.571 C30H430s 96.79
Colneleic acid 294.2194 6.961 Ci8H3003 98.47

The PCA analysis (Figure 1) of all compounds indicated that the principal compo-
nents (PCs) accounted for 33.86% of the total variance, PC1 20.06% and PC2 13.80%.
As previously noted in the heatmap (Figure 2), the multivariate analysis clearly demon-
strates the separation of treatment T22 + 76A from the other bioformulations in the ordi-
nation, positioned to the far left of PC1, whereas the other treatments grouped together in
the center. The distribution along PC2 indicated a group of compounds determined by the
presence of BP alone in the bioformulations, which were positioned in the upper quad-
rants of the graph, whereas, there were the groupings of the combinations, BP + 6PP and
BP + 76A positioned at the bottom of the ordination. The hierarchical clustering analysis
(Figure 2) highlighted a clear separation of the metabolic profile of the plants treated with
T22 + 76A from the other treatments. The rest of the nine treatments grouped together
were then separated into two groups, in which one cluster contained all T22 treatments,
as well as the application of BP alone and the BP + T22 + 76 A combination, whereas the
second cluster contained 6PP, 76A and CTRL singly, plus the combinations with the bi-
opolymer.
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Figure 1. Analysis of the principal components (PCA) of the compounds identified in the leaf extracts
of basil plants treated with the single components (BP, T22, 76A, 6PP, and CTRL) and with the rela-

tive combinations (BP + T22 + 76A, BP + 6PP, T22 + 76A, BP + 76A). The eigenvalues are repre-
sented with a total value of 33.86%, divided into PCA1 (20.06%) and PCA2 (13.8%).

[T22476A]

[BP+T22]

[T22]

[BF1

M

[BP+T22+76A]

[6rr]

[76A]

)

[CTRL]

Figure 2. Abundance of the compounds in basil, treated with the bioformulations, as determined by
LC-MS analysis and characterized in the heatmap. Plants were treated with bioformulations contain-
ing the single components (BP, T22, 76A, 6PP), the relative combinations (BP + T22 + 76A, BP +

6PP, T22 + 76A, BP + 76A, BP + T22), and a water (CTRL). The abundance of each compound is
associated with a color scale ranging from blue (less abundant) to red (more abundant).
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2.5. Targeted Metabolomic Analysis: Quantification of p-Coumaric, Caffeic and
Rosmarinic Acids

The most typical and important phenolic metabolites in the basil extracts, p-couma-
ric, caffeic and rosmarinic acids, were quantified to commercial standards as a reference.
In particular, the highest concentrations of p-coumaric acid were found in basil treated
with 76A (4.49 mg/g DW), followed by BP + 76A and BP + 6PP; the lowest levels were
noted in BP and T22 + 76A treatments (Figure 3A). The quantity of caffeic acid demon-
strated that after treatments with BP + T22 + 76A, BP + 6PP and T22 + 76A, the values
were similar to that of CTRL. For all other treatments, it can be noted that values were
lower than CTRL, particularly for 6PP and 76A singular treatments, which registered the
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lowest values of caffeic acid, 0.19 and 0.18 mg/g DW, respectively (Figure 3B). For ros-
marinic acid, the T22 + 76A treatment produced the highest concentration (1.17 mg/g
DW) that was two-times higher than that of CTRL (0.56 mg/g DW). The lowest accumu-
lation of rosmarinic acid was observed with the single treatments of 76A and 6PP, below
the level of the CTRL (Figure 3C).
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Figure 3. Concentration (mg/g DW) of p-coumaric acid (A), caffeic acid (B) and rosmarinic acid (C) in
the leaf extracts of basil plants treated with the single components (BP, T22, 76A, 6PP), the relative com-
binations (BP + T22 + 76A, BP + 6PP, T22 + 76A, BP + 76A, BP + T22) and a water control (CTRL).
Values are significant at p < 0.001, and values followed by different letters are significantly different ac-
cording to Duncan’s test at p < 0.05.

3. Discussion

Designing and formulating new microbial-based agricultural products, with biocon-
trol or biostimulant activity, is of particular interest for improving plant parameters such
as growth promotion and yield, resistance to pathogens and pests, and the production of
useful phytocompounds. This potential can be influenced by the individual
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microorganisms present in the bioformulations, and in some cases enhanced by the com-
bined action of beneficial microbial consortia (i.e., containing endophytic fungi and/or
PGPR), with their bioactive metabolites, and other natural components. In this study, the
application of two beneficial microorganisms, Trichoderma afroharzianum T22, a fungal
biocontrol agent, and Azotobacter chroococcum T6A, a nitrogen-fixing bacteria, a fungal
secondary metabolite (6 pentyl-a-pyrone) and bio-based polymer were tested to deter-
mine the effects of the stand-alone or combined application on sweet basil. These micro-
organisms were able to colonize the soil rhizosphere, and in the plant—microbe interac-
tions established, many physical and biochemical activities were stimulated that could
increase plant/root system development as noted in other studies [26,33,41,42]. Further-
more, findings from other investigations were confirmed, indicating that this effect could
be improved with the addition of macromolecules of natural origins, such as vegetal-
based biopolymers [34,36,43]. In fact, the current work demonstrated that the microbial
consortium with the BP induced a significant increase in yield fresh weight, total biomass
and total dry weight when compared to the single microbial consortium and control treat-
ments. The increased total fresh, dry biomass, and root dry weights observed in the pre-
sent study were similarly noted by Sabra et al. [44] on basil treated with a combination of
the beneficial fungi Rhizophagus irregularis and Serendipita indica in comparison to
CTRL treatment. The growth-promoting action exerted by Trichoderma, causing a direct
stimulation of root development, has been attributed to the release into the rhizo-soil of
small peptides, auxins, volatiles and other active signaling compounds [26,27,31,41] or
by the indirect manner through which the fungus influences the solubilization of soil min-
erals [26,45] to increase macro- and micronutrient availability, transport and/or plant ab-
sorption [29,33,41]. Many of these studies obtained similar results when plants (i.e., corn)
were treated with the same Trichoderma beneficial fungus combined with a conventional
fertilizer [26,41]. Moreover, Shirzadi et al. [46] obtained better agronomic traits in basil
(plant height, shoot fresh weight and dry weight) when treatments included combinations
of mycorrhizal fungi with Azofobacter that were associated to the secretion of molecules
by the bacteria that affected plant growth, including vitamin B, nicotinic acid, gibberellin,
cytokine, etc., other than its capacity for biological nitrogen fixation. In addition, basil
plants inoculated with Azofobacter alone showed an increase in dry weight, as supported
in a study by Roshanpour et al. [47].

Recently, Silletti et al. [48] reported the potential complementation of Azotobacter
and Trichoderma as a PGP consortium, whereby the combined biological activities in the
mixture were able to increase the plant biostimulation effect over that of the single com-
ponent treatments. This could also be due to the multiple positive associations that occur
among various microorganisms [49—51], which may provide both greater efficacy in dis-
ease control as well as plant growth promotion when compared to products containing
the single microbial agent [52]. The present investigation indicated that the Trichoderma
secondary metabolite (6PP), known for its auxin-like properties that effected plant growth
[30] of different horticultural crops [32,33,53], was able to generate an increased plant
growth-promoting effect on sweet basil when combined with the BP that was greater than
that of the metabolite applied singly. The addition of the biopolymer to the microbes and
the metabolite formulations provided a positive plant effect, possibly by improving the
product composition and the mode of delivery of the active ingredients to the plant
[34,35]. In addition, the carboxymethyl cellulose (CMC) composition of the biopolymer
could also have provided a potential source of nutrients both to the microbial consortia of
the bioformulation, the beneficial microorganisms in the rhizosphere, as well as to the
plant itself, thus providing an overall improvement of plant fitness in these growth con-
ditions [34,36,43,54]. The positive effect of the BP application alone was noted to im-
prove the photosynthetic efficiency (Fv/Fm) of the basil in the current work, confirming
the observations recently made by Carillo et al. [43], who observed that the single
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biopolymer treatment enhanced the production of some phytocompounds, such as GABA
and MEA, involved in the photorespiration processes of tomato fruits.

The use of microorganisms in agriculture can also influence the rate and assimilatory
pigments of photosynthesis; recent studies demonstrated the importance of microorgan-
isms in physiological processes of plants. For example, fungi of the Trichoderma genus
improved the chlorophyll synthesis of romaine lettuce and wall rocket plants [54,55],
whereas Azotobacter chroococcum T6A increased the physiological parameters on mi-
crotome tomato [56]. In this study, all microbial treatments, particularly 7richoderma
afroharzianum T22, showed higher chlorophyll values than the CTRL. In addition, the
treatment with Azotobacter chroococcum 76A indicated greater phytostimulation effi-
cacy with higher significant values of sweet basil in root dry weight, rate of CO> net
assimilation and photosynthetic efficiency that can be related to a better fitness of the
plant. The colonization of roots by Trichoderma may enhance growth response due to the
enhancement of carbohydrate metabolism, photosynthetic and respiratory rates [45], thus
triggering the plants physiological processes that improve the photosynthesis rate and
stomatal conductance [57]. Silletti et al. noted that the photosynthetic rate was similarly
higher in wheat when treated with Trichoderma or with Azotobacter [48], whereas the
bacteria was found to release phytohormones that could stimulate photosynthesis in basil
[47]. The co-inoculation of Piriformospora indica and Trichoderma virens was found to
produce an improvement of chlorophyll fluorescence parameters [58], whereas, in the
present study, only the inoculation of T22 alone demonstrated an improvement in photo-
system II efficiency in basil. In addition, Gonzalez-Rodriguez and co-workers [59] de-
picted an increase in the photosynthesis parameters, such as total chlorophyll and photo-
synthesis in pineapple in vitro plantlets treated with Azotobacter chroococcum.

On the global market, much attention is being given by consumers to purchase foods
that have been cultivated in low-environmental-impact systems, i.e., organic farming, or
with reduced chemical products (fertilizers and pesticides), and to select nutrient-dense
products that have a higher health value and nutritional content. This perspective has fos-
tered a growing interest in the development of research and cultivation practices focused
on improving the properties of the plant compounds found in various food products in
order to provide an essential human diet that contributes to the overall well-being of the
consumer.

Basil has been widely used in traditional medicine [60,61] as a digestive stimulant
[62] and is recognized for its antibacterial [63], antitumor [60] and anticonvulsant [64]
properties. In particular, basil is rich in phenolic acids, which contribute to its strong an-
tioxidant capacity [65—67], a property that exerts beneficial effects on human health—the
vascular and nervous system [8]—treducing the effects associated with various degenera-
tive diseases such as Alzheimer’s [5], Parkinson’s [6] and dementia [9]. These com-
pounds are known to positively protect key biological constituents such as lipoproteins,
membranes and DNA from oxidative processes [68]. Due to the importance of phenolic
compounds for consumer health, their quantity indirectly attributes an extra value to the
crops that improves the nutritional and functional properties of vegetables and herbs [69].

The evaluation of the phenolic components produced by the plant in response to the
application of diverse bioformulations during cultivation in the field indicated that the
metabolic profile of the different basil leaf extracts was highlighted by a differential abun-
dance of biologically important metabolites, including p-coumaric acid, caffeic acid, and
rosmarinic acid, known for their health properties [11-13,15,16]. In particular, this study
shows that the treatment of basil plants with Azotobacter chroococcum 76A alone in-
creased the production of p-coumaric acid, while the Trichoderma afroharzianum T22 +
Azotobacter chroococcum T6A treatment induced a major production of rosmarinic acid.
In general, the quantity of caffeic acid in the basil extracts was less affected by the bio-
logical treatments, and not clearly associated to specific treatments.
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Other studies have demonstrated how the use of microorganisms can influence the
essential oil and phenolic components on basil. For instance, the inoculum of AMF im-
proved the concentration of rosmarinic acid, chicoric acid and caffeic acid on 4 basil cul-
tivars [70], growth and aroma volatiles (e.g., linalool) on sweet basil in heavy-metal-con-
taminated soil [44], plus the use of different commercial microbial bio-based products
increased the percentage of different metabolites (e.g., caffeic acid) on different basil cul-
tivars [57]. Moreover, our results indicate that the simultaneous application of Tricho-
derma afroharzianum T22 with Azotobacter chroococcum T6A induced a better modula-
tion of phenolics metabolism when compared to the single applications of Trichoderma
and Azotobacter, especially for rosmarinic and caffeic acid, as is in line with findings by
Sabra et al. [44] affirming that the dual application of beneficial fungi and its associated
bacteria generated an enhancement of sweet basil nutraceutical value.

The application of the microbial, fungal bioactive compounds and biopolymer com-
ponents in various bioformulations was found to differentially modify the agronomic
characteristics and the metabolic profile of basil plants, in some cases increasing the quan-
tity of the phenolic compounds, thus producing a qualitatively superior final product. In
fact, phenolics strongly contribute to basil antioxidant capacity and biological properties
[65—-67], so through the increase of these components, well known for their many appli-
cations in the field of human health [11-13,15,16], the consumer can obtain a more val-
uable basil with enhancing health properties. However, ongoing studies will determine
the effects of these biological formulations on Genovese basil and the other phytocom-
pounds it produces, such as essential oils, that are important for the characteristics of
aroma and the biocontrol of disease agents, that contribute to the unique qualities of this
Mediterranean food and medicinal plant.

4. Materials and Methods
4.1. Application of Microbial Biostimulants

The microbial biostimulant treatments involved the use of different microorganisms,
their components and natural molecules. Nine biostimulant treatments were adopted: (i)
Trichoderma afroharzianum strain T22 (ex-Trichoderma harzianum [71]) commercial
formulation of Trianum-P (Koppert Biological Systems, Rotterdam, the Netherlands) im-
plemented at a final concentration of 107 spore mL ™", (ii) Azotobacter chroococcum strain
76A ([72]; freeze-dried bacterial cells in a final concentration of 10’ CFU mL™), (iii) 6
pentyl-a-pyrone (6PP) concentration of 10® M (Sigma-Aldrich, Milan, Italy), (iv) bi-
opolymer (BP; diluted in water) composed of carboxymethyl cellulose (CMC), a polyan-
ion derived from cellulose used as a thickener, emulsifier and nutrient carrier in agricul-
ture with the addition of Pluronic F-127 (PF-127), as reported in [43], (v) T22 (10° spores
mL ")+ 76A (107 CFU mL™), (vi) BP + T22 (107 spores mL ™), (vii) BP + 76A (107 CFU
mL™1), (viii) BP + T22 (10° spores mL™") + 76A (10’ CFU mL ') and (ix) BP + 6PP (10°°
M); additionally, (x), a control treatment, only water, was administrated at the same vol-
ume as the other treatments. The liquid bioformulations with the microorganisms and the
metabolite were prepared in water throughout the experiment. The treatments containing
the biopolymer were always diluted with water in a 1:1 proportion (BP: water), which
included the final concentration of the other components in the total final volume of the
bioformulation.

4.2. Plant Material, Greenhouse Experimental Design and Treatments

Sweet basil (Ocimum basilicum L. cv Genovese) was used in this experiment, carried
out in a protected greenhouse of the BiPaF Section of the Department of Agriculture,
University of Naples Federico II, Portici (NA, Italy). A randomized complete-block
scheme with a total of 10 treatments was replicated three-times (total 300 plants). Com-
mercial seedlings were transplanted to the field in June. The first application of the
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biological treatments was carried out at the time of transplant using a root dip method
[43,55]. After two weeks, the treatments were repeated by watering 25 mL of the biofor-
mulation treatments to the base of each plant. Plants were observed weekly for any de-
veloping leaf or root disease symptoms.

4.3. Sampling and Yield Assessment

In July 2019, 34 days after transplanting, the plants were cut above the first node. For
each treatment, 5 plants were harvested per replicate, for a total of 15 plants per treatment,
from which destructive biometric analyses were conducted to evaluate the marketable
production. In particular, the number of leaves, yield fresh weight (FW of the leaves) and
total biomass (leaves + stems) FW were measured immediately after harvest. Subse-
quently, a sub-sample of each plant fresh sample, plus the washed roots, were placed in a
forced-air oven at 65 °C for approx. 72 h, to obtain a constant dry weight (DW) of the
plant material, then total dry matter (DM%) was calculated as DW/FW x 100.

4.4. SPAD Index and Colorimetric Components

SPAD index measurements were performed on young fully expanded basil leaves
(between midrib and leaf margin) using a Chlorophyll Meter (Minolta SPAD-502, Osaka,
Japan). A total of 30 measurements were acquired per replicate and reported to one mean
value. Leaf colorimetry was determined by measuring the colorimetric indices (L*, a*,
b*) of 10 young fully expanded leaves per replicate using a colorimeter Minolta Chroma
meter, CM-2600d (Minolta Camera Co. Ltd., Osaka, Japan).

4.5. Determination of Leaf Gas Exchange and Photosystem Il Efficiency

Before harvest, a portable gas exchange analyzer (LCA-4; ADC BioScientific Ltd.,
Hoddesdon, UK) was used to determine the net assimilation rate of CO», the stomatal
resistance and the transpiration rate of basil plants (Acoz, 1s and E, respectively). Three
physiological measurements were determined per replicate. For the maximum quantum
use efficiency of the Photosystem II (Fv/Fm), measurements were performed with a port-
able fluorometer (Plant Stress Kit, Opti-Sciences, Hudson, NH, USA), where four meas-
urements per replicate were performed.

4.6. Preparation of Basil Leaves Extracts

For the metabolomic analysis, fresh leaf samples were collected from each replicate,
submerged in liquid nitrogen, then stored at —80 °C. The samples were freeze dried for
72 h, and the leaf tissue was pulverized using a mortar and pestle. A 200 mg aliquot of
the lyophilized powdered material was suspended in 2 mL of an 80:20 methanol/H,O
solution (solvent 99.9% for LC-MS). The sample was agitated for 1 min by vortexing,
then centrifuged for 15 min at a speed of 5000 rpm at a temperature of 4 °C. The super-
natant was filter sterilized (0.22 um syringe filter) and stored in glass vials, at 4 °C until
analysis.

4.7. LC-MS analysis—Targeted and Untargeted Metabolome

Following the method described by Marra et al. [73], the spectrometric analysis of
the plant extracts was performed by an LC-MS Q-TOF Agilent Technologies (Santa
Clara, CA, USA), equipped with a 1260 Infinity series HPLC with DAD detector, and a
mass spectrometer Q-TOF (model G6540) with Dual ESI source. The plant extracts were
separated with a reverse-phase analytical Ascentis ® Express C18 column (2.7 pm, 50
mm x 3.0 mm id, Supelco ©, Bellefonte, PA, USA). The identification and quantification
of the three phenolic acids p-coumaric, caffeic and rosmarinic were obtained by compar-
ing the mass and the retention time (RT) to standard compounds (Sigma-Aldrich, St.
Louis, USA). These standards were analyzed with the same LC-MS method and the
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quantification was obtained by interpolating the averaged data with a previously con-
structed calibration curve.

4.8. Statistical Analysis

Data were statistically analyzed (One-way Anova) with SPSS v. 21 (IBM Corp., Ar-
monk, NY, USA). Bioformulations of beneficial microbial consortia and vegetal biopol-
ymers effects on yield, growth parameters, SPAD index, leaf colorimetry, physiological
analysis and phenolics profile were analyzed using Duncan’s multiple range test per-
formed at p = 0.05. Statistical analysis of basil extracts metabolic profile was carried out
using Mass Profile Professional, version 13.1.1 (Agilent Technologies). One-way
ANOVA (p > 0.05) with Tukey—HSD post hoc was implemented to evaluate the differ-
ential significance of samples. Eventually, a fold change > 2.0 was used. The results ob-
tained were then subjected to principal component analysis (PCA) to depict the difference
between the different biostimulant treatments. A grouping of the samples was then made
based on the abundance of continuous variables (Hierarchical clustering) by combining
the technical replicates. Statistically relevant compounds were identified using: an in-
house database containing information on over 2000 secondary metabolites produced by
plants; the library METLIN provided from Agilent, containing over 15,000 natural me-
tabolites and di- and tri-peptides; information available from literature.

5. Conclusions

The implementation of bioformulations with the association of specially selected mi-
croorganisms, bioactive substances and biopolymer allowed us to define and present new
bioformulations for use in agriculture. The outcome of the developed bioformulations
consisted of improved parameters of Genovese basil, in terms of growth promotion, yield
increase and the efficiency of photosystem II and photosynthesis in general. Furthermore,
these treatments significantly modulate the plant metabolome and increase differentially
the production of three beneficial phenolic compounds: p-coumaric acid, caffeic acid and
rosmarinic acid. In summary, for the agronomic parameters evaluated, the highest fresh
weight yields (marketable produce) were noted in the plants treated with the combinations
of BP + T22 + 76A or BP + 6PP. Regarding the biochemical profiles of the phenolic plant
compounds in basil, plants receiving the T22 + 76A treatment exhibited the greatest pro-
duction of rosmarinic acid, whereas Azotobacter chroococcum 76A alone displayed the
best increased production of p-coumaric acid. Therefore, the new formulations based on
a consortium of Trichoderma, Azotobacter, 6 pentyl-a-pyrone and a plant biopolymer are
presented as innovative products in improving the production of Genovese basil. The ap-
plication of these bioformulations can have a dual positive effect, achieving both better
eco-sustainable agriculture and the opportunity to obtain a final product with improved
yield and bioactive secondary metabolites content.
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Abstract: Beneficial fungal strains of the genus Trichoderma are used as biofungicides
and plant growth promoters. 7Trichoderma strains promote the activation of plant defense
mechanisms of action, including the production of phenolic metabolites. In this work, we
analyzed the effects of selected Trichoderma strains (T. asperellum KV906, T. virens
GV4l1, and T. harzianum strains TH1, M10, and T22) and their metabolites (harzianic
acid and 6-pentyl-a-pyrone) on drupes of young olive trees (4 yr-old) cv. Carolea. This
study used the untargeted analysis of drupe metabolome, carried out by LC-MS Q-TOF,
to evaluate the phenolics profiles and target metabolomics approach to detect oleuropein
and luteolin. The untargeted approach showed significant differences in the number and
type of phenolic compounds in olive drupes after Trichoderma applications (by root dip-
ping and drench soil irrigation method) compared to control. The levels of oleuropein
(secoiridoid) and luteolin (flavonoid) varied according to the strain or metabolite applied,
and in some cases, were less abundant in treated plants than in control. In general, flavo-
noids’ levels were influenced more than secoiridoids’ production. The dissimilar
aptitudes of the biological treatments could depend on the selective competence to
cooperate with the enzymes involved in producing the secondary metabolites to defend
plants by environmental stresses. Our results suggest that using selected fungi of the
genus Trichoderma and their metabolites could contribute to selecting the nutraceutical
properties of the olive drupe. The use of the metabolites would bring further advantages
linked to the dosage in culture and storage.

Keywords: secondary metabolites; phenolic compounds; LC-MS Q-TOF; Olea europaea; Trichoderma;
metabolomics

1. Introduction

Since ancient times olive trees (Olea europaea L.) have been cultivated throughout
the Mediterranean area for their fruits and oil production. Each country has its local cul-
tivars because the human selection and pedoclimatic conditions have resulted in genetic
variations [1-4]. In Italy, many trees sprout spontaneously, and oil and table cultivars are
grown mainly in Calabria, Apulia, Sicily, and Campania, where centuries-old trees and
archaeological finds document their presence from old times [5]. Extravirgin olive oil
(EVOO) is obtained from crushing the olive drupe and separating olive oil by pres-
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ure, centrifugation, and percolation (selective filtration process) [6]. EVOO is present in
all variants of the Mediterranean diet. The latter is a healthy diet adopted by the Italian
and Greek population of the 1960s [7], reducing the risk of cardiovascular disease, cancer,
type 2 diabetes, and cognitive disorders [8]. It is characterized by high consumption of
vegetables, fruit, salads, bread, whole grains, legumes/beans, nuts, seeds, moderate use
of wine, and EVOO as the primary source of fat [8]. The EVOO has protective effects on
human health due to the high content of monounsaturated fatty acids (MUFAs) and sec-
ondary bioactive molecules, including phenolic compounds, tocopherols, phytosterols,
and carotenoids [9]. The phenolic compounds in EVOO range from 50 to 800 mg/kg
[10,11]. They consist of phenolic alcohols (e.g., tyrosol and hydroxytyrosol), phenolic
acids (e.g., vanillic, caffeic, coumaric, protocatechuic, ferulic, and p-hydroxybenzoic,),
flavones (e.g., apigenin, apigenin-7-O-glucoside, luteolin, luteolin-7-O-glucoside),
lignans (e.g., pinoresinol and acetoxypinoresinol,), and secoiridoids (e.g., oleacein,
oleuropein, oleocanthal, and p-HPEA-EA) [12] responsible for EVOO bitterness, pun-
gency, fragrance, and antioxidative properties [ 13]. Fruit’s maturation, cultivar varieties,
pedoclimate condition [14], and the type of oil extraction processes affect the phenolic
quality and concentration [15]. The oleuropein, tyrosol, and hydroxytyrosol (the main
phenolic compounds in EVOO) [12] have antioxidant, anti-inflammatory, immunomod-
ulatory, and neuroprotective activities [16]. The EVOQO’s polyphenols protect blood li-
pids against oxidative stress [17,18]. Therefore The EVOQO’s phenolics are used in sup-
plements for the prevention of chronic degenerative diseases such as cardiovascular and
cancer [19], in antiaging cosmetics [20,21], in the food industry as flavorings or preserv-
ers [22—24], and in functional foods preparations [25,26]. Olive plants make the phenolics
in response to abiotic stress and pathogen attack [27-32]. Dini et al. in 2020 and 2021
investigated the effects of some Trichoderma strain applied to olive trees to evaluate a
selective phenols production [33,34]. Nowadays, fungi belonging to the genus 7richo-
derma are commonly used in agriculture as biocontrol agents (they inhibit soils and air
diseases) and plant growth promoters [35,36]. They also enhance the abiotic stress toler-
ance (e.g., salinity, drought), yields production, nutritional uptake, leaf area, root system
growth, and activate protective mechanisms against oxidative injury [37,38]. Some
Trichoderma strains produce secondary metabolites such as 6-pentyl-a-pyrone (volatile
antibiotics), heptelidic acid, and peptaibols to help in metal transport, symbiosis, differ-
entiation, and competition with another organism [39,40], and phenols against oxidative
damage [41—43]. Phenols decrease cardiovascular pathologies, hypoglycemia, hypoten-
sion, and hypocholesterolemia and prevent angiogenesis, inflammation [44], and cancer
[45].

In the present work, we report the effect of selected Trichoderma strains (e.g., T.
asperellum KV906, T. harzianum strains TH1, M10, and T22; and 7. virens GV41) and
their metabolites (e.g., harzianic acid (HA), and 6-pentyl-a-pyrone —-(6PP)) upon in vivo
application, on weight and phenol metabolites of the olive drupes in consideration of the
commodity and nutraceutical importance of their potential effects.

2. Materials and Methods
2.1. Microbial Strains

Five Trichoderma strains (7. asperellum strain KV906, T. harzianum strains TH1,
M10, and T22; and T. virens strain GV41) were used in this work. Strains were provided
by Department of Agricultural Sciences of the University of Naples Federico II, after
cultivation on previously described conditions [46].

A hemocytometer (Neubauer- improved, BRAND GMBH + CO KG, Wertheim,
Germany) was used to establish the concentration of the spore suspensions.

2.2. Trichoderma Bioactive Metabolites
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6PP and HA were used in this work. The former was extracted from 7. atroviride
strain P1 [47] And the latter from 7. harzianum strain M10 [48]. Metabolite solutions
used for treatments were obtained by resuspending HA and 6PP in distilled water and
ethyl acetate 0.01% (v/v) to facilitate the process. Once a clear solution was made, ethyl
acetate was evaporated under nitrogen flow.

2.3. Plant Material

4 yr-old olive trees (Olea europaea L cv. Carolea.) were used for experimental pur-
poses. The plants were grown into plastic pots (50 cm diameter x 40 cm high) located in
a field at the University of Naples Federico II-Department of Agricultural Sciences (Por-
tici, Italy). Each pot contained one plant and 50 L of universal soil (granulated pumice,
peat, and coconut fiber). Once a week, the plants were watered to field capacity. No nu-
trients were added.

2.4. Experimental Design

Eight treatments were performed (including water control), using five Trichoderma
strains and two metabolites. The field trial was performed in a randomized block design.
Trichoderma metabolite solutions (1 x 107® M), or spore suspensions (1 x 10° sp mL™")
were inoculated through root system exposure at the time of transplant (10 min, 1 L
plant ™) by root dip, and every 30 days (400 mL plant ') by soil irrigation (six applications
in total). Each treatment was performed on fifteen plants (5 plants in each replicate and 3
biological replicates per treatment). Drupes were collected and weighed with an elec-
tronic digital scale (Precisa Instruments AG, model XB220A, Dietikon, Switzerland). Fi-
nally, drupes samples were stored at —80 °C until extraction of metabolites.

2.5. Chemicals

Solvents (methanol, water, formic acid, acetonitrile) were purchased from Sigma-
Aldrich (Sigma-Aldrich, St. Louis, MO, USA). ESI-TOF tune mix was bought from Ag-
ilent Technologies (Agilent Technologies, Santa Clara, CA, USA).

2.6. Olive Metabolites Extraction

Talhaoui et al., method [49], with some modifications, was used to extract the phe-
nolic compounds. Briefly, drupes were freeze-dried and crushed. 200 mg of powder were
extracted twice in an ultrasonic bath for 10 min (Model 6.51200 H, Dakshin, India), using
5 mL of a solution of methanol/water (50/50, v/v) and then centrifuged (Hettich GmbH
& Co., Tuttlingen, Germany) at 4000 rpm, 4 °C for 10 min. The supernatants were col-
lected, dried in a speed-vac (Savant SpeedVac, Thermo Fisher Scientific, Waltham, MA,
USA) and dissolved in 2 mL of a solution of methanol/water (50/50, v/v). Finally, the
extracts thus obtained were filtered (Millipore 0.45 um) and stored in the dark (at —80 °C)
until use.

2.7. Phenolics’ Isolation, ldentification, and Quantification
2.7.1. Metabolites’ Analysis

The analysis of metabolites was performed on an Agilent HP 1260 Infinity Series
liquid chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a
DAD system (Agilent Technologies, Santa Clara, CA, USA) and a Q-TOF mass spec-
trometer model G6540B (Agilent Technologies, Santa Clara, CA, USA).

Chromatographic Conditions

An InfinityLab Poroshell 120 EC-C18 column (2.1 mm % 100 mm, 2.7 pum) (Agilent
Technologies, Santa Clara, CA, USA), at controlled temperature (25 °C) was used as
stationary phase. Two eluents: phase A (0.1% (v/v) formic acid in water) and phase B

54



Appl. Sci. 2021, 11, 8710

(0.1% (v/v) formic acid in acetonitrile) were employed as mobile phase. The gradient was
set as follows: 0 min, 95% A; 4 min, 91% A; 7 min, 88% A; 8 min, 85% A; 9 min, 84%
A; 14 min, 80% A; 15 min, 78% A; 18 min, 72% A; 19 min, 70% A; 20 min, 69% A;
21.50 min, 68% A; 23 min, 66% A; 24 min, 65% A; 25.5 min, 60% A; 27 min, 50% A;
30 min, 0% A; 35 min, 0% A; and 37 min, 95% A. Flow rate was 0.5 mL min™".

Spectroscopic and Spectrometric Conditions

The UV spectra were recorded every 0.4 s, with a resolution of 2 nm, from 190 to
750 nm by DAD (Agilent Technologies, Santa Clara, CA, USA).

The MS system was equipped with a dual ESI (electrospray ionization) source and
operated in negative mode as reported by Tafuri et al. [50]. All the parameters were con-
trolled by the Agilent MassHunter Data Acquisition Software, version B.05.01. Mass
spectra were recorded in the mass range 100—1600 m/z (3 scans per second). Hexakis
(‘H,'H, *H-tetrafluoropentoxy)-phosphazene (CisHisOsN3P3F2s at m/z 922.009798, 2
pmol L) (Sigma-Aldrich, St. Louis, MO, USA)., and purine (CsH4N4 at m/z 121.050873,
10 pmol L") (Sigma-Aldrich, St. Louis, MO, USA). were injected in the source (0.060
mL min °) to perform the lock mass correction in real-time. The capillary was set at 4000
V, cone 1 (skimmer 1) at 45 V, fragmentor at 180 V. Gas temperature was 350 °C, and
the nebulizer was at 45 psi. The injection volume was 5 uL. For each treatment, three
biological samples were analyzed in triplicate.

Mass Profiler Professional (Agilent Technologies, MPP v 13.1.1, Santa Clara, CA,
USA) was used for molecular feature normalization, alignment, compound identification,
and statistical analysis. MPP normalization and alignment parameters were: minimum
number of ions (2); abundance filter (>5000 counts); intercept (0.4 min), alignment RT
window, and slope (0%); intercept (2 mDa), alignment mass window, and slope (20 ppm).
Only masses occurring in two of three samples were accepted. Masses found in blank
runs from filtered masses were used to remove background noise. The ion chromatogram
(EIC) was extracted with +20 ppm single ion expansion with MassHunter software v
B.06.00 (Agilent Technologies, Santa Clara, CA, USA).

2.7.2. Phenolics’ Identification

The phenolics were identified by Mass Hunter Qualitative Analysis Software version
B.06.00 (Agilent Technologies, Santa Clara, CA, USA). Identification was achieved by
comparison with in-house databases (comprising data from METLIN library) and with
existing literature data. Empirical formulas, calculated by isotope model (common or-
ganic molecules, ppm limit = 10, limit charge state to a maximum of 2, and use "H or "H,
or sodium and potassium adducts) were given for unidentified compounds. Experimental
retention time, monoisotopic mass, and UV max of standards confirmed the identifica-
tion.

2.7.3. Phenolics’ Quantification

The quantification of phenolics was performed by using oleuropein and luteolin com-
mercial standards purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA)
dissolved in methanol: water (50:50, v/v) to make standard calibration curves (Table S1).

2.8. Statistical Analysis

Statistical analysis was performed by SPSS V24 statistic software (IBM Corporation,
Armonk, NY, USA). One-way ANOVA analyzed the data of SPAD index. Significant
differences among treatments were compared using Fisher’s least significant difference
(LSD) post hoc tests and S—-N-K (Student—Newman—Keuls) (with 0.05 level of signifi-
cance). The Student’s t-test (with a 0.05 level of significance) determined significant dif-
ferences.
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3. Results
3.1. Effect of Treatments on the Olive Trees Drupe’s Weight

In the first year of production, the average weight of the drupes for each treatment
was evaluated. All treatments, except 7. harzianum M10 and T. asperellum KV906, pos-
itively affected the drupes’ average weight compared to the control (Table 1).

Table 1. Effects of treatments with Trichoderma spp. strains T22, M10, GV41, TH1, KV906 or its metab-
olites 6-pentyl-a-pyrone (6PP) and harzianic acid (HA) on average weights of the drupes collected from
the experimental field. The control (CTRL) was not treated with biostimulants.

Treatment Drupe’s Average Weight (g)
GV41 8.10°
M10 5.66°
T22 7.61°
THI1 6.63°
KV906 590
6PP 6.12°
HA 9.40°
CTRL 5.85¢

Different letters within each column indicate significant differences (p < 0.05).

3.2. Characterization of Olive Drupe Metabolome

Thirteen phenolic compounds were identified based on total ion chromatogram
(TIC), mass/UV—-VIS, spectra, and literature data. Identification parameters (retention
time, UV maximum absorption, experimental and calculated monoisotopic masses, mo-
lecular formula) are reported in Table 2.

Table 2. Phenolics’ identification parameters.

Compound RT (min) UV Max (nm) Experimental Mass Mass Theoretical Formula
Secoiridoids

Oleuropein aglycone 10.90 235;271 378.1569 378.13 Ci6H26016
Oleuropein isomer a 19.10  240; 280 540.1840 540.18 CysH3:013
Oleuropein isomer b 20.10  235;280 540.1848 540.184 CysH3:013
2"-Methoxyoleuropein 15.81  236;280 570.1942 570.19 Ca6H34014
Ligstroside 20.52  230; 280 524.1900 524.19 CsH3,012
Flavonoids

Luteolin 20.80  255; 286 286.0488 286.05 Ci5H35014
Luteolin rutinoside 11.90 248; 267 594.1589 594.16 C27H30015
Luteolin di-glucoside 12.25 248;267; 335 610.1537 610.15 C27H30016
Rutin 14.60 253 610.1539 610.15 C27H30016
Simple phenols

Hydroxytyrosol-glucoside 4.75 230, 280 316.1160 316.12 Ci4H2003
Verbascoside 14.55  234;329 624.2064 624.20 C29H36015
Oleosides

Oleoside methyl ester 6.33 235 404.1321 404.13 Ci17H2401,
Secologanoside 7.45 234 390.1151 390.12 Ci6H2011

3.3. Untargeted Metabolomics Analyses of Phenolics in Olive Drupes

Untargeted metabolomic analyses were carried out on the olives harvested from
treated plants. There was a tendency for the number of down-regulated compounds to
increase (Table 3). In general, a more significant number of compounds were observed
whose abundance was lower when compared to the control. The metabolite 6PP and
Trichoderma sp. strains GV41 and KV906 influenced the metabolic response in drupes
more than control.
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Table 3. Number of metabolites whose production is higher (UP) or lower (DOWN) compared to the con-
trol (CTRL) in the drupes obtained from treated plants (7richoderma spp. strains T22, M10, GV41, TH1,
KV906 or its metabolites 6-pentyl-a-pyrone (6PP) and harzianic acid (HA).

Treatments UP vs. CTRL DOWN vs. CTRL
GV41 21 30
M10 16 44
T22 10 38
TH1 16 35
KV906 21 44
HA 12 36
6PP 28 39

Replicate samples were grouped and subjected to variance analysis (one-way
ANOVA, p < 0.05) and to fold change (FC > 2.0), comparing metabolite abundances in
treatments vs. water-treated plants (CTRL). hierarchical cluster analysis, Statistical anal-
ysis revealed 88 metabolites differentially accumulated among treatments that are de-
picted as hierarchical cluster in Figure 1. The metabolic profiling revealed that drupes
from olive plants treated with the Trichoderma sp. strain M10, KV906, T22, and metab-
olite HA were grouped separately. TH1 determined no differences in terms of phenolic’s
levels compared to the control.
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Figure 1. Hierarchical clustering heat map of differential metabolic profiles from olive drupe extracts.
Samples are indicated by treatments with Trichoderma strains (TH1, GV41, T22, M10, and KV906)
or secondary metabolites (HA and 6PP). Control was plants treated with water. Red color indicates
higher phenolic abundance (>0), blue colors lower (<0), yellow a neutral change from the overall
average abundance. Statistical significance was tested by one-way ANOVA (p < 0.05).

Successively, the variations in metabolite accumulation between increased (UP) or
decreased (DOWN) compounds, as compared to the control, were analyzed for T22, M10
and HA.

Venn diagram showed that 30 down-regulated compounds were in common among
all treatments, while 4 metabolites were exclusively in the metabolome of T22-treated
samples and 4 in those exposed to M10. No compound was found to be specific for HA
treatment Four metabolites were common to T22 and M10 treatments and 6 to M10 and
HA. In contrast, no compounds were found to be common to T22 and HA treatments.
Concerning the up-regulated compounds, 5 were common to all treatments, 8 exclusive
of M10, 1 for HA, none for T22; 1 metabolite was common between treatments with T22
and M10, 2 between M10 and HA and 4 between HA and T22. (Figure 2).
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Figure 2. Venn diagrams of phenolic compounds whose abundance in the olive drupe metabolome is lower
(DOWN) or higher (UP) compared to the control (CTRL). Samples treated with T22 are reported in green;
with M 10 in blu and with HA in red.

Untargeted metabolomic analysis revealed the presence of several differentially ac-
cumulated metabolites in treated or not-treated drupes. Among these, thirteen metabolites
were putatively identified by comparison with an in-house database and standard com-
pounds (Table 4).

Table 4. Metabolites identified in the drupe extracts of olive trees subjected to field applications of biolog-
ical treatments. Samples are indicated by treatments with Trichoderma strains (TH1, GV41, T22, M10, and
KV906) or secondary metabolites (HA and 6PP). Identifications were confirmed by comparing results with
known compounds in an in-house database/standards and selecting matching (>95%).

Regulation Against Control Group (CTRL)
M10 KV906 GV41 TH1 T22 6PP HA

Compound

Oleuropein aglycon 1 ) 1 i) 1 1 T
Oleuropein isomer a | | l l l l l
Oleuropein isomer b 1 l l l l 1 l
2-Methoxyoleuropein ! 1 1 i) ! l l
Ligstroside 1 l l ! ! ! I
Luteolin ) ) ) 1 ! T T
Luteolin rutinoside 1 1 ) 1 7 1 1
Luteolin di-glucoside 1 1 ) 1 7 1 1
Rutin ! ! ! ! I T I
Hydroxytyrosol glucoside ! ! 1 1 i) ! T
Verbascoside 1 1 ) 1 ! 1 !
Oleoside methyl ester ! ! 1 1 i) ! 1
Secologanoside ! ! ! i l ! !

1 Increased production of the metabolite in treated vs. control. | Decreased production of the metabolite in treated vs.
control.

3.4. Targeted Metabolomics Analyzes of Phenolics in Olive Drupes

Oleuropein (secoiridoid) and luteolin (flavonoid) concentrations were considered to
evaluate the phenolics’ level trends. Oleuropein content increased in the drupes of plants
treated with 6PP, GV41, and T22 (Figure 3).
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Figure 3. Oleuropein content in drupes. Samples are indicated by treatments with Trichoderma strains
(TH1, GV41, T22, M10, and KV906) or secondary metabolites (HA and 6PP). Values are the means of
three replicates = SE. Different letters indicate significant differences (p < 0.05).

The secondary metabolite 6PP and the Trichoderma strains GV41, KV906, HA, and
M10, increased the luteolin’s level in drupes (Figure 4).
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Figure 4. Luteolin content in drupes. Samples are indicated by treatments with Trichoderma strains (TH1,
GV41, T22, M10, and KV906) or secondary metabolites (HA and 6PP). Values are the means of three
replicates + SE. Different letters indicate significant differences (p < 0.05).

4. Discussion

Today, it is considered a priority to limit pesticides against phytopathogenic agents
or replace them with products of biological origin. The use of mycoparasitic fungi, par-
ticularly those belonging to the genus Trichoderma, has met considerable success [11].
The world market of biopharmaceuticals proposes over 50 bioformulates containing
Trichoderma strains as active ingredients [51]. The considerable achievement of Tricho-
derma fungi in agriculture is due to their suppression of pathogenic species, both terrico-
lous and foliar, among the most harmful, such as those belonging to the genera Fusarium,
Sclerotinia, Botrytis, and Pythium [52]. Microbial inocula to promote plant development
and/or control phytopathogenic agents is still not very widespread in tree crops. Few stud-
ies evaluated the effect of beneficial microorganisms on the fitness of the olive tree and
provided helpful information for the use of bioformulates in the open field. The present
work aims to evaluate the effects of the field applications of Trichoderma spp. strains and
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some of their metabolites on young olive trees’ drupes weight and nutraceutical content
contained therein.

The olive is the most representative tree in Italy, with both historical and productive
significance. There are three types of olives on the market: olive for oil production, olive
for the table, and dual-use. Fruit size, oil content flesh, and weight/pit weight ratio deter-
mine the inclusion in the product classes. Olives for oil production have an average weight
below 3, table-use have an average weight higher than 5, dual-use between 3 and 5 [53].
Extensive research has been conducted on multiple species to understand the mechanisms
that control fruit size [54]. Environmental and genetic factors affect the fruits’ growth
potential [55]. In particular, the water’s volume and the type of irrigation used for culti-
vation are noteworthy [56]. Water deficit makes high reactive oxygen species (ROS) (e.g.,
hydrogen peroxide, hydroxyl radical superoxide anion, and singlet oxygen) [57]. ROS
can damage DNA, lipids, and protein, thereby affecting plants’ metabolism [58]. Plants
react to ROS, making enzymes with different biological activities (e.g., catalase, ascor-
bate peroxidase, superoxide dismutase, monodehydroascorbate reductase, dehydroascor-
bate reductase, guaiacol peroxidase, and glutathione reductase) [59] and primary or sec-
ondary metabolites (e.g., polyols, soluble sugars, alkaloids, free amino acids, and phe-
nols) [60]. In this work, all treatments (excluding M10 and KV906) enhanced drupe
weight, probably due to Trichoderma strains’ ability to induce root growth, preserve nu-
tritional uptake, and interfere with phenolics’ productions [61]. The diverse response to
bio-treatments was probably linked to the different abilities of each strain and metabolite
to interact with the plant’s secondary defense mechanisms [15]. The variation in phenol-
ics (variety and levels) was tested using targeted and untargeted metabolomics to evaluate
the interaction of Trichoderma spp. and metabolites with the plant defense mechanism.
Targeted metabolomics uses analytical techniques and suitable multivariate statistical
analysis (MSA) tools to evaluate some metabolites simultaneously [62]. The untargeted
approach determines unknown and known metabolic changes basing on data-independent
acquisition (DIA). DIA methods make complex fragmentation spectra. In downstream
data analysis steps, fragment ions are matched with precursor ions based on mass and
retention time [63].

In this study, an untargeted metabolomic approach was used to evaluate phenolic
profiles for olive drupes. The analysis of chromatograms led to the putative identification
of thirteen differentially accumulated compounds among all treatments. Oleuropein (the
main secoiridoid) and luteolin (the main flavonoid) concentration increased in treated
samples compared to control. Metabolomic profiles of olive drupes following the appli-
cation of M10, KV906, T22, and metabolite HA were grouped separately. This result may
indicate that the olive plants have a similar response when inoculated with Trichoderma
fungi and treated with their metabolites [51]. However, the identified differential metab-
olites were not always common to all treatments (Figure 1). The targeted metabolomics
method estimated the effects of each biological treatment on the phenolic’ levels in the
olive’s drupes. Four more representative phenolic classes (flavonoids, secoiridoids, sim-
ple phenols, and oleosides) were considered. Following the treatments, an increase in the
oleuropein’s content and a decrease in the oleuropein’s precursors (11-methyl ester and
ligstroside) concentrations were determined, demonstrating the ability of Trichoderma
and its metabolites to interact with the enzyme B-glucosidase [64] responsible for this
biotransformation (Figure 5) [65].
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Figure 5. Oleuropein biosynthesis.

About flavonoids, an improvement of the flavone luteolin’s level (except in olive
drupes obtained from plants treated by T22) and a decrease in the flavonol rutin’s con-
centration (except in olive drupes obtained from plants treated by 6PP) were observed in
all tested samples (Table 4), indicating the ability of the treatments (except T22 and 6PP)
to affect principally the flavone synthase activity rather than flavonol synthase (Figure
6).
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Figure 6. Flavonoid’s biosynthesis [66].

Finally, the levels’ variation of oleuropein and luteolin in olive drupes after the bio-
treatment was studied in detail. Oleuropein and luteolin were used as indicators of the
secoiridoids and flavonoids variation, respectively. Oleuropein acts in Olea europaea as
signaling molecule to protect the plant against UV-B radiation [67]. It has beneficial prop-
erties on human health, preventing cancer, cardiovascular diseases, inflammatory and ox-
idant damages [68]. Luteolin avoids oxidative and inflammatory processes with important
implications for preventing neurodegenerative, cancer, and cardiovascular diseases and
fortifying the immune system [69,70]. All Trichoderma spores and metabolites treatments
affect the secoiridoid oleuropein and flavonoid luteolin levels (in some cases, they were
less abundant in treated plants) and generally influenced the flavonoids more than secoir-
1doids production. The biological treatment (6PP, GV41, and T22) improved the oleuro-
pein content, while the luteolin levels were higher after 6PP, GV41, M10, HA, and
KV906 treatments confirming a different interaction capacity of the biotreatments with
the enzymes involved in the two biosynthetic pathways.

5. Conclusions

Trichoderma strains and their bioactive metabolites used to cultivate the olive tree
(O. europaea cv. Carolea) influence the weight of the drupes and the composition of
phenolic compounds they contain, although in different ways depending on the strain or
metabolite applied. All Trichoderma treatments influenced the production of flavonoids
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more than secoiridoids. The biological treatments’ different abilities could depend on
their selective aptitude to interact with the enzymes involved in flavonoid and secoiridoid
production. Our results show that using the 7Trichoderma fungi and their metabolites rep-
resents a suitable alternative to synthetic fungicide since they are biocontrol agents and
influence other desirable characteristics such as the size and nutraceutical properties of
the olives. Furthermore, they suggest that in the future, the use of metabolites is preferable
to that living fungi as they give the same biological effects beneficial for cultivation and
to guarantee the nutraceutical properties of olives, avoiding some of the limitations re-
lated to the application of living microbes (difficulty in dosing concentrations to be ap-
plied on the plant and storage complications).
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Table S1. Analytical parameters used to perform the calibration curves

Standard Range Equation of the calibration r?
[pg/ml] line

Oleuropein 0.625-25 y =3264818.79x + 8921367.34 0.99

Luteolin 0.5-25 y =2750905.36x +2774612.53 0.99

Apigenin 0.5-50 y=1388397.18x + 7259647.69 0.96

Idrossitiro- 0.62-62.5 y=858369x+1000000 0.99

sol
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Abstract: Harzianic acid is a secondary metabolite of 7Trichoderma, structurally belong-
ing to the dienyltetramic acid subgroup of the tetramic acids. Biological activities of har-
zianic acid are of great interest for its antimicrobial and plant growth-promoting activities,
which might be related to its chelating properties. In the present work harzianic acid,
isolated from cultures of a strain of Trichoderma pleuroticola associated to the gastropod
Melarhaphe neritoides, was studied as a complexant agent of a number of biologically
relevant transition metals (i.e., Zn**, Fe?*, Cu**, and Mn*"), using UV-VIS, potentiome-
try, MS and NMR techniques. Our findings show the coordination capacity of harzianic
acid toward the above cations through the formation of neutral or charged complexes in
a variable ratio depending on the metal and pH conditions.

Keywords: Trichoderma secondary metabolites; bioactive products; chelating metal; tetramic acids; har-
zianic acid complexes

1. Introduction

Species of Trichoderma (Sordariomycetes, Hypocreaceae) are widespread in every
natural environment on earth, in connection with their extraordinary adaptive capacity to
different ecological conditions and lifestyles [1,2]. Particularly, these fungi are able to
establish various interactions with plants and other microbes [1—4]. At least in part, this
is related to the production of secondary metabolites, belonging to several class of com-
pound such as butenolides, epipolythiodioxopiperazines, thiosilvatins, pyrones, sorbicil-
linoids, terpenoids [5—11].

Tetramic acids represent a group of Trichoderma metabolites, including trichosetin
[12] and harzianic acid and its analogs belonging to the subgroup of the dienoyltetramic
acid according to a recent classification [13]. Harzianic acid, was first isolated from
Trichoderma harzianum [14] and characterizes the chemotaxonomic profile of this spe-
cies [15], along with its analogues isoharzianic acid (C-5" epimer) [16], demethylharzi-
anic acid, and homoharzianic acid [17]. The production of a
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new derivative harziaphilic acid was also detected in co-cultures with a strain of 7ala-
romyces pinophilus [18]. However, after the spread of DNA sequencing in fungal taxon-
omy, recent revisions have shown 7. harzianum to be a species complex made of many
biological species [19,20], suggesting a more accurate assessment of the harzianic acid
producers.

The absolute configuration S,S at the asymmetric carbons C-5" and C-7 of harzianic
acid was assigned by X-ray diffraction studies [21]. Moreover, harzianic acid and its ste-
reoisomers were also prepared in six steps with an overall yield of 22% from the masked
4,4-disubstituted glutamic acid and a polyene fragment [22].

Recent studies reported intriguing bioactivities of harzianic acid, such as antimicro-
bial activity against phytopathogenic species (Pythium irregulare, Sclerotinia scleroti-
orum, and Rhizoctonia solani), promotion of plant growth [21]. Some of these activities
might be related to the chelating properties of this metabolite. In fact, it is documented
that harzianic acid inhibits the serine/threonine phosphatase type 2A (PP2A) only in pres-
ence of zinc in a complex ligand-Zn?" 2:1 [17]. Moreover, its complex with Fe*" has been
demonstrated and could be related to the growth promotion activity on tomato seedlings
[23]. Hence, the improvement of knowledge on chelating properties of harzianic acid is
of great interest to better understand its biological activities also against other microbial
targets (.i.e., virus).

Divalent metals (i.e., Mn, Fe, Co, Ni, Cu, and Zn) are essential micronutrients for all
life forms, in particular for their catalytic activities, substrate stabilization, and as reaction
intermediates. The detection of divalent metals is of special interest because their benefi-
cial effects are affected by concentration. In this respect, many organisms produce me-
tabolites with high metal-binding proprieties [24], and their interactions might be influ-
enced by the capacity to regulate metal levels [25].

The aim of this work is to study the chelating properties of harzianic acid, isolated
from a marine strain of 7. pleuroticola, to evaluate the formation and stability of com-
plexes formed with transition metals with biologically relevant functions (i.e., Cu*?, Fe**,
Mn?*, and Zn*").

2. Results and Discussion

2.1. Identification of Strain L1 of Trichoderma pleuroticola Isolated from Melarhaphe
neritoides

Strain L1 recovered from the gastropod Melarhaphe neritoides was identified ac-
cording to morphological and molecular methods. A blast in GenBank of the TEF se-
quence obtained (Figure S1) yielded a strain of 7. pleuroticola (T1295), commonly used
as a reference in phylogenetic assessments involving this species [26], as the closest
match, with an identity of 98.69% (query cover 100%). T. pleuroticola was separated
from 7. harzianum based on mycoparasitic strains from Pleurotus [27], but afterwards
recovered from various contexts, including marine sediments [28].

2.2. Isolation and Identification of Harzianic Acid

The metabolomic analysis (LC-MS approach) of L1 culture filtrates showed the pres-
ence of harzianic acid (Figure 1) as the major compound. LC-ESI mass spectrum, rec-
orded in positive mode, exhibits peaks at m/z 366, 388 and 753 corresponding respec-
tively to [M + H]", [M + Na]", [2M + Na]" ions (Figure S2). In order to extract harzianic
acid, culture filtrate was treated as previously described [16], with slight modifications.
Particularly, a saturated NaHCOj3 solution was used in order to separate neutral and basic
substances, which are eventually contained in the crude extract. Harzianic acid was sub-
sequently extracted with EtOAc following acidification of the basic aqueous phase (Fig-
ure 2). The NMR data, recorded in CDCl; and CDsOD (Figures S3—S5), and optical ro-
tation of the purified compound were in agreement with previous reports [22] (Table S1).
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Repeated chromatographic and spectral analysis did not demonstrate evidence of the pres-
ence of isomeric or degradation products of harzianic acid.

11"

Figure 1. Structure of harzianic acid.

Culture filtration through Exhaustive extraction with
Trichoderma pleuroticola L1 | fijter paper and acidification EtOAc and solvent
. . with 2 N HCI evaporation under vacuum
Medium: 500 mL PDB in 1L » Culture Filtrate (1L, pH=2) »| Brown-red oil residue
Erlenmayer Flask

Growth conditions: 3 weeks

in the darkness at 25°C
Aqueous phase Aqueous phase
Acidification at pH=2 with Dissolution in CHCls and

2 N HCl and exhaustive extraction with saturated
extraction with EtOAc solution of NaHCOs

Organic phase Organic phase

Solvent evaporation
under vacuum

4

Red-brown solid residue
(150.7 mg)

Figure 2. Schematic representation of harzianic acid extraction from Trichoderma pleuroticola L1 culture
filtrate.

2.3. Determination of Protonation Constants of Harzianic Acid

The experimental data were collected by both spectrophotometric titrations in UV-
VIS region and potentiometric technique, where the pH measurements were conducted
with glass electrode. By reason of low solubility of harzianic acid in aqueous solutions,
the measures were performed in CH3OH/0.1 M NaClO4 50:50 (w/w) as ionic medium.
UV-VIS spectra relating to titration are reported in Figure 3.

— pH=3.03
— pH=3.58 25
pH=4.20
— pH=4.70
pH=5.70 2
pH=6.66
— pH=8.50

25+

Absorbance

Absorbance

05

I ! B
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Wavelenght (nm)

250 300
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Figure 3. UV-VIS spectra as a function of pH for a solution 2.0-x 10~* M harzianic acid in CH;0H/0.1 M
NaClO4 (50:50 w/w) recorded at pHs: 3.03, 3.58, 4.20, 4.70, 5.70, 6.66, 8.50 (left 2D-right 3D graphics).
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By analysis of UV-Vis spectra (Figure 3), in acid solution, it is evident the presence
of two bands at 350 nm and 250 nm, that shift in alkaline solution. Two isosbestic points
are also observed, at 350 nm and 240 nm respectively, compatible with the presence of
two acid-base equilibria as reported in Table 1. To assign the corresponding type of mo-
lecular transition to the absorption bands, spectra were recorded in solvents with different
polarity, such as methanol and 2—propanol. In particular, at pH = 5.70, band at 250 nm in
methanol shows a bathochromic shift (log € = 3.89), compared to 240 nm (log € =
4.10) in 2—propanol (Figure S6). This behavior can be associated with transitions involv-
ing the diene system orbitals. Furthermore, band at around 350 nm undergoes a hypso-
chromic shift -345 nm in methanol (log € = 4.12), compared to 360 nm (log € = 4.43)
in 2—propanol, which can be assigned to transitions that involve the non-bonding elec-
trons of oxygen in C4’ position [29]. On the basis of the experimental data obtained with
potentiometric and spectrophotometric measurements and considering pKa of a-hydrox-
yacids [30], the protolytic constants of carboxylic and dienoyl groups were assigned as
reported in Table 1.

Table 1. Summary of acidity constants (cologarithms) of harzianic acid (H,L), obtained by potentiometric
and spectrophotometric measurements.

Equilibria Dissociation of Acid Group Spectrophotometry Potentiometry
H,L + H,O = HL™ + H30* R-COOr 4.08 +£0.02 4.00 + 0.09
59 O
HoM

HL™ +H,O =L? + H;0" §§)§(U\§ 5.63+0.08 59+0.2

DA

By the acid constants, it is possible to build up the distribution curves for all the
species present in this system, as reported in Figure 4.

100

% 50 -

0
2 4 6 8 10

Figure 4. Distribution diagram of protolytic species for harzianic acid in CH;0H/0.1 M NaClOy (50:50
w/w) (1: HoL; 2: HL™; 3: L),

Circular dichroism measurements, conducted in the same conditions as potentiom-
etric and spectrophotometric assessments, show, as the pH of the solution increases, the
presence of two peaks (one positive Cotton effect at 285 nm and another negative at 350
nm) as reported in Figure 5. This behavior indicates an increase in the asymmetry of the
molecule in alkaline solution, which affects the chirality in position C5'. In effect, by a
keto—enolic equilibrium, that involves the carbonyl group in C4', it is possible to invert
the configuration in C5'.
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Figure 5. Far-UV CD spectra of 2.0-10~* M harzianic acid in CH;0H/0.1 M NaClO4 (50:50 w/w) at dif-
ferent pH values (3.52, 4.53, 6.72, 7.29) (optical path 0.2 cm).

2.4. Study of Complexation of Harzianic Acid with Metal Cations

UV-VIS measurements carried out for Zn**~harzianic acid system at different pH
(Figure 6A) show the presence, in alkaline solution, of three bands at 251 nm (log € =
3.45),290 nm (log € =3.58) and 330 nm (log € = 3.69). From spectra recorded at different
metal/harzianic acid molar ratio (Figure 6B) (at fixed pH), two peaks at 335 nm (log € =
4.15) and 294 nm (log € = 3.99) are observed. Measurements show a considerable spectral
variation up to a value of 0.5 metal/ligand molar ratio that is compatible with the for-
mation of a 1:2 stoichiometric complex.
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Figure 6. UV-VIS spectra in CH;0H/0.1 M NaClO4 (50:50 w/w of: (A) 2.0-10™* M harzianic acid and
2.0-107* M Zn(ClOs); at different pH (2.60; 3.09; 3.65; 4.52; 6.73; 7.70); (B) at different metal/harzianic
acid molar ratio (0.08; 0.16; 0.29; 0.41; 0.50; 0.59; 0.71; 0.80; 0.92) at pH = 6.50 (left 2D-right 3D

graphics).
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Similar measurements were performed in harzianic acid solutions with Cu?*, Fe*",
and Mn** (Figures 7-9).
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Figure 7. UV-VIS spectra in CH;0H/0.1 M NaClO4 (50:50 w/w) of: (A) 2.0-10“* M harzianic acid and
2.0-10* M Cu(ClOs); at different pH (2.78, 3.28, 3.76, 5.33, 6.60, 7.18); (B) at different metal/harzianic
acid molar ratio (0.06, 0.20, 0.35, 0.46, 0.53, 0.59, 0.68) at pH = 6.50 (left 2D—right 3D graphics).
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Figure 8. UV-VIS spectra in CH;0H/0.1 M NaClO4 (50:50 w/w) of: (A) 2.0-10* M harzianic acid and
2.0-107* M FeSOs at different pH (from 3.96 to 8.46); (B) at different metal/harzianic acid molar ratio
(from 0.00 to 1.49), at pH = 6.50 (left 2D-right 3D graphics).
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Figure 9. UV-VIS spectra in CH;0H/0.1 M NaClO4 (50:50 w/w) of: (A) 2.0-10"* M harzianic acid and
2.0-10"* M MnCl, at different pH (3.55, 4.65, 6.30, 7.31, 8.53); (B) at different metal/harzianic acid mo-
lar ratio (0.70, 0.19, 0.39, 0.50, 0.60, 0.78) at pH = 6.50 (left 2D—right 3D graphics).

The collected data were processed numerically by Hyperquand program, obtaining
the equilibrium constant reported in Table 2. The stability of stoichiometric complexes
1:2 follows the trend of the Irving—Williams series (Cu > Zn > Mn), while Fe?" exhibits
an anomalous behaviour due to the formation of different 1:2 complexes. A similar trend
in the stability of the complexes also exists as a function of the first hydrolysis constant,
as also observed by Martel and Hancock [31] for metal ions complexes with organic lig-
ands (e.g., malonate and catechol).

Table 2. Summary of metal ion/harzianic acid (H,L) stability constants.

Me? Equilibria log (cost.eq.) + 36 *
cutt Cu**+L* =CulL 9.26 + 0.08
Cu?' +2 L% =Cul,* 15.82 £0.05
7n** Zn*" +2 1> =ZnL,* 14.42 £ 0.06
Mn? Mn?" + 2 L? = MnL,*" 11.96 +0.09
e Fer T2 HL =Fe(HL), 13.20+0.04
Fe?* +2 L* = FelL,*" 10.22 £ 0.07

* denotes standard deviation.

To visualize the amounts of the different species, distribution diagrams were built for
Cu(Il)-harzianic acid and Fe(II)- harzianic acid systems (Figures 10 and 11).
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Figure 10. Distribution diagram of species for Cu(Il)-HA system in CH3OH/0.1 M NaClO4 (50:50 w/w
with 1.0-10™* M Cu(Il) and 2.0-10* M of HA acid (HzL) (1: Cu?*; 2: CuL; 3: CuL,*).
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Figure 11. Distribution diagram of species for Fe(Il)-harzianic acid system in CH30H/0.1 M NaClO4
(50:50 w/w with 1.0-10* M Fe(II) and 2.0-10* M of harzianic acid (H,L) (1: Fe?*; 2: Fe(HL),; 3:
FeL,>).

From the distribution diagram of Cu(Il) —harzianic acid system (metal ion/ligand ra-
tio 1:2), reported in Figure 10, a prevalence of CuL is observed until pH 4, while for pH
value higher than 4 there is a prevalence of CuL,? ' complex which reaches a maximum
of about 90%. On the other hand, the CuL species is present in a non-significant amount
(less than 10%).

By analysis of the distribution diagram of the Fe(II) —harzianic acid system (Figure
11; metal ion/ligand ratio 1:2), the free metal concentration decreases from 50%, at pH =
3, to about 10% for pH range 5-8 in favor of the formation of complex species. In partic-
ular, the Fe(HL), complex species becomes considerable for pH range 3—5.5 in amount
until 85%. While the FeL,>~ complex species predominates in amount until 90% for pH
higher than 5.5.

2.5. LC-MS and NMR Data

Chelating properties of harzianic acid were confirmed by LC-MS analysis of Metal
(I1)-HA. The main ions showed in MS spectra (Figures S7—S9) of each solution are re-
ported in Table 3. In addition to ion characteristic of harzianic acid, LC-ESI-HRMS spec-
tra of solutions in the presence of Cu(Il), Mn(II) and Zn(II) exhibit dimeric peaks [2M —
H + Metal]" confirming the stoichiometric ratios observed in the previous section. Inter-
estingly, the solution containing copper exhibits a peak at m/z 427.1057 corresponding to
[M-H+Cu]" and characteristic of a complex with stoichiometry 1:1. LC-MS analysis of
harzianic acid with Fe(II) did not show any significant peak corresponding to complexes
of this metal. Probably, this is due to the production of not charged species.
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Table 3. Caracterization of Metal?"-harzianic acid complex by LC/MS.

Ion Experimental Mass Formula Exact Mass
Harzianic acid: Cu(ClO4)2
[M+H]* 366.1921 C1oH2sNOg 366.1917
[M+Na]* 388.1730 C19H27NOgNa 388.1736
[M-H+Cu]* 427.1057 C19H26NOeCu 427.1056
[M+Cu+ClO4]* 527.0619 Ci9H27NO;oCuCl  527.0619
[2M-H+Cu]" 792.2880 C33Hs53N>01,Cu 792.2895
Harzianic Acid: MnCl,
[M+H]* 366.1908 C19H2sNOg 366.1917
[M+Na]" 388.1728 Ci9H27NOgNa 388.1736
[2M+Na]* 753.3549 CsgHs4N20O12Na 753.3574
[2M-H+Mn]" 784.2952 C3sHs3N2O1Mn 784.2979
Harzianic Acid: Zn(ClO4):
[M+H]* 366.1922 Ci1oH2sNOg 366.1917
[M+Na]* 388.1738 Ci9H27NOgNa 388.1736
[1\/[+ZII+CIO4]+ 528.0612 C19H27NO19ZnCl 528.0615
[2M-H+Zn]* 793.2886 Cs33Hs53N2012Zn 793.2890

Finally, "TH NMR spectra of harzianic acid solutions prepared with Mn** and Zn*"
confirmed the capacity of our compound to coordinate these cations. The analyses were
recorded in CD30D/D;0 1:1 (w/w), hence the proton spectrum of harzianic acid was pre-
viously acquired in the same solvent mixture for an accurate data interpretation. Chemical
shifts were assigned on the basis of COSY experiment (Figure S10-S11), and data re-
ported in the literature [22]. In fact, 'H NMR spectrum of harzianic acid (Figure S10)
shows the loss of multiplicity of many signals and the overlap of H-8" and H-6'B which
resonates as multiplet at 6 2.12-1.96. In fact, the COSY spectrum showed a correlation
between this signal and H-6'A multiplet at 6 2.41-2.32 and of H3-9" and doublet H3-10’
resonating at 6 0.99. Moreover, the same spectrum showed a correlation between Hz-7 (6
1.53-1.51) and protons of the methyl group H3-8 (Table S1).

The '"H NMR spectrum of harzianic acid recorded in presence of MnCl, showed some
significant shifts for H-3, H-4/5, H-5" and H3-11' resonating a 6 7.88 (dd, J =149, 11.3
Hz), 6.11-5.93 (m), 4.29 (d, /= 9.7 Hz) and 2.85 (s) respectively. In particular, downfield
shift of H-3 and H-5" of A 6 0.35 and 0.46, and upfield shift of H-4/5 and H3-11" of Ad
0.42 and 0.10, were respectively observed (Figure S12). A similar result is visible in the
harzianic acid spectrum recorded in presence of Zn(ClO4), (Figure S12).

The coordination regioselectivity can be deduced by comparison between of NMR
data of harzianic acid and its Cu(Il) and Mn(II) complexes. In particular, the shifts of
protons H-3 of the residue esadienoyl and H-5' of the pyrrolidine ring could be related to
the metal coordination with external carbonyl and amide groups.

3. Materials and Methods
3.1. Reagents and Their Analysis

Solutions of metals were prepared from Merck (Darmstadt, Germany) p.a. products
[Cu(ClO4)2, Zn(ClO4)2, MnCl> and FeSO4] dissolved in bidistilled water. The metal con-
centration was determined by complexometric method with a solution of EDTA at known
concentration. Diluted solutions of perchloric acid were prepared from Merck p.a. prod-
ucts and standardized potentiometrically (glass electrode) against tris(hydroxyme-
thyl)amino methane (Sigma-Aldrich, Saint Louis, MO, USA). The results agreed to
within 0.1% or better.
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Carbonate-free solutions of sodium hydroxide were obtained simply by diluting (af-
ter centrifugation) a saturated NaOH solution. To prevent air, contact the tubes were
closed with a suba seal rubber. An approximately known quantity of NaOH was injected
and immediately transferred under nitrogen atmosphere in a calibrated volumetric flask
containing NaClOs in the desired quantity, freshly boiled bidistilled water, and finally
filled to the flask mark. The accurate hydroxide concentration was determined by titration
with standard HCIO4 using methyl red as a visual indicator. Replicated analyses agreed
to within 0.1%.

6 molal solutions of sodium perchlorate (NaClO4-H>0, Merck p.a.). contain less than
107 molal concentration of iron, silica, heavy metals chloride, and sulphate ions. Stock
solutions were analysed gravimetrically by drying at 130 °C.

3.2. General Experimental Procedures

Optical rotations were measured in CH3OH using a Jasco P-1010 digital polarimeter
(Tokyo, Japan). NMR spectra were recorded at 400 MHz in CDCl; or CD30D or
CD;0D/D20 1:1 (w/w) on a Bruker spectrometer (Ascend™400) (Bremen, Germany).
The solvent was used as internal standard. The potentiometric titrations were performed
in an air-bath thermostat kept at (25.00 £ 0.05) °C. A programmable computer-controlled
data acquisition unit 3421A, supplied by Hewlett and Packard (Palo Alto, CA, USA), was
used to perform the potentiometric measurements. The glass electrodes were Metrohm
(Herisau, Switzerland) of 60102-100 type and Ag/AgCl electrode was utilized as refer-
ence. The EMF values were measured with a precision of = 0.01 mV using a Keithley
642 type Digital Electrometer (Tektronix Inc., Beaveron, OR, USA).

UV-VIS spectra were recorded by model Cary 5000 Spectrophotometer by Varian
C. (Palo Alto, CA, USA), from 200 to 600 nm (optical path 0.2 cm) at 25.0 °C, under a
constant flow of nitrogen. The far UV-CD spectra were recorded with a Jasco spectropo-
larimeter model J-715 (Tokyo, Japan), from 200 to 600 nm (optical path 0.2 cm) at 25.0
° C, under a constant flow of nitrogen.

3.3. Isolation and Identification of Strain L1

Strain L1 was recovered from a specimen of the mollusc Melarhaphe neritoides
(Gastropoda, Littorinidae) collected on an outcropping rock in the intertidal zone along
the coastline of the isle of Procida, Bay of Naples, Italy. The small specimen was directly
placed in a Petri dish containing potato dextrose agar (PDA: Hi Media, Mumbai, India)
acidified with lactic acid (10 mL 10% l.a./L) and incubated at 25 °C in darkness. A hyphal
tip from an emerging fungal colony was transferred in pure culture on PDA. The subcul-
ture developed very rapidly, covering the whole medium in 2 days; the surface promptly
turned from white to yellow-green as sporulation progressed, indicative of belonging of
L1 to the genus Trichoderma.

L1 was inoculated on PDA plates and cultivated for 7 days at 25° C. Five mycelial
plugs from actively growing cultures were used to inoculate 50 mL potato dextrose broth
(PDB: Hi Media) in a 250 mL Erlenmeyer flask. Stationary culture was kept in the dark
at 25 °C for 4 days. The biomass was collected by separating the substrate by filtration
with Miracloth (Calbiochem, San Diego, CA, USA) paper, washed repeatedly with sterile
distilled water, and dried with absorbent paper. The freeze-dried biomass was ground
with a spatula and genomic DNA was isolated by using NucleoSpin® Soil kit (Macherey-
Nagel, Diiren, Germany), following manufacturer’s instructions. DNA quantity was de-
termined using a Qubit 2.0 fluorometer with the dsSDNA BR Assay (Life Technologies,
Grand Island, NY, USA). PCR analysis was carried out in 50 pL total reaction volume,
with 0.5 uM primer, 0.2 mM dNTP Mix, 1x DreamTaq Green Buffer (Thermo Scientific,
Waltham, MA, USA), and 1.25 U of DreamTaq DNA Polymerase (Thermo Scientific).
The translation elongation factor -1 alpha (TEF-1a) was amplified by the primer pair
TEF-1f (ATGGGTAAGGARGACAAGAC) and TEF-1r (GGARGTACCAG-
TSATCATGTT). The products obtained were analyzed by subjecting 5 pL of them to gel
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electrophoresis of agarose. The PCR product was purified with the PureLink Quick PCR
Purification (Invitrogen, Waltham, MA, USA) kit, following the manufacturer’s instruc-
tions. Sequencing reactions were performed by Eurofins Genomics (Ebersberg, Ger-
many) with the same primer sets used for PCR amplification. The nucleotide sequence of
the inserts thus obtained was subjected to in silico analysis through the BlastX program
which compares the nucleotide sequence with those contained in the GenBank database
(Bethesda, MD, USA) of the National Center for Biotechnological information. Sequence
has been deposited in GenBank under the reference numbers MT309187.

3.4. Production of Culture Filtrates and HA extraction

Mycelial plugs from actively growing cultures on PDA of strain L1 were used to
inoculated in 1 L-Erlenmayer flasks containing 500 mL PDB. Cultures were kept in dark-
ness at 25 °C for 3 weeks, then filtered through filter paper (Whatman, Maidstone, UK).
The culture filtrate (1 L) was acidified to pH 2 with 2 N HCI and extracted three time
with the same volume of ethyl acetate (EtOAc). The organic extracts were combined,
dried with Na;SOs4, and evaporated under reduced pressure to give a brown-red oil resi-
due. The extract was dissolved in CHCI3 and then extracted with a saturated solution of
NaHCO:s. The aqueous phase was acidified at pH 2 with concentrated HCI and extracted
three times with EtOAc. The organic phase obtained was dried with Na;SO4, and evapo-
rated under reduced pressure affording a red-brown solid residue (150.7 mg) (Figure 2).

3.5. LC-MS Analysis

In order to investigate binding properties of harzianic acid towards bivalent metal,
500uL of each metal water solution (2 mM) were added to 500 pL of a methanolic solu-
tion of harzianic acid (1 mg/mL) and directly infused into the LC-MS system. Analyses
were done on an Agilent high performance liquid chromatograph (HPLC) 1260 Infinity
Series (Agilent Technologies, Santa Clara, CA, USA) coupled to a quadrupole-time of
flight (Q-TOF) mass spectrometer model G6540B (Agilent Technologies) with a Dual
ESI source (Agilent Technologies). Samples were injected in 7 puL injection volumes and
eluted at 100% of 0.1% formic acid in acetonitrile at a flow rate of 0.3 mL/min to the
mass spectrometer. MS parameters were set using the Agilent MassHunter Data Acqui-
sition Software, rev. B.05.01 (Agilent Technologies). The system operated in positive ion
mode and MS spectra were recorded in m/z 50-1000 range as centroid spectra, with a
speed of 3.3 spectra/s. The capillary was maintained at 2000 V, fragmentor voltage at 180
V, cone 1 (skimmer 1) at 45 V, Oct RFV at 750 V. Gas flow rate was set at 11 L/min, at
350 °C, and the nebulizer was set at 45 psig. A standard solution was infused by using an
Isocratic pump (1260 Infinity Series, Agilent Technologies) in order to perform the real-
time lock mass correction. The solution consisted of two reference mass compounds: pu-
rine (CsHaN4 at m/z 121.050873, 10 pmol/L) and hexakis (1H,1H, 3H-tetrafluoro-
pentoxy)-phosphazene (C1sHi1sOsN3P3F24 at m/z 922.009798, 2 umol/L). Flow rate was
set at 0.06 mL/min, while the detection window and the minimum height were set at 1000
ppm and 10,000 counts, respectively, for reference mass correction.

Analyses of L1 culture filtrates were done on the Agilent system previously reported.
Separations were performed on a Zorbax Eclips Plus C18 column, 4.6 x 100 mm, with
3.5 um particles (Agilent Technologies). Analyses were done at a constant temperature
of 37 °C and using a linear gradient system composed of A: 0.1% (v/v) formic acid in
water, and B: 0.1% (v/) formic acid in acetonitrile. The flow was 0.6 mL min™!, 95% A
graduating to 100% B in 6 min, 100% B 6—8 min, 95% A 8-10.

3.6. Potentiometric and Spectrophotometric Measurements

The solutions tested (TSu) had the following composition TSy: CL M HoL, Cu M
HCl104, Con M NaOH, (0.1-Cyx) M NaClO4/CH30H 50:50 (w/w). The hydrogenionic con-
centration [H'] was measured using the following cell:
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RE /TSy | GE

where GE represents the glass electrode, while RE is the composition reference cell: Ag
sy/AgCl (5/0.1 M NaClO4/CH30H (50:50). The e.m.f. of the cell (A) at 25 ° C, results:

E; = EY + 0.05916 - log(h - yH)

where [H] = h, Eg” is a constant in each titration, yn represents the activity coefficient
of H" which is constant in the ionic medium used. E; is the liquid junction potential that
is generated on contact between the solution 0.1 M NaClO4 / CH30H (50:50) and the
measuring solution [32]. Putting:

E; = EY + 0.05916 - log(yH) + E,

Equation (1) takes the form:

E; = E2 + 0.05916 - log(h)

The experimental measurements were carried out in the form of both potentiometric
and spectrophotometric titration. Each titration was divided into two parts: in the first, the
constant Eg’ was determined in a solution in the absence of harzianic acid and metal ion.
In the second part, the harzianic acid and metal ion were added and the acidity of the
solution was decreased by addition of a NaOH solution. After each addition, the e.m.f. of
cell (A) is measured determining the hydrogenionic concentration h (and therefore the
pH) and at the same time, the UV-VIS spectrum of the resulting solution is recorded.
Hyperquad program (Protonic Software, Leeds, UK) [33] was used to process the exper-
imental data obtained by potentiometric and spectrophotometric measurements.

4. Conclusions

In this paper production of harzianic acid by 7. pleuroticola is reported for the first
time. Considering the recent separation of this specie from 7. harzianum, it would be
interesting to evaluate if the ability to synthesize this tetramic acid occurs in other strains,
and whether or not harzianic acid can be regarded as a chemotaxonomic marker of any
species within the 7. harzianum aggregate.

The bioactivities of acetylated tetramic acids are linked to their capacity to form com-
plexes with ions and to their acidic properties. In general, studies conducted on these
complexes, such as those concerning tenuazonic acid and cyclopiazonic acid [24] under-
rate the relevance of the formation conditions and of complex stabilities. Acylated
tetramic acids are synthesized by hybrid polyketide synthase-nonribosomal peptide syn-
thetase enzymes (PKS-NRPS; NRPS-PKS) and the properties of this class of compounds
may explain their antibiotic activity [24,34]. Metal-chelating metabolites can inhibit vi-
rus-induced or microbial-induced enzymes in infected cells by coordinating with metals
at their active sites with a significant pharmaceutical impact [24,35]. Moreover, agricul-
tural applications have also been demonstrated in the capability of harzianic acid to cause
Fe(II)-promoting plant growth due to the iron solubilization [21,23].

In the present work, physico-chemical properties of harzianic acid were investigated,
such as pKa, chelating properties toward metals with relevant biological functions, and
stability constants of the derived complexes. Our findings show the coordination capacity
of harzianic acid toward Cu(Il), Fe(II), Mn(II) and Zn(IT) through the formation of neutral
or charged complexes in metal(Il)/harzianic acid ratio of 1:1 or 1:2 depending on the pH
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conditions, as observed for Cu(Il) and Fe(Il), or in 1:2 ratio as observed for Mn(II) and

Zn(ID). In particular, the highest affinity constant is obtained for the coordination complex
Cu(Il)/harzianic acid 1:2 with log 3 15.82.

Supplementary Materials: The following are available online, Figure S1: ITS sequence
of Trichoderma pleuroticola L1, Table 1: NMR data of harzianic acid recorded in differ-
ent solvents, Figure S2: LC-MS mass spectrum of harzianic acid, Figure S3: NMR spec-
trum of harzianic acid recorded in CDCls, Figure S4—S5: NMR spectra of harzianic acid
recorded in CD30D, Figure S6: UV-VIS spectra for solutions of harzianic acid, Figure
S7-S9: mass spectra ESIMS QTOF of harzianic acid in presence of metals, Figure S10—
S11: NMR spectra of harzianic acid record in CD30D/D-0, Figure S12: NMR spectra of
harzianic acid in presence of metals.
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Bivalent Metal-Chelating Properties of Harzianic Acid Produced by a

Marine-derived Strain of Trichoderma pleuroticola
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TCTTTTCCCTCGCGTCGGCATCATTCGCCGCTCTGATTCTCCAGACACTTGTGCTAACCG
TCTCCTAGGGGTGCGTATTCCATGAATCCCCTTGAATGTGATCGATCGAACACAACACTG
ACTTGTTACAACAGCCACGTCGACTCCGGCAAGTCGACCACCGTGAGTTGCACCCCCTTC
TCTTGCTCCGGCATCAAGCGAGAGCGTTTGATGCCGGACATGTACTCTTTTGAACCCAGG
GCTGACCATTCATCATGTAGACTGGTCACTTGATCTACCAGTGCGGTGGTATCGATCGTC
GTACCATCGAGAAGTTCGAGAAGGTAAGCTTCAACTGATTTTCGCCTCAATTCTCCCTCC
ACATTCAATTGTGCCCGACGATTCTGCAGAGAATTTTCGTGTCGACAATTTTTCATCACC
CCGCTTTCCGTTACCCCTCCTTTGGCAGCGACGCAAATTTTTTGTGGCAGCCTTTTGGCT
TTGGTGGGGTTTCGTGTGCACCCCACTAGCTCACTGCTTTTTTCTGCTTCACTCTCCCAC
TGCCCAGTCATCATTCAACGTGCTCTGTGTCTCGCCATTCAGCGATGCTAACCACTTTTC
CATCAATAGGAAGCCGCCGAACTCGGCAAGGGTTCCTTCAAGTACGCTTGGGTTCTTGAC
AAGCTCAAGGCCGAGCGTGAGCGTGGTATCACCATCGACATTGCCCTGTGGAAGTTCGAG
ACTCCCAAGTACTATGTCACCGTCATTGGTATGTCTGCTCCATCATCTTGATGCAGGAAT
TGCGAGCTGGTGTTAACAGGTAATTCGCAGATGCTCCCGGCCACCGTGATTTCATCA

Figure S1. ITS sequence of Trichoderma pleuroticola L1.

Table S1. '"H NMR data of harzianic acid recorded in different solvents.

Position ou (J in Hz) CDCI3! ou (J in Hz) CD;0OD! ou (J in Hz)
CD;0OD/D:0

2 7.02d15.2 7.12d15.2 7.14-6.99 brs

3 7.60-7.55 m 7.58-7.52 brs 7.68-7.46 brs

4 6.41-6.38 m? 6.44-6.38 m? 6.58-6.32 brs?

5 6.38-6.36 m? 6.44-6.38 m? 6.58-6.32 brs?

6 2.29-2.21 m 2.30-2.20 m 2.30-2.17 brs

7 1.51 sest 7.4 1.52 sept 7.4 1.53-1.51m

8 097173 1.01-0.95 m? 0.99 m*

5 3.65brd 10.2 3.83dd 8.6,2.0 3.91-3.82 brs

6’A 2.50 brd 14.3 2.36dd 14.6,2.0 2.41-2.32 brs

6’B 1.93 dd 14.3, 10.2 2.00 m? 2.12-1.96 br?

8 2.03 hept 6.8 2.05 m? 2.12-1.96 brs?

9’ 1.00d 6.8 1.01-0.95 m? 0.99 m?

10° 1.00d 6.8 1.01-0.95 m? 0.99 m?

11 3.00s 2.96s 2.96 s

'Spectroscopic data are in accordance with those previously reported (Healy et al., 2015)

2 Overlapping signals
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Figure S2. Harzianic acid mass spectrum obtained by LC-MS analysis in ESI positive mode.
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Figure S3. '"H NMR spectrum of harzianic acid recorded in CDCIl; at 400 MHz
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Figure S4. "H NMR spectrum of harzianic acid recorded in CDsOD at 400 MHz
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Figure S5. COSY spectrum of harzianic acid recorded in CD3;0D at 400 MHz
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Figure S6. UV-Vis spectra for solutions: 5.5-10™* M harzianic acid in CH;OH;
2.6-10~* M harzianic acid in 2—propanol (optical path 0.1 cm).
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Figure S7. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive mode of a solution
1.0-1073 M of harzianic acid and 1.0-107 M of Cu(ClO4); in MeOH/H,0 50:50 (w/w).
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Figure S8. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive mode of a solution
1.0-103 M of harzianic acid and 1.0-1073 M of MnCl, in MeOH/H,0 50:50 (w/w).
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Figure S9. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive mode of a solution
1.0-1073 M of harzianic acid and 1.0-1073 M of Zn(C1O4), in MeOH/H,0 50:50 (w/w).
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Figure S10. '"H NMR spectrum of harzianic acid recorded in CD30D/D,0 (50:50 w/w) at 400 MHz
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Figure S11. COSY spectrum of harzianic acid recorded in CD30D/D>0O (50:50 w/w) at 400 MHz
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Figure S12. Detail of 'H NMR spectra of harzianic acid (down), Zn?>'-HA (middle) and Mn?"-HA (up)
recorded in CD3OD/D>0 (50:50 w/w) at 400 MHz. Solvent peak is removed.
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Abstract: Some Trichoderma strains are known for their capacity to produce harzianic
acid, a metabolite belonging to the tetramic acid derivatives. Harzianic acid has interest-
ing biological properties, such as antimicrobial activities against phytopathogenic fungi
and promotion of plant growth. It also possesses remarkable chemical properties, includ-
ing the chelating properties toward essential transition metals, which might be related to
the biological activities. Increasing knowledge on chelating properties might be relevant
for understanding the various beneficial effects of harzianic acid in the interaction be-
tween the producer fungi and plants. In this work, the coordination capacity of harzianic
acid was studied to evaluate the formation and stability of complexes formed with toxic
heavy metals (i.e., Cd*", Co**, Ni**, and Pb*"), which might have a crucial role in the
tolerance of plants growing in metal-contaminated soils and in abiotic stress.

Keywords: Trichoderma; secondary metabolites; abiotic stress; metal-chelating properties

1. Introduction

Heavy metals are present in different concentrations in many rocks and soils, but the
major sources of these elements are anthropogenic activities, including industrial emis-
sions and agricultural treatments >. Some heavy metals are essential elements for physio-
logical functions, e.g., iron (Fe), copper (Cu), zinc (Zn), and manganese (Mn), while
many of them are commonly considered as toxic elements to plants and humans, e.g.,
lead (Pb), cobalt (Co), cadmium (Cd), nickel (Ni), chromium (Cr), mercury (Hg) *. There
is ample literature on the acute and/or chronic toxic effects of these heavy metals for
plants and animals >~ For instance, in humans, nickel can have an impact on the immune,
respiratory, nervous, and reproductive systems ®; cobalt is mainly responsible for neuro-
logical, cardiovascular, and endocrine deficits °. Cadmium intoxication can lead to kid-
ney, bone, and pulmonary damages '°. Finally, lead exposure can
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cause an increase of oxidative stress, producing various deleterious effects on the hema-
topoietic, renal, reproductive, and central nervous systems !

Rapid industrialization and urbanization have caused environmental contamination
and pollution by toxic heavy metals, and their concentrations above threshold levels
(which are defined by national guidelines) can have negative effects on the ecological
health and fertility of soils due to their bioaccumulation 2. Bioavailability of heavy metals
is mainly affected by their total content in soil and by the presence of microbial and plant
species '3, In this respect, fungi can contribute to increase the tolerance of plants growing
in metal-contaminated soils, and the production of metal-chelating compounds has been
demonstrated in some fungi, such as Pleurotus ostreatus '*, Beauveria caledonica '°, and
Aspergillus niger '°. In fact, organic acids may affect potentially toxic metals desorption,
solubility, and mobility through the formation of complexes '8, The most frequent fun-
gal organic acids involved in the complexation of heavy metals in soils are oxalic, suc-
cinic, tartaric, and citric acids, which have the valuable capacity to remove heavy metals
without destroying the soil matrix '*2°. Moreover, several fungal genera (e.g., Saccharo-
myces, Aspergillus, and Penicillium ') produce a wide range of siderophores, which have
strong affinity for ferric ion, but despite their preference for iron, they can chelate numer-
ous metals (e.g., aluminum, cadmium, cobalt, silver, copper) with diverse affinity, having
an impact on the transport and tolerance of these metal ions 2>?*. Hence, the heavy metals
chelation by organic acids may represent an important detoxification mechanism, both by
the fungi and plants >, but it is dependent upon metals, ligands, and environmental con-
ditions .

Beneficial microbes belonging to the genus Trichoderma are model organisms to
study plant-microbe interactions, and some selected strains are present as active ingredi-
ents in bioformulations for agriculture 2%?’. Methods for remediating polluted soils or
water, and for removing toxic substances using Trichoderma spp. in plant-microbes sys-
tems have been proposed *®. These microbes are known to control plant pathogens and
improve plant growth, also due to the production of a remarkable range of secondary
metabolites showing different biological activities ">

One of these effector metabolites is harzianic acid, a natural compound with notable
biological activities and interesting chemical properties, including affinity to ferric iron,
antimicrobial activity (e.g., Staphylococcus pseudintermedius, Pythium irregulare, Scle-
rotinia sclerotiorum, and Rhizoctonia solani) and promotion of plant growth (e.g., to-
mato) *¢%°. It has been recently obtained by total synthesis *°, and classified in the sub-
group of the dienoyl tetramic acids *'.

In this work, the capacity of harzianic acid, obtained from cultures of a marine-de-
rived strain of Trichoderma pleuroticola **, to complex some dipositive toxic heavy met-
als (i.e., Cd**, Co**, Ni** and Pb*"), was studied. Several techniques have been used (i.e.,
mass spectrometry (MS), circular dichroism (CD) spectrometry, nuclear magnetic reso-
nance (NMR), Fourier transform-infrared spectroscopy (FT-IR)) either to demonstrate
qualitatively the capacity of harzianic acid to complex the targeted cations or to obtain
clues on the coordination mode, although the stoichiometry and formation constants of
complex species, in a CH30OH/0.1 M NaClOg4 (50:50 w/w) mixed solvent at 25 °C, were
ultimately obtained from UV-VIS spectrophotometric data collected in a wide pH and
spectral range.

2. Materials and Methods
2.1. Reagents and Their Analysis

Analytical grade products Pb(ClO4),, Cd(ClO4)2, CoClz, and NiCl> Merck (Darm-
stadt, Germany) were used to prepare stock aqueous solutions of metals whose concen-
trations were determined by complexometric titration with a standard solution of EDTA.
Solutions of perchloric acid were prepared from analytical grade products and standard-
ized potentiometrically (glass electrode) against tris(hydroxymethyl)amino methane
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(Sigma-Aldrich, Saint Louis, MO, USA). The results agreed to within 0.1% or better.
Carbonate-free NaOH and NaClO4 solutions were prepared as previously described +.
Harzianic acid was isolated as product of Trichoderma pleuroticola L1 recovered
from a specimen of the mollusk Melarhaphe neritoides (Gastropoda, Littorinidae) col-
lected along the coastline of the isle of Procida, Bay of Naples, Italy. The isolation and
identification of this compound were previously explained in details *?. Briefly, culture
filtrate of 7. pleuroticola was exhaustively extracted in acid conditions with ethyl acetate.
The residue obtained was dissolved in chloroform and extracted with a saturated solution
of NaHCO3. The aqueous phase was acidified and extracted with ethyl acetate to obtain a
residue identified as harzianic acid, comparing the NMR data with previous reports *°.

2.2. Preparation of Test Solutions, Potentiometric, UV-VIS, CD, NMR, and IR Measure-
ments

Test Solutions (TS), for CD and UV-VIS spectrometry, were prepared in an air-bath
thermostat kept at (25.00 = 0.05) °C by the procedure described in section 3.

Potential of cell —RE/TS/GE +, which serves to evaluate the pH (= —log[H']) of
Test Solutions for UV-VIS and CD spectrometric measurements, was measured at 25.0
°C with a precision of + 0.01 mV using a Keithley 642 type Digital Electrometer (Tek-
tronix Inc., Beaverton, OR, USA). The pH indicator glass electrodes (GE) were Metrohm
(Herisau, Switzerland) of 60102-100 type and an Ag/AgCl(s)/0.1 M NaCl/(0.1 M
NaClO4/CH30H, 50/50 w/w) electrode was utilized as reference (RE).

UV-VIS spectra were recorded by Cary model 5000 Spectrophotometer by Varian
C. (Palo Alto, CA, USA), from 200 to 600 nm (optical path 0.2 cm) at 25.0 °C, under a
constant flow of nitrogen.

The far UV-CD spectra were recorded with a JASCO CD spectrometer model J-715
(Tokyo, Japan), from 200 to 600 nm (optical path 0.2 cm) at 25.0 ° C, under a constant
flow of nitrogen.

NMR spectra were recorded at 400 MHz in CD;0D/D>0 1:1 (w/w) on a Bruker spec-
trometer (Ascend™400) (Bremen, Germany). The solvent was used as internal standard.

FT-IR spectra were recorded in modality attenuated total reflectance (ATR) with
model Nicolet 5700 by Thermo Electric Corporation (Waltham, MA, USA). The meas-
uring cell consisted of a mono crystal of zinc selenide. The blank was recorded using air
as reference. The solid compounds, metal-harzianic acid, were prepared by mixing and
evaporating equimolar solutions of the individual components.

2.3. HPLC-MS Analyses

HPLC-MS analyses were done with the methods described by ** on an Agilent high
performance liquid chromatograph (HPLC) 1260 Infinity Series (Agilent Technologies,
Santa Clara, CA, USA) coupled to a quadrupole-time of flight (Q-TOF) mass spectrom-
eter model G6540B (Agilent Technologies) with a Dual ESI source (Agilent Technolo-
gies). Briefly, 500 puL of a 2 mM solution (in water) of each metal (Cd(Cl04)2, CoClo,
NiCl; and Pb(C104)2) were mixed with 500 pL of harzianic acid (solubilized in methanol,
1 mg-mL ") and directly infused into the LC-MS system (7 pL injection volumes, eluted
with 0.1% formic acid in acetonitrile at a flow rate of 0.3 mL-min ™' to the mass spectrom-
eter). The system was operated in positive ion mode and a standard solution of purine and
hexakis(1H,1H,3H-tetrafluoropentoxy)-phosphazene was infused to obtain the real-time
lock mass correction. All parameters and acquisitions were set using the Agilent Mas-
sHunter Data Acquisition Software, rev. B.05.01 (Agilent Technologies).

3. Results and Discussion

Since harzianic acid is a diprotic acid, in the following text we use the abbreviation
H:L, which represents the fully protonated species. Dissociation of protons by HoL
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produces in sequence HL™ and L?", according to the dissociation constants exposed in
Figure 1 *%. In addition, when appropriate, the symbol M?" will be used to generically
represent the dipositive metal cations investigated in this study, i.e., Cd*", Co*", Ni**, and
Pb*".

C\> O
S ME ‘\\\XX\O@
A OH / OH
0="N"
pKa,;=4.08 pKa,=5.63 90 / o
/
/
H,L HL- Lz

Figure 1. Structures of harzianic acid (HzL) and its acid dissociation products (HL~ and L?"). Reported
dissociation constants of harzianic acid have been separately determined at 25 °C in the mixed solvent
CH30H/0.1 M NaClOs (50:50 w/w), which is the solvent employed in this study.

A rather unconventional approach has been used in this study to investigate the ca-
pacity of harzianic acid to complex bivalent heavy metal cations, M?". In fact, in order to
obtain clues on the formation and stoichiometry of complexes eventually present in solu-
tions of the metal cations and harzianic acid, we first collected LC-ESI-HRMS of solu-
tions of harzianic acid in the presence, respectively, of Cd**, Co?", Ni**, and Pb*".

To this aim, solutions of each M** cation and harzianic acid were prepared by mixing
500 pL of 2 mM solution of each metal cation in water (prepared by dissolving Cd(ClO4)z,
CoCly, NiCla, and Pb(ClO4)2, respectively) with 500 puL of 1 mg-ml ™! harzianic acid in
methanol. Finally, 7 pLL of each solution were directly infused into the LC-MS system
operated in the positive ion mode.

The most abundant ions in MS of each solution (Figures S1-S4) are reported in Table
1. From Table 1, it can be seen that, in the collected MS, a well-developed MS peak can
be detected whose accurate mass corresponds to the composition [HsL2 + Metal]". Fur-
thermore, in the case of Pb**, a complex ion of composition [HL + Pb]" was also detected.

Table 1. Characterization of M?*- harzianic acid complexes by LC-MS. H,L represents the full pro-
tonated harzianic acid molecule, C19H27NOg.

Ion Experimental Mass Formula Exact Mass
Harzianic Acid + Cd(CIOs4)2
[HoL + H]* 366.1915 C1oH2sNOg 366.1917
[HoL + Cd + ClO4]* 578.0335 CioH27NOoCdCl  578.0331
[2H.L — H + Cd]* 843.2624 CssHs3sN2O12Cd - 843.2632
Harzianic Acid + CoCl,
[HoL + H]* 366.1913 C1oH2sNOg 366.1917
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[HoL + NaJ* 388.1721 Ci9H27NOgNa ~ 388.1736
[2H,L —H + Co]* 788.2910 CisHs3sN2O1,Co  788.2931
Harzianic Acid + NiCl,
[HoL +HJ* 366.1910 C1oH2sNOg 366.1917
[HoL + Na]* 388.1762 Ci9H27NOgNa ~ 388.1736
[2H.L — H + NiJ* 787.2938 CsgHs3sNoO1pNi - 787.2952
Harzianic acid + Pb(ClO4),
[HoL +HJ* 366.1912 C1oH2sNOg 366.1917
[HoL — H + Pb]* 572.1507 C19H26NOePb 572.1526
[2H.L — H + Pb]* 937.3326 C3sHs3sN2O12Pb - 937.3365

Based on our experience, MS data in Table 1 represent a conspicuous indication that
complex species of the same or different stoichiometry may exist in solution.

In order to provide evidence for complex formation taking place in solution between
targeted M?* cations and harzianic acid, and to eventually ascertain their stoichiometry
and evaluate their formation constants, circular dichroism (CD) and UV-VIS spectra of
solutions of the M?* cations and harzianic acid were acquired in a wide pH and spectral
range.

Because of the low solubility of harzianic acid in water, CH3OH/0.1 M NaClO4
(50:50 w/w) was employed as solvent. The constant concentration of NaClOj4 in the sol-
vent is high enough, with respect to the reagent concentrations employed in this study, to
provide a constant ionic strength in all of the investigated solutions. So much so that
activity coefficients of reagents and products of complex formation reactions can be con-
sidered constant, and equilibrium constants can be expressed using concentrations in
place of activities. In this context, the standard symbol pH merely indicates the molar
concentration of solvated protons into the tested solutions (i.e., briefly, pH = —log[H"]).

Preparation of test solutions (TS), of accurately known pH and analytical composi-
tion, of each metal cation and harzianic acid, was performed at 25.0 °C, in a potentiom-
etric multi-neck titration cell equipped with an Ag/AgCl(s)/0.1 M NaCl/(0.1 M NaClOg-
CH30H, 50/50 w/w) double junction reference electrode (RE) and a pH indicator glass
electrode (GE) (Scheme 1).

-RE/TS/GE + G)

— —— 25.0 °C air-bath thermostat - — -~

Scheme 1. Sketch of the potentiometric apparatus employed to prepare test solutions, TS, of accurately
known pH and analytical composition. RE represents the double junction Ag/AgCl(s)/0.1 M NaCl/(0.1 M
NaClO4-CH30H, 50/50 w/w) reference electrode and GE a pH indicator glass electrode

Because of the large concentration of NaClO4 in the salt bridge of the double junction
reference electrode and in the test solution, TS, the potential of cell (G) can be expressed,
at 25 °C, by the simple equation (1), in which EZ(volt) is a constant that was determined
before each experiment by ad hoc potentiometric measurements.

E; = E2 + 0.05916 - log[H*] (D)

In fact, in order to assess the value of Eg, each experiment started with a measured
volume of pure solvent (i.e., CH3OH/0.1 M NaClO4 (50:50 w/w)) in the titration vessel.
The potential, Eg (volt) of cell (G) was measured after stepwise addition of measured
volumes of a standard solution of HC1O4 in the same solvent, and the collected data were
employed to evaluate EQ. After this initial glass electrode calibration procedure, pH (=
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—log[H"]) of any test solution in the potentiometric vessel can be evaluated from the
measured potential, Eg (volt) of cell (G), at 25.0 °C, using the simple equation (2):

EQ—Eg

H=—log[H"] = ———

P oglH™] = G 05916

Subsequently, to the acidic solution in the titration vessel of cell (G), measured vol-

umes of stock solutions of the metal cation and of harzianic acid were added so that the

solution in the potentiometric vessel assumed the general composition specified by the
analytical array (3).

{C§,L MH,L + Cy M M(CI0,), + Cjj M HCIO,}

)

)

Then, the resulting solution (whose pH was accurately known), was sampled by with-
drawing an accurately measured volume, which was transferred to the spectrometer cu-
vette (0.2 cm optical path) and processed at 25 °C.

After this, the pH of the solution in the titration vessel of cell (G) was systematically
modified by successive additions of small volumes of a standard solution of NaOH, in
the solvent CH30H/0.1 M NaClQg, so that it assumed the general analytical composition
specified by the analytical array (4), which could be accurately calculated from the prep-
aration data.

{Cq,. MH,L+ Cy M M(ClO,); + Cy MHCIO4 + Cyaoy MNaOH}  (4)

After each addition of NaOH, samples of the solution, whose pH could be obtained
from equation (2), were withdrawn from the titration vessel, transferred to the spectrom-
eter cuvette and processed at 25 °C.

Obviously, all of the successive solutions prepared by this procedure share the same
ligand to metal ratio, which keeps equal to the initial ratio C}OIZL /C%, while the metal

cation and harzianic acid concentrations, Cy,;, and Cy, respectively, in the withdrawn

samples, decrease as their pH increases.
The acquired CD spectra are exposed in Figure 2.
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Figure 2. Far-UV circular dichroism (CD) spectra (optical path 0.2 cm) in CH30H/0.1 M NaClO4
(50:50 w/w) at different pH values: (A) Cpj, = 5.4 x 10° M Pb(ClO4)2 and Cg,;, = 1.1 x 10~* M; (B) C¢y
=1.4-10"* M Cd(ClO4), and CﬂzL =2.6x10"*M; (C) €, =6.9 x 10 M CoCl, and Cﬁzf 1.4x107*
M; (D) C; = 1.1:10* M NiCl, and Cg,;, = 2.1 x 10* M. H,L = harzianic acid.

Inspection of CD spectra shows the presence of two peaks whose intensity increases
by increasing pH. One positive peak at 285 nm (Cotton effect) is attributed to transitions
involving the diene system orbitals, and the second negative peak at 350 nm is associated
to transitions that involve the non-bonding electrons of oxygen in C4’ position of harzi-
anic acid *.

Qualitatively, similar effects are also observed in solutions of only harzianic acid,
but the dependence of CD spectra on the specific metal cation undoubtedly points toward
specific interactions between M?" cations and the ligand.

Next, UV-VIS spectrophotometric data, used for the evaluation of the stoichiometry
of complexes and of their formation constants, were collected.

For each metal, two spectrophotometric datasets were acquired, by fine-tuning the
initial addition of the harzianic acid and metal cation stock solutions, to the acidified sol-
vent in cell (G), so that C}OIZL =2.0x10*Mand Cy = 2.0 x 10°* M (i.e., 1:1 ligand to
metal ratio) or Cg,;, = 2.0 x 10™* M and Cy =4.0 x 107* (i.e., 1:2 ligand to metal ratio).

The full set of spectrophotometric data collected is shown in Figure 3 (M?" = Cd*"),
Figure 4 (M?" = Co*"), Figure 5 (M?" = Ni**) and Figure 6 (M>" = Pb*"), and represents
the basis of successive evaluations.

Cd2* + harzianic acid
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Figure 3. UV-VIS spectra in CH30H/0.1 M NaClO4 (50:50 w/w) at different pH of: (A) CSZL =2.0x
10 M and C¢4 =2.0 x 107*Cd(ClO4), (ligand to metal ratio 1:1); (B) Cg,;, = 2.0 x 10 M and C¢4 =
4.0 x 107* Cd(ClO4), (ligand to metal ratio 1:2).
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Co? + harzianic acid
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Figure 4. UV-VIS spectra in CH;OH/0.1 M NaClOs (50:50 w/w) at different pH of: (A) C3 ,L=2.0x
10 M and C¢, = 2.0 x 10*CoCl, (ligand to metal ratio 1:1); (B) C§,;, =2.0 x 107 M and C¢, = 4.0
x 107 CoCl, (ligand to metal ratio 1:2).
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Figure 5. UV-VIS spectra in CH30H/0.1 M NaClO4 (50:50 w/w) at different pH of: (A) C1912L =2.0x%
107 M and Cg; = 2.0 x 107#NiCl; (ligand to metal ratio 1:1); (B) Cg,;, = 2.0 x 10 M and Cg; = 4.0
x 10 NiCl, (ligand to metal ratio 1:2).
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Pb2* + harzianic acid
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Figure 6. UV-VIS spectra in CH30H/0.1 M NaClO4 (50:50 w/w) at different pH of: (A) CﬁzL =2.0x%
107* M and Cg}, = 2.0 x 10"*Pb(ClO4 ), (ligand to metal ratio 1:1); (B) Cg,;, = 2.0 x 10™* M and Cg),
=4.0 x 10*Pb(ClOs ), (ligand to metal ratio 1:2).

By inspecting the UV-VIS spectra reported above, it is clear that complex species are
formed in the M**/harzianic acid solutions. This can be deduced from the fact that UV-
VIS spectra not only are substantially different at different pH, but they considerably de-
pend on the ligand to metal ratio and, even more, from the nature of the M?* cation present
in the solution **.

Finally, in order to evaluate the stoichiometry and formation constants of complex
species responsible for the observed trend of UV-VIS spectra as a function of pH, and of
the ligand to metal ratio, the collected spectrophotometric data, for each metal cation,
were processed by the Hyperquad program *.

This well-known program for the interpretation of equilibrium data fits the experi-
mental data by systematically modifying the equilibrium constants of an assumed set of
species to minimize the sum of squared weighted residuals (U).

In equation (5), A;is the absorbance measured at the k—th wavelength for the i—th
solution,(A; ). represents the absorbance calculated for a fixed set of equilibrium con-
stants, and wy, are the weights assigned to each measurement. In the present work, we

have assumed w;, = 1.
U=ZZwy (A — (Ai) )? (%)

The acid dissociation constants of harzianic acid, which were determined separately
and are reported in Figure 1, and the value K,, = 107*5, for the ionic product of water
45| were separately introduced in the model and kept constant throughout.

Obviously, in whatever solution containing a metal cation and water, side reactions
of hydroxo complexes formation may take place and their effect on the experimental data
must be considered.

Providentially, the hydrolysis of the M?* cations investigated in this study, in water
and in a number of mixed solvents, is well known 8. All four hydrated M?* ions of
interest here are weak acids, which dissociate producing a number of mononuclear hy-
droxo complexes, M(OH)2™" (n from 1 to 3 for Pb*"; n from 1 to 4 for Cd**, Co**, Ni*")
and a few polynuclear species, M,,, (OH)2™~™ whose stoichiometry may depend on the
nature of the M?* cation. This state of affair, when observed on a wide pH range, gives
rise to a rather complex equilibrium scenario.
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For instance, Figure 7 represents what would happen when an aqueous solution, con-
taining 104 M Pb**, is submitted to a virtual pH scan.

pH

log [species]

Figure 7. pH scan of a 10™* M aqueous solution of Pb?" based on stoichiometry and formation constants
of Pb,,, (OH)2™ ™ hydroxo complexes gathered from literature [45,46].

Even a superficial inspection of Figure 7 shows that, at the concentration of metal
considered, polynuclear species account only for a small fraction of lead in the solution,
so that most of the effect of the side reactions of the hydroxo complexes formation could
be accounted for by introducing, in the model, only the conventional Pb(OH)%™™ species.
However, above pH~8 significant concentrations of Pb;(OH)3* are produced. Finally,
we hypothesize that, in the mixed (0.1 M NaClO4+/CH3O0H, 50/50 w/w) solvent used in
this study, the situation is not much different from that described in Figure 7. On this
basis, we introduced in the model used to fit the spectrophotometric data for lead the
hydrolysis species PbOH*, Pb(OH),, Pb(OH)3, and Pb;(OH)%*, whose formation con-
stants were refined by Hyperquad during the process of minimization of the sum of
squar“egd residuals (5) (starting from their values at zero ionic strength taken from refer-
ence *°).

From the point of view of the formation of hydroxo complexes, Pb** represents the
most severe case, since Cd**, Co?", Ni?" are weaker acids, and only the mononuclear
M(OH)2 " complexes have been considered (since no species M3 (OH)%* is described
and the M,OH* and M,(OH)3* polynuclear complexes are clearly irrelevant at the metal
concentrations investigated in this study).

Results of Hyperquad processing of spectrophotometric data in Figures 3—6 are sum-
marized in Table 2.
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Table 2. Summary of M?*/harzianic acid (H,L) stability constants. ¢ denotes the estimated standard devi-
ation.

MZ* Reaction Log (Formation Constant) + 3¢
cdt Cd**+L> =CdL 3.82+0.19
Cd** + HL +L* = Cd(HL)L™ 9.13+0.23
Cor Co* +L* = CoL 470+ 0.12
Co?' + HL™ + L?> = Co(HL)L™ 11.93 + 0.06
NiZt Ni?* + HL™ + L2 = Ni(HL)L~ 11.85+0.12
- Pb?" + L> = PbL 425+0.5
Pb?* + HL™ + L?> = Pb(HL)L™ 10.77+0.3

Obviously, in order to calculate (A4;;). in equation (5), besides refining values of the
formation constant for each assumed species, in the process of minimizing the sum of squared
residuals, U, Hyperquad also assigns and refines, for each species, a value of the molar ex-
tinction coefficient, &, (M 'cm™!) at each measured wavelength. By consequence, as a result
of data processing by Hyperquad, the &, finally assigned to the complex species are obtained.

For instance, the molar extinction coefficients calculated by Hyperquad for all absorbing
species in solutions of Co?*/harzianic acid and Ni**/harzianic acid are presented in Figure 8.
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Figure 8. Molar extinction coefficients, £,(M'cm™), of the absorbing species calculated by Hyper-
quad for the systems: (A) Co**-harzianic acid; (B) Ni**-harzianic acid.

From Figure 8, it can be seen that the bis-complex M(HL)L" is a very efficient UV
absorber, which presumably is responsible for most of the spectral variations in the rec-
orded spectra in Figures 3—6.

From data in Table 2, distribution diagrams, showing the fraction of the total metal
concentration present in the form of each species, as a function of pH, can easily be drawn
for whatever assumed concentration of the metal cation and harzianic acid.

For instance, distribution diagrams for M?" = Cd** and M*" = Co*"* are presented in
Figures 9 and 10, respectively, from which it can be seen that the bis-complex M(HL)L™
is, under the conditions assumed to draw the diagrams, the prevailing species at pH
around 6 which is close to the pH of natural ecosystems. However, at the highest pH
investigated, M(HL)L" is converted to the 1:1 ML complex, which is the prevailing spe-
cies at the highest pH investigated. Ni?* represents an exception to this general pattern,
since the NiL complex is not formed in the pH range investigated.
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Figure 9. Distribution diagram of species in Cd*"-harzianic acid system in CH3;0H/0.1 M NaClO4
(50:50 w/w) calculated from formation constants in Table 2 assuming a Ccq = 1.0 x 107 M and Cy,,
=2.0 x 107> M (HoL = harzianic acid). The symbol Cd* is used to represent all species in the solution
that contain the metal cation, but do not contain harzianic acid.
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Figure 10. Distribution diagram of species in Co?*-harzianic acid system in CH;0H/0.1 M NaClO4
(50:50 w/w) calculated from formation constants in Table 2 assuming Cc, = 1.0 x 107 M and Cyy,,.=
2.0 x 1073 M (HoL = harzianic acid). The symbol Co* is used to represent all species in the solution
that contain the metal cation, but do not contain harzianic acid.

Because of differences in stoichiometry of complexes (and, hence, in dimensions of
formation constants) and in solvents employed, a direct comparison between the for-
mation constants of M?" complexes with harzianic exposed above and reported apparent
affinity constants for other natural chelators is not generally possible or, at best, very
uncertain. However, to characterize the efficiency of a ligand, it has been suggested the
use of a parameter termed “pM” *°. Here, we intend pM to represent the minus logarithm
(anti-logarithm) of the concentration of the free (solvated) metal cation (i.e., briefly, pM
= —log [M?"]) in a reference solution of pH = 7.4 containing 1 mM of the ligand and 1
uM total metal concentration. By consequence, a larger pM value corresponds to a lower
concentration of the free metal ion in solution at equilibrium and, in principle, to a higher
affinity of the relevant ligand for the M*" cation.

For instance, from the above reported formation constants we calculate: pPb = 8.5,
pCd =7.2, pCo =9.7, pNi = 9.6 when the ligand is harzianic acid. For comparison, pPb
= 18.1 is obtained, when the ligand is EDTA in water at zero ionic strength.
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Obviously, although in the reference solution, less than 1% of the total metal in so-
lution is found non-bonded to harzianic acid (except for cadmium, for which the metal
fraction non-bonded to harzianic acid is about 7%), harzianic acid is a much less efficient
chelator than EDTA toward the investigated dipositive metal cations.

This is not unexpected, since based on its structure and previous reports, harzianic
acid may;, at best, be a bidentate chelator toward M>" cations, as are many synthetic prod-
ucts and naturally occurring molecules exposing the 3-acetyl-pyrrolidine-2,4-dione het-
erocycle. Generally, it is assumed that chelation takes place by the formation of a six
membered ring, which includes the metal cation, the amide carbonyl and hydroxyl group
on Cl1. In the case of harzianic acid, this would correspond to the sketch in Scheme 2:

M2+
P /O

Scheme 2. Chelation of bivalent metal cations, M?*, by harzianic acid.

In order to further explore the mode harzianic acid coordinates to M** cations, 'H
NMR spectra of harzianic acid in presence of Cd** and Pb*" were acquired (Figure S5).

In '"H NMR spectra particularly interesting are the changes in proton chemical shifts
of the hexadienoyl residue and of the pyrrolidine ring in presence and absence of the
metal cations.

"H NMR spectrum of harzianic acid recorded in presence of CdCl, in CD;0D/D20O
(1:1 w/w) showed up-field shifts for H3 (Ad 0.06) resonating as multiplet at & 7.52, H4/5
(A0 0.05) resonating at 6 7.40 as multiplet, and H5'(Ad 0.06) resonating as doublet at &
3.78 (d, J = 9.8 Hz). In the same spectrum, a downfield shift was observed for H2 (Ad
0.15) resonating as doublet at & 7.22 (d, J = 16.8 Hz). A similar behavior can be seen in
the 'TH NMR spectrum of harzianic acid recorded in presence of Pb*" ion (Figure S5).

The observed differences on the chemical shifts, obtained by comparison between
NMR data of harzianic acid and its metal complexes, confirm the involvement in the
coordination complexes of the C = O group of the amide and the external carbonyl groups
of the ligand. The 2-carboxy-2-hydroxy-3-methylbutyl group in C5’ seems not to be in-
volved in the coordination because there are no significant differences in the chemical
shifts of its protons, and may also be due to the formation of hydrogen bond between the
hydroxyl group in C7’ and the carbonyl group in C4' °° (Scheme 2). This is in accordance
with what was previously reported for tetramic acids, such as tenuazonic acid and ana-
logues !. This hypothesis could be also confirmed by the solid-state FT-IR data concern-
ing the complexation between the toxic metals and harzianic acid. In fact, by analysis of
the spectra (Figures S6-10), it is evident a shift of the frequency of the stretching band of
the CO and of the C = C towards lower wavenumbers compared to the free ligand, as
reported in similar compounds 2.

Our findings show that harzianic acid forms stable chelating complexes with a range
of metal ions. Natural ligands containing hydroxyl, carboxylic, and carbonyl groups are
structurally suitable to form coordination complexes. In fact, studies conducted on kojic
acid > and dehydroacetic acid ** show the formation of complex species with high stabil-
ity in mixed solvents.
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Despite the considerable interest in relation to numerous potential use and applica-
tions of chelating compounds, including decontamination of soils, few studies evaluate
chelating properties of fungal compounds to find promising candidates for practical ap-
plications in biotechnologies. In fact, the contamination of soils with heavy metals repre-
sents a challenge because many synthetic chelating agents destroy the soil matrix and
remove nutrients. On the contrary, natural compounds might have the capacity to remove
heavy metals without deteriorating the soil properties !°. Furthermore, the possible inter-
est of natural chelating compounds is not exclusively related to the agriculture field, but
also in many sections of medicine and biology 23

4. Conclusions

In this study, the investigations conducted on the chelating properties of harzianic
acid toward some toxic heavy metals show the capacity of this fungal metabolite to form
stable neutral or negatively charged coordination complexes in metal/harzianic acid ratio
1:1 or 1:2 depending on the pH conditions. In fact, as can be seen from the distribution
diagrams (e.g., Figures 9 and 10), although both species are present, the neutral or charged
coordination complexes predominate at different pH ranges.

It seems likely that the biological activities of harzianic acid are related to its com-
plexing ability. In particular, the capacity to form complexes with toxic heavy metals
might be important for the decontamination of soils with high heavy metal contents.

Supplementary  Materials: the following are available online at
https://www.mdpi.com/2305-6304/9/2/19/s1, Figure S1: Mass spectrum ESIMS QTOF
obtained by LC-MS analysis in ESI positive mode ofa solution 1.0 x 10~* M of harzianic
acid and 1.0 x 1073 M of Cd(C1O4), in MeOH/H,0 50:50 (w/w), Figure S2: Mass spectrum
ESIMS QTOF obtained by LC-MS analysis in ESI positive mode ofa solution 1.0 x 103
M of harzianic acid and 1.0 x 10> M of CoCl, in MeOH/H,0 50:50 (w/w), Figure S3:
Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive mode of a
solution 1.0 x 107> M of harzianic acid and 1.0 x 10~ M of NiCl in MeOH/H>O 50:50
(w/w), Figure S4. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI pos-
itive mode ofa solution 1.0 x 10~ M of harzianic acid and 1.0 x 10> M of Pb(ClO4) in
MeOH/H,0 50:50 (w/w), Figure S5. '"H NMR spectra of harzianic acid (HA) (down),
Cd(ClO4)2 : HA (middle) and Pb(ClO4), : HA (up) recorded in CD30D/D>0 (50:50 w/w)
at 400 MHz. Solvent peaks are removed, Figure S6. Solid-state FT-IR spectrum of harzi-
anic acid, Figure S7. Solid-state FT-IR spectrum of Cd (II)/harzianic acid complex, Fig-
ure S8. Solid-state FT-IR spectrum of Co (II)/harzianic acid complex, Figure S9. Solid-
state FT-IR spectrum of Ni (II)/harzianic acid complex, Figure S10. Solid-state FT-IR
spectrum of Pb (II)/harzianic acid complex.
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Figure S1. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive
mode of a solution 1.0 x 10—3 M of harzianic acid and 1.0 x 10—-3 M of Cd(ClO4)2 in
MeOH/H20 50:50 (w/w).

Figure S2. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive
mode of a solution 1.0 x 10—3 M of harzianic acid and 1.0 x 103 M of CoCl2 in
MeOH/H20 50:50 (w/w).

Figure S3. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive
mode of a solution 1.0 x 10—3 M of harzianic acid and 1.0 x 10—-3 M of NiCI2 in
MeOH/H20 50:50 (w/w).

Figure S4. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive
mode of a solution 1.0 x 10—3 M of harzianic acid and 1.0 x 10—3 M of Pb(Cl04)2 in
MeOH/H20 50:50 (w/w).

Figure S5. 1H NMR spectra of harzianic acid (HA) (down), Cd(ClO4)2 : HA (middle)
and Pb(Cl0O4)2 : HA (up) recorded in CD30OD/D20 (50:50 w/w) at 400 MHz. Solvent
peaks are removed.

Figure S6. Solid-state FT-IR spectrum of harzianic acid.

Figure S7. Solid-state FT-IR spectrum of Cd (II)/harzianic acid complex.
Figure S8. Solid-state FT-IR spectrum of Co (II)/harzianic acid complex.
Figure S9. Solid-state FT-IR spectrum of Ni (II)/harzianic acid complex.

Figure S10. Solid-state FT-IR spectrum of Pb (II)/harzianic acid complex.

112



Toxics 2021, 9, 19

+ESI Scan (0.306 min) Frag=180.0V Cd_HA d
366.1915

x10 €
16
15
14
13
12
11

1
09
03
07
06
05
04
03
02
01

P

8432624
309 ?Bf‘ l | 428 519.J044 678033 755. |33W9 ||L 860.2758 943.2170

2341117
P

11205131

200 250 300 350 400 450 500 550 600 650 7 750 300 850 900 950
Counts vs. Mass-to-Charge (m/z)

Figure S1. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive mode of a solution

1.0-1073 M of harzianic acid and 1.0-107 M of Cd(ClO4); in MeOH/H,0 50:50 (w/w).
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Figure S2. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive mode of a solution

1.0-103 M of harzianic acid and 1.0-1073 M of CoCl, in MeOH/H,0 50:50 (w/w).
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Figure S3. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive mode of a solution

1.0-103 M of harzianic acid and 1.0-1073 M of NiCl, in MeOH/H,O 50:50 (w/w).
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Figure S4. Mass spectrum ESIMS QTOF obtained by LC-MS analysis in ESI positive mode of a solution
1.0-103 M of harzianic acid and 1.0-1073 M of Pb(ClO4), in MeOH/H,0 50:50 (w/w).
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Figure S5. '"H NMR spectra of harzianic acid (HA) (down), Cd(ClO4), : HA (mid-
dle) and Pb(ClO4), : HA (up) recorded in CD3OD/D>O (50:50 w/w) at 400 MHz.
Solvent peaks are removed.
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Figure S6. FT-IR spectrum of harzianic acid.
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Figure S7. FT-IR spectrum of Cd (II)/harzianic acid complex
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Figure S8. FT-IR spectrum of Co (II)/harzianic acid complex
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Figure S9. FT-IR spectrum of Ni (II)/harzianic acid complex
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Figure S10. FT-IR spectrum of Pb (II)/harzianic acid complex
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Conclusions

In this research, metabolomics has been used (by extensive application of mass spec-
trometry technologies), together with other approaches, to investigate the interaction be-
tween different microorganisms, and the effects of microbial-based treatments on plants.

The application of Streptomyces fulvissimus strain AtB-42 and Trichoderma harzi-
anum strain M 10, singly or in combination could improve the commercial value of pars-
ley. Isorhamnetin 3,7-di-O-beta-glucopyranoside, piperochromanoic acid and cap-
santhone are new compounds detected for the first time in parsley, and significantly in-
duced after microbial applications. Further research is needed to gain deeper understand-
ing of the biosynthetic pathway that results in the production of these plant molecules and
their role on plant resistance and development.

The bioformulations developed to treat Genovese basil, composed of bioactive sub-
stances, selected beneficial microbes and a biopolymer (polysaccharides based), posi-
tively affected plant growth, yield and photosynthesis. Furthermore, these applications
significantly altered plant metabolome and differently increased the production of three
bioactive phenols: p-coumaric acid, caffeic acid and rosmarinic acid. These tested biofor-
mulates can help achieving the goal of eco-sustainable agriculture and can lead to a final
product with improved yield and nutraceutical value.

Formulates based on living Trichoderma strains and/or selected bioactive metabolites
used on olive trees influenced drupes weight and phenols composition. In particular, all
the treatments affected the whole metabolome and the production of flavonoids more than
secoiridoids. This ability could depend on selective interaction with the enzymes involved
in flavonoid and secoiridoid production. The tested Trichoderma strains and metabolites
could be an interesting alternative to chemicals because they also positively influence
desirable characteristics such as the size and antioxidant activity of olive drupes.

The complexing ability of harzianic acid, a known Trichoderma siderophore, has
been evaluated using different bivalent metals (comprising heavy metals). Metabolomics
has been used to measure the chelating capability of this metabolites in several pH con-
ditions demonstrating that neutral or charged complexes with biologically relevant metals
were formed. In the case of Cu(Il), the ratio depends on the pH and is 1:1 or 1:2, while is
1:2 for Mn(II) and Zn(II). Harzianic acid was also proven to be able to form neutral or
negatively charged complexes with toxic heavy metals in a metal/harzianic acid ratio 1:1
or 1:2 depending on pH (both species are present, but only one is predominant at different
pH ranges). This activities are important for a potential application of harzianic acid for
soil decontamination and for plant uptake of minerals.

Use of different techniques, including metabolomics, allows to discover the benefi-
cial interactions of plant and microbes and recognize the underlying mechanisms for im-
provement of agricultural production. The characterization of consortia, based on selected
strains (one or more) and bioactive metabolites and their influence on plants is
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fundamental to develop novel bioformulates. These can be used for agricultural applica-
tions and as sustainable alternative in agro-ecosystem to improve crop production and
soil quality. It is also possible to explore the potential of microbes and microbial metab-
olites for new applications in biodegradation and bioremediation.

In a market that constantly needs environmental-friendly and highly performing prod-
ucts, microbial consortia, co-inoculants and microbes-metabolites combinations represent
a valid option to overcome the use of chemicals (pesticides/fertilizers) and traditional
single strain-based formulations, and achieve the desired effects on crops.
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