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1. Sintesi
Se da un lato I’aumento della popolazione mondiale richiede un incremento della produzione
alimentare e quindi agricola, d’altro canto 1’agricoltura ¢ considerata una delle attivita antropiche con
il piu grande impatto ambientale. Come ¢ noto, la rivoluzione agricola ha portato ad un aumento delle
produzioni anche grazie allo sviluppo di nuovi genotipi piu produttivi ed all’utilizzo di fertilizzanti e
agrofarmaci di sintesi chimica. Questi in passato sono stati ampiamente utilizzati per la nutrizione
delle colture e per il controllo di infestanti, patogeni, parassiti. Il loro uso indiscriminato ha tuttavia
avuto gravi conseguenze dal punto di vista ambientale, causando 1’inquinamento delle acque e del
suolo nonché¢ la riduzione della biodiversita. Inoltre, i residui degli agrofarmaci chimici hanno avuto
anche un impatto negativo sulla saluta umana portando ad una maggiore insorgenza di alcune
patologie croniche. Non per ultima, I’agricoltura oggi deve fronteggiare anche il cambiamento
climatico che favorisce 1’insorgenza sia di stress di natura abiotica come la siccita e le alte
temperature, che di natura biotica come 1’insorgenza di nuovi patogeni e parassiti delle colture.
Vi ¢ quindi la necessita di trovare nuove soluzioni che possano incrementare le rese delle colture
agricole per tutelare la sicurezza alimentare, ma che siano al contempo ecosostenibili per preservare
I’ambiente e la salute umana.
Un’alternativa ¢ rappresentata dall’agricoltura biologica che, evitando I’utilizzo di agrofarmaci di
sintesi chimica, si presenta come un’alternativa piu sostenibile rispetto alla convenzionale.
Tuttavia, 1’agricoltura biologica presenta delle limitazioni dovute alla mancanza di mezzi di lotta
efficaci contro patogeni e parassiti, nonché mezzi di nutrizione e genotipi in grado di garantire la
stessa produzione che si ottiene con I’agricoltura convenzionale.
In questo contesto si sono svolte le attivita descritte nella presente tesi di dottorato. Le attivita
sperimentali sono state svolte in sinergia con diversi progetti nazionali ed europei, come ad esempio
WaterdAgrifood e BRESOV. Durante gli anni di dottorato sono stati valutati mezzi alternativi ai
normali agrofarmaci di sintesi quali microrganismi utili, estratti naturali ed amminoacidi.
Le attivita sperimentali sono partite dal “seme”, valutando trattamenti alternativi per le sementi e
protocolli per la produzione di sementi in biologico. Quindi sono stati valutati consorzi microbici e
protocolli di nutrizione che promuovono sia direttamente la crescita delle piante ma che ne
incrementano inoltre la resistenza sotto stress abiotici e biotici. La qualita dei prodotti ottenuti ¢ stata
quindi valutata tramite analisi biomorfologiche e biochimiche. Inoltre, sono state utilizzate le
tecnologie NGS per analizzare ’impatto di alcuni consorzi microbici sul microbioma delle piante
attraverso la tecnica del metabarcoding, sequenziando gli ampliconi di geni target. Contestualmente
a queste attivita, nuove fonti irrigue quali le acque reflue fitodepurate sono state valutate per la loro

idoneita all’utilizzo in agricoltura.



I risultati ottenuti dalle prove sperimentali, hanno contribuito a fornire informazioni operative e
pratiche per il miglioramento delle produzioni agricole in agricoltura biologica, sia in termini di

incremento delle produzioni che in termini di qualita nutrizionale.



1. Bis Abstract

Despite the growth of the global population require an increase in food production, on the other hand,
agriculture is one of the human activities with the largest environmental impact. As is well known,
the agricultural revolution led to increase the crop yields due to the introduction of more productive
genotypes and the use of chemical fertilizers and pesticide, largely adopted for the control of weeds,
pest and plant diseases. However, their indiscriminate use had critical environmental consequences,
leading to water and soil pollution as well as a reduction in biodiversity. Furthermore, the residues of
pesticide, showed a negative impact on human health, causing an higher incidence of several chronic
diseases.

The modern agriculture must also face the climate change, which exacerbates both abiotic stresses,
such as drought and high temperatures, and biotic stresses, such as the outbreak of new pests and
diseases.

There is, therefore, the need to find new solutions that can increase crop yields to safeguard food
security, while also being eco-sustainable to protect the environment and the human health. One
alternative is represented by the organic farming that by avoiding the use of chemical pesticides
represents as an eco-friendly alternative to conventional agriculture.

Despite that, organic farming has some limitations due to the lack of effective tools for the control of
pest and diseases, as well as the absence of nutrition protocols and genotypes that can ensure the same
yields achieved through conventional agriculture.

The activities described in this PhD thesis were conducted within this context. The experimental work
was carried out in synergy with national and European projects, such as Water4Agrifood and
BRESOV. During the doctoral research, alternative tools to conventional pesticide were evaluated,
including beneficial microorganisms, natural compounds, and amino acids.

The experimental activities started from the "seeds", by evaluating alternative seed treatments for the
control of seed-borne pathogens and protocols for the production of organic seeds. Microbial
consortia and nutrition protocols were then assessed, which not only directly promote plant growth
but also increase plant resistance to abiotic and biotic stresses. The quality of the products obtained
was evaluated through biomorphological and biochemical analyses. NGS (Next Generation
Sequencing) technologies were also utilised to analyse the impact of the tested microbial consortia
on the plant microbiome through the metabarcoding analysis. Furthermore, new irrigation sources,
such as reused wastewater, were evaluated for their suitability in organic agriculture.

The results obtained from the experiments performed, contributed to transfer practical knowledges to
improve crop production in organic farming, both in terms of yield increase and nutritional quality.
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2. Keywords and abbreviations

Keywords

Brassica Crops; Tomato crops; Snap Bean crops; Broccoli; Tomato; Landraces, Organic Farm,;
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compounds; Nutrition protocol; Biotic stress.

List of Abbreviation
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BRESOYV Breeding for Resilient, Efficient and Sustainable Organic Vegetable Production
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Cmm Clavibacter michiganensis subsp. michiganensis
CWR Crop Wild Relatives

DM Dry matter

EC European Commission

ETC Evapotranspiration crops

GLSs Glucosinolates

GW Ground Water

HPLC High Performance Liquid Chromatography
IFOAM International Federation of Organic Agriculture Movements
LAPs Leaves adult plants

MCs Microbial Consortia

MDA Malonildialdehyde

MiRNA Micro RNA

MRL Maximum Residue Levels

NCs Natural Compounds

PGPF plant growth promoting fungi

PGPM plant growth promoting microbes



PGPR plant growth promoting rhizobacteria
PRO Proline

Pst Pseudomonas syringae pv tomato

QTL Quantitative Traits Locus

RW Reused Wastewater

SSRs Simple Sequence Repeats

TPC Total Polyphenols Content

Xep Xanthomonas euvesicatoria pv. perforans
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4. Introduction and purposes — General part

The present Ph.D. thesis describes the studies and the research activities carried out during the
three-year period (2021-2024) of the XXXVI Ph.D. course on “Biotechnology”, curriculum “Agro-
food”, at the University of Catania. This period of studies concerns the strategies to be implemented
to support the innovation of the vegetable productions in organic farming and to improve them for
agronomic traits of the plant and for organoleptic/nutraceutical ones of the products. In particular,
several experiments were performed focusing on the effect of the Plant Growth Promoting Microbes
(PGPM) in horticulture, as they are considered promising alternative “eco-friendly” tools to the
agrochemicals, as chemical fertilizers and pesticides.

The activities were carried out at the Vegetable and Flower section of the Di3A, of the University of
Catania, joining different research projects as the EU H2020 “BRESOV”, PON R&I 2014-2020 e
FSC “WATER4AGRIFOOD” and the EU H2020 “COUSIN” project. The EU H2020 BRESOV
which since its starting has paid particular attention to the enhancement of the rich genetic heritage
that distinguishes Sicilian vegetable productions through the use of innovative tools designed for
organic agriculture. The approach of our studies was based on the relationship among some abiotic
and abiotic stresses, the genotypes considered, the processes of growth and development of the plant
and the interaction with this innovative tools, mostly microbial consortia based on Plant growth
promoting microbes (PGPM) and amino acids.

The increasing attention paid by consumers, for new and healthy vegetable products, and by growers,
for resilient cultivars, has focused our attention on these innovative “eco-friendly” tools combined
with the rich vegetable heritage, consisting of a wide range of landraces, often neglected or
underutilized, which can support the process of innovation of the vegetable production food chains.
The tradition to grow and to use a great diversity of vegetable products in Italy helps us in this task
as it is rich in minor species, used especially in the past, and in wild relative species, that occasionally
in addition to being collected and consumed by local communities, are of great interest for genetic
improvement and for breeding.

The research activities carried out pointed to the process and products innovation by using the great
diversity offered by Brassica oleracea complex species (n=9) and by Solanum lycopersicum L. by
the exploitation of the landraces conserved at the active gene bank of the Vegetable and Flower
section of the Di3A. The accessions evaluated also came from the Brassica core collection of the
H2020 BRESOV (Breeding for Resilient, Efficient and Sustainable Vegetable productions — G.A.
774244) project dealing with the organic breeding of broccoli (Brassica oleracea), and of the related
B. oleracea crops, snap bean (Phaseolus vulgaris) and tomato (Solanum lycopersicum). The B.

oleracea crops are usually grown by amateurs in home gardens in all Europe, observing a great
11



diversity of morphotypes among and within them, which in most of the cases are supported by
propagation materials self-produced by urban amateurs and growers. The Brassica oleracea crops
are represented by the followed varietal morphotypes: i) broccoli (B. oleracea var. italica); ii)
Brussels sprouts (B. oleracea var. gemmifera); iii) cabbage (B. oleracea var. capitata); iv) cauliflower
(B. oleracea var. botrytis); v) kale (B. oleracea var. capitata), vi) kohlrabi (B. oleracea var.
gongylodes); vii) Savoy cabbage (B. oleracea var. sabauda).

This species assumes a particular interest in Europe as in the articulated environmental context
expressed by the different countries has been ascertained a wide genetic variability such as to consider
it native to the same Mediterranean environment, which represents its centre of origin and
diversification (Matsuoka 1926).

The wide polymorphism expressed by B. oleracea in Sicily, seems to play a determining role on the
origin and diversification of kale, broccoli, and cauliflower and on their related domestication
process. The combined presence of different Brassica wild relatives (n=9) populations and of B.
oleracea crops at the same time in several Sicilian agro-ecological niches continues to facilitate the
gene flow between several wild and grown genotypes, determining a plurality of gene recombination
that support the wide diversity observed in the Island.

It is therefore considered very likely that in the Mediterranean the first phases of the domestication
process of Brassica oleracea have been initiated and kale represents the first result of the selection
process of man which has subsequently allowed the origin and the diversification of broccoli before
and of cauliflower after. This hypothesis seems to be supported by the enormous variability that is
recorded in this region for these crops that find feedback and support in culinary traditions for the
specificity of the corresponding products.

These crops, represented in Sicily by several landraces, are still today reproduced by some growers
and they often express a significant agronomic difference that satisfies the requirements of the local
grower, but they often do not fit with the needs of the globalized markets. Moreover, this discrepancy
prevents the use of products by the processing industry. On the other hand, the placing of the products
on the local or niche markets was of greater interest for the local farmers during the economic
situation conditioned by the COVID-19 pandemic, and a particular appreciation was underlined for
the traditional (local/territorial) fresh vegetable products.

Vegetable product innovation is mainly based on the identification of minor and/or wild species
occasionally gathered in the countryside or introduced in home gardens, or on scarcely widespread
subspecific entities of species already widely used. The product innovation shall be supported also

by new processing technologies which allow the full exploitation of species/landraces which provide
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products unfit for handling and preservation as they are traditionally addressed for fresh consumption
by the local markets.

In recent decades, the food technology of the fourth gamma products (ready to eat/ready to cook) has
allowed to improve the maintenance of product quality characteristics during the post-harvest phase
of many species and minor cultivars not adequately valued for fresh consumption.

Among the B. oleracea crops considered in the present Ph.D. thesis some supply products are
represented by vegetative organs (cabbage, kale, kohlrabi) that for organographic characteristics are
subject to very intense metabolic activities that determine the rapid reduction of the cellular turgor
and the rapid increase of the fibre, and some by reproductive ones (broccoli and cauliflower) which
are developed in relation to the cold requirements requested by the plant for flower induction and
differentiation. The quality of the reproductive organs could be affected by the high thermal
fluctuation consequent to the climate change in acts.

The wide BRESOV Brassica core collection, such as the core collections established for tomato and
snap bean, has provided a wide range of variability for the several agronomical, bio-morphological,
biochemical, organoleptic and nutraceutical traits studied consenting to individuate accessions and
genotypes of interest for their resistance to biotic and abiotic stress. In this frame our main interest
among the abiotic stresses was devoted to drought stress, which is one of the main constraints for
vegetable crops in Mediterranean countries and islands, such as in Sicily. Furthermore, we focused
our attention also on several biotic stress due to plant pathogens as Xanthomonas euvesicatoria pv
perforans, Pseudomonas syringae pv tomato, Clavibacter michiganensis subsp. michiganensis, and
pest as Phthorimaea absoluta and nematodes (Meloidogyne spp. and Pratylenchus spp.).

We have studied the characteristics of the several morphotypes expressed by the BRESOV Brassica,
tomatoes and snap bean core collections together with several accessions provided by local farmers
and common commercial cultivars, paying special attention to the characteristics of the root system
of the plant in addition to its habitus, stems and leaves.

The several morphotypes expressed a great level of diversity among and within each B. oleracea
crop, and among the crops and the Brassica wild relatives (n=9) compared. Similar results were
obtained also for the tomato accessions, obtaining also good results when the nutrition protocols
designed for organic agriculture and developed during the BRESOV project were applied.

The rusticity characteristics of the B. oleracea crops allow us to hypothesize their cultivation in
different environments through the adoption of growing methods and techniques with low
environmental impact and with modest contributions of chemical means.

It is therefore possible for all the B. oleracea crops by organic growing methods and techniques that

allow to better enhance the health characteristics of the product avoiding the use of pesticides.
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The organic product offered by these Brassicas and tomatoes would also make it possible to satisfy
an interesting market niche that could identify a particularly suitable production area in Sicily. Based
on these considerations, it was considered important to identify, to characterize and to improve the
rich germplasm of B. oleracea and tomato crops traditionally cultivated in Sicily in family and
suburban gardens, to contribute for the development of the corresponding production chains in
different areas of the island.

With reference to the products proposed, the attention has been placed not only on different crops and
cultivars, but also different environments and nutrition protocols adapted for organic farming by the
implementation of PGPM and amino acids in substitution of the agrochemicals.

For the accessions evaluated were analysed the agronomic characteristics of the products such as the
yield, the “commercial” quality of the production, the nutraceutical characteristics of the juices
obtained including the main antioxidant compounds (glucosinolates, polyphenols, vitamins), in order
to evaluate the attitude to be consumed fresh or to be processed for juice production.

In parallel with the BRESOV project, the PhD activities joined also the “Water4Agrifood”. In the
framework of Water4Agrifood new source of water for agriculture were evaluated, in particular the
reused wastewater (RW) treated by constructed wetland (CW).

Finally, to continue the activities started in BRESOV, during the last year of PhD the activities joined
also the EUBRASSWILD and the COUSIN projects. The activities carried out were focused on the

Brassica Crop Wild Relatives (CWRs) preservation, collection and regeneration.
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4.1 Healthy food from Healthy environment: why organic agriculture

What is organic agriculture

According to the definition given by the International Federation of Organic Agriculture
Movements (IFOAM - Organics International), organic agriculture is “a system of production that
supports the health of the soil, ecosystem and people based on ecological processes, biodiversity and
for different local conditions”(IFOAM, 2009).

The Organic Agriculture combines tradition, innovation, and science to benefit the shared
environment and promote fair relationships and good quality of life for all involved.

(www.ifoam.org/growing).

Main points of organic agriculture are: i) well-being (health): that supports and promotes the health
of the soil, plants, animals, humans, and the planet like an indivisible whole; ii) ecology (ecology):
based on systems and cycles living ecological. iii) equity (fairness): develops relationships that ensure
fairness and solidarity towards the necessity of life; iv) precaution (care): is managed as a precaution
and responsible, to protect the health and well-being of present and future generations (IFOAM).
The term organic agriculture refers to an alternative agricultural system, capable of adopting
cultivation strategies and techniques that do not use chemicals, thus respecting the regular balance
that regulates the natural life and seasonality of each crop (Gomez & Thivant, 2017).

The first forms of organic farming are to be referred to the first applied forms of production, in fact,
the agriculture could be defined as organic since its appearance dating back to 10,000 years ago. Only
in the last century did synthetic chemicals make their appearance in the agricultural field, making
substantial changes (Tudi et al. 2021).

Organic farming is considered as a natural farming system therefore exempt from the use of chemical
fertilisers or pesticides (Gamage et al. 2023). The concept of naturalness, which is often associated
with organic farming, also refers to the fact that often to obtain this type of production, the best
varieties are selected that best fit the system of naturalness (van Bueren et al. 2002; Verhoog et al.
2003).

In fact, the main objective of organic farming is to use techniques capable of replacing chemicals
with natural components and therefore to ensure adequate stability of the ecosystem (Muhie 2022).
Organic farming has its own production system based on a concept of farm which must be understood
as an agrosystem that aims mainly at including biotic diversity in its production (Altieri 2018).

The basic principles for obtaining a good organic production concern the fertility of the soil and the
management of different components, including the chemical ones which therefore concern the

quantity of nutrients dissolved in the soil and the pH, the physical ones which concern the soil
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structure and retention water, and biological ones directly linked to the soil microbiota (Montgomery
and Bikl¢ 2021; Panday et al. 2024) .

Despite the spread of organic farming, the latter was often supplanted by an agriculture that mainly
focused on the use of chemical products, able to offer a defence against the attack of microorganisms
and insects, able to lose much part of the economic resources that could derive from the sale of the
same (Verhoog et al. 2003; Benbrook et al. 2021).

The current objective is to use agricultural production systems that aim to avoid the use of GMOs,
fertilizers, pesticides, or intensive indoor farming, but which on the other hand can optimize the

objective of sustainability through techniques completely organic (FAO 2017).

No synthetic Use of local
fertilizers resources Organic

No GMOs
fertilizers

No

agrochemicals |
Reduce the use of non-

' C tati @1 renewable resources
[HRpoavon Organic farming
== | Lower water consumption

Lower energy use| 4= / 1

l Increased soil organic matter

Reduced soil loss

Larger floral, faunal, Improved soil
and microbiological water holding
biodiversity capacity

Figure 1 - The role of organic farming in achieving sustainability in agriculture (Gamage et al.
2023)

In this way, it will be possible to define the main differences from a technical and operational point

of view between organic and conventional agriculture (Azarbad 2022).

Organic vs conventional agriculture

The main difference between organic and conventional agriculture consist in the fact the
conventional one concerns a systematic exploitation of the land and all the natural resources available,
while the organic one tries to base its production and agricultural system in a state of maximum
harmony and balance (Fess and Benedito 2018; Montgomery and Bikl¢ 2021).

Considering the need to ensure good soil fertility, often following the principle of respecting the
environment itself and maintaining it and not impoverishing it unlike the conventional, which, on the

other hand, follows the industrial principles (Monteduro 2013).
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Therefore, it is essential to use substances that are valid alternatives to chemical ones, and it will be
necessary to implement different techniques in defence of the ecosystem, such as the use of the so-
called biological control capable of guaranteeing a non-polluting pest control (Bale et al. 2008).
From the point of view of the quality of the productions, it is well known that a lot of properties for
compounds in food crop, depend on: genotype evaluated, part of the crops analysed, year of practices
(Johansson et al. 2014; Yang et al. 2020).

Cultivation techniques about seems that are also an important parameter in terms of content of
nutritionally important compounds in a crop, these make the main differences between organic
cultivation and conventional(Cakmaker et al., 2023).

Based on the research that highlights the substantial differences between plants obtained through
organic farming and conventional agriculture, there are studies already cited in the literature
concerning the characteristics relating to the genotype and phenotype of the plants taken into
consideration (Seufert et al. 2012; Sangiorgio et al. 2021).

Considering the current studies, what has been highlighted is that the quantity of micronutrients is
slightly increased, especially as regards zinc and iron in cultivars obtained through organic farming,
rather than conventional ones (Seufert et al. 2012; Erika et al. 2020; Dhaliwal et al. 2021; Sangiorgio
etal. 2021).

To highlight the main qualitative characteristics of the products, a lot of studies have been made, in
fact, the literature reports information about the content of various compounds in organic and
conventional crops (Lima and Vianello 2011; Dall’ Asta et al. 2020; Lamonaca et al. 2022).
Numerous researchers argue that more attention needs to be pain in towards of research, especially
about on genotypes suitable for organic production, avoiding studies comparing conventional bred
genotypes in conventional and organic systems(Watson et al. 2008; Novikova et al. 2024).

In Vrcek et al. (Vréek et al. 2014), more attention was paid on differences due to farming system
applied. Especially, difference about the methodology selected for the comparison and variation of 1)
content in micronutrient compounds including iron and zinc; ii) contents between organically and
conventionally grown crops.

The study was based in the cultivar of a lot of crops as like haricot beans, strawberries, wheat flour,
tomatoes, cotton, wheat, etc., the results shown a higher content of iron and zinc in the organically
produced crops compared to the conventionally grown ones(Vrcek et al. 2014).

Moreover, other comparative studies, have evaluated several organic fertilizing strategies and have
been able to differentiate certain organic fertilization strategies as resulting in increased levels of iron
and zinc in the crops (Citak and Sonmez 2009). Other studies said about other factors like type of

crop, year, place, environment, harvest timing, etc., seem to be of higher importance than organic

17



cultivation (Liliane and Charles, 2020). However, important evidence is the high mineral content that
has been found in organically grown wheat with a certain genetic background and grown in a certain
environment (Hussain et al. 2010).

Many studies are available comparing levels of total phenolics as well as of individual phenol
compounds trough organic and conventional system for many crops like apple, tomatoes, leaf lettuce,
berries, etc...(Arbos et al. 2010; Negrao et al. 2021; Roumeliotis et al. 2021; Malesevi¢ et al. 2023;
de Lima et al. 2024).

There have been many studies that have brought to light a genetic variation so important in
determining the various bioactive compounds of a crop (Kaushik et al. 2015; Egorova et al. 2021).
Several important compounds present in food crops depend on the evaluated genotype, location, year,
and cultivation practices of the crop analysed (Johansson et al. 2014). Furthermore, there are many
authors who, on the contrary, argue in their studies that the only difference is the cultivation system
and not variation in cultivation locations, attributes of the soil, eventual irrigation, whether, crop
varieties, harvesting conditions, storage methods (Lester and Saftner 2011).

However, the same studies, said that among all the micronutrients and bioactive compounds
discussed above, phenolic compounds seem to be more influenced by the farming system used, but
there isn’t significant difference in amounts or composition between crops grown conventionally vs.
organically (Lester and Saftner 2011).

Other studies concerning the difference between traditional and organic method mainly concern the
evaluation of the quantity of phenolic compounds in strawberries, red fruits, pears, peaches, apples,
kiwis, lettuces, and tomatoes.

Regarding phenolic compounds, there are evidence that very often the content of phenolic
compounds is influenced by the farming method used (Fernandes et al. 2021).

The fact that organic products give a lower yield, compared to those obtained through traditional
agricultural technologies, is mainly since organic farmers often use 50 if not 80% less nitrogen than
conventional farming techniques (Seufert et al. 2012; van Bueren and Struik 2017).

Therefore, the amount of nitrogen released in the fertilizers will come out gradually and will have a
lesser impact on the finished product (Diacono and Montemurro 2010). Furthermore, other reasons
linked to the low yield, as regards organic products, are linked to the inadequate ability to manage
weeds or parasites, or even to be able to resist cultivar diseases (Seufert et al. 2012; Lammerts van
Bueren and Struik 2017).

To help consumers, a lot of pesticides are approved in organic agriculture, because they are of low

toxicological concern (Mie et al. 2017). In fact, they represent part of the diet of human nutrients
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(iron, potassium, bicarbonate). Plant protection practises developed for organic agriculture may be
healthier to the entire agriculture system (van Bruggen et al. 2016).

It’s important to say that in organic food production, there is the many advantages to have a low
residue level in foods and lower pesticides exposure for consumers, in fact studies of EFSA say that
pesticides residues below Maximum Residue Levels (MRL) in 43.7% of all 13.8% in organic food
(EFSA 2010; Food Safety Authority 2016).

The population’s exposure to several pesticides can be measured by analysing blood and urine
samples, as is routinely done in the US, and Germany, Spain, Belgium, Poland, and Denmark (Mie
etal. 2017).

A general observation has been higher urinary concentrations of pesticide metabolites in children
compared to adults, most likely reflecting children’s higher food intake in relation to body weight
and maybe also more exposure prone behaviours (Hyland et al. 2019). A larger consumption of fruit
and vegetables is positively correlated with pesticide excretion (Ye et al. 2015), and consumption of
organic produce is associated with lower urinary pesticide concentration(Curl et al. 2014).

Also, the risk assessment of pesticides, is comprehensive of toxicological effects, and increased risk
of some diseases including Parkinson’s disease, and certain types of cancers including non-Hodgkin
lymphoma(Schinasi and Leon 2014), and childhood leukaemia or lymphomas, e.g., after occupational
exposure during pregnancy (Ntzani et al. 2017) or residential use of pesticides during pregnancy (Van
Maele-Fabry et al. 2013).

Studies show that the consumption of organic food can reduce the risk of allergic diseases, overweight

and obesity (Seufert et al. 2012).

Transition to Organic

As far as legislation is concerned, organic production was already recognized as a valid
alternative to traditional agriculture in 1985, this recognition envisaged by the green paper of the
European Commission coincides, among other things, with an increased interest in organic farming
by consumers(FAO 2012).

Nevertheless, attention to human health, together with increasing consumer demand, are the reasons
why several governments have set goals as to how much organic agriculture should increase in their
respective countries(Willer et al. 2021).

In fact, here are different examples of food policies related to development of organic production as:
1) the Food, Conservation and Energy Act of 2008 in the USA, with a mandatory five-fold funding
increase for organic research programs and cost-share assistance for farmers and handlers(Weber

2008); ii) the European Action Plan for Organic farming from 2004, that focus on strengthening
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information and research as well as improving production standards and streamlining public
support(EGTOP 2013).

The horticultural supply chain represents a very important set of products that today are made all over
the world and which sometimes in relation to the soil and climatic needs of the environment, need to
be imported and exported to third countries (FAO 2017; Calicioglu et al. 2019).

The first year’s farmers in fact tended to use organic mineral fertilizers and different rotations so that
biodiversity could be guaranteed even if, in a rudimentary way, then when around agriculture started
to create a real business. Therefore, the invested capital was increased and the means used, a modern
conventional agricultural system was generated that gradually shifted intensive cultivation towards
new techniques that are increasingly avant-garde the use of mechanization to carry out the main
operations and processes in the short term(Scialabba and Hattam 2002; Meemken and Qaim 2018).
It therefore allowed to improve the fertility of clayey soils to increase labour productivity to create
an ideal habitat for plants and thus for their root system, as well as used much of the relative time to
any operations that could on the other hand have negative effects such as erosion or alteration of
weeds (Koudahe et al. 2022).

Furthermore, among the systems used to carry out integrated control against pests, pathogens or
weeds, according to the “Legislative Decree 14 April 2012 n° 1507, the goal is to try to make the use
of pesticides sustainable, for which a fundamental role in the chemical fight and for chemical
weeding(Ciampitti and Cavagna 2014).

It appears to be given to the farmer's ability to fight the problems associated with it, such as the
reduction of biodiversity, a decrease in microorganisms able to help the plants themselves, a reduction
or almost a disappearance of useful organisms, with a consequent increase in harmful organisms and
an increase in genetic resistance phenomena(Calicioglu et al. 2019).

According to the provisions of Regulation 2082/91, in the action plan for organic farming, the council
and the European Parliament invited the commission to reconsider the regulatory framework on
organic farming to make it easier to understand, especially considering all the member countries of
the European Community, the legislation on organic production has increasingly adapted to the
evolution of agricultural markets characterized by production increases(Cuadros-Casanova et al.
2023).

At the same time the European Union itself has shown itself sensitive to the perception that the
consumer must have for organic production, the main objective is therefore to be able to create a
system capable of managing agriculture in a sustainable way to obtain high quality food and products

in respect of human health and the environment (Skrodzka 2017; Rodino 2020).
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Currently, the regulation places greater attention on animal welfare and food safety as regards not
only feed and farming methods but and above all the phases of plant production and aquaculture and
feed obtained through organic techniques(Wesseler 2022).

Nowadays, the mentioned food policies, is practiced in more than 160 countries. A total of 37 million
hectares of land were grown organically in 2010, but large increases are still seen in most of the
European countries in terms both of increase of agricultural land for organic production, organic
market size and per capita consumption. However, more than 80% are found in the developing
countries, where the largest share of emerging markets is also present. The main importers of such
products are the United States, Germany, and France(Willer et al. 2021).

Furthermore, aspects of environmental sustainability, such as biodiversity and greenhouse gas
emissions, may also be affected by the agricultural production system and may affect human health
food security (Reganold and Wachter 2016).

Some recent studies have concerned the association between consumption of organic food and health.
These studies are generally based on a little representative sample of the populations and short
durations, thus limiting statistical power and the possibility to identify long-term effects (Dangour et
al. 2010).

What emerges from the studies, is a radical change in the consumers’ point of view, who regularly
buy organic food tend to choose more vegetables, fruit, wholegrain products, and less meat, and tend
to have overall healthier dietary patterns(Torjusen et al. 2014).

Furthermore, a diet based on this kind of diet characteristics is associated with a decreased risk for
mortality from or incidence of certain chronic diseases (Abete et al. 2014).

The important objective of being able to support sustainable food security and the common well-
being of society in general is taken into consideration when studying the genomic and genetic profile
of the cultivars to be cultivated (Salgotra and Chauhan 2023).

Following ethical and socio-economic criteria, it is possible to evaluate which are the main
characteristics to be considered, to guarantee integrity in the life of future generations (IFOAM).
Among the ethical criteria, it is essential to respect the cell and the genome of the plants taken into
consideration, without however forgetting the economic profile, which basically wants to evaluate
the possibility of using the germplasm to obtain pollinated varieties that have greater value from a

sustainable agriculture point of view (Di Bella, 2021).

Food policies toward organic farming

Attention to human health, together with increasing consumer demand, are the reasons why several
governments have set goals as to how much organic agriculture should increase in their respective

countries.
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There are a lot of examples of food policies related to development of organic production like:
e the Food, Conservation and Energy Act of 2008 in the USA, with a mandatory five-
fold funding increase for organic research programs and cost-share assistance for
farmers and handlers (Weber 2008).
e the European Action Plan for Organic farming from 2004, that focus on
strengthening information and research as well as improving production standards
and streamlining public support (Lampkin and Stolze 2006).
Therefore, it is very important to define which factors can affect public health, considering, above all,
the importance of some of them that can cause problems in life, linked to the current conditions of
development and underdevelopment of the countries which, often, due to their economic situation,
can lead to chronic disadvantages such as: cardiovascular problems, obesity, heart attacks and
diabetes. Introducing enough nutrients is essential to promote a long life. It is often very important to
evaluate the sedentary lifestyle of people as well as problems related to an unsuitable consumption of
micronutrients, with a consequent increase in sugar consumption (Deen et al. 2013).
Several studies are currently involved in evaluating the positive impacts on health that can only occur
following the consumption of certain foods that aim to increase the low intake of vitamins, zinc, and
iron (Deen et al. 2013).
According to the definition given by (IFOAM 2009), organic agriculture is “a system of production
that supports the health of the soil, ecosystem and people”. Based on ecological processes,
biodiversity and for different local conditions.
Aims of the use of Organic agriculture, is to combine tradition, innovation, and science, because that
the environment benefits from it benefit and to promote correct relationships
(www.ifoam.org/growing).
Main points of organic agricultural are:
o well-being (health): that supports and promotes the health of the soil, plants, animals, humans
and the planet like an indivisible whole.
e ecology (ecology): based on systems and cycles living ecological.
e equity (fairness): develops on relationships that ensure fairness and solidarity towards the
necessity of life.
e precaution (care): is managed as a precaution and responsible, to protect the health and well-
being of present and future generations.
They were, the most sensitive consumers to health and environmental issues are the driving force of
development organic farming, as they are willing to pay market prices significantly higher than those

of the products obtained with conventional agriculture.
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The term organic agriculture refers to an alternative agricultural system, capable of adopting
cultivation strategies and techniques that do not use chemicals, thus respecting the regular balance
that regulates the natural life and seasonality of each crop.

The first forms of organic farming are to be referred to the first applied forms of production.
Agriculture, in fact, could be defined as organic since its appearance dating back to 10,000 years ago;
only in the last century did synthetic chemicals make their appearance in the agricultural field, making
substantial changes (Tudi et al. 2021).

The term organic agriculture refers to an alternative agricultural system, capable of adopting
cultivation strategies and techniques that do not use chemicals, thus respecting the regular balance
that regulates the natural life and seasonality of each crop (Boschiero et al. 2023).

In reality, the first forms of organic farming are to be referred to the first applied forms of production.
Despite the spread of organic farming, the latter was often supplanted by an agriculture that mainly
focused on the use of chemical products, able to offer a defence against the attack of microorganisms
and insects, able to lose much part of the economic resources that could derive from the sale of the
same (Vogt 2007).

Therefore, the only way to manage problems related to conventional agriculture, which allowed only
temporary successes to be obtained, was to use herbicides or other substances in defence of cultures.
Therefore, a series of strategies have been launched, used as a valid alternative, so that the agricultural
system could be made more sustainable and so that it was possible to rely more on natural processes
and on the use of renewable energy sources(Tal 2018).

In doing so, in fact, the objective of saving energy is completed, the soil and biodiversity are
conserved and in general all the impacts on the agricultural system are minimized.

Therefore, the current objective is to use agricultural production systems that aim to avoid the use of
GMOs, fertilizers, pesticides or intensive indoor farming, but which on the other hand are able to
optimize the objective of sustainability through techniques completely organic.

In this way, it will be possible to define the main differences from a technical and operational point
of view between organic and conventional agriculture.

If on the one hand, in fact, through conventional agriculture you want as much as possible to obtain
a quantity of money that can allow you to remunerate all those involved in the production itself, on
the other hand through organic production, you do not want to obtain a great result from an economic
point of view.

Therefore, yields will not be optimized to increase profitability, but it will be the organic farmer
himself who will make a good contribution to biodiversity, enhancing and protecting the current

heritage to guarantee it for future generations.
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Therefore, it is essential to use substances that are valid alternatives to chemical ones and it will be
necessary to implement different techniques in defense of the ecosystem, such as the use of the so-
called biological control capable of guaranteeing a non-polluting pest control.

The main differences between organic and conventional agriculture mainly concern: the conventional
one concerns a systematic exploitation of the land and all the natural resources available, while the
organic one tries to base its production and agricultural system in a state of maximum harmony and
balance.

Considering the need to ensure good soil fertility, often following the principle of respecting the
environment itself and maintaining it and not impoverishing it unlike the conventional, which, on the
other hand, aims to follow industrial principles.

On the other hand, while conventional agriculture aims to obtain different production units that can
be used in different industries to produce more complex foods, capable of increasing the profitability
of cultures, from a biological point of view plants and animals must be reared. especially considering
the individual production potentials. Furthermore, considering the possibility of a future improvement
as regards production, it could be a good solution to use natural resources that aim to respect the
environment.

As for organic farming, the use of chemicals, pesticides or other industrial products could be used in
conventional agriculture in order to meet the different market demands.

In reality in some developing countries the use of organic farming could be an ideal tool to be able to
obtain even higher yields than current conventional practices the most important choice therefore
concerns that of the tools and means of subsistence are sustainable for the populations In fact, the use
of organic farming that is full of you from the use and use of some synthetic or chemical substances
1s an intrinsic technique which aims to replace the use of agronomic practices such as those of organic
fertilizers with more specific practices such as simple if you can or crop alternations thus reducing
the cost of investments from an economic point of view as regards the choice of organic, also
considering native species and varieties As regards their ability to adapt to any terrain and any climate
and the rotations will continue at the same time cultural it will be possible to increase climate change.
From the data processed by Ismea in 2011, the horticultural supply chain represents a very important
set of products that today are made all over the world and which sometimes in relation to the soil and
climatic needs of the environment, need to be imported and exported to third countries.

There are many supply chains that, having an average size, are able to occupy a large part of their
agricultural area for the cultivation of vegetables to be directed to sale on the increasingly vast market

in which the demands of an increasingly attentive consumer are increasing.
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Some of these companies are involved in cultivating part of their territories by means of simple
conventional cultivation, it is mostly an agricultural technique that has undergone a real evolution
from the early 1900s to today.

In fact, the first year’s farmers tended to use organic mineral fertilizers and different rotations so that
biodiversity could be guaranteed even if, in a rudimentary way. Then when around agriculture started
to create a real business and therefore the invested capital was increased and the means used, a modern
conventional agricultural system was generated that gradually shifted intensive cultivation towards
new techniques that are increasingly avant-garde the use of mechanization to carry out the main
operations and processes in the short term, it therefore allowed to improve the fertility of clayey soils
to increase labor productivity to create an ideal habitat for plants and thus for their root system, as
well as used much of the relative time to any operations that could on the other hand have negative
effects such as erosion or alteration of weeds (Tapsoba et al. 2020).

A series of auxiliary works able to increase production have been applied to traditional conventional
agriculture, in particular among these mechanization turns out to be one of the inventions that, if
followed in a rational way, is able to optimize labor productivity and give the beneficial effects in the
short term and therefore to allow a greater distribution of fertility both at the physical level within the
clayey soils and that of fertilizers and soil improvers.

Furthermore, as regards conventional cultivation techniques, fertilization appears to be a technique
applied almost entirely to replace organic fertilization.

Therefore, applying a mineral fertilizer means being able to almost completely replace an organic
fertilizer both in terms of chemical fertility and in economic terms.

Consequently, among the negative repercussions on the ecosystem we will find a lowering of the
quantity of organic substance present in the soil, as well as the long-term losses of fertility which are
increasingly serious and lead to desertification.

Furthermore, among the systems used to carry out integrated control against microorganisms or
weeds, according to the “Legislative Decree 14 April 2012 n°® 1507, the goal is to try to make the use
of pesticides sustainable, for which a fundamental role in the chemical fight and for chemical
weeding, it appears to be given to the farmer's ability to fight the problems associated with it, such as
the reduction of biodiversity, a decrease in microorganisms able to help the plants themselves, a
reduction or almost a disappearance of useful organisms, with a consequent increase in harmful
organisms and an increase in genetic resistance phenomena.

Organic farming represents a cultivation technique based mainly on sustainability and eco-

compatibility.
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In fact, this has the objective of knowing how to safeguard the environment as much as possible,
protect it and at the same time guarantee the stability and health of consumers (Kruk et al. 2018).
Organic farmers, require cultivars that can be multiplied in organic farming system without negative
effects on the uman health.

Basically, the most important principles that lay the foundations on organic horticulture concern the
need to reduce ecological imbalances, to resort as much as possible to the use of renewable energy,
protect biodiversity and at the same time ensure the elimination of certain compounds from the
production cycles. synthetic, such as fertilizers or plant growth regulators.

In this regard, a community regulation has therefore been drawn up which is number 834/2007 and
mainly concerns the points relating to the production, control and labeling of products obtained using
the organic method, which therefore aim to respect natural cycles and the ecosystem, reduce as much
as possible the use of external supplies, thus using a closed production cycle and a series of regulations
that are mainly used to manage foods that are categorized and recognized by the control bodies as
organic, by affixing logos specific European Community organic products.

Most of the cultivars obtained through organic farming are actually obtained from varieties that,
basically, were grown using conventional methods.

The fundamental difference between organic and conventional agriculture concerns the fertilization
of the soil, parasites and the management of weeds in order to make the product as stable as possible.
Fertilization applied in organic farming is based on the use of organic fertilizers such as courtyard
manure, compost and green fertilizers. The nitrogen input (N) is limited to 170 kg / ha*year. Instead,
conventional agriculture makes use of fertilization dominated by mineral fertilizers, taking into
account that there is no specific amount of nitrogen.

Typically, the yield of the crop is limited by the availability of vegetable nitrogen in biological
systems but not in conventional systems, as regards the amount of phosphorus (P) it is on average
similar or slightly lower in organic systems.

In the absence of a particular nutrient deficiency, focusing on individual nutrients may be of limited
value in assessing the impact of a food or diet on human health, studies on actual health effects, as
discussed above, are generally more informative. compared to studies on individual nutrients. Studies
show that the consumption of organic food can reduce the risk of allergic diseases, overweight and
obesity(Seufert et al. 2012).

Organic farming differs from conventional farming for the need for numerous treatments that aim to
stabilize them over time, so that the plants that are obtained can therefore survive and bring economic

benefits to farmers.
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It will be necessary to adapt the production techniques using specific organic fertilizers, which will
have a better approach and impact with the roots and with the sound going, therefore, to suppress
weeds ensuring a good level of quality and a high level of yield in economic terms.

Organic farming is considered as a natural farming system therefore exempt from the use of chemical
fertilizers or pesticides.

The concept of naturalness, which is often associated with organic farming, also refers to the fact that
often to obtain this type of production, the best varieties are selected that best fit the system of
naturalness.

The main objective of organic farming is to use techniques capable of replacing chemicals with
natural components, therefore to ensure adequate stability of the ecosystem, a set of factors must be
defined that can help to counteract the perturbations that they come from outside. In fact, organic
farming has its own production system based on a concept of farm which must be understood as an
agrosystem that aims mainly at including biotic diversity in its production.

Biodiversity mainly concerns the development of some products that must be able to bring benefits
to the health of the consumer, since they are free of chemicals.

Among the main functions of the ecosystem, favored by agrobiodiversity, a very important role must
be brought in favor of biological control, or biological control against parasites, which involves
greater efficiency as regards the use of available resources. , as well as greater production stability.
Organic farming must, therefore, be considered as an established source of strength for the ecosystem
and must be aimed as a tool capable of reducing the incidence of diseases associated with the presence
of parasites on plants or weeds.

The technique, in order to obtain this result, concerns the very ability of the organic farmer, who must
find the correct assemblages of species that allow to achieve excellent results as regards the ability to
obtain more and more different cultures.

The basic principles for obtaining a good organic production concern the fertility of the soil and the
management of different components, including the chemical ones which therefore concern the
quantity of nutrients dissolved in the soil and the ph, the physical ones which concern the soil structure
and retention. water, and biological ones directly linked to the soil microbiota.

Using organic manure can be considered an optimal technique to avoid the use of chemicals but, in
terms of yield, considering the amount of nutrients that are placed on the soil that is not perfectly
controllable, a lower yield could be obtained.

The quantity of nutrients present in the soil in the form of nitrogen, potassium, phosphorus, can be

considered one of the main indicators as regards the structural characteristics of the soil itself.
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In fact, being able to manage soil fertility turns out to be a technique of great importance in order to
decide how to use that same plot of land, taking into account the need for plants to be able to develop
an adequate root system, capable of absorbing and acquiring as many nutrients. and water.

In order that stability at the level of yield can also be further

increased, organic farmers must take into account all production techniques, which aim to control
adequate nitrogen levels, therefore those cultivars or varieties in which the genotype will have a
greater or greater less need to be able to use the same nitrogen.

Actually, modern cultivars of field-grown crops, don’t not satisfy all the requirements and demands
of organic agriculture. This maybe for the kind of condition that should be given to breed specific
cultivars adapted, included the organic condition on organic agriculture.

Naturalness is a quality to use in context of organic crop production.

The concept of integrity is generally closely linked to the broader concept of intrinsic value.

All plants, cultivated and wild, have an intrinsic value, based on respect of integrity.

This implies that the natural characteristics are respected as regards the integrity of the plants, boths
for breeding, cultivation, and propagation.

As we said above, organic agriculture, is characterized to the absence of synthetic chemical input,
pesticides, fertilizers, and herbicides (Carvalho 2006).

A lot of properties for compounds in food crop, depend on genotype evaluated, part of the crops
analyzed, year of practices. In fact, have been done a lot of studies which have brought to light as
important as genetic variation in determining various components in a crop. Another important
parameter to value in a crop, that change in cultivation practices is organic cultivation instead of
conventional, is the kind of seems.

There are many author who, on the contrary, argue in their studies and that compare the two types of
agriculture system about different attributes like: soil, irrigation, harvesting condition, varieties and
storage methods.

On the basis of the research that highlights the substantial differences between plants obtained
through organic farming and conventional agriculture, there are studies already cited in the literature
concerning the characteristics relating to the genotype and phenotype of the plants taken into
consideration.

Considering the current studies, what has been highlighted is that the quantity of micronutrients is
slightly increased, especially as regards zinc and iron in cultivars obtained through organic farming,
rather than conventional ones. the study was actually carried out on plants belonging to strawberries,
tomatoes, beans, and wheat and the results showed that a high content of iron, zinc was found both

in the last ones not kept by traditional method and in organic ones and also the same study also
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concerned the consideration of other factors that may have influenced the final characteristics of the
product.

Among these certainly the type of fertilizer used, considering that fertilization may have been one of
the factors that led to an increase in the level of iron and zinc in cultivars obtained with biological
methodology and other important factors such as climatic adversities, the place and the pedoclimatic
conditions the year and the time of cultivation, the type of cultivar can be considered one of the main
factors that causes a certain product to have characteristics compared to another, especially as regards
the characteristics relating to the genotype and a high content of iron and zinc. A fairly large amount
of studies that have been published concerning mainly the cultivars of pears, peaches, olives,
sunflowers and potatoes, and what has been highlighted that, at the base of the difference between
the cultivars obtained, there are no substantial differences regarding the content of tocopherols in
relation to the type of cultivation system applied.

Other studies concerning the difference between traditional and organic method mainly concern the
evaluation of the quantity of phenolic compounds in strawberries, red fruits, pears, peaches, apples,
kiwis, lettuces and tomatoes. What emerges from the results is that very often the content of phenolic
compounds is influenced by the farming method used.

In order to obtain acceptable varieties from an organoleptic, sensorial and economic point of view,
farmers who aim for organic can make use of three different types of genetic improvement programs
capable of adapting any type of cultivar.

Among the main treatments we find those that allow to obtain varieties that derive from conventional
farming systems in which genetic improvement is aimed at obtaining better products. Others, on the
other hand, concern those varieties that derive from conventional genetic improvement programs
focusing, mainly, on some organic farming systems and finally others still concern the application of
some genetic programs which, however, can only be performed on some organic conditions (Wolf at
all; 2008).

In order to be able to respond to the increasingly particular needs of an aware consumer, the various
companies choose to base their breeding programs on the best variety to cultivate, therefore it will be
the companies themselves that will look for the most efficient technique so that that variety can be
developed.

That can be adapted to the growing conditions of a biological system. One of the key elements that
allows you to differentiate a farmer who points to the use of conventional agriculture rather than

organic farming concerns the techniques of managing cultures and soil fertility.
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The studies carried out on the different varieties of cultivars made using conventional and traditional
techniques lead to results that mainly concern the different genetic characteristics relating to direct or
indirect genetic selection.

The study did not show great differences regarding the use of the organic farming technique rather
than the conventional one, except on the resistance capacities against weeds and weeds, which have
been implemented above all for organic farming, while on the other hand, the conventional has paid
off in terms of economic performance by decreasing the ability to suppress weeds.

Organic farming is therefore a sector in continuous development and continuous improvement that
must constantly take into account the regulations and standards relating to the production of the same
products.

Compared to conventional systems, organic farming systems give on average lower yields. However,
from the point of view of respect for the environment and the ability to supply the consumer with a
greater quantity of micronutrients such as vitamins, mineral salts and positive substances, these turn
out to be more profitable.

The fact that organic products give a lower yield, compared to those obtained through traditional
agricultural technologies, is mainly due to the fact that organic farmers often use 50 if not 80% less
nitrogen than conventional farming techniques. Therefore the amount of nitrogen released in the
fertilizers will come out gradually and will have a lesser impact on the finished product. Furthermore,
other reasons linked to the low yield, as regards organic products, are linked to the inadequate ability
to manage weeds or parasites, or even to be able to resist cultivar diseases.

Considering, therefore, the different changes that today significantly affect the consumer's psyche
and considering the changed lifestyle as well as the changed social and economic conditions, it is
possible to argue that in the future there will be almost exclusively agricultural systems that will
protect biodiversity.

Usually to use synthetic pesticides, is the solution more adapted in conventional agriculture. But to
prevent any problem, to improve resistant varieties and to put biologic control in organic production,
is often diffused pesticide’s use.

To help consumers, a lot of pesticides are approved in organic agriculture, because they are low
toxicological concern. In fact, they represent part of diet of human nutrients (iron, potassium,
bicarbonate). Plant protection practices developed in and for organic agriculture may be of health to
the entire agriculture system(van Bruggen et al. 2016).

It’s important to say that in organic food production, there is the mani advantage to have a low residue

level in foods and lower pesticides exposure for consumers.
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Studies of EFSA say that pesticides residues below Maximum Residue Levels (MRL) in 43.7% of all
13.8% in organic food(EFSA Journal. 2015).

The population’s exposure to several pesticides, can be measured by analyzing blood and urine
samples, as is routinely done in the US, and Germany, Spain, Belgium, Poland and Denmark (Govarts
et al. 2023).

In fact, a general observation, has been higher urinary concentrations of pesticide metabolites in
children compared to adults, most likely reflecting children’s higher food intake in relation to body
weight and maybe also more exposure prone behaviors.

A larger consume of fruit and vegetables, is positively correlated with pesticide excretion(Ye et al.
2015), and also consumption of organic produce is associated with lower urinary pesticide
concentration (Curl et al. 2014).

Also the risk assessment of pesticides, is comprehensive of toxicological effects., and increased risk
of some diseases including Parkinson’s disease,and certain types of cancers including non-Hodgkin
lymphoma(Schinasi and Leon 2014), and childhood leukaemia or lymphomas, e.g. after occupational
exposure during pregnancy (Ntzani et al. 2017) or residential use of pesticides during pregnancy(Van
Maele-Fabry et al. 2013).

In contrast to extensive industrial-type agriculture, they will tend to collapse since they will no longer
be able to adapt to climate change and organic farming, therefore, will have different characteristics,
namely those of being able to increase health, improve the appearance and environmental
sustainability and have good imprinting from a socio-economic point of view.

From an environmental point of view, in fact, organic agriculture can promote and increase biological
biodiversity in the agricultural system, increase the health of water, plants and animal welfare and
promote the breeding of native breeds, with breeds suitable for the environment. and promote the
elimination and sequestration of carbon dioxide, helping to alleviate any harmful effects on climate
change by promoting the correct use of natural resources such as water, soil and atmosphere, reducing
any form of pollution deriving from the use of agricultural practices.

On the other hand, from a health point of view, the use of organic farming will make it possible to
eliminate, as much as possible, the risks of direct and indirect intoxication for those who offer services
and work within companies, limit as much as possible the production of foods with residues or other
uses of GMOs or chemical inputs, producing on the other hand certified, traceable and quality foods.
From a socio-economic point of view, the same products obtained from organic farming tend to be
considered as those productions capable of reducing, as much as possible, the use of non-renewable
resources and enhancing local resources, while maintaining the at the same time agricultural traditions

and thus supporting the development of rural economies and local communities.
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As far as legislation is concerned, organic production is already recognized as a valid alternative to
traditional agriculture in 1985, this recognition envisaged by the green paper of the European
Commission coincides, among other things, with an increased interest in organic farming by
consumers.

Guarantees for the consumer must be optimized and specific rules must be determined as far as
possible regarding the production of quality products capable of protecting the environment and
agriculture.

Moreover, so that organic farming could be developed as early as the 1980s the first results of the cap
began to manifest itself, which involved an excessive specialization of the productions of the flat
territories and foresaw the need to use specific incentives in favor of agricultural protection capable
of managing the spaces by introducing organic farming and techniques extensive production then
curing the landscape and reducing the use of chemical means as much as possible.

According to the provisions of Regulation 2082/91, in the action plan for organic farming, the council
and the European Parliament invited the commission to reconsider the regulatory framework on
organic farming to make it easier to understand, especially taking into account all the member
countries of the European Community, the legislation on organic production has increasingly adapted
to the evolution of agricultural markets characterized by production increases and at the same time
the European Union itself has shown itself sensitive to the perception that the consumer must have
for organic production, the main objective is therefore to be able to create a system capable of
managing agriculture in a sustainable way in order to obtain high quality food and products in respect
of human health and the environment.

Currently, the regulation places greater attention on animal welfare and food safety as regards not
only feed and farming methods but and above all the phases of plant production and aquaculture and
feed obtained through a biological technique in particular mode, article n® 9 of the regulation
confirms to avoid as much as possible the use of chemical substances and the absolute prohibition of
using genetically modified organisms for organic production is clearly expressed even if a general
limit of 0.9 can be taken into account % due to a casual presence of authorized GMOs in food and

feed.
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4.1.Alternative to chemicals in Organic agriculture: the PGPM

The rapid growth of the world population has made it necessary to intensify agricultural
production to achieve higher yields of crops and total production in order to ensure food security
(FAO 2017). On the other hand, agriculture is one of the human activities that significantly contribute
to the increase in chemical pollutants because of the excessive use of synthetic chemical fertilizers
and pesticides, which cause further environmental damage with potential risks for human health.
Among the chemical pollutants resulting from agricultural activity, nitrous oxide (N20), which is
produced by the excessive use of nitrogen fertilizers, is one of the main sources of greenhouse gases,
which cause global warming.

In fact, as much as 74% of the total US N2O emissions in 2013 were attributed to agricultural land
management(EPA, 2016). In order to achieve sustainable agriculture, crops need to be endowed with
disease resistance; salt, drought, and heavy metal stress tolerance; and improved nutritional value. To
reach these objectives, a concrete possibility is offered by using plant growth-promoting
microorganisms (PGPMs)—especially bacteria and fungi—which are capable of increasing the
plant’s capacity to absorb nutrients and its water use efficiency(Armada et al. 2014) as well as
inducing resistance against plant diseases (Kumar and Verma 2018). In fact, numerous studies have
demonstrated how plant growthpromoting fungi (PGPF) and plant growth-promoting rhizobacteria
(PGPR) isolated from the soil or the plant rhizosphere can effectively be used as biofertilizers,
biostimulants, and inducers of resistance against a series of abiotic and biotic stresses (Hossainand
Sultana, 2017; Chouhan et al. 2021). However, the interactions that are created between the
microorganisms, the crop, and the environment in the soil, particularly in the rhizosphere, are very
complex and interfere with the effectiveness of the application and use of PGPMs. The factors that
modulate these interactions can depend not only on the environmental conditions, such as the
temperature and pH of the soil, but also on the genotype and, not least, the microorganisms already
present in the soil. This review aims to summarize the factors that can influence the beneficial effects

of PGPM application and the considerations necessary to maximize their effectiveness.

Plant Growth Promoting Fungi (PGPF)

PGPF are a heterogeneous group of non-pathogenic fungi—mostly saprotrophic (i.e.,
organisms that feed at the expense of decaying organic matter) but in some cases necrotrophic (i.e.,
organisms that feed at the expense of dead and already largely decomposed organic matter) or
biotrophic (organisms that feed at the expense of living organic matter)—that are known for
enhancing plant growth by acting on the rhizosphere (Hossain and Sultana, 2017). They can be

subdivided into endophytes that live inside the roots in the inter- and intracellular spaces and
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exchange metabolites directly with the plant; epiphytes that live free on the surface of the roots; and
free-living PGPF, which live freely in the rhizosphere. These fungi are soil-borne and taxonomically
belong to the Ascomycetes, Basidiomycetes, and Oomycetes phyla. Among the most isolated genera
are Aspergillus, Fusarium, Gliocladium, Penicillium, Phoma, and Trichoderma, the latter being the
most isolated genus from different soils. In addition, mycelial isolates of sporeless fungi known as
sterile black fungus (SBF), sterile dark fungus (SDF), and sterile red fungus (SRF) are also recognized
as PGPF and are often difficult to identify because they lack a formal taxonomic state (Hossain and
Sultana 2020; Naseri and Younesi 2021). When we speak of PGPF, we refer to the fungi
ectomycorrhiza and ectoendomycorrhiza, which often establish mutualism not necessarily obligated
to the host plant. With this clarification, it is possible to distinguish them from the category of the
arbuscular mycorrhizal fungi (AMF), usually from the phylum Glomeromycota, which, on the
contrary, establish an obligatory mutualism with the host plant for their entire life cycle, producing
asexual spores(Vorholt 2012).

It is widely documented that the fungi from the rhizosphere, whether mycorrhiza or saprophytic
mycoflora, can positively affect plants by improving their growth and development. The impact of
PGPF on plants has positive long- and short term effects on factors such as germination, sprout
growth, root growth, photosynthetic efficiency, flowering, and yield (Cornejo and Seguel, 2017). The
duration of the biofunctional activities of PGPF in plants is one of the key factors that allow their
effective application in the field. They generally show promising effects in the early stages of plant
growth but, in several cases, have proved effective even in medium and late ontogenetic stages, thus
contributing positively to increase yield [10]. The mechanisms of the continuous positive effects of
PGPF on plants have not been fully clarified, but one hypothesis is that fungi establish and continue
the colonization of the root system also through the exudates of the plant, which implement their
diffusion around and into the rhizosphere (Hossain and Sultana, 2017).

Colonization of the root system is undoubtedly the most important strategy that allows the
establishment of an intimate connection to initiate the promotion of growth in plants(Compant et al.
2021). This is made possible by the ability of the fungus to survive and proliferate in the long term,
despite the presence of indigenous microflora (Grace and Saldajeno, 2012). This ability of fungi is
defined as rhizospheric competence and is a necessary condition for efficient PGPF (Jahagirdar S.
and Kambrekar, 2019) . The ability to reisolate a fungus from the root system as an indirect measure
of its colonization ability, and thus of its rhizospheric competence, has been highlighted in several
studies(Igiechon et al. 2024).

According to Hossain (Hossain et al., 2007) , it has been shown that several Penicillium strains

isolated after 3 weeks in Arabidopsis thaliana maintain a high presence rate (>90%). The same was
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demonstrated for Aspergillus in cucumber. Despite the evidence of high reisolation rates, there are
studies that show that rhizospheric competence is reached by high rates of root colonization 10 weeks
after soil inoculation, such as in the case of Phoma spp. on cucumber plants(Elsharkawy 2022) . There
are PGPF—in particular, non-sporulant sterile fungi—that lack the ability to colonize but are still
able to promote growth in plants. This evidence suggests that root colonization, in the case of PGPF,
is not indispensable for growth promotion (Cornejo and Seguel, 2017). However, PGPF colonization
of the root system is not always homogeneous; their density varies in different portions of the root
(Crossay et al. 2019; Wilkes et al. 2021). It appears to be higher at the top of the roots than at the
middle and basal parts. This could be explained by a rate of radical growth that is higher than the rate
of colonization by PGPF (Siddiqui Zaki A. and Pichtel, 2008). Unlike PGPF, arbuscular mycorrhizal
fungi (AMF) colonize the root system in a more homogeneous way, creating shrubs and branched
structures that increase the surface area of radical contact with the soil, aggregate with adhesive
(glomalin) soil particles, and establish a real network within the soil (Singh 2012; Begum et al. 2019).
This type of colonization takes place after the recognition between the plant and the fungus that allows
the latter to form the appressorium and penetrate the radical tissue, forming a very intimate connection
and establishing the characteristic obligatory mutualism of this category of fungi (Al-Ani, 2018) .

A key factor in the use of PGPF is the specificity between the host plant and the PGPF-AMF or
among other PGPMs (including bacteria). Preferential interactions are observed among plants and
different fungal communities. In fact, numerous studies have shown that one or more well defined
fungal species have positive effects on different plant species, but they do not necessarily have the
same effect on other species(Jahagirdar S. and Kambrekar 2019; Grace and Saldajeno, 2012). The
interaction between saprophytic mycelium and AMF in the rhizosphere may depend on the different
intrinsic characteristics of previously tested fungi. The effects on the host plant may be contradictory
between species of the same genus as well as between the same species. Generally, the interactions
between these groups of microorganisms are synergistic or additive in the promotion of growth in
plants and the suppression of different plant diseases. Ad hoc combinations of these fungi can
generally increase plant performance and, in particular, stimulate plant protection at different growth
stages under different conditions and occupy different or complementary intervention niches(Grace
and Saldajeno, 2012; Wilkes et al. 2021). The relationship established in the rhizosphere between
fungi and growth-promoting bacteria is also highly interesting. Several studies have confirmed that
bacteria can easily live and benefit from the fungal hyphae, which can form biofilms from various
secretions(Singh 2012; Spatafora et al. 2016; Guo, Matsuoka, Miura, et al. 2018). In the same way,
mycorrhizal radical exudates also act as substrates for the proliferation of bacteria, transforming into

nutrients for the plant (Guo et al., 2018). Endosymbiosis is a well-known interaction, especially
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between bacteria and Basidiomycetes. These symbioses show interesting benefits; in these
relationships, different growth-promoting enzymes are generated between bacterial and fungal
hyphae in the senescence stage (Meena et al., 2018).

The mechanisms by which PGPF modulate plant growth and development can be both direct and
indirect. Direct mechanisms are those that involve the production of substances such as antioxidants,
enzymes, and volatile organic compounds (VOC) and those in which readily available nutrients are
synthesized by the fungus and facilitate the growth of the plant. Indirect mechanisms include the
suppression of pathogens and the alleviation of stress (water, salt, high temperatures, and metals) that
afflict plants. Usually, PGPF can affect plant growth and development using one or more of these

mechanisms (Hossain and Sultana, 2020).

Phosphorus Solubilization

Phosphorus is an important component of key macromolecules in living cells. It is necessary
for a wide spectrum of functions necessary for the survival and growth of living organisms. Despite
the great abundance of this element in agricultural soils, it is mainly found in insoluble forms. This is
because phosphorus is complexed with iron, aluminum, or calcium (depending on the type of soil)
and becomes insoluble and unavailable for plants. PGPF can play a key role in making insoluble
forms of phosphorus soluble in the soil, thus helping to overcome this problem. They produce
enzymes that solubilize phosphates (phytase, phosphatase, organic acids) and release soluble
phosphorus. According to Radhakrishnan et al.(Radhakrishnan et al. 2015), the PGPF that produce
the most phytase and phosphatase are from the genera Aspergillus, Trichoderma, Fusarium, and
Penicillium. These fungi have higher solubilization of this element than bacteria, especially in acidic
soil conditions. As demonstrated by various studies conducted in this regard, these PGPF provide
solubilization of phosphorus through different specific mechanisms (Chuang et al. 2007; Janardan et
al. 2011; Gujar et al. 2013; Radhakrishnan et al. 2015; Li et al. 2016; Rai et al. 2021). Another study
conducted in Ethiopia on rhizosphere samples of Brassica integrifolia, Vicia faba L., Phaseolus
vulgaris L., Saccharum officinarum L., and Solanum lycopersicum L. showed that the filamentous
fungi Aspergillus niger and some species of Penicillium have the largest percentages of phosphorus

solubilization (Wakelin et al. 2007).

Mineralization of Soil Organic Matter

The process of microbial mineralization of organic matter in soil is crucial for plant growth.
Many PGPF, such as Trichoderma, encourage plant growth by accelerating the process of soil
mineralization (Yedidia et al. 2001; Singh et al. 2010; Contreras-Cornejo et al. 2020). Fungi, in

general, have the highest efficiency of substrate assimilation of any type of microbe and are able to
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break polyaromatic complexes, such as lignin and humic or phenolic acids(Waqas et al. 2012). In
addition, PGPF directly allow the degradation of organic nitrogenous materials through
ammonization and nitrification (Hossain and Sultana 2020). Fungi have been found to be the most
efficient decomposers among microbes. To demonstrate this, studies conducted on Metarhizium
robertsii have shown that when it establishes itself as a root endophyte, it is able to translocate

nitrogen from dead insects to common bean host plants (Behie et al. 2012).

Phytohormones Production

Phytohormones are implicated in different forms of plant-microbe interactions and thus
support the beneficial interactions between plants and PGPF. The most common classes of hormones
that are easily found among PGPF are auxins (IAAs) and gibberellins (GAs). IAAs regulate many
aspects of the growth in the plant, in particular the radical morphology, by the inhibition of the
elongation of the root, which provokes an increase in the production of lateral and adventitious roots.
The response of Arabidopsis to two Trichoderma species (T. harzianum and T. virens) was evaluated,
and the two fungal species were found to promote lateral root proliferation and growth. This was
inferred from tests using markers sensitive to auxin produced by Arabidopsis (Contreras-Cornejo et
al. 2020). GAs are well known for their role in various plant growth and development processes,
including stem elongation, germination, flower development, and flowering time. The production of
this hormone class by different Penicillium spp. has been ascertained in several studies(Wagqas et al.
2012; Foo et al. 2013) . Another group of hormones through which PGPF promote plant growth are
cytokinins, especially zeatin, which stimulates cell division and modifies many of the processes that
take place in plants, such as cell distension, flowering, and prevention of senescence. This hormone
has been recognized and documented in Piriformospora indica, T. harzianum, and Phoma spp..
Numerous studies have demonstrated their effectiveness in producing the abovementioned classes of
phytohormones, often in combination with each other (Gary E Harman et al. 2004; Hamayun et al.
2010; Sofo et al. 2012; You et al. 2012; Jogaiah et al. 2013; Latif Khan et al. 2015; Verma et al.
2019).

ACC Microbial Deaminase

PGPF produces a crucial enzyme: 1-aminocyclopropane-1-carboxylic acid (ACC deaminase),
as demonstrated in 7. harzianum (Rauf et al. 2021) . This enzyme breaks down the ethylene precursor
(1-aminoacyclopropane-1-carboxylic acid) into ammonia (NH3) and butyric acid-chetobutirrate,
thereby minimizing the levels of ethylene produced by the plant, which, if they are too high, can lead
to senescence. This enzyme is inducible and is encoded by the AcdS genes of fungi and bacteria(L1i

et al. 2015).
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Plant Growth-Promoting Rhizobacteria (PGPR)

Plant growth-promoting rhizobacteria (PGPR) is a term coined by Kloepper in the 1970s
(Kloepper and Schroth 1981) and refers to a set of different groups of soil bacteria, such as
Alcaligenes, Arthrobacter, Azospirillum, Bacillus, Bradyrhizobium, Burkholderia, Azobacter,
Klebsiella, Mesorhizobium, Enterobacter, Flavobacterium, Pseudomonas, Rhodococcus, Serratia,
Streptomyces, Variovorax, etc., which are key components of soil-plant systems, in which they are
engaged in an intense network of interactions in the rhizosphere, thus affecting plant growth and
yield. PGPR promote plant growth and development directly and indirectly by releasing plant growth
regulators/phytohormones or other biologically active substances; altering endogenous levels of
phytohormones; enhancing the availability and uptake of nutrients through fixation and mobilization;
reducing the harmful effects of pathogenic microorganisms on plants; and/or by employing multiple
mechanisms of action (Bishnoi 2015). They are categorized into two major groups: (1) symbiotic
rhizobacteria, which invade the interior/inside of the cell (intracellular PGPR, e.g., nodule bacteria),
and (2) free-living rhizobacteria, which exist outside of the plant cells (extracellular PGPR, e.g.,
Azotobacter)(Kenneth, 2017). Many benefits can be obtained by plants from PGPR inoculation, and
the pathways to reach these benefits are various: nitrogen fixation, phosphate solubilization,
siderophores production, phytohormones production, and improving tolerance against abiotic and
biotic stresses (Nazir et al. 2018; Bukhat et al. 2020).

According to Kloepper J. W. (Kloepper and Schroth 1981), PGPR-mediated plant growth promotion
occurs by the alteration of the whole microbial community in the rhizosphere niche through the
production of various substances. Generally, PGPR promote plant growth either directly by
facilitating resource acquisition, such as nitrogen, phosphorus, and essential minerals via biological
nitrogen fixation, phosphate solubilization, and iron sequestration by siderophores, respectively, or
modulating plant hormone levels, such as auxins, gibberellins (GAs), cytokinins (CK), and nitric
oxide (NO) or indirectly through rhizosphere competition, induced systemic resistance (ISR), and
biosynthesis of stress-related phytohormones, such as jasmonic acid (JA) and cadaverine (Cad), or
the ethylene catabolism-related enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase

(Nazir et al. 2018) .

Nitrogen Fixation and Related Factors

Nitrogen is one of the dominant rate limiting nutrients in natural systems (Nazir et al. 2018;
Bukhat et al. 2020). About 2% of the total dry matter of the plant that enters the food chain is
represented by nitrogen (Schausberger et al. 2017). Although nitrogen molecular gas (N2) constitutes

about 80% of the atmosphere, plants cannot access it directly; rather, they absorb the fixed nitrogen
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in the soil in its biologically available form (ammonium and nitrates) through the roots (Schausberger
et al. 2017). The molecular N2 present in the atmosphere is converted into usable forms by plants
through the biological fixation of N2 mediated by PGPR, which transforms nitrogen into ammonia
using a complex enzyme system known as nitrogenase (Santi et al. 2013). Biological nitrogen fixation
occurs, generally at mild temperatures, by nitrogen-fixing microorganisms, which are widely
distributed in nature. Nitrogen-fixing microorganisms are generally categorized as (i) symbiotic N2-
fixing bacteria, including members of the family rhizobiaceae (Rhizobium, Bradyrhizobium,
Sinorhizobium, Mesorhizobium, and Frankia), which form symbioses with leguminous (e.g.,
Rhizobia) (Glick 2012) and non-leguminous plants (e.g., Frankia)(Santi et al. 2013) and (ii) non-
symbiotic (free-living, associative, and endophyte) nitrogen-fixing, forms such as Cyanobacteria,
Azoarcus, Azotobacter, Acetobacter, Azospirillum, Burkholderia, Diazotrophicus, Enterobacter,
Pseudomonas, and Gluconacetobacter (Anabaena, Nostoc) (Basile and Lepek, 2021). All nitrogen-
fixing organisms are called diazotrophs, and all known ones are prokaryotes. Nitrogen fixing is a
widely and paraphyletically distributed ability, both in the bacterial and archaeal domains. The
nitrogen fixation capacity in these organisms depends exclusively on the nitrogenase enzyme system,
which hydrolyses 16 ATP molecules to fix one N2 molecule, making it one of the most metabolically
expensive processes known in biology (Raymond et al. 2004). The initiation of the colonization
process by PGPR begins with the plant host’s molecular communication (Bukhat et al. 2020). During
the early colonization stage, soil bacteria release chemical signals, usually flavonoids. These chemical
compounds are received by a specific bacteria receptor (NodD) and act as transcriptional activators

of other nodulation genes (nodA, nodB, nodC, and nodFE) (Raymond et al. 2004).

Nitrogen Fixation in Legumes

The nodulation process begins with the interaction between bacteria and root hairs and ends
and the formation of root nodules. In these structures, the bacteria are found inside organelles called
symbiosomes, where they differentiate into nitrogen-fixing bacteria(Provorov et al. 2018; Basile and
Lepek 2021). During the symbiotic relationship, the plant benefits from the nitrogen supply, while
the bacteria receive carbon compounds from the plant. This process is generally non-specific, but it
is reported that some species of rhizobia induce the formation of nodules on particular legumes.
Furthermore, some legumes, such as Glycine max and Phaseolus vulgaris, can be nodulated by more
than one species of rhizobia (Ji et al. 2017; Provorov et al. 2018). Some strains of rhizobia are also
reported to nodulate in several types of legumes (Pueppke and Broughton 1999; Andrews et al. 2017).
Through in vitro culture methods and, more recently, using metagenomics, it has also been observed
that symbiont rhizobes coexist in nodules with other non-nodulating rhizobes and non-rhizobic

species(Busby et al. 2016; Dirk Van Elsas et al. 2017), which can influence the symbiotic process
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and, therefore, nitrogen fixation (Basile and Lepek, 2021). While benefiting from this, legumes
consume energy for this process, which is then regulated (Sachs et al. 2018). The plant has developed
several mechanisms to allow the colonization of compatible bacteria and prevent that of incompatible
prokaryotes (Basile and Lepek, 2021). Furthermore, the plant can sanction the nodules colonized by
rhizobia with low nitrogen-fixing capacities (Kiers et al. 2003; Sanjuan et al. 2021). Bacteria must
overcome both environmental stresses and barriers posed by the plant. Therefore, the rhizobia present
adaptations that allow them to survive in certain adverse soil conditions—mechanisms and strategies
that facilitate the nodulation of a specific legume (Sato et al. 2019; Westhoek et al. 2021). Many
factors could influence the nodulation and interaction between bacteria and plants and, finally,
nitrogen fixation. These factors could be bacterial survival in the rhizosphere, specific recognition for
the initiation of the nodulation process, plant defence response, nodule cysteine-rich (NCR) peptides,

autoregulation of nodule number, and sanctions for poor nitrogen fixation.

Bacterial Survival in the Rhizosphere
Near the roots, the biodiversity of soil bacterial communities decreases. Root exudates

modulate the composition of the microbial community in the rhizosphere, i.e., the soil influenced by
plant roots (Eng et al. 2020; Vives-Peris et al. 2020). The persistence of a bacterial population in the
rhizosphere depends in part on its chemotaxis toward different components secreted by the roots as
well as its ability to use them as substrates (Bais et al. 2006; Badri et al. 2009; Chaparro et al. 2013;
Feng et al. 2021). The possibility of moving in the soil, and thus the presence of flagella in bacterial
species, are characteristics necessary to reach the root and, therefore, influence the nodulation
(Velazquez et al. 2019). The composition of microbial communities is also influenced by their
microbe—microbe interactions; these can be both competitive and cooperative and help shape the
overall community structure in the rhizosphere(Hassani et al. 2018; Han et al. 2020). In these kinds
of interactions, the competitive effect may depend on the growth rate; the ability to capture limiting

nutrients, such as iron; and the presence of toxic compounds (Hassani et al. 2018; Eng et al. 2020).

Specific Recognition for Initiation of the Nodulation Process

Flavonoids and isoflavonoids are found as components of radical exudates (Shah and Smith
2020). A specific flavonoid secreted by the compatible legume activates a transcription factor of the
rhizobia called NodD (Broughton et al. 2000; Peck et al. 2006; Gerardo et al. 2020; Chen et al. 2005).
Different species of rhizobia respond to different flavonoids and activate multiple NodD copies and
their transcription factors (Chen et al. 2015). The different isoforms can play divergent roles; they
can therefore be involved in distinct phases during symbiotic infection, or they can be transcribed in

different environmental conditions, often in improving the competitiveness of the nodulation or in
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extending the number of hosts through the perception of different plant signal molecules (Demont et
al. 1994; del Cerro et al. 2015; Chen et al. 2015; Del Cerro et al. 2017; Acosta-Jurado et al. 2019; Del
Cerro et al. 2020; Kelly et al. 2018). The NodD gene induces the expression of bacterial genes
involved in the synthesis of Nod factors (Gerardo et al. 2020), i.e., lipochitin oligosaccharides with
different substituents that form a characteristic molecule recognized by specific receptors (LysM
receptor-like kinase) on the root of a compatible legume (Malgioglio et al. 2022) . Once the specific
Nod factors are recognized, a cascade of signals starts promoting the physiological, morphological,
and molecular changes typical of the nodulation process. Bacteria differentiated into nitrogen-fixing
bacteria, once inside the nodule cell, are surrounded by a membrane of plant origin called the
peribacterial membrane (Brewin 1998; Geurts and Bisseling 2002; Gage 2004).

Two types of nodules have been described: determinate and indeterminate. The determinate nodules
have no persistent meristem; they derive from the multiplication of cells in the external cortex and
have a round shape, and the bacteria of these nodules differentiate reversibly. The indeterminate
nodules, on the other hand, originate from the cells of the inner cortex; they are elongated and have a
persistent apical meristem with different areas corresponding to different stages of development
(Crespi and Galvez 2000; Patriarca et al. 2002; Roy et al. 2020) . Unlike the previous ones, bacterial
differentiation is irreversible in indeterminate nodules. Another less widespread nodulation
mechanism occurs through a crack-entry infection process of plant tissues

(Oldroyd and Downie 2008; Markmann Katharinaand Radutoiu 2012). At the molecular level, the
plant signaling cascade induced by Nod factors induces transcriptional and translational
reprogramming involving several transcriptional factors, including microRNA, enzymes, and
phytohormones (Libault et al. 2010; Liu et al. 2018; Huang et al. 2019; Breakspear et al. 2019;
Traubenik et al. 2020). Another bacterial component involved in the specific recognition process is
the exopolysaccharide (EPS) (Kawaharada et al. 2015). Differences were observed between different
bacterial species, as well as between different strains of the same species, in the structure of their EPS

(Skorupska et al. 2006; Chai et al. 2018).

Plant Defence Response

When attacked by pathogens, plants trigger a first defense response by recognizing molecules
as general elicitors known as pathogen/microbial-associated molecular patterns (PAMPs/MAMPs)
(Wanke et al. 2021). The molecules recognized as PAMPs by the plant can be part of various
structures, such as flagella, thermo-unstable elongation factor (EF-Tu), different polysaccharides, and
different bacterial surface proteins (Chisholm et al. 2006; Newman et al. 2013; Cerekovic and
Poltronieri 2017). Similar to pathogens, rhizobia exhibiting MAMPs induce a defense response in the

plant. However, unlike pathogens, rhizobia flagella are not recognized as MAMPs (Lopez-Gomez et
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al. 2012). PAMPs are recognized by the plant through specific receptors (kinases similar to the LysM
receptor), which then trigger the first defense response, called PAMP-triggered immunity (PTI).
Bacteria, via the type three secretion system (T3SS), translocate effector proteins into plant cells,
thereby suppressing PTI (Azmina et al. 2020). On the other hand, the plant can produce proteins that
recognize these effectors (or molecules modified by them) and induce a hypersensitivity (HR)
response called effector-triggered immunity (ETI) (Azmina et al. 2020). Despite this, it is reported
that through T3SS, bacteria can secrete additional effectors that suppress HR (Chisholm et al. 2006;
Lopez-Gomez et al. 2012; Cerekovic and Poltronieri 2017; O’malley et al. 2021). Different rhizobes
also present a T3SS, in addition to the induction of the expression of the nod genes; when NodD is
activated by flavonoids, it also upregulates the expression of the transcription factor Ttsl, which
induces the transcription of T3SS-secreted components and effectors that suppress plant defenses
(Bajunaid et al. 2020; Dong and Song 2020). In addition to T3SS, other bacterial protein secretion
systems have been described as playing a role in the symbiotic process, such as the type IV and type
VI secretion systems (T4SS and T6SS, respectively)(Nelson and Sadowsky 2015; Lin et al. 2018;

Salinero-Lanzarote et al. 2019).

Nodule Cysteine-Rich (CR) Peptides

Events that define host-rhizobe compatibility also occur in the advanced stages of the
nodulation process, i.e., during bacterial differentiation into bacteroides. A diversity of translated
peptides is observed in legumes presenting indeterminate nodules. These peptides are known as
nodule cysteine-rich (NCR) peptides because of the presence of various cysteine residues (Mergaert
et al. 2003; Alunni et al. 2007; Lima et al. 2020). Among these peptides, antimicrobial activity has
been observed in vitro for many of them (Van De Velde et al. 2010), which, by influencing the
permeability of the membrane, can cause cell elongation, DNA duplication, and bacterial cell death.
These NCR peptides have evolved from defensins, which support the mechanism of the innate
immunity of plants (Sathoff and Samac 2019). However, the activity of NCR peptides in the nodule
does not always lead to the death of the bacteria but instead induces irreversible terminal bacterial
differentiation (the state of nitrogen fixation) by increasing the membrane permeability, polyploidy,
larger dimensions, and altering the cellular shape (Kondorosi et al. 2013). Thus, the set of interactions
between NCR in the nodules, the extent of NCR antibacterial activity, the sensitivity to the rhizobial
strain, and the mechanisms that bacteria have developed to tolerate or eliminate these NCR peptides

collectively determine the nitrogen-fixing phenotype of the NCR-formed nodule (Sato et al. 2019).
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Autoregulation of Nodule Number

In Fabaceae species, there is a systemic mechanism for regulating the number of nodules that
allows them to avoid energy waste (Caetano-Anollés and Gresshoff 1991; Sulieman and Tran 2013).
Autoregulation of nodulation (AON) is a negative feedback system that is mediated by long-distance
signals between shoots and roots. The system involves small peptides (12—13 amino acids), which
constitute the signal generated when the nodulation process starts at the roots (Mortier et al. 2012).
Negative regulation of CLAVATA/ESR-related (CLE) peptides on nodulation involves specific
kinase receptors in the bud (Liu et al. 2018). It is hypothesized that CLE peptides travel through the
xylem from the roots to the shoot, where they bind to a specific receptor (Okamoto et al. 2013).
When CLE peptides are perceived in the sprouts, they induce the biosynthesis of a sprout derived
inhibitor (SDI), which induces further nodule development (Sasaki et al. 2014). The Nod
factorinduced signal transduction cascade that will give rise to nodule formation also induces the
AON mechanism (Mortier et al. 2012). Furthermore, Nod factor signaling has been described to
induce the expression of other factors that negatively regulate the AON mechanism (Lei et al. 2019).
This suggests that the regulation of the number of nodules is the result of a delicate balance involving
several signaling pathways induced by rhizobia (Lei et al. 2019). Specific CLE peptides also
participate in the mechanism of inhibition of nodule formation in soils with high levels of nitrates
(Reid et al. 2011). Sanction for Poor Nitrogen Fixation Nodules containing nitrogen-fixing rhizobia
have been observed to develop normally, while ineffective or inefficient nitrogen-fixing nodules tend
to remain small (Schumpp and Deakin 2010; Zhou et al. 2020).
This type of ability that legumes present, which allows them to recognize and limit the presence of
ineffective and less effective rhizobia and reduce their suitability with respect to beneficial genotypes,
is called sanction (Kiers et al. 2003; Oono et al. 2011). This phenomenon is reported in both
determined and indeterminate nodules. The plant generally sanctions the ineffective bacteria present
in the nodule by inducing a cellular senescence process (Regus et al. 2017). This consists of an aging
process of the nodule, which is also called a rupture of the nodule organ (Thomas and Reddy 2013).
Nodules colonized by both effective and ineffective rhizobia may have different sectors containing
different bacterial genotypes. Senescence is observed only in cells occupied by ineffective rhizobia
(Malgioglio et al. 2022). The mechanism by which the lack of nitrogen fixation leads to accelerated
senescence is not yet known. Despite the plant’s ability to eliminate noncooperative strains, nodules
occupied by less effective rhizobes are observed in nature, probably because of the existence of a
variation in the degree of control exerted by different genotypic variants of the host over these

rhizobes (Wendlandt et al. 2019).
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Phosphate Solubilization

Phosphorus (P) is the second most important limiting nutrient after nitrogen. This nutrient is
very abundant in the soil but, unfortunately, not readily available to the plants because of its rapid
rate of fixing and complexing with other soil elements, both in the case of inorganic (such as fertilizer)
and organic phosphorus (Rodriguez and Fraga 1999). PGPR play an important role in making soil-
immobilized phosphorus available to plants by participating in the soil phosphorus cycle (Gouda et
al. 2018). These microorganisms, also called phosphate-solubilizing bacteria (PSB), can directly
solubilize and mineralize inorganic phosphorus and facilitate the mobility of the organic form through
a biogeochemical cycle for more efficient root uptake (Tian et al. 2021). These bacteria belong to
different genera, such as Azotobacter, Bacillus, Beijerinckia, Burkholderia, Enterobacter, Erwinia,
Flavobacterium, Microbacterium, Pseudomonas, Rhizobium, and Serratia, all of which are reported
to be the most significant PSB (Verma et al. 2019). They can solubilize inorganic sources of P and
stimulate plant growth and yield. In several cases, they can also be intimately associated with a large
number of agricultural crops, such as potatoes, tomatoes, wheat, and radish (Zaidi et al. 2009) . The
solubilization of inorganic phosphorus has been documented to occur as a result of the action of low
molecular weight organic acids synthesized by the various soil bacteria strains (Das and Pradhan
2016). With regard to organic phosphorus, on the other hand, mineralization occurs following the
synthesis of various phosphatases by bacteria, which catalyze the hydrolysis of phosphoric esters
(Glick 2012). The PGPR Paenibacillus mucilaginosus is able to degrade insoluble soil minerals with
the release of nutritional ions, such as potassium and phosphorous, and, similar to P. polymyxa, P.

mucilaginosus is also capable of fixing nitrogen (Goswami et al. 2015; Lugtenberg 2015).

Siderophore Production

Iron is one of the most widespread minerals on earth, yet it is not readily available to plants
(Boopathi and Rao 1999). In soils contaminated by heavy metals, plants are often deficient in this
element, which is naturally found in the highly insoluble form Fes" (Wuana et al. 2011; Islam et al.
2021). PGPR may produce siderophores, which are substances characterized by a low molecular
weight involved in the chelation process of iron (Fe;") (Ahmed and Holmstrém 2014). When iron is
limited in the environment, microbic siderophores allow for the reduction of iron to the soluble form
Fe,", which is then released into the plant cell (Pecoraro et al. 2022). PGPR also enhance plant growth
by producing very efficient extracellular siderophores, which allow the control of several plant
disease by depriving the pathogens of iron nutrition (Eng et al. 2020). In addition to iron, siderophores
can also form stable complexes with other metals of environmental concern, such as Al, Cd, Cu, Pb,

and Zn . Several studies have documented the isolation of siderophore-producing bacteria from the
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genera Alcaligenes, Bradyrhizobium, Pseudomonas, Rhizobium, Serratia, and Streptomyces from the
rhizosphere (Malgioglio et al. 2022). The positive effects on plants have been documented after the
inoculation of the siderophore-producing bacteria Pseudomonas, Rhizobium, and Azospirillum under

iron-limiting conditions (Malgioglio et al. 2022).

Phytohormone Production

Most microorganisms isolated from the rhizosphere of various crops have the ability to
synthesize and release growth regulators(Patten and Glick 1996). In particular, PGPR are able to
increase the production of phytohormones and modify the pre-existing pool already available to the
plant (Nain et al. 2021). Among the phytohormones the most secreted by bacterial is IAA (indole-3-
acetic acid). It generally affects plants at the level of cell division, extension, differentiation;
stimulates germination and increases the rate of xylem and root development; controls the vegetative
processes of growth, conveys the responses to light, gravity, and flowering; and influences
photosynthesis, pigmentation, and the biosynthesis of different metabolites and the resistance to
different stress factors. Generally, the pool of endogenous phytohormones already possessed by the
plants can be affected by alterations caused precisely by the pool of phytohormones produced by soil
bacteria. Consequently, IAA plays a very important role in rhizobacteria—plant interactions (Glick
2012). This production is clearly influenced by environmental stressors that modulate the biosynthesis
of these compounds in different bacteria. Such stressors include acid pH, osmotic and matrix stresses,
and carbon limiting(Glick 2012). Moreover, some aerobic sporogenes are capable of producing
different phytohormones, such as auxins and gibberellins, and are implicated in the regulation of
ethylene production through the synthesis of enzymes, such as ACC-deaminase (Kudoyarova et al.
2019).

In this context, for example, the Bacillus strains B. pumilus and B. licheniformis have been shown to
be active, with biostimulating activity through the production of gibberellins. The PGPR
Paenibacillus polymyxa, formerly known as Bacillus polymyxa, can promote plant growth by
producing plant hormones, such as IAA, cytokinins, gibberellins, and ethylene, and volatile

compounds (Kudoyarova et al. 2019).

Management of Abiotic and Biotic Stresses

Abiotic Stresses

Abiotic stresses affect plants in different ways and at different stages of growth, resulting in
a yield reduction of many important crops. Light, temperature, water, carbon, and mineral nutrients
are the major factors that regulate plant growth, development, and reproduction (Lugtenberg 2015).
Conditions above or below the optimal levels of one or more of these factors limit the growth and the
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development of plants (Lata et al. 2018). In response to extreme levels, plants undergo physiological
and morphological modifications to adapt to these abrupt changes (Nievola et al. 2017). The most
dangerous abiotic stresses for plants are drought, salinity, high or low temperatures, and extreme
acidic conditions (Shukla et al. 2012; Rivero et al. 2018). Drought conditions negatively affect the
seed germination rate, lead to a loss of integrity of the cell membrane, inhibit photosynthesis, and
increase the production of ROS (reactive oxygen species) (Ali and Xie 2019). Drought and high levels
of soil salinity reduce the leaf area, water potential, and stomatal opening and suppress the growth
and, in general, the correct development and productivity of the plants (Khan et al. 2019). The effect
of temperatures depends on the plant species. Generally, high temperatures cause denaturation and
aggregation of cellular proteins and lead to plant death, while low temperatures alter metabolic
processes through changes in conformation and interaction between proteins and alternative
properties of membranes, affecting the enzyme activity (Xu et al. 2016). Recent work suggests that
crops may have a huge number of previously underestimated factors that are very valid allies in the
struggle to overcome abiotic stresses. Agricultural lands contain thousands of different microbial
constituents (Roesch et al. 2007; Khan et al. 2017), and many of these soil microorganisms have been
shown to associate preferentially with plant roots (Bulgarelli et al. 2012; Lundberg et al. 2012). These
root-associated microbes, as previously mentioned, reside both in and around the roots of plants.
However, microbial diversity decreases with proximity to the root system, with more microbes around
the proximal area of the root (rhizosphere) and less diversity within the root (endosphere) (Peiffer et
al. 2013). As several studies suggest, these changes in the composition of the microbiome occur not
only along or within the root tissue but also in the different stages of growth and development, with
significant shifts between members of the previously observed community (Chaparro et al. 2014;
Edwards et al. 2015). However, abiotic stresses also impact microbial composition and diversity in
the soil (Bouskill et al. 2016; Hartmann et al. 2017; Xu et al. 2018), and as a consequence, the
availability of microorganisms that can be recruited from plants, such as PGPMs, depends on the pool
of microorganisms available, thus creating a circular feedback loop between the plant and the
surrounding microbiome (Martiny et al. 2017). To date, it is clear how plants, in response to specific
abiotic stresses, are able to induce a wide range of molecular, physiological, and biochemical
responses (Zhalnina et al. 2018; Caddell et al. 2019), and it has been hypothesized how these can
attract and select specific microbial populations in the root zone (Giovannetti et al. 1996; Hu et al.
2018). Recent work suggests that crops may have a huge number of previously underestimated factors
that are very valid allies in the struggle to overcome abiotic stresses (Martinez-Hidalgo et al. 2018;
Schulz-Bohm et al. 2018). Agricultural lands contain thousands of different microbial constituents

(Roesch et al. 2007; Khan et al. 2017), and many of these soil microorganisms have been shown to
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associate preferentially with plant roots (Malgioglio et al. 2022). As several studies suggest, these
changes in the composition of the microbiome occur not only along or within the root tissue but also
in the different stages of growth and development, with significant shifts between members of the
previously observed community (Lundberg et al. 2012; Thompson et al. 2017). Abiotic stresses also
impact the microbial composition and diversity in the soil (Bouskill et al. 2016; Hartmann et al. 2017;
Xu et al. 2018), and as a consequence, the availability of microorganisms, such as PGPMs, that can
be recruited by plants depends on the pool of microorganisms available, thus creating a circular
feedback loop between the plant and the surrounding microbiome (Martiny et al. 2017). The
microorganisms, apart from the induction of production of phytoconstituents in the plant, produce
various mixtures of carbon-based gaseous compounds called volatile organic compounds (VOCs) as
part of their metabolism (Whipps 2001). Another frequently investigated great peculiarity of PGPF
concerns the influence on the adaptation of the plant to abiotic stresses, such as salinity, drought,
toxicity from heavy metals, extreme temperatures, and oxidative stress (Ahmad et al. 2015). This
increase in tolerance to abiotic stress of plants treated with PGPF is explained, in part, by the fact that
these possess a high scavenger capacity toward ROS (reactive oxygen species) and recycle oxidized
ascorbates and glutathione (in substance, all secondary metabolites produced by the plant under
stressful conditions) (Rasool et al. 2013; Mahato et al. 2018). In addition, they increase the contents
of proline and glycine-betaine, which in turn in-crease the tolerance to stress, and, in general, induce
the synthesis of antioxidants, both enzymatic (peroxidase, catalase, superoxide dismutase, ascorbate
peroxidase, glutathione reductase, monodehydroascorbate reductase, dehydroascorbate reductase,
glutathione S-transferase, and gaucol peroxidase) and non-enzymatic (ascorbic acid, reduced
glutathione, and oxidized glutathione), which protect the plant from damage (Rasool et al. 2013;
Mahato et al. 2018). Several studies documented that different PGPF species improve the response
of crops to abiotic stresses, similar to what is also widely reported for PGPR (Malgioglio et al. 2022).

Biotic Stresses

PGPMs are able to suppress or reduce the inoculum and growth of plant pathogens, and thus
their invasion, through different mechanisms. These mechanisms of action rely mainly on nutrient
and space competition, antibiosis systemic resistance induction (ISR), and, limited to PGPF,
mycoparasitism (Ahmad et al. 2015). An important PGPF mechanism of action is the production of
lytic enzymes, such as proteases, chitinases, and -1,3 glucanases (Gajera and Vakharia 2012). To
date, many fungi isolated from the rhizosphere have shown antagonistic activity to pathogen growth
(Sood et al. 2020), including various PGPF, such as T. harzianum (Saldajeno and Hyakumachi 2011).
The production of antibiotics such as gliovirin by Gliocladium virens has been demonstrated to limit

the growth of Pythium ultimum (Waweru et al. 2014) . Kaur et al. (Kaur et al. 2010) reported that
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non-pathogenic strains of F. oxysporum isolated from rhizospheric soil inhibited the growth of
pathogenic Fusarium strains through competition for nutrients, reduced germination of
chlamydospores, and competition to colonize infection sites (roots). Likewise, Aspergillus fischeri
showed potent antifungal activity against Botrytis cinerea (Shah et al. 2020) .

About 90% of the fungal biocontrol agents against pathogenic microorganisms are 7richoderma
strains (Gary E. Harman et al. 2004; Zin and Badaluddin 2020). Trichoderma spp. could establish
symbiotic relationships with plants. They are rapid and invasive soil colonizers and, in soils
contaminated by pathogens, improve plant growth and biocontrol plant pathogens, including bacteria
and nematodes, but above all, phytopathogenic fungi (Macias-Rodriguez et al. 2020). Amongst the
strategies of direct antagonism of 7richoderma against fungi mycoparasitism, competition and
antibiosis have been reported (Ghorbanpour et al. 2018). The inoculation of different Trichoderma
species in the rhizosphere has been shown to improve plant defense response against various
phytopathogens, such as viruses, bacteria, and fungi, by inducing the activation of different resistance
mechanisms, such as induced systemic resistance (ISR), hypersensitive response (HR), and acquired
systemic resistance (SAR) (Contreras-Cornejo et al. 2011). Because of their documented efficacy
against plant pathogens, Trichoderma spp. have been extensively studied and commercially exploited
as biocontrol agents, soil improvers, and biofertilizers (Contreras-Cornejo et al. 2011).

PGPR biocontrol activity could be related to three main mechanisms of action: competition with the
pathogens for nutrients and niches; antibiosis; and induction of plant defense responses (ISR) (Wang
et al. 2021). The production of antimicrobial metabolites, mainly with broad-spectrum activities, has
been reported for the biocontrol bacteria belonging to genera Bacillus, Pantoea, Pseudomonas,
Serratia, Stenotrophomonas, Streptomyces, and many others (Lee and Kim 2015; Sumi et al. 2015).
Numerous antimicrobial compounds have been described among them: amphisin, 2,4-
diacetylphloroglucinol (DAPG), iturin, fengycin, oomycin-A, phenazine, pyoluteorin, pyrrolnitrin,
tensin, tropolone, hydrogen cyanide (HCN), and lipopeptides (LPs). These LPs have been reported
as strong antibacterial agents mostly active against pathogens, and their mechanism of action is
through permeabilization and disruption of the cell membrane. The role of antibiotics in biocontrol
was especially investigated in Bacillus and Pseudomonas, which can produce structurally diverse
secondary metabolites that exhibit a wide spectrum of antimicrobial activity (Maheshwari 2012; Lee

and Kim 2015; Sumi et al. 2015).

PGPMs and Soil Organic Matter

Soil organic matter (SOM) is associated with soil fertility and plays an important role in

nutrient cycling and produces environmental benefits, such as carbon sequestration (C) for climate
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change mitigation (Minasny et al. 2017). SOM is present in higher concentrations in the first 20-30
cm of the major soil profiles (Condron et al. 2010; Yarwood 2018). The practices of intensive
agriculture over the millennia have led to an impoverishment of organic matter in the soil, in particular
in agricultural soils compared to pastures (Sanderman et al. 2017) . The return to a type of
conservative agriculture that includes minimal tillage with minimal disturbances to the soil was
developed precisely to limit erosion and loss of SOM and increase water retention capacity (Giller et
al. 2015).

In this conservative agriculture, the return to soil crop residues and other forms of fresh organic matter
(FOM), such as manure, is proposed in order to restore acceptable levels of SOM. There is a growing
focus on the microbial decomposition of the FOM and the incorporation of a portion of the microbial
residues within the SOM (Coonan et al. 2020). Microbial debris is defined by microbial neuromas,
including the cell wall and membranes, nucleic acids, extracellular enzymes, metabolites, and
extracellular polymeric substances (Coonan et al. 2020). When microorganisms metabolize C-based
substrates, including plant residues, roots, and root exudates, they breathe C as carbon dioxide (CO>)
and assimilate some of the remaining C in living tissue, referred to as microbial biomass. Upon death
and turnover, microbial debris (biomass) is re-metabolized or stored in the SOM (Coonan et al. 2020).
This implies that SOM is derived both from the breakdown of products of plant origin, or more
generally of organic origin, and from microbial debris with microbial processes that control the
relative contribution of each (Cotrufo et al. 2013). It is therefore easy to understand how the soil
organic matter cycle is closely linked to the decomposing activity, which mineralizes organic
compounds and makes essential nutrients available for plants. It is also reasonable to assume that the
abundance, composition, and/or diversity of microorganisms in the soil is important for the
functioning of the ecosystem (Coonan et al. 2020). Different levels of diversity need to be considered,
which could be differently influenced or have different effects on microbial decomposition rates. It
is necessary to differentiate between species or microbial abundance (total number of individuals of
a species or total size of the microbial biomass, respectively), species richness (total number of
species), species uniformity (relative number of species), species identity or composition community
(types of species/taxa present), and the diversity of species or ecosystems, which represent the number
and frequency of species. For example, changes in microbial abundance have been identified as more
important for soil carbon mineralization than differences in the composition of the microbial

community (Dong et al. 2021).
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Soil Properties Influencing Microbial Populations

One of the largest obstacles in researching PGPMs is the inconsistent field results after their
application, which can result from inoculation methods and/or abiotic factors, such as soil (nutrients
or heavy metal content and pH), water availability, light intensity, and temperatures. In general,
PGPMs are used as biofertilizers, increasing the availability of nutrients through nitrogen fixation of
atmospheric N and the solubilization of soil minerals, such as phosphorus and potassium. Abiotic
conditions can almost radically change the rhizosphere and consequently affect the survival,
microbial diversity, and the potential of PGPM inoculants to improve plant health and growth
(de Souza et al. 2015; Venturi and Keel 2016; Cornejo Pabloand Seguel 2017; Hernandez-Montiel et
al. 2017; Mahmood et al. 2019). Temperature, water availability, and light intensity can change the
composition of the soil, the structure and humidity, the transformations of C and N, metabolic
processes, and microbial survival (Lopes et al. 2021) .

The fertilizers used and the organic substance present and/or added can significantly modify the pH,
thus influencing the availability of nutrients and mineral toxicity, including iron and aluminum.
Exposure of the soil surface to sunlight can cause mutations in the DNA of microorganisms or kill
them (Varma et al. 2019). All these factors can lead to more or less beneficial influences in the
administration of PGPM inoculants to the soil. Water availability, lack of water (drought), or excess
water (flood) can result in very limiting stress for crop production, and PGPMs can improve plant
tolerance (Enebe and Babalola 2018; Ipek et al. 2019; Danish et al. 2020). PGPMs can improve
drought stress tolerance (Fleming et al. 2019; Asghari et al. 2020), and this has been shown in several
examples, such as Azotobacter chroococcum and Azospirillum brasilense in Mentha pulegium L.
(Fleming et al. 2019), and Pseudomonas sp. and Azotobacter sp. in Cymbopogon citratus (Mirzaei et
al. 2020) and Zea mays (Danish et al. 2020). Klebsiella variicola and Azospirillum sp. can improve
flood stress tolerance through adaptations, such as adventitious root formation resulting from
endogenous hormonal adjustments, as reported in Glycine max (A.Y. Kim et al. 2017) and Zea mays
(Danish et al. 2020). However, water stress can affect Plant-Microbe interactions. Drought increases
the temperature of the soil, which can inhibit the multiplication of beneficial microorganisms.
Flooding reduces the availability of O2 in the soil, limiting microorganisms that are not capable of
anaerobic respiration (Hartman and Tringe 2019). Furthermore, both stresses (drought and flood)
affect the plant by interfering with the production of root exudates (Hartman and Tringe 2019).

Soil pH is key for the solubility of different metal ions, nutrient availability, and physical properties
of the soil (Dutta and Bora 2019; Msimbira and Smith 2020). In alkaline soils, high pH values affect
nutrient availability, causing osmotic stress, nutrient deficiency, and increased production of reactive
oxygen species (ROS) (Salwan et al. 2019). In acidic soils, the low pH values and the high
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concentration of aluminum ions cause toxicity and phosphoric acid complex formation, which make
phosphorus unavailable for plants (Zerrouk et al. 2019) . The pH range of 5.5-6.5 is optimal for plant
growth and the increase in the production of root exudates for microbes. In general, it can be said that
bacteria are favored by a pH close to neutral or slightly alkaline, while fungi are favored by acidic
pH conditions (Msimbira and Smith 2020).

The inoculation of beneficial microorganisms is efficient in improving plant growth and in mitigating
adverse stresses caused by extreme temperatures, such as Pseudomonas putida in Triticum sp. (Ali
and Xie 2019) and Bacillus cereus in Solanum lycopersicum (Mukhtar et al. 2020). Regarding low
temperatures, however, Burkholderia sp. increases tolerance through modifications to the
carbohydrate metabolism and increases plant yields in Vitis vinifera (Fernandez et al. 2012). Extreme
temperatures are recurrent stresses in agriculture and interfere in plant-PGPM interactions by
changing the composition of root exudates (Kumar Meena et al. 2015).

Light can interfere in the plant-microorganism interaction by changing the amount and chemical
composition of root exudates (Lopes et al. 2018). The inoculation of beneficial microorganisms can
increase plant growth under limited light conditions by increasing shade tolerance, as seen with
Kaistobacter sp. and Pseudomonas sp. in Ophiopogon japonicus and Lolium perenne (Fu et al. 2020).
However, under limited light conditions, it is possible to see an increase in stress for the plant by the
microorganisms themselves, such as Glomus sp., Paraglomus sp., Rhizophagus sp., and Rhizobium

sp. in Phaseolus lunatus (Ballhorn et al. 2016) .

From Microbiome to PGPMs Inoculants

The plant-associated microbiome hosts an innumerable wealth of bacterial taxa, many of
which promote tolerance to abiotic and biotic stresses, plant growth, suppress plant diseases, degrade
xenobiotic compounds, and positively affect yields (Berg et al. 2014). An example of the role of the
plant-associated microbiome is an extensive study by (Carrion et al. 2019); through metagenomic
studies and network inference, they showed the trend of fungal infection of Rhizoctonia solani in
roots of plants of sugar beet seedlings rich in Chitinophagaceae and Flavobacteriaceae in the root
endosphere. The study also identified several genes encoding chitinases and other unknown
biosynthetic gene clusters that encode for the production of non-ribosomal peptide synthetases
(NRPS) and polyketide synthases (PKS). Another study conducted by Ghadamgahi et al.
(Ghadamgahi et al. 2022) demonstrated that Pseudomonas aeruginosa FG106 isolated from the
rhizosphere of tomato plants has a clear antagonistic activity against Alternaria alternata, Botrytis
cinerea, Clavibacter michiganensis subsp. michiganensis, Phytophthora colocasiae, P. infestans,

Rhizoctonia solani, and Xanthomonas euvesicatoria pv. perforans. In addition, P. aeruginosa (strain
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FG106) has been shown to produce proteases and lipases while also inducing high phosphate
solubilization, producing siderophores, ammonia, indole acetic acid (IAA), and hydrogen cyanide
(HCN) and forming biofilms that promote plant growth and facilitate biocontrol. Through genome
mining approaches, genes of this strain related to biocontrol and growth promotion were also found
(Ghadamgahi et al. 2022).

Extreme environments are of particular interest when it comes to finding a source of useful
microorganisms. Inostroza et al. (Inostroza et al. 2017) showed, for example, that microbial consortia
obtained from the rhizosphere of Atriplex sp. grown in soils of an undisturbed arid Chilean ecosystem
without any historical anthropogenic disturbance provided growth promotion on wheat seedlings in
partially dry soils with poor phosphorus content. This proves how arid ecosystems can be a source of
microbial inoculants applicable in agroecosystems poor in nutrients and/or subject to adverse climatic
events (Inostroza et al. 2017).

The halophytic environment is also interesting to isolate useful microbes (Salwan et al. 2019). In an
exhaustive study by Christakis et al. (Christakis et al. 2021), a total of 115 endophytic isolates were
identified from three crop wild relative (CWR) halophytes: Cakile maritima, Matthiola tricuspidata,
and Crithmum maritimum. From this selection, many strains showed antagonistic activity against the
plant pathogens Verticillium dahliae, Ralstonia solanacearum, and Clavibacter michiganensis and
the human pathogen Aspergillus fumigatus. Furthermore, several strains demonstrated growth under
increased salinity and plant growth promotion (Christakis et al. 2021). From the research on the native
microbiome, the use of commercially available PGPMs in agricultural ecosystems is adopted mainly
because of their compatibility and complementarity with some natural processes concerning the
nutrient cycle, the defence of plants from pathogens and parasites, and other related biological
processes (Adeleke et al. 2019). The applications of PGPMs in the agro ecosystem are reported to be
mainly positive, bringing partial or total benefits to the entire ecosystem. Different types of
relationships are known, some already mentioned in the previous paragraphs of this review.
Mutualistic interactions involve the plant providing shelter and/or nutrients for the microbes while,
in turn, the microbes promote plant growth and provide biological control against potential pathogens
and predators using various strategies (Adeleke et al. 2019). The interactions between plants and
microorganisms, as well as between the microorganisms themselves, are complex, and therefore, it is
necessary to evaluate whether to apply a single strain or a microbial consortium. One study compared
the efficiency of selected single-strain commercial microbial inoculants with proven plant growth-
promoting potential versus microbial consortium products under real-life production conditions in
large-scale tomato growing systems exposed to diverse environmental challenges (Bradacova et al.

2019). In a protected greenhouse production system, the different single-strain fungal and bacterial
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inoculants and microbial consortia have shown very similar efficacy. A particularly interesting
finding was the higher effectiveness of microbial consortia when applied in more difficult
environmental conditions, specifically in a tomato production system in the Negev desert in Israel
with mineral fertilization at a high pH (7.9), low fertility, and sandy soil. In fact, the treatments with
the microbial consortium showed a better acquisition of phosphate (P), greater stimulation of the
biomass production of the vegetative shoots, and a higher yield of the final fruits in limiting P
conditions. From the same study, consortia inoculation was associated with selective changes in the
structure of the rhizosphere bacterial community, especially with regard to Sphingobacteria and
Flavobacteria, known protectors of drought stress. In conditions of phosphate deficiency, the
diversity of bacterial populations on the root surface (rhizoplane) was reduced, an effect which was
canceled by the inoculation of microbial consortia, reflecting the improvement of the P state of the
plants. This seems to support the hypothesis that the use of microbial consortia can increase the
efficiency and reproducibility of PGPM-assisted strategies for agricultural production, especially in
difficult environmental conditions (Bradacova et al. 2019). Another example that confirms how
PGPMs application can modify soil microbiome was reported by Baldi et al. (Baldi et al. 2021) in
their study conducted on an apricot orchard in Italy, in which two different types of biofertilizers
(AMF and Trichoderma spp.) were applied and compared with an unfertilized control. The aim of
the experiment was to determine if the application of biofertilizers could differently stimulate the
native microbiota, in particular by influencing different models of decomposition processes of organic
material. Through near-infrared (NIR) spectroscopy and thermogravimetry-differential thermal
analysis (TG-DTA), it was possible to detect a significant change in chemical decomposition over
time and more rapid degradation of organic matter when Trichoderma spp. were applied.
Furthermore, by next-generation sequencing, using a metabarcoding approach, differentiated clusters
of Trichoderma spp. were recorded for degrading litterbags in relation to the final composition of the

degraded organic matter by modifying its composition of bacteria and fungi (Baldi et al. 2021).
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4.2.The compounds of nutraceutical interest

As well as mentioned above, the real fortune about organic farm is inside the nutritionally
important compounds.
In fact, in food crops are discovered a lot of this kind of compound that were dependent on genotype
evaluated, place, year and cultivation practices, part of the crop analysed etc.
Another important factor for the development and achievement is based on farming practices that
carry an important as genetic variation, in determining various components in a crop.
Cultivation techniques about seems are also an important parameter in terms of content of
nutritionally important compounds in a crop, these make the main differences between organic
cultivation and conventional.
To highlight the main qualitative characteristics of the products, a lot of studies have been made, in
fact, the literature reports information about the content of various compounds in organic and
conventional crops.

Main points about were paid more attention in such comparisons were:

. the cultivation system and not variation in cultivation locations,
. characteristics of the soil.

. crop varieties.

. harvesting conditions.

. storage methods.

. eventual irrigation

Numerous researchers argue that more attention needs to be pain in towards of research, especially
about on genotypes suitable for organic production, avoiding studies comparing conventional bred
genotypes in conventional and organic systems (Watson et al. 2008).

In a study, more attention was paid on differences due to farming system applied. Especially, different
about the methodology selected for the comparison and variation of:

. content in micronutrient compounds including iron and zinc.

. contents between organically and conventionally grown crops.

The study was based in the cultivar of a lot of crops as like haricot beans, strawberries, wheat flour,
tomatoes, cotton, wheat, etc. (Vrcek et al. 2014).

At the end of this study, the results shows that a higher content of iron and zinc in the organically
produced crops compared to the conventionally grown ones (Vrcek et al. 2014).

But is important to say that other studies have been carried out that have shown opposite results, these

don’t show a significant difference between the two cultivation systems (Ruzzante et al. 2021).
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Moreover, other comparative studies, have evaluated several organic fertilizing strategies and have
been able to differentiate certain organic fertilization strategies as resulting in increased levels of iron
and zinc in the crops (Citak and Sonmez 2009).

Other studies said about other factors like type of crop, year, place, environment, harvest timing, etc.,
seem to be of higher importance than organic cultivation (Hussain et al. 2010). It’s important
remember that another important factor is the high content of mineral that was found in organically
grown wheat of certain genetic background and grown in a certain environment.

To have success, isn’t important to select only organic farming, but also “the right” genotypes and
cultivation environments if high contents of iron, carotenoids, vitamin, and zinc are to be obtained.
These mains properties were observed in wheat, sweet red bell pepper, grapefruit, grapes, cauliflower
(Burlingame and Dernini 2012).

Results from almost all studies show that weren’t found significant differences in content of
carotenoids and weren’t noted increased plasma levels of lycopene, in crops from the two different
farming systems (Trichopoulou et al. 2003).

Moreover, a lot of important parameters about the farming system are weather, environment and
genotype the above mentioned micronutrients and bioactive compounds, a large number of studies
are available comparing levels of total phenolics as well as of individual phenol compounds for a
large number of crops like peach, pear, apple, kiwi, tomatoes, leaf lettuce, collards, maize, oats,
potatoes, berries, strawberries, blueberries. In general, seem to play a larger role for the carotenoid
content than morally as for examples of crops evaluated as to various phenolic compounds (or total
phenolics) in organic and conventional farming systems are; wheat, black currant, pac choi (Arbos et
al. 2010; Johansson et al. 2014).

A lot of properties compounds in food crops dependent on genotype evaluated, place, year and
cultivation practices, part of the crop analyzed. In fact, have been done a lot of studies which have
brought to light as important as genetic variation in determining various components in a crop. On
other important parameter, in a crop, is the kind of seems, that change in cultivation practices in
organic cultivation instead of conventional (Arbos et al. 2010; Johansson et al. 2014).

Furthermore, there are many authors who, on the contrary, argue in their studies that the only
difference is the cultivation system and not variation in cultivation locations, attributes of the soil,
eventual irrigation, whether, crop varieties, harvesting conditions, storage methods (Lester and
Saftner 2011).

The same studies, said that, among all the micronutrients and bioactive compounds discussed above,

phenolic compounds seem to be more influenced by the farming system used, but there isn’t
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significant difference in amounts or composition between crops grown conventionally vs.
organically.

New consumer needs and growing market interest for innovative product types have determined in
recent decades a particular attention of research on the improvement of characteristic technological
aspects of agricultural production. Among the characteristics sought by the consumer in agricultural
products emerge those that support the health virtues of the same. Epidemiological studies have
highlighted the association between a diet rich in vegetables and diseases such as cardiovascular
(Dauchet et al. 2006; He et al. 2006).

The compounds, such as vitamins, polyphenols, and glucosinolates, take great interest today because
they express properties antioxidants, inhibit the activation or propagation of chain reactions oxidation
of free radicals, inhibiting the initiation chains or breaking the propagation chains, overall reducing
oxidation processes in human body (Namiki 1990).

These compounds are present in the species afferent to the family of the Brassicaceae (Arena et al.
2022) that have common characteristics, specifically organic substances with low molecular weight
responsible for the colour and organoleptic characteristics of plants, which possess preventive and
protective action for human health.

Glucosinolates (GLSs) are secondary metabolites that comprise more than 130 compounds; they are
mainly present in the cruciferous family, and especially in the Brassicaceae(Fenwick et al. 1982).
GLSs are molecules consisting of a common glycone and a side chain aliphatic, indolic or aromatic,
derived from a corresponding a-amino acid, such as methionine, phenylalanine, tyrosine, and
tryptophan.

The glucosinolates, following the cut, or the laceration of the vegetal tissues contained in the cells,
are rapidly hydrolysed by the enzyme myrosinase (present both in the cells of the plant and in the
intestinal microbiota), to unstable intermediates that spontaneously rearrange themselves leading to
the formation of several volatile compound characteristic such as isothiocyanates, nitriles, sulphides

(Figure 2).
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Figure 2 - GLSs hydrolysis
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The conversion is influenced by several factors such as temperature, pH and ferrous ions (Fe2+). The
main GLSs, are glucoraphanin (GRA), glucoiberin (GIB), glucoerucin (GER), 4-OH-glucobrassicin
(4-OH-GBS), glucobrassicin (GBS), 4-methoxy- glucobrassicin (4 OM-GBS), neo-glucobrassicin
(NEOGBS), sinigrin and progoitrin.

Glucobrassicin (glucosinolate indole), sinigrin and  gluconapin
(glucosinolates aliphatic), in the specific case of Brassicaceae, give a better aroma to the product,
positively influencing the choice of the consumer.

Glucoraphanin is one of the main glucosinolates studied because of the innumerable beneficial
properties due to its isothiocyanate, sulforaphane (4methylsulfonyl-ethyl isothiocyanate), considered
a powerful inductor of the phase II enzymes involved in the carcinogenic detoxification; this
isothiocyanate is mainly present in broccoli, cabbage, and cauliflower with pigmented curds (Figure

3) (Korus et al. 2007; Velasco et al. 2007).
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Figure 3 - Glucoraphanin and sulforaphane

In several white cauliflower cultivars, however, was found the presence, in a small quantity, of the
sinigrin and its isothiocyanate, allyl isothiocyanate, toxic for many animal organisms (Simone
Treccarichi et al. 2023).

A recent screening on glucosinolates present in different varieties of kale, moreover, from various
parts of the world found great differences depending on the area of cultivation and even between
individuals of the same variety (Hahn et al. 2016).

The content of GLSs depends on the environmental factors, the part of the plant examined, the
phenological stage of plant growth and damage by insects, and the total concentration of
glucosinolates in the leaves of Brassica oleracea increases with the age of the plant (Velasco et al.
2007).

The interest for GLSs is mainly due to the correlation, found by several studies, between the
consumption of Brassicaceae and the reduced risk of chronic diseases and cancer(Jahangir et al.
2009).

Isothiocyanates derived from aromatic and aliphatic glucosinolates show chemo-preventive activity
in animal models, as important agents blocking chemical carcinogenesis. Glucosinolates are of great
interest because they have antioxidant properties, in particular those properties are explained by their

ability to inhibit the propagation of free radical oxidation chain reactions.
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GLSs reduce oxidation processes in the human body. Most glucosinolates contribute to the aromatic
characteristics of Brassicaceae and protect the plant from attacks of insects, bacteria, nematodes, and
fungi; some.

However, such as nitrites and isothiocyanates, have toxic or anti-toxic effects when included in
animal feed(Branca and Maggioni 2020). Brassicaceae, compared to other vegetables, because of the
high content of glucosinolates, are defined although some studies have shown that an abuse of these
foods can cause harmful effects for the consumer, because the action of thyroid hormones is inhibited;
in particular, this action is inhibited by progoitrin (Felker et al. 2016).

Polyphenols, other phytochemicals found, represent a large class of organic compounds that include
several aromatic rings associated with different phenolic groups.

Phenols range from simple, single-loop, low molecular weight aromatic compounds to large and
complex tannins (Di Bella et al. 2020), and are classified according to the number and arrangement
of their carbon atoms in flavonoids (flavanols, flavones, flavan-3-oils, anthocyanins, flavonoids,
isoflavones) and not flavonoids (phenolic acids, hydroxymethyl, stilbenes).

Polyphenols are often produced in response to biotic or abiotic stress (Di Bella et al. 2020) and act as
reducing agents, hydrogen antioxidants and singlet oxygen quencher.

The multifunctionality of polyphenols is due to their distribution in different tissues and organs of
plants at different concentrations; they act as antioxidants, flavourings, and food dyes.

The groups of polyphenols most common and differentiated in the Brassica species are flavonoids
(mainly flavanols but also anthocyanins) and hydroxamic acids.

Anthocyanins and carotenoids, on the other hand, characterise only the violet corymbs, being absent
in those with white or green colouration, and carry out antioxidant activity blocking the free radicals
involved in the oxidative processes of the metabolism of animals and man (Figure 4.16.) (Branca et

al., 2008).
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Figure 4 - Chemical structure of anthocyanins.

58



Minerals are inorganic compounds that perform essential functions for human life, specifically
participate in the formation of bones and teeth, in the regulation and activation of many metabolic
cycles and are important factors for the development of organs and tissues.

Mineral salts cannot be synthesised by living beings but are assimilated through water and food.

In relation to the daily requirement, they are divided into microelements and macroelements.

The microelements are present in the organism in small traces, the requirement in this case goes from
micrograms to milligrams; the macroelements are, however, present in good quantities, in this case
the need is around the order of the grams.

Among the minerals mainly present in the kale are mentioned: calcium, magnesium, and potassium.
Vitamins are organic compounds essential for the human organism, for growth, for cellular integrity
and to allow the normal development of metabolic processes. These compounds have no energy value
and act in minimal doses and have specific action (Tardy et al. 2020) .

In general, vitamins are  divided into two  groups:  water-soluble
vitamins (B vitamins and vitamin C) and fat-soluble vitamins (vitamins A, E, D, K).

Kale is an excellent source of vitamins, especially vitamin K (M.J. Kim et al. 2017).

Among the vitamins of group B are mentioned:

. Vitamin B1 (Thiamine);

. Vitamin B2 (Riboflavin);

. Vitamin B3 (PP or Niacin).

. Vitamin B5 (Pantothenic acid).
. Vitamin B6 (Pyridoxine).

. Vitamin B8 (H or Biotin).

. Vitamin B9 (Folic acid).

. Vitamin B12 (Cobalamin).

Vitamin B1 is present both in foods of plant origin, especially in cereals and legumes, as well as in
foods of animal origin, such as eggs, pork, and yeast. As there is no reserve of thiamine in the human
body this vitamin must be introduced daily with the diet and its deficiency can cause chronic diseases
such as, for example, beriberi. Vitamin B2 is present in milk, eggs, and meat, and is synthesised by
many plants and various microorganisms. Riboflavin deficiency is rare. Vitamin B3 is present in
foods of animal origin and what is very important can be synthesised by the human organism from
tryptophan, its precursor. Vitamin B5 is a precursor of Coenzyme A. This vitamin is found in meat,
eggs and cereals and its deficiency can cause serious gastrointestinal disorders. Vitamin B6 is present
in many foods such as meat, kidney, brain, fish, fruit, and vegetables. Its deficiency is rare. Vitamin

B8, present in yeast, legumes, meat, and egg yolk, has the function of constituting the coenzyme of
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decarboxylase and transcarboxylase enzymes. Vitamin B9, mainly found in broad-leaved vegetables,
is indispensable in certain physiological states of the human organism such as pregnancy, as it
protects the fetus from malformations of the neuronal tube. Vitamin B12 is only found in foods of
animal origin, although small amounts are also found in fresh vegetable(Lean 2019; Gibney 2023).
Vitamin C, which includes ascorbic acid and its oxidation product (dehydrocarbon acid), participates
in various biological activities in the human organism(Block et al. 2004).

More than 85% of vitamin C in human diets is supplied by fruits and vegetables(Davey et al. 2000;
Lee and Kader 2000).

Epidemiological studies show that dietary intake of 49 grams of vitamin C per day leads to a 21%
reduction in all types of cancer that can affect men; however, no significant effects have been
observed in women (Borek 2005).

Ascorbic acid (L-ascorbate) is a cofactor for many enzymes, acts as a scavenger of free radicals and
can recover superoxide and hydroxyl radicals, as well as to regenerate a-tocopherol(Davey et al.
2000).

Among the subspecific entities of Brassica oleracea the content of Vitamin C varies greatly,
especially environmental conditions can determine variations in the content of ascorbic acid in plant
tissues (Ben Ammar et al. 2022).

Vitamin A (retinol) is a long-chain alcohol that is found, in nature, in esterified form not synthesised
ex novo by animal organisms. It is an important vitamin for sight and for the proper functioning of
the immune system.

Vitamin D, divided into Ergocalciferol (Vitamin D2) and Cholecalciferol

(Vitamin D3) is present in blue fish, milk, eggs, and mammalian liver; among its main tasks is the
regulation of calcium metabolism (Lean 2019; Gibney 2023).

Vitamin E (tocopherol) is mainly found in foods of plant origin, particularly broad-leaved vegetables,
oilseeds, and oleaginous fruits.

Vitamin K in vegetables, meat and intestinal flora is divided into Phylloquinone (Vitamin K1),

Prenilmenaquinone (Vitamin K2) and Menadione (Vitamin K3).
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5. Experimental part

5.1. Framework of the research lines of activity

The continuous increase in the human population will lead to a growing demand for food in the
agricultural sector. Several years ago, the Green Revolution managed to increase global agricultural
production, saving about a billion people from hunger and malnutrition.

However, this has triggered the development and abuse of chemically synthesized chemical fertilizers
and pesticides, resulting in an excessive environmental impact, depletion of soil ecosystems, and
agrobiodiversity. Numerous studies have shown the impact of PGPMs in terms of biofertilization,
biocontrol, and bioremediation, and their positive influence on crop productivity while respecting
ecosystems. In this context, PGPMs have the potential not only to be valid substitutes for classic
agrochemical industry products in organic farming but also to encourage the transition from
conventional agriculture to the integrated, organic, and eco-sustainable management of agro-
ecosystems. However, the enormous complexity of ecosystems and their interacting factors leads to
inconsistent results of PGPM application on account of the environment, soil, and crops. From the
examination of the studies cited in this review, it is clear that preliminary studies are necessary before
the application of the PGPMs in order to accurately define the interventions on the basis of the soil
conditions, environmental conditions, crops, and cultivated genotypes. The recent and rapid progress
in the omics sciences is believed to provide increased knowledge on plant—soil-microorganism
interactions and a better understanding of the use of PGPMs. This is an important step in improving

crop stability and productivity and overall agroecosystem sustainability.
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5.2. Improving seed quality in organic agriculture — research line 1

5.2.1. Evaluation of alternative seed treatments to the use of chemical treatments to control

sanitary quality of seed lots

Introduction

Seed borne pathogens are detrimental for seed quality as they infect or contaminate the seed
leading to reduction in yield, loss in germination and vigour, development of plant diseases,
shrivelling, discolouration and biochemical changes in the seed (Gaur et al. 2020).

Seeds can facilitate the long-term survival of the pathogens and their widespread dissemination and
act as a mean for introduction of a disease into new geographical areas (Gitaitis and Walcott 2008).
Use of pathogen-free seeds should be a starting point for a good disease management, but it could be
difficult to achieve (Gitaitis and Walcott 2008).

Cultural, chemical, regulatory, and biological methods have been developed to face up and manage
the seed-borne diseases. In the past, agrochemical, mainly fungicides, have been widely used for seed
treatments, but their negative effect on non-target organisms, on environment and human health and
the increasing reports on pests and pathogens resistance, has gradually led to the reduction of their
application (Lamichhane et al. 2020). The recent EU legislation (Directive 2009/128/EC) with the
aim of reducing the risk and the impact of pesticide, promoted the use of integrated pest management
and of alternative approaches and techniques. Furthermore, the new challenge of the Farm to Fork
European strategy 1is to achieve the transition to a sustainable food system
(https://ec.europa.eu/food/horizontal-topics/farm-fork-strategy it).

The global interest to non-chemical seed treatments like physical treatments, microbial treatments,
and treatments with other agents of natural origin like plant powders or extracts or animal derived
compounds is rapidly increasing(Rizzo, Bova, et al. 2022). Plant beneficial microbes (PBMs)
including bacteria, fungi and arbuscular mycorrhiza have been largely studied as they can improve
the yield and resilience of vegetable crops. They can be directly applied to the soil, seeds or plants
(Rocha et al. 2019). Application of PBMs to seed has been considered as a precise and cost-effective
method to disinfect, disinfest or protect the seed from pathogens or deliver microbial inoculants into
soil and seedling roots (Mancini and Romanazzi 2014; Rocha et al. 2019). A role in limiting pathogen
growth and on the induction of plant defence reactions has been also demonstrated for a number of
natural compounds (Jamiotkowska 2020).

In the framework of the European project H2020 BRESOV “Breeding for Resilient, Efficient and

Sustainable Organic Vegetable production” the aim of this work was to evaluate microbial consortia
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(MC) and natural compounds (NCs) as seed treatments for the control of bacterial spot, bacterial
speck and Fusarium crown root rot of tomato. Independent trials were carried out to evaluate the
direct effect of the treatments on seed inoculum and the plant-mediated response after a seed

biopriming approach.

Material and Methods

Bacterial strain

Gram positive and gram-negative seed borne bacterial strains of Xanthomonas euvesicatoria
pv. perforans NCPPB 4321 (Xep), Pseudomonas syringae pv. tomato PVCT 28.9.1(Pst), Clavibacter
michiganensis subsp. michiganensis NCPPB 2973 (Cmm) (Department of Agriculture, Food and
Environment, University of Catania) were used. Cultures were grown on nutrient agar (Oxoid LTD,
Hampshire, UK) containing 1% D-glucose (NAG) (Cmm, Xep) or on KB medium (Pst) at 25-28°C.
Stock cultures were stored in Nutrient broth with 15% glycerol at -20°C.

Experimental products tested

Six experimental products provided by ITAKA srl were tested as seed treatments on tomato
seeds. The products XP191EV(1K), KMS1943(2K), KSK1967 (3K), KFC1980 (4K) are based on
microbial consortia (BCAs) (Table 1), CH193EV(5K) and CR192EV(6K) are based on Natural
compounds (NCs), Chitosan and mustard oil-glucosinolates and propolis. The composition and
physical state of the products are listed in Table 1. The seeds were treated by soaking for 10 minutes
in suspensions/solution of the products diluted 1/10 for the BCAs and 1/100 for NCs in 20 ml of
sterile distilled water, the control was soaked for 10 minutes in an equal volume of sterile distilled

water.

Table 1 - Composition of the experimental product provided by ITAKA s.r.1

Trial Treatment Composition Physical state
1K XP191EV Bacillus subtilis, B. megaterium, Pseudomonas lurida, powdery
Glomus spp.

Bacillus  subtilis, B. megaterium and B.
amyloliquefaciens, Pseudomonas fluorescens and P.
2K KMS1943 putida, Streptomyces griseus and S. lydicus, | liquid
Trichoderma arzianum, T. asperellum and T.
atroviride, Glomus spp

Streptomyces griseus, Pseudomonas fluorescens and

3K KSK1967 P. chlororaphis, Glomus spp liquid

4K KEC1980 Bgcﬂlus __subtllls and B. megaterium, Azotobacter powdery
vinelandii, Glomus spp

5K CH193EV CHITOSAN based liquid

6K CR192EV mustard oil-glucosinolates and propolis liquid
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In vitro germination test

Organic seeds of the cultivar “San Marzano nano” were used, in Table 1 are the composition
of the six ITAKA’s products evaluated as seed treatments. The seeds were soaked in a dilution 1:10
of the microbial BCAs consortium and 1:100 for the natural compounds (NCs) for 10 minutes and
then the seeds were left to dry completely on sterile paper. The germination test was performed as
described in “D. M. 22 dicembre 1992: Metodi ufficiali di analisi per le sementi”. The seeds were
sowed on wet filter paper with a 0.2% KNOs3 solution in Petri dishes, for each treatment were
performed three replications, in each replication 15 seeds were sowed in the Petri dish. The
germinated seeds were recorded daily for 10 days, a seed was considered germinated when the

cotyledons were completely opened.
Seed dressing and Soil drenching in nursery

The aim of the experiment was to evaluate the PGPR activity of the treatments when applied
with two different methods: seed dressing and soil drenching. In this trial tomato seeds of the cultivar
“San Marzano nano” were used. The seeds were treated trough seed dressing as previously described.
Untreated seeds were sown directly on the substrate treated by soil drenching with 20 ml of
suspensions/dilutions made with the products with the same concentrations used for the seed dressing.
During this trial were tested the MCs XP191EV (1K), KMS1943(2K), KSK1967 (3K), KFC1980
(4K). For each treatment 24 seeds were sowed in plateaux with 4x6 pots of 7 x 8 x 5 cm capacity.
The plants grown for the entire trial in the pots containing a peat-based substrate (SER CA-V7
ORTOSEMINA 20). Bioassays were evaluated by measuring length of stem, number of leaves and
thickness of the collar at 21 and 35 days after sowing. At 41 days after sowing was performed a

destructive assay to evaluate fresh and dry weight.
Effect on Rhizosphere microbiome trough metabarcoding

The rhizosphere was sampled on plants of 48 days. Based on the results obtained, was chosen
to extract the rhizosphere from the plants treated with KMS1943 and KFC1980 by both seed dressing
and soil drenching, rhizosphere from seeds only soaked in sterile water was took as control. A total
of 3 g of roots were collected from 3 randomly chosen plants for each treatment, the roots were shaken
to eliminate the soil but not washed in order to maintain the rhizosphere. The roots were soaked on a
sterile 50 ml tubes containing 30 ml of sterile saline solution (0.9 % NaCl), then vortexed for 30
seconds at maximum speed in order to remove the rhizosphere from the roots. An aliquot of 1ml from

each sample was then transferred in 2 ml tubes, then centrifugated at 5000 g for 3 min in order to
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collect the rhizosphere. The supernatant was the discarded after the centrifugation and the samples
were stored at -80 °C until the DNA extraction. The DNA extraction was performed with Power
Soil® DNA extraction kit (Qiagen) following manufacture instructions. The microbiome profiling
was performed by Eurofins Genomics Italy srl. The 16S rRNA gene region V3-V4 (Bukin et al. 2019)
was amplified to analyse the bacterial community using the primers f357F (Turner et al. 1999)
(TACGGGAGGCAGCAG) and 800R (Kisand et al. 2002) (CCAGGGTATCTAATCC). The
ITS1(Yang et al. 2018) region was amplified to investigate the fungal community using the primers
1737F-ITS5 (White et al. 1990) (GGAAGTAAAAGTCGTAACAAGG) and 2043-ITS2 (White et al.
1990) (GCTGCGTTCTTCATCGATGC). The raw MiSeq paired-end reads were demultiplexed by
the sequencing facility, and bioinformatic analyses were performed by the Genetic Diversity Centre
at ETH Zurich (Switzerland). In short, after quality control and removal of problematic sequences,
the pairs of high-quality reads were merged, and primer sites were trimmed using USEARCH
v11.0.667(Edgar 2010). The merged reads were further quality filtered using PRINSEQ-lite
0.20.4(Schmieder and Edwards 2011). Next, utilizing UPARSE and UNOISE3, de-replicated
amplicons were error-corrected to obtain zero radius OTUs (zOTUs), which were then clustered at
97% sequence identity and chimeras were removed(R.C. Edgar 2016). A count table was generated
for the 16S rRNA (bOTU) and ITS (fOTU) dataset by mapping the amplicons to the OTUs.
Phylogenetic trees were constructed by Multiple-Sequence Alignment using MUSCLE
v3.8.31(Edgar 2004)). Finally, the taxonomy was assigned using SINTAX v11.0.667(R. Edgar 2016)
with the databases “SILVA SSU v138” and “UNITE All Eukaryotes (V9)” database for 16S rRNA
and ITS sequences(Abarenkov et al. 2010; Quast et al. 2013).

The statistical analysis was performed in R version 4.3.2(R Core Team 2023) . Data were analysed
via ANOVA using the car package(Fox and Weisberg 2019). The normality of the data was verified
by graphically visualizing the residuals using the qqPlot() function of the car package and using the
Shapiro-Wilk normality test (Royston 1995) (shapiro.test). The “post hoc” analysis was performed
by “Tukey test” using the function TukeyHSD(). When necessary, the data was transformed by
calculating the square root, data that did not follow a normal distribution after transformation was
analyzed by using the Wilcoxon-Mann-Whitney and the Kruskall-Wallis test. For the bOTUs, the
OTUs unassigned at phylum level, "Cyanobacteria" and "Mitochondria" were removed, while for the
fOTUs all the OTUs belonging to the plant material were filtered. For the microbiome analysis the
packages phyloseq (McMurdie and Holmes 2013), vegan (Oksanen et al. 2022), microbiome (Lahti
and Shetty 2019) and picante (Kembel et al. 2010) were used. The graphs were generated by the
packages ggplot2 (Wickham 2016). The taxa prevalence and the relative abundance were evaluated

after filtering out the low abundant OTUs (less than 4 sequences in at least 3 samples). The treatment

65



effect on the relative abundance of different phyla was statistically tested by Wilcoxon-Mann-
Whitney and the Kruskall-Wallis test. The alpha diversity was calculated including the low abundant
OTUs on rarefied data, the OTUs Richness and the Shannon diversity index were calculated and
statistically analysed by ANOVA as described above. To calculate the beta diversity the low abundant
OTUs were filtered and the relative abundance was calculated. The beta diversity was analysed
statistically by PERMANOVA (adonis2(), formula “~ Treatment*Genotype”) on Bray-Curtis
dissimilarities and visualized by Constrained Analysis of Principal Coordinates (CAP), as
implemented in the phyloseq package. The differential abundance was calculated after filtering the
low abundant OTUs and with unrarefied data. The differential abundance analysis was performed

using the DESeq() function from the packages DESeg2(Love et al. 2014).

Evaluation of the control of tomato bacterial spot in seedlings

Tomato seeds of the "San Marzano nano" cultivar soaked for 10 minutes in a Xanthomonas
euvesicatoria pv. perfororans (Xep) suspension (108 CFU) under shaking and vacuum. Seeds were
dried on filter paper and then treated by soaking with the suspension/dilution of the experimental
products and sown on wet filter paper with a 0.2% KNOj3 solution in Petri dishes. Once germinated
symptoms due to Xep infection were observed on cotyledons by stereomicroscope, the disease
severity was evaluated with a scale of 5 points as described in Figure 5. DNA from seedlings obtained

from seeds treated with 2K (microbial consortium) and 5K (chitosan based) was extracted: Plant

Figure 5 - The disease severity was evaluated 13 days after sowing with an arbitrary scale of 5 scores
: A) 0 = Plant with perfectly developed cotyledons, healthy and without symptoms ; B) 1 = Max 5
brown or black Spots barely visible to the naked eye or max 3 spots visible to the naked eye; plant that
shows no obvious signs of suffering ; 2 = from 5 to 8 spots barely visible to the naked eye or max 5
spots visible to the naked eye; plant that shows no obvious signs of suffering ; C) 3 = large black or
confluent spots or extensive mottling with numerous smaller spots; suffering plants ; D) 4 = extensive
mottling for the whole cotyledon with yellowing and possible perforations, advanced state of disease.

tissues were homogenized with pestle and Pb50 MM buffer in a mortar, all genomic DNA extractions
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were performed using the commercial kit DNeasy Plant mini kit (Qiagen), following the
manufacturer’s instructions, then tested by real time PCR to compare the inoculum with the positive
control. The primer used during the reaction are listed in Table 2, the reaction was carried out using
the QuantiNova Probe PCR Kit (QIAGEN) Master Mix, in a volume of 15 ul. Primers were added at
a concentration of 0.4 uM while the probe had a concentration of 0.4 uM. The reaction protocol
included a hot start of 2 minutes at 95 °C, 40 cycles from 95 © for 15 seconds and from 60 ° C for 15
sec.

Table 2 - Primers and probe utilized for the quantification of Xep inoculum in seedlings

Target Primers Primer and Probe Sequence Reference
and Probes
Primer XDF 5'- TCG ACG GCA CCT TCG ACT ACG - 3' )
Xanthomonas spp. i International
] Primer XDR 5'-CTG GAG CTTGCT CCGCTT GG - 3' ]
pathogenic on Seed Federation
Probe 5' - FAM - CCT CAT CAG GGA TCG TCT TGC CCC
tomato protocol

XDFAM AAG C-BHQ1-3

Evaluation of resistance induction against bacterial spot, bacterial speck and bacterial canker due

to seed treatments

The aim of the experiments was to evaluate the resistance induction against: the bacterial
canker due to Clavibacter michiganensis subsp. michiganensis; the bacterial speck of tomato due to
Pseudomonas syringae pv tomato; the bacterial spot of tomato due to Xanthomonas euvesicatoria pv
perforans due to seed treatments with the formulations provided by ITAKA. For all the pathogens
three cycles of experiments were performed: during the first cycle only tomato seeds of the "San
Marzano nano" cultivar were utilized; during the second cycle tomato seeds of the cultivars “San
Marzano nano” and “Rio Fuego” were adopted; On the third cycle organic seeds of the cultivars “Del
Vesuvio” and “Piennolo 217 were adopted, as selection from the BRESOV project activities. The
seeds treated with the experimental products as previously described were sown in plateaux with 4x6
pots of 7 x 8 x 5 cm with a commercial peat mix (SER CA-V7 ORTOSEMINA 20), then they were

inoculated with the pathogens.

Xanthomonas euvesicatoria pv perforans (Xep)

After 48 days the plants were inoculated with a bacterial suspension (108 CFU/ml) sprayed
on the leaves until run off.For the preparation of the Xep inoculum single colonies from a 48h culture
of Xep on NAG were collected and transferred to LB. The bacteria were left to grow in an orbital

incubator at 180 rpm, 28 C for 24 h, then the suspension was centrifuged at 6000 g for 20 minutes,
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the supernatant discarded and the pellet consisting of bacterial cells resuspended in sterile distilled
water to obtain a suspension with ODggo 0.1 (about 108 CFU/ml). After 10 days post inoculation (dpi),
10 leaves per plant were collected randomly, then the leaves were scanned and observed to count the
lesions typically of the bacterial spots from Xep. The leaf area was calculated through imagel

software and the disease severity was indicated as number of lesions per cm?.

Pseudomonas syringae pv tomato (Pst)

For the preparation of the Pst inoculum single colonies from a 24h culture of Pst on KB were
collected and transferred to LB. The bacteria were left to grow in an orbital incubator at 180 rpm, 28
C for 24 h, then the suspension was centrifuged at 6000 g for 20 minutes, the supernatant discarded
and the pellet consisting of bacterial cells resuspended in sterile distilled water to obtain a suspension
with ODeoo 0.1 (about 108 CFU /ml). After 10 days post inoculation (dpi), 10 leaves per plant were
collected randomly, then the leaves were scanned and observed to count the lesions typically of the
bacterial speck from Pst. The leaf area was calculated through ImageJ software and the disease

severity was indicated as number of lesions per cm?.

Clavibacter michiganensis subsp. michiganensis (Cmm)

To evaluate the resistance induction against Bacterial canker of tomato by Cmm . Tomato
seeds of the "San Marzano nano" plants of 38 days were inoculated by injection at the insertion of
the second leaf with 20ul Cmm suspension (10" CFU/ml).

For the preparation of the inoculum single colonies from a 48h culture of Cmm on NAG were
collected and transferred to LB. The bacteria were left to grow in an orbital incubator at 180 rpm, 28
C for 24 h, then the suspension was centrifuged at 6000 g for 20 minutes, the supernatant discarded
and the pellet consisting of bacterial cells resuspended in sterile distilled water to obtain a suspension
with ODego 0.01 (about 10" CFU /ml). The disease incidence and disease severity were recorded from
12 to 28 dpi, disease severity was evaluated by a 5-point scale: 0= healty plant; 1= chlorosis and loss
of turgor; 2= wilting of 1 or 2 leaves and /or cankers; 3= wilting of more than 3 leaves and / or cancers;
4= Completely withered plants; 5= dead plants; 0.5 points were assigned based on the extension of
the cankers.

The data recorded were used to calculate the disease severity based on McKinney index: DI=
> (Severity rating x Number of plants in that rating)/Total number of plants. The number of infected

and healthy leaves wad also recorded and used to calculate the percentage of infected leaves.

68



Results
Germination test

In the present study, the treatments did not affect germination and ten days after sowing 93
to 100% of seed were germinated, regardless of the seed treatment (Figure 6).
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Figure 6 - Time-course percentage of germination of ‘San Marzano nano’ tomato seeds treated with MC
and NCs in vitro test.

Plant growth promotion activity: Seed dressing vs Soil Drenching

Interesting results were obtained in this trial especially at 21 after sowing (Figure 7). The stem
height was significative influenced by the Product applied (Figure 7A), the plants treated with
XPI191EV, KMS1943 and KSK1967 were significantly higher compared to the control when they
were applied by soil drenching, while the plants treated with KFC1980 were higher when the MC
was applied both as seed dressing and soil drenching (Figure 7A). Also the effect of the “Application”
was significant, as the plants treated by soil drenching were significantly higher than the control and
the plants treated as seed dressing (Figure 7A).
In regard to the stem thickness, was also affected by the Product (Figure 7B), overall the stem
thickness was higher for the plants treated compared to the control, with the higher values recorded
for KFC1980 applied as soil drenching. Also, the effect of the Application was significant, the plants
treated as soil drenching showed higher stem thickness compared to the plants treated as seed dressing
and compared to the control.
Regarding the number of leaf, this was only marginally affected by the Application. Only small
differences were observed, the plants treated by soil drenching were higher than the control and the

plants treated by seed dressing (Figure 7C).
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Figure 7 — Bio-morphometric data collected at 21 days after sowing. A) Stem height; B) Stem
thickness; C) Number of leaves. All the data were analysed using a bifactorial ANOVA. Legend:
1 =XPI91EV. 2 =KMS1943. 3 =KSK1967. 4 = KFC1980. C = Control.

Observing the values recorded at the second measurement, the significant effects observed were due
to the interaction Product x Application.

Considering the stem height, was affected by the Product applied: the plant treated with KMS 1943
and KFC1980 were higher than the control, a marginally significant effect of the interaction Product
x Application was also observed (Figure 8A).
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Figure 8 - Bio-morphometric data collected at 35 days after sowing. A) Stem height; B) Stem
thickness; C) Number of leaves. All the data were analysed using a bifactorial ANOVA. Legend:
1 =XPI191EV, 2 =KMS1943, 3 = KSK1967, 4 = KFC1980, C = Control.
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The stem thickness was affected by the interaction Product x Application, the highest values were
observed for the plants treated by KSK1967 (both by soil drenching and seed dressing) and for
XP191EV treated by Soil drenching (Figure 8B).
Similarly, the number of leaves was also affected by the interaction Product x Application, interesting
in this case was observed the lowest number of leaves for plants treated with XP191EV by soil
drenching and for KSK1967 by both seed dressing and soil drenching (Figure 8C).
No significant differences were observed respect to the Stem Dry Weight (Figure 9A), on the contrary
a significant effect of the Product and the Application was observed for the Root Dry Weight.
However, despite is marginally significant, in the Figure 9B is evident an effect of the interaction
Product x Application.

Product: Pvalue < 0.1 Product: Pvalue < 0.01**

A Application: Pvalue =0.1 B Application : Pvalue <0.01%*
Productx Application: Pvalue =0.1 Productx Application: Pvalue<0.1.

B 1 2 3 4 c

Treatments Treatments

Dry Weight Stem (g)
Dry Weight root (g)

Application [l conret [l Seed_sressing [l Soil_srenching Application [ll corrol [l Seet_oressing [l Sot_drenching

Figure 9 — Dry weight measured in plant of 48 days after sowing. A) Stem dry weight; B) Root dry
weight; All the data were analysed using a bifactorial ANOVA. Legend: 1=XPI191EV, 2=
KMS1943, 3 = KSK1967, 4 = KFC1980, C = Control.

Effect on Rhizosphere microbiome trough metabarcoding

Root DNA Sequencing results and microbiome taxonomic overview. To investigate the effect
of the microbial consortia treatment on the root microbiome, DNA was extracted from the roots at
flowering stage and the V3-V4 region of the 16S ribosomal RNA and of the fungal ITS1 region were
sequenced. The 16S rRNA sequencing resulted in 840°424 reads which passed the quality and length
filtering. After removing reads associated with chloroplast and mitochondria, 685’968 sequences with
an average number of 45’731 reads per sample, varying from 32’293 to 70’026 reads, were obtained.
Sequencing of the ITS1 region resulted in 691’048 reads which passed the quality and length filtering.
It is known that primers designed to amplify the ITS region, can also amplify DNA of plants and
other eukaryotes. However, the proportion of reads provided by the sequencing platform that were
assigned to plants more than 50 % of reads were assigned to plants. After removing the plant DNA,
the dataset consisted of 261°937 reads, with an average number of 17’462 per sample, varying from
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6’401 to 31°212. The high-quality reads were clustered in OTUs at >97% sequence identity, resulting
in 1’910 bacterial OTUs (bOTUs) and 329 fungi OTUs (fOTUs). In the bacterial population, the
phylum Proteobacteria showed the highest relative abundance (44.7%) followed by Actinobacteriota
(37.9%), Bacteroidota (13.2%), and Firmicutes (1.2%). The remain 16 phyla showed a relative
abundance lower than 1%. Within the fungal community, the phylum Ascomycota showed the highest
relative abundance (71.4%), followed by Mucoromycota (15.3%) and Basidiomycota (2.9%), the
remain 10.4 % belongs to the Fungi Kingdom but remain unassigned at Phylum level. Visual
inspection and statistics analysis of the relative abundance of different phyla among the samples
revealed that bacteria from the phyla Actinobacteriota (P value = 0.02) are more abundant in the plant

treated by soil drenching (Figure 10A). The phylum Bacteroidota (P value = 0.04) is more abundant
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Figure 10 — Relative abundance. A) Bacteria; B) Fungi. Legend: 2 = KMS1943; 4 = KFC1980; C
= Control; K = Seed dressing; S = Soil drenching; 1-3 = Replicates.
in roots of the plants treated with KFC1980 by Soil drenching (Figure 10A), while the Firmicutes (P

value = 0.01) are more abundant in the roots of treated plants with KMS1943 by Soil drenching
(Figure 10A). In regard to the fungi, we found the Ascomycota were more abundant (P value = 0.008)
in plant treated with KFC1980 and in plant treated by soil drenching (P value = 0.02) (Figure 10B).
The Mucoromycota instead are more abundant (P value < 0.001) in plants treated with KMS1943

applied as soil drenching (Figure 10B).
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The interaction Product x Application affected the alpha biodiversity (Figure 11A and B) for both
OTU richness (P value = 0.007) and Shannon index (P value = 0.04). The lowest value for each index
was observed for KFC1980 applied as Soil drenching, while the highest value was recorded for
KMS1943 applied as Soil drenching (Figure 11A and B).

In regards to the fungal alpha diversity, only the Shannon index was affected by the products (P value
= 0.046), with the highest values recorded for KMS1943 by soil drenching (Figure 11 C and D).
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Figure 11 — Bacterial and Fungal alpha biodiversity. A) Bacterial OTU Richness; B) Bacterial
Shannon index; C) Bacterial OTU Richness; D) Fungal Shannon index

The MCs affects the root microbial community composition. The beta diversity was evaluated by
Permutational Multivariate Analysis of Variance (PERMANOVA)followed by a Constrained
Analysis of Principle Coordinates (CAP) for visualization. For bacterial beta diversity,
PERMANOVA showed significant effects of the Product (P value = 0.039), explaining 16.1 % of the
variation found in bacterial community composition. Accordingly, the CAP shows a differentiation

among three groups (Figure 12A).
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For the fungi and nematode dataset, the PERMANOVA indicated a significant effect of the
interaction Product x Application (P value = 0.024), explaining 31.4 % of the variation found in
community composition. Visualization by CAP showed that the group composed by KMS1943
applied as soil drenching is separated by the others (Figure 12B).
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To determine whether there are individual OTUs that are associated with the microbial treatment, we
performed a differential abundance analysis using DESeq2. For the bacteria, a total of 20 bOTUs
were found to be differentially abundant (P value < 0.05) between the treatments (Figure 13A). The
identified OTUs are taxonomically diverse and belong to the phyla Actinobacteriota, Bacteroidota,
Firmicutes, Myxococcota and Proteobacteria (Figure 13A). For the fungi, a total of 12 fOTUs (P
value < 0.05) were found to be differentially abundant between the treatments (Figure 13B). The
identified OTUs were Mucoromycota, followed by fungi that are unassigned at phylum level,
Ascomycota and the fOTU124 belonging to Basidiomycota (Figure 13B).
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Figure 13 — Differential abundance analysis by DESeq2. A) bOTUs; B) fOTUs.
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Evaluation of the control of tomato bacterial spot in seedlings

Typical symptoms of the disease were evaluated on emerging cotyledons approximately ten
days after sowing. A 11 biological treatment and both NCs reduced the number of spots on cotyledons
as confirmed by the significantly reduction of the disease severity compared to seedlings obtained
from non-treated seeds (Figure 14A and C). The results indicate that both MC and NCs may have an
effect on seed infection. DNAs from sprouts obtained from seeds treated with 2K (microbial
consortium) and 5K (chitosan based) was extracted, then tested by real time PCR to compare the

inoculum with the positive control. The results show a reduction of inoculum in 2K (Figure 14B).
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Figure 14 — A) Disease severity on seedlings; B) inoculum quantified by real time PCR in ng of
DNA; C) Symptomatic seedlings and comparison among C+, 2K and 5K.
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Evaluation of resistance induction against bacterial spot, bacterial speck and bacterial canker due

to seed treatments

Xanthomonas euvesicatoria pv perforans (Xep)

Microbial consortia and natural compounds used to treat the seeds reduced bacterial spot on
tomato leaves although to a different extent in the genotypes and according to the cycle. Only in a
few cases the results were statistically significant. The evaluation of the effect of biopriming showed
that seed treatment CH193V, significantly reduced the N° of spot on tomato plants cv ‘San Marzano
nano’ (I cycle) and ‘Rio Fuego’ (II cycle) (Figure 15). Seed treatments KMS1943 and KSK1967

a

significantly reduced disease severity on cv ‘San Marzano nano’ (I cycle) (Figure 15).
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Figure 15 - Biopriming assay - Bacterial spot. Xanthomonas euvesicatoria pv. perforans
(Xep). Seeds were treated with the microbial consortia and natural compounds and Xep
was inoculated by spraying the bacterial suspension on the leaf. The bar charts show the
number of spot per cm? ten days post inoculation in three independent experiments (1. II
and III cycle). SN, San Marzano nano; RF, Rio Fuego; Ve, del Vesuvio (BT10050); P21,
Piennolo 21 (BT10210). Values followed by the same letters are not significantly different
according to Student-Newmann-Keuls test at P < 0.05.

Clavibacter michiganensis subsp. michiganensis

A biopriming effect of seed treatment was therefore investigated CH193EV significantly
reduced bacterial canker severity on tomato plants cv San Marzano (I and II cycle) and Rio Fuego II
cycle (Error! Reference source not found.). Although, non-statistically significant a reduction of
the disease severity was observed also in the cultivars used in the III cycle. A reduction of disease
severity was observed on cv Rio Fuego (II cycle) subjected to seed treatments with KSM1943 and

KSK1967.
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Figure 16 - Biopriming assay - Bacterial canker. Clavibacter michiganensis subsp. michiganensis
(Cmm). Seeds were treated with the microbial consortia and natural compounds. Cmm was inoculated
by injecting a bacterial suspension in the stem. The bar charts show the disease severity one month after
inoculation in three independent experiments. SN, San Marzano nano; RF, Rio Fuego; Ve, del Vesuvio
(BT10050); P21, Piennolo 21 (BT10210). Values followed by the same letters are not significantly
different according to Student-Newmann-Keuls test at P < 0.05.

Pseudomonas syringae pv tomato (Pst)
Microbial consortia XP191EV and KMS1943 and the natural compound CR192EV resulted
in a bacterial speck reduction although only in a few cases the results were statistically significant

(Figure 17).
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Figure 17 - Biopriming assay - Bacterial speck. Pseudomonas syringae pv. tomato (Pst). Seeds were treated
with the microbial consortia and Pst was inoculated by spraying the bacterial suspension on the leaf. The
bar charts show the number of spot per cm ten days post inoculation in three independent experiments (I.
IT and II cycle). SN, San Marzano nano; RF, Rio Fuego; Ve, del Vesuvio (BT10050); P21, Piennolo
21(BT10210). Values followed by the same letters are not significantly different according to Student-

Newmann-Keuls test at P < 0.05.
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CONCLUSIONS
Beneficial microorganisms and bioactive natural products for plant protection aiming to

reduce chemical inputs is an important challenge in modern agriculture. Microbial consortia and
natural compounds can be applied to directly protect plants against pathogens but can also be able to
induce plant defence response that could protect host plants against pathogens.

The formulation of microbial consortium used in this study includes different plant beneficial
microbes (rhizobacteria, actinomycetes, arbuscular mycorrhizal fungi) that are known for their ability
to improve plant establishment, growth and development trough different direct and indirect
mechanisms (Rocha et al. 2019; Mitra et al. 2021). The reduction of disease severity in pathogen
inoculated seeds suggest a role in the direct reduction of primary inoculum. A biopriming effect is
also conceivable since both MC and NCs reduced the disease severity of bacterial leaf diseases where
pathogen and treatment were inoculated in different plant organs.

The results suggest that BCA and NC based products in this study could be exploited for treatment
of organic seed in the management of tomato bacterial and fungal pathogens. Ongoing studies on a
wider range of tomato cultivar will provide additional information.

The effectiveness of seed treatment in containing bacterial and fungal tomato diseases, however, does
not exclude the optimization of strategies based on the selection of resistant cultivars and the
enhancement of effectiveness with subsequent treatments aimed in boosting plant defenses and

reducing secondary inoculum spread.
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6.2.2. Determination of the optimal agronomic conditions for organic seed production

Introduction

One of the challenges of modern agriculture is considerable environmental damage caused by
the indiscriminate use of chemical fertilizers and pesticides in intensive growing systems over the
years furthermore, it impacts soil fertility causing significant reductions in crop
productivity(Malgioglio et al. 2022). Nowadays, sustainable agricultural methods based on ecological
principles and natural rules is of primary importance to respond to the intensification of agriculture
based on efficient use of available resources (Tittonell et al. 2022; Gamage et al. 2023). Organic
agriculture has been proposed as an alternative farming system to address these challenges compared
to the conventional (Saffeullah et al. 2020; Giampieri et al. 2022). Organic farming adopts several
practices that minimize the environmental and ecological impact and aims to be a more sustainable
and environmentally friendly approach compared to the conventional due to the reduction of chemical
pesticides and increasing use of green technologies that create social and ethical benefits for the food
supply chain actors(Gamage et al. 2023).
The amount and the quality of the organic seeds are limiting factors in the organic farming systems
since there is a lack of high-quality seed lots. Therefore, more information is needed in order to
develop protocols for farmers and breeders for organic seed production (Treccarichi et al. 2023)
together with the investigation of the genotypes resistant to abiotic and biotic stress potentially useful
for organic farming (Tribulato et al. 2020; Cartea et al. 2021; Arena et al. 2022). New tools for organic
agriculture are represented by plant biostimulants which include several substances derived from the
degradation of the organic matter like humic acids, protein hydrolysates, seaweed extracts and/or
microbial consortia (plant growth-promoting rhizobacteria, arbuscular mycorrhizal fungi and
Trichoderma spp.) which are applied with the aim to improve plant resilience and nutrition (Rizzo et
al. 2023).
The amount and quality of organic seeds are the limiting factor in organic farming systems (Rizzo,
Bova, et al. 2022; Treccarichi et al. 2023). Within the framework of H2020 BRESOV project (GA
774244), several brassicas, tomato and snap-bean accessions were analyzed in relation to different
nutrition protocols based on the application of amino acids and microorganisms allowed for the
organic farming.

Material and methods

Nutrition protocols

The nutrition protocols applied (NP) (Table 3) were NPO, NP100 and NP10OF: the first one
(NPO) was the control and didn’t include the organic fertilizer applications; the second one (NP100)
includes the application of Amminocomplex extra® (three applications with a total dosage of 160 kg
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ha-1) and 3KO® (three applications with a total dosage of 10 kg ha-1), based on amino acids and
mycorrhizal fungi (Trichoderma Arzianum, T. Asperellum and T. Atroviride) respectively; The third
nutrition protocol (NP100F), instead, consists of the application of the above products cited in NP100
with the addition to Kappa micro®(three applications with a total dosage of 24 kg ha-1) and Stim
root®(three applications 9 kg ha-1), based on microelements (boron, iron, manganese, molybdenum,

and zinc) and bio stimulants respectively, applied by foliar application.

Table 3 - Products and nutrition protocols tested during the trials.

Product Composition Dosage
Amminocomplex extra  amino acids 3 application, total dosage of 160
kg ha by fertigation
3KO mycorrhizal fungi (MF): Trichoderma 3 application, total dosage of 10
arzianum, T. asperellum and T. kgha™ by fertigation
atroviride
Kappa micro boron, iron, manganese, molybdenum, 3 application, total dosage of 24
and zinc kg ha by foliar application
Stim root bio stimulant from hydrolysed animal 3 application, total dosage of 9 kg
proteins ha* by foliar application

Broccoli

Three repetitions of eight cultivars of Brassica oleracea var. italica L (Table 4). have been grown
comparing the three different NPs according to the experimental design by WP4 already described above. The
plants were transplanted in double rows, with a distance of 0.5 m between the rows and of 0.5 m along the row
adopting the crop density of 4 plats m2. A total of 72 elementary plots were established, each thesis was
represented by three replicates of 20 plants each. The plants were transplanted on August 2021, the harvest the
fruits have been harvested till May 2022. All siliquas for seed extraction were collected at the maturity stage.
The seed yield (g m™) was calculated by registering the seed extracted from a known number of siliquas to

calculate the total weight of the seed per plant.

Table 4 — Broccoli accessions evaluated during the trial

CODE ACCESSION NAME ORIGIN

BR1 UNICT5077 Ciurietto aprilino Rosolini

BR2 UNICT4939 Broccolo nero Di3A

BR3 UNICT4854 Ramoso calabrese SAIS seeds company
BR4 UNICT4868 Settembrino Messina

BR5 UNICT4286 Sparaceddi Palermo

BR6 UNICT4874 Sanmartinaro Sortino

HF1.1 UNICT3578 Maraton F1 ESASEM seeds company
HF1.2 UNICT4943 Gentelman F1 SAIS seeds company
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Germination test was carried out with the harvested seeds which were removed from the broccoli
siliquas at the proper seeds harvesting time. The seed germination test was conducted in grow
chamber at 25°C (16 hours of light and 8 hours of dark). For each plot a total of 50 seeds were placed
on Petri dishes on two layers of wet filter paper. The germination test was conducted for 15 days, the
number of germinated seeds was recorded daily. At the end of the trial was calculated the
germinability (%), the mean germination time (MGT) and the coefficient of uniformity of
germination (CUG). The germinability was calculated as the percentage of the total germinated seeds
at the end of the trial. The MGT and the CUG were calculated as indicated below:

- MGT=T=X t x n/Zn

- CUG=X (T-t)*x n/Zn

in which t represents the time expressed in days from the starting day, n the germinated seeds and T

the mean germination time. The 1000 thousand seed weight was also recorded.

Tomato

The experiment was conducted in the experimental field of ITAKA farm located in Comiso,
Sicily (37°00°09.7°N, 14°.34°45.4°E).
The experimental design adopted was split-plot with the main plot represented by the nutrition
protocol (NP) and the sub-plot by the genotype (G) (Table 5). Three different NP were compared:
NPO (only NPK), NP100 (NO + Amminocomplex + 3KO) and NP100OF (N100 + Stim Root + Kappa
Micro).
Three repetitions of eight cultivars of Solanum lycopersicum L. have been grown comparing three
different NPs according to the experimental design by WP4. The plants were transplanted in single
rows, with a distance of 1.0 m between the rows and of 0.4 m along the row adopting the crop density
of 4 plats m-2. A total of 72 elementary plots were established, each thesis was represented by three
replicates of 10 plants each. The plants were transplanted on the 28th of April the harvest the fruits
have been harvested till the 1% of September. All tomatoes for seed extraction were collected at the
maturity stage. The seed yield (g m) was calculated by registering the seed extracted from a known

number of fruits to calculate the total weight of the seed per plant.

Table 5 - Cultivar adopted and evaluated during the trial.

BRESOV/UNICT CODE GENOTYPE
A BT 00510 Cherry negro
B BT 00500 Huevo de paloma
C BT 04120 ONT1
D PO 299 Corleonese
E PO 226 Pizzutello
F PO 303 Tondo
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G |Pss Pizzoni- Calabria
H |PS12 Francavilla

The seed germination test was conducted in grow chamber at 25°C (16 hours of light and 8 hours of
dark). For each plot a total of 50 seeds were placed on Petri dishes on two layers of wet filter paper.
The germination test was conducted for 15 days, the number of germinated seeds was recorded daily.
At the end of the trial was calculated the germinability (%), the mean germination time (MGT) and
the coefficient of uniformity of germination (CUG).

The germinability was calculated as the percentage of the total germinated seeds at the end of the
trial. The MGT and the CUG were calculated as indicated below:

- MGT=T=X t x n/Zn

- CUG=X (T-t)*x n /Zn

in which t represents the time expressed in days from the starting day, n the germinated seeds and T
the mean germination time. The 1000 thousand seed weight was also recorded.

Snap bean

The experiment was conducted in the experimental field of ITAKA farm located in Comiso, Sicily
(37°00°09.7°N, 14°.34°45.4"’E).

The experimental design adopted was split-plot (Figure 1) with the main plot represented by the
nutrition protocol (NP) and the sub-plot by the genotype (G) (Table 6). Three different NP were
compared: NPO (only NPK), NP100 (NPO + Amminocomplex + 3KO) and NP100F (N100 + Stim
Root + Kappa Micro)

Three repetitions of seven cultivars of Phaseolus vulgaris L. have been grown comparing three
different NPs according to the experimental design by WP4. The seeds of each cultivar were sown in
trays of 104 pots on a commercial organic substrate. The plantlets obtained, at the stage of 2 true
leaves, were transplanted in double rows, with a distance of 0.5 m between the rows and of 0.4 m
along the row adopting the crop density of 30 plats m-2 (5 plants per pocket). A total of 63 elementary
plots were established, each thesis was represented by three replicates of 40 plants each. All pods for

seed extraction were collected at the maturity stage.
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Table 6 — Snap bean cultivars evaluated during the trial

G1

G2

G3
G4
G!

WISV TT T ¢

G6

O gy smensiORY

The seed yield (g m™) was calculated by registering the seed extracted from a known number of pods
to calculate the total weight of the seed per plant.

The seed germination test was conducted in grow chamber at 25°C (16 hours of light and 8 hours of
dark). For each plot a total of 20 seeds were placed on aluminium trays (15 x 10 x 4 cm) with wet
agri-perlite. The germination test was conducted for 15 days, the number of germinated seeds was
recorded daily. At the end of the trial were recorded the germinability (%), the mean germination
time (MGT) and coefficient of germination uniformity (CUG).

The germinability was calculated as the percentage of the total germinated seeds at the end of the
trial. The MGT and the CUG were calculated as indicated below:

- MGT=T=X t x n/Zn

- CUG=X (T-t)*x n /Zn

in which t represents the time expressed in days from the starting day, n the germinated seeds and T

the mean germination time. The 1000 thousand seed weight was also recorded.

Figure 18 — Snap bean seed germination test
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Results
Broccoli

The seed yield (g m™) was affected by the interaction NP x G, the values ranging from 10.1

for HF1.1 and NPO to 904.6 g m? for BR2 and NP100 (Table 7). In average, NP100 showed the
highest seed yield (187.4g m™) compared to NP100F (180.8 g m?) and NPO (132.0 g m™?) (Table 7).
Among GE, the less productive was HF1.1 (30.2 g m™) while the more productive was BR2 (814.7g
m2) (Table 7). Also, the 1000 seed weight was affected by the interaction NP x G, the values ranging
from 2.1g for BR1 and NP100 to 3.9 g for BR2 and NP100 (Table 8).
The germinability was affected by the interaction NP x G, the values ranging from 37.7 % for BR1
and NO to 97.3% for BR6 and NP100 (Table 9). Regarding MGT, significant differences were
observed among GE, the lowest value recorded was 4.65 days for BR4, followed by 4.66 days for
HF1.1, HF1.2 and BRS5, 4.68 days for BR6, 4.70 for BR2, 4.72 for BR1 and 4.76 for BR3 (Table 10).
Concerning CUG, all values were comparable among NP and GE, nevertheless was significantly
affected by the interaction NP x G, the values ranging from 0.29 for BR1 and NP0 to 0.51for BR6
and NP100 (Table 11).

Table 7 - Seed yield (g m™) for the tested accession, for each NPs tested.

NPO NP100 NP100OF Mean
BR1 20.7 22.9 40.7 28.1
BR2 672.5 904.6 866.9 814.7
BR3 40.8 80.2 51.5 57.5
BR4 48.8 62.7 83.2 64.9
BR5 154.2 248.4 263.9 222.1
BR6 96.5 93.3 60.5 83.4
HF1.1 10.1 38.2 42.3 30.2
HF1.2 12.0 48.6 37.6 32.7
Mean 132.0 187.4 180.8
Statistical analysis: ANOVA Student- NP GE NP x GE
Newman-Keuls ok ok ok * ok
NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.
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Table 8 - 1000 seed weight (g) for the tested accession.

NPO NP100 NP100F Mean
BR1 23 2.1 2.9 2.4
BR2 3.2 3.9 3.5 3.5
BR3 33 3.8 33 35
BR4 2.7 3.8 3.7 3.4
BR5 2.8 2.9 3.0 2.9
BR6 2.3 2.5 23 2.4
HF1.1 2.4 3.8 3.4 3.2
HF1.2 2.2 2.4 2.5 23
Mean 2.6 3.1 3.1
Statistical analysis: ANOVA Student-Newman- NP GE NP x GE
Keuls ook ok o
NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.

Table 9 - Germinability of the tested accessions for the different NPs tested.

NPO NP100 NP100F Mean
BR1 37.7 92.7 84.0 71.4
BR2 88.7 90.0 85.0 87.9
BR3 88.0 80.7 88.0 85.6
BR4 97.3 92.0 95.3 94.9
BR5 91.3 96.7 88.0 92.0
BR6 94.7 97.3 94.0 95.3
HF1.1 87.3 96.0 93.0 92.1
HF1.2 91.3 42.0 46.7 60.0
Mean 84.5 85.9 84.3
Statistical analysis: ANOVA Student- NP GE NP x GE
Newman-Keuls nes. o * ok
NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.
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Table 10 - Mean germination time for the tested accessions for each different NPs tested.

NPO NP100 NP100OF Mean
BR1 4.76 4.72 4.69 4.72
BR2 4.74 4.65 4.71 4.70
BR3 4.71 4.79 4.77 4.76
BR4 4.64 4.65 4.66 4.65
BR5 4.69 4.65 4.64 4.66
BR6 4.68 4.66 4.68 4.68
HF1.1 4.71 4.64 4.63 4.66
HF1.2 4.68 4.65 4.64 4.66
Mean 4.70 4.68 4.68
Statistical analysis: ANOVA Student- NP GE NP x GE
Newman-Keuls ns *x ns.
NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.

Table 11 - Coefficient of uniformity of germination registered for the tested accessions.

NPO NP100 NP100F Mean
BR1 0.29 0.37 0.54 0.40
BR2 0.55 0.46 0.35 0.46
BR3 0.35 0.41 0.42 0.39
BR4 0.40 0.44 0.42 0.42
BR5 0.39 0.50 0.43 0.44
BR6 0.37 0.51 0.43 0.44
HF1.1 0.45 0.38 0.38 0.40
HF1.2 0.36 0.50 0.40 0.42
Mean 0.39 0.45 0.42
Statistical analysis: ANOVA Student- NP GE NP x GE
Newman-Keuls ns. ns. *
NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not
significant.
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Tomato
The climatic conditions during the trial negatively affected the seed yield (Figure 19). In particular,
the high temperatures recorded during the summer (consecutive days with maximum temperature
around 35 °C during June and July 2022), negatively affected the growth of the plant, flowering and
fruit development.

45

40

35

30

25

20

15

10

Figure 19 - Temperature recorded during the trial in °C. Data from “Servizio Infromativo
Agrometereologico Siciliano — S.1.A.S.”

The Seed Yield (g m™) was affected by the interaction NP X G, the values ranging from 0.9 for C
and NP10OF to 83.8 g m™ for G and NP100(Table 12). In average, NP100 showed the highest seed
yield (23.6 g m?) compared to NO (16.4 g m) and NP100F (11.9 g m?) (Table 12). Among G, the
less productive was C (2.5 g m) while the more productive was G (42.6 g m™?) (Table 12). Also, the
1000 seed weight was affected by the interaction NP x G, the values ranging from 3.2 for H and NP0
to 5.8 g for B and NP10OF (Table 13).

The germinability was affected by the interaction NP X G, the values ranging from 30.0 % for H and
NPO to 81.3 % for E and N10OF (Table 14). The interaction NP X G also affected the MGT ranging
from 6.6 days for D and NPO to 9.0 days for E and NP100 (Table 15). Significant differences on CUG
were also observed due to NP and G. About NP, in average the highest value was observed for
NPI10OF (1.7) followed by NP100 (1.6) and NPO (1.4) (Table 16). Regarding the different G, the
values of CUG ranging from 1.42 for F to 2.25 for B (Table 16).
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Table 12 - Seed yield expressed in g m™.

NPO NP100 NP100F Mean

A 16.5 17.9 19.3 17.9
B 4.7 5.5 6.3 5.5

C 2.5 4.0 0.9 2.5

D 5.9 15.5 6.0 9.1

E 13.5 17.5 323 211
F 7.6 7.7 5.7 7.0

G 27.6 83.8 16.5 42.6
H 52.9 37.0 8.0 32.7
Mean 16.4 23.6 11.9

NP GE NP X GE

Statistical analysis: ANOVA Student-

Newman-Keuls

* %k ¥

%k %k

%k %k

NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.

Table 13 - 1000 seed weight expressed in g.

NPO NP100 NP100F Mean
A 4.1 4.0 4.1 4.0
B 5.4 5.2 5.8 5.5
C 5.0 5.2 5.0 5.1
D 4.3 4.0 4.1 4.2
E 4.7 4.5 4.6 4.6
F 34 3.7 3.9 3.6
G 4.1 4.3 4.7 43
H 3.2 4.0 3.8 3.7
Mean 4.3 4.3 4.5
NP GE NP X GE

Statistical analysis: ANOVA Student-

Newman-Keuls

% %k %k

%k %k ¥

%k k

NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.

88




Table 14 - Germinability as percentage of germinated seeds

Newman-Keuls

Statistical analysis: ANOVA Student-

NPO NP100 NP100F Mean
A 71.7 77.3 72.7 73.9
B 46.0 50.7 59.0 51.9
C 41.3 48.0 49.3 46.2
D 78.3 70.7 72.7 73.9
E 60.0 64.7 81.3 68.7
F 38.0 46.7 66.7 50.4
G 72.7 62.7 56.0 63.8
H 30.0 58.0 63.3 50.4
Mean 54.8 59.8 65.1
NP GE NP X GE

* %

%k %k %k

NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.

Table 15 - Mean Germination Time (days).

Newman-Keuls

Statistical analysis: ANOVA Student-

NPO NP100 NP100F Mean
A 8.3 8.6 8.7 8.5
B 7.7 7.5 8.3 7.8
C 7.4 8.2 8.6 8.1
D 6.6 8.5 8.8 8.0
E 8.5 9.0 8.9 8.8
F 7.7 8.2 8.9 8.2
G 8.6 8.6 8.7 8.6
H 8.2 8.5 8.7 8.5
Mean 7.9 8.4 8.7
NP GE NP X GE

%k %k %k

%k %k xk

* %

NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.
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Table 16 - Coefficient of Uniformity of Germination (CUG)

NPO NP100 NP100OF Mean
A 1.54 1.80 1.28 1.54
B 2.23 2.03 2.48 2.25
C 1.10 1.62 1.67 1.46
D 1.56 1.42 1.61 1.53
E 1.24 1.55 1.52 1.44
F 1.18 1.55 1.54 1.42
G 1.26 1.52 1.69 1.49
H 1.27 1.45 1.61 1.44
Mean 1.42 1.62 1.67
Statistical analysis: ANOVA Student- NP GE NP X GE
Newman-Keuls e i n.s.
NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.

Snap bean

The climatic conditions during the open field trial negatively affected the seed yield (Figure 3). In

particular, the low temperatures after the transplant (average minimum temperatures during April

2022 of 9 °C, with days of 4°C), and the high temperature recorded before the harvest (average

maximum temperature during May 2022 of 25 °C, with day with temperatures higher than 30 °C),

negatively affected the growth of the plant and the reproductive processes.

MIN MED MAX

Figure 20 - Temperature recorded during the trial in °C. Data from “Servizio Infromativo
Agrometereologico Siciliano — S.1.A.S.”
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The seed yield (g m?) was affected by the interaction NP x GE, the values ranging from 13.4 g m™
for G3 and NP10OF to 146.7 g m™ for G4 and NP10OF (Table 17). In average, N100 showed the
highest seed yield (75.7 g m?) compared to NP100F (61.3 g m?) and NPO (45.0 g m™?) (Table 17).
Among GE, the less productive was G3 (18.1 g m™) while the more productive was G4 (124.7 g m"
2) (Table 17). Regarding the 1000 seed weight was significantly influenced by NP and GE.
Concerning NP, the highest values were observed for NP100F (175.9 g) and N100 (175.7) compared
to NPO (154.1 g) (Table 18). Among GE, the values ranging from 118,8 to 277,3 g for G3 and G5
respectively (Table 18).

The germinability was affected significantly by NP and GE, regarding the effect of NP the highest
value observed was 91.2 % for NP100, followed by 89.5 % for NP100F and 81.7% for NO (Table
19). Among GE, the highest germination was observed for G2 (96.1%), followed by G3 (92.2 %), G6
(88.3%), G8 (88.3%), G5 (86.7%), G4 (80.6 %) and finally G1 (80.0%) (Table 4). Regarding MGT
was also affected significantly by NP and GE. Concerning the effect of NP, the shortest MGT was
observed for NP100 (6.9 days) followed by NP100F (7.1 days) and NPO (7.6 days), as described in
Table 5. Among GE, the shortest MGT was 6.3 days for G3, followed by 6.4, 6.8, 6.9, 7.1, 7.6, 9.1
days for G2, G1, G6, G4, G8 and G5 respectively (Table 20). Concerning the CUG, was affected by
the interaction NP X GE, the lowest value was observed for G3 in NP100 (0.64) compared to the
highest observed for G6 in NP100 (3.30). Among GE the values of CUG were similar for all the NPs,
exceptions were represented by G3 and G6 (Table 21).

Table 17 - Seed yield as g per m>.

NPO NP100 NP100F Mean
Gl 30.4 96.2 79.8 68.8
G2 15.9 59.1 24.6 33.2
G3 14.5 26.4 13.4 18.1
G4 102.3 125.0 146.7 124.7
G5 112.3 88.1 67.1 89.2
G6 15.6 59.9 43.0 39.5
G7 23.8 75.0 54.0 50.9
Mean 45.0 75.7 61.3

Statistical analysis: ANOVA Student-Newman- NP GE NP X GE

Keuls ok *ok ok *

NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.
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Table 18 - 1000 seed weight (g).

NPO NP100 NP100OF Mean
G1 139.2 140.8 148.6 142.9
G2 133.2 136.3 146.0 138.5
G3 106.7 125.3 124.4 118.8
G4 205.5 226.9 237.1 223.2
G5 247.1 305.3 279.6 277.3
G6 126.8 143.4 145.0 138.4
G7 120.3 151.7 150.4 140.8
Mean 154.1 175.7 175.9
Statistical analysis: ANOVA Student-Newman- NP GE NP X GE
Keuls * ok n.s.

NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.

Table 19 - Germinability (%).

NPO NP100 NP10OF Mean
G1 75.0 86.7 78.3 80.0
G2 93.3 96.7 98.3 96.1
G3 91.7 93.3 91.7 92.2
G4 78.3 88.3 75.0 80.6
G5 80.0 88.3 91.7 86.7
G6 76.7 90.0 98.3 88.3
G7 76.7 95.0 93.3 88.3
Mean 81.7 91.2 89.5

Statistical analysis: ANOVA Student-Newman- NP GE NP X GE
Keuls * * n.s.

NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant..
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Table 20 - Mean germination time (MGT).

Statistical analysis: ANOVA Student-Newman-

Keuls

NPO NP100 NP100F Mean
Gl 7.2 6.6 6.7 6.8
G2 6.5 6.2 6.4 6.4
G3 59 5.8 7.3 6.3
G4 8.0 6.5 6.7 7.1
G5 9.2 9.1 9.1 9.1
G6 7.9 7.1 5.9 6.9
G7 8.5 7.0 7.3 7.6
Mean 7.6 6.9 7.1

Statistical analysis: ANOVA Student-Newman- NP GE NP X GE
Keuls * * ok n.s.

NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.

Table 21 - Coefficient of germination uniformity (CUG).
NPO NP100 NP100F Mean
Gl 1.36 2.62 2.01 1.99
G2 1.28 2.59 0.92 1.60
G3 1.43 0.64 2.29 1.45
G4 2.98 0.92 1.40 1.77
G5 1.97 2,71 2.39 2.35
G6 2.86 3.30 0.41 2.19
G7 1.73 291 2.97 2.54
Mean 1.94 2.24 1.77
NP GE NP X GE

%k %k

% %k %k

NP: Nutrition Protocol; G: Genotype; *: P value < 0.05; **: P value < 0.01; P value < 0.001; n.s.: not significant.
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Conclusions

One of the challenges of the modern agriculture is to contrast the intensive growing systems
which impact the soil fertility causing significant reductions in crop productivity. The promotion of
organic agriculture has been proposed as alternative farming systems in comparison to the
conventional ones.

Organic seeds production represents a critical agronomic practice for the success of organic farming.
In addition, alternative nutrition protocols based on organic fertilizer mixes that include
microorganisms’ consortia, biostimulants and microelements can contribute to enhance seed
production. In the present work, supported by the H2020 BRESOV project and developed in
Mediterranean conditions, the landraces BR2 and BRS5 represent an important source of biodiversity,
mostly for their fascinating taste, widely appreciated by the local consumers. The organic fertilizer
based on microbial consortia and amino acids have been proven to be optimal for their significant
effects in terms of seed production, reported in the nutrition protocols NP100 and NP100F which are
based on PGPMs, amino acids and microelements registered for organic farming.

Despite the adverse climatic conditions, a significative increment of the yield and an improving effect
of germinability due to the application PGPM and amino acids were observed also in Tomato and
Snap bean.

In particular, the interaction NPxG has significantly affected the seed yield of both tomato and nap
bean. Although with differences among the cultivars, for both the crops the results showed that NP100
and NP100F significantly improve seed yield and seed germinability compared to NO.

Therefore, the results suggest the possibility to utilize amino acids and PGPM in organic agriculture
as alternative of the chemical fertilizer for snap bean seed production although further experiments
should be useful to confirm the efficacy of the NP evaluated in optimal and unfavourable climatic

conditions.
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5.3.Soil health to improve crop performance — research line 2

5.3.1. Evaluation of microbial consortia to increase crop performance under drought stress

Introduction

The global human population has grown in recent decades, and it is still growing, a sharp
increase is expected around 2050 with a consequent increase in food demand (FAO 2017).
Furthermore, is expected the increase of the temperature due to the effect of climate change which
has a major impact consequently in precipitation profiles and in the occurrence and harshness of
drought. Fluctuations in climate may lead to increase in demand for irrigation due to the high levels
of evaporation and transpiration as a result of global warming. These factors could undermine the
ability of agricultural systems to ensure food safety(Khan et al. 2018). The vision of the H2020
BRESOV project is to tackle this challenge by exploring the genetic diversity of three of the
economically most significant vegetable crops (broccoli, snap bean, and tomato) and to improve the
competitiveness of these three crops in an organic and sustainable environment. The BRESOV project
overall aims to increase the plant’s tolerance to biotic and abiotic stresses and to adapt the cultivars
to the specific requirements of organic and low-input production processes. In particular, water stress
has destructive impacts on biochemical mechanisms, photosynthetic pigments and eventually reduces
crop growth and productivity (Murtaza et al. 2016). The quest for enhancing agricultural yields due
the mentioned increased pressure on food production inevitably led to the indiscriminate use of a
wide range of agrochemicals. Biofertilizers are emerging as a suitable alternative to counteract the
adverse environmental impacts exerted by synthetic agrochemicals. Biofertilizers facilitate the
overall growth and yield of crops by eco-friendly growing agro-techniques (Basu et al. 2021). The
application of plant growth promoting rhizobacteria (PGPR) to crops is considered a key technique
for improving plant growth in extreme environments featured by water drought (Khan et al. 2018).
In fact there are numerous examples on how PGPR can be applied to improve the yield in water stress
condition for wide range of crops(Ullah et al. 2021).
In this experiment, the effect of a commercial product based on mycorrhizae and PGPR (Trichoderma
spp., Bacillus spp., etc.) on two different snapbean cultivars under water stress conditions was

evaluated.

Materials and methods
The experiment was carried out during spring 2021. The seeds of snap bean were sown directly into

the soil in a cold greenhouse at the experimental farm of ITAKA s.r.l. company located in Comiso —
South East of Sicily — (37°00°09.7°N, 14°.34°45.4’E) on 11 March 2021. Two commercial varieties

‘Maxi’ (Phaseolus vulgaris L. var nanus) from Hild company and ‘Domino’ (Phaseolus vulgaris L.
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var vulgaris) from De Bolster, were adopted in the experiment. The two varieties are both present on
the market for green pod consumption and were part of a much larger seed set used in the contest of
the BRESOV project by different partners.

Seeds were sown in rows with a space of 50 cm between rows and 40 cm along the row, for each spot
a total of 5 seeds were sown with a density of 20 plants m™.

Before experiment onset, the field was prepared with a tiller and abundantly watered during the first
week of March. The irrigation system was arranged by using driplines with drippers distance of 0.20
m from each other and served by a reservoir located near the greenhouse. Water counters were
installed upstream the dripline, one for each of the two main plots. A weather station (Watchdog 2500
series) was installed in the field. From the weather station, 6 probes were installed, 2 for each
repetition, respectively at 0.05 and at 0.25 m of depth, in order to monitor the percentage of humidity
in the soil. For the determination of water stress, crop reference evapotranspiration (ETo) provided
by the weather station was daily taken into account and it was assumed as ET:100 the gradient
corresponding to soil saturation.

For the first 3 weeks from experiment onset, plants were irrigated with the same water volumes until
unfolding of the 4th leaf, after this period the irrigation was differentiated considering the 100% of
water requirement (ET. 100) and a deficit irri-gation corresponding to 60% of ET¢ (ET. 60).

Exactly one week before sowing the snap bean seeds, the first treatment with PGPM (MO) was carried
out according to the protocol provided by ITAKA s.r.1., to this purpose the commercial product Maxi
Soil® was used. This formulate consists on a microbial consortium containing three species of
Trichoderma spp. (I. harzianum, T. asperelum, T. atroviride) and various PGPR (Bacillus
amylofiquefaciens; B. azotoformans; B. megaterium; B. pumilus; B. subtilis; Pseudomonas lurida; P.
fluorescence; Streptomyces griseus and S. lydicus).

One week after sowing, the second treatment with MO was carried out. Maxi Soil was diluted in
water at a rate of 0.5g L'(0.5 g m™) applied to the soil by fertigation.

Pods were harvested at commercial maturity after 65, 72, 79 and 86 days from sowing. At every
harvest the total yield and the number of pods for each plant were recorded; moreover, starting from
the second harvest, three pods per plant were randomly collected in order to analyse pod’s weight and
diameter. At the end of the cropping cycle, ten entire plants per plot were removed from the field in
order to register the fresh and dry weight of both epigeal and hypogeal portions. To calculate the
percentage of dry matter the epigeal and hypogeal portions of the plants were dried in a heater for 72
hours at 68°C until constant weight, then the dry weight was weighted and the percentage of dry
matter was calculated. Before the destructive assay, the number of the ramification of first order and

the number of root nodules were recorded.
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During the cropping cycle, 55 days after sowing, SPAD (Soil Plant Analysis Development) index
was registered at using a “SPAD 502 Plus Chlorophyll Meter” (Spectrum technologies, Inc).
Experimental design was a “Split-plot” with 3 factors. The main factor was represented by the two
different irrigation regimes based on crop evapotranspiration (ET.). ET. was calculated according to
Pennman-Monteith formula (Allen 1998). The sub-plot was represented by application or no
application of PGPMs (MO or NMO); the sub-sub- plot was represented by the two genotypes (GE)
of snap bean adopted. Each repetition was divided into 2 equal plots corresponding to the two
different water regimes. Each plot was divided into 4 sub-plots equidistant between them 1.00 m and
representing the combination of the 3 experimental factors. Each elemental plot was 4.60 m long and
consists of 3 rows equidistant between them 0.50 m. Each row was divided in half in such a way to
obtain 6 sub-sub-plots within which it was arranged a randomization of the 2 varieties of snap bean
with 3 repetitions for each.

The data obtained were subjected to statistical analysis with the Stu-dent-Newman-Keuls ANOVA 1
test performed with the software CoStat version 6.451. Correlation and PCA were performed by using
IBM SPSS Statistics for Windows, Version 28.0.

During the experiment climatic conditions were stable over the whole cultivation season with relative
humidity of the air ranging from a minimum of 30% to maximum a of 80% (Figure 2). The night and
day shift air temperature, during the growing period, varied from 3 °C to 18 °C at night and from 22
°C to 46 °C during the daytime (Figure 2). Concerning the soil temperatures, at 25 cm of depth, the
temperatures ranged from a minimum of 7.8 °C (Tmin) to a maximum of 29.4 °C (Tmax), while on
the surface, at 5 cm of depth, it ranged from a minimum of 18.8 °C (Tmin) to a maximum of 46.1 °C
(Tmax), as shown on Figure 1. Concerning the relative humidity (R.U.) of the soil, it varied from 11
to 54% and from 63 to 93% for the minimum and the maximum R.U respectively (Figure 21). The
greenhouse temperature was maintained on an range between 10 °C Tmin and 35 °C Tmax (Figure
21) by opening or closing both the windows and doors.

In order to evaluate the soil characteristics for the snap bean cultivation, soil samples were collected
at 30 cm dept and uniformed in a bulk. The soil characteristics were uniform among the field and
belonged to the sandy-loamy typology. This kind of soil characteristics are optimal characteristics for
the snap bean cultivation (Shonnard et al. 2006; Koutsika-Sotiriou and Traka-Mavrona 2008; Rana
and Kamboj 2017), and are shown in Table 22.
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Table 22 - Soil analysis of the experimental field.

Soil analysis
Fine ground (<2 mm) 989 g/kg
Sand (0.02-2 mm) 856 g/kg
Silt (0.002-0.02 mm) 53 g/kg
Clay (<0.002 mm) 91 g/kg
Total Limestone 5 glkg
Total Nitrogen (N) 1 g/kg
Organic carbon 6.7 g/kg
C/N Ratio 6.7
Assimilable phosphorus (P2Os) 144 mgl/kg
Exchangeable potassium (K20) 706 mg/kg
pH 7.6
specific conductivity (25°C) 3.63 dS/m
Cation exchange capacity (CSC) 11.5 meq/100 g
Degree of saturation in bases (GDB) 100 %
Exchangeable Calcium 7.9 meq/100 g
Exchangeable Magnesium 1.7 meqg/100 g
Exchangeable sodium 0.4 meq/100 g
Exchangeable potassium (saturated extract) 1.5 meqg/100 g
Calcium 68.89 %
Magnesium 1445 %
Sodium (ESP) 3.63 %
Potassium 13.03 %
K/Mg Ratio 0.9
Mg/K Ratio 1.11
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Climatic records
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Figure 21 - Records of air and soil temperatures (°C) and relative humidity (%) in greenhouse
during the growing period.

Results
The yield in pods (kg m) was significantly affected by ETc, MO and GE. Considering the

effect of ET, the yield ranged from 2.92 to 4.05 kg m for ET. 60 and ET. 100 respectively. Regarding
the influence of MO, the yield varied from 3.08 to 3.89 kg m for NMO and MO respectively.
Different yield was also observed due to GE, for B was observed a higher yield (4.04 kg m?)
compared to A (2.92 kg m) (Table 23 and Figure 22).

Furthermore, the number of pods per m* was significantly affected by MO and GE. Concerning the
effect of MO the values ranged from 537.1 to 651.0 for NMO and MO respectively, whereas between
GE ranged from 432.7 to 755.5 for B and A respectively (Table 23). The pod diameter was affected
by the interaction MO x GE. Among A the values varied in average from 5.99 to 6.60 mm for NMO
and MO respectively, and among B from 6.33 to 8.88 for NMO and MO respectively (Table 23). The
pod length was significantly affected by MO, longer pods were observed for MO (12.9 cm) than
NMO (10.7 cm) (Table 23). The pod weight was statistically influenced by the interaction ET¢ x GE.
Among A the values fluctuated from 3.2 to 4.6 g for ETc 60 and ETc 100 respectively, otherwise for
B ranging from 7.9 to 11.6 g for ETc 60 and ETc 100 respectively (Table 23).
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Significant variations were noted in the snap bean development upon the different treatments along
the cultivars. Plant epigeous fresh weight (E.F.W.) was significantly affected by ET. and MO, ranging
from 161.3 g to 245.8 g respectively for ETc 60 and ETc 100, and from 173.6 to 233.5 g for NMO
and MO respectively (Table 23). Otherwise, plants hypogeous fresh weight (I.F.W.) was significantly
affected by GE with values ranging from 14.2 to 21.2 g for B and A respectively. The plant epigeous
dry matter (E.D.M. %) was significantly influenced by ETc ranging from 16.5 to 34.7% for ETc 100
and ETc 60 respectively. Whereas the Ipogeous dry matter (1.D.W.) significantly differed according
to the interaction ET. x MO, among ET. 100 the values ranging from 21.84 to 50.0% for ET. 100
NMO and MO respectively, whereas among ET. 60 values ranged from 51.9 to 65.4% for NMO and
MO respectively (Table 23). The number of first order branch was significantly influenced only by
ETc with values ranging from 4.6 to 5.8 fot ETc 100 and ETc 60 respectively. Regarding the
nodulation (Figure 23) expressed by the number of nodules, it was significantly affected by MO and
GE. Concerning the effect of MO the number of nodules varied from 48.6 to 74.1 for MO and NMO
respectively, otherwise regarding GE the values fluctuated from 35.2 to 87.5 for B and A respectively
(Table 23).

The SPAD was significantly influenced by ET., MO and GE. Regarding ETc the values ranged from
44.6 to 45.9 for ETc 60 and ETc 100 respectively. Concerning the MO application, the values varied
from 44.2 to 46.3 for NMO and MO respectively. Regarding GE values range fluctuated from 44.6
to 45.8 for A and B respectively (Table 23).

Table 23 - Table with all characters analyzed with statistical analysis (ANOVA- Student-Newman-
Keuls).

Yield kg
m-Z

Pod N°
m-Z

Pod @
(mm)
Pod
lenght
(cm)
Pod
weight
(8)
N°Branch

E.F.W.
(8)

I.F.W. (g)
E.D.M.
(%)
1.D.M.
(%)

N°
nodules
SPAD

ET
. 100 ET. 60 MEAN
NMO MO NMO MO
A B x A B x A B x A B x ET. E. wmo Mo A B TOT
100 60
345 391 368 384 500 442 200 295 247 240 432 336 405 292 3.08 3.89 292 404 348
820.0 3359 5780 803.6 5046 6541 6512 3414 4963 747.1 5489 6480 6160 5721 537.1 6510 7555 4327 594.1
58 68 638 671 900 786 609 578 593 649 876  7.63 712 678 616 774 629 761 695
1.7 113 115 120 143 131 108 9.0 9.9 124 131 128 123 113 107 129 117 119 118
43 124 8.4 5.0 10.8 7.9 3.1 7.9 5.5 3.2 7.8 5.5 8.1 5.5 6.9 6.7 3.9 9.8 6.8
43 4.0 4.2 5.3 4.7 5.0 6.3 5.7 6.0 6.0 5.0 5.5 46 5.8 5.1 5.3 5.5 4.8 5.2
2520 1707 2113 2787 2820 2803 1250 1467 1358 163.3 2100 1867 2458 1613 173.6 233.5 2048 2023 203.5
273 140 207 207 160 183 150 100 125 217 167 192 195 158 166 188 212 142 177
169 173 171 160 159 160 317 401 359 342 330 336 16,5 347 265 248 247 266 256
196 241 218 533 468 500 514 523 519 603 705 654 359 586 369 577 462 484 473
850 407 628 800 263 532 1147 560 83 703 177 440 580 647 741 486 875 352 613
43.5  44.4 440 452 455 453  43.6 452 444 463 482 473 446 459 442 463 446 458 452
Analysis of variance - Student-Newman-Keuls
ET. MO GE Etc x MO Etc x GE MO x GE Etc x MO x GE

100



Yield kg m-? *xx *xk *kk n.s. n.s. n.s. n.s.

Pod N° m? n.s. * *Ex n.s. n.s. n.s. n.s.
Pod @ (mm) n.s. ** * n.s. n.s. * n.s.
Pod lenght (cm) n.s. ** n.s. n.s. n.s. n.s. n.s.
Pod weight (g) *kx n.s. ** n.s. ** n.s. n.s.
N°Branch * n.s. n.s. n.s. n.s. n.s. n.s.
E.F.W. (g) ** * n.s. n.s. n.s. n.s. n.s.
LEW. (g) n.s. n.s. * n.s. n.s. n.s. n.s.
E.D.M. (%) Hkk n.s. n.s. n.s. n.s. n.s. n.s.
1.D.M. (%) *kx Hkk n.s. * n.s. n.s. n.s.
Nod N° n.s. ** *Ex n.s. n.s. n.s. n.s.
SPAD * Hkk * n.s. n.s. n.s. n.s.

n.s.: not significant; *: P. value=0.05%; **: P. value=0.01%; ***: P.value=0.001%;

A cumulative curve of yield (kg m) B Cumulative curve of yield (%)
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Figure 22 - Yield cumulative curves. A) yield of all harvest expressed in kg m™; B)
percentege of yield collected per harvest.

The Pearson’s correlations determined among the experimental factors highlighted some parameters
for a better understanding and distinguishing the effect of the microbial treatment in deficit regime
condition between the two genotypes studied (Table 24). The yield was positively correlated with
pod diameter, pod length and the pod weight, which indicates how the pod’s characteristics influenced
the yield (Table 24). Interesting that the yield also was positively correlated to the E.F.W. and
negatively correlated to the N° of branch and the N° of nodules (Table 24). Regarding the pod number,
was positively correlated with 1.F.W and the N° of nodules and negatively correlated with the Pod
Weight (Table 24). The Pod diameter was positively correlated with the pod length and the pod
weight, otherwise was negatively correlated with the N° nodules (Table 24). The pod length was
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positively correlated with E.F.W. instead the Pod weight was negatively correlated with the N° of

Branch and the N° of nodules (Table 24). The N° of branch was positively correlated with E.D.M,

I.D.M. and N° nodules. Concerning E.F.W. was positively correlated with I.F.W. and negatively

correlated with E.D.M, otherwise E.D.M. was positively correlated with 1.D.M..

Interesting correlations were also found regarding the SPAD, which was positively correlated with

yield, pod diameter and I.D.M, whereas was negatively correlated with the number of nodules (Table

24).

Figure 23 - Details of roots and nodules among the theses.

Table 24 - Pearson’s correlations of the characteristics analyzed.

. o Pod Pod o
Ylelt‘!2 PodzN Pod @ (mm) lenght weight N°Branch E.F.W. ILF.W. E.D.M. 1.D.M. N SPAD
kg m m (9) (9) (%) (%) nodules
(cm) @)

Yield kg m-2 1
Pod N° m2 -0.092 1
Pod @ (mm) 0.582"  -0.177 1
Pod lenght 0506  0.257 0.730" 1
(cm)
Pod weight i - .
© 0.670 0.745" 0.475 0.169 1
N°Branch -0.520™ 0.229 -0.163 -0.150 -0.523" 1
E.F.W. (9) 0.413" 0.221 0.355 0.415 0.102 -0.035 1
1.LF.W. (g) -0.050 0.608™ -0.137 0.317 -0.391 0.182 0.502" 1
E.D.M. (%) -0.472" -0.189 -0.142 -0.260 -0.269 0.423" 0 598': -0.353 1
1.D.M. (%) -0.050 0.076 0.359 0.168 -0.233 0.432 -0.116 -0.318 0.589™ 1
N° nodules -0.622™ 0.518™ -0.604™ -0.261 -0.691" 0.464" -0.161 0.398 0.045 -0.226 1
SPAD 0.444" -0.068 0.432" 0.230 0.207 -0.039 -0.172 -0.301 0.299 0.583" -0.446" 1

*: Correlation significative at 0.05 ; **: correlation significative at 0.01 .
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From the analysis of the data by principal component analysis, a total of 12 principal components
(PC) were observed and, among them, the first two were responsible for 70.39% of the total variance
registered (Table 25). The first two PC were used to describe the distribution in a two-dimensional
space limited by the principal detected components (Figure 24). The PCA analysis showed that the
PC1 is positively correlated with yield, pod @, pod length, pod weight and E.F.W., otherwise was
negatively correlated with N°Branch, E.D.M. and nodules N°, representing 44.70% of the total
variance (Table 25, Figure 24). Concerning the PC2, it was positively correlated to Pod N° and I.F.W.
and it represented 29.09% of the total variance (Table 25, Figure 24). The distribution of the studied
parameters can be subdivided into two main blocks, one represented (in the space at the bottom) by
the genotype B while the genotype A is distributed in the space at the top (Figure 24). The PCA
clearly show different response to MO under the different ETc, distance between MO and NMO
sample is higher in B than A in both ETc 60 and 100. Interestingly, the poor distance between
60_MO_B and 100_MO_B (Figure 24).

Table 25 - PCs matrix related to the characteristics analyzed.

Component scores

PC1 PC2
Yield kg m-2 0.976 0.068
Pod N° m-2 -0.299 0.722
Pod @ (mm) 0.849 -0.246
Pod lenght (cm) 0.705 0.229
Pod weight (g) 0.762 -0.335
N°Branch -0.745 -0.353
E.F.W. (9) 0.668 0.576
I.F.W. (g) -0.032 0.844
E.D.M. (%) -0.547 -0.750
I.D.M. (%) -0.076 -0.624
N° nodules -0.850 0.458
SPAD 0.417 -0.570
% of Variance 42.00 28.39

Extraction Method: Principal component analysis with 2 components extracted
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2D-PCA (axes PC1 and PC2 : 70.39%)
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Figure 24 - Two-dimensional principal component analysis (2D-PCA) that showed the characteristics
analyzed.

Conclusions
The PGPM based products mentioned in the present paper has brought an increase in yield both in

optimal irrigation conditions and in deficit water conditions. The increase of yield was observed in
both genotypes, but between these, the cultivar “Maxy” took the greatest advantage of the treatment,
observing an almost complete compensation of the water stress. Furthermore, the inverse correlation
between nodulation and yield suggests a reinvestment of the plant’s nutritional resources in the last
phases of the cropping cycle, which leads to the detriment of the nodules, and benefits the pods’
growth. According to what is reported in literature, the study confirms the effectiveness of PGPM
applications in improving the growth and yield of crops both under optimal conditions and under

stress, while taking into account the variability found between genotypes.
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5.3.2. Evaluation of microbial consortia to increase crop performance under biotic stress
conditions
Introduction
The growth rate of the world population requires an increase in food production (Gilland
2002), and also taking into account the climate change in progress, the estimated total global food
demand is expected to increase by up to 62% by 2050, while the population at risk of hunger is
expected to increase by up to 30% (van Dijk et al. 2021). The use of pesticides allowed an
improvement in terms of yield and quality of the agricultural products throughout the world (Aktar
etal. 2009; Popp et al. 2013). Without the use of any pesticides more than half of vegetable production
worldwide would be lost as consequence of various pests and diseases, leading to a significant decline
in global economic development (Keulemans, W., Bylemans, D., De Coninck 2019; Tudi et al. 2021)
. However, it is known that the widespread and uncontrolled use of pesticides has resulted in a large
negative and irreversible impact on the environment (Sarkar et al. 2021; Zhou and Li 2021; Pathak et
al. 2022). Several negative consequences of agriculture activities on the ecological balance of the
environment on the soil, water and atmosphere are reported (Sharma et al. 2019; Sarkar et al. 2021,
Shefali et al. 2021). People’s safety and health have also suffered serious damage caused by chemical
pesticides, for example due to their toxic residues in agricultural products (Lammoglia et al. 2017;
Upadhayay et al. 2020; Tudi et al. 2022). Due to the negative consequence of the overapplication of
the chemical pesticides, the consumers are now concerned about and prefer to consume products
produced by certified organic farms (Saleh et al. 2021). The adoption of Organic farming might
contribute to decrease the use of farm inputs as chemical pesticides and increase soil carbon
sequestration, but it might also exacerbate the use of farm inputs and the emissions through greater
food production elsewhere to make up for lower organic yields(Smith et al. 2019; Karipidis and
Karypidou 2021).
In recent years, alternative products based on natural bioactive compounds(Picchi et al. 2020;
Chaudhari et al. 2021; Pacios-Michelena et al. 2021) or microorganisms(Vishwakarma et al. 2020;
Elnahal et al. 2022; Lacava et al. 2022) have gained greater interest(Toscano et al. 2021; Ayilara et
al. 2023). The use of Plant Growth-Promoting Microorganisms (PGPMs) in agricultural crops is
considered an environmentally friendly alternative to chemical fertilization in both conventional and
organic agriculture (Chouhan et al. 2021; Kumar et al. 2022; Zhou et al. 2022; S. Treccarichi et al.
2023). Microbial inoculants are primarily applied to seeds, roots and soil (Hakim et al. 2021; Rizzo,
Bova, et al. 2022; Paravar et al. 2023; Rizzo et al. 2023), PGPMs can improve plant growth through
increasing nutrient availability, regulating phytohormones, and increasing plant tolerance to biotic

and abiotic stresses by also changing the microbiome of the soil, plant root and the rhizosphere (Deng
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et al. 2019; Araujo 2022). However, a weak point in PGPMs research is the often inconsistent results
(Malgioglio et al. 2022). This may be a consequence of incorrect inoculation methods or may be due
to abiotic factors, such as soil characteristics (nutrient or heavy metal content and pH), water
availability, light intensity, and temperature(Lopes et al. 2021; Malgioglio et al. 2022). Nevertheless,
there are several studies where PGPMs have proven capable of mitigating both abiotic and biotic
stress(Christakis et al. 2021; Rizzo, Bova, et al. 2022; Rizzo et al. 2023). Overall, inoculation of
microbial consortia has been reported to give better results than single strain inoculation(Liu et al.
2023).

Tomato (Solanum lycopersicum L.) is among the most valuable vegetable crop widely cultivated
around the world, it is consumed in both fresh and processed forms(Padmanabhan et al. 2015;
D’Esposito et al. 2023). Tomato crops include several landraces, these are especially appreciated for
their organoleptic and nutritional traits from the local market but also, they have important genetic
traits linked to adaptation to the environment and climate change, as well as resistance to parasites
and diseases(Caramante et al. 2023). Landraces could therefore be an important resource in organic
agriculture, but there is a need to verify their adaptability to the protocols and treatments used in
organic farming, as their response to the PGPM application.

Among the pests and diseases that can affect tomato cultivation, Phthorimaea absoluta Meyrick
(=Tuta absoluta) (Lepidoptera: Gelechiidae), known as the South American tomato leaf miner, is one
of the most destructive and limiting(Silva et al. 2021). P. absoluta is a lepidopteran native to South
America and is one of the main insect pests in Europe, Africa, and Asia, and it can cause extensive
damage up to 100% vyield loss in tomatoes (Solanum lycopersicum) under open field and greenhouse
conditions (Acharya et al. 2023). P. absoluta larvae can destroy tomato canopy by producing mines
in leaves, stems and shoots and burrowing into fruits which significantly affect tomato fruit yield and
quality (Tropea Garzia et al. 2012; Campos et al. 2017). Chemical control methods against P.
absoluta are becoming less effective and sustainable due to the feeding habits of the larvae, the
number of generations completed during the growing cycle and the emergence of resistance of this
pest to the most used insecticides (Tropea Garzia et al. 2012; Campos et al. 2017; Biondi et al. 2018).
Therefore, there is a growing demand for sustainable approaches to control this invasive pest that
includes biological control performed by predators, parasitoids and even microorganisms, in addition
to the selection of tolerant varieties (Desneux et al. 2010; Biondi et al. 2018; Colmenarez et al. 2022;
D’Esposito et al. 2023).

The entomopathogenic bacteria Bacillus thuringiensis is one of the most effective and used biocontrol

agent available against P. absoluta (Alsaedi et al. 2017; Sandeep Kumar et al. 2020), however, in
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recent years, the interest into other entomopathogenic microbes has grown (Urbaneja et al. 2012;
Ndereyimana et al. 2019; Silva et al. 2020; Yuksel 2022; Giannoulakis et al. 2023).

Among the PGPMs already widely utilized, the genera Trichoderma spp. is well known as biocontrol
agents against nematodes and fungal pathogens (Ferreira and Musumeci 2021; Yao et al. 2023) , and
recent evidence proved his efficacy also against insect pests such as P. absoluta (Agbessenou et al.
2020; Agbessenou et al. 2022; Aprile et al. 2022).

In addition to promoting plant growth, symbiosis with Arbuscular Mycorrhizal Fungi (AMF) may
also increase plant tolerance or resistance to herbivorous insects. This appears to be related to the
plant's secondary metabolism, as plants with AMF show higher biosynthesis of plant health
promoting phytochemicals and activity of antioxidant enzymes(Wu et al. 2021; Wang et al. 2023).
Although mycorrhiza-induced plant resistance has been studied against several pests, the effects of
AMF in the tomato plant and the priming defence against P. absoluta are only recently investigated
(Shafiei et al. 2024).

Another factor limiting tomato production is the presence of plant parasitic nematodes, recognized as
one of the major threats to crops worldwide (Tileubayeva et al. 2021). The main plant parasitic
nematodes belong to the genera Meloidogyne spp., Heterodera spp., Pratylenchus spp. and
Globodera spp., and are estimated to cause losses of 100 billion dollars each year(Roopa and Gadag
2020). Nematodes reduce the productivity of important horticultural crops, in particular the tomato
crop(Argento et al. 2019).

Even against nematodes, PGPMs are useful as environmentally friendly biocontrol agents (Migunova
and Sasanelli 2021; Ali et al. 2023). Among biocontrol agents, there is a wide range of PGPMs that
are effective as nematode antagonists (Bhat et al. 2023). Furthermore, these microbials not only
control the parasitic nematodes but also improve plant growth and induce systemic resistance in
plants against a variety of biotic stressors(Chouhan et al. 2021; Dixit et al. 2022; Malgioglio et al.
2022).

We studied the effect of a commercial bioinoculant mixture based on Plant Growth-Promoting
Rhizobacteria (PGPR) and Plant Growth-Promoting Fungi (PGPF) on the growth performance and
yield of 5 different tomato cultivars, one commercial and four Sicilian landraces. The effect of the
bioinoculant as inducer of plant resistance to the tomato pinworm P. absoluta and root-knot
nematodes was also evaluated. Furthermore, the impact of the microbial consortia on the root

microbial community was investigated in relation to the agronomic factors evaluated.

Material and methods
Microbial consortia composition, plant material and site description
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The commercial product Maxy Soil® consists of a microbial consortium composed of 14
different species of known PGPR and PGPF belonging to the following genera: Bacillus spp.,
Pseudomonas spp., Streptomyces spp. Trichoderma spp., Saccharomyces spp., Glomus spp. as listed
in Table 26. The selected tomato genotypes consisted of 1 commercial cultivar (“UC 82”) and 4
Sicilian landraces (“Pizzutello piccolo”, “Riccio”, “Giallo”, “Francavilla™), all the seeds came from
the active gene bank of the Department of Agriculture, Food and Environment of the University of
Catania (Table 27). The experimental trial was conducted in a cold greenhouse located in Comiso,
Sicily, Italy (37°00'09.7"N 14°34'45.4"E) adopting organic farming system. In order to analyse the
soil characteristics, about 1 kg of soil samples were taken from 4 different part of the experimental
field at 30 cm of dept, then the samples were mixed together to make a bulk. The soil characteristics
were consistent across the field and belonged to the sandy-loamy typology. A pH of 7.6 and a specific
conductivity of 3.63 dS/m were recorded. These soil characteristics are typical of "Vittoria," a specific
area in the southeast of Sicily dedicated to tomato crop production. All evaluated soil characteristics
are listed in Table 28.

Table 26 - The Maxy Soil ® provided by ITAKA s.r.l. is a commercial microbial consortium based

on several Plant Growth Promoting Rhizobacteria (PGPR) and Plant Growth Promoting Fungi
(PGPF) known as growth promoters and biocontrol agents.

PGPR/PGPF Quantity
B. subtilis, B.amylofiquefaciens, B. > 1x10° CFU/g
megaterium

Bacillus spp. Bacillus pumilus >1x10° CFU/g
Bacillus azotoformans > 1x10° CFU/g
Pseudomonas spp. P. lurida, P. fluorescence > 1x10® CFU/g
Streptomyces spp. S. griseus, S. lydicus >1x10° CFU/g
T. harzianum, T. asperellum, T. > 1x10® CFU/g

Trichoderma spp. atroviride
Saccharomyces spp. Saccharomyces cerevisiae > 1x10° CFU/g
Glomus spp. G. mosseae and G. intraradices >1% CFU/g

Table 27 - Accessions evaluated during the trial from the active gene bank of the Department of
Agriculture, Food and Environment of the University of Catania

UNICT Accession code code common name Origin
UNICT 4993 A UC 82 ITALY (ISI SEMENTI)
UNICT 2075 B Giallo Trapani (Sicily)
UNICT2028 C Francavilla Francavilla (Sicily)
UNICT1970 D Riccio Castiglione (Sicily)
UNICT3371 E Pizzutello Piccolo Sicily
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The temperatures in the greenhouse were recorded through the weather station “Watchdog 2000
series” (Spectrum Technologies Inc.), the data recorded cover the entire duration of the trial from the

transplanting to the plant sampling, the data are showed in Figure 25.
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Figure 25 - Air temperatures recorded during the trial into the cold greenhouse. Abbreviation: T.
Max = Maximum temperature; T.Min = Minimum temperature; T. Mean = Mean temperature.

Experimental setup

The experimental field was designed following a Split-plot experimental design. The main
plot was represented by the treatment and therefore divided into “Treated” (where the Maxy Soil was
applied) and “control” (without the application of the microbial consortium). Each main plot was
divided into 5 subplots representing the 5 genotypes, each plot was replicated 3 times, for a total of
30 elementary plots with 6 plants for each . The trial was conducted from December 2021 to June
2022, the seeds of each genotype were sown in trays with a commercial peat mix and then transplanted
into the experimental field at 2 -leaf stage. The microbial consortia Maxy Soil was applied by
fertigation (1 L of solution at the doses of 5 g/L for each plant) three times: 7 days before the
transplanting, 7 days after the transplanting, and 30 days after the transplanting.

Table 28 - The soil presents the characteristics of the typical soil of "Vittoria"(Sicily, Italy), known
as adaptable for tomato crop.

Soil characteristics

Fine ground (<2 mm) 989 g/kg
Sand (0.02-2 mm) 856 g/kg
Silt (0.002-0.02 mm) 53 g/kg
Clay (<0.002 mm) 91 g/kg
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Total Limestone 5 g/kg

Total Nitrogen (N) 1 g/kg
Organic carbon 6.7 g/kg

C/N Ratio 6.7
Assimilable phosphorus (P,Os) 144 mg/kg
Exchangeable potassium (K,O) 706 mg/kg

pH 7.6

specific conductivity (25°C) 3.63 dS/m
Cation exchange capacity (CSC) 11.5 meq/100 g
Degree of saturation in bases (GDB) 100 %
Exchangeable Calcium 7.9 meq/100 g
Exchangeable Magnesium 1.7 meq/100 g
Exchangeable sodium 0.4 meq/100 g
Exchangeable potassium (saturated extract) 1.5 meq/100 g
Calcium 68.89 %
Magnesium 14.45 %

Sodium (ESP) 3.63 %
Potassium 13.03 %

K/Mg Ratio 0.9

Mg/K Ratio 1.11

Plant characterization and yield

All the genotypes are semi-determinate cultivars. In order to evaluate the effect of the
microbial consortia on the growth of genotypes several parameters were recorded. At 90 days after
the transplanting (DAT), at flowering stage, were recorded the number of flowers, the number of truss
and the number of set truss (defined as fruit-bearing truss), the data were recorded for each plant and
the mean for each plot was calculated. At 110 DAT, at the end of the flowering stage, were recorded
the plant height, number of flowers, the number of trusses, and the number of set truss, the data were
recorded for each plant and the mean for each plot was calculated. The fruit were harvested when
completely ripe then the total weight for each plot was recorded and the yield was calculated as g per
m2. At 150 DAT, at the end of the crop cycle, 3 plants for each elementary plot were collected and
for them were recorded: nematode damage (0-5 scale), stem length (cm), number of branches, epigeal

fresh weight (g), root fresh weight (g), root length (cm) and root width (cm).

Effect on the tomato pinworm and root-knot nematodes

A population of Phthorimaea absoluta was naturally present in the greenhouse at the
beginning of the experiment, with a uniform level of infestation in the treated and control plots. In
accordance with the weather conditions, the infestation level showed an increasing trend during the

trials, reaching the higher level at the end of the trial; the percentage of damage was calculated at 110
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DAT by counting the number of infested leaves per plant using a visual counting method; all leaves
with detectable mines of P. absoluta were considered as infested.

Preliminary analysis of the soil has shown the presence of a uniform population of root-knot
nematodes in the experimental plots. Root damaged was graded on a severity index (Barker 1985;
Seo et al. 2019) of 0-5 as follows: 0; 0-10%, 1; 11-20%, 2; 21-50%, 3; 51-80%, 4; 81-90% and 5; 91-
100%. For each replicate plant, at 150 DAT the percentage of damaged roots was quantified by visual

counting of the non-functional roots exhibiting nematode galls or necrosis.

Root sampling, DNA extraction and Sequencing

The samples for the microbiome profiling were collected at 100 days after transplanting, when the
plants have developed many fruits but were still in flowering. From each elementary plot, the roots
of three plants were excavated with a small shovel at a depth of 20 cm near to the stem and mixed in
a sterile plastic bag to make a bulk. The roots were shaken to eliminate the soil but not washed in
order to maintain the rhizosphere. The sample were then stored at -80 °C and freeze dried before the
DNA extraction. The lyophilized roots were grinded with pestle and mortar, then DNA extraction
was performed with Power Soil® DNA extraction kit (Qiagen) following manufacture instructions.
The microbiome profiling was performed by Eurofins Genomics Italy srl. The 16S rRNA gene region
V3-V4 (Bukin et al. 2019) was amplified to analyse the bacterial community using the primers
f357F(Turner et al. 1999) (TACGGGAGGCAGCAG) and 800R (Kisand et al. 2002)
(CCAGGGTATCTAATCC). The ITS1(Yang et al. 2018) region was amplified to investigate the
fungal community using the primers 1737F-ITS5 (GGAAGTAAAAGTCGTAACAAGG) and 2043-
ITS2 (GCTGCGTTCTTCATCGATGC)(White et al. 1990). The raw MiSeq paired-end reads were
demultiplexed by the sequencing facility, and bioinformatic analyses were performed by the Genetic
Diversity Centre at ETH Zurich (Switzerland). In short, after quality control and removal of
problematic sequences, the pairs of high-quality reads were merged, and primer sites were trimmed
using USEARCH v11.0.667(Edgar 2010). The merged reads were further quality filtered using
PRINSEQ-lite 0.20.4 (Schmieder and Edwards 2011). Next, utilizing UPARSE and UNOISE3, de-
replicated amplicons were error-corrected to obtain zero radius OTUs (zOTUs), which were then
clustered at 97% sequence identity and chimeras were removed( Edgar 2016b). A count table was
generated for the 16S rRNA (bOTU) and ITS (fOTU) dataset by mapping the amplicons to the OTUs.
Phylogenetic trees were constructed by Multiple-Sequence Alignment using MUSCLE
v3.8.31(Edgar 2004). Finally, the taxonomy was assigned using SINTAX v11.0.667 (Edgar 2016a)
with the databases “SILVA SSU v138” and “UNITE All Eukaryotes (V9)” database for 16S rRNA
and ITS sequences (Abarenkov et al. 2010; Quast et al. 2013).
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Statistical analysis of plant phenotypic and microbiota profiling data. The statistical analysis of
phenotypic data was performed in R version 4.3.2 (R Core Team 2023). Data were analysed via
ANOVA using the car package (Fox and Weisberg 2019). The normality of the data was verified by
graphically visualizing the residuals using the qqPlot() function of the car package and using the
Shapiro-Wilk normality test (Royston 1995) (shapiro.test). The “post hoc” analysis was performed
by “Tukey test” using the function TukeyHSD(). When necessary, the data was transformed by
calculating the square root, data that did not follow a normal distribution after transformation was
analyzed by using the Wilcoxon-Mann-Whitney and the Kruskall-Wallis test. For the bOTUs, the
OTUs unassigned at phylum level, "Cyanobacteria" and "Mitochondria" were removed, while for the
fOTUs all the OTUs belonging to the plant material were filtered. For the microbiome analysis the
packages phyloseq (McMurdie and Holmes 2013), vegan (Oksanen et al. 2022), microbiome (Lahti
and Shetty 2018) and picante (Kembel et al. 2010) were used. The graphs were generated by the
packages ggplot2 (Wickham 2016). The taxa prevalence and the relative abundance were evaluated
after filtering out the low abundant OTUs (less than 4 sequences in at least 3 samples). The treatment
effect on the relative abundance of different phyla was statistically tested by Wilcoxon-Mann-
Whitney and the Kruskall-Wallis test. The alpha diversity was calculated including the low abundant
OTUs on rarefied data, the OTUs Richness and the Shannon diversity index were calculated and
statistically analysed by ANOVA as described above. To calculate the beta diversity the low abundant
OTUs were filtered and the relative abundance was calculated. The beta diversity was analysed
statistically by PERMANOVA (adonis2(), formula “~ Treatment*Genotype”) on Bray-Curtis
dissimilarities and visualized by Constrained Analysis of Principal Coordinates (CAP), as
implemented in the phyloseq package. The differential abundance was calculated after filtering the
low abundant OTUs and with unrarefied data. The differential abundance analysis was performed

using the DESeq() function from the packages DESeq2 (Love et al. 2014).

Results
Growth performance and yield.

The number of flowers per truss, recorded at 90 days after transplanting (DAT), varied
significantly in relation to the cultivar (Table 29); the minimum value was ascertained for “Riccio”
(4.5) and the maximum value for “Pizzutello piccolo” (8.1). The total number of flowers per plant
recorded at the first measurement also varied significantly based on the genotype with average value
varied from 8.9 to 75.8 for “Riccio” and “Pizzutello piccolo” respectively (Table 29). The number of
trusses per plant at 90 DAT was affected by the genoptype, varying significantly from the lowest
value of 1.7 for “Riccio” compared to the highest recorded for “Pizzutello piccolo” (8.8) (Table 29).
The number of trusses at 110 DAT was affected by the P. absoluta infestation, however significant
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differences due to the treatment and among the cultivars were recorded. Regarding the treatment a
higher number of trusses was recorded for the treated plants (4.0) compared to the control (2.7), this
parameters varied also among the genotypes with values varying from 0.8 to 6.1 for “Riccio” and
“Pizzutello piccolo”, respectively (Error! Reference source not found. 29) . The percentage of fruit
set trusses (defined as fruit-bearing truss) recorded 90 DAT showed significant differences with
regards to the treatment (Table 29), and the percentage of fruit-bearing trusses was 37.2% for the
control and the 87.0% for the plants treated (Table 29). Furthermore, a significant effect of the cultivar
was recorded, observing the highest value for “Pizzutello piccolo” (64.5%) and the lowest for
“Riccio” (14.4%) (Table 29). During the second measurement (110 DAT), the percentage of set truss
ranged from 17.9% to 34.3% for the control and treated plants respectively (Table 29). Regarding the
cultivar, the highest value was recorded for “Francavilla” (50.9%) followed by “Giallo” (43.3%),
“UC 82” (16.0 %), “Pizzutello piccolo” (15.9%) and “Riccio” (4.2%) (Table 29). The plant height
recorded at 110 DAT was significantly affected by the microbial consortia application (78.6 cm for
the control plant and 92.7 cm for the plant grown in the inoculated soil) (Table 29). Furthermore, a
significant effect of the genotype was observed for the plant height which varied from 64.7 to 102.3
cm for “UC 82” and “Giallo”, respectively. Several plant characteristics were also evaluated at the
end of the experimental trial (150 DAT), such as the number of branches for which the value
significantly varied in relation to treatment by the microbial consortium used (23.2 for the control
plants in comparison to 30.3 for the treated plants (Table 29). The root fresh weight varied
significantly only among the cultivars (from 16.5 to 106.9 g for “Pizzutello piccolo” and “UC 82,
respectively) while the root length varied significantly both according to the soil treatment with the
microbial consortium (24.9 cm for the control and 33.2 cm for the plants grown In the inoculated soil)
and the cultivar (from 22.8 to 36.7 cm for “Pizzutello piccolo” and “Riccio”, respectively) (Table 29).
For the root width a significant treatment x genotype interaction was observed, where the benefits of
the treatment was most pronounced for “Pizzutello piccolo” (Table 29).

Due to P. absoluta infestation several trusses were lost between the first and the second measurement
(Table 29) as a result of the biotic stress on the plants due to the feeding activity of P. absoluta larvae.
A significant effect of the microbial treatment was observed between the first and the second
measurement with a lower percentage of lost trusses in the plots treated with the microbial consortium
(22.6%) compared to the control plots (50.8%) (Table 29). Significant differences in P. absoluta
damage among genotypes and treatments were also observed. Plants in plots treated with the
microbial consortium showed on average less damage (34.3%) than the control (55.9%) (Table 29).
Among the genotypes, the lowest number of infested leaves per plant was observed in “Giallo”

(29.1%) followed by “UC 82” (37.9%), “Francavilla” (41.7%), “Riccio” (51.5%) and “Pizzutello
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Piccolo” (65.0%) (Table 29). To analyse the correlations among the variables described, a
Spearman’s correlation analysis was performed. The correlogram (Figure 26A) shows that P.
absoluta damage is negatively correlated with the yield and related parameter as the percentage of
fruited trusses (2" measurement). Furthermore, the correlogram shows also a negative correlation
between the P. absoluta damage and the parameters related to the plant growth as plant height and
the fruit weight (Figure 26A).

Assessment of root damage by nematodes at the end of the trial showed a marginally significant effect
of microbial treatment (P value = 0.06) with mean values of 3.5 and 4.6 for the treated and not treated
plots, respectively (Table 29). Significant differences in root damages among the cultivars were
observed. The lowest values were recorded for “Pizzutello Piccolo” (2.5) followed by “Francavilla”
(4.0), “Riccio” (4.0), “UC 82” (4.8) and “Giallo” (5.0) (Table 29). The nematode root damage was
found to be negatively correlated with the root width and positively correlated with the root weight,
however no significant correlation between nematode root damage and plant performance or
productivity was found. (Figure 26A).

P. absoluta infestation had a negative effect on yield and affected the quality of the harvested fruit,
nevertheless a difference in the productivity was observed between the treated plants and the control
plants. Plants in the treated plots were significantly more productive (1292 g m2) than those in control
plots (504 g m™) (Table 29). In addition, a significant difference of production among the cultivars
was observed with “Giallo”(1568 g m™) being the most productive followed by “UC 82” (1134 g m™
2), “Francavilla” (940 g m), “Riccio” (506 g m?) and “Pizzutello piccolo” (344 g m™2) (Table 29).
Regarding the number of fruits per m?, despite not significant (P value = 0.11), was observed an
higher number of fruit for the inoculated plants (30.8) compared to the control (18.7) (Table 29). The
number of fruits per m? varied significantly also among the cultivars: 2.8 for “Riccio”, 16.2 for
“Pizzutello piccolo”, 17 for “UC 827, 28.6 for “Francavilla” and 49.1 for “Giallo” (Table 29).

To investigate the entire variation among the experimental factors a Principal Component Analysis
(PCA) was performed. The first two principal components (PC) of the PCA are shown for
visualization (Figure 26B); the PC1 represent 34.2% of the variation, while the PC2 represents 22.4%.
Looking at the graph, (Figure 26B) there is a trend to cluster the samples among the cultivars due to
the treatment, since for each cultivar the control plants are separated from treated plants. With regards
to the parameters evaluated, there is the tendency to distribute in the upper part of the graph the
samples with the higher yield and the other parameters related to the production and plant growth
(Figure 26C). On the contrary, the samples for which we detected the highest damages due to P.
absoluta and nematodes were recorded are distributed in the lower part of the graph (Figure 26B and
C).
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Table 29 - Summary of phenotypic information recorded during the trial. The mean values of all treatment x genotype groups and the output of the
statistical analyses are shown. Data was analysed by two-way analysis of variance (ANOVA); if needed, the response variable was square root
transformed. In cases where square root transformation was not sufficient to meet model assumptions, Wilcoxon rank-sum tests and Kruskal-Wallis

tests were performed.

Control Treated Mean Statistical analysis
Treatment Genotype
A B C D E A B C D E Tx
Control Treated A B C D E T G G Method
Flower per Truss(N°) | 58 78 72 59 86| 63 8.1 73 32 16 7.1 6.5 6.1 79 73 45 81 |ns. ** ns ANOVA
Truss_N_1st (N°) 65 52 41 23 91| 49 6.1 55 11 84 54 5.2 5.7 56 48 17 88 |ns. ** ns ANOVA
Truss_N_2nd (N°) 33 029 11 09 53| 41 43 39 08 69 2.7 4.0 3.7 36 25 0.8 6.1 |*er s g ANOVA
Total_flowers (N°) 384 433 30.1 137 849| 31.8 493 454 41 667 | 421 395 | 351 463 377 89 758 |ns. ** ns. ANOVA
pe“e“tage(—,,jf)t—tr“ss—m 330 475 579 24 452| 720 1154 1373 265 839 | 372 870 | 525 814 976 144 645 | ** ** ng ANOVA
perce“tage@%—tr“ss—z“d 69 309 343 83 89| 250 557 676 00 230 | 179 343 | 160 433 509 42 159 | ** wx pg ANOVA
percent_Lost_truss (%) | 508 446 683 523 37.8| 170 332 421 298 203 | 50.8 285 | 339 389 552 411 291 | * ns. ns ANOVA
Tuta_damage (%) 48.1 442 521 570 782| 278 141 314 460 519 | 559 343 | 379 201 417 515 650 |*** #x  pg ANOVA
Wilcoxon-
Nematode damage (0-5) | 46 50 50 46 39| 50 50 30 35 1.1 46 35 48 50 40 40 25 x  pg | rank-sum test
and Kruskal-
Wallis test
Plant_heigth (cm) 585 946 90.0 90.1 59.6| 709 1100 1046 102.1 758 | 786 927 | 647 1023 973 961 677 |*** #x pg ANOVA
Branch_N (N°) 206 260 258 290 147| 266 294 310 363 283 | 232 303 | 236 277 284 327 215| * ns. ns ANOVA
Epigeal_weight (g) 125.0 2356 267.7 2779 36.1| 1779 2744 3442 4149 1854| 1885 2794 | 151.5 2550 3059 3464 110.8| * ** ns ANOVA
Root_weight (g) 854 77.4 1008 1185 109| 1283 570 674 649 221 | 786 679 | 1069 672 841 917 165 |ns. ** ns. ANOVA
Root_Length (cm) 256 268 27.6 297 148| 300 317 297 437 308 | 249 332 | 278 292 286 367 228 | ** * ns ANOVA
Root Width (cm) 375 517 368 459 163| 324 423 460 467 657 | 376 46.6 | 350 470 414 463 410 | * ns e ANOVA
Yield g sqm (gm?) | 828.0 7404 7853 109.7 55.6|1439.2 23949 10953 901.7 631.8| 503.8  1292.6 | 1133.6 1567.7 9403 505.7 343.7| * ns. ns ANOVA
Fruit_sqm (N°m?) 147 347 388 12 43| 192 636 384 44 282 | 187 308 | 170 491 386 28 162 *% s ANOVA
Wilcoxon-
. . % rank-sum test
Fruit_weight (g) 525 213 201 544 13.1| 680 374 265 1114 188 | 323 524 | 602 293 233 829 160 |ns ns | o,
Wallis test
Legend: A: "UC 82"; B: "Giallo"; C: "Francavilla"; D: "Riccio"; E: "Pizzutello piccolo"; S.E.: Standard Error; ***: P value < 0.001; **: P value < 0.01;*: P value<0.05; . : P value <0.1; n.s.: not significant.
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Figure 26 - P. absoluta damage is strongly negative correlated with the yield and the plant growth, these
two variables also drive the differences among the samples. A) Correlogram with the significant correlations
(P value < 0.05) calculated by “Spearman”. B) Two-dimensional PCA calculated for of all the phenotypic

parameters recorded during the trial. C) Graph of the more informative variables that drive the sample

distribution.
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Microbiome profiling

To investigate the effect of the microbial consortia treatment on the root microbiome, DNA
was extracted from the roots at flowering stage and the VV3-V4 region of the 16S ribosomal RNA and
of the fungal ITS1 region were sequenced. The 16S rRNA sequencing resulted in 1°600°513 reads
which passed the quality and length filtering. After removing reads associated with chloroplast and
mitochondria, 1°244°021 sequences with an average number of 41°467 reads per sample, varying
from 30’330 to 63’409 reads, were obtained. Sequencing of the ITS1 region resulted in 1°244°182
reads which passed the quality and length filtering. It is known that primers designed to amplify the
ITS region, can also amplify DNA of plants and other eukaryotes. However, the proportion of reads
provided by the sequencing platform that were assigned to plants and nematodes was surprisingly
high; more than 50 % of reads were assigned to plants. Considering that the forward primer (ITS5)
was reported for nematode profiling(Kuzmin et al. 2007; Langford and Janovy 2013; Tkach et al.
2014) before, and that the OTUs associated with nematodes belong to two well-known plant
pathogenic genera Meloidogyne spp. and Pratylenchus spp., we decided to analyse all sequences
belonging to Fungi and Nematodes together. The dataset of fungi and nematodes consisted of 466’599
reads, with an average number of 15’553 per sample, varying from 4°456 to 27°875. The high-quality
reads were clustered in OTUs at >97% sequence identity, resulting in 1’190 bacterial OTUs (bOTUs)
and 356 fungi and nematode OTUs (fOTUSs). In the bacterial population, the phylum Actinobacteriota
showed the highest relative abundance (38.9%) followed by Proteobacteriota (27.4%), Firmicutes
(24.0%), Bacteroidota (5.2%), and Myxomicoccota (1.5%). The remain 13 phyla showed a relative
abundance lower than 1%. In the fungi and nematode dataset 69.6% of the reads were assigned to
Nematode OTUs and the remaining 30.4 % to fungal OTUs. Within the fungal community, the
phylum Ascomycota showed the highest relative abundance (39.7 %), followed by Basidiomycota
(13.2%), Mucoromycota (3.6%), Mortierellomycota (3.44%), the remain 40.0 % belongs to the Fungi
Kingdom but remain unassigned at Phylum level. For both datasets, OTUs from low abundant phyla
were mostly also found to be less prevalent across samples (Figure 27). Visual inspection and
statistics analysis of the relative abundance of different phyla among the samples revealed that
bacteria from the phyla Bacteroidota (P value = 0.007) and Proteobacteria (P value = 0.006) are more
abundant in roots of the control plants while Actinobacteriota (P value = 0.06) and Firmicutes (P
value = 0.02) are more abundant in the roots of treated plants (Figure 27). For the dataset of fungi
and nematodes, we found that relative to fungi there were more nematodes (P value = 0.03) in the
control plants than in the inoculated plants (Figure 27). Further, in the inoculated plants, the

Ascomycota were more abundant (P value = 0.06) (Figure 27).
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Figure 27 - At the phylum level, Actinobacteria and Firmicutes are more abundant in the inoculated
plants while the Proteobacteria are more abundant in the control. For the dataset with fungi and
nematode, compared to the control, fungi are more abundant in inoculated plants at the expense of
nematodes. A) Relative abundance of the Bacterial phyla B) Relative abundance of the fungal phyla.
The bar plots show the relative abundance of each sample replicated three times, “low abundant™ are
indicated the phyla with a relative abundance <1%. The samples are represented by a code where: the
first letter represents the treatment (T = Treated, C= Control); the second letter represents the
genotype (A = “UC 827, B = “Giallo”, C = “Francavilla”, D = “Riccio”, E = “Pizzutello piccolo™);,
1-3 represent the replicates.

The alpha diversity was evaluated by analysing OTU richness and Shannon diversity index. Bacterial
alpha diversity did not differ significantly depending on the inoculation (Figure 28). However,
analysis of variance (ANOVA\) revealed significant differences among the genotypes for the Shannon
index (P value = 0.038). For the fungi and nematode dataset, overall alpha diversity was significantly
increased by the inoculation treatment (Figure 28). This was more apparent for the OTU richness (P
value = 0.018) than the Shannon index (P value = 0.05). Alpha diversity also differed among genotype
(OTU richness, P value = 0.020; Shannon index, P value = 0.07). Further, ANOVA revealed a
significant interaction between the inoculation treatment and plant genotype (OTU richness, P value
=0.016; Shannon index, P value = 0.063). For example, while the treatment markedly increased alpha
diversity in “Francavilla”, for “Pizzutello Piccolo” there was a reduction in response to the treatment.
Taken together, we show that the alpha diversity of fungi and nematodes is affected by the application
of the microbial consortium, plant genotype and their interaction, while bacterial alpha diversity was
mostly unaffected by the treatment and only marginally by the plant genotypes (Figure 28).
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Figure 28 - Microbial application and plant genotype
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The beta diversity was evaluated by Permutational

Multivariate Analysis of Variance

(PERMANOVA)followed by a Constrained Analysis of Principle Coordinates (CAP) for
visualization. For bacterial beta diversity, PERMANOVA showed significant effects of the treatment

(P value = 0.003), explaining 11.8 % of the variation found in bacterial community composition.

Accordingly, the CAP shows a differentiation between the two treatment groups (Figure 29). For the
fungi and nematode dataset, the PERMANOVA indicated a significant effect of the microbial

application (P value = 0.023), explaining 11.7 % of the variation found in community composition.
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Figure 29. Microbial application affects the root microbial community. Constrained Analysis of
Principal Coordinates (CAP) on Bray-Curtis distances of microbial communities are shown for
bacteria A) and fungi plus nematode B). Model for CAP ‘~ Treatment * Genotype’.
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Visualization by CAP showed that other factors affect the ordination more strongly compared to the
treatment (Figure 29).

To determine whether there are individual OTUs that are associated with the microbial treatment, we
performed a differential abundance analysis using DESeq2. For the bacteria, a total of 40 bOTUs
were found to be differentially abundant (P value < 0.001) between treated and control plants (Figure
30). The identified OTUs are taxonomically diverse and belong to the phyla Actinobacteriota,
Bacteroidota, Bdellovibrionota, Firmicutes and Proteobacteria. For fungi and nematodes, a total of
16 fOTUs (P value < 0.001) were found to be differentially abundant between treated and control
plants (Figure 30). The identified OTUs were fungi that are unassigned at phylum level, followed by
Ascomycota and the fOTU23 belonging to Mortierellomycota.

Interestingly, we did not find any nematode OTU to be differentially abundant with the given
significance threshold. However, increasing the significance threshold to P value < 0.05, two
nematode OTUs belonging to the genus of Pratylenchus are found to be abundant in the control plants

compared to inoculated plants.

A Differentially abundant bacterial B Differentially abundant fungal and
o m Ascomycota - fOTU231 4
moaE = . -— L = I
[5e-] w

Abundance /"#%¢
¥ - l 256
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l 4096
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1

Control Treated

Figure 30. Significant differential abundance (P value < 0.001) calculated by DESq2 were observed for
several bacterial OTUs and several fungal OTUs due to the treatment. A) Differentially abundant
bacterial OTUs and B) differentially abundant fungal OTUs. The intensity of the colour represents the
absolute abundance of each OTUs in each sample replicated three times. The individual rows represent
individual OTU, on y-axis are indicated the OTU identity and the Phylum. On x-axis are represented the
samples by a code: the first letter represents the treatment (T = Treated, C= Control); the second letter
represents the genotype (A = “UC 827, B = “Giallo”, C = “Francavilla”, D = “Ricci0”, E = “Pizzutello

piccolo”).
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Conclusions
Further experiments are needed to confirm the results and the effectiveness of the microbial

consortium applied under the biotic stresses due to the nematodes and P. absoluta in replicated trials
on different fields. Taken together, however, this study shows that beneficial microbial inoculants
can increase tomato resilience to biotic stresses, making them a promising tool for eco-sustainable

pest control to reducing chemical inputs in agriculture.
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5.4. Quality of the production obtained in organic — research line 3

5.4.1. Evaluation of Sicilian landraces of broccoli (Brassica oleracea L. var. italica) and
cauliflower (B. oleracea L. var. botrytis) for bio-morphometric and biochemical traits
Introduction
The Brassica spp., a genus within the Brassicaceae family, is native from the Mediterranean
area, and it includes herbaceous plants spread worldwide, due to their adaptability to different
pedoclimatic conditions (Snogerup et al., 1990; Maggioni et al., 2014). Brassica plants are annual and
biennial, recognized by their typical cross-shaped flowers and they are utilized as vegetables,
condiments, oilseeds and for medicinal applications. The principal species cultivated and with a
significant importance in human diet are Brassica oleracea L., known for several crops, Brassica
nigra, Brassica napus and Brassica rapa (Cheng et al., 2014; Arena et al., 2022). These species are
known for their nutritional value, attributed to their content of bioactive compounds, as polyphenols,
vitamins and glucosinolates (Verkerk et al., 2009; Di Bella et al., 2021). Brassica oleracea L. var.
botrytis (cauliflower) is one of the most important and common species belonging to this family. The
cauliflower is characterized by a hypertrophic reproductive organ and is widespread in the
Mediterranean basin (Treccarichi et al., 2023). The violet cauliflower is mainly grown in Sicily,
probably due to the environmental conditions that allow the full expression of the purple colour. This
colour is determined by the presence of anthocyanin pigments, and their synthesis is favoured by
large temperature fluctuations and high levels of solar radiation (Lo Scalzo et al., 2008).
Brassica crops, such as Brassica oleracea var. botrytis, as known as functional food for their high
amount of bioactive compounds, in particular of the glucosinolates (Di Bella et al., 2022; Branca et
al., 2021). The glucosinolates, which are sulphur-containing compounds are naturally hydrolysed by
the myrosinase enzyme and are known to prevent the risk of cancer and other chronic-degenerative
human diseases (Cartea et al., 2008). The profile and the amount of glucosinolates and the other
bioactive compounds varies widely among different subspecies and crops of the same species, with
cauliflower and broccoli being particularly rich in glucoraphanin and glucobrassicin (Ben Ammar et
al., 2023; Argento et al., 2019). Several studies shown that the pedoclimatic conditions, as type of
soil, temperature, rainfall, and specific geographic area could be influenced the growth, development,
and the profile of the plants (Rizzo et al., 2023). The biosynthesis of the bioactive compounds, as
glucosinolates, phenolic compounds, anthocyanins, can be influenced by the temperature
fluctuations, modulating the activity of the enzymes involved in the biochemical pathways (Ragusa

et al., 2020; Bianchi et al., 2021).
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In the last decade, farmers have cultivated in Sicily, in urban and peri urban gardens some varieties
of violet cauliflower characterized by several interesting organoleptic and qualitative traits potentially
useful for product innovation. The aim of this study was the evaluation of the morphometric traits
and profile and amount of the bioactive compounds, as glucosinolates, for characterize and enhancing
the local cultivars of violet cauliflowers, highlighting the distinctive traits and valorised the

biodiversity.

Material and methods

Experimental design

The experimental design adopted was split plot randomized with two experimental factors:
the first was represented by the environmental conditions (EC), while the second one was the
genotype (GE). Six Sicilian cauliflower (Brassica oleracea L. var. botrytis) were grown in two
experimental fields, the first one was in Adrano (Sicily, 37° 38' 11" N, 14° 49' 42" E) and the other
one was in Mojo Alcantara (Sicily, 37° 54' 06" N, 15° 03' 26" E). The seeds of the Sicilian cauliflower
(Figure 31) (‘San Martinaro’, ‘Ottobrino’, ‘Violetto’, ‘Natalino’, ‘Ciuriettu aprilino’) belonging to
the Brassica active genebank of the Department of Agriculture, Food and Environmental (Di3A) and
one violet cauliflower came from DOFATA selection (S.A.LS. seed company)(Table 30). The seeds
sowing was done in July 2021 in cellular trays placed in a cold greenhouse in Catania (Southern Italy,
37°31°10” N 15°04°18” E; 105 m) in organic conditions. The plants, after one month, in August 2021,
were transplanted in the two experimental fields tested. The temperatures were registered by the
“Servizio Informativo Agrometereologico Siciliano”, S.I.LA.S. to evaluate the different soil
composition between the two experimental fields, soil samples were collected at 30 cm depth,
uniformed in bulk, and analysed. The soil composition between the two experimental fields is shown
in Table 31. This type of soil is optimal for cauliflower’s cultivation. The total and active limestone
was found in higher content in the Adrano field compared to the other field (76 and 30 g/kg,
respectively). The assimilable potassium was 1332 mg/kg and 535 mg/kg in Adrano and Mojo,
respectively. The Cation Exchange Capacity was higher in Adrano field (41.7 meq/100g)(Table 31).
The Mojo field was characterized by a content of organic compounds and sand greater than the other
field (62 g/kg and 600 g/kg, respectively) (Table 31). The minerals profile and amount were different
between the two kinds of soil. The Calcium content was higher in the field located in Mojo (0.78),
while the Magnesium was most abundant in the Adrano field (0.56) (Table 31).

Table 30 - List of the accessions of the tested cauliflower.

UNICT 3605 Brassica oleracea var. botrytis A Violetto DOFATA SAIS
UNICT 5291 Brassica oleracea var. botrytis B San Martinaro
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UNICT 5292 Brassica oleracea var. botrytis C Ottobrino
UNICT 5293 Brassica oleracea var. botrytis D Violetto

UNICT 5294 Brassica oleracea var. botrytis E Natalino
UNICT 5079 Brassica oleracea var. botrytis x F Ciurietto aprilino

Brassica oleracea var. italica

N \ \ 4

Figure 31 - The cauliflowers accessions selected for the present trials. A) ‘Violetto’ DOFATA SAIS;
B) ‘San Martinaro’;C)’ Ottobrino’;D) ‘Violetto’;E) ‘Natalino’;F) ‘Ciurietto aprilino’.

Table 31 - Soil analysis of the two experimental fields considered.

Soil Analysis Adrano Mojo
Organic compounds (>2 mm) (g/kg) 19 62
Fine ground (<2 mm) (g/kg) 981 938
Sand (0,02-2mm) (g/kg) 551 600
Silt (0,002-0,02 mm) (g/kg) 308 293
Clay (<0,002 mm) (g/kg) 141 107
Total Limestone (g/kg) 76 0
Active Limestone (CaCO3) (g/kg) 36 0
Total Nitrogen (N) (g9/kg) 2.5 2.8
Organic Carbon (g/kg) 21.3 20.6
C/N Ratio 8.5 7.4
Assimilable phosphorus (P20s) (mg/kg) 240 378
Assimilable potassium (mg/kg) 1332 535
SATURATION EXTRACT - -
pH (saturation extract) 7.4 7.2
Specific conductivity (25°C) (dS/m) 0.94 1.43
Cation Exchange Capacity (CSC) (meg/ 100g) 41.7 25.2
Degree of saturations in bases (GSB) 100% 100%
Exchangeable Calcium (meqg/100g) 13.9 175
Exchangeable Magnesium (meqg/100g) 23.3 3.6
Exchangeable Sodium (meqg/100g) 1.7 0.2
Exchangeable Potassium (meq/100g) 2.8 1.1
Calcium 0.33 0.78
Magnesium 0.56 0.16
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Sodium 0.04 0.007
Potassium 0.07 0.05
K/Mg Ratio 0.12 0.31

Climatic conditions

The data were provided by “Servizio Informativo Agrometereologico Sciliano — S.I.LA.S.”.
The maximum temperature (TMAX), registered in the field located in Adrano, fluctuated from 44°C
to 10°C recorded in August 2021 and February 2022, respectively, while the minimum temperatures
(TMIN) varied from 28 °C to -1°C registered in August 2021 and in January 2022 (Figure 32).
The maximum temperatures (TMAX), during the growing cycle in Mojo experimental field varied

from 40 °C to 4.9 °C, registered in August 2021 and in March 2022, respectively. The minimum
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Figure 32 - Temperatures registered during the trial in both experimental field: A) Adrano and B)
Mojo alcantara. Data provided by “Servizio Informativo Agrometereologico Sciliano — S.I.A.S.”
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temperatures (TMIN) ranged from 27.2°C to -3.3°C in August 2021 and January 2022, respectively
(Figure 32).

Morphometric traits

The plants were collected at the adult plant stage, and they were characterized by their main
morphometric descriptors both for the curds and the plants. The fresh weight (g), height (cm),
minimum and maximum diameter (mm) and grain (mm) were detected for the curds. The plants were
characterized by their fresh weight (g), stem diameter (cm), roots angle (°), weight (g) and the
dimensions of the roots (cm). The products were also analysed for the quality parameters, such as
Soluble solids content by refractometer (°Brix) and for the colour by CIE L*a*b* scale. The curds
were stored at -80°C, lyophilized, grown to a fine powder, and utilized for biochemical analysis by

HPLC system, as glucosinolates profile and amount.

Biochemical analysis

The glucosinolates compounds were extracted following the International Standard Method
ISO 9167-1, 1992, which the European Commission has formally adopted (European Commission,
1990), with several modifications. 200 mg of the freeze-dried brassica samples were boiled in 5 mL
of methanol 70% for 10 min at 70 °C. The samples were centrifugation at 12.000 rpm for 20 min at
4 °C and the supernatant was collected. 2 mL of the samples were inserted into a 25 x 8 mm inner
diameter column filled with 0.5 mL of an aqueous mixture DEAE-Sephadex A-25 resin 50% w/v,
previously conditioned with a 0.02 M buffer of acetic acid and pyridine. 15 pL of sulfatase E.C.3.1.6.1
from Helix pomatia was added. After overnight incubation, the desulfoglucosinolates were eluted
with 1.5 mL of ultrapure H20 and analysed using high-performance liquid chromatography (HPLC,
Agilent 1200 Series System). The HPLC-DAD was equipped with a Kinetech C18 (250 x 4.6 mm,
particle size 5 pm) column with a mobile phase of ultrapure water (solvent A) and acetonitrile: water
20:80 (v/v) (solvent B), with a flow rate of 1.1 mL min—1 and an injection volume of 20 uL, with a
binary gradient: 100%A—0%B for 5 min, increased to 70%A—-30%B from 5 to 17 min, and then at
30%A-70%B for 3 min; the entire run lasted for 40 min. The glucosinolates profile was detected at
229 nm. The quantification was based on the calibration curves of the external standards by
comparing each compound through the retention time (RT) and UV spectra. The results were

expressed in micromoles per gram of the dry weight.
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Statistical analysis

The normal distribution of the data was performed. The statistical analysis was carried out in
triplicate, a two-way analysis of variance (ANOVA) was adopted. The significance of differences
among the biochemical profile and the two experimental factors considered was evaluated by the
analysis of variance (ANOVA) using Tukey’s post-hoc test (p < 0.05). All statistical analyses were
performed using CoStat version 6.451 (CoHort Software, Birmingham, England).

Results
Morphometric parameters

The morphometric data varied between the two experimental factors considered (EC and GE).
We ascertained, for the curd weight (CW), a significant interaction between EC and GE, and its value
varied from 279.70 = 92.36 to 675.08 = 110.17 g, for B and A, respectively, grown in Adrano (Table
32). It ranged from 413.03 + 171.08 to 940.57 £ 87.53 g for F and E, respectively, cultivated in Mojo
(Table 32).
The GE affected the maximum diameter of the curd (CMD), and its value fluctuated from 108.46 +
77.63 to 227.50 = 11.11 mm for genotype F and A, respectively (Table 32). We observed, for the
minimum diameter of the curds (CMID), a significant interaction between the two experimental
factors, EC and GE (Table 32). Its value varied from 25.71 + 3.43 to 37.62 = 1.27 mm for the
genotypes B and A, respectively, grown in Adrano (Table 32). The CMID ranged from 32.62 + 2.63
to 45.69 + 9.92 mm for B and E, respectively, cultivated in the field located in Mojo (Table 32).
Significant variations were observed for the Soluble Solid content (SS), and its value ranged from
36.133 +4.82 to 8.14 £ 0.45 °Brix, for the product obtained from Adrano and Mojo field, respectively.
Concerning the GE, the SS varied from 8.02+0.86 to 8.74+0.31 °Brix, for genotype B and E,
respectively (Table 32).
The GE significantly affected the plant weight (PW), varying from 312.5145.32 to 649.93+96.01 g
for the C and A, respectively (Table 33).
We observed, for the stem diameter (SD), a significant interaction between EC and GE; it varied from
20.32+9.82 to 23.21+ 2.68 cm for F and C, respectively, grown in Adrano, and from 23.29+ 1.59 to
29.66+ 5.83 cm for C and B, respectively, cultivated in Mojo. A significant interaction (ECxGE) was
observed for the root fresh weight (RFW) (Table 33). It fluctuated from 112.95+ 33.61 to 405.85+
131.68 g, for F and A, respectively, grown in Adrano (Table 33). Concerning the RFW for the plants
grown in Mojo, it fluctuated from 164.66+ 27.36 to 246.17+ 55.85 g, for F and B, respectively (Table
33). The root width (RW) was significantly influenced by the GE, and its value varied from
21.34+5.81 to 40.41+£1.13 cm, for F and B, respectively (Table 33).
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A significant interaction (ECxGE) was observed for the main secondary root angle (MSA). Its value
ranged, for the plants grown in Adrano, from 55.19+ 32.44 to 89.17+ 19.79°, for F and B, respectively,
and for the plants collected in Mojo, from 47.3+ 13.29 to 85.42+ 18.87°, for A and B, respectively
(Table 33).

No significant variation was registered for the other morphometric parameters (Table 33).
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Table 32 - Variation of morphometric traits studied in the cauliflower’s accessions grown in the two experimental fields. Values are reported as mean
+ standard. CW: curd weight; CH: curd height; CMD: curd maximum diameter; CMID: curd minimum diameter; CG: curd grain; L* a* b*: chromatic

parameters; SS: Solid soluble content (°Brix).

cw CH CMD CMID CG L* a* b* SS
Adrano Mojo Mean Ad;an Mojo Mean Adrano Mojo Mean Ad;an Mojo Mean A:;a Mojo Mean Ad;an Mojo Mean A:;a Mojo Mean A:;a Mojo Mean A:;a Mojo Mean
A 675.08 + 605.39 + 640.22+ 15.83 27.61+ 21.71 22750+ 209.69+ 218.60+ 37.62 3514+ 3642+ 044+ 056+ 051+ 24.50 26.04 25.31 7.56 £ 595+ 681+ 093+ 152+ 121+ 853+ 791+ 823+
110.17 207.94 49.31 +1.01 23.22 +8.35 1111 62.97 12.62 +1.27 4.02 1.87 0.10 0.06 0,11 +1.75 +4.57 +1.14 2.86 6.17 111 1.07 3.73 0.47 0.54 0.55 0.41
B 279.70 £ 76217 £ 52091+ 17.14 16.61 + 16.09 163.09+ 22354+ 193.34+ 25.71 3262+ 29.25+ 063+ 046+ 055+ 22.96 22.75 2291 8.63 621+ 744+ 058+ 065+ 0.61+ 913+ 841+ 882+
92.36 28.15 341.22 +1.59 1.94 +0.41 24.67 41.36 42.71 +343 2.63 4.92 0.26 0.15 014 £324 +1.80 +0.14 2.86 3.80 §1%77) 233 3.25 0.01 0.29 0.73 0.54
C 31733+ 58996+ 453.60+ 17.66  23.23+ 20.42 14405+ 207.84* 17592+ 29.15 33.28% 3126+ 069+ 047 061 2622 2379 2524 324+ 699+ 515+ 374+ 3.07+ 342+ 867+ 862+ 8.63%
19.74 29.58 192.84 5L 9.29 +3.93 35.49 60.41 45.13 E5158) 3.11 294 0.28 0.14 022  +£427 +587 £1.77 9.49 3.18 2.78 6.49 3.49 0.51 0.33 0.71 0.05
D 402.64 43935+  421.07+ 15.79 1371 17.74 16470+ 15521+ 160.05+ 30.75 3438+ 3266 078+ 055 0.74+ 24.46 23.05 23.74 7.84 £ 10.26 9.05+ 151+ 129+ 144+ 853+ 745+ 802+
74.43 20.69 26.15 +1.57 3.90 +1.52 14.76 15.91 6.74 +2.56 733 2.61 0.19 0.15 0.25 +2.17 +2.05 +1.08 2.74 +4.41 1.74 1,538 2.19 0.20 0.41 0.95 0.86
E 327.75 + 940.57 + 634.20% 17.90 20.88 + 19.45 169.67 £+ 191.02+ 180.32+% 26.90 45.69+ 3633+ 045+ 045+ 0.51% 24.36 24.00 24.22 834+ 870+ 805+ 0.05+ 318+ 160+ 889+ 852+ 874+
96.23 87.53 433.3 +2.24 6.84 +2.10 15.68 75.03 15.18 +2.37 9.92 13.35 0.09 0.20 0.24 +3.65 +5.89 0.38 251 271 0.33 2.03 3.39 222 0.62 0.76 031
F 366.57 + 413.03+ 389.81+ 1577 2472+ 2022 18260+ 10846+ 14551+ 2778 3566+ 3170+ 052+ 065+ 0.63+ 24.03 2889 2652 691+ 7.65+ 736+ 087+ 612+ 351+ 862+ 797+ 831%
122.67 171.08 32,90 +2.60 14.13 +6.31 42.78 77.63 45.58 +6.16 6.94 5.72 0.22 0.43 011  £593 +7.78 4342 3.98 6.34 0.52 0.86 9.19 3.71 3.63 0.57 0.52
Mean 39484+  625.08 + 16.68  21.13 % 17527 + 182.63 + 29.65 36.133 058+ 052+ 24.42 24.74 709+ 7.63+ 128+ 264+ 873+ 814+
143.64 199.70 +1.01 5.19 28.45 43.28 +4.28 +4.82 0.14 0.08 +1.05 +2.34 1.98 1.63 1.30 1.98 0.24 0.45
Significance of the differences by ANOVA Student-Newman-Keuls
f:::il;(:;:)l::;;l‘:] ok ns ns ok ns ns ns ns ok
Genotype (GE) S ns b i ns ns ns ns b
ECxGE i ns - el ns ns ns ns ns

The values associated with the two factors and their interaction were evaluated by two-way analysis of variance (ANOVA); n.s.: not significant; *

significant at p < 0.05; ** significant at p < 0.01; *** significant at p <

0.001.

Table 33 - Variation of morphometric traits studied in the cauliflower’s accessions grown in the two experimental fields. Values are reported as mean
+ standard. PW: plant weight; SD: stem diameter; RFW: root fresh weight; RL: root length; RW: root width; MSA: angle of main secondary root.

PW SD RFW RL RW MSA
Adrano Mojo Mean Adrano Mojo Mean Adrano Mojo Mean Adrano Mojo Mean Adrano Mojo Mean Adrano Mojo Mean
A 717.20% 581.45+ 649.93 £ 37.40+ 23.93+ 30.71+ 405.85% 168.62+ 287.22 ¢ 18.24+ 17.22+ 70/ 2 33.66% 32.84+ BBVl 79.17+ 47.3% 63.24+
138.49 17.07 96.01 4.38 4.81 9.52 131.68 6.16 167.07 6.99 7.08 0.71 11.43 4.04 0.64 7.36 13.29 22.54
B 488.88 + 487.25% 488.10 2945+ 29.66% 29.62+ 266.11+ 246.17+ 256.11 19.46% 20.01+ 19.07+ 4121+ 39.60+ 4041+ 89.17+ 85.42+ 87.30%
14.05 24.60 +1.20 490 5.83 0.24 76.92 55.85 14.20 3.72 3.60 0.44 9.70 10.78 JIN(ES 19.79 18.87 2.65
C 308.87 + 316.27+ 312.51 2321+ 23.29+ 23.36% 189.33% 179.15+ 184.22 + 22.94+ 19.44+ 2111+ 39.03+ 26.19+ 32.61+ 63.75% 64.17+ 63.96+
91.77 55.98 +5.32 2.68 1.59 0.11 61.81 60.07 225! 7.39 3.08 2.53 15.66 7.48 9.17 9.19 8.13 0.3
D 326.98+ 381.12+ 354.14 + 26.84+ 25.55% 26.22% 260.13% 179.57+ 219.90 £ 21.01+ 19.53+ 20.32+ 34.15¢ 32.53¢ 33.33% 7542+ 50.83+ 63.13+
119.39 49.37 38.31 1.04 221 0.91 71.01 81.44 57.03 4.13 5.18 1.05 7.09 13.17 1.15 31.68 6.26 17.39
E 437.66 = 437.14+ 437.42 27.52% 27.61% 27.66% 229.77+ 238.90+ 23430 £ 22.33% 19.17+ 20.81+ 33.30+ 32.99+ 33.14+ 59.86+ 60.83+ 60.35+
35.16 104.08 +0.41 0.63 2.16 0.12 45.41 125.14 6.55 4.20 6.00 222 6.39 11.94 0.26 2.5 7.4 0.69
F 24511+ 41493+ 330.02 £ 20.32+ 27.16% 23.70+ 11295+ 164.66+ 138.81 16.25% 16.66x 16.57+ 17.19+ 25.32% 21.34% 55.19+ 22 66.21+
106.31 63.69 120.15 9.82 2.38 3.55 33.61 27.36 36.62 4.06 243 0.33 40.03 2.0/ 5.81 32.44 27.6 15.58
Mean 420.77+ 436.35% 27.46% 26.21+ 244.02+ 196.18+ 20.04+ 18.67+ 33.09+ 31.58+ 70.43+ 63.30+
170.229 91.19 5.87 241 97.27 36.45 2.55 1.38 8.43 5.24 12.97 14.80
Significance of the differences by ANOVA Student-Newman-Keuls
Enviromental ns ns " ns ns ns
conditions (EC)
Genotype (GE) ok ok ™ ns ok o

ECXGE ns

ok

ns

ns

ok

The values associated with the two factors and their interaction were evaluated by two-way analysis of variance (ANOVA); n.s.:

significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001.
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Soluble Solid Content (SS)

The Soluble solid content was significantly affected by EC and GE. The genotype B grown
in Adrano, showed 9.2°Brix, while the genotypes B, C and E, presented 9.0°Brix, cultivated in Mojo
(Figure 33). The results have highlighted that the SS could be influenced by the pedoclimatic

SS
95

ahc abe abc ahc
85
E]
s
20 cd
75
70

A B C D E F  Mean A B C D E F  Mean A B C D E F  Mean

Adrano Mojo Mean

Figure 33 - The profile of the Soluble solid content (°Brix). (Letters above bars indicate
significantly different means according to Tukey’s post-hoc test, P value < 0.05).

conditions.

Biochemical analysis

The total amount of glucosinolates of the Brassica oleracea accessions tested in this trial is showed
in the Figure 34. The profile was affected significantly by the environmental conditions (EC) and the
genotype (GE). The genotype B shown the higher amount of total glucosinolates in Adrano field
(561.69 pmol g! d.w.) followed by the genotype E with 484.93 umol g d.w. Different trend was
registered for the genotypes cultivated in Mojo field: the genotype A and the genotype F shown the
highest amount of total glucosinolates (948.35 and 789.78 umol g d.w., respectively). The
genotypes A and F, on average, have reported higher values in both fields.

Total GLSs
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Adrano Mojo Mean

Figure 34 - The total amount of glucosinolates of the tested genotypes grown in Adrano and Mojo field
(Sicily, Italy).
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5.4.2. Evaluation of Tomato (Solanum lycopersicum) for bio-morphometric and biochemical
traits
Introduction
Tomato (Solanum lycopersicum L.) is among the most valuable vegetable crop widely

cultivated around the world, it is consumed in both fresh and processed forms (Padmanabhan et al.
2015; D’Esposito et al. 2023). Tomato crops include several landraces, these are especially
appreciated for their organoleptic and nutritional traits from the local market but also, they have
important genetic traits linked to adaptation to the environment and climate change, as well as
resistance to parasites and diseases(Caramante et al. 2023). Landraces could therefore be an important
resource in organic agriculture, but there is a need to verify their adaptability to the protocols and
treatments used in organic farming, as their response to the PGPM application.
These crop are known for their nutritional value, attributed to their content of bioactive compounds,
as carotenoids, vitamins and in particular lycopene.
Several studies shown that the pedoclimatic conditions, as type of soil, temperature, rainfall, and
specific geographic area could be influenced the growth, development, and the profile of the plants
(Rizzo et al., 2023). The biosynthesis of the bioactive compounds, can be influenced by the
temperature fluctuations, modulating the activity of the enzymes involved in the biochemical
pathways (Ragusa et al., 2020; Bianchi et al., 2021).
In the last decade, farmers have cultivated in Sicily, in urban and peri urban gardens some varieties
of tomato characterized by several interesting organoleptic and qualitative traits potentially useful for
product innovation. The aim of this study was the evaluation of the quality traits of the the fruits of
several tomato accessions selected by the BRESOV project in comparison with Sicilian landraces.
The nutritional characteristics of their juice were evaluated in comparison with the already mentioned

Nutrition Protocols (Table 3) tested for seed production.

Material and methods
The experiment was conducted in the experimental field of ITAKA farm located in Comiso,

Sicily (37°00°09.7°°N, 14°.34°45.4°E). The experimental design adopted was split-plot (Figure 1)
with the main plot represented by the nutrition protocol (NP) and the sub-plot by the genotype (G)
(Tab. 1). Three different NP were compared: NPO (only NPK), NP100 (NO + Amminocomplex +
3KO) and NP10OF (N100 + Stim Root + Kappa Micro).

Three repetitions of eight cultivars of Solanum lycopersicum L. have been grown comparing three
different NPs according to the experimental design by WP4. The plants were transplanted in single
rows, with a distance of 1.0 m between the rows and of 0.4 m along the row adopting the crop density
of 4 plats m2. A total of 72 elementary plots were established, each thesis was represented by three
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replicates of 10 plants each. The plants were transplanted on the 28" of April the harvest the fruits
have been harvested till the 1st of September. All tomatoes for seed extraction were collected at the
maturity stage.

The total yield of the plot was divided by the number of plants to calculate the yield per plant
expressed by the weight of fruits per plant (kg plant™!) and number of fruits per plant, then the yield
per m? was calculated (kg m™). To evaluate the several parameters associated with the quality of
fruits, 10 fruit randomly selected from each plot were collected in order to evaluate: fruit fresh weight
(g), length of fruit (mm), fruit diameter (mm). The colour of the fruits was also evaluated trough a
colorimeter.

Several biochemical characteristics related to the quality of the fruits were evaluated from the juice
extracted from the tomatoes. Firstly, from a known weight of tomatoes (almost 100g) the juice was
extracted, the total weight and volume was recorded in order to calculate the yield in g and ml per kg
of tomatoes. The solid soluble content was also evaluated with a digital refractometer as Brix °. The
juice was collected in a 50 ml tube and then stored at -80°C, then was freeze-dried for the further
analysis. The biochemical analysis were carried out in collaboration with CREA, by Dr. Roberto Lo
Scalzo. From the juice were evaluated: total carotenoid content (mg/kg dw); total lycopene (mg/kg
dw); percentage of lycopene among the total carotenoids (%); solid soluble content on dry weight
(Brix°®); ascorbic acid (mg/100g dw); oligosaccarids (g/100g dw); saccarose (g/100g dw); glucose
(g/100g dw); fructose (g/100g dw); total soluble sugars (g/100g dw); citric acid (mg/100g dw); malic
acid (mg/100g dw); succinic acid (mg/100g dw); fumaric acid (mg/100g dw); pyroglutamic acid
(mg/100g dw); total organic acids (mg/100g dw)

The data were analyzed using one-way ANOVA and the difference between the mean values were
separated by Student Newman Keuls at P value < 0.05. Statistical analysis was performed by using
CoStat 6.311.

Table 34 — Accessions evaluated during the trial

BRESOV/UNICT GENOTYPE
CODE
A BT 00510 Cherry negro
B BT 00500 Huevo de paloma
C BT 04120 ONT1
D PO 299 Corleonese
E PO 226 Pizzutello
F PO 303 Tondo
G PS8 Pizzoni- Calabria
H PS 12 Francavilla
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Results
Yield and Fruit characteristics

As mentioned before, the plant growth and the yield was affected by the high temperature
(Figure 19). The yield was affected by the interaction NP x G, it varied from the minimum of 72 g
for NP10OF C to the maximum recorded for 2122 for NP100 E (Figure 35).

ANOVA: NP : Pvalue<0.05; G: Pvalue <0.001; NPxG: Pvalue <0.01
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Figure 35 — Yield calculated as g m™ of fruit collected during the trial

Overall, the fruit characteristics seems to be affected by the interaction NP x G (Table 35).
The fruit weight was affected by the interaction NP x G, the values recorded varying from 1.99 g for
NP100F B and 129.22 g for NP100 C (Table 35).
The diameter was also affected by the interaction between NP x G. The values recorded ranging from
13.39 mm to 62.82 mm for NPO B and NP100 C (Table 35).
Furthermore, also the fruit length varying depending on the interaction NP x G, with the lowest value
recorded for NP10OF B (12.11 mm) while the highest was recorded for NP100 C (55
57 mm) (Table 35).
Interesting, also the number of loci was affected by the interaction NP x G, the values recorded
ranging from 1.86 for NP100OF B to 9.92 for NP100 C (Table 35).
In regard to the colour, this was evaluated using the CIE L *a * b scale. The parameter L was affected
by the interaction NP * G, the values record varying from 29.92 to 47.02 for NPO F and NP100 C
respectively. The parameter “a” was affected by the interaction NP x G, the lowest value recorded
was 4.12 for NP100 A while the highest was 37.76 for NPO C. Again, the parameter “b” was also
affected by the interaction NP x G, the values recorded varying from 10.5 (NP100 A) to 38.49 (NP100
F) (Table 35).
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Biochemical and nutritional characteristics
All the biochemical characteristics are listed in Table 36. Overall, the characteristics were

affected by the interaction NP x G (Table 36).

Regarding the yield of the tomato juice extracted this was significantly influenced by the interaction
NP x G, the yield in terms of g of juice per kg of tomatoes varied from 531 to 925 g kg™ for NPO F
and NP100F H respectively. In terms of percentage, the values varied from 52 to 93 % for NP100 E
and NP100OF H respectively. Concerning the volume of juice expressed in ml per kg of tomatoes, the
values recorded varied from 395 ml kg! for NO C to 891 ml kg!(Table 36).

In regard to the solid solubles content of the juice, was also affected by interaction NP x G. On fresh
samples, the values varied from 3.86 to 8.26 Brix ° for NPO and NPO A respectively. Considering the
dry samples, the solid solubles content varied from 51 to 81 for NP100 G and NPO A respectively

(Table 36).

Also, the total carotenoid content varied significantly due to the interaction between the experimental

factors, the values ranging from 212 to 1223 mg kg! of dry weight (dw) for NP100 E and NP0 F
respectively. The lycopene fluctuated from 108 to 818 mg kg'! of dw for NPO A and NPO F
respectively. In terms of percentage of lycopene on the total carotenoids, it was affected significantly
by the NP and G. The values recorded for NP are 58 % for NPO followed by 56% for NP100F and
53% for NP100. Depending on G, the values varied from 49% for A to 60% for H (Table 36).

The quantity of the organic acids and sugars overall varied significantly due to the interaction NP x
G. The content of Ascorbic Acid (Asa), varied from 22 to 227 mg per 100g of dw for NPO B and
NP100 G, respectively (Table 36).

The contents of oligosaccharides (rfo) varied also significantly due to NP x G, the lowest value was
recorded for NP100 E (2.50 g per 100 g of dw) compared to the highest for NP100 F H (5.83 g per
100 g of dw).

Still due to NP x G, the quantity of saccarose fluctuated significantly from 0.06 g per 100 g of dw for
NPO F to 0.49 g per 100 g of dw for NP100 F. Regarding the quantity of glucose, it varied from 9 to
27 g per 100 g of dw for NPO D and NP100 A, respectively.

On the contrary, the quantity of fructose varied significantly among G, the values ranging from 15 to
27 g per 100 g of dw for A and D respectively (Table 36). Also the total content of sugars was
significantly affected by G, the values fluctuated from 31 to 56 g per 100 g of dw for D and A
respectively (Table 36).

The content of Citric Acid was significantly affected by NP and G. In regard to NP, the values
recorded are 5229 mg per 100g of dw for NP100, followed by 5076 mg per 100g of dw for NP100F

134



and 4770 mg per 100g of dw for NPO. Concerning the effect of G, the values varied from 1474 to
6719 mg per 100g of dw for C and F, respectively (Table 36).

Again, also the Malic Acid was affected by the interaction NP x G. Based on the effect of NP, the
values recorded are 1204 mg per 100g of dw for NP100F, 1187 mg per 100g of dw for NP100 and
1167 mg per 100g of dw for NP0, while for the effect of G the values varied from 763 to 2142 mg
per 100g of dw for H and F respectively (Table 36).

Regarding the other organic acids, all of them varied significantly due to the interaction NP x G
(Table 36).

Surprising, the succinic acid fluctuated from 149 to 4885 mg per 100g of dw for NP100F D and
NP100 D respectively. The fumaric acid varied from 0.49 to 4.97 mg per 100g of dw for NP100 A
and NP100 D respectively. Regarding the Pyroglutamic Acid, the values varied from 9 to 358 mg per
100g of dw for NPO F and NP10OF D, respectively (Table 36).

Finally, the quantity of total organic acids was significantly influenced by the interaction NP x G,
with the lowest value of 3406 mg per 100g of dw for NPO C while the highest of 11636 mg per 100g
of dw was recorded for NP10OF H (Table 36).
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Table 35 — Summary of the Fruit characteristics evaluated

NPO NP100 NP100F
A B C D E F G H A B C D E F G H A B C D E F G H
Weight (g) 8.18 2.17 70.90 78.15 19.92 61.85 9.16 20.00| 9.18 3.09 129.22 75.99 23.21 60.18 9.97 19.99 8.78 1.99 84.16 66.53 17.37 61.02 10.18 19.79

Diameter (mm) |23.31 13.39 55.36 62.58 29.76 49.24 23.93 35.83| 23.66 15.02 62.82 57.42 31.63 46.31 24.33 31.91| 23.83 18.65 58.58 54.70 30.32 47.78 25.21 30.42
Length (mm) 23.09 18.95 44.24 3398 36.66 41.60 25.25 29.15| 24.14 22.09 55.57 33.66 40.49 42.27 2494 3453| 23.74 12.11 40.42 34.67 35.01 41.93 24.69 36.31

Locus 203 207 517 758 223 343 213 200| 200 2.00 992 856 220 410 2.00 221 200 18 7.82 7.89 220 3.77 2.00 2.07
L* 39.50 43.03 30.66 43.68 42.25 29.92 39.65 38.10| 36.50 43.42 47.02 4190 44.68 46.02 39.34 40.87| 35.53 42.60 40.33 38.37 4292 37.97 4231 42381
a* 5.38 24.84 37.76 21.87 23.93 35.54 19.86 12.26 | 4.12 23.08 15.82 20.49 20.70 28.36 22.44 18.71 6.45 26.15 23.96 23.86 22.66 31.95 17.75 21.73
b* 11.72 27.52 20.95 31.01 31.82 23.46 21.56 18.38 | 10.05 30.68 21.14 30.63 35.10 38.49 2597 25.24| 10.81 31.03 26.15 27.02 28.00 30.97 29.41 30.90
Genotype (G) NP ANOVA

A B C D E F G H NPO NP100 NP100F NP G NP x G
Weight (g) 8.71 2.42 94.76 73.55 20.17 61.02 9.77 19.93 33.79 41.35 33.73 Hkx ok ok
Diameter (mm) 23.60 15.69 58.92 58.24 30.57 47.78 24.49 32.72 36.68 36.64 36.19 n.s. *Ek *Ek
Length (mm) 23.65 17.71 46.74 34.10 37.39 41.93 24.96 33.33 31.61 34.71 31.11 *x ok *x
Locus 2.01 1.97 7.64 8.01 2.21 3.77 2.04 2.09 3.33 4.12 3.70 * ok ok
L* 37.18 43.01 39.34 41.32 43.28 37.97 40.43 40.59 38.35 42.47 40.35 * *x rHE
a* 5.32 24.69 25.85 22.07 22.43 31.95 20.01 17.57 22.68 19.22 21.81 n.s. ok ok
b* 10.86 29.74 22.75 29.55 31.64 30.97 25.65 24.84 23.30 27.16 26.79 * ok *x

A:cv “Cherry negro”; B: cv “Huevo de paloma”; C: “ONT1” D: “Corleonese”; E: “Pizzutello”; F: “Tondo”; G” Pizzoni-Calabria”; H: “Francavilla”; NP: Nutrition protocol ; G: Genotype. *Significant difference at P
<0.05; ** p<0.01; *** P < 0.001; n.s. not significant difference.
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Table 36 — Summary of the biochemical characteristics of the tomato’s juices analyzed

NPO | NP100 NP100F

A B C D E F G H A B C D E F G H A B C D E G F H
Juice/weight (g/kg) 652 621 597 832 654 531 649 836 828 598 755 771 524 821 623 851 742 592 708 604 906 760 685 925
Juice/Weight (%) 65 62 60 83 65 53 65 84 83 60 75 77 52 82 62 85 74 59 71 60 91 76 69 93
Juice yield (ml/kg) 641 611 395 834 530 528 569 716 811 640 658 750 467 958 558 597 709 617 578 551 776 758 645 821
S.S. on Fresh (Brix°) 826 663 3.8 519 5.04 457 7.00 535 | 7.32 6.56 4.43 4.46 4.62 5.27 5.97 469 | 707 450 4.14 486 429 452 5.46 5.11
carot tot (mg/kg dw) 209 243 467 531 342 1223 397 601 267 217 417 436 212 546 260 506 277 245 410 636 539 184 767 355
lyc (mg/kg dw) 108 146 276 313 208 818 221 372 126 124 242 272 113 338 118 307 160 144 241 380 329 84 489 208
% lyc vs tot 51 60 59 57 61 61 53 61 47 58 56 49 53 59 45 61 49 59 58 60 59 51 55 58
S.S. on d.w. (Brix) 81 87 74 72 76 62 76 74 78 74 73 73 75 73 51 68 78 75 74 75 68 76 70 75
AsA (mg/100g dw) 44 22 73 88 141 152 185 160 109 24 105 75 175 141 227 155 129 147 89 121 151 170 140 120
rfo (oligosaccarids) g/100g dw 275 3.25 599 475 373 479 3.96 4.82 2.86 3.37 493 4.43 2.50 3.89 3.98 431 | 2.56 3.37 546 459 529 4.46 3.67 5.83
saccarose g/100g dw 0.16 0.20 047 010 0.19 0.06 0.24 0.26 | 0.23 0.23 0.20 0.11 0.09 0.49 0.33 0.23 | 0.20 0.15 0.34 0.25 0.11 0.32 0.12 0.34
glucose g/100g dw 26 27 13 9 24 13 22 18 27 26 13 11 21 14 18 21 25 19 13 13 16 18 19 16
fructose g/100g dw 27 26 19 16 25 18 25 21 27 26 19 14 21 21 24 21 25 22 19 15 19 21 22 20
total soluble sugars g/100g dw 57 57 38 30 52 36 51 44 58 56 37 30 44 39 45 47 53 45 38 32 40 44 45 42
citric acid mg/100g dw 6823 5459 1034 1888 5149 6251 6792 4765 | 6712 5905 1915 4359 4473 6643 7228 4595 | 6025 6083 1474 4780 4387 5966 6138 5754
malic acid mg/100g dw 1102 951 932 646 1068 1662 2152 823 1023 930 772 1586 1014 811 2963 400 957 1046 895 1736 1490 1129 1310 1067
succinic acid mg/100g dw 1405 1255 1271 2301 2779 1716 2467 1831 | 1893 2692 1766 4885 2774 3401 1000 462 | 2017 2768 1370 149 3927 2586 1866 4676
fumaric acid mg/100g dw 237 059 255 204 237 0.80 1.07 1.93 | 0.27 0.30 2.17 4.97 0.61 1.42 4.61 3.69 | 0.80 3.72 236 493 184 151 0.80 1.35
pyroglutamic acid mg/100g dw 80 39 167 195 64 285 9 104 64 91 155 343 50 252 18 201 66 354 147 358 102 97 176 139
tot organic acids mg/100g dw 9411 7703 3406 5032 9063 9914 11421 7525 | 9693 9619 4610 11177 8312 11109 11214 5661 | 9066 10254 3888 7028 9909 9780 9490 11636

Gentotype (G) Nutrition protocol (NP) ANOVA
A B C D E G F H NPO NP100 NP100F NP G NP x G

Juice/weight (g/kg) 740 604 687 736 695 704 652 871 672 721 740 n.s *xE *xx
Juice/Weight (%) 74 60 69 74 69 70 65 87 67 72 74 n.s HEx rEk
Juice yield (ml/kg) 720 623 544 712 591 748 591 711 603 680 682 * *x *xx
S.S. on Fresh (Brix®) 7.55 5.90 4.14 4.84 4.65 4.79 6.14 5.05 5.74 5.41 4.99 ** HEx rEk
tot carotenoids (mg/kg dw) 251 235 431 535 364 651 475 487 502 358 427 * *xE *xx
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lyc (mg/kg dw) 131 138 253 322 217 414 276 296 308 205 254 * Horx ok
% lyc vs tot 49 59 58 55 57 57 51 60 58 53 56 * *EE n.s.
S.S. on d.w. (Brix) 79 79 74 73 73 70 66 73 75 71 74 * * *

AsA (mg/100g dw) 94 65 89 95 155 154 184 145 108 127 133 * Horx ok
rfo (oligosaccarids) g/100g dw 2.72 3.33 5.46 4.59 3.84 4.38 3.87 4.99 4.25 3.78 4.40 ** *EX *EX
saccarose g/100g dw 0.20 0.19 0.34 0.15 0.13 0.29 0.23 0.27 0.21 0.24 0.23 n.s. rorx ok
glucose g/100g dw 26 24 13 11 20 15 20 19 19 19 17 * *EE *xE
fructose g/100g dw 27 25 19 15 22 20 23 21 22 22 20 n.s. Hkx n.s.
total soluble sugars g/100g dw 56 52 38 31 46 40 47 44 46 44 42 n.s. *Ex n.s.
citric acid mg/100g dw 6520 5815 1474 3676 4670 6287 6719 5038 4770 5229 5076 n.s. HoEx ok
malic acid mg/100g dw 1027 976 866 1323 1191 1201 2142 763 1167 1187 1204 n.s. *HE xRk
succinic acid mg/100g dw 1772 2238 1469 2445 3160 2567 1778 2323 1878 2359 2420 * HoEx ok
fumaric acid mg/100g dw 1.15 1.54 2.36 3.98 1.61 1.24 2.16 2.32 1.71 2.26 2.16 * *x xRk
pyroglutamic acid mg/100g dw 70 161 156 298 72 212 67 148 118 147 180 ** FEx rokk
tot organic acids mg/100g dw 9390 9192 3968 7746 9094 10268 10708 8274 7934 8924 8882 *x Hokx oxk

A:cv “Cherry negro”; B: cv “Huevo de paloma”; C: “ONT1" D: “Corleonese”; E: “Pizzutello”; F: “Tondo”; G”Pizzoni-Calabria”; H: “Francavilla”NP: Nutrition protocol ; G: Genotype. *Significant difference at P = 0.05; ** P = 0.01; *** P=0.001; n.s.
not significant difference.
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Conclusions
In the present work, supported by the H2020 BRESOV project, the effect of 3 NP designed for

organic agriculture and based on the application of MCs and Amino acids were evaluated for tomato
production of 8 genotypes, among them elite accession selected by the project and Sicilian landraces
from the active gene bank of the Di3A. Several qualitative characteristics were analysed of fruit and
juices were analysed, the data obtained proved that MCs and amino acids are promising tools to be
implemented for the juice obtained from organic agriculture. The optimal adoption of NP100 of
NP100 F depending on the cultivars adopted as the significant effect of NP x G was observed for
several parameters. Among the genotypes evaluated, the most interesting for their nutritional and
commercial characteristics are “Cherry negro”, “Huevo de Paloma”, “Pizzutello” and “Francavilla”,

the results indicated that they can be suitable for the juice production.

139



5.5. Exploitation of Reused Wastewater for Organic Agriculture — research line 4

5.5.1. Reclaimed wastewater from constructed wetland as an alternative water source for
agriculture: effect on agronomic traits on tomato (Solanum lycopersicum L.) and lettuce
(Lactuca sativa L.) crops

Introduction
The use of reclaimed wastewater (RW) for irrigation of crops represents a solution to face the
scarcity of quality water found in many countries of the Mediterranean basin (Leonel and Tonetti
2021; Mahjoub et al. 2022). Furthermore, the use of RW in agriculture could allow an important
saving of fertilizers (i.e., nitrogen and phosphorus) and benefits for the environment, thus avoiding
the discharge of contaminated water into public waterways (Arena et al. 2020; Drechsel et al. 2022;
Licciardello et al. 2023). It is estimated that the reuse of RW can save 15% of world water
consumption (Bian et al. 2014; Castorina et al. 2016). The RW can be utilized for different uses, such
as irrigation of food and non-food crops, irrigation of green or recreational areas (with or without
direct contact), aquaculture, industry (water for refrigeration, cleaning), municipal use and recharging
of aquifers storages (Cirelli et al. 2007; Rizzo, Ciccarello, et al. 2022). The Constructed Wetland
(CW) systems for wastewater treatment involve the use of engineered systems designed and built to
use natural processes imitating natural wetland systems, using plants, soil and microorganisms
associated with wetlands to remove contaminants from wastewater effluents (Hassan et al. 2021; Wu

et al. 2023).
CWs are an efficient tertiary treatment technology due to their low operating and maintenance costs
and efficiency in wastewater treatment especially in small and medium-sized communities (Zurita et
al. 2012; Castorina et al. 2016; Hota et al. 2023). The aim of the trial was to evaluate the effect of
RW treated by a CW system on two different crops, tomato (Solanum lycopersicum L.) and lettuce
(Lactuca sativa L.). For this purpose, the experimental field was conducted in a farmhouse equipped
by CW system. The RW was utilized to irrigate an experimental field in which the two crops

mentioned were transplanted. Their effect was compared with plots irrigated with groundwater (GW).

Material and methods

I cycle

The experimental field was created at the “Agriturismo Valle dei Margi” located in
Grammichele (Italy, 37°24°92”N, 14°59°97”E) during the summer season of 2021. The adopted
design was split-plot with the main plot represented by the different sources of irrigation water (W):

reclaimed wastewater (RW) and groundwater (GW) as control. The RW was from a hybrid
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constructed wetland (CW) for the tertiary treatment through the following plant species: Cyperus
papyrus, Typha spp., Carex spp., Scirpus spp., Schoenoplectus spp., Iris pseudacorus, Phragmites
spp. The sub-plot was represented by the type of driplines (D), the “blue” (BD) and the “yellow”
(YD) ones treated with two different antimicrobial compounds designed to prevent biofilm formation
that were provided by Irritech. For tomato, the sub-sub-plot was represented by the two different
genotypes (G) with two commercial determinate cultivars: ‘Big Rio’ (A) and ‘SV8840MT’ (B).
Instead, for lettuce only one cultivar, ‘Gretta Erre’ was utilized. Each combination of the experimental
factors studied was replicated three times. Due to the experimental design the experimental field was
subdivided in 36 elementary plots of 12 m? (24 for tomato and 12 for lettuce). Both crops were
established transplanting plantlets at 4 true leaf stage on the 18" of June 2022. In order to facilitate
the management of the weeds plastic mulch was applied. The plants were transplanted in twin rows
with the densities of 4 plants m™ for tomato and 6 plants m for lettuce. Several agronomic parameters
were registered to evaluate the effects of the different irrigation water types. For lettuce, all plants
were harvested after 46 days from the transplant then 8 representative plants were randomly collected
for each replicate in order to register the fresh weight, the number of leaves, the stem diameter and
the stem height. Also, the yield per m? was calculated (kg m2). For tomato, all fruits from each plant
of the plot were collected and weighted at the ripening stage (approximately 90 days from transplant),
and the number of fruits was recorded. The total yield of the plot was divided by the number of plants
to calculate the yield per plant expressed by the weight of fruits per plant (kg plant™) and number of
fruits per plant, then the yield per m? was calculated (kg m?). Furthermore, from each plot ten
representative plants were randomly collected in order to evaluate the fresh weight of the plant
epigeous portion (g), the fresh weight of the hypogeous plant portion (g), the stem diameter (mm),
the height of the plants (cm), the percentage of dry matter of the epigeous and hypogeous plant portion
(%). To evaluate the several parameters associated with the quality of fruits, 10 fruit randomly
selected from each plot were collected in order to evaluate: fruit fresh weight (g), length of fruit (mm),
fruit diameter (mm). The data were analyzed using one-way ANOVA and the difference between the
mean values were separated by Student Newman Keuls at P value < 0.05. Statistical analysis was

performed by using CoStat 6.311.

1l Cycle

The experimental field was created at the “Agriturismo Valle dei Margi” located in Grammichele
(Italy, 37° 24" 92" Nord 14° 59' 97) during the spring- summer season of 2022. The adopted design
was split-plot with the main plot represented by the different sources of irrigation water (W):

reclaimed wastewater (RW); RW treated by ultraviolet rays (RW+UV); and groundwater (GW) as
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control. The RW was from a hybrid constructed wetland (CW) for the tertiary treatment through the
following plant species: Cyperus papyrus, Typha spp., Carex spp., Scirpus spp., Schoenoplectus spp.,
Iris pseudacorus, Phragmites spp. The sub-plot was represented by the type of driplines (D): the
“blue” (BI) and the “yellow” (Ye) ones treated with two different antimicrobial compounds designed
to prevent biofilm formation and the “green” (Gr) ones untreated and adopted as control. All the
driplines were provided by Irritech S.p.A.. The sub-sub-plot was represented by the two genotypes
(G): for the tomato crop, were adopted the two commercial determinate cultivars “Big Rio” (A) and
“SV8840MT” (B); for the lettuce crop were adopted the cultivars “Gretta Erre” (A) and “Gardenia”
(B). Each combination of the experimental factors studied was replicated three times. Due to the
experimental design the experimental field was subdivided in 54 elementary plots of 12 m? for each
crop. Both crops were established transplanting plantlets at 4 true leaf stage at the end of April 2022.
In order to facilitate the management of the weeds plastic mulch was applied. The plants were
transplanted in twin rows with the densities of 4 plants m? for both tomato and lettuce. Several
agronomic parameters were registered to evaluate the effects of the different irrigation water types.
For lettuce, all plants were harvested after 46 days from the transplant then 8 representative plants
were randomly collected for each replicate in order to register the fresh weight, the number of leaves,
the stem diameter and the stem height. Also, the yield per m* was calculated (kg m™). For tomato, all
fruits from each plant of the plot were collected and weighted at the ripening stage (approximately
90 days from transplant), and the number of fruits was recorded. The total yield of the plot was divided
by the number of plants to calculate the yield per plant expressed by the weight of fruits per plant (kg
plant-1) and number of fruits per plant, then the yield per m? was calculated (kg m™). To evaluate the
several parameters associated with the quality of fruits, 10 fruit randomly selected from each plot
were collected in order to evaluate: fruit fresh weight (g), length of fruit (mm), fruit diameter (mm).
The data were analyzed using “three-way ANOVA” performed by (R Core Team, 2021) using the

“Anova” function of the “car” package.
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Results
I cycle
The growth and the yield of both lettuce and tomato crops were negatively affected by the high
temperatures recorded during the experimental trial that affected the fruit set of tomato plants and
reduced the vegetative phase of the lettuce. Despite the climatic conditions (Figure 36), the following

data were recorded.
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Figure 36 - Temperatures recorded during the experimental trial (by
“Servizio Informativo Agrometereologico Siciliano”, S.I.A.S.).

Lettuce

Concerning the yield of the heads of lettuce, a slightly higher but not significantly different value was
recorded for the lettuce irrigated with RW (1.35 kg m™) compared to the lettuce irrigated with GW
(1.13 kg m™). Significant differences were recorded in relation to D; higher values were recorded for
the plants irrigated by BD (1.55 kg m™) than by the YD (0.93 kg m™?). With regard to the plant fresh
weight, values tended to be higher for the plants irrigated with GW (224.6 g) than those irrigated with
RW (206.9 g) without any significant difference among them. Fresh weight of the plants irrigated by
BD was significantly higher (248.2 g) than that of the plants irrigated with YD (183.3 g). Concerning
the number of leaves, the highest value was recorded for the plants irrigated by RW and BD (36.4),
while the lowest was observed in plants irrigated by GW and YD (22.8); significant interaction was
observed between the two factors. Regarding the stem height, no significant difference was observed
(Table 1) with the stem of the plants irrigated by BD (89.7 mm) tending to be higher than that of the

plants irrigated by YD (68.7 mm). The stem diameter was significantly higher in plants irrigated by
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RW (23.0 mm) compared to GW (18.5 mm). Significant differences were also observed between the
plants irrigated by BD (22.0 mm) compared with plants irrigated by YD (19.5 mm). All data and the

related statistical analysis are listed in Table 37.

Table 37 - Yield and plant characteristics of lettuce with statistical analysis.

RW GW Mean Mean

BD YD Mean BD YD Mean BD YD

Head yield (kg m2) 1.73 0.97 135 1.37 0.89 113 155 0.93
Fresh weight (g) p37.4 176.4 206.9 2589 190.2 2246 2482 183.3
N°® of leaves 36.4 24.1 302 243 22.8 235 303 234
Stem height (mm) 98.9 69.4 842 805 68.0 743 897 68.7

Stem diameter (mm) 25.2 20.8 23.0 188 18.2 185 22.0 19.5
Significancy of the differences by ANOVA Student-Newman-Keuls

W D WxD
Head yield (kg m?) n.s. * n.s.
Fresh weight (g) n.s. ¥ ns
N° of leaves = = *
Stem height (mm) n.s. n.s n.s.
Stem thickness (mm) * ¥ n.s.

RW: reused wastewater; GW: ground water; BD: blue dripline; YD: yellow dripline; W: water type; D: dripline type.
*Significant difference at P=0.05; ™ P=0.01; n.s. no significant difference.

Tomato

Regarding the fresh weight of the epigeal plant portion (Table 38), significant higher values were
observed for the plants irrigated by GW (550.0 g) compared to those irrigated by RW (289.7 g). The
epigeal fresh weight tended to be higher in plants irrigated by YD (466.5 g) than BD (373.2 g) but
without any significant difference. Concerning the fresh weight of the hypogeous plant portion,
significant higher values were observed for the plant irrigated by GW (327.8 g) than those irrigated
by RW (116.5 g). Again, values recorded in plants irrigated by YD (252.1 g) tended to be higher than
those irrigated by the BD (192.2 g). The percentage of the dry matter of the epigeous plant portion
was significantly higher for the plants irrigated by RW (25.1%) than by GW (14.5%) with plants
irrigated by YD (21.1%) tending to display higher values than those irrigated by BD (18.5%). About
the percentage of dry matter of the hypogeous plant portion, no difference between treatments was
observed and values recorded in the plants irrigated by RW (36.2%) tended to be higher than to those
irrigated by GW (28.9%); a similar trend was observed for YD (37.7%) and BD (27.4%). The stem
diameter was significantly higher in plants irrigated by GW (23.9 mm) compared with those irrigated
by RW (20.0 mm), no significant differences were observed in relation to D and G; significant
interaction was observed between W and D. Regarding the number of leaves, higher values were
recorded in plants irrigated by GW (24.7) than in those irrigated by RW (17.1). Furthermore,

significant higher number of leaves was observed for the plants irrigated by BD (24.0) compared to
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YD (17.8) with no significant differences observed between the G studied (Table 38). Regarding the
height of the plants, significant higher values (79.7 cm) were registered for the plants irrigated by
GW than for those by RW (63.0 cm) while no significant differences were observed for D and G
(Table 38). Concerning the fruit yield, an interaction was observed between W and D; the plants
irrigated by RW and YD (2.19 kg m™) showed significant higher values than those irrigated by RW
and BD (1.79 kg m?). The plants irrigated by GW and BD registered higher values (2.48 kg m2) than
those irrigated by GW and YD (1.65 kg m™); no significant differences were recorded in relation to
the genotype. Regarding the number of fruits per plant was observed a significant interaction between
W and D; the highest value was recorded for the plant irrigated by GW and BD (21.2) whereas the
lowest was registered for the plants grown under GW and YD (6.7) as reported in Table 38. The fruit
weight displayed a significant interaction between W and D; the highest value was recorded for the
plants irrigated by GW and YD (106.6 g) and the lowest for those grown under RW and YD (47.4 g).
Regarding the fruit length, significant differences were observed in relation to W and to D; higher
values were recorded in plants irrigated by RW (36.2 mm) than by GW (31.4 mm). A significant
effect was detected for D, with higher values recorded for the plants irrigated by YD (40.2 mm) than
by BD (27.4 mm). A significant interaction was observed regarding the fruit diameter between W and
D, and the highest value was recorded for the plants irrigated by GW and BD (26.0 mm) and the
lowest for those grown under RW and BD (19.0 mm).
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Table 38 - Plant characteristics and fruit yield and quality of tomato trial with statistical analysis.

RW cW Mean Mean Mean Mean
BD YD Mean BD YD Mean BD YD A B
A B Mean A B Mean A B Mean A B Mean
Epigeous fresh weight (g) 310.0 264.8 2874 298.9 2852 2921 289.7 428.1 490.0 4591 6796 6024 6410 5500 3732 4665 4291 4106
Hypogeous fresh weight(g) 91.7 809 86.3 1169 176.7 146.8 116.5 397.1 199.1 2081 294.2 420.7 3574 327.8 1922 2521 2250 2193
Dry matter epigeous (%) 218 265 241 258 263 261 251 146 109 128 152 173 162 145 185 211 194 202
Dry matter hypogeous (%) 315 396 356 384 351 368 362 158 226 192 436 337 387 289 274 377 323 328
Stem diameter (mm) 193 186 19.0 223 200 211 200 278 242 260 226 211 218 239 225 215 230 210
N° of leaves 186 177 181 159 161 160 171 320 277 208 180 210 195 247 240 178 211 206
Height (cm) 617 647 632 60.7 649 628 630 791 766 778 807 826 816 797 705 722 705 722
Fruit yield (kg m2) 203 156 179 186 253 219 199 263 233 248 162 168 165 207 214 192 204 202
N° of fruit plant? 147 122 134 139 162 151 142 241 184 212 64 741 67 140 173 109 147 135
Fruit weight (g) 574 475 524 485 463 474 499 759 743 751 1013 1119 1066 909 638 770 708 700
Fruit lenght (mm) 315 396 356 384 351 368 362 158 226 192 436 436 436 314 274 402 323 353
Fruit diameter (mm) 193 186 19.0 223 200 211 200 278 242 260 226 211 218 239 225 215 230 210
Significancy of the differences by ANOVA Student-Newman-Keuls
W D G WxD WxG DxG WxDxG

Epigeous fresh weight (g) i n.s. n.s. n.s. n.s. n.s. n.s.
Hypogeous fresh weight (g) i n.s. n.s. n.s. n.s. * n.s.
Dry matter epigeous (%) i n.s. n.s. n.s. n.s. n.s. n.s.
Dry matter hypogeous (%) n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Stem diameter (mm) = n.s. n.s. * n.s. n.s. n.s.
n° of leaves ¥ * n.s. n.s. n.s. n.s. n.s.
Height (cm) i n.s. n.s. n.s. n.s. n.s. n.s.
Fruit yield (kg m?2) n.s. n.s n.s. * n.s. n.s. n.s.
n® of fruit plant* n.s. ** n.s. = n.s. n.s. n.s.
Fruit weight (g) i b n.s. e n.s. n.s. n.s.
Fruit lenght (mm) = * n.s. n.s. n.s. n.s. n.s.
Fruit diameter (mm) = n.s. n.s. * n.s. n.s. n.s.

RW: reused wastewater; GW: ground water; BD: blue dripline; YD: yellow dripline; A: ‘Big Rio’; B: "SV8840MT"; W: water type; D: dripline type; G: genotype.
*Significant difference at P=0.05; ** P=0.01; ™ P=0.001; n.s. no significant difference.

1

46



Il cycle

The growth and the yield of both lettuce and tomato crops were negatively affected by the high
temperatures recorded during the experimental trial that affected the fruit set of tomato plants and
reduced the vegetative phase of the lettuce. Despite the climatic conditions (Figure 37), the following

data were recorded.
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Figure 37 - Temperatures recorded during the experimental trial (by “Servizio

Informativo Agrometereologico Siciliano”, S.I.A.S.).

Lettuce

The yield calculated as kg m™ of head fresh weight collected, was significantly affected by the
interaction W x D. Significant differences were recorded in relation to D; higher values were recorded
for the plants irrigated by BD (1.55 kg m™) than by the YD (0.93 kg m?). With regard to the plant
fresh weight, values tended to be higher for the plants irrigated with GW (224.6 g) than those irrigated
with RW (206.9 g) without any significant difference among them. Fresh weight of the plants irrigated
by BD was significantly higher (248.2 g) than the plants irrigated with YD (183.3 g). Concerning the
number of leaves, the highest value was recorded for the plants irrigated by RW and BD (36.4), while
the lowest was observed in plants irrigated by GW and YD (22.8); significant interaction was
observed between the two factors. Regarding the stem height, no significant difference was observed
(Table 1) with the stem of the plants irrigated by BD (89.7 mm) tending to be higher than that of the
plants irrigated by YD (68.7 mm). The stem Diameter was significant higher in plants irrigated by
RW (23.0 mm) compared to GW (18.5 mm). Significant differences were also observed between the
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plants irrigated by BD (22.0 mm) compared with plants irrigated by YD (19.5 mm). All data and the
related statistical analysis are listed in Table 39.

Tomato

Regarding the fresh weight of the epigeal plant portion (Table 40), significant higher values were
observed for the plants irrigated by GW (550.0 g) compared to those irrigated by RW (289.7 g). The
epigeal fresh weight tended to be higher in plants irrigated by YD (466.5 g) than BD (373.2 g) but
without any significant difference. Concerning the fresh weight of the hypogeous plant portion,
significant higher values were observed for the plant irrigated by GW (327.8 g) than those irrigated
by RW (116.5 g). Again, values recorded in plants irrigated by YD (252.1 g) tended to be higher than
those irrigated by the BD (192.2 g). The percentage of the dry matter of the epigeous plant portion
was significantly higher for the plants irrigated by RW (25.1%) than by GW (14.5%) with plants
irrigated by YD (21.1%) tending to be higher than those irrigated by BD (18.5%). About the
percentage of dry matter of the hypogeous plant portion, no difference between treatments was
observed and values recorded in the plants irrigated by RW (36.2 %) tended to be higher than to those
irrigated by GW (28.9%); a similar trend was observed for YD (37.7%) and BD (27.4%). The stem
diameter was significantly higher in plants irrigated by GW (23.9 mm) compared with those irrigated
by RW (20.0 mm), no significant differences were observed in relation to D and G; significant
interaction was observed between W and D. Regarding the number of leaves, higher values were
recorded in plants irrigated by GW (24.7) than in those irrigated by RW (17.1). Furthermore,
significant higher number of leaves was observed for the plants irrigated by BD (24.0) compared to
YD (17.8) with no significant differences observed between the G studied (Table 40). Regarding the
height of the plants, significant higher values (79.7 cm) were registered for the plants irrigated by
GW than for those by RW (63.0 cm) while no significant differences were observed for D and G
(Table 40).

Concerning the fruit yield an interaction was observed between W and D; the plants irrigated by RW
and YD (2.19 kg m) showed significant higher values than those irrigated by RW and BD (1.79 kg
m-2). The plants irrigated by GW and BD registered higher values (2.48 kg m™?) than those irrigated
by GW and YD (1.65 kg m™); no significant differences were recorded in relation to the genotype.
Regarding the number of fruits per plant was observed a significant interaction between W and D;
the highest value was recorded for the plant irrigated by GW and BD (21.2) whereas the lowest was
registered for the plants grown under GW and YD (6.7) as reported in Table 2. The fruit weight
displayed a significant interaction between W and D; the highest value was recorded for the plants
irrigated by GW and YD (106.6 g) and the lowest for those grown by RW and YD (47.4 g). Regarding

the fruit length, significant differences were observed in relation to W and to D; higher values were
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recorded in plants irrigated by RW (36.2 mm) than by GW (31.4 mm). A significant effect was
detected for D, with higher values recorded for the plants irrigated by YD (40.2 mm) than by BD
(27.4 mm). A significant interaction was observed regarding the fruit diameter between W and D,
and the highest value was recorded for the plants irrigated by GW and BD (26.0 mm) and the lowest
for those grown under RW and BD (19.0 mm)(Table 40).

Conclusions

The use of RW derived from CW for agriculture is an excellent strategy to improve vegetable
water management in the Mediterranean countries. A significant difference was observed due to W
for the lettuce crop, in particular a higher production was recorded for the plants irrigated with RW.
Similar results were observed for the tomato crop as higher production was registered for plants
irrigated with RW and RW+UV compared to GW, in addition D and the interactions WxG and DxG
were also significant. Furthermore, the quality of the fruits was also affected by the experimental
factors studied and the interaction among them. In conclusion, despite the high temperatures recorded
in the summer of 2022 that negatively affected the growth and productivity of the lettuce and tomato
plants, a fair yield was obtained for both crops for the plants irrigated with RW, RW+UV, and GW.
As already discussed in the literature (Rizzo et al., 2022), the results of the trial confirmed the
possibility of utilizing RW in agriculture. Furthermore, the antimicrobial compounds used to treat
driplines appear to be able to influence crop yields and plant growth which requires other experiments

to get further knowledge on it.
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Table 39 - Yield and plant characteristics of lettuce with statistical analysis.

Yield (kg
2
m’)
N_leaves
Diameter
(mm)
Height
(mm)

Yield (kg
2
m’)
N_leaves
Diameter
(mm)
Height
(mm)

W xD WxG DxG
RW RW+UV GW RW RW+UV GW BI Ye Gr X
RW RW.UV GW Bl Ye Gr A B Bl Ye Gr Bl Ye Gr Bl Ye Gr A B A B A B A B A B A B
255 217 214 223 225 239 229 229 246 229 290 186 251 2.14 237 194 212 2.61 249 210 224 2.15 2.13 2.28 2.17 2.28 2.22 2.30 2.47 2.29

w D G

449 43.1 429 440 43.8 43.1 47.7 395 485 405 456 39.6 49.0 40.8 43.8 419 429 513 384 457 405 46.1 39.7 47.5 40.5 47.8 39.8 47.8 383 43.6
26.88 23.42 25.55 26.32 23.94 25.60 23.11 27.46 28.95 24.16 27.54 23.79 23.25 23.21 26.22 24.39 26.05 22.99 30.77 21.49 25.35 24.85 26.26 23.79 28.85 21.75 26.12 23.79 27.40 25.28

105.9 108.0 109.1 109.3 108.2 105.5 95.0 120.4 99.3 107.3 111.2 108.4 110.3 105.2 120.2 106.9 100.2 100.8 111.1 91.7 124.3 92.5 125.7 97.6 121.0 98.8 117.6 88.5 122.5 107.7

WxDxG
RW RW+UV GW Significancy of the differences by Analisys of Variance (ANOVA)
BI Ye Gr BI Ye Gr BI Ye Gr
A B A B A B A B A B A B A B A B A B w D G W x D W x G DxG WxDxG
257 235 227 231 3.00 281 1.82 190 2.68 2.33 1.80 2.48 2.47 227 187 2.00 2.11 2.13 ** ns.ons. ** n.s. n.s. n.s.
56.6 40.5 419 39.0 55.5 35.6 399 39.3 56.3 41.7 41.0 40.5 46.0 41.6 453 38.6 47.0 38.9 n.s. n.s. Ckx* * n.s n.s. *
25.31 32.60 20.47 27.86 23.21 31.86 21.92 25.65 20.88 25.63 21.66 24.76 24.13 28.31 23.90 24.89 26.52 25.59 *x * rokk n.s. *x n.s n.s
96.2 102.5 102.3 112.4 103.8 118.5 92.7 124.1103.2 117.5 79.0 131.4 104.0 136.5 90.9 122.9 82.7 117.6 n.s. n.s. ¥¥x n.s. n.s. n.s. n.s

Abbreviations: RW:Reused Wastewater; RW+UV:Reused Wastewater with UV tratment; GW: Ground Water; Bl: Blue dripline; Ye: Yellow dripline; Gr: Green dripline; A:cv “Gretta erre”; B: cv “Gardenia”;
W: Water typology; D: Dripline typology; G: Genotype.
*Significant difference at P = 0.05; ** P = 0.01; *** P=0.001; n.s. no significant difference.
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Table 40 - Yield and fruit characteristics of tomato with statistical analysis.

RW
Yield (kgm”) 2.57
Fruit Diameter (mm) 46.67
Fruit lenght (mm) 56.78

L 30.56
a 38.92
b 21.57
Brix® 4.85
Flower N° 97.4
A
Yield (kgm”) 1.92

Fruit Diameter (mm) 47.61
Fruit lenght (mm) 53.51

L 30.88
a 38.34
b 21.38
Brix® 4.57
Flower N° 99.3

w

RW+UV GW  BI

2.29
46.96
57.31
29.75
38.45
20.58

5.20

83.4

BI
B

3.02
44.32
56.39
30.99
40.02
24.18

4.80

80.8

1.73 193
44.58 46.17
55.41 53.33
31.04 30.38
37.53 38.39
22.58 22.23
5.05 5.06
66.5 77.1

RW
Ye
A B
1.74 3.85
47.57 45.05
59.85 52.57
29.65 31.39
37.69 39.15
20.29 21.39
5.12 5.13
59.2 91.8

D

Ye Gr

242 223
44.57 47.48
57.72 58.44
30.93 30.03
38.48 38.03
21.70 20.80
521 4.83
70.5 99.7

Gr
A B
2.04 2.85
48.25 47.23
59.73 58.63
29.85 30.63
39.08 39.22
21.10 21.07
4.49 5.00

A B

RW
Bl Ye

WxD
RW+UV
Gr Bl Ye Gr

1.13 3.26 247 279 245 164 265 258

47.41 44.73
58.35 54.65
30.44 30.46
38.52 38.08
21.53 21.62
5.09 4.97
733 915

BI
A B

0.44 2.84
48.23 45.17
47.20 52.43
29.93 30.65
39.02 38.39
21.21 23.10
5.26 5.27

45.96 46.31
54.95 56.21
30.93 30.52
39.18 38.42
22.78 20.84
469 5.3
90.0 75.5

WxDxG
RW+UV
Ye
A B
0.65 4.65
46.82 42.25
73.77 52.04
29.69 30.96
40.80 36.98
20.24 22.34

47.74 46.70 44.53 49.65
59.18 49.81 62.90 59.21
30.24 30.29 30.32 28.64
39.15 38.70 38.89 37.75
21.08 22.15 21.29 18.29
475 5.26 5.38 4.96
126.7 755 84.2 904

Gr Bl
A B A B

1.45 3.70 0.38 3.01
52.07 47.23 45.21 46.47
59.78 58.63 52.39 58.08
29.14 28.13 29.60 30.26
38.34 37.15 38.03 36.54
19.01 17.58 22.03 21.49

GW
Bl Ye

1.69 1.83
45.84 42.87
55.23 54.06
29.93 31.96
37.29 38.11
21.76 22.96
524 5.11
65.7 51.9

GW
Ye
A B

0.62 3.05
45.66 40.07
59.26 48.87
33.89 30.03
37.57 38.65
25.16 20.77

RW
Gr A

WxG
RW+UV

B A

B

A

GW

B

A

BI

A

DxG

Ye Gr X

B A

166 190 3.24 085 3.73 0.64 282 091 296 1.00 3.85 147

45.04 47.81 45.53 49.04 44.88 45.40 43.77
56.93 57.70 55.86 60.25 54.37 57.11 53.71
31.22 30.12 31.00 29.58 29.91 31.61 30.46
37.19 38.37 39.47 39.39 37.51 37.79 37.27
23.02 20.92 22.21 20.15 21.00 23.51 21.66
478 4.73 498 538 5.02 517 4.92

47.01 45.32 46.68 42.46 48.55
51.03 55.63 64.29 51.16 59.73
30.13 30.63 31.08 30.79 30.11
38.46 38.32 38.69 38.26 38.39
21.54 22.92 21.90 21.50 21.15
511 5.02 536 5.06 4.82

819 937 101.1 780 88.7 483 847 69.0 851 576 834 933

Gr
A B

091 241
45.32 44.77
59.69 54.18
31.35 31.09
37.76 36.62
23.35 22.70

5.68 5.09 521 471 550 4.99 527 496 4.74 4.82

122.6 130.7 653 857 781 90.2 906 90.2 425 888 356 683 66.7 97.1

Abbreviations: RW:Reused Wastewater; RW+UV:Reused Wastewater with UV tratment; GW: Ground Water; BI: Blue dripline; Ye: Yellow dripline; Gr: Green dripline; A:cv “Big Rio”; B: cv “SV88MT”; W: Water typology; D: Dripline typology; G: Genotype.
*Significant difference at P = 0.05; ** P = 0.01; *** P= 0.001; n.s. no significant difference.
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n.s.
n.s.
n.s.

*

n.s.

*

n.s.

B

299 220
46.41 46.07
57.15 56.50
29.95 30.45
37.66 38.30
20.45 21.58
4.84 5.03
106.0 82.4

Significance of the differences by Analysis of Variance (ANOVA)

n.s.
n.s.
n.s.
n.s.
n.s.

*

* %k

n.s.
n.s.
n.s.
n.s.
n.s.

n.s.

W xD
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

n.s.

W x G
* %
n.s.
n.s.

*

n.s.

* %k

n.s.

n.s.

DxG

*

n.s.
n.s.
n.s.
n.s.
*
n.s.

n.s.

WxDxG
n.s.
n.s.
n.s.
n.s.
n.s.

*

n.s.



6. Discussion

Beneficial microorganisms and bioactive natural products for plant protection aiming to
reduce chemical inputs is an important challenge in modern agriculture. Microbial consortia and
natural compounds can be applied to directly protect plants against pathogens but can also be able to
induce plant defence response that could protect host plants against pathogens. The results suggest
that some of the MCs and NCs based products evaluated could be exploited for treatment of organic
seed in the management of broccoli, tomato and snap bean bacterial and fungal pathogens. The
reduction of the bacterial titer and in disease severity in plant obtained from pathogen inoculated
seeds suggest a role in the direct reduction of primary inoculum. A biopriming effect is also
conceivable since both MC and NCs reduced the disease severity of bacterial leaf diseases where
pathogen and treatment were inoculated in different plant organs.

The formulation of microbial consortium used includes different plant beneficial microbes
(rhizobacteria, actinomycetes, arbuscular mycorrhizal fungi) that are known for their ability to
improve plant establishment, growth and development trough different direct and indirect
mechanisms, as was observed also for the NCs, in particular for the chitosan-based.

The effectiveness of seed treatment in containing bacterial and fungal tomato diseases, however, does
not exclude the optimization of strategies based on the selection of resistant cultivars and the
enhancement of effectiveness with subsequent treatments aimed in boosting plant defences and
reducing secondary inoculum spread.

To increase seed production for brassica, tomato and snap bean several influencing factors were
identified. In our trials, the TSW was mainly determined by the choice of cultivar in all the three
crops. In tomato and brassica, variation in seed number per sqm was also mainly influenced by
genotype and interaction effects between the genotype and agronomic practice (tomato) and year
(brassica). In snap bean, the variation was evenly distributed between different factors analysed.
Therefore, we recommend to choose cultivars suited to the specific climatic conditions for ideal seed
production.

Overall, the agronomic practices contributed to around 4-22 % of the total variation, depending on
crop and characters identified. In all three crops, different planting densities had a significant effect
on seed production. Here, we can recommend the medium to highest densities that were tested for the
three crops. Although the seed production per plant was reduced for some crops at the highest
densities, the seed production per sqm was nevertheless significantly higher compared to the lower
densities.
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In tomato, harvesting regime as well as fruit cooling had no influence on seed production and quality
except for the fact that regularly harvested plants produce more fruits. We therefore recommend to
follow the strategy that suits your needs best: small seed production of different varieties can benefit
from regular harvest and storage of fruits for a pooled extraction to save time and resources, while
larger producers can harvest every three weeks and extract the seeds after removing obviously bad
fruits.

Some agronomic factors were tested at a single location only, but positively influenced seed
production: This included inoculation with Rhizobium in snap bean and grafting in tomato. In general,
we recommend to increase the productivity and vigour of the plants. Healthier, more vigorous plants
produce more fruits and with that seed production is increased.

Application of microorganisms, amino acids and foliar application showed positive effects in Sicily
in contrast to the trials conducted in France. We hypothesize that this could either be due to the
different climatic conditions, due to different soil conditions (marginal soils in Sicily in comparison
to long cultivated organic, well-nourished soils in Brittany) or due to a combination of these effects.
Another hypothesis is that the strains used in ITAKA products are adapted to the Sicilian region and
are therefore more effective there.

The continuous increase in the human population will lead to a growing demand for food in the
agricultural sector. Several years ago, the Green Revolution managed to increase global agricultural
production, saving about a billion people from hunger and malnutrition. However, this has triggered
the development and abuse of chemically synthesized chemical fertilizers and pesticides, resulting in
an excessive environmental impact, depletion of soil ecosystems, and agrobiodiversity. Numerous
studies have shown the impact of PGPMs in terms of biofertilization, biocontrol, and bioremediation,
and their positive influence on crop productivity while respecting ecosystems. In this context, PGPMs
have the potential not only to be valid substitutes for classic agrochemical industry products in organic
farming but also to encourage the transition from conventional agriculture to the integrated, organic,
and eco-sustainable management of agro-ecosystems. However, the enormous complexity of
ecosystems and their interacting factors leads to inconsistent results of PGPM application on account
of the environment, soil, and crops. From the examination of the studies cited in this review, it is clear
that preliminary studies are necessary before the application of the PGPMs in order to accurately
define the interventions on the basis of the soil conditions, environmental conditions, crops, and
cultivated genotypes. The recent and rapid progress in the omics sciences is believed to provide
increased knowledge on plant—soil-microorganism interactions and a better understanding of the use
of PGPMs. This is an important step in improving crop stability and productivity and overall

agroecosystem sustainability.
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Abiotic stresses are hostile to plant growth and development. In particular, water deficiency is a
severe constraint that affects growth and limits agricultural productivity on a global scale, a reason
why several authors focused their attention on the optimization of strategies to ameliorate water
deficit (Rivero et al. 2018; Myint et al. 2021).

Plant-growth-promoting microbe (PGPM) treatment may be advantageous in the contest of water
deficit regimes; it is demonstrated, in fact, that both PGPR and PGPF guarantees the survival of the
plant during a drought through a variety of processes including osmotic adjustments, improved
phytohormone synthesis, and antioxidant activity, among others, and these mechanisms also promote
the plant’s development while improving crop yield (Christakis et al. 2021; Hussain et al. 2021; Ben
Ammar et al. 2022; Fadiji et al. 2022).

Farmers and companies now recognize the usefulness of PGPM in promoting plant growth and
yield. In fact, several PGPM-based formulates are commercialized and widespread(Shah et al. 2021;
Malgioglio et al. 2022). On the basis of the recent literature (Naamala and Smith 2020; Scudeletti et
al. 2021; Rawal et al. 2022), the hypothesis to verify is that this type of formulation could be useful
in overcoming drought stress by improving plants’ growth and final yield. The results obtained from
the present experiment are compatible with what has already been reported in literature(Kaur and
Kumar 2020; Nahrawy et al. 2020; Petropoulos et al. 2020; Rawal et al. 2022), and confirm the
usefulness of the formulation in improving yields both in optimal water supply and in case of drought
stress. In literature, it is reported that the factors influencing the efficacy of microbial treatments are
complex and genotype dependent (Malgioglio et al. 2022). Consequently, a different effectiveness of
the consortium was found between the two cultivars used in the experiment (Domino and Maxy).
Despite this, for both genotypes, an increase in terms of yield, pod diameter, and fresh weight were
observed for the plants where the PGPM-based product was applied in both irrigation regimes.
Between the two genotypes, Maxy benefited more from the treatment than Domino, confirming the
hypothesis that applying soil microorganisms to cropping schemes is genotype dependent. In
particular, comparing the data obtained in ET¢ 100 in the untreated control theses with the ET. 60
theses treated with MO, it’s clear that the values are comparable, thus observing compensation of the
stress by the treatment. This result is of high importance when concerning water shortages in many
environments and/or the need to save water for a better approach to the sustainability of farming
practices.

Another interesting point of discussion concerns the nodulation. The nodules of legumes are of
particular interest for the scientific community, as the site of nitrogen fixation by means of symbiotic
nitrogen-fixing bacteria. Root nodules of legumes are the product of a highly specific interaction

between the bacteria involved (rhizobia) and plants’ roots or stems (Fernandez-Luquefio et al. 2008).

154



The inverse correlations observed between yield, pod size, and number of nodules are interesting.
The number of nodules observed on the roots was lower in plants with higher yield and pod diameter,
both in relation to ETc, GE, and to the Maxy Soil application. However, as reported in literature and
as confirmed by the cumulative yield curve, this can be explained by assuming a greater metabolic
activity of the plant, which close to the end of the cropping cycle, has reinvested its resources by
subtracting nutrients from the nodules to reinvest them in the growth of the pods. In fact, the literature
reports how the plant can regulate nodulation according to its specific needs(Basile and Lepek 2021).
Obviously, in order to better clarify the effect of this type of commercial microbial formulations on
nodulation, more specific and in-depth studies are needed, focusing on the interaction between
applied PGPMs, symbiotic rhizobia, and the plant response.

Although chemical pesticides improve yields and protect crops from pests and diseases, their negative
impact on the environment and human health has convinced many farmers to use alternative eco-
friendly products as microbial inoculants based on PGPMs (Nicolopoulou-Stamati et al. 2016). A
weak point in PGPMs research is the often the inconsistent results, often due to the incorrect
inoculation methods, soil characteristics, water availability, light intensity, temperature and
genotypes adopted (Batista and Singh 2021; Malgioglio et al. 2022). Here we evaluated the effect of
a commercial microbial consortium on 5 tomato genotypes (1 commercial and 4 landraces) in an
organic greenhouse. During the trial, several agronomic characteristics related to the plant growth
and production were evaluated. Furthermore, since the greenhouse was naturally infested by P.
absoluta, we had the opportunity to evaluate the effect of the microbial consortium and the
performance of the 5 tomato cultivars under biotic stress. Overall, the inoculated plants were more
productive and resistant compared to the control. The microbial treatment affected also the
composition of the root microbiome through the genotypes, as showed by the microbiome profiling
analysed.

During the test a greater growth rate of the inoculated plants was observed compared to the control,
furthermore also the genotypes showed different growth and response to the treatment. This can be
seen in particular from the greater percentage of set trusses recorded before infestation by P. absoluta
and from the greater height of the inoculated plants. Furthermore, despite the plants were affected by
P. absoluta infestation, also the yield was higher in the inoculated plants than the control. It is well
reported in literature that PGPMs facilitate the growth and development of plants by producing
various phytohormones such as cytokinins, abscisic acid, gibberellins, auxins and ethylene (Mondal
et al. 2020; Mohanty et al. 2021). Another interesting observation is the fact that the treated plants
appear to be less damaged by P. absoluta compared to the control. There is also ample evidence that

PGPMs induce the resistance to biotic stress (Bhat et al. 2022) , in addition, among the several PGPR
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and PGPF strains utilized as biocontrol agents and resistance inductors, one of the most effective and
utilized is Trichoderma spp. (Dutta et al. 2023). Trichoderma spp. is well known as fungal biocontrol
agents against plant pathogens and nematodes, but recently also their activity against P. absoluta was
shown by T. asperellum (Urbaneja et al. 2012; Agbessenou et al. 2020; Agbessenou et al. 2022),
which is present in the microbial consortia applied together with T. harzianum and T. atroviridae.
However, since the treatment was applied by fertigation to the roots rather than a direct effect on P.
absoluta, our hypothesis is that the growth promoting effect of the microbial consortium helped the
plants to react by producing more biomass and by enhancing the systemic defences which contrast
the feeding activity of P. absoluta. Similar results have already been obtained and reported in the
literature where plants inoculated with PGPM showed less damage by to P. absoluta and
nematodes(Molinari and Leonetti 2023). Further experiments are needed to disentangle direct and
indirect resistance-mediated effects of the microbial application on plant performance and
productivity.

Microbial inoculants could modify the soil microbial community(Mawarda et al. 2020; Jiang et al.
2023) and the microbiome of plant roots(Akyol et al. 2019; Berg et al. 2021). To investigate the effect
of the microbial treatment evaluated on the plant root microbiome, a microbiome profiling was
performed. Analysis of the bacterial community revealed significant differences between the treated
and control plants, mainly involving phyla such as Actinobacteria, Bacteroidota, Firmicutes and
Proteobacteria. The Actinobacteria represents one of the largest taxonomic units among the domain
Bacteria(Ludwig et al. 2012), present various and different lifestyles including plant
pathogens(Wanner 2006; Ventura et al. 2007) . However, this phylum is widely reported as promising
bioinoculants since they are known to be involved in nutrient cycling, soil quality and crop
productivity as well as plant health(Boubekri et al. 2022; Boukhatem et al. 2022; Kaari et al. 2023)
which is in line with our observation that they are more abundant in the roots of treated plants relative
to the control. The Firmicutes are also an important phylum that includes several genera involved in
agriculturally important processes such as phosphorus solubilization and biocontrol(Hashmi et al.
2020; Lee et al. 2021). In addition, Lee et al.(Lee et al. 2021) reported that the abundance of Gram-
positive Actinobacteria and Firmicutes phyla was lower in diseased rhizosphere soil by Ralstonia
solanacearum than in healthy rhizosphere soil without changes in R. solanacearum population,
demonstrating that dysbiosis of the Actinobacteria and Firmicutes community promotes the incidence
of the disease since some strain induces resistance to the plant(Lee et al. 2021). This finding is
compatible with our results since the relative abundance of Actinobacteria and Firmicutes was found
to be higher in treated plants than the control. Regarding the data obtained from the ITS amplification,

some limitations should be considered. The primers adopted are specifically designed to amplify the
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fungal ITS region(White et al. 1990; Dodd et al. 2000; Toju et al. 2012; Procopio et al. 2020;
Hariharan and Prasannath 2021), although to a certain amount amplification of plant DNA is expected
for ITS(Saar et al. 2001; Bellemain et al. 2010; Aslam et al. 2017), we did not expect a considerable
amplification of nematode DNA. However, considered the specificity of the primers, the fact that the
forward primer (ITS5) was reported in the literature for the classification of nematodes(Langford and
Janovy 2013; Tkach et al. 2014) and the phenotypic data showed considerable nematode damage on
the roots, we decided to include the nematode reads together with the fungal reads for our analysis.
Our analysis identified OTUs belonging to Pratilenchus spp. and Melodoigine spp., both of them are
well known as phytopathogenic nematodes. Noteworthy, significant differences were observed in
alpha and beta diversity, with a tendency for nematode OTUs to be less abundant in the treated plants,
whilst fungi OTUs (mostly belonging to Ascomycota) tended to be more abundant in the roots of
treated plots compared to the control. The Ascomycota is a huge Phylum that includes PGPFs such
as mycorrhizal fungi and biocontrol agents such as the famous Trichoderma spp. but also plant
pathogens(Benitez et al. 2004; Heitman 2011; Egidi et al. 2019; Poveda 2021) . An interesting finding
is that the fOTU23, more abundant in the treated plants, was identified at the genus level and it is
belonging to the genera Mortierella spp. The capacity of M. alpina to alleviate diseases caused by
Fusarium oxysporum on Panax ginseng and to increase the availability of nitrogen and phosphorus
for the plant was reported(Wang et al. 2022). Furthermore, M. globalpina was reported to be
pathogenic for Meloidogyne spp. nematodes(DiLegge et al. 2019). Sequencing did not reach the
“Genus” level for all the differentially abundant OTUs, but since the applied microbial consortia
include PGPFs belonging to Ascomycota such as Trichoderma spp., which are known as biocontrol
agents of plant pathogenic nematodes(TarigJaveed et al. 2021), we can hypothesize that the fungal
community of the inoculated plants colonized the roots at the expense of nematodes.

Further experiments are needed to confirm the results and the effectiveness of the microbial
consortium applied under the biotic stresses due to the nematodes and P. absoluta in replicated trials
on different fields. Taken together, however, this study shows that beneficial microbial inoculants
can increase tomato resilience to biotic stresses, making them a promising tool for eco-sustainable
pest control to reducing chemical inputs in agriculture.

Sicilian cauliflowers showed wide variability in the morphometric traits and antioxidant compounds,
probably as consequence of the diversification and interaction with the wild Brassica species (n=9).
The results of the present study highlight an interesting difference among the cultivars cultivated in
this area associated with its pedoclimatic and agronomic conditions. The cauliflower crops thrived in
the various types of soil, particularly in the Mojo field, which has the most favorable chemical and

physical characteristics for agronomic traits. The total glucosinolates profile varied, depending on the
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cultivars and environmental conditions. The goal of these activities is to classify and utilize the
different varieties more efficiently to enhance the production process and select the best violet Sicilian
cauliflower for protection. Sicilian cauliflower landraces have a specific morphometric and
nutraceutical qualities that can contribute to the innovation of these crops. Further studies are
necessary to continue this research direction.

The use of RW derived from CW for agriculture is an excellent strategy to improve vegetable water
management in the Mediterranean countries. A significant difference was observed due to W for the
lettuce crop, in particular a higher production was recorded for the plants irrigated with RW. Similar
results were observed for the tomato crop as higher production was registered for plants irrigated with
RW and RW+UV compared to GW, in addition D and the interactions WxG and DxG were also
significant. Furthermore, the quality of the fruits was also affected by the experimental factors studied
and the interaction among them. In conclusion, despite the high temperatures recorded in the summer
of 2022 that negatively affected the growth and productivity of the lettuce and tomato plants, a fair
yield was obtained for both crops for the plants irrigated with RW, RW+UV, and GW. As already
discussed in the literature (Rizzo et al., 2022), the results of the trial confirmed the possibility of
utilizing RW in agriculture. Furthermore, the antimicrobial compounds used to treat driplines appear
to be able to influence crop yields and plant growth which requires other experiments to get further

knowledge on it.
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2° Convegno Nazionale di Orticoltura e Floricoltura. 19/06/2024 — 21/06/2024 Padova (Italy)

Presented as Poster: Rizzo G.F., Ciccarello L., Arena D., Catara V., Gfeller V., Messner M. & Branca
F. (2024). Applicazione di un consorzio microbico commerciale su cultivar siciliane di pomodoro in
serra fredda biologica: effetto sulla promozione di crescita, sulla resa e sul microbioma radicale. 2°

Convegno Nazionale di Orticoltura e Floricoltura, Padova 19-21 June 2024

IX South-Eastern Europe Symposium on Vegetables and Potatoes. 05/09/2023 — 09/09/2023
Bucharest, Romania.
Di Bella and F. Branca. Evaluation of different accessions of Sicilian landraces of violet cauliflower

(Brassica oleracea L. var. botrytis) for biomorphometric and biochemical traits.

VII International Symposium on Cucurbits. 11/06/2023 —15/06/2023 Zhengzhou, China (attended
online).

Presented as Poster: Al Achkar, N., Rizzo, G.F., Chalak, L., Ciccarello, L., Garcia, G., Branca, F..
Diversity of the of traditional snake melon (Cucumis melo var. flexuosus L.) landraces cultivated in

the Mediterranean basin and its exploitation.

31st International Horticultural Congress (IHC2022). 14/08/2022 —20/08/2022 Angers, France.
Presented as poster: Rizzo, G.F., Ciccarello, L., Felis, M.D., Mortada, A., Cirelli, G.L., Milani, M.
and Branca, F. (2022). Agronomic effects of reclaimed water used for tomato (Solanum lycopersicum

L.) and lettuce (Lactuca sativa L.) irrigation.

1° Convegno Nazionale di Orticoltura e Floricoltura. 14/06/2022 — 16/06/2022 Pisa, Italy.

Presented as poster: Rizzo, G.F.*, Ciccarello, L., Felis, M.D., Rossitto, A., Cirelli, G.L., Milani, M.
and Branca, F.. Effetto di acque reflue trattate con impianto di fitodepurazione sulle caratteristiche
agronomiche di pomodoro (Solanum lycopersicum L.) e lattuga (Lactuca sativa L.) coltivate in

pien’aria.
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The III International Organic Symposium and I International Organic Vegetable Symposium.
Dipartimento di Agricoltura, Alimentazione e Ambiente. 14/12/2021 — 16/12/2021 Catania —
Webinar.

Presented as Poster : Malgioglio, G., Infurna, M.G., Arena, D., Toscano, S., Rizzo, G.F., Nigro, S.,
Lefebvre du Prey, V. and Branca, F. (2022). Effects of microbial consortia and betaines on snapbean
grown under water stress conditions.

Presented as Poster: Rizzo, G.F., Bova, N., Emmanuello, E., Nigro, S., Lefebvre du Prey, V., Branca,
F., Catara, V. and Bella, P. (2022). Efficacy of microbial consortia and natural compounds as seed

treatment for tomato pathogen management.

XIII Giornate Scientifiche SOI “I traguardi di Agenda 2030 per l’ortoflorofrutticoltura
italiana”. 22/06/2021 — 23/06/2021 Catania, Italy.

Presented as poster: Rizzo G.F., Bella P., Bova N., Nigro S., Lefebvre du Prey V., Catara V., Branca
F. (2021). Valutazione di trattamenti ai semi di pomodoro con sostanze naturali € consorzi

microbici per la gestione di malattie causate da patogeni batterici e fungini.

EuroXanth COST Action 4th Annual Conference “Integrating science on Xanthomonadaceae
for integrated plant disease management in Europe”. 28/06/2021 — 30/06/2021 Online

presented as Poster: Rizzo, G.F., Bella, P., Modica, F., Nigro, S., Lefebvre du Prey,V., Catara, V.,
Branca, F. (2021). Efficacy of microbial consortia and natural compounds as seed dressing for the
control of tomato bacterial spot. Poster at " 4™ Annual Conference of the EuroXanth COST Action
Integrating Science on Xanthomonadaceae for integrated plant disease management in Europe" -

Virtual Conference 2830 June 2021.

Oral Presentation

IX South-Eastern Europe Symposium on Vegetables and Potatoes. 05/09/2023 — 09/09/2023
Bucharest, Romania.

Presented as oral presentation: G. F. Rizzo, L. Ciccarello, D. Felis, N. Al Achkar, M. Concetta Di
Bella and F. Branca. New tools for organic farming: Amino acids and Trichoderma spp. application
improved snap bean (Phaseolus vulgaris L.) seed yield and quality.

Presented as oral presentation: G. F. Rizzo, L. Ciccarello, D. Arena, A. Mortada, M. D. Felis, G. L.

Cirelli, M. Milani and F. Branca. Reclaimed wastewater from constructed wetland as an alternative
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water source for agriculture: effect on agronomic traits on tomato (Solanum lycopersicum L.) and

lettuce (Lactuca sativa L.) crops.

XIV Giornate scientifiche SOI - L’ortoflorofrutticoltura per la transizione ecologica. 21/06/2023 —

23/06/2023 Torino, Italy.

Presented as smart oral presentation: Rizzo, G.F.*, Ciccarello, L., Felis, M.D., Arena, D., Cirelli,

G.L., Milani, M. and Branca, F.. Utilizzo di acque reflue trattate in un impianto di fitodepurazione:

effetto sulle caratteristiche agronomiche di pomodoro (Solanum lycopersicum L.) e lattuga (Lactuca

sativa L.) coltivati in pien’aria.

Project meeting

COUSIN kick off meeting - Kick off meeting of H2020 project "COUSIN - Crop wild relatives

utilisation and conservation for sustainable agriculture", Grant Agreement N°101135314. 07/02/2024

—08/02/2024 Aranjuez (Spain)

BRESOYV: 5th Annual Progress Meeting. 27/03/2023 — 28/03/2023 Catania, Italy.

BRESOV: 4th Annual Progress Meeting. 05/07/2022 — 07/07/2022 Valencia, Spain

Other conference attended

3rd International Workshop on Vertical Farming (VertiFarm2024). 16/01/2024 — 19/01/2024

BRESOYV EU Horizon 2020 project Final Conference . 28/03/2023 —30/03/2023 Agrigento, Italy.

Courses attended

Winter School Sicily 2022 “Exploiting the diversity of broccoli, snap bean and tomato: the case
of study of the H2020 BRESOV project”. 13/12/2022 — 15/12/2022 Catania-Agrigento, Italy.

ECO-PB Summer School Tuscany 2022 Young Breeder. 01/05/2022 — 04/05/2022 Scandicci,
Italy.
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Management and interpretation of complex biological data: theoretical bases and use of

analysis software. Excel (advanced) and R. 06/2021 — 09/2021 University of Catania.
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Come anticipato e il mio dottorato é stato un viaggio durato tre anni e piun. Lo chiamo ‘“viaggio”
non solo per tutti i posti che ho avuto modo di visitare e per le persone che ho conosciuto
provenienti da tutto il mondo ma soprattutto per quello che mi ha lasciato dentro, per la crescita

che ho avuto durante questi anni.

Prima di tutto devo ringraziare i miei colleghi e amici che mi hanno aiutato durante il mio
percorso, sia sul lavoro che fuori. Tra questi Luca in primis che (anche se con qualche lamentela
“augustana”) mi ha sempre appoggiato ed aiutato dandomi prezioso supporto in molte prove
descritte in questa tesi. Altro ringraziamento speciale a Donata, che oltre a offrire la sua preziosa
collaborazione durante il lavoro si e rivelata anche una preziosa amica con cui poter parlare anche
di cio che avveniva fuori dall 'universita. Ringrazio per il suo supporto anche Marico’, sempre
pronta ad ascoltare e sempre pronta ad aiutare e consigliare tutti sia fuori che dentro I’Universita.
Un caloroso ringraziamento anche agli altri collaboratori e colleghi come [’instancabile Riccardo,
Davide, Greeshen, Simone, Marwen, Hejer, Aya, Emanuele, Gabriele e tutti coloro che mi hanno

supportato in questo percorso.

Ancora una volta desidero ringraziare la Prof.ssa Vittoria Catara, mia relatrice “storica” che mi
segue dal tirocinio della Laurea triennale fino alla tesi della Laurea Magistrale, rimanendo
presente anche durante gli anni di dottorato, e che quindi ha assistito alla mia crescita da

“studente confuso” di triennale fino al mio attuale ruolo di assegnista di ricerca all’Universita di

Bologna.

Un sincero ed affettuoso ringraziamento va ancora una volta al mio Tutor di dottorato, il Prof.
Ferdinando Branca. Il Prof. per me e stato un mentore a tutti gli effetti e lo ringrazio davvero di
cuore per aver creduto in me, per la sua fiducia e per tutte le opportunita che mi ha dato durante
questo viaggio. Sono grato non solo per la stima professionale ma anche per il rapporto sincero

instaurato al di la dell’ambito accademico.

Un doveroso ringraziamento va ai miei cari amici “Border”: Carmela, che mi ha sempre
incoraggiato e inspirato a dare il massimo del mio potenziale; Giulio, omonimo gemello diverso
separato alla nascita che mi e stato sempre vicino, dagli esami di magistrale fino alla fine del
dottorato; Salvo, sempre pronto a tirare tutti su di morale e ad ascoltare ed aiutare nel momento
del bisogno. L’amicizia sincera é un bene davvero prezioso di questi tempi e mi reputo fortunato

ad avervi nella mia vita.

Allo stesso modo sono grato di aver stretto amicizia nelle aule del Di3A con Calogero, Enzo,
Salvatore e Angelo, amici sin dal primo giorno della triennale e che continuano ad esserlo anche

dopo il dottorato.
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In tema di amici storici, sono grato di avere ancora il supporto di Denny e “l’ingegnere” Antonio,
entrambi sempre presenti nel momento del bisogno.
Infine, doveroso ringraziamento va a mia mamma, che mi ha supportato ed incoraggiato

nonostante la mia mancanza durante i lunghi periodi all estero, credendo nelle mie capacita.
Concludo ricordandomi che qualche anno fa, non ero nemmeno sicuro di finire la triennale ed
invece adesso sto scrivendo i ringraziamenti di dottorato! Non posso che essere fiero di cio che ho
fatto nonostante le mille peripezie affrontate nella mia vita, e non posso che essere fiero di aver
guadagnato il pieno titolo di dottore avendo ottenuto il massimo titolo di studio!

Un pensiero lo voglio dedicare a chi lotta credendo nei propri sogni nonostante le difficolta con

’invito a non arrendersi mai!

Un sincero ringraziamento a tutti coloro che ho incontrato durante questo percorso, agli amici
italiani e stranieri, vicini e lontani, che hanno contribuito a farmi crescere e diventare cio che sono
ora.

Grazie!

p.s. Desidero ringraziare anche i nuovi colleghi Andrea e Michele per il loro supporto e la loro

compagnia e che stanno rischiando di rimanere chiusi insieme a me dentro il DISTAL mentre

scrivo i ringraziamenti!

UNIONE EUROPEA Q I S C Fondo per lo Sviluppo

Fondo Sociale Europeo Menestoro dbd? }/4//4?“/// e la Coesione
Fondo Europeo di Sviluppo Regionale o dottor Hhrieree

La borsa di dottorato ¢ stata cofinanziata con risorse del
Piano Stralcio «Ricerca e Innovazione» 2015-2017 Asse “Capitale Umano”, del Fondo per lo
Sviluppo e la Coesione, “Dottorati A Tema Vincolato — Aree Interne/Aree Marginalizzate”
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